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Abstract
The IRF [IFN (interferon) regulatory factor] family of transcription factors control many cellular processes,
including induction of key antiviral cytokines, type I IFNs, following viral infection. Recent studies have
revealed several endogenous and viral proteins involved in ubiquitin-mediated regulation of IRF activity
and thus having an impact on type I IFN signalling. Through the ubiquitin pathway, these proteins can
manipulate the antiviral response either by initiating proteasomal degradation of the IRFs or, in contrast,
by promoting activation of the IRFs.

Introduction
Following viral infection, a crucial step in the antiviral
response is the production of type I IFNs (interferons) [1],
first described in 1957 by Isaacs and Lindemann as proteins
that ‘interfere’ with viral replication [2]. Type I IFNs
include 13–14 IFN-α subtypes, a single IFN-β and other
less characterized family members, such as IFN-ε, IFN-κ
and IFN-ω [3,4]. Secretion of type I IFNs by all nucleated
cells establishes an antiviral state by inducing resistance to
viral replication, increasing MHC class I expression and
antigen presentation, and activating NK (natural killer)
cells to kill virus-infected cells. In addition, IFNs signal
through the IFNAR (type I IFN receptor) to activate ISGF3
(IFN-stimulated factor 3), which induces the transcription
of IFN-inducible genes that contribute to the antiviral state,
including pro-inflammatory cytokines and chemokines
[3,4].
The PRRs (pathogen recognition receptors) responsible
for the innate detection of viruses have been discovered in
recent years and include the TLRs (Toll-like receptors) and
the cytosolic PRRs [RIG-I (retinoic acid-inducible gene I)
and MDA-5 (melanoma-differentiation-associated gene 5)]
[5]. The TLRs recognizing viral nucleic acids (TLR3, TLR7,
TLR8 and TLR9) have evolved in the endosomal compartment of cells, presumably as the endosome is commonly
used for viral entry/exit and viral components collect in
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the endosome following completion of viral replication [6].
Following activation of these TLRs, distinct intracellular
signalling pathways are driven that regulate type I IFN
production. The IRF (IFN regulatory factor) family of
transcription factors are crucial in driving IFN responses
[7]. IRF-3 is involved in the initial induction of IFN-β
downstream of TLR4 and TLR3 and the cytosolic PRR RIGI, whereas IRF-5 and IRF-7 are critical for the induction of
TLR7- and TLR9-mediated type I IFN production.
Pathways regulating activation of IRF-3 are well characterized. IRF-3 is expressed ubiquitously and is activated by
serine phosphorylation in response to viral infection or TLR
signalling. Evidence indicates that the kinases TBK1 {TANK
[TRAF (tumour necrosis factor receptor-associated factor)associated NF-κB (nuclear factor κB) activator]-binding
kinase 1} and IKKε (inhibitor of NF-κB kinase-ε) specifically
phosphorylate serine residues in the C-terminal domain of
IRF-3 and thereby activate it [8–10]. IRF-7 is similarly
regulated by phosphorylation at C-terminal serine residues,
and IKKε and TBK1 are the kinases responsible [11].
TLR3 is expressed in a wide range of cells and recognizes
dsRNA (double-stranded RNA), although it can also be
activated in vitro with polyI:C, an artificial dsRNA. It
signals through the adaptor molecule TRIF {TIR [Toll/IL
(interleukin)-1 receptor] domain-containing adaptor protein
inducing IFN-β} [12], which interacts with TRAF-3 to
activate both TBK1 and IKKε [13,14]. TLR4, which is
located at the cell surface and recognizes Gram-negative
endotoxin, also induces IFN-β induction through this
TRIF-mediated pathway, although an additional adaptor
molecule, TRAM (TRIF-related adaptor molecule), is
required as a link between TLR4 and TRIF [15,16].
TLR7 and TLR9 signal through the TRIF molecule
MyD88 (myeloid differentiation factor 88), which forms
a complex with TRAF-6 and IRF-7 in the cytoplasm [17].
Formation of this signalling complex has been shown to
be dependent on the serine/threonine kinases IRAK-1
(IL-1-receptor associated kinase-1) and IRAK-4, with
ubiquitination and phosphorylation of TRAF-6 (possibly
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Figure 1 Sequence homology of IRF-3, IRF-5 and IRF-7
(A) General domain structure of the IRF family. SRR, serine-rich region. Certain domains unique to speciﬁc IRFs are not
included. Sequence homology of IRF-1–9 and IRF-3/5/7 are shown below using a colour spectrum with a red colour
indicating high sequence homology. Regions in each colour spectrum represent the homology of the amino acids encoding
the domains directly above in the general IRF structure. (B) Enlargement of the amino acid sequence of IRF-3, IRF-5 and IRF-7
encoding the IAD. All alignments and the subsequent homology colour spectra were produced using T-Coffee, a multiple
sequence alignment program (http://www.bioinformatics.nl/tools/t_coffee.html).

