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A20 possesses both deubiquitinase (DUB) and ubiquitin E3 ligase activities that are required for termination
of Toll-like receptor (TLR) signaling leading to NF-�B activation and for blockage of tumor necrosis factor
(TNF)-induced cytotoxicity and apoptosis. A20 is induced by the Epstein-Barr virus (EBV) oncoprotein LMP1.
However, its dual ubiquitin-editing activities have not been investigated in the context of either EBV infection
or IRF7 responses. Both A20 and IRF7 have oncogenic properties. We have recently shown that LMP1 activates
IRF7 through K63-linked ubiquitination which requires RIP1 and TRAF6, but how this ubiquitination event
is regulated has not been studied. Here, we show that A20 negatively regulates IRF7 transcriptional activity
induced by LMP1. Deletion or mutation of A20 C-terminal zinc finger motifs had no effect on the inhibition of
IRF7 activity, whereas DUB-deficient truncation or point mutation ablated the ability of A20 to inhibit IRF7.
Correspondingly, the A20 N-terminal DUB domain, but not the C-terminal E3 ligase domain, interacts
physically with IRF7. Transient expression of A20 reduced K63-linked ubiquitination of IRF7 in vivo, but an
in vitro deubiquitination assay with purified constituents shows that IRF7 did not act as a substrate for A20
DUB activity. Moreover, A20 interacts with IRF7 endogenously in latently EBV-infected type 3 Raji cells, in
which expression of both A20 and IRF7 is constitutively induced by the considerable level of endogenous LMP1.
Knockdown of endogenous A20 in Raji cells by expression of A20 short hairpin RNA (shRNA) vectors increases
endogenous IRF7 activity and ubiquitination, as well as the protein level of LMP1, a target of IRF7. Thus, A20
negatively regulates LMP1-stimulated IRF7 ubiquitination and activity in EBV latency, and its DUB activity
is indispensable for this function. Finally, we discussed the regulation and function of IRFs in EBV latency.

Interferon (IFN) regulatory factor 7 (IRF7) is the central
regulator of type I IFNs, which have 13 subtypes and constitute
a highly pleiotropic cytokine family that participates not only in
immune modulation but also in oncogenesis, cellular develop-
ment, and homeostasis. Aberrant production of IFNs is asso-
ciated with many types of diseases, such as cancers, immune
disorders, and multiple sclerosis (8, 10, 21, 34, 45, 48, 60). IFNs
exert their functions through induction of hundreds of IFN-
inducible genes (ISGs) (48). IRF7 is expressed constitutively at
low levels in lymphoid cells and can be induced to high levels
in lymphocytes and other cell types by type I IFNs, lipopoly-
saccharide (LPS), tumor necrosis factor alpha (TNF-�), 12-O-
tetradecanoylphonol-13-acetate (TPA), or virus infection, or
by itself (41). Inactive IRF7 predominantly resides in the cy-
toplasm but translocates to the nucleus upon phosphorylation
induced by microbial nucleic acids which are recognized by
endolysosomal Toll-like receptors (TLR3, -7, -8, and -9), RIG-
I-like receptors (RLRs), the DNA-dependent activator of
IRFs (DAI) (4, 21, 36), the recently identified RNA polymer-
ase III (1, 13), and NOD2 (47). A recent study has also shown
that IRF7 is activated by TLR2 in inflammatory monocytes
where TLR2 recognizes viral ligands (3).

Of special interest, IRF7 is induced as well as activated by

the Epstein-Barr virus (EBV) oncoprotein LMP1, which is a
constitutively active member of the TNF receptor (TNFR)
superfamily. LMP1 is the only EBV protein that also has on-
cogenic potential in non-B cells. LMP1 exerts its functions by
initiating both antiapoptotic and proliferative growth factor-
like signals, which are complex, have diverse outcomes, and
share signaling cascades with CD40 and a combination of
TNFRI and TNFRII (30). LMP1 signaling is elaborately regu-
lated. For example, the adaptor protein BS69 (25) and signal
transducing adaptor protein-2 (STAP2) (26) block LMP1 ac-
tivation of NF-�B. Also, LMP1 activation of IRF7 is sup-
pressed by a naturally dominant negative IRF5 (40, 70), which
is induced in EBV-infected B cells through both TLR7 (35)
and LMP1 (16) signaling pathways.

