JOURNAL OF VIROLOGY, July 2011, p. 6764-6773
0022-538X/11/$12.00  doi:10.1128/JV1.00422-11

Vol. 85, No. 13

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Canonical NF-kB Activation Is Essential for Epstein-Barr Virus
Latent Membrane Protein 1 TES2/CTAR2 Gene Regulation”t

Benjamin E. Gewurz,! Jessica C. Mar,? Megha Padi,”> Bo Zhao,! Nicholas P. Shinners,!
Kaoru Takasaki,' Edward Bedoya,2 James Y. Zou,! Ellen Cahir-Mcfarland,!
John Quackenbush,? and Elliott Kieff'*

Department of Medicine and Microbiology and Molecular Genetics, Channing Laboratory, Brigham and Women’s Hospital and

Harvard Medical School, Boston, Massachusetts 02115," and Department of Biostatistics, Harvard School of
Public Health, Boston, and Department of Biostatistics and Computational Biology and Department of
Cancer Biology, Dana-Farber Cancer Institute, Boston, Massachusetts 02115>

Received 2 March 2011/Accepted 25 April 2011

Epstein-Barr virus (EBV) latent membrane protein 1 (LMP1) transforms rodent fibroblasts and is ex-
pressed in most EBV-associated malignancies. LMP1 (¢fransformation effector site 2 [TES2]/C-terminal acti-
vation region 2 [CTAR2]) activates NF-kB, p38, Jun N-terminal protein kinase (JNK), extracellular signal-
regulated kinase (ERK), and interferon regulatory factor 7 (IRF7) pathways. We have investigated LMP1 TES2
genome-wide RNA effects at 4 time points after LMP1 TES2 expression in HEK-293 cells. By using a false
discovery rate (FDR) of <0.001 after correction for multiple hypotheses, LMP1 TES2 caused >2-fold changes
in 1,916 mRNAs; 1,479 RNAs were upregulated and 437 were downregulated. In contrast to tumor necrosis
factor alpha (TNF-«) stimulation, which transiently upregulates many target genes, LMP1 TES2 maintained
most RNA effects through the time course, despite robust and sustained induction of negative feedback
regulators, such as IkBa and A20. LMP1 TES2-regulated RNAs encode many NF-kB signaling proteins and
secondary interacting proteins. Consequently, many LMP1 TES2-regulated RNAs encode proteins that form an
extensive interactome. Gene set enrichment analyses found LMP1 TES2-upregulated genes to be significantly
enriched for pathways in cancer, B- and T-cell receptor signaling, and Toll-like receptor signaling. Surpris-
ingly, LMP1 TES2 and IkBa superrepressor coexpression decreased LMP1 TES2 RNA effects to only 5 RNAs,
with FDRs of <0.001-fold and >2-fold changes. Thus, canonical NF-kB activation is critical for almost all
LMP1 TES2 RNA effects in HEK-293 cells and a more significant therapeutic target than previously

appreciated.

Although Epstein-Barr virus (EBV) infects most humans
without causing significant disease, EBV is causally associated
with Hodgkin’s disease (HD) and other lymphoproliferative
diseases (LPDs) in healthy and immune-compromised hosts
(48, 49). EBV is also a causal agent of nasopharyngeal carci-
noma (NPC) in southern Chinese, North Africans, and native
Alaskans (67). In most EBV-associated malignancies and dur-
ing replicative infection, EBV expresses latent infection mem-
brane protein 1 (LMP1). LMP1 transforms rodent fibroblasts,
as indicated by cell growth in lower serum concentrations, loss
of contact inhibition, and anchorage independence (1, 44, 65).
LMP1 is also essential for EBV conversion of human B lym-
phocytes to lymphoblastoid cell lines (LCLs) (32, 34).

LMP1 is a 62-kDa, self-aggregating, integral membrane pro-
tein that constitutively activates NF-kB, p38, Jun N-terminal
protein kinase (JNK), exracellular signaling kinase (ERK),
and interferon regulatory factor 7 (IRF7) signaling (19, 35,
66). LMP1 has a 24-amino-acid (aa) cytoplasmic N terminus,
six highly hydrophobic transmembrane domains separated by
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oligopeptide turns, and a 200-aa cytoplasmic C terminus. The
LMP1 transmembrane domains mediate homotypic aggrega-
tion, lipid raft association, and ligand-independent signaling
from two cytoplasmic tail domains known as transformation
effect site 1 (TES1) and TES2, or C-terminal activation region
1 (CTARL1) and CTAR?2 (32, 40). TES1 (LMP1 aa 186 to 231)
contains a PXQXT motif that engages TRAFs 1, 2, 3, and 5 to
stabilize the kinase NIK (HUGO symbol mitogen-activated
protein kinase kinase kinase 14 [MAP3K14]). Activated NIK
phosphorylates the kinase IKKa (CHUK), causing protea-
somal processing of the NF-kB subunit p100 (NF-KB2) into
the p52 form (13, 33, 41). p52 homodimers, or heterodimers
with RelA, RelB, c-Rel (REL), p5S0 (NF-«kB1), or BCL3, trans-
locate to the nucleus to regulate transcription (42). LMP1
TES?2 (residues 351 to 386) engages the death domain-contain-
ing proteins TRADD and RIP (RIPK1), as well as IRF7 (27,
50, 58). TES2 requires the E3 ubiquitin ligase TRAF6 to ac-
tivate the MAPKs, IRF7, and canonical NF-kB pathways (7,
41, 51, 68). TES2 stimulates TRAF6 to polymerize K63-linked
ubiquitin chains that activate the kinase TAK1 (MAP3K7).
TAKI in turn activates the kinase IKKB (IKBKB), in complex
with IKKa and the scaffold IKKry (IKBKG) (68). The activated
IKKa/B/y complex phosphorylates IkBa at serines 32 and 36,
which recruits the SCFFT™RC" (BTRC) E3-ubiquitin ligase.
SCFF- TR ybiquitinates IkBa (NFKBIA) with K48-linked
ubiquitin chains. Polyubiquitinated IkBa is degraded by pro-
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teasomes, allowing canonical NF-kB complexes to enter the
nucleus (23). Cross talk exists at multiple levels between the
canonical and noncanonical pathways (54).