by IRAK-1) being the prerequisite step [18]. Recently,
it has been shown that TLR9-dependent production of
IFN-β in myeloid dendritic cells and macrophages is IRF7-independent, and utilizes IRF-1 instead, suggesting that
the immune system can tailor its response to viral pathogens
through the TLR–IRF pathways [18a].

IRFs
The IRF family of transcription factors share an N-terminal
DBD (DNA-binding domain), which binds to the ISRE
(IFN-stimulated regulatory element) in the promoter region
of IFN-stimulated genes. Each IRF, with the exception of
IRF-1 and IRF-2, also contains a unique C-terminal IAD
(IRF association domain), which is important for protein–
protein interaction and thus determines specificity. There
is low sequence homology of the IAD domain across the
IRF family; however, specific IRFs, such as IRF-3, IRF-5
and IRF-7, are more homologous in this region (Figure 1),
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possibly due to the importance of these proteins in the
antiviral immune response.
IRFs have been shown to be crucial for specificity in type I
IFN induction, which is discussed in the present review.
However, IRF family members are also known to have roles
in shaping the adaptive immune response, in cell differentiation and in tumour suppression [19–22]. Despite these other
important roles for IRF family members, most of the studies
on these transcription factors have focused on their role in
the regulation of type I IFN induction. In this context, the
functions of IRF-3 and IRF-7 have been shown to be critical.

IRF-3
IRF-3 is a constitutively expressed member of the IRF family
that regulates the primary induction of IFN-β in response to
viral and bacterial infections downstream of TLR3, TLR4 and
cytosolic PRRs. IRF-3 utilizes an autoinhibitory mechanism
to suppress its transactivation potential in uninfected cells.
Following viral infection, phosphorylation of IRF-3 by
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IKKε and TBK1 occurs on Ser385 and Ser386 and on a
serine/threonine cluster located between amino acids 396 and
405, as determined by the generation of point mutations at
these residues [23,24]. Phosphorylation of IRF-3 disrupts
an interaction between the helices H1 and H5 that flank
the β-sandwich core of the IAD, thus liberating the
DNA-binding activity [25]. Following this, IRF-3 becomes
activated, dimerizes and translocates to the nucleus, where
it associates with the co-activator CBP [CREB (cAMPresponse-element-binding protein)-binding protein]/p300
[23,24]. IRF-3 induces IFN-β transcription by binding to
overlapping regions of PRD III (positive regulatory domain
III) and PRD I on the enhancer region of the IFN-β promoter.
The importance of IRF-3 in the antiviral response has been
confirmed since IRF-3−/− mice are more vulnerable to viral
infection and have lower serum type I IFN levels [26].
Furthermore, cells lacking both IRF-3 and IRF-7 failed to
induce type I IFN mRNA following viral infection, an effect
that could be reversed by co-expression of both proteins [26].

IRF-7
IRF-7 is an inducible member of the IRF family and is vital
for IFN-α production following viral infection, as shown
using IRF-7−/− mice [11]. IRF-7 expression can be induced
directly after viral infection by TLR7 and TLR9 in pDCs
(plasmacytoid dendritic cells), although IFN signalling
through the IFNAR also promotes IRF-7 expression and is
important for the secondary IFN response [27]. In addition
to its inducibility, IRF-7 has a more transient expression
than IRF-3, with a half-life of 30–60 min [26]. The structure
of IRF-7 shares similarities to that of IRF-3 and contains
multiple C-terminal regulatory regions that are the target
of virus-induced phosphorylation by TBK1, and, to a
lesser extent, IKKε [28]. Specifically, Ser477 –Ser479 have
been shown to be important for IRF-7 phosphorylation,
whereas Ser471 –Ser472 are important for IRF-7 activation
[29]. In addition, it has been shown that IRF-7 is acetylated
in vivo at Lys92 by the histone acetyltransferases P/CAF
(p300/CBP-associated factor) and GCN5 (positive general
control of transcription-5), a post-translational modification
that inhibits its DNA-binding activity [30].

