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Abstract: The principal Epstein-Barr virus (EBV) oncoprotein, Latent Membrane Protein 

1 (LMP1), is expressed in most EBV-associated human malignancies. LMP1 mimics CD40 

receptor signaling to provide infected cells with constitutive NF-κB, MAP kinase, IRF7, 

and PI3 kinase pathway stimulation. EBV-transformed B-cells are particularly dependent 

on constitutive NF-κB activity, and rapidly undergo apoptosis upon NF-κB blockade. Here, 

we review LMP1 function, with special attention to current understanding of the molecular 

mechanisms of LMP1-mediated NF-κB and IRF7 pathway activation. Recent advances 

include the elucidation of transmembrane motifs important for LMP1 trafficking and 

ligand-independent signaling, analysis of genome-wide LMP1 gene targets, and the 

identification of novel cell proteins that mediate LMP1 NF-κB and IRF7 pathway activation.  

Keywords: herpesvirus; apoptosis; cancer; innate immunity; transformation; integral 

membrane protein; signal transduction; proliferation; ubiquitin; lymphoma; oncogene 

 

1. Introduction  

Epstein-Barr virus (EBV) is a gamma-herpesvirus that infects >90% of people worldwide, is the 

etiologic agent of infectious mononucleosis, and is associated with multiple human malignancies. 
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Upon primary infection, EBV initially infects and may replicate in oropharyngeal epithelial cells [1,2]. 

EBV gains access to the B-cell compartment, where it drives robust B-cell proliferation through 

expression of six EBV nuclear antigens, multiple non-coding RNAs, and two integral membrane 

proteins, LMP1 and LMP2A [3,4]. Infected cells then enter lymph node germinal centers, where EBV 

gene expression is down-modulated, presumably to limit immune-detection. EBV subsequently 

establishes persistent infection of the memory B-cell compartment, from which it periodically 

reactivates [4–6].  

The principal viral oncoprotein, LMP1, transforms rodent fibroblasts [7]. Transgenic LMP1 

expression in murine models promotes the development of B-cell lymphomas and carcinomas [8–11]. 

Similarly, LMP1 expression is detectable in multiple human malignancies, where it may play a causal 

role. In particular, with T-cell immune-suppression, LMP1 is frequently expressed in proliferating  

B-cells of patients with lymphoproliferative disorders. These include post-transplant lymphoproliferative 

disorders and lymphomas in HIV-infected people [12]. EBV and LMP1 are also increasingly  

detected in diffuse-large B-cell lymphomas of the elderly [13]. In both immune-compromised and 

immunocompetent hosts, EBV and LMP1 are frequently present in the malignant Reed-Sternberg cell 

of Hodgkin Lymphoma (HL) [4,14–16]. Indeed, despite the success of antiretroviral therapy for human 

immunodeficiency virus, the risk of HIV-associated EBV-positive Hodgkin lymphoma has not 

decreased [17]. In immunocompetent hosts, LMP1 is expressed in a subset of anaplastic nasopharyngeal 

carcinomas (NPC) [18–20]. NPC is one of the most prevalent EBV-associated malignancies, and has a 

striking 50-fold higher incidence rate in southern China than in the Western world [21]. LMP1 is 

frequently expressed in these malignancies [15]. While latent EBV infection is detectable in  

roughly 10% of gastric carcinomas worldwide, only a subset appear to express LMP1 [22].  

As described in further detail below, LMP1 signals through two cytoplasmic domains. Both 

domains are necessary for efficient B-cell conversion to immortal lymphoblasts (LCLs) [23–26]. 

LMP1 induces cell survival and growth through ligand-independent activation of multiple cell 

pathways. These include nuclear factor-κB (NF-κB), mitogen-activated protein kinase (MAPK), 

interferon-regulatory factor 7 (IRF7), and phosphatidylinositol 3-kinase (PI3K) pathways [27–29].  

NF-κB transcription factors (TFs) are comprised of the REL-homology domain proteins p50, p52, 

RelA (also called p65), RelB, and cREL [30]. NF-κB TFs control lymphoid cell proliferation, 

differentiation and survival, and are critically important regulators of normal and pathological innate 

and adaptive immune responses. Inhibitory IκB proteins sequester NF-κB TFs in the cytosol to tightly 

restrict basal activity. Upon activation, receptor cytoplasmic domains initiate signal transduction 

cascades, referred to as NF-κB pathways [31]. Two major NF-κB pathways are recognized, and are 

termed the canonical and non-canonical NF-κB pathways. The cytosolic phase of NF-κB pathways 

culminates in IκB degradation, which allows NF-κB TF nuclear translocation. Post-translational 

modifications further activate NF-κB TFs, optimizing their binding to DNA κB sites and 

transcriptional regulation. Negative feedback loops tightly control NF-κB activation and terminate 

signaling upon stimulus withdrawal. While physiologic NF-κB activation is essential for lymphocyte 

development and activation, hyperactive NF-κB signaling promotes inflammatory diseases and 

malignant transformation [30].  

Interferon regulatory factor (IRF) 7 is a key regulator of Type 1 IFN production [32] and belongs to 

a family of 9 human IRF genes [33]. Interestingly, the IRF family underwent co-evolution with  
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Other than a 5-residue tumor necrosis factor (TNF) receptor-associated factor (TRAF) binding 

motif, LMP1 does not exhibit amino acid similarity with CD40 (see below). Nonetheless, LMP1 and 

CD40 activate remarkably similar signal transduction cascades. TES1 and TES2 independently 

activate signal transduction pathways, and efficient long-term LCL outgrowth requires signaling from 

both domains [28].  

3. LMP1 Transmembrane Domains Enable Constitutive LMP1 C-terminal Tail Signaling 

The six LMP1 transmembrane domains (TM1-6) confer ligand-independent oligomerization, 

trafficking to membrane lipid rafts, and constitutive LMP1 C-terminal tail signaling [28]. Indeed, the 

cytoplasmic tails of CD40, FAS, TNFR1, and TNFR2 constitutively signal when fused to the LMP1  

N-terminus and TM domains [43–45]. By contrast, when fused to the CD40 extracellular receptor and 

transmembrane domain, the LMP1 C-terminal tail signals only in response to CD40 ligand  

stimulation [46]. Transgenic mice that express this CD40/LMP1 fusion protein, but not endogenous 

CD40, still have normal B-cell development, activation, class-switch recombination, and germinal 

center formation [46]. However, LMP1 signaling, in this context, drives class-switch recombination to 

IgG1 independent of cytokines. How then do the LMP1 TM domains enable cytoplasmic tail signaling? 

LMP1 TM residues important for LMP1 aggregation and trafficking have been identified through 

mutagenesis approaches (Figure 1). Deletion of LMP1 TM1-2 abrogates LMP1-mediated NF-κB 

activation, whereas deletion of LMP1 TM3-6 reduces LMP1-mediated NF-κB activation by ~60% [47]. 

Alanine mutagenesis of highly conserved human and rhesus EBV LMP1 TM1 residues identified a 

FWLY38-41 motif that is important for both LMP1 multimerization and lipid raft trafficking. Indeed, 

mutation of FWLY38-41 to AALA38-41 impairs LMP1 targeting to cholesterol and sphingolipid-rich lipid 

raft membrane microdomains, blocks TRAF3 recruitment, and markedly reduces LMP1-mediated  

NF-κB activation. Interestingly, FWLY38-41 also promotes intramolecular association between the 

LMP1 TM1-2 and TM3-6 domains. Additional intra-membrane associations further contribute to 

LMP1 aggregation and activation of LMP1 signaling [28,47].  

LMP1 contains putative leucine heptad motifs in TM1 and TM6. Leucine heptads, which form 

leucine zipper-like structures, mediate protein-protein interactions [48]. Indeed, an important role for 

the TM1 leucine heptad is supported by mutagenesis studies. Alanine mutation of the TM1 leucine 

heptadimpairs LMP1-mediated NF-κB activation and B-cell transformation [49,50]. By contrast, 

mutation of the TM6 leucine heptad has minimal effects on LMP1 signaling [49]. The TM1 leucine 

heptad promotes LMP1 lipid rafts trafficking [50], where LMP1 recruits key signaling components. 