IkBa mutants that lack serines 32 and 36 are refractory to
IKK/SCF*TRCP.mediated proteasome degradation and “su-
perrepress” NF-kB. Such nondegradable IkBa mutants se-
quester NF-kB complexes in the cytosol. Since LCLs require
LMP1-mediated NF-«kB activation for growth and survival, ex-
pression of an IkBa superrepressor promotes LCL apoptosis
(10).

NF-kB complexes are homo- or heterodimers of five tran-
scription factors: RelA, c-Rel, RelB, p50, and p52. RelA and
pS50 heterodimers are prototypes for canonical NF-kB. Acti-
vated NF-kB complexes bind to specific DNA response ele-
ments in promoters or enhancers and recruit coactivators or
corepressors (23). Whereas all NF-kB transcription factors
contain DNA-binding domains, only RelA, RelB, and c-Rel
have transcription activation domains (TADs). Homodimers
of p50 or p52 or p50/p52 heterodimers negatively regulate
transcription or recruit TAD-containing coactivators, such as
BCL3, to upregulate target gene expression (23). LMP1 TES2,
as well as other canonical NF-kB stimuli, promotes phosphor-
ylation of RelA serines 276 and 536. RelA phosphorylation
stimulates p300 (EP300) to acetylate RelA lysine 310, which
further activates transcription (12).

NF-kB activation also induces negative regulators that sup-
press NF-kB activation. Induced IkBa relocalizes NF-kB com-
plexes to the cytosol. A20 (TNFAIP3) and cofactors RNF11,
TAXI1BP1, and ABIN1 (TNIP1) replace K63-linked activa-
tion-associated ubiquitin chains on IKKy and RIP with K48-
linked ubiquitin chains, which cause IKKy and RIP protea-
somal degradation. The mechanisms through which LMP1
balances positive and negative regulation to maintain persis-
tent, high-level NF-«kB activation are unknown.

We investigated the effects of LMP1 TES2 in activation of
NF-«B, p38, JNK, ERK, and IRF7 pathways and the depen-
dence of these other pathways on canonical NF-kB activation,
and we found that canonical NF-kB activation was required for
LMP1 TES?2 effects on all but 5 RNAs in HEK-293 cells.

MATERIALS AND METHODS

Cell lines. An LMP1 double point mutant (P,y4A Q,sA) was used to con-
struct a HEK-293 TET-On LMP1 TES2 cell line (28). Stable cell clones were
selected that carry an inducible system for LMP1 TES2 expression. The Tet
system is composed of three parts: (i) the LMP1 TES2 cDNA cloned into the
tetracycline-regulated pJEF vector; (ii) a tetracycline suppressor (tTS) that binds
Tet operator sites in the absence of tetracyclines and silences expression; (iii) a
reverse tetracycline transactivator fused to the 4-hydroxy tamoxifen (4HT) li-
gand-binding domain (rTTA M2). LMP1 expression was induced by addition of
doxycycline (1 wg/ml) and 4HT (100 nM). For simultaneous inducible expression
of LMP1 TES2 and an IkBa superrepressor, a stable cell line was derived. A
pJEF vector encoding IxBa residues 37 to 317 was introduced into the inducible
LMP1 TES2 cell line (11). Cell lines were cultured with Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% tetracycline-free serum (Clon-
tech). All cell lines were profiled within the first 10 passages.

Antibodies. The following antibodies were used in this study: anti-LMP1
monoclonal antibody S12 and anti-FLAG M2 (both from Stratagene) and, from
Cell Signaling, anti-phospho-p38 (9211), anti-phospho-JNK (9251), anti-phos-
pho-ERK (9101), anti-phospho-RelA 536 (3033), total p50 (3053), anti-phospho
Ikba (9246), and anti-IkBa (9242).

RNA preparation, transcription profiling, and real-time RT-PCR. RNA sam-
ples were collected using RNABee (Qiagen) according to the manufacturer’s
instructions with 293 cells induced for LMP1 TES2 and superrepressor expres-

CANONICAL NF-kB REQUIREMENT FOR EBV LMP1 DISTAL DOMAIN 6765

sion, as indicated. Cells were in the log phase of growth. Gene expression profiles
were assayed using the Affymetrix HU-133 Plus2 GeneChip apparatus according
to the manufacturer’s instructions. Real-time reverse transcription-PCR (RT-
PCR) was performed with the Power SYBR green RNA-to-C;- 1-step kit (Ap-
plied Biosystems, Foster City, CA). Fold changes were determined using the
AAC; method and normalized by glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression levels.

