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Interferon regulatory factors (IRFs) play pivotal and critical roles in innate and adaptive immune responses; thus, precise and
stringent regulation of the stability and activation of IRFs in physiological processes is necessary. The stability and activities of
IRFs are directly or indirectly targeted by endogenous and exogenous proteins in an ubiquitin-dependent manner. However, few
reviews have summarized how host E3 ligases/DUBs or viral proteins regulate IRF stability and activity. Additionally, with
recent technological developments, details about the ubiquitination of IRFs have been continuously revealed. As knowledge of
how these proteins function and interact with IRFs may facilitate a better understanding of the regulation of IRFs in immune
responses or other biological processes, we summarized current studies on the direct ubiquitination of IRFs, with an emphasis on
how these proteins interact with IRFs and affect their activities, which may provide exciting targets for drug development by

regulating the functions of specific E3 ligases.
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Introduction

The interferon regulatory factor (IRF) family of transcription
factors consists of nine members (IRF1-9) in mammalian
cells (Tamura et al., 2008). All IRFs share a well-conserved
N-terminal DBD (DNA-binding domain), ~120 amino acids
of which form a helix-loop-helix motif for the recognition of
a DNA sequence. The C-terminal regions of IRFs have low
sequence homology and function as association domains by
which IRFs interact with other family members or tran-
scription factors (Figure 1) (Jefferies, 2019; Tamura et al.,
2008). IRFs play important roles in immune defense, stress
responses, reproduction, development, and carcinogenesis,
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which account for many aspects of innate and adaptive im-
mune responses (Nehyba et al., 2009). IRF1 and IRF2, the
first IRF family members identified, are well known for their
antagonistic regulation of oncogenesis (Harada et al., 1993).
Moreover, IRF1 and IRF2 have also been demonstrated to
regulate both lymphoid and myeloid cell development and
differentiation. Three other family members, IRF4, IRF5 and
IRFS, are also involved in regulating immune cell develop-
ment and phonotype (Jefferies, 2019; Savitsky et al., 2010).
IRF3, IRF7, and IRF5 are best known for their critical role as
transcription factors promoting IFN-o/B expression in type I
IFN-dependent innate immune responses (Yanai et al.,
2012). IRF9 is a regulator of interferon-driven gene ex-
pression that acts as a critical link between type I IFNs and
the p53 pathway (Takaoka et al., 2003). Unlike other IRFs,
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All IRFs (IRF1-
9) contain DBD.

Figure 1 Schematic illustration of IRF family members. IRF family
members share a well-conserved N-terminal DBD (DNA-binding domain),
~120 amino acids of which form a helix-loop-helix motif that recognizes a
DNA sequence. Except for IRF1 and IRF2, the C-terminal regions of all
IRF family members contain an IAD (IRF association domain) by which
IRFs interact with other family members or transcription factors. TFs:
transcription factors.

IRF6 has essential functions in the normal development and
differentiation of the epidermis instead of participating in
innate immunity (Richardson et al., 2006).

Due to the pivotal and critical roles of IRFs, the balance
between the activation and destruction of IRFs needs to be
constantly maintained to avoid adverse overreaction. To or-
chestrate an appropriate immune response, the immune
system is strictly regulated. Various posttranslational mod-
ifications (PTMs), such as phosphorylation, ubiquitination,
acetylation and other unconventional PTMs, have evolved as
critical regulators of the immune system, and all PTMs are
important in regulating the activity, stability and folding of
IRFs (Deribe et al., 2010). The most extensively investigated
type of PTM in innate immunity is phosphorylation, which is
inversely regulated by kinases and phosphatases (Karin and
Ben-Neriah, 2000; Liu et al., 2016). Similar to phosphor-
ylation, ubiquitination is one of the most important reg-
ulatory mechanisms in the immune system, and
ubiquitination can also be reversibly regulated by E3 ubi-
quitin ligases and DUBs (deubiquitinating enzymes) (Ning et
al., 2011).