Likewise, LMP1 TM3-4 associate with the Golgi and late endosome protein prenylated rab acceptor 1 

(PRA1). This association is important for LMP1 endoplasmic reticulum exit and initiation of  

C-terminal signal transduction [51]. 

Interestingly, LMP1 TM domains contain several charged and polar residues, which may play 

important roles in LMP1 aggregation. Some, but not all, LMP1 alleles contain an aspartic acid at 

residue 150. In the context of the B95.8 strain LMP1 TM5 domain, aspartic acid 150 (D150) may 

promote LMP1 multimerization. Alanine mutagenesis of D150 abrogates the ability of TM5 to 

homotrimerize in detergent micelles and reduces LMP1-mediated NF-κB activation in transfected 

cells, without substantially altering LMP1’s subcellular distribution [52]. Interestingly, the effect of 
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D150 may be context dependent. In a recent analysis of LMP1 alleles from clinical EBV isolates, 

many LMP1s do not contain an aspartic acid at in TM5 [53]. EBV isolates with non-polar amino acids 

at position 150 nonetheless signal as well, or in some cases better, than B95.8 LMP1 in reporter assays. 

Interestingly, this increased NF-κB activity was nonetheless mapped to the clinical isolate LMP1 TM 

domains. Additional LMP1 TM amino acid substitutions (relative to B95.8 LMP1) may compensate 

for the absence of D150.  

4. LMP1-Mediated Canonical NF-κB Activation 

TES2 predominantly activates the canonical NF-κB pathway (Figure 2). As described in more detail 

below, a hallmark of canonical NF-κB pathways is the activation of the IκB kinase (IKK) complex, 

comprised of the essential regulatory IKKγ (or NEMO) scaffold protein and the kinases IKKα and 

IKKβ. IKK phosphorylates the NF-κB inhibitor IκBα, which stimulates its rapid proteasomal 

degradation [30]. IκBα turnover allows canonical pathway NF-κB transcription factors, in particular 

the RelA/p50 heterodimer, to translocate to the nucleus. 

Since LMP1 lacks intrinsic enzymatic activity, it recruits and activates enzymes. The K63-ubiquitin 

E3 ligase TRAF6 appears to be the first enzyme activated by TES2 [54–57]. While TRAF6 has been 

reported to bind to TES1 in murine B cells [58], we have been unable to detect a direct association 

between TES2 and TRAF6. How then does TES2 activate TRAF6? Multiple proteins have been 

suggested to bind directly to TES2, including RIP1 and TRADD [59]. TRADD knockout in DG75  

B-cells abrogates TES2-mediated IKKβ recruitment and activation [60]. However, TRADD may not 

participate directly in TRAF6 activation, as TRADD deficiency does not impair LMP1-induced JNK 

activation, which is dependent on TRAF6 activation [60]. Furthermore, LMP1 may use TRADD in a 

cell-type specific fashion, as TRADD knockdown in 293 cells caused significant impairment of  

TNFα-mediated, but not TES2-mediated NF-κB activation [55,61]. Likewise, RIP1 may not be 

required for TES2-mediated NF-κB activation, as RIP1 knockdown in 293 cells and absence of 

detectable RIP1 protein in chemically mutagenized Jurkat T-cells do not impair TES2-mediated  

NF-κB activation [61,62]. 

Multiple adaptor proteins have been suggested to link LMP1 TES2 to TRAF6, including BS69 [63]. 

We found that the brain-expressed (BEX) family proteins BEX3 (also called nerve growth factor 

receptor associated protein 1, or NGFRAP1) and BEX5 associate with LMP1, and that BEX3/5 

knockdown markedly impairs TES2-mediated IKK activation [61]. Interestingly, the p75 nerve growth 

factor (NGF) receptor, a member of the TNFα-receptor superfamily, binds multiple BEX family 

members [64], and BEX2 potentiates NGF-mediated NF-κB activation in breast cancer cells [65]. 

Recently, the TRAF2- and NCK-interacting kinase TNIK was identified as a novel TES2 interactor [66]. 

TNIK knockdown impairs LMP1-mediated IKK activation in 293 cells by nearly 50%, and diminishes 

LCL growth and survival. Interestingly, the N-terminal TNIK kinase domain is important for  

LMP1-mediated canonical NF-κB activation, whereas its C-terminal scaffold domain instead promotes 

JNK pathway activation [66].  

LMP1 TES2 activates TRAF6 K63-ubiquitin ligase activity and promotes TRAF6  

auto-K63-ubiquitination [54–56,58,67]. Indeed, TRAF6 knockdown strongly abrogates TES2-mediated 

NF-κB activation, and TRAF6 siRNAs were amongst the strongest TES2/NF-κB inhibitors in our 
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genome-wide siRNA screen. Likewise, disruption of UBC13, TRAF6’s E2 ubiquitin ligase, impairs 

TES2-mediated NF-κB activation [56,61]. K63-ubiquitin chains recruit the homologous zinc-finger 

proteins TAB2 and TAB3, which in turn activate the kinase TAK1 (Figure 2). Further supporting an 

important role for K63-ubiquitin downstream of LMP1, combined TAB2/3 depletion impairs  

LMP1-mediated IKK activation [56]. Activated TAK1 phosphorylates downstream targets, in 

particular the IKK kinase activation loops. While TAK1 activity is obligatory for most canonical  

NF-κB pathways, TAK1 knockdown reduced TES2 NF-κB activation by only 40%–50% [61], and 

similar results have been observed in TAK1 deficient MEFs [68]. Thus, LMP1 may use additional 

kinase(s) in a partially-redundant manner with TAK1 [61]. Interestingly, our siRNA analysis indicates 

that several additional kinases are important for LMP1-mediated IKK activation (Figure 2). Further 

studies are required to determine whether any function at the level of TAK1.  

The recently discovered linear ubiquitin chain assembly complex (LUBAC) has increasingly been 

implicated in canonical pathway IKK activation, including by TNFα, interleukin 1-β (IL-1β), NOD2, 

and CD40 [69,70]. LUBAC is comprised of three components: the catalytic HOIP and HOIL-1L 

subunits, and the SHARPIN regulatory subunit. Interestingly, combined HOIP/HOIL-1L depletion 

impairs LMP1 TES2-mediated NF-κB activation by nearly 50% upstream of IKK complex 

activation [61]. By contrast, LUBAC depletion does not inhibit LMP1-mediated non-canonical NF-κB 

activation [71]. Open questions include how LMP1 signaling recruits and activates LUBAC to 

participate in downstream signaling, and the identification of cell LUBAC targets. While CD40 

recruits HOIL-1L [72], we have not yet been able to detect direct association between LMP1 and 

LUBAC subunits. Multiple receptors induce LUBAC to attach linear ubiquitin chains to RIP1,  

NEMO and likely additional cell proteins, thereby promoting the assembly and stabilization of 

receptor-associated signaling complexes [73,74]. Identification of LUBAC substrates downstream of 

LMP1 remains to be elucidated.  

HOIL-1L deficiency causes a fatal inherited disorder with chronic autoinflammation, recurrent 

invasive bacterial infection, and muscular amylopectinosis [75]. IL-1β responses are impaired in 

fibroblasts but are hyper-responsive in mononuclear leukocytes from patients with HOIL-1L 

deficiency. Interestingly, EBV-transformed lymphoblastoid cells can be established from patient-derived 

B-cells, despite the presence of HOIL-1L loss-of-expression or loss-of-function mutations [75]. 

Curiously, CD40-mediated IKK phosphorylation, IκBα degradation, and NF-κB activation are 

markedly impaired in HOIL-1L-deficient LCLs. Since LMP1 mimics CD40 signaling, and since 

LMP1 is necessary for EBV-mediated B-cell transformation, how then can HOIL-1L deficient LCLs 

be derived? Perhaps HOIP plays a more important role downstream LMP1 than CD40, and residual 

LUBAC activity in HOIL-1L deficient LCLs is sufficient for LMP1 canonical pathway activation. 