Ubiquitin-mediated regulation of IRFs
Cellular mechanisms that limit or down-regulate type I IFN
production downstream of pathogen recognition are critical
to protection against overproduction of these cytokines,
which can contribute to the adverse pathogenic effects
characteristic of many autoimmune disorders. For example,
SLE (systemic lupus erythematosus) patients present with
high levels of serum type I IFN, which correlates with both
disease severity and pathogenesis [31]. The molecular mechanisms that contribute to the overproduction of type I IFNs
in SLE patients is under intense investigation. Studies in
SLE-prone mice have linked both the TLR7- and TLR9dependent pathways with this effect, with autoimmune
complexes being shown to activate both TLR7 and TLR9

in driving autoantibody and type I IFN production [32,33].
Intriguingly, polymorphisms in the transcription factor
IRF-5, important in regulating IFN production downstream
of TLR7 and TLR9, have been linked with SLE, although
the functional relevance of these polymorphisms is as
yet unknown. Thus understanding how IRF activity is
both positively and negatively regulated is critical for
understanding how defects in these pathways contribute to
both antiviral defence and autoimmunity.
It has become apparent in recent years that an effective
mechanism to limit type I IFN production is through
ubiquitin-mediated degradation of the IRF family members,
specifically IRF-3 and IRF-7. Ubiquitin-mediated proteasomal degradation is an efficient cellular process that contributes to many biological events including cell cycle control,
signal transduction, DNA repair and apoptosis [34,35]. In
this process, ubiquitin associates with, and is activated by, an
E1 ubiquitin-activating enzyme. It is then transferred via
an E2 ubiquitin-conjugating enzyme to specific lysine
residues of target proteins, an action that is mediated by one
of a large heterogeneous series of E3 ubiquitin ligases. The
E3 ligase is vital and provides the specificity in the ubiquitin
process as it recruits both the E2–ubiquitin complex and
the substrate protein [36]. Addition of further ubiquitin
molecules through lysine–glycine bonding results in the
formation of a polyubiquitin chain that targets the substrate
protein for proteasomal degradation by the 26S protein
complex. The specific lysine targeted by the E3 ligase to
generate polyubiquitin chains on the target protein is critical,
as Lys48 -linked ubiquitination generally leads to proteasomal
degradation, whereas Lys63 -linked ubiquitination appears to
promote activation of the substrate protein.

Negative ubiquitin-mediated regulation
Ubiquitin-mediated degradation of IRF-3 has been
described in several studies and falls into two main categories
summarized in Figure 2. First, several endogenous proteins
have been described that, after viral infection, directly
or indirectly contribute to the polyubiquitination and
subsequent proteasomal degradation of IRF-3 in order
to protect the host from overproduction of type I IFNs.
Secondly, it has been shown that viral proteins can act as E3
ubiquitin ligases and similarly target IRF-3 for proteasomal
degradation, thus limiting the antiviral response and creating
a more promising cellular environment for viral replication.
The existence of endogenous or viral proteins that target
IRF-3 for degradation was suggested from early work in
which the proteasome inhibitor MG-132 (carbobenzoxyL-leucyl-L-leucyl-leucinal) inhibited IRF-3 degradation in
response to viral infection [23]. Recently, IRF-3 activation
was shown to be negatively regulated by the peptide-prolyl
isomerase Pin1. Specifically, Pin1 was shown to interact
with phosphorylated IRF-3 at Ser339 following polyI:C
stimulation of HEK-293T cells [HEK-293 cells (human
embryonic kidney cells) expressing the large T-antigen of
SV40 (simian virus 40)] [37]. This interaction was necessary
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Figure 2 Ubiquitin-mediated negative regulation of IRF-3 signalling
Viral nucleic acid is recognized by endosomal TLRs and intracellular PRRs (RIG-I and MDA-5). Activation of TLR3 and RIG-I
results in phosphorylation of IRF-3 by IKKε and TBK1. Following this, several endogenous or viral proteins (indicated in
a broken red box) interact with IRF-3 and induce polyubiquitination of the transcription factor. Polyubiquitinated IRF-3 is
targeted for degradation in the 26S proteasome, thus limiting type I IFN production. The endogenous proteins Pin1 and Ro52
are indicated in red, and the viral proteins NSP1, Npro and bICP0 are indicated in red and italics. IRF-7 can be ubiquitinated
by TRAF-6 or RIP (indicated in dashed green box), leading to activation of the transcription factor. Protein phosphorylation is
indicated by an encircled ‘P’.

