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Abstract
Interferon cytokine family members shape the immune response to protect the host from both
pathologic infections and tumorigenesis. To mediate their physiologic function, interferons evoke
a robust and complex signal transduction pathway that leads to the induction of interferon-
stimulated genes with both proinflammatory and anti-viral function. Numerous mechanisms exist
to tightly regulate the extent and duration of these cellular responses. Among such mechanisms,
the post-translational conjugation of ubiquitin polypeptides to protein mediators of interferon
signaling has emerged as a crucially important mode of control. In this mini-review we highlight
recent advances in our understanding of these ubiquitin-mediated mechanisms, their exploitation
by invading viruses and their possible utilization for medical intervention.
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Interferon signaling and protein ubiquitination
Interferons (IFNs) encompass three cytokine families that play key roles in shaping immune
responses that protect the host from pathogenic infection as well as from tumor development
(59). Type 1 IFNs (including IFNβ and diverse species of IFNα) are produced by numerous
cell types, whereas secretion of Type 2 (IFNγ) and Type 3 IFNs (IFNλ, also termed
IL28/29) is largely restricted to immune and epithelial cells, respectively. Each type of IFN
interacts with its own cognate receptor (Figure 1). Whereas receptors for Type 1 IFN
(consisting of a complex of IFNAR1 and IFNAR2c chains) and Type 2 IFN (a complex of
IFNGR1 and IFNGR2) are ubiquitously expressed, not all tissues are responsive to IFNλ
(17). Signal transduction downstream of the receptors is similar for Type 1 and Type 3 IFN,
and involves activation of JAK1 and TYK2 members of the Janus kinase (JAK) family. JAK
activation promotes subsequent tyrosine phosphorylation of signal transduction and
activators of transcription (STAT) proteins that form transcriptionally active STAT1
homodimers or STAT1/STAT2/IRF9 complexes (17, 59). Type 2 IFN activates JAK1 and
JAK2, ultimately leading to formation of STAT1 homodimers. These transcriptionally
active complexes translocate to the nucleus and induce the expression of a diverse family of
interferon-stimulated genes (ISGs, Figure 1). Protein products of these genes act in concert
to mediate the anti-viral, anti-tumorigenic and immunomodulatory effects of IFNs (17, 59).
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Numerous additional mechanisms play a key role in shaping these pathways and limit their
extent (59, 81). While mediating host protection, IFNs also exert negative effects on cell
growth, proliferation and viability. Therefore, the extent of IFN signaling is tightly regulated
at many levels to limit these detrimental effects. Notably, conjugation of ubiquitin (termed
ubiquitination) is of paramount importance in restricting the IFN signaling (29).
Ubiquitination involves conjugation of ubiquitin, a small polypeptide, to lysine side chains
within the substrate. This reaction is catalyzed by a cascade of enzymatic reactions mediated
by ubiquitin-activating (E1), ubiquitin-conjugating (E2) and ubiquitin-ligating (E3)
enzymes. E3 ubiquitin ligases recognize specific substrates and determine the efficacy of
ubiquitination (16). Importantly, the next round of ubiquitination can attack lysines within
ubiquitin (e.g., Lys48 or Lys63 or Lys11) resulting in the formation of polyubiquitin chains.
Protein ubiquitination is an important post-translational modification that plays a key role in
regulating numerous intracellular signaling pathways and biological processes through both
proteolytic and non-proteolytic modes of action (11, 16, 36). For example, Lys-48-linked
polyubiquitin targets substrate proteins for proteasomal degradation, whereas Lys63-based
chains can stimulate endocytosis and lysosomal degradation of membrane proteins or
alternatively contributes to activation of stress-activated protein kinases in response to
inflammatory cytokines (reviewed in (11, 16, 36)). The importance of protein ubiquitination
in regulating cytokine signaling in general and IFN signaling in particular is underscored by
the propensity of tumor cells and viruses to hijack this mode of regulation to evade IFN
control and interfere with ability of a host to suppress malignant growth and viral replication
(reviewed in (20, 82)).

This mini-review aims to highlight the mechanisms by which protein ubiquitination
contributes to the regulation of IFN signaling (Figure 1). Because of size limitations we will
focus on IFN signaling per se and will not address production of IFN or the relative
importance of other ubiquitin-like proteins (such as ISG15 or Sumo). These areas have been
extensively covered in a number of outstanding review articles (5, 32, 37, 68, 87). Wherever
possible, we will describe how cellular regulatory mechanisms can be subverted by diverse
viruses to evade anti-viral control by IFNs. Viruses may express proteins that activate
intracellular signaling that stimulate targeting of IFN pathway mediators for ubiquitination
by the cellular E3 ligases. In addition, viruses may express proteins that either act alone or
combine cellular proteins to function as unique viral/complex E3 ubiquitin ligases.
Examples of the latter scenario are listed in Table 1.