Intriguingly, as with IRF7, the antiapoptotic factor A20 is
also induced by LMP1 and therefore is also constitutively ex-
pressed in EBV-immortalized B cells (19, 29). Generally, A20
is constitutively expressed in only a few types of cells, including
thymocytes, resting peripheral T lymphocytes, and the dif-
ferentiated monocyte cell line THP-1. In addition to LMP1,
A20 can be induced by many stimuli, such as poly(I-C), LPS,
TNF-�, and viral infection, in a variety of cell types, such as
fibroblasts, B lymphocytes, and NIH 3T3 cells (43). Two recent
studies have identified the A20-encoding gene (TNFAIP3) as a
tumor suppressor gene in some subtypes of non-Hodgkin lym-
phomas (22), Hodgkin lymphoma and primary mediastinal B-
cell lymphoma in that somatic and clonal biallelic inactivation
of TNFAIP3 is detected frequently in these lymphomas (51).

Ubiquitination is one of the most important regulatory
mechanisms involved in a variety of biological processes, in-
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cluding immune responses (7). As with phosphorylation, ubiq-
uitination is a reversible and dynamic process which is deli-
cately controlled and adjusted by ubiquitin E3 ligases and
deubiquitinating enzymes (DUBs) (7, 12, 15, 28, 46). Among
the well-known DUBs, A20 has the ability to deubiquitinate
K63-linked ubiquitination of RIP1 (66) and TRAF6 (9). A20 is
of particular interest because it has dual functions in the mod-
ification of ubiquitination; in addition to the N-terminal OTU
domain, which confers its DUB activity, its C-terminal Zn
finger domain has E3 ligase activity which catalyzes K48-linked
polyubiquitination of RIP in vitro (66). Since TRAF6 and RIP1
are important intermediates in TLR and TNFR signaling, both
these ubiquitin-editing activities of A20 are required for ter-
mination of TLR signaling leading to IKK activation and
blockage of TNF-induced cytotoxicity and apoptosis (9, 65, 66).
Recently, it has been shown that A20 requires the ubiquitin E3
ligases Itch and RNF11 for its inhibition of the NF-�B signal-
ing pathway in vivo. These proteins and others may associate
with A20 in a ubiquitin-editing complex which assists A20 in
determining substrate and Ub linkage specificity in vivo (56,
57). In addition, phosphorylation of A20 by IKK� enhances its
ability to inhibit NF-�B signaling (23).

A20 also interacts with IRF3 kinases NAK/TBK1 and IKKi/
IKKε (49) and negatively regulates IRF3 transcriptional activ-
ity by inhibiting its dimerization, phosphorylation, and DNA
binding activity (32). In this case, its ubiquitination-editing
function may not be involved. A20, which interacts with
TRAF2 and blocks CD40-mediated NF-�B activity, also blocks
LMP1 CTAR2-mediated NF-�B and Jun N-terminal protein
kinase (JNK) signaling through disruption of the TRAF2/
TRADD complex (17, 20) and mediates LMP1 blockage of
P53-induced apoptosis (19). However, its ubiquitin-editing
functions in the EBV context have not been investigated.

We have presented extensive evidence that LMP1 constitu-
tively induces and activates IRF7 in EBV latency programs and
have elucidated many aspects of the mechanisms leading to
these important events (24, 38, 73, 74). As an important par-
ticipator in both immune responses and EBV latency, IRF7
activity must be delicately modulated at different levels in these
important physiological events. We have previously identified
IRF5, which is also highly expressed in EBV latency 3 as
dominant negative mutants (35, 40, 70), and shown that it
negatively regulates IRF7 activity in the EBV context (40). Of
interest, we have recently shown that ubiquitination mediates
LMP1 activation of IRF7 and that RIP1 and TRAF6 are re-
quired for the activation (24, 38). However, how this ubiquiti-
nation event is regulated is not clear. For this purpose, we
focus here on A20, as A20, like IRF7, is also constitutively
induced by LMP1 and therefore, together with IRF7 and
LMP1, is expressed at high levels in EBV type 3 latency (19,
29). Moreover, A20 is an important DUB that targets different
substrates in different biological contexts, such as oncogenesis
and immune responses (61, 62). We show here that A20 neg-
atively regulates LMP1-stimulated IRF7 ubiquitination and
activity in EBV latency and that its DUB activity is required for
this inhibition. As the biological consequences, we show that
knockdown of A20 expression results in an increase in endog-
enous IRF7 ubiquitination and activity as well as in the protein
level of its target, LMP1, in P3HR1 cells.

MATERIALS AND METHODS

Cell lines. Raji cells are a Burkitt’s lymphoma B-cell line with type 3 EBV
latency. HEK 293 cells are derived from human kidney epithelial cells. 293-
TLR3, 293-TLR7, and 293-TLR4/CD14/MD2 stable cell lines were from Invi-
vogen. B lymphocytes were maintained in RPMI 1640 plus 10% fetal bovine
serum (FBS) plus antibiotics, and epithelial cells are maintained in Dulbecco’s
modified Eagle’s medium (DMEM) plus 10% FBS plus antibiotics.