for the polyubiquitination and proteasomal degradation of
the IRF-3 and the subsequent negative regulation of IFNβ production [37]. Accordingly, Pin1−/− mice had elevated
serum levels of IFN-β in comparison with wild-type mice
following polyI:C injection [37]. However, Pin1 does not
directly catalyse the ubiquitination of IRF-3. A separate study
into the endogenous mechanisms to down-regulate type I
IFN signalling downstream of pathogen detection demonstrated the involvement of a cullin-based ubiquitin ligase
in Sendai virus-induced IRF-3 degradation [38], suggesting
that endogenous enzymes may contribute to the negative
regulation of IRF-3. In this context, recent evidence in our
laboratory suggests that the E3 ubiquitin ligase Ro52 [TRIM
(tripartite motif) 21] is directly responsible for ubiquitinating
and targeting IRF-3 for proteasomal degradation. Ro52 is a
member of the TRIM/RBCC [RING (really interesting new
gene) finger B-box coiled-coil] family of single-protein E3
ligases, members of which have been shown to play important
roles in antiviral defence (reviewed in [39,40]). Ubiquitination
and degradation of IRF-3 were substantially increased in
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HEK-293T cells co-expressing Ro52, an effect that could be
inhibited with the proteasome inhibitor MG-132 (R. Higgs,
J. Nı́ Gabhann, N. Ben Larbi, E.P. Breen, K.A. Fitzgerald and
C.A. Jefferies, unpublished work). Moreover, knockdown
of Ro52 expression with shRNA (small-hairpin RNA)
resulted in enhanced TLR3-driven IFN-β production and
Sendai virus-stimulated RANTES (regulated upon activation,
normal T-cell expressed and secreted) production (R. Higgs,
J. Nı́ Gabhann, N. Ben Larbi, E.P. Breen, K.A. Fitzgerald and
C.A. Jefferies, unpublished work). In a separate study, Ro52
was shown to ubiquitinate the transcription factor IRF-8,
which positively regulates IL-12p40 production in murine
macrophages [41]; thus Ro52 may have a global role in the
regulation of IRF activity.
Another emerging area of study is the down-regulation of
IRF-3 activation by viral proteins. For example, following
rotaviral infection of Caco-2 cells, the rotavirus gene 5
product, NSP1 (non-structural protein 1), associates with
IRF-3 and mediates degradation of the transcription factor
[42]. In contrast, less IRF-3 degradation was observed in
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Caco-2 cells infected with a rotaviral strain expressing a
C-terminal truncated version of NSP1, confirming the
immunosuppressive role of this viral protein [42]. Further
work showed that NSP1-mediated IRF-3 degradation is
dependent on the integrity of the N-terminal zinc-binding
domain of NSP1, supporting the hypothesis that NSP1 is
an E3 ubiquitin ligase [43]. The pestiviruses CSFV (classical
swine fever virus) and BVDV (bovine viral diarrhoea virus)
interact with and induce degradation of IRF-3, but not IRF-7,
through the protein Npro [44,45]. In addition, bICP0 [BHV1
(bovine herpesvirus 1)-ICP0 (infected cell protein 0)] has been
shown to act as an E3 ligase and promote IRF-3 degradation
in a proteasome-dependent manner, thus inhibiting the IFNβ promoter [46]. Accordingly, HSV-1 (herpes simplex virus 1)
ICP0 protein has also been shown to inhibit IRF-3 activity in
a proteasome-dependent manner [47]. Furthermore, a recent
study has shown that the HIV-1 accessory proteins VPR (viral
protein R) and VIF (viral infectivity factor) can modulate the
antiviral response by targeting IRF-3 for degradation [48].
Ubiquitin-mediated degradation of other IRF family
members has also been reported. The C-termini of both
IRF-1 and IRF-8 were shown to be critical for ubiquitination
and proteasomal degradation of these transcription factors
[49,50]. IRF-8 ubiquitination was mediated by the E3 ligase
Cbl and shown to inhibit IL-12p40 production [50], in
contrast with Ro52-mediated ubiquitination of IRF-8, which
appears to regulate functional activity of this transcription
factor [41]. Taken together, these studies demonstrate a
pivotal role for ubiquitin-mediated degradation of IRF
family members, particularly IRF-3, through endogenous or
viral proteins to negatively regulate IFN signalling.