Ubiquitination is a common modification for protein ac-
tivation or deactivation, and IRFs are stringently regulated
by ubiquitination in many respects. Ubiquitination can di-
rectly or indirectly target IRFs and positively or negatively
regulate the stability, activation and transcriptional activity
of IRFs (Ning et al., 2011). Through the ubiquitin pathway,
IRFs can improve the antiviral response by ubiquitin-medi-
ated degradation or activation. This review summarized
current research on the direct ubiquitination of IRFs, with an
emphasis on several host proteins and viral proteins found to
target IRFs for ubiquitination or deubiquitination. Knowl-
edge of how these proteins function and interact with IRFs
may provide a better understanding of the regulation of IRFs
in immune responses or other biological processes and ex-
citing targets for the development of drugs aimed at reg-
ulating the functions of specific E3 ligases or DUBs.
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Brief introduction to ubiquitination

Ubiquitination is a type of reversible cellular protein PTM.
Ubiquitin, the core component of ubiquitination, is cova-
lently attached to one or more lysine residues in cellular
proteins through an enzymatic cascade involving three
classes of enzymes termed ubiquitin-activating enzymes
(E1), ubiquitin-conjugating enzymes (E2), and ubiquitin
protein ligases (E3) (Heaton et al., 2016; Mukhopadhyay and
Riezman, 2007). The human proteome contains two E1 en-
zymes, approximately 50 E2 enzymes, 600 E3 ligases, and
100 DUBs (Bhoj and Chen, 2009). Among these, E3 ubi-
quitin ligases largely dictate substrate specificity. E3 ligases
can be generally divided into three subgroups: the HECT
(homology to E6-associated protein carboxyl terminus) do-
main E3 ligases, RING (really interesting new gene)-type E3
ligases, and RBR (RING-between-RING) E3 ligases (Dove
and Klevit, 2017). The ubiquitinating modification can be
reversed by DUBs. DUBs are essentially proteases that
cleave the peptide or isopeptide bond between ubiquitin and
its substrate protein (Nijman et al., 2005). There are two
classes of DUBs: cysteine proteases, which can be further
divided into four different classes (UCHs (ubiquitin-C-
terminal hydrolases), USPs (ubiquitin-specific proteases),
MJDs (Machado-Joseph Disease protein domain proteases),
and OTUs (ovarian tumor proteases), and metalloproteases,
which contain only JAMMs (JAMM motif proteases) (Chen
and Sun, 2009).

Ubiquitin itself contains seven lysine residues and one N-
terminal methionine residue (K6, K11, K27, K29, K33, K48,
K63 and M1), all of which can be further conjugated by
another ubiquitin to form ubiquitin chains with different
linkages (Ikeda and Dikic, 2008). Various types of ubiquitin
chains carry a range of molecular signals and function in a
variety of cellular processes, including membrane traffick-
ing, protein kinase activation, DNA repair, and cell signaling
(Chen and Sun, 2009; Welchman et al., 2005). K48-linked
polyubiquitination is a well-studied type of ubiquitination by
which proteins are targeted for proteasomal degradation
through the 26S proteasome (Zheng and Shabek, 2017).
Over the last two decades, mounting evidence has identified
atypical linkages that mediate less frequent proteasomal
degradation, such as K11- and K29-linked chains (Komander
and Rape, 2012). K27-linked ubiquitination is required for
proper activation of the DNA damage response, and K27-
linked polyubiquitination of STING facilitates TBK1 re-
cruitment and activation (Gatti et al., 2015; Wang et al.,
2014). M1-linked linear polyubiquitination is involved in the
activation of NF-kB signaling (Tokunaga et al., 2009). The
activation of T cells is negatively regulated by K33-linked
polyubiquitination (Huang et al., 2010; Yang et al., 2015).
Only a few studies have demonstrated that K6-linked ubi-
quitination may be involved in the DNA damage response
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and the maintenance of mitochondrial stability (Jin et al.,
2010; Wu-Baer et al., 2003). Furthermore, K63-linked
polyubiquitination and monoubiquitination, the second most
common type of ubiquitin linkage, mediate proteasome-in-
dependent effects, which play an important role in activating
many components of different signaling pathways and par-
ticipate in many biological processes (Ning et al., 2011).