Regulation of IFN receptors stability
Protein ubiquitination has emerged as a prominent mechanism that governs downregulation
of signaling receptors. In addition to its impact on intracellular proteasomal degradation of
receptor precursors, ubiquitination of receptors localized to the plasma membrane often
accelerates receptor internalization and/or directs the post-internalization fate of these
receptors towards degradation in the lysosomal compartment (reviewed in (29)).

The IFNAR1 chain of the Type 1 IFN receptor is a key signaling mediator (81) that is often
used as model signaling receptor for studies on the role of ubiquitination in endocytosis. A
Cullin-based E3 ubiquitin ligase facilitates the ubiquitination and degradation of IFNAR1
(40) following its recruitment through interactions with substrate-recognizing F-box
proteins, such as β-Trcp (21). Despite being itself unstable (46), β-Trcp can tether IFNAR1
with three other components of the E3 ligase (proteins Skp1, Cullin1 and Roc1/Rbx1) to
facilitate polyubiquitination of IFNAR1 predominantly within a cluster of three lysine
residues (38, 39). This polyubiquitination directs already internalized IFNAR1 to the
lysosomal compartment, thereby promoting its subsequent degradation (38, 40).
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IFNAR1 ubiquitination also robustly stimulates IFNAR1 internalization by exposing its
linear endocytic motif so that it can interact with AP50, the endocytic machinery adaptor
(Figure 2 and ref. (38)). In the absence of ubiquitination, this motif is masked by associated
TYK2, thereby preventing basal endocytosis and degradation of IFNAR1 (25, 41, 64). It is
unclear how IFNAR1 ubiquitination unmasks the linear endocytic motif. Given that TYK2
remains associated with IFNAR1 throughout early endocytic events and trafficking stages
(56), it is plausible that ubiquitination alters spatial arrangements between the receptor, other
participating proteins and the plasma membrane, allowing for functional interactions of the
linear motif with endocytic machinery. For example, a highly conserved proline residue
following the endocytic motif (e.g. Pro470 in human receptor) likely induces a turn that
orients the polypeptide chain of IFNAR1 parallel to the membrane (Figure 2). Subsequent
addition of an ubiquitin moiety may alter this orientation, exposing the endocytic motif and
enhancing recognition/binding by AP50. Intriguingly, both Lys48- and Lys63-linked
polyubiquitin chains contribute significantly to IFNAR1 endocytosis and subsequent
degradation (38). Given that these two types of polyubiquitin chains adopt very different
conformations (74), interactions between the endocytic motif and endocytic machinery
could be augmented and/or stabilized by the presence of both chain types (Figure 2).

A key event in regulating IFNAR1 ubiquitination is its phosphorylation on specific Ser
residues following Type 1 IFN engagement. Such phosphorylation promotes recruitment of
β-Trcp and the remaining components of the E3 ubiquitin ligase (39), resulting in receptor
downregulation that limits further IFN responses (51, 88, 90). Intriguingly, a number of
physiological and/or pathological regulators can trigger phosphorylation-induced IFNAR1
ubiquitination and degradation even in the absence of IFN, thereby desensitizing cells to
future encounters with ligand. Notably, signaling through the Bcr-Abl oncogene (4),
vascular endothelial growth factor (89), additional inflammatory cytokines (30), or ER stress
pathway (48) can all have a negative impact IFN signaling by promoting ubiquitination-
dependent receptor internalization.

The ER stress-induced mechanism of IFNAR1 downregulation probably accounts (at least in
part) for many instances of widely observed downregulation of IFN signaling following
overexpression of viral proteins. In addition to triggering endocytosis and lysosomal
degradation of mature receptors, these proteins can also accelerate the proteasomal
proteolysis of immature non-glycosylated proteins. For example, the EBV-encoded latent
membrane proteins, LMP2A and LMP2B, attenuate signaling by Type 1 IFN by stimulating
the intracellular turnover of the receptors precursors (69). Among other viruses implicated in
accelerating the turnover of IFNAR1 are herpes simpex virus (63), hepatitis C (3, 15, 48, 60)
and B (12) viruses, vesicular stomatitis virus (3, 48), and SARS coronavirus (52).

Little is known about the role of ubiquitin-mediated mechanisms in the downregulation of
Type 2 and Type 3 IFN receptors. However, some effects of viruses have been suggested.
Expression of the abovementioned EBV proteins, LMP2A/B was suggested to interfere with
IFNγ signaling via accelerating turnover of Type 2 IFN receptor precursors (69). In
addition, specific RING proteins K3 and K5 (also known as MIR1 and MIR2) encoded by
Kaposi’s sarcoma-associated herpesvirus (KSHV) stimulate ubiquitination, endocytosis and
degradation of IFNGR1, leading to attenuation of cellular responses to Type 2 IFN (45).
Future studies will identify and characterize cellular and viral factors that mediate
ubiquitination of IFNγ and IFNλ receptors.