Positive ubiquitin-mediated regulation
Protein degradation is not the only outcome of
ubiquitination, and studies have indicated that IRF activity
can also be enhanced following Lys63 -linked ubiquitination
(Figure 2). For example, IRF-7 activity is increased following
Lys63 -linked ubiquitination by TRAF-6, which is known to
act as an E3 ubiquitin ligase in TLR signalling [17]. This IRF7 ubiquitination occurs in association with the E2 enzyme
UBC13, and reduced IFN-α and IFN-α6 promoter activity
was observed in cells treated with UBC13 siRNA (small
interfering RNA) [17]. In addition, IRF-7 is ubiquitinated
and shows enhanced activity following Epstein–Barr virus
infection [17,51]. Specifically, the viral oncoprotein LMP1
(latent membrane protein 1) stimulates RIP (receptorinteracting protein)-dependent Lys63 -linked ubiquitination
of IRF-7, which leads to an increase in ISRE promoter
activity in luciferase reporter gene assays in HEK-293 cells
[51]. Also, as described above, the TRIM family member
Ro52 acts as an E3 ligase to ubiquitinate the transcription
factor IRF-8, which positively regulates IL-12p40 production
in murine macrophages [41]. Thus activation of IRFs via the
ubiquitin pathway following viral infection appears to be
equally as important as proteasomal degradation.

Conclusion
Following viral infection, ubiquitination of the IRF family of
transcription factors directly regulates type I IFN signalling
by both activating and inhibiting IRF activity. Thus viruses
have evolved mechanisms to manipulate the ubiquitin–
proteasome pathway to aid viral survival. In addition,
proteins such as SUMOs (small ubiquitin-related modifiers)
and DUBs (deubiquitinating enzymes) contribute to the
regulation of this complex system. Further understanding of
the role of ubiquitin in type I IFN pathways may provide
cellular targets for both antiviral treatment and autoimmune
therapy.