Microarray preprocessing analysis. RNA expression data were normalized
using RMA, and array quality was assessed based on normalized unscaled stan-
dard error (NUSE) and relative log expression (RLE) scores (25, 26). The
microarray data were collected according to methods that fall under the MIAME
standards (8).

Filtering probe sets. In cases where multiple probe sets mapped to a single
gene symbol, we retained only the probe set associated with the most significant
change across the 24-h time course (the probe set with the lowest P value from
the analysis of variance [ANOVA] model was retained).

Determining genes significantly regulated by LMP1 TES2 and TES2 and
canonical NF-kB. To identify genes significantly regulated by LMP1 TES2, we fit
a linear model using the LIMMA package to detect genes with expression
profiles that deviated significantly across the 24-h time course (57). P values from
this linear model were adjusted for multiple correction using the Benjamini-
Hochberg method, which controls the false discovery rate (4). Significance was
defined as those genes satisfying an adjusted P value of <0.001 and having an
absolute fold change at 24 h versus 0 h of greater than 2. To identify genes
significantly regulated by TES2 and canonical NF-kB, we applied the same
LIMMA linear model to the expression data collected in the presence of the
superrepressor. P values were adjusted using the Benjamini-Hochberg method,
and the same threshold criteria were applied. For gene symbols represented by
multiple probe sets on the Affymetrix array, the probe set with the most signif-
icant (highest) P value from the LIMMA linear models was retained.

Heat maps. Heat maps were created using MeV (version 4.5.0). Upregulated
and downregulated genes were defined according to whether a gene had a
positive or negative log, fold change, respectively.

Hierarchical clustering. A complete linkage agglomerative hierarchical clus-
tering was applied, since this method produced a more stable set of clusters than
the average linkage clustering. Distance was based on the Pearson correlation
coefficient (14). Hierarchical clustering was applied to the upregulated and
downregulated LMP1 TES2 genes separately. Cluster analysis was performed
using the R cluster package (version 1.12.3).

GSEA. Gene set enrichment analysis (GSEA) was performed using the
GSEAIm package (version 1.8.0) (29). Gene sets were defined by Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways, and genes that were anno-
tated to at least one KEGG pathway were included in the analysis. This imple-
mentation of GSEA looks for consistent enrichment in a KEGG pathway with
respect to expression changes at 0 versus 24 h of LMP1 TES2 expression. GSEA
was run on a linear model with LMP1 TES2 time points as covariates, using 1,000
permutations.

Lymphoblastoid cell line GM12878 RelA Chip-Seq peak calling. LCL RelA
Chip-Seq data were downloaded from the Snyder Laboratory (Yale Univer-
sity) and are available at http:/hgdownload.cse.ucsc.edu/goldenPath/hg18
/encodeDCC/wgEncodeYaleChIP-seq/. RelA DNA-binding peaks were identi-
fied using QuEST. A total of 24,796 RelA-binding sites were identified genome-
wide with an FDR of <0.01. RelA peaks were present in the promoter and
introns of 4,511 and 4,737 genes, respectively.

Functional enrichment analysis. Using Fisher’s exact test, available in the
GOstats Bioconductor R package, we tested for overenrichment of the following
gene ontology terms: biological process (BP), molecular function (MF), and
cellular component (CC). With each annotation set, P values were adjusted using
the Benjamini-Hochberg method, and a statistical significance criterion of 0.1
was used to identify significant functional categories. For the analyses described
in this paper, we made use of the annotation packages available in the latest
release of Bioconductor (Biobase 2.8.0, hgul33plus2.db version 2.4.1, KEGG
database version 2.4.1).

Protein-protein network construction. Cytoscape (version 2.6.3) was used for
visualizing protein-protein interactomes (56). Edges represent protein-protein
interactions present in the Biogrid database (release 3.1.69) (9). The NF-«kB
interactome was seeded with a manually curated list of NF-kB pathway proteins,
based on the Biocarta NF-kB signaling pathway (www.biocarta.com). To identify
functional modules, we used the FAG-EC algorithm as implemented in the
ClusterViz Cytoscape plug-in (37). We selected an in-degree/out-degree thresh-
old value of 2.0 (37). Setting the minimum size to five nodes, we ranked “weak”
modules by modularity and selected the top 10 to study further. GO term
enrichment was carried out using FuncAssociate 2.0 (6). Five modules that
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FIG. 1. LMP1 TES2-inducible expression activates p38, ERK,
JNK, and NF-«kB pathways with similar kinetics. Western blot assays
were performed with phospho-specific antibodies to p38 (serines 180
and 182), ERK (serines 202 and 204), JNK (serines 183 and 185), and
RelA (serine 536). LMP1 TES2 expression was induced at time zero.
Lysates from TNF-a-treated cells (10 ng/ml for 15 min) are shown as
a positive control.

showed significant functional enrichment (with adjusted P values of less than
0.05) are presented in Fig. S2 of the supplemental material.

Microarray data accession number. The microarray sequence data are freely
available for download from the ArrayExpress database (accession number
GSE29297).

RESULTS

LMP1 TES2 significantly upregulated 1,479 RNAs and
downregulated 437 RNAs. HEK-293 cell clones with inducible
LMP1 expression were used. To study signaling from the
LMP1 TES2 domain, we used a TES1 double point mutation
(Poo4A Q,06A) to selectively abrogate TRAF recruitment (28).
A tight Tet-On system was used to control LMP1 TES2 ex-
pression. NF-kB, p38, ERK, and JNK were activated concor-
dantly with LMP1 expression (Fig. 1). Canonical NF-«kB acti-
vation was evident in IkBa serine 32 and 36 phosphorylation
and RelA serine 276 and 536 phosphorylation (Fig. 1; see also
Fig. S1 in the supplemental material).