Constructs. Flag-A20 and its mutants were gifts from and have been previously
described by Rongtuan Lin, Ingrid Wertz, and Karen O’Rourke (32, 66). Myc-
IRF7 and its mutants were constructed by subcloning IRF7 cDNA into pCMV-
Tag3 (Stratagene). Two pSuper-shA20 constructs and controls were gifts from
Peter Storz; insert sequences were previously described (61). LMP1, IRF7, IFN-
�4-Luc, and Ub constructs were described in our previous studies (24, 38).

TLR ligands. LPS (a ligand for TLR4) from Salmonella enterica serovar Ty-
phimurium and the TLR3 ligand poly(inosine-cytosine) (poly[I-C]) were pur-
chased from Sigma, and the TLR7 ligand Gardiquimod was purchased from
Invivogen. Concentrations used were 100 �g/ml for poly(I-C), 10 �g/ml for LPS,
and 0.5 �g/ml for Gardiquimod.

Luciferase reporter assays and data analysis. Cells were transfected with
expression plasmids as indicated in the figure legends, together with IFN-�4p-
Luc and Renilla luciferase as internal transfection control. Empty vector was used
to equalize the total amounts of DNA in all transfections. Eighteen hours later,
cells were treated with TLR ligands for 6 h before collection. Luciferase activity
was measured with equal amounts (20% of total for each sample) of protein
lysates in an Lmax luminometer (Molecular Devices Corp.) with the use of a dual
luciferase assay kit (Promega). Results are the averages � the standard errors
(SE) of duplicates for each sample. Results obtained consistently from at least
three independent experiments are shown. The ability of the vector controls to
activate IFN-�4p-Luc was set to 1.

Immunoprecipitation (IP). To obtain endogenous Raji cell proteins, cells were
lysed in NP-40 lysis buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 5 mM EDTA,
0.5% NP-40, 5 mM dithiothreitol [DTT], 0.2 mM Na orthovanadate, and com-
plete protease inhibitors). Half a milligram of total protein was incubated with 1
�g of mixed A20 antibodies, including goat polyclonal clone A15 (Santa Cruz),
mouse monoclonal clone E5-1619 (BD Pharmingen), rabbit polyclonal clone
H100 (Santa Cruz), and mouse monoclonal clone 8E8.38 (Santa Cruz) or rabbit
and mouse IRF7 antibodies (Santa Cruz) overnight at 4°C. Protein A/G beads
(Santa Cruz) were added and incubated for 1 h at 4°C. Precipitates were washed
five times with NP-40 buffer.

For transiently expressed proteins, 293 cells in 100-mm dishes were transfected
with 1 �g Flag-A20 or its mutants together with 1 �g Myc-IRF7, 0.5 �g LMP1,
and 0.5 �g hemagglutinin (HA)-Ub or HA-K63Ub. Other epitope tags were used
as indicated in the figures. Two days after transfection, cells were lysed in NP-40
lysis buffer and immunoprecipitated with 1 �g mouse monoclonal anti-FLAG
M2 (Sigma), anti-HA F-7 (Santa Cruz), anti-Myc 9E10 (Santa Cruz), or anti-
IRF7 G-8 (Santa Cruz). For detection of IRF7, a second IP was performed with
anti-IRF7 after denaturing the immunoprecipitated proteins in 0.5% SDS at
95°C for 5 min. Western blot analysis was performed with anti-mouse � chain–
horseradish peroxidase (HRP) secondary antibody (Southern Biotech Inc.).

In vivo deubiquitination assay. For in vivo deubiquitination assays, 293 cells in
six-well plates were transfected with 0.5 �g Myc-K63Ub, 0.5 �g HA-LMP1, 1.0
�g pcDNA3-IRF7, and 0.5 �g Flag-A20 or its mutants with the use of the
Effectene transfection reagent (Invitrogen) or Fugene transfection reagent
(Roche). Cells were harvested after 36 h. Total proteins were used for IP, and
5% was used for input controls. Lysates for IP were diluted with 1 ml NP-40
buffer, and IP was performed with 2 �g anti-IRF7 G-8 and protein A/G-Sepha-
rose beads overnight. Beads were washed four times in NP-40 buffer and dena-
tured in 50 �l of 1% SDS and then immunoprecipitated a second time with 1 �g
anti-IRF7 G-8 and protein A/G beads overnight. Beads were washed four times
with NP-40 buffer before Western blotting with anti-Myc.