References
1
2
3
4
5
6
7

8

9

10

11

12

13

14

15

16

17

Kawai, T. and Akira, S. (2006) Innate immune recognition of viral
infection. Nat. Immunol. 7, 131–137
Isaacs, A. and Lindenmann, J. (1957) Virus interference. I. The
interferon. Proc. R. Soc. London Ser. B 147, 258–267
Pichlmair, A. and Reis e Sousa, C. (2007) Innate recognition of viruses.
Immunity 27, 370–383
Uematsu, S. and Akira, S. (2007) Toll-like receptors and type I
interferons. J. Biol. Chem. 282, 15319–15323
Akira, S., Uematsu, S. and Takeuchi, O. (2006) Pathogen recognition
and innate immunity. Cell 124, 783–801
Brandenburg, B. and Zhuang, X. (2007) Virus trafﬁcking: learning from
single-virus tracking. Nat. Rev. Microbiol. 5, 197–208
Ozato, K., Tailor, P. and Kubota, T. (2007) The interferon regulatory
factor family in host defense: mechanism of action. J. Biol. Chem.
282, 20065–20069
Fitzgerald, K.A., McWhirter, S.M., Faia, K.L., Rowe, D.C., Latz, E.,
Golenbock, D.T., Coyle, A.J., Liao, S.M. and Maniatis, T. (2003) IKKε and
TBK1 are essential components of the IRF3 signaling pathway.
Nat. Immunol. 4, 491–496
McWhirter, S.M., Fitzgerald, K.A., Rosains, J., Rowe, D.C., Golenbock,
D.T. and Maniatis, T. (2004) IFN-regulatory factor 3-dependent gene
expression is defective in Tbk1-deﬁcient mouse embryonic ﬁbroblasts.
Proc. Natl. Acad. Sci. U.S.A. 101, 233–238
Sharma, S., tenOever, B.R., Grandvaux, N., Zhou, G.P., Lin, R. and
Hiscott, J. (2003) Triggering the interferon antiviral response through
an IKK-related pathway. Science 300, 1148–1151
Honda, K., Yanai, H., Negishi, H., Asagiri, M., Sato, M., Mizutani, T.,
Shimada, N., Ohba, Y., Takaoka, A., Yoshida, N. and Taniguchi, T.
(2005) IRF-7 is the master regulator of type-I interferon-dependent
immune responses. Nature 434, 772–777
Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T., Sanjo, H.,
Takeuchi, O., Sugiyama, M., Okabe, M., Takeda, K. and Akira, S. (2003)
Role of adaptor TRIF in the MyD88-independent Toll-like receptor
signaling pathway. Science 301, 640–643
Hacker, H., Redecke, V., Blagoev, B., Kratchmarova, I., Hsu, L.C., Wang,
G.G., Kamps, M.P., Raz, E., Wagner, H., Hacker, G. et al. (2006)
Speciﬁcity in Toll-like receptor signalling through distinct effector
functions of TRAF3 and TRAF6. Nature 439, 204–207
Oganesyan, G., Saha, S.K., Guo, B., He, J.Q., Shahangian, A., Zarnegar,
B., Perry, A. and Cheng, G. (2006) Critical role of TRAF3 in the Toll-like
receptor-dependent and -independent antiviral response. Nature 439,
208–211
Fitzgerald, K.A., Rowe, D.C., Barnes, B.J., Caffrey, D.R., Visintin, A., Latz,
E., Monks, B., Pitha, P.M. and Golenbock, D.T. (2003) LPS–TLR4
signaling to IRF-3/7 and NF-κB involves the Toll adapters TRAM and
TRIF. J. Exp. Med. 198, 1043–1055
Yamamoto, M., Sato, S., Hemmi, H., Uematsu, S., Hoshino, K., Kaisho,
T., Takeuchi, O., Takeda, K. and Akira, S. (2003) TRAM is speciﬁcally
involved in the Toll-like receptor 4-mediated MyD88-independent
signaling pathway. Nat. Immunol. 4, 1144–1150
Kawai, T., Sato, S., Ishii, K.J., Coban, C., Hemmi, H., Yamamoto, M.,
Terai, K., Matsuda, M., Inoue, J., Uematsu, S. et al. (2004) Interferon-α
induction through Toll-like receptors involves a direct interaction of
IRF7 with MyD88 and TRAF6. Nat. Immunol. 5, 1061–1068