To identify the LMP1 TES2 effects on genome-wide RNA
levels, triplicate RNA samples were collected at 0, 6, 9, 12, and
24 h after induction of LMP1 expression. RNAs were assayed
on Affymetrix HU-133 Plus 2.0 oligonulcleotide arrays, which
include 54,675 probe sets that measure 47,400 transcripts and
19,576 unique genes (based on mappings available from Bio-
Conductor [see Materials and Methods]). We fitted a linear
model using the LIMMA package to identify RNAs that
changed significantly in response to LMP1 TES2, after Benja-
mini-Hochberg P value correction for multiple hypotheses (4).
Overall, 9,446 array elements changed, with an adjusted P
value of <0.001, which allows for 2 false positives in the 19,576
unique gene analysis. Applying both an FDR of <0.001 and
the threshold for change greater than 2-fold (up- or downregu-
lated), 2,921 probe sets for 1,916 genes changed in response to
LMP1 TES2. LMP1 TES2 upregulated 1,479 RNAs and down-
regulated 437 RNAs (Fig. 2; see also Table S1 in the supple-
mental material). Genes most upregulated by TES2 include
the chemokines interleukin-8 (IL-8; 12.3-fold), CCL20 (6.2-
fold), and CXCL10 (2.3-fold), and the CXCR4 chemokine
receptor (6.3-fold). LMP1 TES2 also significantly upregulated
IL-32 (5.9-fold) and the IL-6 receptor complex, including IL6R
(3.9-fold) and IL6ST (3.7-fold). IL-6 RNA levels did not
change significantly, consistent with the previously reported
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FIG. 2. LMP1 TES2 significantly alters the abundance of numerous
cell RNAs. (A) Volcano plot showing effects of 24 h of LMP1 TES2
expression on cell RNAs. Each cell RNA is represented by a dot in the
2-dimensional space. The x axis is defined by the log, fold change in
gene expression at 0 versus 24 h, and the y axis by is the log-adjusted
Pvalue. (B) Western blot analysis of LMP1 TES2 expression across the
time course.

dependence on LMP1 TES1 (15). LMP1 TES2 also markedly
increased mRNAs for the tumor necrosis factor (TNF) recep-
tor superfamily members 4-1BB (TNFRSF9; 12-fold), RANK
(TNFRSF11A; 3.6-fold), FAS (3.4-fold), and TNFRSF21 (2.5-
fold).

LMP1 TES2 expression maintained effects on most RNAs
once established, despite early and sustained increases in RNAs
that encode negative regulators of NF-kB (Fig. 3). LMP1 TES2
expression upregulated RNAs encoding IkBa (4.7-fold), the
deubiquitinating enzymes A20 (5.2-fold) and CYLD (3-fold),
A20 cofactors TAX1BP1 (2.7-fold) and ABINT1 (2.1-fold), op-
tineurin (OPTN, 1.9-fold), TANK (5.2-fold), the IKKB phos-
phatase (38) PPMI1B (3.1-fold), and zinc finger RNase
ZC3H12c (3.4-fold). ZC3H12c may inhibit NF-kB activation
by degrading RNAs that encode pathway signaling compo-
nents, as described for ZC3H12a (39, 43). Thus, LMP1 effects
sustained across the 24-h time course are likely due to LMP1
TES2 constitutive forward signaling.

LMP1 TES2 upregulated RNAs that encode other NF-kB
pathway components, including cIAP2 (BIRC3; 4.5-fold), RAP1a
(4.6-fold), RAP2c (4.1-fold), TPL2 (MAP3KS; 2.9-fold), p100
(2.8-fold), RIPK2 (2.7-fold), PELI1 (2.5-fold), c-Rel (2.3-fold),
TAKI1 (2.3-fold), IkB{ (NFKBIZ; 2.2-fold), IKKa (2.2-fold),
IKKB (1.6-fold), and TAB3 (MAP3K7IP3; 1.5-fold). LMP1
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FIG. 3. LMP1 TES2 strongly upregulates RNAs that encode the
NF-«B inhibitors IkBa and A20. RNA was prepared in triplicate from

cells induced for LMP1 TES2 expression for 0, 6, 9, 12, and 24 h. Log,
RMA-normalized RNA levels are shown on the y axis.
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FIG. 4. LMP1 TES2 regulates RNAs that encode multiple NF-kB pathway components and their direct protein-protein interactors. Core
NF-kB pathway components (based on Biocarta) are depicted as diamonds. Edges indicate protein-protein interactions (Biogrid) between NF-kB
pathway components and LMP1 TES2 targets. Nodes are shaded by the magnitude of TES2 effects; upregulated and downregulated targets are

shaded red and blue, respectively. HUGO nomenclature was used.

TES2 also downregulated mRNAs that encode the NF-«B
negative regulators TRAFD1 (—2.2-fold) and COMMDI10
(—2.6 fold). MAP kinase pathway factor RNAs that were also
upregulated included JNK activators MAP4K3 (3.2-fold) and
MAP4K4 (2.3-fold). JUNB was likewise upregulated by TES2
(3.2-fold).