Raji and P3HR1 cells were transfected with pSuper-shA20 vectors with the use
of Amaxa Nucleofector kit V, and transfection efficiency was monitored by
cotransfected green fluorescent protein (GFP) plasmids and reached 70%. Two
days after transfection, cells were harvested, and 1 mg total protein was subjected
to double IP with anti-IRF7 G-8 as described above. For luciferase assay, 2 �g
IFN-�4-Luc and 1 �g Renilla luciferase were cotransfected. Dual luciferase assay
was performed 2 days later.

RESULTS

A20 negatively regulates IRF7 transcriptional activity. IRF7
is now known to be activated by endolysosomal TLRs, partic-
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ularly by TLR7, RLRs, DAI, and EBV LMP1 (2, 21, 63).
Although TLR4 is believed not to activate IRF7 in vivo, treat-
ment of 293-TLR4/MD2 stable cells with LPS, a ligand for
TLR4, did activate IRF7-mediated transcription (18). To ex-
plore if A20 can affect IRF7 transcriptional activity stimulated
by LMP1, TLR3, TLR4, or TLR7, we first performed promoter-
reporter assays with the use of IFN-�4-luciferase (Luc) promoter-
reporter construct. Renilla luciferase expression construct was
used as the internal control. 293 cells were transfected with IRF7
and LMP1 with or without A20; 293-TLR3 cells were transfected
with IRF7 and treated with the TLR3 ligand poly(I-C); 293-
TLR4/CD14/MD2 cells were transfected with IRF7 and treated
with the TLR4 ligand LPS; and 293-TLR7 cells were transfected
with IRF7 and treated with the TLR7 ligand Gardiquimod. Fire-
fly and Renilla luciferase activities were measured with a dual
luciferase assay kit (Promega).

As shown in Fig. 1, A20 significantly inhibits IRF7 activity
stimulated by all the signaling pathways examined. These path-
ways use distinct mechanisms and components for IRF7 acti-
vation. In LMP1 and TLR7 signaling pathways, TRAF6 but
not TRAF3 is required, and RIP1 is also required for LMP1
activation of IRF7, whereas in TLR3 and TLR4 signaling path-
ways, neither TRAF6 nor RIP1 is required for IRF7 activation,
and TRAF3 is required instead of TRAF6. TRAF6 and RIP1
are two known targets for A20 DUB activity. Moreover, our
recent studies have shown that IRF7 ubiquitination is required
for its activation by LMP1 (24, 38). Thus, it is likely that A20
targets IRF7 itself rather than these signaling components,
including RIP1 and TRAF6, for negative regulation of IRF7
activity.

A20 and IRF7 associate endogenously in Raji cells. To test
our hypothesis that A20 DUB activity targets IRF7, we first

FIG. 1. A20 inhibits IRF7 transcriptional activity. 293 cells in 24-well plates were transfected with 0.1 �g IRF7, 0.1 �g A20, 0.02 �g LMP1, 50
ng IFN-�4-Luc, and 20 ng Renilla luciferase. Cells were treated with TLR ligands at concentrations indicated in Materials and Methods for 6 h
before harvest for measurement of luciferase activity. Results are representative of at least three independent experiments. Results are the
averages � SE of duplicates for each sample. Western blots show the expression levels of transfected IRF7 and A20 in the tested samples. (A) A20
inhibits LMP1-promoted IRF7 activity. (B) A20 inhibits IRF7 activity stimulated by poly(I-C)/TLR3. (C) A20 inhibits IRF7 activity stimulated by
LPS/TLR4. (D) A20 inhibits IRF7 activity stimulated by Gardiquimod/TLR7.
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checked if endogenous A20 and IRF7 interact in Raji cells, a
type 3 latently infected Burkitt’s lymphoma cell line that ex-
presses high levels of both A20 and IRF7 due to the consid-
erable levels of LMP1 expressed (33, 64). A mixture of A20
antibodies specifically coimmunoprecipitated A20 with IRF7
protein (Fig. 2A). Interestingly, besides the regular size of
IRF7, A20 antibodies also coimmunoprecipitated IRF7 with a
pattern of higher molecular weights, which may represent
ubiquitinated IRF7, as shown in our recent studies (24, 38),
implying that A20 may prefer to interact with ubiquitinated
IRF7. Results from reverse IP with IRF7 antibody further
confirm the interaction between the proteins (Fig. 2B). These
results indicate that endogenous IRF7 and A20 interact in
EBV-transformed cells.