Indeed, Sharpin and RNF31 knockdown more strongly impair LMP1 TES2/NF-κB than HOIL-1L 

knockdown [61]. Alternatively, perhaps LMP1-mediated non-canonical activity is sufficient to support 

EBV-mediated B-cell transformation.  
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signaling to IKK, such as by regulating the stability of established TES2/NF-κB activation or 

inhibition pathway components. 

Most canonical NF-κB pathways require IKKβ, but not IKKα activity. Key IKK targets include 

IκBα and RelA. IKK-mediated IκBα serine 32,36 phosphorylation stimulates its ubiquitination and 

proteasomal degradation, which then allows nuclear translocation of the RelA/p50 heterodimer  

(Figure 2). Interestingly, TES2 uses IKKα and IKKβ in partially redundant manners. While depletion 

of either kinase partially impairs TES2-mediated IκBα phosphorylation, degradation, RelA serine 536 

phosphorylation, and reporter gene activation, combined IKKα/β depletion markedly blocks each of 

these, to a similar extent as NEMO depletion [61].  

Following NF-κB transcription factor nuclear translocation, additional cellular mechanisms are 

likely to further regulate LMP1-mediated NF-κB activation. Indeed, knockdown of multiple putative 

nuclear proteins impair LMP1 mediated NF-κB reporter gene activation without affecting IKK 

activation [61]. For instance, multiple independent siRNAs against the little characterized zinc finger 

protein ZC3H13 impair NF-κB activation by TES2, as well as TNFα and IL-1β [76]. By contrast, 

multiple ZC3H-family members negatively regulate canonical NF-κB pathways, including ZC3H12a, 

whose knockout causes a lethal autoimmune syndrome in mice [76]. Further studies are required to 

determine how ZC3H13 instead promotes nuclear NF-κB activation. Interestingly, the closely related 

zinc finger protein ZC3H18 is important for TES2-mediated IKK activation [61]. 

TES2 up-regulates multiple well-characterized negative NF-κB regulators, including IκBα, A20, 

CYLD, and ABIN1 [77]. Indeed, these are amongst the earliest and most-robustly TES2-induced genes 

in HEK-293 cells [77]. Proteasomal degradation and exosome secretion also limit LMP1 cell 

abundance and therefore signal strength [78]. Indeed, LMP1 associates with the late endosome marker 

CD63, and a substantial fraction of LMP1 exits cells by exosome secretion from nasopharyngeal 

carcinoma and LCLs [79]. CD63 association is critical for LMP1 exosome secretion. Despite its 

important role in LMP1 signaling, lipid raft association appears not to be critical for LMP1 sorting into 

exosomes [80]. LMP1-containing exosomes, obtained from NPC or LCL cultures, induce LMP1 signal 

transduction pathway activation in neighboring cells [81]. 

Of note, LMP1 TES1 also activates canonical NF-κB through an incompletely characterized 

pathway. An LMP1 mutant truncated after the TES1 domain (LMP1 1-231) initiates primary B-cell 

growth transformation in tissue culture, and the resulting LCLs have similar nuclear NF-κB complexes 

as wild-type LCLs, including p50/RelA and p50/cREL heterodimers [25]. Likewise, we have observed 

that LMP1 1-231 activates canonical NF-κB activation in HEK-293 cells. TES1-mediated canonical 

NF-κB activity is blocked by NEMO knockdown or by over-expression of an IκBα super-repressor [71].  

5. LMP1 Canonical NF-κB Gene Targets  

LMP1 up-regulates and down-regulates a significant number of cell genes in both epithelial and  

B-cells [16,77,82–84]. Differences in chromatin accessibility between B-cells and epithelial cells may 

strongly configure the transcriptional landscape in response to LMP1 [85]. Unfortunately, direct 

comparisons of LMP1 B-cell versus epithelial cell transcriptional effects are limited by differences in 

experimental design and microarray platforms used in published studies. Nonetheless, in both cell 

types, important gene targets include NF-κB pathway components and feedback regulators, proteins 
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important for cell cycle progression, blockade of apoptosis, immune-modulation, cytokines and 

cytokine receptors, and cell migration. In EBV-transformed lymphoblastoid cells, RelA binding is 

detectable at 58% of genes up-regulated by TES2 in HEK-293 cells [77].  

While TES2 activates the p38, JNK, ERK and NF-κB pathways, canonical NF-κB activity is critical 

for TES2 target genes effects in HEK-293 cells. Indeed, whereas TES2 causes >2-fold changes in 1916 

cell mRNAs, co-expression of an IκBα super-repressor together with TES2 decreases TES2 effects to 

only cell 5 mRNAs [77]. Of note, NF-κB inhibition has a strong, but less pronounced effect on LMP1 

target gene regulation in BL41 Burkitt lymphoma cells [84]. 

Interestingly, an important role for LMP1-mediated canonical NF-κΒ activation in cell metabolism 

and glucose uptake has recently been elucidated [86]. Likewise, LMP1 up-regulates the expression of 

the cell microRNA miR-34a in a canonical NF-κB-dependent manner [87].  

6. LMP1-Mediated Non-Canonical NF-κB Activation 

In unstimulated cells, the ubiquitin ligases TRAF2, TRAF3, cIAP1 and cIAP2 target the kinase 

MAP3K14 (also called NF-κB inducible kinase, or NIK) for degradation and thereby suppress the  

non-canonical NF-κB pathway [88]. Thus, although NIK is constitutively made, its levels do not 

accumulate in cells in the absence of stimulation. TRAF3 serves as an adaptor that recruits the 

TRAF2/cIAP1/2 ubiquitin ligase complex, which then attaches degradative K48-linked ubiquitin 

chains to NIK. Human cell receptors, such as CD40 and the BAFF receptor, activate non-canonical 

NF-κB activity by disrupting the TRAF2/3/cIAP1/2 complex. Receptor activation causes TRAF2 to 

attach K63-ubiquitin chains to cIAP1 and cIAP2, which are then redirected to K48-ubiquitinate 

TRAF3 and stimulate its rapid degradation. In the absence of TRAF3, NIK is stabilized, and upon 

reaching a threshold concentration, presumably auto-activates its kinase activity [89]. NIK in turn 

phosphorylates IKKα, which then phosphorylates the p100 NF-κB transcription factor precursor 

(Figure 2). P100 phosphorylation stimulates proteasomal cleavage of its C-terminal IκB domain, 

generating the active p52 form. P52 then translocates to the nucleus as a homodimer, or as a 

heterodimer with other NF-κB transcription factors, in particular RelB [88]. 

LMP1 TES1 strongly activates the non-canonical NF-κB pathway, by an incompletely understood 

mechanism. To initiate signaling, the TES1 PQQAT208 motif recruits TRAFs 1, 2, 3, and 5 [90,91]. 

Mutation of this site to AQAAA208 abolishes TES1-mediated non-canonical activation. However, in 

contrast to signaling by CD40 and BAFF receptors, TES1 has not been observed to trigger TRAF3 

degradation [92]. How then does TES1 activate the non-canonical pathway? Perhaps LMP1 sequesters 

sufficient TRAF3 away from TRAF2/cIAP1/2 complex to allow NIK to escape degradation. Indeed, 

the Herpesvirus ateles oncoprotein Tio activates non-canonical NF-kB by redistributing TRAF3 away 

from the cytosol in a ubiquitin-independent manner [93]. Alternatively, LMP1 may use TRAF3 to 

more directly activate non-canonical signaling by a unique mechanism [94]. Unfortunately, genetic 

analysis of TRAF2, TRAF3, and cIAP function downstream of LMP1 TES1 is complicated by  

high-level non-canonical NF-κB activity that results upon TRAF2 or TRAF3 depletion, even in the 

absence of stimulus. Though the precise mechanisms by which TES1 mediates NIK activation remain 

to be fully detailed, NIK has been established as a critical pathway component. Overexpression of a 

dominant-negative NIK mutant blocks TES1-mediated non-canonical activation in HEK-293 cells, and 
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TES1 non-canonical NF-κB activation is blocked in MEFs that lack functional NIK [95–97]. The zinc 

finger protein ZFP91 promotes K63-ubiquitination of NIK and up-regulates NIK activity, perhaps by 

promoting NIK stability or potentiating its kinase activity [98]. ZFP91 knockdown also impairs  

CD40-mediated non-canonical NF-κB activation. Whether ZFP91 similarly functions downstream of 

LMP1 TES1 awaits further analysis. Likely through phosphorylation by NIK, LMP1 triggers IKKα 

activation, p100 phosphorylation, and p100 processing to p52 (Figure 2). P52 heterodimers, in 

particular p52/RelB, translocate to the nucleus to modulate target gene expression. Of note, p52/RelA 

complexes are also abundantly generated [96]. 