C The

C 2008 Biochemical Society
Authors Journal compilation 

457

458

Biochemical Society Transactions (2008) Volume 36, part 3

18

18a

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33


C The

Uematsu, S., Sato, S., Yamamoto, M., Hirotani, T., Kato, H., Takeshita,
F., Matsuda, M., Coban, C., Ishii, K.J., Kawai, T. et al. (2005)
Interleukin-1 receptor-associated kinase-1 plays an essential role for
Toll-like receptor (TLR)7- and TLR9-mediated interferon-α induction.
J. Exp. Med. 201, 915–923
Schmitz, F., Heit, A., Guggemoos, S., Krug, A., Mages, J., Schiemann,
M., Adler, H., Drexler, I., Haas, T., Lang, R. and Wagner, H. (2007)
Interferon-regulatory-factor 1 controls Toll-like receptor 9-mediated
IFN-β production in myeloid dendritic cells. Eur. J. Immunol. 37,
315–327
Gabriele, L. and Ozato, K. (2007) The role of the interferon regulatory
factor (IRF) family in dendritic cell development and function.
Cytokine Growth Factor Rev. 18, 503–510
Tamura, T., Thotakura, P., Tanaka, T.S., Ko, M.S. and Ozato, K. (2005)
Identiﬁcation of target genes and a unique cis element regulated by
IRF-8 in developing macrophages. Blood 106, 1938–1947
Sciammas, R., Shaffer, A.L., Schatz, J.H., Zhao, H., Staudt, L.M. and
Singh, H. (2006) Graded expression of interferon regulatory factor-4
coordinates isotype switching with plasma cell differentiation.
Immunity 25, 225–236
Harada, H., Kitagawa, M., Tanaka, N., Yamamoto, H., Harada, K.,
Ishihara, M. and Taniguchi, T. (1993) Anti-oncogenic and oncogenic
potentials of interferon regulatory factors-1 and -2. Science 259,
971–974
Lin, R., Heylbroeck, C., Pitha, P.M. and Hiscott, J. (1998)
Virus-dependent phosphorylation of the IRF-3 transcription factor
regulates nuclear translocation, transactivation potential, and
proteasome-mediated degradation. Mol. Cell. Biol. 18, 2986–2996
Yoneyama, M., Suhara, W., Fukuhara, Y., Fukuda, M., Nishida, E. and
Fujita, T. (1998) Direct triggering of the type I interferon system by
virus infection: activation of a transcription factor complex containing
IRF-3 and CBP/p300. EMBO J. 17, 1087–1095
Qin, B.Y., Liu, C., Lam, S.S., Srinath, H., Delston, R., Correia, J.J.,
Derynck, R. and Lin, K. (2003) Crystal structure of IRF-3 reveals
mechanism of autoinhibition and virus-induced phosphoactivation.
Nat. Struct. Biol. 10, 913–921
Sato, M., Suemori, H., Hata, N., Asagiri, M., Ogasawara, K., Nakao, K.,
Nakaya, T., Katsuki, M., Noguchi, S., Tanaka, N. and Taniguchi, T.
(2000) Distinct and essential roles of transcription factors IRF-3 and
IRF-7 in response to viruses for IFN-α/β gene induction. Immunity
13, 539–548
Sato, M., Hata, N., Asagiri, M., Nakaya, T., Taniguchi, T. and Tanaka, N.
(1998) Positive feedback regulation of type I IFN genes by the
IFN-inducible transcription factor IRF-7. FEBS Lett. 441, 106–110
Caillaud, A., Hovanessian, A.G., Levy, D.E. and Marie, I.J. (2005)
Regulatory serine residues mediate phosphorylation-dependent and
phosphorylation-independent activation of interferon regulatory factor
7. J. Biol. Chem. 280, 17671–17677
tenOever, B.R., Sharma, S., Zou, W., Sun, Q., Grandvaux, N., Julkunen,
I., Hemmi, H., Yamamoto, M., Akira, S., Yeh, W.C. et al. (2004)
Activation of TBK1 and IKKε kinases by vesicular stomatitis virus
infection and the role of viral ribonucleoprotein in the development of
interferon antiviral immunity. J. Virol. 78, 10636–10649
Caillaud, A., Prakash, A., Smith, E., Masumi, A., Hovanessian, A.G.,
Levy, D.E. and Marie, I. (2002) Acetylation of interferon regulatory
factor-7 by p300/CREB-binding protein (CBP)-associated factor (PCAF)
impairs its DNA binding. J. Biol. Chem. 277, 49417–49421
Banchereau, J. and Pascual, V. (2006) Type I interferon in systemic
lupus erythematosus and other autoimmune diseases. Immunity 25,
383–392
Barrat, F.J., Meeker, T., Gregorio, J., Chan, J.H., Uematsu, S., Akira, S.,
Chang, B., Duramad, O. and Coffman, R.L. (2005) Nucleic acids of
mammalian origin can act as endogenous ligands for Toll-like
receptors and may promote systemic lupus erythematosus. J. Exp.
Med. 202, 1131–1139
Vollmer, J., Tluk, S., Schmitz, C., Hamm, S., Jurk, M., Forsbach, A., Akira,
S., Kelly, K.M., Reeves, W.H., Bauer, S. and Krieg, A.M. (2005) Immune
stimulation mediated by autoantigen binding sites within small
nuclear RNAs involves Toll-like receptors 7 and 8. J. Exp. Med. 202,
1575–1585