Many LMP1 TES2-regulated RNAs encode proteins that
assemble into an extensive NF-«kB interactome (Fig. 4). The
network was initially seeded with well-established NF-«B path-
way core components, based on the Biocarta database, and
supplemented with a manually curated list. The Biogrid
database (9) was then searched to identify protein-protein
interactions between core NF-kB components and factors
encoded by LMP1 TES2-regulated RNAs (Fig. 4). Interest-
ingly, the majority of network nodes (89 of 104) are upregu-
lated by LMP1 TES2. Densely interconnected nodes include
UBC13 (UBE2N), TRAF6, TAKI, IKKYy, IKK«, IKKB, RelA,
and p50.

Surprisingly, LMP1 TES2 strongly downregulated RNAs en-
coding several ribosomal proteins: RPS19 (6.6-fold), RPS11
(4.6-fold), and RPS10 (3.6-fold). RNA encoding the USP2
deubiquitinating enzyme was also downregulated 2.8-fold.
USP2 associates with TRAF2 and p100, and TNF-a downregu-
lation of USP2 protects hepatocytes from apoptosis (21). Many
LMP1 TES2-repressed genes were not NF-kB, JNK, ERK, or

p38 pathway components or previously identified transcrip-
tional targets (Table S1 in the supplemental material).

A GSEA, in which gene sets are defined by the KEGG (29),
indicated LMP1 TES2-upregulated RNAs were significantly
enriched for multiple pathways, including pathways in cancer,
Toll-like receptor, B- and T-cell receptor signaling, prostate
cancer, apoptosis, small cell lung cancer, and RIG-I-like receptor
signaling (all pathways had an adjusted P value of <0.001 [Table
1]). LMP1 TES2 downregulated multiple KEGG pathways,
although none achieved statistical significance. By GO mo-
lecular function analysis, the most significantly upregulated
LMP1-induced categories were Zn-ion binding (242 genes;
adjusted P < 0.0003), binding (1,045 components; adjusted
P < 0.0003), small conjugating protein ligase activity (38 genes;
adjusted P < 0.0004), acid-amino acid ligase activity (38 genes;
adjusted P < 0.0005), ligase activity (60 genes; adjusted P <
0.0005), transition metal ion binding (276 genes; adjusted P <
0.002), and ubiquitin protein ligase activity (29 genes; adjusted
P < 0.002). The extent to which these GO categories overlap
with each other is shown in Table S2 of the supplemental
material. The most significantly LMP1 TES2-downregulated
GO categories were signal transducer activity and molecular
transducer activity (each with 61 genes; adjusted P < 0.06).

Cell proteins encoded by the 1,916 TES2-regulated RNAs
assemble into an extensive interactome (see Fig. S2 in the
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TABLE 1. KEGG analysis of the top 10 pathways targeted by LMP1 TES2

No of pathways targeted by LMP1

KEGG P No. of genes
ID no. athway name P value in pathway
Upregulated Downregulated
05200 Pathways in cancer <0.001 326 40 7
04660 T cell receptor signaling <0.001 107 13 2
04620 Toll-like receptor signaling <0.001 98 11 0
05215 Prostate cancer <0.001 89 13 1
04210 Apoptosis <0.001 87 12 2
05222 Small cell lung cancer <0.001 84 17 0
04662 B cell receptor signaling <0.001 75 9 2
04622 RIG-I-like receptor signaling <0.001 70 9 1
05120 Epithelial cell signaling in <0.001 68 9 1
Helicobacter pylori infection
04920 Adipocytokine signaling <0.001 66 10 0

supplemental material). The Cytoscape plug-in ClusterViz
(56) was used to identify multiple interconnected modules
within the LMP1 TES2-regulated network. Five of these mod-
ules are presented in Fig. S2 and are enriched for the GO
terms: protein ubiquitination and ubiquitin-protein ligase ac-
tivity, regulation of fatty acid oxidation and lipid metabolic
processes, G,/M transition of cell cycle, G,/S transition of cell
cycle, induction of apoptosis by intracellular signals, and cell
morphogenesis. Interestingly, LMP1 TES2 upregulates nearly
all affected RNAs in these clusters.

Since inflammatory stimuli such as TNF-a induce temporal
patterns of gene regulation (22, 53, 61, 63, 69), agglomerative
hierarchical clustering was used to determine whether the
1,916 LMP1 TES2-regulated RNAs changed with distinct ki-
netics. Six clusters were detected, with genes upregulated in
four of them (Fig. 5). Within 6 h of LMP1 TES2 induction, the
IkBa and RelA serines 536 were substantially phosphorylated
(see Fig. S1 in the supplemental material). RNAs from 20
genes were increased at 6 h and were higher at 9 h (Fig. 5,
cluster 1). These encoded NF-kB pathway components, such as
IkBa, A20, RAP1a, c-Rel, the antiapoptotic protein IER3, and
the chemokines IL-8 and CXCL1. RNAs encoded by 7 genes
increased at 6 h and increased more substantially again at 24 h
(Fig. 5, cluster 2). These encode the noncanonical NF-«kB sub-
unit p100, the adhesive ligand JAM2, which binds lymphocyte
receptors, and IL-32. RNAs from 1,398 genes decreased
slightly at 6 h and then increased ~4-fold at 9 h (Fig. 5, cluster
3). The most significant KEGG categories within this cluster
are ubiquitin-mediated proteolysis (25 genes; adjusted P <
10~ '), JAK/STAT signaling pathway (21 genes; adjusted P <
107?), cell cycle (16 genes; P < 10°), small cell lung cancer
(14 genes; P < 10~7), and renal cell carcinoma (12 genes; P <
107°). RNAs from 54 genes increased ~2-fold at 9 h and
further increased ~2-fold from 9 to 24 h (Fig. 5, cluster 4).
These encode a variety of proteins, including the NF-«B signal
transduction components TPL2 and cIAP2 (BIRC3), the an-
tigen presentation proteins TAP1, TAPBP, and HLA-DQBI,
the costimulatory receptor 4-1BB (TNFRSF9), the chemo-
kines CXCL10 and CXCR4, and the T-cell-stimulating cyto-
kine IL-15. RNAs from 430 genes increased ~2-fold at 6 h and
then decreased ~4 fold at 9 h (Fig. 5, cluster 5). The most
significant KEGG categories within this cluster were calcium
signaling (9 members; P < 10~ ), focal adhesion (9 members;
P <10 %), and MAPK (9 members; P < 10 >7). RNAs from
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FIG. 6. LMP1 TES?2 activates p38, JNK, and ERK in the presence
of an IkBa superrepressor (IkBaSR). Data for Western blot analysis
of LMP1 TES2-induced MAPK phosphorylation, degradation of en-
dogenous IkBa, and IkBaSR expression across the time course are
shown. LMP1 TES2 and IkBaSR expression were induced at time
Zero.