Cellular E3/DUB-mediated regulation of IRFs

Because of the critical functions of IRF family members in
regulating the activation of IFN promoters and downstream
signaling in cell differentiation and tumor suppression, it is
of vital importance that their activities are maintained in a
state that is not overly stimulated. Ubiquitin-mediated pro-
teasomal degradation of IRF family members is an effective
mechanism to limit IRF activity, and ubiquitin-mediated
activation of IRFs is also essential for IRFs to better regulate
related biological processes. Many studies, especially on
IRF3 and IRF7, have identified some endogenous proteins
that function as E3 ubiquitin ligases and catalyze IRF ubi-
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quitination in a proteasome-dependent pathway or a non-
proteolytic pathway (Figure 2) (Higgs and Jefferies, 2008;
Tsuchida et al., 2009).

IRF3/7

Ubiquitin-mediated degradation of IRF3/7
IRF3 and IRF7 are best known for their critical role as master
regulators promoting type I IFN expression. IRF3 is con-
stitutively expressed, and IRF7 is an IFN-stimulated gene
(ISG) whose expression can be stimulated by interferon
(Higgs and Jefferies, 2008; Lazear et al., 2013). Following
viral infection, the host produces interferon against pathogen
infections, and interferon activates the JAK-STAT signaling
pathway to induce the transcription of ISGs (Schneider et al.,
2014), which can positively induce the expression of IRF7
and drive more interferon. As IRF3 and IRF7 are essential
switches that turn off and limit type I IFN production to
avoid overreaction, ubiquitin-mediated degradation of IRF3
and IRF7 has been well described in many studies.

As a member of the TRIM family, TRIM21 (also called
Ro52) was initially characterized as an autoantigen in pa-
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Figure 2 Ubiquitin-mediated regulation of IRF signaling. Host E3 ligases and viral proteins that regulate IRF family members are highlighted in boxes.
Green boxes indicate positive regulators, and red boxes indicate negative regulators.
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tients with autoimmune diseases, including Sjogren’s syn-
drome and systemic lupus erythematosus (Rhodes et al.,
2002). Upon RNA virus infection, TRIM21 is significantly
induced and functions as an E3 ubiquitin ligase, enabling it to
play important physiological roles in many relevant biolo-
gical processes. IRF3, IRF5, IRF7 and IRF8 can act as
substrates for TRIM21-mediated ubiquitination. Via its C-
terminal SPRY domain, TRIM21 negatively regulates the
stability of IRF3 by mediating IRF3 polyubiquitination and
proteasomal degradation (Higgs et al., 2008). However,
some studies have shown that TRIM21 sustains IRF3 acti-
vation during the antiviral response at the early phase of
infection (Yang et al., 2009). PIN1 (peptidyl-prolyl iso-
merase) recognizes phosphorylated IRF3 at the S339-P340
motif and finally targets IRF3 for degradation through
polyubiquitination (Chen et al., 2018; Saitoh et al., 2006).
TRIM21 can interfere with the interaction between PIN1 and
IRF3, which prevents IRF3 ubiquitination and degradation
(Yang et al., 2009). In addition, studies have identified a
novel role for tyrosine phosphorylation in regulating the
activity of TRIM21. Upon TLR3 and TLR4 stimulation,
TRIM21 is tyrosine phosphorylated, which can simulta-
neously positively regulate its interaction with IRF3 and
enhance TRIM21 activity (Stacey et al., 2012). This may
explain the complicated role of TRIM21 in IRF3 regulation.

In the case of IRF7, TRIM2Il-mediated ubiquitination
promotes the degradation of IRF7 following TLR7 and
TLRY stimulation (Higgs et al., 2010). The interaction of
TRIM21 with the apoptotic protein Fas-associated death
domain (FADD) can enhance the ubiquitin ligase activity of
TRIM21, and both TRIM21 and FADD cooperatively in-
teract with IRF7 and contribute to TRIM21-mediated ubi-
quitination of IRF7 (Young et al., 2011).