A20 N terminus is responsible for interaction with and reg-
ulation of IRF7. Since the DUB activity of A20 is attributed to
its N-terminal OTU domain, we investigated whether the N
terminus of A20 is responsible for interaction with and in-
hibition of IRF7. For this purpose, we used two Flag-A20
truncated mutants, Flag-A20N, which has only the N termi-
nus, and Flag-A20C, which has only the C terminus, and
some point mutants, including ZnF4� (mutation in zinc
finger 4), ZnF7�, and the DUB-deficient mutant A20/
OTU� [A20(C103A/H256A)], for promoter-reporter assays
(Fig. 3A). Results show that Flag-A20 and Flag-A20N inhibit
LMP1-stimulated IRF7 transcriptional activity, but Flag-A20C
did not have detectable effect. In the C-terminal Zn finger
domain, ZnF4 confers A20 E3 ligase activity for RIP1 ubiq-
uitination (66), and ZnF7 is required for inhibition of IRF3
(32). However, neither ZnF4� nor ZnF7� impaired A20’s
ability to inhibit IRF7, and the DUB-deficient point mutant
A20/OTU� did not significantly impair A20 inhibition of IRF7
either. These data demonstrate that the N-terminal OTU do-
main and its DUB activity, but not the C-terminal E3 ligase
domain, are required for inhibition of IRF7 (Fig. 3B).

Correspondingly, reciprocal IP results show that Flag-A20
and Flag-A20N interact with Myc-IRF7 but Flag-A20C did not
(Fig. 3C and D). In the sample transfected with Flag-A20,
Myc-IRF7, and HA-Ub, Western blotting detects significant
ubiquitinated Myc-IRF7 after IP with Flag antibody, further
indicating that A20 prefers to interact with ubiquitinated IRF7
(Fig. 3C). This conclusion is also supported by the fact that

IRF7 failed to interact with A20 in the absence of cotrans-
fected ubiquitin under our experimental conditions (data not
shown). However, these ubiquitinated Myc-IRF7 proteins
were not detected in the sample transfected with Flag-A20N
instead of Flag-A20. This result may be explained by the fact
that in our system, Flag-A20N, in addition to Flag-A20C, is
consistently expressed at much higher levels than is Flag-A20
although they are in the same vector, and therefore, ubiquiti-
nated IRF7 may be nondetectable in the presence of the higher
level of DUB activity of Flag-A20N. In fact, ubiquitinated
IRF7 is not always ready to be simultaneously detected with
antibodies for detection of regular IRF7. In most cases, it can
be detected only with antibodies for detection of ubiquitin-
ation. These results demonstrate that the A20 N terminus, but
not the C terminus, is responsible for its interaction with IRF7
and negative regulation of IRF7 activity.

A20 DUB activity is required for reduction of LMP1-stim-
ulated IRF7 ubiquitination. Furthermore, we employed tran-
sient expression to check if the A20 DUB domain and its DUB
activity are required to regulate IRF7 ubiquitination stimu-
lated by LMP1. We transfected 293 cells with expression plas-
mids as indicated in Fig. 4. Double IP under denaturing con-
ditions was performed as detailed in Materials and Methods.
Results show that, in the presence of Flag-A20 or Flag-A20N,
LMP1-stimulated ubiquitination of IRF7 is dramatically re-
duced, whereas the DUB-deficient mutant Flag-A20/OTU�
did not have this effect. Similar to Flag-A20/OTU�, Flag-
A20C and its mutant ZnF4� did not have the ability to inhibit
IRF7 ubiquitination (Fig. 4). These results confirm that the
A20 N terminus and its DUB activity are responsible for inhi-
bition of LMP1-promoted IRF7 ubiquitination.

Suppression of A20 level in Raji cells increases endogenous
IRF7 ubiquitination and activity. Since A20 DUB activity is
required for inhibition of IRF7, we next checked if A20 affects
endogenous IRF7 ubiquitination and activity in EBV latency.
We have previously shown that IRF7 is highly induced, ubiq-
uitinated, and activated endogenously by LMP1 in EBV la-
tency 3 (24, 38). Raji cells were transfected with two previously
published A20 short hairpin RNA (shRNA) vectors (61), or
with vector control. Knockdown efficiency was evaluated by
Western blot analysis (Fig. 5C). The cells were then trans-
fected with IFN-�4-Luc and Renilla constructs, and endoge-
nous IRF7 activity was measured 24 h later. Knockdown of
expression of A20 results in a significant increase in endoge-
nous IRF7 activity (Fig. 5A). Correspondingly, endogenous
IRF7 ubiquitination is significantly enhanced (Fig. 5B). Nota-
bly, knockdown of A20 did not result in significant change in
the expression level of IRF7 protein (Fig. 5C). These results
indicate that, in EBV latency, A20 negatively regulates endog-
enous IRF7 activity and ubiquitination.