7 genes were expressed at high levels at 6 h and decreased
~3-fold thereafter (Fig. 5, cluster 6).

Overlap with LMP1 RNA targets in EBV-transformed lym-
phoblastoid cells. The pS0/RelA homodimer is the prototypic
canonical NF-kB pathway transcription factor complex. To
estimate the extent to which LMP1 TES2 regulates the same
genes in EBV-transformed lymphoblastoid cells, we down-
loaded an Encode RelA Chip-Seq data set. Genome-wide
RelA DNA binding was identified using QUEST, using an
FDR cutoff of <0.01 (62). RelA DNA binding was detected at
the promoter (2 kb upstream of the transcriptional start site)
or intron in 868 out of 1,416 (58.6%) 293 cell TES2-upregu-
lated genes. In contrast, RelA DNA binding was detected at
the promoter or introns of 120 out of 437 (27%) of 293 cell
TES2-downregulated genes. These data are consistent with
RelA effects being predominantly upregulatory and suggest
overlapping effects on gene sets in LCLs and 293 cells.

An IkBa superrepressor (IkBaSR) inhibits LMP1 TES2
effects on RNA levels. LMP1 TES2 activates multiple path-
ways, which can independently, cooperatively, or synergistically
increase or decrease RNA levels. To evaluate the extent to
which LMP1 TES2 requires canonical NF-«B activity to regu-
late target genes, LMP1 TES2 was induced together with an
IkBa superrepressor in which the first 36 IkBa residues are
deleted (11). Changes in RNA levels were determined over 5
time points. Tet-regulated LMP1 TES2 was expressed at sim-
ilar levels and stimulated p38, JNK, and ERK pathways to a
similar extent, despite Tet-regulated IkBa superrepressor ex-
pression (Fig. 6 and 7). Although p38, JNK, and ERK were
activated at similar levels to cells without IkBaSR coexpres-
sion, IkBaSR expression resulted in nearly global ablation of
LMP1 TES?2 effects on RNA levels. LMP1 TES2 only upregu-
lated 3 RNAs (CALBI1, CTH, and INHBE) and downregu-
lated only 2 RNAs (MATR3 and CGA) >2 fold, with an FDR
of <0.001 (Fig. 7 to 9). Thus, canonical NF-kB is a critical
component of nearly all LMP1 TES2 effects on cell RNA
levels. These surprising data were further validated by using
reverse transcription-quantitative PCR to independently assess
LMP1 TES2 effects on CCL20, IL-8, A20, IkBa, and cIAP2
RNA levels (see Fig. S3 in the supplemental material).

The unexpectedly essential NF-«kB role in almost all LMP1
TES2 RNA effects is surprising. Nevertheless, the effects were
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FIG. 7. LMP1 TES2 requires canonical NF-kB activity to regulate
essentially all cell target genes. (A) Volcano plot showing effects of
24 h of LMP1 TES2 expression on cell gene transcription in the

presence of an IkBa superrepressor (SR). (B) Western blot analysis of
LMP1 TES2 expression in profiled samples.

not due to initiation of cell death pathways, and hypodiploid
cells did not accumulate following LMP1 TES2 and IkBaSR
expression (see Fig. S4 in the supplemental material). Further-
more, cells expressing both LMP1 TES2 and IkBaSR robustly
activated MAPK pathways, degraded endogenous IkBa in re-
sponse to LMP1 TES2 expression, and maintained similar
LMP1 and IkBaSR levels (Fig. 6).