Three other cellular E3 ligases have been identified, c-Cbl,
RBCKI1 and RAUL (RTA-associated ubiquitin ligase), all of
which target and promote K48-linked polyubiquitination-
dependent proteasomal degradation of IRF3. c-Cbl, a
member of the Cbl (Casitas B-lineage lymphoma) family,
negatively regulates IRF3 protein stability by interacting
with the C-terminal domain of IRF3 via its TKB (tyrosine
kinase binding) domain and promotes K48-linked poly-
ubiquitination-dependent proteasomal degradation of IRF3
(Zhao et al., 2016). After induction by viral infection, the E3
ubiquitin ligase RNF54, also called RBCK1 (RBCC protein
interacting with PKC1), specifically catalyzes the K48-
linked polyubiquitination of IRF3, which mediates the de-
gradation of IRF3. This process is an important negative
feedback mechanism for the termination of IRF3-dependent
antiviral responses (Zhang et al., 2008). Additionally,
RBCKI plays a broader role in the suppression of host an-
tiviral responses because it suppresses NF-kB activation by
negatively regulating TNF and IL-1 (Tian et al., 2007). The
HECT E3 ligase RAUL directly catalyzes K48-linked
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polyubiquitination of both IRF3 and IRF7, followed by their
proteasome-dependent degradation. The viral E3 RAT en-
coded by KSHV (Kaposi’s sarcoma-associated virus) also
cooperates with the host E3 ligase RAUL to increase pro-
teolysis of both IRF7 and IRF3, which is more effective
against the host antiviral response (Yu and Hayward, 2010).

IRF3/7 activity is affected by ubiquitination or deubiquiti-
nation

Not only is ubiquitination involved in protein degradation
but also the proteasome-independent functions of non-
degradative ubiquitination are required to promote the acti-
vation of IRF3 and IRF7 (Higgs and Jefferies, 2008). In
addition, IRF activity is positively or negatively regulated by
some DUBs that regulate IRFs by removing the ubiquitin
chain from ubiquitinated IRFs (Figure 2).

Linear ubiquitin chain assembly complex (LUBAC) is an
ubiquitin ligase complex composed of SHARPIN, HOIL-IL
and HOIP that generates linear polyubiquitin chains (Toku-
naga and Iwai, 2012). The activation of IRF3 in the RIPA
(RLR-induced IRF3-mediated pathway of apoptosis) re-
quires linear polyubiquitination of IRF3 at two specific ly-
sine residues mediated by LUBAC, which triggers its
interaction with the proapoptotic protein Bax to induce mi-
tochondrial activation and apoptotic cell death (Chatto-
padhyay et al., 2016; Chattopadhyay and Sen, 2017).

IRF7 activation by Epstein-Barr virus LMP1 (latent
membrane protein 1) and IKKe is enhanced following K63-
linked ubiquitination by TRAF6. TRAF6 ubiquitinates IRF7
at multiple sites, but this ubiquitination is independent of the
C-terminal functional phosphorylation sites of IRF7, which
provides evidence that the regulatory ubiquitination of IRF7
is a prerequisite for its phosphorylation (Ning et al., 2008). In
addition, receptor-interacting protein (RIP) contributes to
LMP1-promoted ubiquitination of IRF7 and is required for
full activation of IRF7 by LMP1, suggesting that RIP serves
as a general activator of IRF7 (Huye et al., 2007). The an-
tiapoptotic factor A20, which possesses both DUB activity in
its N-terminal domain and E3 ligase activity in its C-terminal
domain, is also induced by LMP1. The A20 N-terminal DUB
domain interacts with and deubiquitinates IRF7, decreasing
the K63-linked ubiquitination of IRF7 (Ning and Pagano,
2010).

IRF1/2

The regulation of IRF1 and IRF2 is considerably less well
understood than that of IRF3 and IRF7. IRF1 and IRF2 are
well known for their antagonistic regulation of oncogenesis.
As a tumor suppressor protein, IRF1 exhibits a short half-life
and turns over rapidly in response to changes in the cellular
environment (Pion et al., 2009). The IRF1 protein level is
differentially regulated by CHIP (C terminus of the Hsc
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(heat-shock cognate) 70-interacting protein). CHIP, a protein
quality control E3 ligase, is regarded as a link between
protein folding and protein degradation pathways through its
selective ubiquitination of misfolded proteins via colla-
boration with molecular chaperones (Murata et al., 2001). In
unstressed cells, CHIP appears to chaperone IRF1 and po-
sitively affect its protein levels. However, under certain
stress conditions, CHIP binds a central intrinsically dis-
ordered domain (Mf2 domain) of IRF-1 and mediates its
ubiquitination (Narayan et al., 2011). The structured DBD of
IRF1 acts as an ubiquitin acceptor site of CHIP binding and
ubiquitination (Landré et al., 2013). Importantly, the inter-
action between IRF1 and CHIP was enhanced by trichostatin
A (TSA) treatment, which facilitated the degradation of IRF1
and was shown to be important in the TSA-mediated in-
hibitory effect on IFN-y induction mediated by TRIM22 and
other IRF-1-dependent IFN-stimulated genes (Gao et al.,
2013).