C 2008 Biochemical Society
Authors Journal compilation 

34
35

36
37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Ben-Neriah, Y. (2002) Regulatory functions of ubiquitination in the
immune system. Nat. Immunol. 3, 20–26
Wang, J. and Maldonado, M.A. (2006) The ubiquitin–proteasome
system and its role in inﬂammatory and autoimmune diseases.
Cell. Mol. Immunol. 3, 255–261
Liu, Y.C. (2004) Ubiquitin ligases and the immune response. Annu.
Rev. Immunol. 22, 81–127
Saitoh, T., Tun-Kyi, A., Ryo, A., Yamamoto, M., Finn, G., Fujita, T., Akira,
S., Yamamoto, N., Lu, K.P. and Yamaoka, S. (2006) Negative
regulation of interferon-regulatory factor 3-dependent innate antiviral
response by the prolyl isomerase Pin1. Nat. Immunol. 7, 598–605
Bibeau-Poirier, A., Gravel, S.P., Clement, J.F., Rolland, S., Rodier, G.,
Coulombe, P., Hiscott, J., Grandvaux, N., Meloche, S. and Servant, M.J.
(2006) Involvement of the IκB kinase (IKK)-related kinases
Tank-binding kinase 1/IKKi and cullin-based ubiquitin ligases in IFN
regulatory factor-3 degradation. J. Immunol. 177, 5059–5067
Meroni, G. and Diez-Roux, G. (2005) TRIM/RBCC, a novel class of
‘single protein RING ﬁnger’ E3 ubiquitin ligases. BioEssays 27,
1147–1157
Nisole, S., Stoye, J.P. and Saib, A. (2005) TRIM family proteins:
retroviral restriction and antiviral defence. Nat. Rev. Microbiol. 3,
799–808
Kong, H.J., Anderson, D.E., Lee, C.H., Jang, M.K., Tamura, T., Tailor, P.,
Cho, H.K., Cheong, J., Xiong, H., Morse, III, H.C. and Ozato, K. (2007)
Cutting edge: autoantigen ro52 is an interferon inducible E3 ligase
that ubiquitinates IRF-8 and enhances cytokine expression in
macrophages. J. Immunol. 179, 26–30
Barro, M. and Patton, J.T. (2005) Rotavirus nonstructural protein 1
subverts innate immune response by inducing degradation of IFN
regulatory factor 3. Proc. Natl. Acad. Sci. U.S.A. 102, 4114–4119
Graff, J.W., Ewen, J., Ettayebi, K. and Hardy, M.E. (2007) Zinc-binding
domain of rotavirus NSP1 is required for proteasome-dependent
degradation of IRF3 and autoregulatory NSP1 stability. J. Gen. Virol.
88, 613–620
Bauhofer, O., Summerﬁeld, A., Sakoda, Y., Tratschin, J.D., Hofmann,
M.A. and Ruggli, N. (2007) Classical swine fever virus Npro interacts
with interferon regulatory factor 3 and induces its proteasomal
degradation. J. Virol. 81, 3087–3096
Hilton, L., Moganeradj, K., Zhang, G., Chen, Y.H., Randall, R.E.,
McCauley, J.W. and Goodbourn, S. (2006) The NPro product of bovine
viral diarrhea virus inhibits DNA binding by interferon regulatory factor
3 and targets it for proteasomal degradation. J. Virol. 80, 11723–11732
Saira, K., Zhou, Y. and Jones, C. (2007) The infected cell protein 0
encoded by bovine herpesvirus 1 (bICP0) induces degradation of
interferon response factor 3 and, consequently, inhibits β interferon
promoter activity. J. Virol. 81, 3077–3086
Melroe, G.T., Silva, L., Schaffer, P.A. and Knipe, D.M. (2007)
Recruitment of activated IRF-3 and CBP/p300 to herpes simplex virus
ICP0 nuclear foci: potential role in blocking IFN-β induction. Virology
360, 305–321
Okumura, A., Alce, T., Lubyova, B., Ezelle, H., Strebel, K. and Pitha,
P.M. (2007) HIV-1 accessory proteins VPR and Vif modulate antiviral
response by targeting IRF-3 for degradation. Virology 373,
85–97
Nakagawa, K. and Yokosawa, H. (2000) Degradation of transcription
factor IRF-1 by the ubiquitin–proteasome pathway: the C-terminal
region governs the protein stability. Eur. J. Biochem. 267,
1680–1686
Xiong, H., Li, H., Kong, H.J., Chen, Y., Zhao, J., Xiong, S., Huang, B., Gu,
H., Mayer, L., Ozato, K. and Unkeless, J.C. (2005) Ubiquitin-dependent
degradation of interferon regulatory factor-8 mediated by Cbl
down-regulates interleukin-12 expression. J. Biol. Chem. 280,
23531–23539
Huye, L.E., Ning, S., Kelliher, M. and Pagano, J.S. (2007) Interferon
regulatory factor 7 is activated by a viral oncoprotein through
RIP-dependent ubiquitination. Mol. Cell. Biol. 27, 2910–2918

Received 18 February 2008
doi:10.1042/BST0360453