To define the biological consequence of negative regulation
of IRF7 ubiquitination by A20, we assessed the change in
endogenous level of the LMP1 protein in EBV-transformed
P3HR1 cells after expression of A20 shRNAs. The P3HR1 cell
line was chosen because the genome of this cell line lacks
EBNA2, which is the potent inducer of LMP1, and therefore
these cells express very low levels of LMP1, which is induced by
the low level of endogenous IRF7 (39). Thus, these cells are
useful to evaluate the physiological effect of IRF7 on LMP1 in
EBV latency (39, 40). P3HR1 cells were transfected with A20

FIG. 2. IRF7 interacts with A20 endogenously in EBV-trans-
formed Raji cells. One milligram of total protein from Raji cells was
subjected to IP with A20 or IRF7 antibodies. (A) IP with a mixture of
A20 antibodies, and Western blot analysis with the mouse monoclonal
IRF7 antibody G-8. (B) IP with a mixture of IRF7 antibodies, and
Western blot analysis with the mouse monoclonal A20 antibody E5-
1619.
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shRNA constructs as described above, and endogenous levels of
LMP1, A20, and IRF7 were evaluated. As shown in Fig. 5D,
when the endogenous A20 level was reduced by A20 shRNAs, the
endogenous level of LMP1 was elevated. These results indicate
that A20 can negatively regulate IRF7 induction of LMP1.

Together, these results from endogenous systems show that
A20 negatively regulates LMP1-promoted IRF7 ubiquitination
and activity and, correspondingly, negatively regulates IRF7
biological function in EBV latency.

DISCUSSION

Regulation of IRF7 transcriptional activity by A20. Activa-
tion of IRF7 is essential for its many functions as a transcrip-
tion factor. Thus, fine-tuning of its activity at different levels is

important for IRF7 to execute its functions in distinct biolog-
ical contexts. We have shown that IRF5, which was later shown
as dominant negative mutants in EBV latency (70), negatively
regulates LMP1-promoted IRF7 activity (40). Recently, we
have shown that LMP1 promotes K63-linked ubiquitination of
IRF7, which mediates its activation by LMP1 (24, 38). In this
study, we aimed to study how this ubiquitination event is mod-
ulated. We show through several approaches that A20 inhibits
the ubiquitination of IRF7 and that its activity is stimulated by
LMP1. Analysis with A20 mutants indicates that A20 N-termi-
nal DUB activity is responsible for its effect on IRF7. Thus,
A20 is the first identified DUB which regulates IRF7 ubiquitin-
ation. However, we have yet to succeed in showing that IRF7
is a substrate for A20 in an in vitro system, probably because

FIG. 3. The A20 N terminus is responsible for interaction with and regulation of IRF7. (A) Scheme of expression plasmids of A20 and its mutants
used in this study. (B) The A20 N terminus and its DUB activity are required for LMP1-stimulated IRF7 activity. Transfection of 293 cells and dual
luciferase assay were performed as described in the legend for Fig. 1. (C and D) The A20 N terminus is responsible for interaction with IRF7. 293 cells
in six-well plates were transfected with 1 �g Flag-A20 or its mutants, 1 �g Myc-IRF7 or HA-IRF7, and 0.5 �g HA-Ub or Myc-Ub. Reciprocal IP was
performed with lysates collected 48 h after transfection. Western blot analysis was performed with corresponding antibodies as indicated.
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A20 requires other cellular proteins for its DUB function. In
support of this possibility, recent studies have shown that E3
Itch and the RING finger protein RNF11 are required for A20
termination of NF-�B activation in TNFR and TLR signaling
pathways (56, 57).

In RLR signaling pathways, A20 blocks RIG-I-mediated
activation of IRF3 (32). In TLR signaling pathways, evidence
for A20 blockage of IFN promoter activity is controversial.
A20 was shown to strongly inhibit IFN promoter activity stim-
ulated by TLR3 or Sendai or Newcastle disease virus infection
(49, 65). However, a later study showed that A20 weakly in-
hibited ISRE promoter activity stimulated by TLR3 (32), and
another study using small interfering RNA (siRNA) screening
showed that A20 siRNA had no detectable effect on IFN-�4
promoter activity stimulated by TLR3 signaling in 293-TLR3
stable cells (27). The latter result may be explained by the fact
that A20 is expressed only in a limited range of cell types and
is almost not detectable in 293 cells, and IRF7, the major
activator of the IFN-�4 promoter, is also barely detectable in
293 cells. Therefore, use of A20 siRNA to test A20’s effect on
IFN-�4 promoter activity stimulated by endogenous IRF7 was
not sensitive enough in these cells. Here, using transiently
expressed A20 and IRF7, we show that A20 inhibits IRF7
transactivation of the IFN-�4 promoter in response to treat-
ment with TLR3, TLR4, or TLR7 ligand. Furthermore, we for
the first time show that A20 modulates IRF7 transcriptional
activity stimulated by EBV LMP1.