As with the LMP1 canonical NF-κB pathway, little is known about the nuclear phase of the LMP1 

non-canonical NF-κB pathway, though additional regulatory mechanisms exist. Likewise, little is 

presently known about which genes are targeted by the LMP1-mediated canonical versus the  

non-canonical NF-κB pathways, the degree to which the two gene sets overlap, and the magnitude of 

canonical vs. non-canonical pathway effects on target gene regulation.  

7. LMP1/Atypical NF-κB Pathway Activation 

LMP1 TES1 signaling induces epidermal growth factor receptor (EGFR) expression, even in murine 

embryonic fibroblasts that lack IKKα, IKKβ, or IKKγ. This activity does however require TRAFs 2, 3, 

and NIK, and culminates in the activation of a complex of p50 homodimer and Bcl-3 [99].  

8. The LMP1/IRF7 Pathway 

Studies of the EBV EBNA1 Q promoter originally led to the identification and cloning of IRF7, 

where IRF7 was found to bind to an interferon-stimulated response element (ISRE) and to promote 

type III latency [100]. LMP1 not only up-regulates IRF7 expression, but also activates IRF7, likely 

through a direct association with LMP1 [101–103]. Indeed, the LMP1 TES2 domain and IRF7 strongly 

interact by yeast 2-hybrid analysis, suggesting that LMP1 and IRF7 may directly interact [101,103,104]  

(though it remains possible that an adaptor protein present in yeast could facilitate the observed 

association between LMP1 and IRF7). Indeed, immunofluorescence analysis demonstrates substantial 

co-localization between LMP1 and IRF7 in human B-cell lines [102]. The LMP1/IRF7 association r 

LMP1 residues 379–386 [101,103,104]. Interestingly, while TRADD and RIP1 bind to a similar region 

of LMP1, they appear not to be required for LMP1-mediated IRF7 recruitment. Indeed, mutation of 

LMP1 residues YYD386 to ID abrogates TRADD and RIP1, but not IRF7 recruitment. The LMP1 ID 

mutant nonetheless does not activate the IRF7 pathway, consistent with important roles for TRADD 

and/or RIP1 in LMP1-mediated IRF7 activation [101,103,104]. While TRAF6 is important for  

LMP1-mediated IRF7 activation, TRAF2 and TRAF3 are dispensable [101,103,104]. Interestingly, 

LMP1 promotes TRAF6 K63-linked ubiquitination of three C-terminal IRF7 residues (positions 444, 

446 and 452). Lysine to arginine mutation of these IRF7 residues abrogates IRF7 transactivation 

activity in response to either LMP1 or overexpression of an IRF7 kinase, IKKε. TRAF6-mediated 

IRF7 ubiquitination appears to be a prerequisite for its phosphorylation [104] (Figure 3).  
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IRF7 is predominantly expressed in lymphoid cells of the spleen, thymus and peripheral  

blood [108]. However, four NF-κB binding sites are present in the IRF7 gene promoter region,  

and LMP1 induces IRF7 expression in an NF-κB dependent manner [109,110]. Since IRF7  

likewise up-regulates LMP1 expression, LMP1 and IRF7 participate in a positive-feedback circuit  

(Figure 3) [109–111].  

Though elegant biochemical studies have established that LMP1 activates IRF7, the role of the 

LMP1/IRF7 pathway during EBV host infection remains to be fully characterized. Together with  

NF-κB, IRF7 may be responsible for the regulation of genes that contribute to cell growth and 

proliferation in EBV-transformed B-cells. Since both LMP1 and IRF7 have oncogenic properties, 

IRF7 may play an important role in EBV-associated malignancies. Indeed, IRF7 expression was 

frequently detected in LMP1-positive primary lymphomas of the human central nervous system, and 

the association between LMP1 and IRF7 expression was statistically significant. LMP1 and IRF7  

co-expression demonstrate additive effects on the NIH 3T3 cell growth transformation [112]. 

Identification of the full suite of LMP1/IRF7 target genes would significantly enhance current 

understanding of IRF7’s role downstream of LMP1. Thus, RNA profiling and phenotypic analysis of 

IRF7-depleted EBV-transformed cells, as well as IRF7 ChIP-Seq analysis, may further elucidate 

IRF7’s role in EBV-associated malignancies. Likewise, despite robust IRF7 activation, LCLs do not 

produce substantial amounts of type I interferon [35]. Why IRF7 activation in this context does not 

lead to more substantial type I IFN induction during EBV latency awaits further studies. 

Several negative regulators of the LMP1/IRF7 pathway have been identified. Perhaps attracted by 

robust IRF7 K63-ubiquitination, the deubiquitinating enzyme A20 is recruited to IRF7 and  

down-modulates its activity. A20 over-expression impairs LMP1-mediated IRF7 activation, whereas 

A20 knockdown enhances it [113]. This inhibitory effect requires the A20 deubiquitinase domain, but 

not its E3 ubiquitin ligase domain. Similarly, SUMOylation down-modulates IRF7 activity. LMP1 

associates with the SUMO conjugating enzyme UBC9 and promotes IRF7 SUMOylation, which 

promotes IRF7 stability, but negatively regulates IRF7 chromatin-binding [41,42] (Figure 3).  

9. Concluding Remarks 

Though much has been learned about how LMP1 activates NF-κB and IRF7 pathways, important 

questions remain. For instance, why are LMP1 TES1 and TES2 both important for EBV-mediated  

B-cell transformation? What cell target genes uniquely or commonly respond to LMP1-mediated IRF7, 

canonical or non-canonical NF-κB activation? Which NF-κB TFs are most important for the growth 

and survival of LMP1-positive epithelial versus B-cell malignancies? Rapidly advancing next-generation 

nucleic acid sequencing and ChIP-Seq technologies will enable increasingly precise characterization of 

these questions, both in model systems and importantly, in human EBV-associated malignancies. 

Systematic genetic analysis of LMP1-mediated non-canonical and IRF7-pathway activation may 

reveal novel pathway components specific to LMP1. Increasingly precise understanding of LMP1  

NF-κB and IRF7 pathways, as well as their target genes, promises to allow identification of targets 

whose inhibition selectively impairs the growth and survival of EBV-transformed cells, and ultimately 

to guide the development of rational therapeutic agents for LMP1-associated human malignancies.  
  



Viruses 2013, 5 1599 

 

 

Acknowledgements 

This work was supported by a Burroughs Wellcome Career Award in Medical Sciences and NCI 

K08CA140780 (to B.E.G.), and RO1 CA085180. 

Conflict of Interest 

The authors declare no conflict of interest. 

References and Notes 

1. Sixbey, J.W.; Nedrud, J.G.; Raab-Traub, N.; Hanes, R.A.; Pagano, J.S. Epstein-Barr virus 

replication in oropharyngeal epithelial cells. N. Engl. J. Med. 1984, 310, 1225–1230. 

2. Sixbey, J.W.; Vesterinen, E.H.; Nedrud, J.G.; Raab-Traub, N.; Walton, L.A.; Pagano, J.S. 

Replication of Epstein-Barr virus in human epithelial cells infected in vitro. Nature 1983, 306, 

480–483. 

3. Forte, E.; Luftig, M.A. The role of micrornas in Epstein-Barr virus latency and lytic reactivation. 

Microbes Infect. 2011, 13, 1156–1167. 