In addition, MDM?2 functions as an Mf2 domain ligase,
interacts with the IRF1 DBD and mediates the ubiquitination
of IRF1 (Landré et al., 2013). MDM2 (murine double minute
2, also known as human double minute 2 protein (HDM?2)) is
known for its role in targeting p53 for ubiquitin-mediated
proteasomal degradation; it also interacts with IRF2 and
mediates its ubiquitination (Moll and Petrenko, 2003). The
interaction between IRF2 and MDM2 requires both the hy-
drophobic pocket and acidic domain of MDM2, and its dual
binding sites enable E3-ubiquitin ligase-substrate interac-
tions with IRF2, which may attenuate the function of IRF2 as
a transcriptional repressor (Pettersson et al., 2009).

In addition, the activation of IRF1 requires K63-linked
polyubiquitination by the apoptosis inhibitor cIAP2 during
IL-1 signaling. The E3 ubiquitin ligase activity of cIAP2 can
be enhanced by the bioactive sphingolipid mediator S1P, and
both cIAP2 and S1P form a complex with IRF1, which is
essential for IL-1-induced production of the chemokines
CXCL10 and CCLS5 (Harikumar et al., 2014).

IRF4/5/8

IRF4, IRFS5 and IRFS, the stability and activity of which are
also critically regulated by ubiquitination, play important
roles in regulating the development and differentiation of
both lymphoid and myeloid cells. As described above, the
other two Cbl family members in mammals, Cbl-b and Cbl-
¢/Cbl-3, are also involved in negatively regulating the sta-
bility of IRFs (Swaminathan and Tsygankov, 2006). All Cbl
proteins have a conserved N-terminal region that en-
compasses a TKB domain, RING finger domain and a linker
region between them. These domains enable Cbl proteins to
function as E3 ligases (Swaminathan and Tsygankov, 2006;
Thien and Langdon, 2005). Cbl proteins play a critical role in
antibody affinity maturation in GC (germinal center) B cells
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by promoting IRF4 ubiquitination and degradation (Li et al.,
2018). Likewise, the stability of IRF8 is downregulated by
Cbl-mediated ubiquitination, and the C-terminal domain of
IRF-8 is necessary for ubiquitination (Xiong et al., 2005).
IRF5 contains polymorphisms due to its alternative splicing
and the insertion or deletion of a 30-nucleotide sequence in
IRF5 exon 6. As mentioned, IRF5 can be a substrate of
TRIM21, and various IRF5 isoforms can directly interact
with TRIM21 upon TLR7 stimulation. IRF5-V1 and IRF5-
V5 are targeted for TRIM21-mediated degradation, whereas
IRF5-V2 and IRF5-V3 are resistant to TRIM21-mediated
degradation, which is of great importance in regulating the
stability and activity of IRF5 (Lazzari et al., 2014).

Proteasome-independent ubiquitination is also involved in
regulating these three IRFs. Upon IFN-y and TLR stimula-
tion in murine macrophages, TRIM21 was found to interact
with IRF8 and ubiquitinate IRF8 in the nondegradative
pathway, which positively contributed to the expression of
IL-12 p40 (Kong et al., 2007). IRF8 protein levels in reg-
ulatory T cells are also stabilized by USP4 (ubiquitin-specific
protease 4), and USP4 physically interacts with IRF8 and
functions via K48-linked deubiquitinase activity (Lin et al.,
2017). USP4 also stabilizes IRF4 protein levels by inter-
acting with and deubiquitinating IRF4, which promotes the
function of IRF4 in facilitating IL-4 expression in T helper
type 2 cells (Guo et al., 2017). Similarly, upon TLR7 or
TLR9 stimulation, TRAF6 interacts with IRF5 and promotes
K63-linked ubiquitination of IRFS, which is important for
IRFS5 nuclear translocation and target gene regulation (Bal-
khi et al., 2008).