DISCUSSION

The extent to which LMP1 TES2 requires NF-«kB activity to
affect target genes has not previously been characterized on
either a genome-wide scale or in a non-B-cell context. We
chose a 293 cell background, because LMP1 TES2 NF-«B
inhibition does not result in cell death. Surprisingly, despite
robust activation of the p38, ERK, and JNK pathways, NF-«kB
activity was critical for LMP1 TES2 effects on all but 5 target
genes. The profound IkBa superrepressor effect is at least in
part due to an important direct role for NF-kB transcription
factors in target gene regulation. NF-kB may serve as a master
controller of transcriptional responsiveness to LMP1 TES2
signaling, as has been reported for the inflammatory response
(46). Of note, both canonical and noncanonical NF-kB may be
affected by the IkBa superrepressor, given the extensive cross
talk between the two pathways. Alternatively, LMP1/NF-«B
may regulate expression of a target gene(s) important for tran-
scriptional responsiveness. For example, NF-kB activity may
be required for the synthesis of enzymes that directly or indi-
rectly modify chromatin, such as histone acetyl-deacetylases,
methyltransferases, ubiquitin ligases, or kinases. In this fash-
ion, NF-kB may regulate the ability of other transcription
factors to gain access to their DNA-binding sites (24, 55).
Additional MAPK pathway dependence has been described
for a limited number of LMP1 TES2-affected RNAs, including
IL-8 (16). The extent to which p38, JNK, ERK, and IRF7
pathways are also required remains an open question for most
LMP1 TES2 targets. Nevertheless, these data indicate that
LMP1 TES2 broadly alters cell gene regulation in an NF-«kB-
dependent fashion. The results presented here provide new
evidence for the therapeutic importance of canonical NF-«B
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activation in EBV-associated malignancies and perhaps for
malignancies with elevated NF-«kB states more generally. Nu-
merous canonical NF-kB pathway inhibitors are currently in
clinical development and may have more pronounced effects
on EBV-infected cells than previously envisaged (11).
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cell RNAs >2-fold with an FDR of <0.001, upregulating 1,479
RNAs and downregulating 437 RNAs. In contrast, TNF-a
treatment of 3T3 fibroblasts for 12 h upregulated only 180
RNAs and downregulated 70 RNAs, based on a 2-fold cutoff
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(22). Similarly broad LMP1 effects were observed on 1,926
RNAs upon electroporation of LMP1 into purified human
germinal center B cells (64). Likewise, LMP1 upregulated by
>2-fold 131 of 1,905 (7%) RNAs sampled in Burkitt lym-
phoma BLA41 cells (10). Twenty-seven of these 131 (21%) BL41
LMP1 target genes were also 2-fold upregulated by LMP1
TES2 in 293 cells. These included the antiapoptotic proteins
BCL2, cIAP2, MCLI, and cFLIP (CFLAR), the chemokine
CXCLI10, the cytokine IL-32, the antigen presentation mole-
cules TAP1 and HLA-DQBI, the transcription factors p100
and JUNB, the NF-kB negative regulators IkBa, A20, and
CYLD, the ubiquitin ligase CBLB, and cell surface receptors
(FAS, CD44, CD58, and CDS83). Differences in microarray
platform and the presence of both LMP1 TES1 and TES2
limited comparisons between our 293 cell results and available
LMP1 B-cell data sets.

We observed a greater overlap between LMP1 293-upregu-
lated genes and RelA LCLs by Chip-Seq analysis, where RelA
occupancy was detectable at 58.6% of LMP1 TES2 293 cell
targets. Taken together, these data suggest that there is a
significant but limited overlap in LMP1 TES2-regulated genes
in 293 versus B-cell contexts. Differences in chromatin acces-
sibility between cell types may profoundly shape transcrip-
tional responses to LMP1 TES2, as has been observed for
inflammatory gene expression programs in macrophages ver-
sus fibroblasts (18). Differences in basal expression levels be-
tween 293 and BLA41 cells also contribute to the observed
LMP1-induced fold changes.

The onset of LMP1 TES2 expression was tightly coupled to
LMP1 effects on RNA levels. Concurrent with LMP1 TES2
expression, NF-kB and MAPK pathway activation were evi-
dent by the 6-h time point (Fig. 2). LMP1 TES2 affects the
abundance of a small subset of RNAs by 6 h and substantially
affects most target genes by the 9-hour time point. Similarly
diverse kinetic responses have been observed following stimu-
lation with proinflammatory stimuli, such as TNF-a or lipo-
polysaccharide (LPS) (22, 46, 61). Although TNF-a and LPS
trigger rapid NF-«kB nuclear translocation, NF-«kB recruitment
to individual target gene loci is highly asynchronous (18, 46).
NF-kB immediately binds to regulatory elements of so-called
“fast gene” loci. Yet, at “slow gene” loci, binding to regulatory
elements occurs hours after NF-«kB nuclear translocation.
Differences in chromatin configuration may underlie this
phenomenon. Fast gene loci constitutively exhibit an open
chromatin state, which allows NF-kB transcription factors
immediate access to their binding sites. By contrast, slow gene
loci must undergo chromatin remodeling prior to NF-kB bind-
ing (18, 46).

Transient changes associated with chromatin remodeling
might also underlie the observation that LMP1 TES2 initially
downregulates the abundance of many RNAs that are subse-
quently upregulated (Fig. 5, cluster 3) and initially upregulates
RNAs that are subsequently downregulated (cluster 5). Alter-
natively, early LMP1-affected RNAs may encode important
transcriptional regulatory functions. Genes that are expressed
early may directly or indirectly affect transcription factor ex-
pression or functionality and, in aggregate, reverse the direc-
tion of affected gene transcriptional regulation. For example,
one or more genes in cluster 1 may have profound transcrip-
tional regulatory effects. Identification of the gene(s) respon-
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sible for these effects would be of considerable interest. Sur-
prisingly, the abundance of most cell RNAs did not change
substantially after 9 h. These results contrast with a prior study,
in which LMP1 induction of IL-1a and IL-1B was suggested to
secondarily account for most LMP1 effects on epithelial cell
RNA regulation (45). Indeed, LMP1 TES2-inducible expres-
sion activates NF-kB more robustly than culture of the cells
with high concentrations of IL-18 (unpublished data).