4. Rickinson, A.B. Epstein-Barr virus. In Fields Virology, 5th ed.; Knipe, D.M., Howley, P.M., 

Eds.; Lippincott, Williams and Wilkins: Philadelphia, PA, USA, 2007; Volume 2, pp. 2655–2700. 

5. Thorley-Lawson, D.A.; Gross, A. Persistence of the Epstein-Barr virus and the origins of 

associated lymphomas. N. Engl. J. Med. 2004, 350, 1328–1337. 

6. Swaminathan, S.; Kenney. S. The Epstein-Barr virus lytic life cycle. In DNA Tumor Viruses; 

Damania, B., Pipas, J.M., Eds.; Springer: New York, NY, USA, 2009; pp. 285–315. 

7. Wang, D.; Liebowitz, D.; Kieff, E. An ebv membrane protein expressed in immortalized 

lymphocytes transforms established rodent cells. Cell 1985, 43, 831–840. 

8. Zhang, B.; Kracker, S.; Yasuda, T.; Casola, S.; Vanneman, M.; Homig-Holzel, C.; Wang, Z.; 

Derudder, E.; Li, S.; Chakraborty, T.; et al. Immune surveillance and therapy of lymphomas 

driven by Epstein-Barr virus protein LMP1 in a mouse model. Cell 2012, 148, 739–751. 

9. Thornburg, N.J.; Kulwichit, W.; Edwards, R.H.; Shair, K.H.; Bendt, K.M.; Raab-Traub, N. 

LMPLMP1 signaling and activation of NF-kappaB in LMP1 transgenic mice. Oncogene 2006, 

25, 288–297. 

10. Uchida, J.; Yasui, T.; Takaoka-Shichijo, Y.; Muraoka, M.; Kulwichit, W.; Raab-Traub, N.; 

Kikutani, H. Mimicry of CD40 signals by Epstein-Barr virus LMP1 in b lymphocyte responses. 

Science 1999, 286, 300–303. 

11. Shair, K.H.; Bendt, K.M.; Edwards, R.H.; Nielsen, J.N.; Moore, D.T.; Raab-Traub, N.  

Epstein-Barr virus-encoded latent membrane protein 1 (LMP1) and LMP2a function cooperatively 

to promote carcinoma development in a mouse carcinogenesis model. J. Virol. 2012, 86,  

5352–5365. 

12. Cesarman, E. Gammaherpesvirus and lymphoproliferative disorders in immunocompromised 

patients. Cancer Lett. 2011, 305, 163–174. 



Viruses 2013, 5 1600 

 

 

13. Castillo, J.J.; Beltran, B.E.; Miranda, R.N.; Paydas, S.; Winer, E.S.; Butera, J.N. Epstein-Barr 

virus-positive diffuse large b-cell lymphoma of the elderly: What we know so far. Oncologist 

2011, 16, 87–96. 

14. Jarrett, R.F. Viruses and hodgkin's lymphoma. Ann. Oncol. 2002, 13, 23–29. 

15. Pagano, J.S. EBV diseases. In DNA Tumor Viruses; Damania, B., Pipas, J.M., Eds.; Springer: 

New York, NY, USA, 2009; Volume 1, pp. 217–240. 

16. Vockerodt, M.; Morgan, S.L.; Kuo, M.; Wei, W.; Chukwuma, M.B.; Arrand, J.R.; Kube, D.; 

Gordon, J.; Young, L.S.; Woodman, C.B.; et al. The Epstein-Barr virus oncoprotein, latent 

membrane protein-1, reprograms germinal centre b cells towards a Hodgkin's Reed-sternberg-

like phenotype. J. Pathol. 2008, 216, 83–92. 

17. Jacobson, C.A.; Abramson, J.S. Hiv-associated hodgkin's lymphoma: Prognosis and therapy in 

the era of cart. Adv. Hematol. 2012, 2012, 507257. 

18. Raab-Traub, N. Epstein-Barr virus in the pathogenesis of npc. Semin. Cancer Biol. 2002, 12, 

431–441. 

19. Dawson, C.W.; Port, R.J.; Young, L.S. The role of the EBV-encoded latent membrane proteins 

LMP1 and LMP2 in the pathogenesis of nasopharyngeal carcinoma (npc). Semin. Cancer Biol. 

2012, 22, 144–153. 

20. Kutok, J.L.; Wang, F. Spectrum of Epstein-Barr virus-associated diseases. Annu. Rev. Pathol. 

2006, 1, 375–404. 

21. Bei, J.X.; Jia, W.H.; Zeng, Y.X. Familial and large-scale case-control studies identify genes 

associated with nasopharyngeal carcinoma. Semin. Cancer Biol. 2012, 22, 96–106. 

22. Strong, M.J.; Xu, G.; Coco, J.; Baribault, C.; Vinay, D.S.; Lacey, M.R.; Strong, A.L.;  

Lehman, T.A.; Seddon, M.B.; Lin, Z.; et al. Differences in gastric carcinoma microenvironment 

stratify according to EBV infection intensity: Implications for possible immune adjuvant therapy. 

PLoS Pathog. 2013, 9, e1003341. 

23. Huen, D.S.; Henderson, S.A.; Croom-Carter, D.; Rowe, M. The Epstein-Barr virus latent 

membrane protein-1 (LMP1) mediates activation of nf-kappa b and cell surface phenotype via 

two effector regions in its carboxy-terminal cytoplasmic domain. Oncogene 1995, 10, 549–560. 

24. Mitchell, T.; Sugden, B. Stimulation of nf-kappa b-mediated transcription by mutant derivatives 

of the latent membrane protein of Epstein-Barr virus. J. Virol. 1995, 69, 2968–2976. 

25. Kaye, K.M.; Izumi, K.M.; Li, H.; Johannsen, E.; Davidson, D.; Longnecker, R.; Kieff, E.  

An Epstein-Barr virus that expresses only the first 231 LMP1 amino acids efficiently initiates 

primary b-lymphocyte growth transformation. J. Virol. 1999, 73, 10525–10530. 

26. Kaye, K.M.; Izumi, K.M.; Mosialos, G.; Kieff, E. The Epstein-Barr virus LMP1 cytoplasmic 

carboxy terminus is essential for b-lymphocyte transformation; Fibroblast cocultivation 

complements a critical function within the terminal 155 residues. J. Virol. 1995, 69, 675–683. 

27. Raab-Traub, N. Novel mechanisms of EBV-induced oncogenesis. Curr. Opin. Virol. 2012, 2,  

453–458. 

28. Soni, V.; Cahir-McFarland, E.; Kieff, E. LMP1 trafficking activates growth and survival 

pathways. Adv. Exp. Med. Biol. 2007, 597, 173–187. 



Viruses 2013, 5 1601 

 

 

29. Raab-Traub, N. Epstein-Barr virus transfrming proteins: Biologic properties and contribution to 

oncogenesis. In DNA Tumor Viruses; Damania, B., Pipas, J.M., Eds.; Springer: New York, NY, 

USA, 2009; Volume 1, pp. 259–284. 

30. Hayden, M.S.; Ghosh, S. NF-kappaB, the first quarter-century: Remarkable progress and 

outstanding questions. Genes Dev. 2012, 26, 203–234. 

31. Ghosh, S.; Hayden, M.S. New regulators of NF-kappaB in inflammation. Nat. Rev. Immunol. 

2008, 8, 837–848. 

32. Honda, K.; Ohba, Y.; Yanai, H.; Negishi, H.; Mizutani, T.; Takaoka, A.; Taya, C.; Taniguchi, T. 

Spatiotemporal regulation of myd88-irf-7 signalling for robust type-i interferon induction. 

Nature 2005, 434, 1035–1040. 

33. Nguyen, H.; Hiscott, J.; Pitha, P.M. The growing family of interferon regulatory factors. 

Cytokine Growth Factor Rev. 1997, 8, 293–312. 