Exogenous protein-mediated regulation of IRFs

There is mounting evidence that IRF activity is also down-
regulated by the ubiquitination of viral proteins. Viruses have
evolved a multitude of strategies to disturb the innate im-
mune system. Viruses facilitate their own replication, and
their persistence largely depends on their ability to exploit
the ubiquitin system; viruses can encode their own E3 ligases
or deubiquitinases or redirect host ubiquitin enzymes (Mar-
sili et al., 2016; Randow and Lehner, 2009). IRFs are gen-
erally an attractive ubiquitination target for the virus-
mediated subversion of host antiviral responses (Figure 2).
As the dominant regulators of type I IFN production fol-
lowing viral infection, the ability of IRF3 and IRF7 to impair
viral replication makes them the most important targets for
many viruses. The protein expression and phosphorylation of
IRF3 and IRF7 were shown to be inhibited after SVV (Se-
neca Valley virus) infection, and SVV 3C™™ interacted with
IRF3 or IRF7 in PK-15 cells and contributed to the de-
gradation of IRF3 and IRF7 through its protease activity
(Xue et al., 2018a). Furthermore, the cysteine and histidine
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residues of SVV 3C"™ endow it with deubiquitinating ac-
tivity, which can inhibit both the K48-linked poly-
ubiquitination of TBK1 (TANK-binding kinase 1) and the
K63-linked polyubiquitination of RIG-1 (retinoic acid-in-
ducible gene I) and TRAF3 (TNF receptor-associated factor
3). Interestingly, 3C™ partly stabilizes TBK1 by its DUB
activity, but as a whole, the expression level of TBK1 is still
reduced after SVV infection. Therefore, via its DUB activity,
SVV 3C™ suppresses the RIG-I- and TBK1-induced ex-
pression of IFN-B (Xue et al., 2018b).

The ICPO (infected cell protein 0) protein encoded by
several herpesviruses also functions as an E3 ligase and in-
duces K48-linked ubiquitination and proteolysis of IRF3 and
IRF7. The RING finger domain of ICPO is essential for its E3
ubiquitin ligase activity. However, some studies demon-
strated that ICP0O encoded by BICPO (bovine herpesvirus 1)
reduced the protein levels of IRF3 but not IRF7 and directly
or indirectly targeted IRF3 for proteasome-dependent de-
gradation (Saira et al., 2007; Saira et al., 2009). Moreover,
BICPO was also found to promote the K48-linked ubiquiti-
nation of TRAF6 and mediate its degradation through a
proteasome-dependent pathway, influencing the activation of
IRF7 via K63-linked ubiquitination by TRAF6 (Cao et al.,
2019). Studies have identified full-length rotavirus NSP1
(nonstructural protein 1) as a viral IFN antagonist that in-
duces the proteasome-mediated degradation of IRF3 (Barro
and Patton, 2005). As NSP1 specifically targets the C-
terminal regions of IRFs (except IRF1 and IRF2), which
carry an IRF association domain that mediates homo or
heterodimeric IRF interactions, NSP1 also mediates the de-
gradation of IRF5, IRF7 and IRF9 (Arnold, 2016; Barro and
Patton, 2007).

During the early steps of HIV-1 infection, the HIV-1 ac-
cessory proteins Vif and Vpr decrease the relative levels of
IRF3 due to ubiquitin-associated proteasome degradation
without activating IRF3. The N-terminal lysine residues of
IRF3 are important for Vif- and Vpr-mediated degradation
(Doehle et al., 2009; Okumura et al., 2008). However, the
degradation of IRF3 by another accessory protein, Vpu, re-
mains controversial (Dochle et al., 2012; Langer et al.,
2019). The cellular E3 ligase HDM2 is exploited by the
transcriptional activator Tat of HIV-1, which accelerates
IRF1 proteasome-mediated degradation (Remoli et al.,
2016). In addition, inactivated IRF3 can interact with the
viral protein N (N-terminal protease), a small papain-like
cysteine protease. N™ interacts with and induces the de-
gradation of IRF3 upon infection with the pestiviruses
classical swine fever virus (CSFV) and bovine viral diarrhea
virus (BVDV), which causes a marked loss of IRF3 (Bau-
hofer et al., 2007; Chen et al., 2007). ORF61 and PLP2 can
recognize and interfere with activated IRF3. ORF61, an
immediate-early protein of varicella-zoster virus (VZV),
inhibits the Sendai virus-mediated activation of IFN-$ by