Regulation of IRF-mediated IFN promoter activity by A20
is likely accomplished through different mechanisms. In TLR
signaling, A20 targets TRIF (65) as well as interacts with IKKε/
TBK1 kinases (49) and therefore blocks IRF3 activation. In

RIG-I signaling, A20 was believed to act upstream of IKKε/
TBK1 to block IRF3 activation (32). In all these cases, A20
DUB activity was not required. Instead, A20 C-terminal zinc
finger 7 (ZnF7) is required for the IRF3 inhibition in RIG-I
responses (32). In contrast, our studies show that the A20
N-terminal DUB domain and DUB activity, but neither the
C-terminal ZnF domain nor E3 ligase activity, are required for
inhibition of IRF7. Furthermore, A20 is shown to interact
directly with IRF7 and thereby reduce IRF7 ubiquitination
stimulated by LMP1. Although we also show that A20 inhibits
IRF7 transcriptional activity stimulated by TLR ligands,
whether different mechanisms are used needs to be clarified
further.

Our results strongly support that A20 directly removes K63
Ub chains from IRF7. On the other hand, A20 blocks NF-�B
activation in TLR and TNFR signaling pathways through tar-
geting TRAF6 and RIP for degradation (9, 61, 66). Since
TRAF6 and RIP are required for LMP1 activation of IRF7,
regulation of stability of these two proteins may also contribute
to the regulation of IRF7 ubiquitination by A20. To address
this possibility in the future, an IRF7 mutant, which cannot
bind to A20 but retains activation activity, will be very helpful,
although it may not be able to create it. However, given the fact

FIG. 4. A20 DUB activity is required for reduction of LMP1-stim-
ulated IRF7 ubiquitination. 293 cells in six-well plates were transfected
with plasmids as indicated. Cells were harvested 48 h after transfection
for double IP with anti-IRF7. Proteins were subjected to Western blot
analysis with anti-Myc or anti-IRF7. Cell lysates (5% input) were
probed with anti-HA for LMP1 and anti-Flag for A20 and its mutants.

FIG. 5. Expression of shA20 in Raji cells increases endogenous
ubiquitination and activity of IRF7. (A to C). Type 3 latently EBV-
infected cells (Raji) were infected with shA20 expression vectors. For
luciferase assay, 2 �g IFN-�4-Luc and 1 �g Renilla luciferase were
cotransfected. After 2 days, cells were collected for double IP or for
luciferase assay. (A) Expression of shA20 (a mix of shA20-1 and
shA20-2) increases endogenous IRF7 activity. (B) Expression of shA20
enhances endogenous ubiquitination of IRF7. (C) Endogenous A20
level is reduced in cells expressing shA20. (D) P3HR1 cells were
transfected with the A20 shRNA constructs. Forty-eight hours later,
cell lysates were used for Western blotting with LMP1 (clone CS1-4,
Dako), A20, IRF7, and tubulin antibodies.
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that the C-terminal E3 ligase activity, which is required for RIP
degradation in TLR signaling (9), is not required for A20
inhibition of IRF7, whether TRAF6 and RIP are also targeted
by A20 in LMP1 signaling needs to be investigated.

Herpesviruses have evolved multiple strategies to manipu-
late the cellular ubiquitin system (53–55). For example, herpes
simplex virus type 1 (HSV-1) and Kaposi’s sarcoma-associated
herpesvirus (KSHV) encode ubiquitin E3 ligases ICP0, and
MIR1 and MIR2, respectively, which modulate host immune
responses (14, 31, 55). Although EBV has not been found to
encode an E3 ligase, it encodes BPLF1 with DUB activity and
two others, BSLF1 and BXLF1, which were predicted to have
DUB activity (59). We have recently shown that BPLF1 DUB
activity targets EBV ribonucleotide reductase and reduces its
activity (67). EBV also employs many cellular DUBs to mod-
ulate intracellular signaling. For example, EBV EBNA1 anti-
gen recruits USP7 (HAUSP) to disrupt promyelocytic leuke-
mia nuclear bodies (58), and EBV upregulates ubiquitin
C-terminal hydrolase 1 (UCHL1) to stabilize �-catenin in type
3 latency and to potentially regulate principal oncogenic path-
ways (5, 6, 52). Here, we show that A20, a protein with DUB
activity induced by LMP1, regulates IRF7 activity promoted by
LMP1 and, as a consequence, regulates the LMP1 level in
EBV latency through its DUB activity. Therefore, A20 may
regulate IRF7 oncogenic function in the EBV context, as dis-
cussed below (Fig. 6).