34. Nehyba, J.; Hrdlickova, R.; Bose, H.R. Dynamic evolution of immune system regulators: The 

history of the interferon regulatory factor family. Mol. Biol. Evol. 2009, 26, 2539–2550. 

35. Ning, S.; Pagano, J.S.; Barber, G.N. Irf7: Activation, regulation, modification and function. 

Genes Immun. 2011, 12, 399–414. 

36. Sabbah, A.; Chang, T.H.; Harnack, R.; Frohlich, V.; Tominaga, K.; Dube, P.H.; Xiang, Y.;  

Bose, S. Activation of innate immune antiviral responses by Nod2. Nat. Immunol. 2009, 10, 

1073–1080. 

37. Farlik, M.; Rapp, B.; Marie, I.; Levy, D.E.; Jamieson, A.M.; Decker, T. Contribution of a  

TANK-binding kinase 1-interferon (IFN) regulatory factor 7 pathway to IFN-γ-induced gene 

expression. Mol. Cell. Biol. 2012, 32, 1032–1043. 

38. Gires, O.; Kohlhuber, F.; Kilger, E.; Baumann, M.; Kieser, A.; Kaiser, C.; Zeidler, R.;  

Scheffer, B.; Ueffing, M.; Hammerschmidt, W. Latent membrane protein 1 of Epstein-Barr virus 

interacts with JAK3 and activates STAT proteins. EMBO J. 1999, 18, 3064–3073. 

39. Higuchi, M.; Kieff, E.; Izumi, K.M. The Epstein-Barr virus latent membrane protein 1 putative 

janus kinase 3 (JAK3) binding domain does not mediate JAK3 association or activation in  

B-lymphoma or lymphoblastoid cell lines. J. Virol. 2002, 76, 455–459. 

40. Izumi, K.M.; Cahir McFarland, E.D.; Riley, E.A.; Rizzo, D.; Chen, Y.; Kieff, E. The residues 

between the two transformation effector sites of Epstein-Barr virus latent membrane protein 1 are 

not critical for B-lymphocyte growth transformation. J. Virol. 1999, 73, 9908–9916. 

41. Bentz, G.L.; Shackelford, J.; Pagano, J.S. Epstein-Barr virus latent membrane protein 1 regulates 

the function of interferon regulatory factor 7 by inducing its sumoylation. J. Virol. 2012, 86, 

12251–12261. 

42. Bentz, G.L.; Whitehurst, C.B.; Pagano, J.S. Epstein-Barr virus latent membrane protein 1 

(LMP1) c-terminal-activating region 3 contributes to LMP1-mediated cellular migration via its 

interaction with Ubc9. J. Virol. 2011, 85, 10144–10153. 

43. Hatzivassiliou, E.; Miller, W.E.; Raab-Traub, N.; Kieff, E.; Mosialos, G. A fusion of the EBV 

latent membrane protein-1 (LMP1) transmembrane domains to the CD40 cytoplasmic domain is 

similar to LMP1 in constitutive activation of epidermal growth factor receptor expression, 

nuclear factor-kappa b, and stress-activated protein kinase. J. Immunol. 1998, 160, 1116–1121. 



Viruses 2013, 5 1602 

 

 

44. Lam, N.; Sugden, B. LMP1, a viral relative of the TNF receptor family, signals principally from 

intracellular compartments. EMBO J. 2003, 22, 3027–3038. 

45. Gires, O.; Ueffing, M.; Hammerschmidt, W. Chimeric and mutated variants of LMP1. A helpful 

tool to analyze the structure-function relationship of a pseudoreceptor. Methods Mol. Biol. 2001, 

174, 313–323. 

46. Floettmann, J.E.; Rowe, M. Epstein-Barr virus latent membrane protein-1 (LMP1) c-terminus 

activation region 2 (CTAR2) maps to the far c-terminus and requires oligomerisation for  

NF-kappaB activation. Oncogene 1997, 15, 1851–1858. 

47. Yasui, T.; Luftig, M.; Soni, V.; Kieff, E. Latent infection membrane protein transmembrane 

FWLY is critical for intermolecular interaction, raft localization, and signaling. Proc. Natl. Acad. 

Sci. USA 2004, 101, 278–283. 

48. Gurezka, R.; Laage, R.; Brosig, B.; Langosch, D. A heptad motif of leucine residues found in 

membrane proteins can drive self-assembly of artificial transmembrane segments. J. Biol. Chem. 

1999, 274, 9265–9270. 

49. Kaykas, A.; Worringer, K.; Sugden, B. LMP-1's transmembrane domains encode multiple 

functions required for LMP-1's efficient signaling. J. Virol. 2002, 76, 11551–11560. 

50. Lee, J.; Sugden, B. A membrane leucine heptad contributes to trafficking, signaling, and 

transformation by latent membrane protein 1. J. Virol. 2007, 81, 9121–9130. 

51. Liu, H.P.; Wu, C.C.; Chang, Y.S. Pra1 promotes the intracellular trafficking and NF-kappaB 

signaling of EBV latent membrane protein 1. EMBO J. 2006, 25, 4120–4130. 

52. Sammond, D.W.; Joce, C.; Takeshita, R.; McQuate, S.E.; Ghosh, N.; Martin, J.M.; Yin, H. 

Transmembrane peptides used to investigate the homo-oligomeric interface and binding hotspot 

of latent membrane protein 1. Biopolymers 2011, 95, 772–784. 

53. Zuercher, E.; Butticaz, C.; Wyniger, J.; Martinez, R.; Battegay, M.; Boffi El Amari, E.; Dang, T.; 

Egger, J.F.; Fehr, J.; Mueller-Garamvogyi, E.; et al. Genetic diversity of EBV-encoded LMP1 in 

the swiss HIV cohort study and implication for NF-kappaB activation. PLoS One 2012, 7, 

e32168. 

54. Schultheiss, U.; Puschner, S.; Kremmer, E.; Mak, T.W.; Engelmann, H.; Hammerschmidt, W.; 

Kieser, A. TRAF6 is a critical mediator of signal transduction by the viral oncogene latent 

membrane protein 1. EMBO J. 2001, 20, 5678–5691. 

55. Wu, L.; Nakano, H.; Wu, Z. The c-terminal activating region 2 of the Epstein-Barr virus-encoded 

latent membrane protein 1 activates NF-kappaB through TRAF6 and TAK1. J. Biol. Chem. 2006, 

281, 2162–2169. 

56. Luftig, M.; Prinarakis, E.; Yasui, T.; Tsichritzis, T.; Cahir-McFarland, E.; Inoue, J.; Nakano, H.; 

Mak, T.W.; Yeh, W.C.; Li, X.; et al. Epstein-Barr virus latent membrane protein 1 activation of 

NF-kappaB through IRAK1 and TRAF6. Proc. Natl. Acad. Sci. USA 2003, 100, 15595–15600. 

57. Boehm, D.; Gewurz, B.E.; Kieff, E.; Cahir-McFarland, E. Epstein-Barr latent membrane protein 

1 transformation site 2 activates NF-kappaB in the absence of NF-kappaB essential modifier 

residues 133–224 or 373–419. Proc. Natl. Acad. Sci. USA 2010, 107, 18103–18108. 

58. Arcipowski, K.M.; Bishop, G.A. TRAF binding is required for a distinct subset of in vivo B cell 

functions of the oncoprotein LMP1. J. Immunol. 2012, 189, 5165–5170. 



Viruses 2013, 5 1603 

 

 

59. Izumi, K.M.; Kieff, E.D. The Epstein-Barr virus oncogene product latent membrane protein 1 

engages the tumor necrosis factor receptor-associated death domain protein to mediate B 

lymphocyte growth transformation and activate NF-kappaB. Proc. Natl. Acad. Sci. USA 1997, 

94, 12592–12597. 

60. Schneider, F.; Neugebauer, J.; Griese, J.; Liefold, N.; Kutz, H.; Briseno, C.; Kieser, A. The viral 

oncoprotein LMP1 exploits tradd for signaling by masking its apoptotic activity. PLoS Biol. 

2008, 6, e8. 