Sci China Life Sci

June (2021) Vol.64 No.6

directly interacting with activated IRF3, leading to the de-
gradation of IRF3 through an ubiquitin-proteasome pathway
(Zhu et al., 2011). Papain-like protease domain 2 (PLP2), a
catalytic domain of nsp3 (nonstructural protein 3) from
MHV-AS59 (mouse hepatitis virus A59), contains a conserved
DUB motif. PLP2 binds IRF3 and causes its deubiquitination
to prevent the nuclear localization of IRF3. Moreover, the
DUB activity of PLP2 can cleave both K48- and K63-linked
polyubiquitin chains from IRF3, which may be why cor-
onaviruses can escape host innate antiviral responses (Tsu-
chida et al., 2009; Zheng et al., 2008).

As mentioned before, the KSHV-encoded immediate-early
protein RTA (RNA transcriptional activator, also known as
ORF50) has evolved the ability to redirect the host E3 ligase
RAUL to strengthen the proteolysis of both IRF7 and IRF3.
The effect of KSHV against the host antiviral response is also
attributed to the E3 ligase activity of RTA, which targets
IRF7 for proteasome-dependent degradation. A cystine- and
histidine-rich N-terminal domain of RTA is critical for its E3
ligase activity (Yu et al., 2005). GCRV (grass carp reovirus)
VP56 blocks the host IFN response and facilitates viral re-
plication by inducing K48-linked ubiquitination and de-
gradation of phosphorylated IRF7 upon GCRV infection
(Zhang et al., 2020). In addition to NSP1, IRF9 is targeted by
the immediate-early protein ORF63 encoded by VZV and
simian varicella virus, which blocks JAK-STAT signaling by
degrading IRF9 in a proteasome-dependent manner (Verweij
et al., 2015).

Conclusions and perspectives

The important roles played by IRFs in specific type I IFN
induction and how IRFs are activated and regulated by viral
infection and PTMs have been discussed in many recent
reviews. This review summarizes current research on the
direct ubiquitination of IRFs and introduces and classifies
identified cellular E3 ligases/DUBs and viral proteins by
substrate specificity, interaction and effect on IRF stability or
activity (Table 1). However, research on how ubiquitination
regulates IRFs is still being updated with more in-depth
studies on the mechanism by which IRFs shape innate and
adaptive immune responses, cell differentiation, tumor sup-
pression and other biological processes. Many questions
remain unanswered and require explanation: the ubiquitin
acceptor sites of some IRFs that undergo E3 ligase-mediated
ubiquitination remain undefined, the interactions between E3
ligases or viral proteins and IRFs and their functions should
be better characterized, and how viruses exploit the ubiquitin
system to interact with and affect the host immune system
should be further elaborated. Thus, further identification of
these sites can fully explain the role of ubiquitin in regulating
IRFs, and interfering viral protein-IRF interaction interfaces
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Table 1 Summary of host and viral proteins that regulate the stability or activity of IRFs by degradation or by promoting activation
Proteasome-mediated degradation
Ubiquitin-mediated activation Deubiquitination
Cellular E3 Viral proteins
IRF1 CHIP, MDM2 cIAP2
IRF2 MDM2
SVV (3C™)
PINI CSFV/BVDV (N)
TRIM21 RVs (NSP1)
IRF3 c-Cbl LUBAC PLP2
RBCKI1 HSV-1 (ICP0)
RAUL HIV-1 (Vif,Vpr,Vpu)
VZV (ORF61)
IRF4 Cbls USP4
IRF5 TRIM21 RVs (NSP1) TRAF6
SVV (3C™)
TRIM21 RVs (NSP1) TRAF6
IRE7 RAUL KSHV (RTA) RIP A20
GCRV (VP56)
IRF8 Cbls TRIM21 USP4
IRF9 RVs (NSP1)

VZV/SVV (ORF63)

may provide host targets for both antiviral treatment and
autoimmune therapy.
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