Regulation and function of IRFs in EBV latency. EBV la-
tency has an intimate association with IRFs, as several of them,
including three IRFs characterized as oncogenic, IRF7 (39,
73), -2 (72), and -4 (35, 69), as well as IRF5 (35, 40, 70), are all
expressed at much higher levels in EBV-transformed B cells
with type 3 latency, which is associated with posttransplant
disorders and AIDS-associated central nervous system lym-
phomas in immunosuppressed patients (44). Interestingly,
both IRF4 (35, 69) and IRF7 (73) are induced by LMP1, and
IRF5 is induced by both TLR7 and LMP1 (16, 35), whereas
IRF2 is induced through an unknown mechanism and was
reported not to be induced by LMP1 (73). Moreover, IRF7 and
likely IRF4 are activated by LMP1 (24, 38, 69) (Fig. 6). While
IRF2, -4, and -7 are believed to be positive regulators in EBV
oncogenesis, IRF5 expressed in the EBV context has at least
two naturally occurring variants, a truncation mutant, V12
(35), and a point mutant, IRF5(A68P) (70), both of which
function as dominant negative mutants, and in fact, we have
shown that IRF5 in EBV-infected B cells negatively regulates
LMP1-promoted IRF7 activity (40). IRF2 is constitutively ex-
pressed at a low level in type 1 latency (42, 50). In contrast, it
is expressed at a higher level and represses the Q promoter in
type 3 latency (72). In addition, given that IRF4 is a negative
regulator of TLR7 activation of IRF5 in antiviral responses
(37), it may have similar function in the EBV context.

Despite these observations, the roles of IRFs in EBV onco-
genesis are poorly understood. As a family of transcription
factors, IRFs are presumed to contribute to EBV oncogenesis
through regulation of a spectrum of oncogenes or apoptosis-
related genes. However, until now, only a few targets have
been identified for IRF7, including the EBNA1 Q promoter
(71), LMP1 (39), BamH I-A rightward transcript (BART) P1
promoter (11), cellular transporter associated with antigen
processing (TAP2) (74), and type I IFNs (68) (Fig. 6). We are

now performing microarray analysis to profile IRF7-regulated
cellular genes in EBV latency 3. This work will address the
critical role of IRF7 in EBV latency.

In addition to IRF5, which negatively regulates IRF7 activity
in EBV latency (40), we now identify A20, which is also in-
duced by LMP1 (19, 29), as a distinct negative regulator for
IRF7, indicating that IRF7 is complexly modulated in the EBV
context. Although both IRF5 and A20 negatively regulate
IRF7 activity and counteract LMP1’s effect on IRF7, they use
different mechanisms; IRF5 acts as a dominant negative mu-
tant, while A20 acts at the level of regulatory ubiquitination. In
addition, we believe that other cellular proteins contribute to
the delicate balance of EBV latency through regulation of
IRF7 at different levels, including transcriptional and post-
translational levels, and we are conducting proteomic screen-
ing coupled with mass spectrometry to profile IRF7-interacting
proteins in EBV latency 3. Further functional analysis of these
proteins will not only be important for understanding the fine
modulation of EBV latency, but will also help in expanding
future work on IRF7-mediated innate immune responses.

FIG. 6. Regulation and function of IRFs in EBV latency. The only
three IRFs with oncogenic properties, IRF7 (39, 73), -2 (72), and -4
(35, 69), as well as IRF5 (35, 40, 70), are all expressed at much higher
levels in EBV type 3 latency. Both IRF4 (35, 69) and IRF7 (73) are
induced by EBV LMP1, and IRF5 is induced by both TLR7 and LMP1
(16, 35), whereas IRF2 is induced through an unknown mechanism
and negatively regulates the EBNA1 Q promoter in latency 3 (72).
Moreover, IRF7 and likely IRF4 are activated by LMP1 (24, 38, 69).
The activated IRF7 induces expression of LMP1, TAP2 and type I
IFNs (39, 68, 74) but negatively regulates the EBV EBNA1 Q pro-
moter and BART gene P1 promoter (11, 71). However, IRF5 (40) as
well as A20 that is also induced by LMP1 (19, 29) negatively regulates
LMP1-promoted IRF7 activity in EBV latency 3. In addition, like its
role in antiviral responses (37), IRF4 may negatively regulate TLR7
activation of IRF5 in the EBV context.
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