61. Gewurz, B.E.; Towfic, F.; Mar, J.C.; Shinners, N.P.; Takasaki, K.; Zhao, B.;  

Cahir-McFarland, E.D.; Quackenbush, J.; Xavier, R.J.; Kieff, E. Genome-wide sirna screen for 

mediators of NF-kappaB activation. Proc. Natl. Acad. Sci. USA 2012, 109, 2467–2472. 

62. Izumi, K.M.; Cahir McFarland, E.D.; Ting, A.T.; Riley, E.A.; Seed, B.; Kieff, E.D.  

The Epstein-Barr virus oncoprotein latent membrane protein 1 engages the tumor necrosis factor 

receptor-associated proteins TRADD and receptor-interacting protein (RIP) but does not induce 

apoptosis or require rip for NF-kappaB activation. Mol. Cell. Biol. 1999, 19, 5759–5767. 

63. Wan, J.; Zhang, W.; Wu, L.; Bai, T.; Zhang, M.; Lo, K.W.; Chui, Y.L.; Cui, Y.; Tao, Q.; 

Yamamoto, M.; et al. BS69, a specific adaptor in the latent membrane protein 1-mediated c-Jun 

n-terminal kinase pathway. Mol. Cell. Biol. 2006, 26, 448–456. 

64. Mukai, J.; Hachiya, T.; Shoji-Hoshino, S.; Kimura, M.T.; Nadano, D.; Suvanto, P.; Hanaoka, T.; 

Li, Y.; Irie, S.; Greene, L.A.; et al. NADE, a p75NTR-associated cell death executor, is involved 

in signal transduction mediated by the common neurotrophin receptor p75NTR. J. Biol. Chem. 

2000, 275, 17566–17570. 

65. Naderi, A.; Teschendorff, A.E.; Beigel, J.; Cariati, M.; Ellis, I.O.; Brenton, J.D.; Caldas, C.  

BEX2 is overexpressed in a subset of primary breast cancers and mediates nerve growth 

factor/nuclear factor-kappaB inhibition of apoptosis in breast cancer cell lines. Cancer Res. 2007, 

67, 6725–6736. 

66. Shkoda, A.; Town, J.A.; Griese, J.; Romio, M.; Sarioglu, H.; Knofel, T.; Giehler, F.; Kieser, A. 

The germinal center kinase TNIK is required for canonical NF-kappaB and jnk signaling in  

B-cells by the EBV oncoprotein LMP1 and the 4CD0 receptor. PLoS Biol. 2012, 10, e1001376. 

67. Song, Y.J.; Jen, K.Y.; Soni, V.; Kieff, E.; Cahir-McFarland, E. Il-1 receptor-associated kinase 1 

is critical for latent membrane protein 1-induced p65/rela serine 536 phosphorylation and  

NF-kappaB activation. Proc. Natl. Acad. Sci. USA 2006, 103, 2689–2694. 

68. Soni, V.; Kieff, E. Brigham and Women’s Hospital, Boston, MA, USA. Unpublished work, 2007. 

69. Rieser, E.; Cordier, S.M.; Walczak, H. Linear ubiquitination: A newly discovered regulator of 

cell signalling. Trends BioChem. Sci. 2013, 38, 94–102. 

70. Tokunaga, F.; Iwai, K. Linear ubiquitination: A novel NF-kappaB regulatory mechanism for 

inflammatory and immune responses by the lubac ubiquitin ligase complex. Endocr. J. 2012, 59, 

641–652. 

71. Gewurz, B.; Kieff, E. Brigham and Women’s Hospital, Boston, MA, USA. Unpublished work, 2012. 

72. Hostager, B.S.; Kashiwada, M.; Colgan, J.D.; Rothman, P.B. Hoil-1l interacting protein (HOIP) 

is essential for CD40 signaling. PLoS One 2011, 6, e23061. 

73. Iwai, K. Diverse ubiquitin signaling in NF-kappaB activation. Trends Cell Biol. 2012, 22,  

355–364. 



Viruses 2013, 5 1604 

 

 

74. Walczak, H.; Iwai, K.; Dikic, I. Generation and physiological roles of linear ubiquitin chains. 

BMC Biol. 2012, 10, 23. 

75. Boisson, B.; Laplantine, E.; Prando, C.; Giliani, S.; Israelsson, E.; Xu, Z.; Abhyankar, A.;  

Israel, L.; Trevejo-Nunez, G.; Bogunovic, D.; et al. Immunodeficiency, autoinflammation and 

amylopectinosis in humans with inherited HOIL-1 and LUBAC deficiency. Nat. Immunol. 2012, 

13, 1178–1186. 

76. Matsushita, K.; Takeuchi, O.; Standley, D.M.; Kumagai, Y.; Kawagoe, T.; Miyake, T.; Satoh, T.; 

Kato, H.; Tsujimura, T.; Nakamura, H.; et al. Zc3h12a is an RNase essential for controlling 

immune responses by regulating mRNA decay. Nature 2009, 458, 1185–1190. 

77. Gewurz, B.E.; Mar, J.C.; Padi, M.; Zhao, B.; Shinners, N.P.; Takasaki, K.; Bedoya, E.; Zou, J.Y.; 

Cahir-McFarland, E.; Quackenbush, J.; et al. Canonical NF-kappaB activation is essential for 

Epstein-Barr virus latent membrane protein 1 TES2/CTAR2 gene regulation. J. Virol. 2011, 85,  

6764–6773. 

78. Pegtel, D.M.; van de Garde, M.D.; Middeldorp, J.M. Viral mirnas exploiting the  

endosomal-exosomal pathway for intercellular cross-talk and immune evasion. Biochim. Biophys. 

Acta 2011, 1809, 715–721. 

79. Meckes, D.G., Jr.; Shair, K.H.; Marquitz, A.R.; Kung, C.P.; Edwards, R.H.; Raab-Traub, N. 

Human tumor virus utilizes exosomes for intercellular communication. Proc. Natl. Acad. Sci. 

USA 2010, 107, 20370–20375. 

80. Verweij, F.J.; van Eijndhoven, M.A.; Hopmans, E.S.; Vendrig, T.; Wurdinger, T.;  

Cahir-McFarland, E.; Kieff, E.; Geerts, D.; van der Kant, R.; Neefjes, J.; et al. LMP1 association 

with CD63 in endosomes and secretion via exosomes limits constitutive NF-kappaB activation. 

EMBO J. 2011, 30, 2115–2129. 

81. Meckes, D.G., Jr.; Raab-Traub, N. Microvesicles and viral infection. J. Virol. 2011, 85,  

12844–12854. 

82. Shair, K.H.; Raab-Traub, N. Transcriptome changes induced by Epstein-Barr virus LMP1 and 

LMP2a in transgenic lymphocytes and lymphoma. MBio 2012, 3, e00288-12. 

83. Morris, M.A.; Dawson, C.W.; Wei, W.; O'Neil, J.D.; Stewart, S.E.; Jia, J.; Bell, A.I.;  

Young, L.S.; Arrand, J.R. Epstein-Barr virus-encoded LMP1 induces a hyperproliferative and 

inflammatory gene expression programme in cultured keratinocytes. J. Gen. Virol. 2008, 89, 

2806–2820. 

84. Cahir-McFarland, E.D.; Carter, K.; Rosenwald, A.; Giltnane, J.M.; Henrickson, S.E.;  

Staudt, L.M.; Kieff, E. Role of NF-kappa B in cell survival and transcription of latent membrane 

protein 1-expressing or Epstein-Barr virus latency III-infected cells. J. Virol. 2004, 78, 4108–4119. 

85. Natoli, G. Maintaining cell identity through global control of genomic organization. Immunity 

2010, 33, 12–24. 

86. Sommermann, T.G.; O'Neill, K.; Plas, D.R.; Cahir-McFarland, E. IKKβ and NF-kappaB 

transcription govern lymphoma cell survival through akt-induced plasma membrane trafficking 

of GLUT1. Cancer Res. 2011, 71, 7291–7300. 

