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Abstract
Tagging a small molecule ubiquitin to a protein substrate, or protein ubiquitination, plays an
important role in the immune responses. This process is catalyzed by a cascade of enzymatic
reactions, with the E3 ubiquitin ligases being the critical enzymes that determine the specificity of
substrate recognition. The E3 ligase Itch was identified from a mutant mouse which displays skin
scratching and abnormal immune disorders. In the past few years, much progress has been made in
our understanding of Itch-promoted protein ubiquitination, modulation of its ligase activity by
upstream kinases, and the kinase-ligase interaction in T cell differentiation and tolerance induction.

Keywords
Itch; ubiquitin; E3 ligase; T helper type 2; Jun proteins; anergy; asthma

1. Introduction
The thymus-derived T lymphocytes play a central role in mounting effective immune responses
against invading pathogens from small viruses to multicellular parasites. Depending on the
types of pathogens, naive CD4+ T cells can divide into two distinct subsets: T cell helper type
1 (Th1) cells and Th2 cells. Th1 cells secrete interferon (IFN)-γ, and mediate cellular immunity
against viruses and intracellular bacteria, whereas Th2 cells produce interleukin (IL)-4 and are
involved in the elimination of parasitic worms [1]. On the other hand, the T cell-mediated
immune response is tightly controlled, since excessive reaction could result in the damage to
self-tissues, leading to the development of autoimmunity, or allergy. The immune tolerance is
defined as the process by which the immune system does not attack self and involves multiple
mechanisms such as the generation of suppressive T regulatory T cells, or T cell anergy [2,3].

T cell activation is initiated by the recognition of the pathogenic peptide presented by antigen
presenting cells. Engagement of the T cell antigen receptor by the antigenic peptide triggers a
cascade of signaling pathways including the phosphorylation of kinases and adaptor proteins,
protein complex formation, subcellular relocation of signal molecules and transcription factors,
which eventually leads to the gene transcription and the development from naïve T cells to
effector T cells [4]. The signaling turn-on process is balanced by turn-off mechanisms such as
the de-phosphorylation of signaling molecules. One recently well-recognized mechanism to
terminate signal transduction is the process called protein ubiquitination [5]. The tagging of
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the 76 amino acid molecule to a protein substrate provides a signal for degradation via the
garbage disposal machinery or for functional modification.

Protein ubiquitination is achieved by sequential enzymatic reactions, with E3 ubiquitin ligase
enzymes being the critical components which determine the specificity of the ubiqutin system
by specifically recruiting protein substrates [6,7]. The importance of protein ubiquitination in
T cell regulation is realized with the identification of the Cbl family of adaptor proteins as E3
ubqiuitin ligases [8,9]. In this work, I will focus on a novel E3 ligase Itch that has been
implicated in T cell activation, differentiation, and tolerance induction.

2. Discovery of Itch
Itch was originally described by Neal G. Copeland and Nancy A. Jenkins’ group from studies
on mouse coat color alterations [10]. Mutations in the agouti locus on mouse chromosome 2
that either up-regulate or down-regulate the expression of agouti protein cause the color
changes in the hair shaft. One of these mutations, a18H, results from the decreasing expression
of agouti, which leads to darker than normal coats. Interestingly, unlike mutations in other
alleles, this mutation also causes a skin (in the back and neck) scratching phenotype and
immunological disorders, manifested by hyperplasia of lymphoid organs and inflammation in
the lung and digestive tract. Due to the constant itching in the skin, the mutant mice were also
called itchy mice. It was hypothesized that in addition to the agouti gene, there was another
mutation in the a18H allele, which is responsible for the itchy and immunological abnormality.

Subsequent genetic studies by the same group confirmed this hypothesis and revealed that the
a18H mutation results from a chromosomal inversion that deletes 18 and 20 base pairs from
the proximal and distal inversion breaks, respectively [11]. This inversion affects the
expression of agouti and disrupts the expression of a novel gene, named Itch. Sequencing of
the Itch cDNAs identified an open reading frame of 2,562 base pairs, which encodes 854 amino
acids with a molecular mass of approximately 113 kDa. Homology alignments of the predicted
amino acid sequences showed that the Itch protein contains a carboxyl-terminal E3 ligase
domain, proceeded by four protein-interacting WW domains, with high homology with E3
ligases such as the yeast Rsp5 or the mammalian Nedd4 proteins. This genetic study suggests
for the first time that Itch may act as an E3 ubiquitin ligase in regulating immune responses.

3. Structural features of Itch
The process of ubiquitin conjugation is carried by a cascade of enzymatic reactions via a
ubiquitin activating enzyme E1, a ubiquitin conjugating enzyme E2, and a ubiquitin-protein
ligase E3 [6]. The E1 enzyme activates ubiquitin to form a thioester bond between the active
site cysteine of the E1 and the C-terminal glycine residue of the Ub in an ATP-dependent
manner. The activated ubiquitin is then transferred to the active site cysteine of one of the E2
enzymes to form a similar thiolester linkage. The E3 ubiquitin ligases recruit both the E2-
ubiquitin complex and a protein substrate and facilitate the transfer of ubiquitin from the E2
to a lysine residue of the substrate or to another ubiquitin of a growing poly-ubiquitin chain.