In contrast to many physiologic NF-kB stimuli that tran-
siently activate NF-kB and are then silenced by multiple neg-
ative feedback regulatory loops, LMP1 TES2 constitutively
activated NF-kB. TNF-«a stimulation of murine embryonic fi-
broblasts induced more heterogenous RNA changes and dis-
tinctive RNA changes (22). TNF-a-upregulated RNAs peaked
at 30 min or 2 h, or they continued to increase across 12 h
of TNF-a stimulation. TNF-« transiently upregulated many
RNAs, despite continued TNF-a stimulation (22). Transcrip-
tion and mRNA stability contributed to these RNA level ef-
fects (22, 53, 61, 63, 69), as likely underlies some of the RNA
changes observed here. In multiple instances, TNF-a tran-
siently upregulated the same target genes that LMP1 TES2
persistently upregulates. TNF-a signaling pathways may have
evolved to be dependent on multiple factors in addition to
NF-«B to limit the duration of inflammatory or innate immune
responses. In contrast, LMP1 TES2 may have evolved to pro-
vide EBV-transformed cells with relatively persistent NF-xB
and MAPK target gene stimulation to better enable cell sur-
vival and growth.

Negative regulators of canonical NF-kB, including IkBa,
CYLD, A20, TAX1BP1, ABIN1, optineurin, TANK, PPM1B,
and ZC3H12C, were among the earliest and most highly TES2-
upregulated genes. Nevertheless, LMP1 ligand-independent
high-level constitutive forward signaling overcomes much of
this underlying negative feedback regulation. Consistent with
this possibility, TES2 also induces multiple LMP1/NF-«kB path-
way activation pathway components, including the kinases
TPL2, TAKI, IKKa, and IKK@. These NF-kB pathway com-
ponents (Fig. 4) may facilitate robust forward signaling. Small
interfering RNA knockdown of each kinase impairs TES2-
mediated NF-«kB activation in HEK-293 cells (unpublished
data). Alternatively, TES2 may alter the activity of negative
regulators through undefined posttranscriptional mechanisms.

LMP1 is expressed at a high level in latency III infection of
LCLs, where it is essential for lymphoblastoid cell growth, both
through TES1 noncanonical and TES2 canonical NF-kB acti-
vation. LMP1 is also expressed at very high levels in HD and at
a variable level in NPC. A robust inflammatory response is
commonly observed in EBV latency I1I-associated lymphopro-
liferative diseases, HD and NPC. Indeed, NPC was initially
described as a lympho-epithelial malignancy. Proinflammatory
cytokines promote tumor development, progression, and
metastasis (2, 3, 20). LMP1 TES2 upregulates both chains of
the IL-6 receptor complex. While TES2 did not significantly
upregulate IL-6, LMP1 TESI has been reported to upregulate
IL-6 in epithelial cells (15). IL-6 provides a link between in-
flammation and cancer (30). IL-6 levels are elevated in both
serum and tumor tissues of NPC patients and decrease with
successful tumor therapy (59). Thus, LMP1 TES1 and TES2
may function in concert to provide significant growth factor
support to cells of patients with latency III-associated lym-
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phoproliferative diseases, HD and NPC. Anti-IL-6 monoclonal
antibodies are currently in trial for treatment of EBV-positive
posttransplant lymphoproliferative disorders (47).

IL-8, CCL20, and CXCL10 are among the RNAs most
highly upregulated by TES2. CCL20 is a powerful chemoat-
tractant for immature dendritic cells and effector/memory B
and T lymphocytes, particularly at skin and mucosal surfaces
(52). An IL-8 promoter polymorphism has been associated
with NPC susceptibility and aggressiveness (5). CXCL10 is
highly upregulated in primary NPC clinical samples and is
LMP1 dependent (36). LMP1 TES2 canonical NF-«kB activa-
tion appears to underlie CXCL10 expression. Furthermore,
LMP1 TES2 highly upregulates 1L-32, a recently discovered
cytokine that further activates MAPK and NF-«B pathways.
IL-32 is also implicated in the development of epithelial can-
cers (17). IL-32 is likewise upregulated in BL41 cells upon
LMP1 expression (10). Encode Project LCL Chip-Seq data
have identified high-level RelA occupancy at the IL-32 locus,
together with RNA polymerase 2 and histone modifications,
suggestive of active transcription (31). Small-molecule inhibi-
tors of LMP1-mediated canonical NF-kB activation may have
antineoplastic activity by blocking both intracellular and inter-
cellular effects that sustain NPC or HD cell growth or survival.

In conclusion, the studies presented here provide the first
whole-genome kinetic analysis of LMP1 TES2 transcriptional
effects and demonstrate a surprisingly robust LMP1 TES2
NF-«B dependence. The extent to which LMP1 TESI also
requires NF-kB to regulate target genes remains incompletely
defined. Likewise, the amount of overlap between LMP1 TES1
and TES2 transcriptional targets remains unknown. While sev-
eral LMP1 target genes, such as TRAF1 and the epidermal
growth factor receptor, are preferentially induced by LMP1
TESI, other targets, such as Fas and intercellular adhesion
molecule 1, are similarly upregulated by both LMP1 TES1 and
TES2 (13, 60). Given the importance of both TES1 and TES2
signaling in EBV-associated malignancies, genome-wide anal-
ysis of TESI transcription effects is of significant interest.
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