87. Forte, E.; Salinas, R.E.; Chang, C.; Zhou, T.; Linnstaedt, S.D.; Gottwein, E.; Jacobs, C.; Jima, D.; 

Li, Q.J.; Dave, S.S.; et al. The Epstein-Barr virus (EBV)-induced tumor suppressor microRNA 

miR-34a is growth promoting in EBV-infected B cells. J. Virol. 2012, 86, 6889–6898. 



Viruses 2013, 5 1605 

 

 

88. Sun, S.C. Non-canonical NF-kappaB signaling pathway. Cell Res. 2011, 21, 71–85. 

89. Vallabhapurapu, S.; Matsuzawa, A.; Zhang, W.; Tseng, P.H.; Keats, J.J.; Wang, H.;  

Vignali, D.A.; Bergsagel, P.L.; Karin, M. Nonredundant and complementary functions of 

TRAF2 and TRAF3 in a ubiquitination cascade that activates NIK-dependent alternative  

NF-kappaB signaling. Nat. Immunol. 2008, 9, 1364–1370. 

90. Devergne, O.; Hatzivassiliou, E.; Izumi, K.M.; Kaye, K.M.; Kleijnen, M.F.; Kieff, E.;  

Mosialos, G. Association of TRAF1, TRAF2, and TRAF3 with an Epstein-Barr virus LMP1 

domain important for b-lymphocyte transformation: Role in NF-kappaB activation. Mol. Cell. 

Biol. 1996, 16, 7098–7108. 

91. Ye, H.; Park, Y.C.; Kreishman, M.; Kieff, E.; Wu, H. The structural basis for the recognition of 

diverse receptor sequences by TRAF2. Mol. Cell 1999, 4, 321–330. 

92. Brown, K.D.; Hostager, B.S.; Bishop, G.A. Differential signaling and tumor necrosis factor 

receptor-associated factor (TRAF) degradation mediated by CD40 and the Epstein-Barr virus 

oncoprotein latent membrane protein 1 (LMP1). J. Exp. Med. 2001, 193, 943–954. 

93. de Jong, S.J.; Albrecht, J.C.; Giehler, F.; Kieser, A.; Sticht, H.; Biesinger, B. Noncanonical  

NF-kappaB activation by the oncoprotein tio occurs through a nonconserved TRAF3-binding 

motif. Sci. Signal. 2013, 6, ra27. 

94. Xie, P.; Hostager, B.S.; Bishop, G.A. Requirement for TRAF3 in signaling by LMP1 but not 

CD40 in b lymphocytes. J. Exp. Med. 2004, 199, 661–671. 

95. Luftig, M.A.; Cahir-McFarland, E.; Mosialos, G.; Kieff, E. Effects of the nik aly mutation on  

NF-kappaB activation by the Epstein-Barr virus latent infection membrane protein, lymphotoxin 

beta receptor, and CD40. J. Biol. Chem. 2001, 276, 14602–14606. 

96. Song, Y.J.; Kang, M.S. Roles of TRAF2 and TRAF3 in Epstein-Barr virus latent membrane 

protein 1-induced alternative NF-kappaB activation. Virus Genes 2010, 41, 174–180. 

97. Saito, N.; Courtois, G.; Chiba, A.; Yamamoto, N.; Nitta, T.; Hironaka, N.; Rowe, M.;  

Yamaoka, S. Two carboxyl-terminal activation regions of Epstein-Barr virus latent membrane 

protein 1 activate NF-kappaB through distinct signaling pathways in fibroblast cell lines. J. Biol. 

Chem. 2003, 278, 46565–46575. 

98. Jin, X.; Jin, H.R.; Jung, H.S.; Lee, S.J.; Lee, J.H.; Lee, J.J. An atypical E3 ligase zinc finger 

protein 91 stabilizes and activates NF-kappaB-inducing kinase via Lys63-linked ubiquitination.  

J. Biol. Chem. 2010, 285, 30539–30547. 

99. Kung, C.P.; Raab-Traub, N. Epstein-Barr virus latent membrane protein 1 modulates distinctive 

nf- kappab pathways through c-terminus-activating region 1 to regulate epidermal growth factor 

receptor expression. J. Virol. 2010, 84, 6605–6614. 

100. Zhang, L.; Pagano, J.S. Irf-7, a new interferon regulatory factor associated with Epstein-Barr 

virus latency. Mol. Cell. Biol. 1997, 17, 5748–5757. 

101. Huye, L.E.; Ning, S.; Kelliher, M.; Pagano, J.S. Interferon regulatory factor 7 is activated by a 

viral oncoprotein through RIP-dependent ubiquitination. Mol. Cell. Biol. 2007, 27, 2910–2918. 

102. Kim, I.W.; Park, H.S. Colocalization of interferon regulatory factor 7 (IRF7) with latent 

membrane protein 1 (LMP1) of Epstein-Barr virus. J. Kor. Med. Sci. 2006, 21, 379–384. 



Viruses 2013, 5 1606 

 

 

103. Song, Y.J.; Izumi, K.M.; Shinners, N.P.; Gewurz, B.E.; Kieff, E. Irf7 activation by Epstein-Barr 

virus latent membrane protein 1 requires localization at activation sites and TRAF6, but not 

TRAF2 or TRAF3. Proc. Natl. Acad. Sci. USA 2008, 105, 18448–18453. 

104. Ning, S.; Campos, A.D.; Darnay, B.G.; Bentz, G.L.; Pagano, J.S. TRAF6 and the three  

c-terminal lysine sites on IRF7 are required for its ubiquitination-mediated activation by the 

tumor necrosis factor receptor family member latent membrane protein 1. Mol. Cell. Biol. 2008, 

28, 6536–6546. 

105. Lin, R.; Mamane, Y.; Hiscott, J. Multiple regulatory domains control Irf-7 activity in response to 

virus infection. J. Biol. Chem. 2000, 275, 34320–34327. 

106. Wathelet, M.G.; Lin, C.H.; Parekh, B.S.; Ronco, L.V.; Howley, P.M.; Maniatis, T. Virus 

infection induces the assembly of coordinately activated transcription factors on the Ifn-β 

enhancer in vivo. Mol. Cell. 1998, 1, 507–518. 

107. Yang, H.; Lin, C.H.; Ma, G.; Baffi, M.O.; Wathelet, M.G. Interferon regulatory factor-7 

synergizes with other transcription factors through multiple interactions with p300/CBP 

coactivators. J. Biol. Chem. 2003, 278, 15495–15504. 

108. Au, W.C.; Moore, P.A.; LaFleur, D.W.; Tombal, B.; Pitha, P.M. Characterization of the 

interferon regulatory factor-7 and its potential role in the transcription activation of interferon A 

genes. J. Biol. Chem. 1998, 273, 29210–29217. 

109. Zhang, L.; Wu, L.; Hong, K.; Pagano, J.S. Intracellular signaling molecules activated by  

Epstein-Barr virus for induction of interferon regulatory factor 7. J. Virol. 2001, 75, 12393–12401. 

110. Ning, S.; Hahn, A.M.; Huye, L.E.; Pagano, J.S. Interferon regulatory factor 7 regulates 

expression of Epstein-Barr virus latent membrane protein 1: A regulatory circuit. J. Virol. 2003, 

77, 9359–9368. 

111. Lu, R.; Au, W.C.; Yeow, W.S.; Hageman, N.; Pitha, P.M. Regulation of the promoter activity of 

interferon regulatory factor-7 gene. Activation by interferon snd silencing by hypermethylation.  

J. Biol. Chem. 2000, 275, 31805–31812. 

112. Zhang, L.; Zhang, J.; Lambert, Q.; Der, C.J.; Del Valle, L.; Miklossy, J.; Khalili, K.; Zhou, Y.; 

Pagano, J.S. Interferon regulatory factor 7 is associated with Epstein-Barr virus-transformed 

central nervous system lymphoma and has oncogenic properties. J. Virol. 2004, 78, 12987–12995. 

113. Ning, S.; Pagano, J.S. The a20 deubiquitinase activity negatively regulates LMP1 activation of 

IRF7. J. Virol. 2010, 84, 6130–6138. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