Ubiquitination-dependent regulation of JAK
Given that TYK2 and JAK1 might escort IFNAR1 on its trafficking route to the endosomal
compartment (56), it is plausible that these (and perhaps other) JAKs may undergo limited
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lysosomal co-degradation along with their associated receptors. However, it appears that
ubiquitination-mediated proteasomal degradation plays a greater role in regulating JAK
stability. For example, RANKL-induced JAK1 proteolysis is required to alleviate the
suppression of osteoclastogenesis mediated by IFNβ signaling (43). Mechanistically,
RANKL induction of suppressors of cytokine signaling (SOCS1/3) proteins, which function
as E3 ubiquitin ligase adaptors, may directly facilitate JAK1 ubiquitination within this
pathway. In support, JAK2 ubiquitination and degradation depends on SOCS1 (1, 33, 34,
79). In addition, recent reports also suggest that the Notch-induced Asb2 protein serves as a
substrate recognition subunit to recruit Cullin-based E3 ubiquitin ligases to JAK2
independently of SOCS participation (54). Finally, viruses have been implicated in
stimulating ubiquitination and degradation of JAKs. For example, human metapneumovirus,
responsible for most respiratory infections in infants, inhibits type 1 IFN, at least in part, by
promoting proteosomal degradation of JAK1 and TYK2 (66).

Mechanisms of STAT ubiquitination: cellular and viral factors
Although IFN-activated STAT1 was one of the original transcription factors found to be
ubiquitinated (35), the identity of cellular E3 ubiquitin ligases that target STAT1 and
STAT2 for ubiquitination and the mechanisms regulating these events remain poorly
understood. A report that β-Trcp-based E3 ubiquitin ligase may be also involved in
ubiquitination and degradation of STAT1 phosphorylated by MAPK (70) remains to be
confirmed. It has been proposed that ubiquitination of activated STAT1 in the nucleus is
mediated by STAT-interacting LIM (SLIM, currently termed PDLIM2) protein (72, 80).
Intriguingly, this ubiquitination and subsequent degradation can be stimulated by exposure
of macrophages or mammary epithelial tumor cells to a secreted glycoprotein, osteopontin.
SLIM/PDLIM2 was reported to function as a bona fide STAT1 E3 ubiquitin ligase that
facilitates STAT1 turnover to negatively regulate IFNγ signaling (22, 23, 27). It is
suggested that SLIM/PDLIM2 E3 ligase also targets STAT3 (73).

Viruses are notorious for hijacking cellular factors that target STAT proteins for
ubiquitination and degradation in order to evade IFN-imposed restrictions. For example,
accelerated turnover of STAT1 is triggered by infection with Sendai virus (24),
paramixoviruses (76, 77), and mumps virus (62, 78, 85). STAT2 appears to be a target of
ubiquitin-mediated proteasomal degradation stimulated by human cytomegalovirus (42, 75),
respiratory syncytial virus (19, 66, 71), paramyxoviruses (61, 76, 77) and Dengue virus (2)
among others. Use of virus-encoded proteins to enable the recruitment of STAT1/2 to
cellular Cullin-based ubiquitin ligases appears to be a common theme underlying viral
targeting of STAT1/2 proteins for proteasomal degradation (65). Although the
abovementioned PDLIM2 was shown to associate with the NS1 protein of highly pathogenic
avian H5N1 influenza A virus (86), the significance of this interaction for STAT1/2 stability
remains to be elucidated.

Examples of regulation of ISGs via ubiquitination
IFN stimulates expression of many genes, and their protein products are likely to be
regulated by ubiquitination. For example, IFNs induce expression of MHC Class I and Class
II molecules that play a paramount role in immunomodulatory effects of IFN. The robust
IFN-induced synthesis and assembly of MHC Class I molecules is equally vigorously
counteracted by the ER-associated degradation pathway facilitated by ubiquitination
facilitated by HRD1 E3 ubiquitin ligase (10).

The K3 and K5 Kaposi’s virus E3 ligases mentioned above are clearly implicated in
downregulation and degradation of both MHC Class I (6–8, 28, 44) and MHC Class II
molecules (67). This virus has also been shown to stimulate ubiquitination and degradation
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of IFN-induced tetherin (18, 50, 55), a cell-surface protein whose expression is induced by
IFNα. This protein plays a key role in IFN-induced defenses against retroviruses (47) and
human cytomegaloviruses (83). Accelerated degradation of both tetherin and another IFN-
induced anti-retroviral protein, APOBEC, has also been described in cells exposed to HIV
(18, 26, 49, 53).

Ubiquitin-dependent positive regulation of IFN signaling: an uncharted
territory

A paramount role for non-proteolytic ubiquitination in promoting signaling induced by
inflammatory cytokines such as interleukin-1 or tumor necrosis factor-α has been uncovered
in the past decade and a half (11). A specific role for polyubiquitin chains linked either via
internal Lys63 conjugation or in a linear manner following induction of stress-activated
protein kinases such as p38 kinase and IκB kinases (IKK) is well supported. Traditionally,
IFNs are viewed as important components of the inflammatory cytokine milieu (5, 11),
however, there is a relative paucity of data regarding the positive effects of protein
ubiquitination on IFN signaling. Although IFN can clearly activate p38 kinases (59) and
IKK (57), the mechanisms underlying this activation remain largely unclear. While it has
been suggested that TYK2 is decorated by a non-proteolytic Lys63-linked polyubiquitin
chain (58), the significance of this modification is yet to be understood.

Whereas TRAF2 E3 ubiquitin ligase (implicated in the ubiquitination-dependent activation
of signaling elicited by tumor necrosis factor-α (11)) is recruited to Type 1 IFN receptor
(84), the role of this recruitment for the downstream signaling needs to be investigated. In
addition, non-canonical mechanisms of IKK activation may contribute to activation of these
kinases in response to IFN in a ubiquitination-independent manner. Such mechanisms that
may involve either the PKR kinase (9, 13, 31) or phosphoinositol-3 kinase-Akt signaling
axis (reviewed in (57)) have been described.

Conclusions and medical significance
As seen from the review of abovementioned literature, the importance of protein
ubiquitination as a mechanism for controlling the extent of IFN signaling continues to
emerge. In addition to cell-autonomous mechanisms, ubiquitination stimulated by viral
factors is of tremendous biologic significance. Besides the negative modes of regulation
where ubiquitination limits the extent of IFN signaling by proteolytic degradation of
pathway mediators via lysosomal or proteasomal routes, it is plausible that positive
regulation may also occur.

Further delineation of these mechanisms is expected to yield novel means for
pharmaceutical control of IFN pathways. Intriguingly, both activators and inhibitors of this
pathway may find their application in medicine. Given that various types of IFN are widely
used for treatment of chronic viral infections and cancers (29, 57, 59), interfering with the
ubiquitination-dependent mechanisms of negative regulation is expected to improve the
efficacy of these therapies. Conversely, future identification of stimuli/effectors that
promote ubiquitination of IFN signaling intermediates may pave the road for novel therapies
against autoimmune diseases (e.g., systemic lupus erythematosus) whose pathogenesis is
fueled by IFN (14). There is a great deal of hope that these research efforts will come to
translational fruition within the next decade or two.
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Figure 1. IFN signaling and the regulatory role of ubiquitination
Upon engaging a cognate receptor complex (IFNAR1-IFNAR2 for Type 1 IFN, IFNGR1-
IFNGR2 for Type 2 IFN or IL28RA-IL10R2 for Type 3 IFN) IFN activate receptor-
associated JAKs. A resulting tyrosine phosphorylation of STAT proteins leads to the
formation of transcriptionally active complexes (STAT1 homodimers for all types and
additional STAT1-STAT2-IRF9 complexes for Types 1/3 IFN) and ensuing induction of
ISGs. Cellular (β-Trcp, SOCS, SLIM) and diverse viral E3 ubiquitin ligases facilitate the
ubiquitination of various mediators of IFN signaling pathway to limit the extent and duration
of this signaling.
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Figure 2. A hypothetical mechanism for ubiquitination-mediated stimulation of IFNAR1
internalization
Sequence alignment of membrane-adjacent proximal fragments of the cytoplasmic tail of
IFNAR1 is shown on the left. Tyr-based endocytic motif YXXΨ, where Ψ is a hydrophobic
residue, is shown in bold letters. Proline residues conferring the IFNAR1 tail turns are
marked by green letters. Figure also shows an unstimulated receptor whose endocytic motif
does not interact with endocytic machinery (e.g., AP50 protein) due to spatial interference
by associated TYK2. Upon ligand binding and ensuing ubiquitination, a putative
conformational change can allow the recognition of the endocytic motif and subsequent
internalization. We speculate that formation of two different types of polyubiquitin chains
(Lys48- versus Lys63-linked) oriented toward plasma membrane at different angles may
stabilize the conformation conducive for endocytosis.
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Table 1

Examples of virus-encoded proteins that function as E3 ubiquitin ligases to target the mediators of IFN
pathway (alone or in combination with cellular proteins)

Cellular targets Virus Viral protein
involved

References

IFNGR KSHV MIR1 and MIR2 45

STAT1 Sendai C protein 24

STAT1/2/3 Paramyxoviruses V proteins 76–77

STAT2 mouse CMV pUL27 75

ISG: MHC Class I/II KSHV MIR1 and MIR2 6–8, 28, 44, 67
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