The E3 ubiquitin ligases can be divided into two families: the RING (really interesting new
gene) family, and the HECT (homologous to the E6-associated protein C-terminus) family.
Both the RING domain and the HECT domain share similar surface structures in E2 binding
[6], but use distinct mechanisms for substrate ubiquitination. The RING-type E3s act as
scaffolds that bring the E2-ubiquitin and the substrate within the vicinity of each other to allow
a direct attack of the substrate lysine residue. In contrast, the HECT-type E3s have intrinsic
enzymatic activity, in which the ubiqutin is first transferred to the active site cysteine in the
HECT domain, and then to the target protein.
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Itch belongs to HECT domain-containing E3 ubiquitin ligases that, with a few exceptions,
contain an N-terminal C2 domain, followed by 2 to 4 protein-interacting WW domains, and a
C-terminal HECT catalytic domain (Fig. 1). The protein kinase C-related C2 domain is present
in a variety of proteins with diverse biological functions [12]. The C2 domain, which is about
116 amino acid residues, forms an eight-stranded antiparallel beta sandwich, at the end of which
constitutes a loop region for binding of Ca2+ and phospholipid. This domain is thought to play
a role in membrane targeting or subcellular location. Study of the C2 domain of Rsp5, a yeast
HECT-type E3, indicated that this domain binds specifically to some forms of phospholipids
and directs the sorting of endosomal cargo proteins [13]. The C2 domain of PKCδ also acts as
a phosphotyrosine binding domain [14]. The function of the Itch C2 domain remains unclear.

The WW domain is a short domain of approximately 40 amino acids and is so named due to
the presence of two signature tryptophan residues that are spaced 20 to 23 amino acids apart
and is involved in interaction with proteins containing PPXY or phospho-serine/threonine
motifs [15]. As further described below, the WW domains of Itch are shown to interact with
several PPXY motif-containing proteins such as JunB, as well as with proteins without PPXY
motifs such as Notch [16,17].

Structural studies of the HECT domain from E6-AP, the first identified HECT-type E3 ligase,
revealed that it consists of two lobes, with the N-terminal lobe complexing with E2-ubiquitin,
and the C-terminal lobe harboring the active site cysteine residue [18]. A subsequent analysis
of the crystal structure of the WWP1 HECT domain showed a hinge region between the two
lobes. This confers conformational flexibility for a rotation of the C-lobe to a closer position
for the ubiquitin transfer from the E2 to the active site cysteine in the C-lobe [19]. These
structural analyses suggest that the ligase activity of HECT-type E3s is subjected to regulation
via conformation modifications.

4. Itch in T cell differentiation
In younger itchy (or Itch−/− as annotated thereafter) mice (4 to 8 week-old), before the
appearing of skin scarring, the most obvious change is the enlarged spleen and lymph nodes,
which may suggest that loss of Itch affects T cell development and activation. However, a
detailed analysis of thymocytes and peripheral mature T cells did not reveal discernable
alterations in either thymocytes or mature T cells from spleen or lymph nodes in Itch−/− mice
[16]. Stimulation of primary T cells by anti-CD3 antibody plus anti-CD28 in vitro showed only
a modest increase in proliferation and a slight increase in IL-2 production. However, under the
same stimulation conditions, IL-4 but not IFN-γ production was increased in Itch−/− T cells.
The increased IL-4 production became much more obvious when Itch−/− CD4 T cells were
differentiated into Th2 cells. The results suggest that Itch may play a role in T cell
differentiation without much effect on the initial activation process after T cell receptor
engagement.

The immunological phenotype in Itch−/− mice is quite similar to the previously described
motheaten (me) mice, which also display skin itching and immunological diseases caused by
the deficiency of a protein tyrosine phosphatase, SHP1 [20]. Given such similarity, it was
hypothesized that Itch may regulate the tyrosine phosphorylation of intracellular signaling
molecules in T cells. However, a careful examination of the tyrosine phosphorylation profile
in Itch−/− T cells revealed normal phosphorylation patterns, together with normal activation
of downstream mitogen-activated protein kinases (MAPKs) such as the phosphorylation of
Erk, JNK, and p38 [16]. The relatively normal activation of intracellular signaling molecules
in the mutant T cells prompted an examination of further downstream transcription factors
including nuclear factor at activated T cells (NFAT), c-Fos, c-Jun, and NFκB, plus other
transcription factors which have been implicated in the differentiation of Th2 cells such as c-
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Maf, and GATA-3 [21]. The study was facilitated by the knowledge that WW domains interact
with proteins containing PPXY motifs [15]. It was hypothesized that Itch recruits its substrate
(s) via recognizing such PPXY motifs. By using GST-WW fusion protein as bait, it was
demonstrated that the WW domain pulled down c-Jun and JunB, but not JunD or other
transcription factors [16]. Sequence scanning of the Jun proteins revealed the presence of a
PPXY motif in c-Jun and Jun-B, but not JunD. Indeed, Itch interacts with c-Jun and JunB and
promotes the Ub conjugation to them. The stability of JunB was enhanced in Itch−/− T cells,
in addition to the increased DNA-binding activity.

Following antigen exposure, naïve CD4 T cells differentiate into two distinct subsets of Th
cells, Th1 and Th2, based on their cytokine profiles and different effector functions [1]. In
addition to the critical transcription factors such as T-bet in IFN-γ gene expression, and c-Maf
and GATA-3 in IL-4 expression, JunB was implicated in the Th2 differentiation in JunB
transgenic studies [22], which was further supported by the observation that loss of JunB in T
cells reduced the production of Th2 cytokines and decreased Th2-mediated immune responses
[23]. It should be noted that the serum concentrations of Th2-related immunoglobulin G1
(IgG1) and IgE subclasses were much higher in Itch−/− mice than in control littermates. These
studies are consistent with the idea that Itch modulates Th2 function by promoting
ubiquitination of Jun proteins.

5. Regulation of Itch by phosphorylation
5.1. Upregulation of Itch ligase activity by MEKK1-JNK kinases

To study the role of JNK pathway in T cell function, Karin’s group generated mice expressing
a mutant MAPK kinase kinase, MEKK1, which lacks the catalytic domain. Interestingly, the
mutant T cells showed increased production of Th2 cytokines without affecting much of IL-2
and IFN-γ production [24]. Similar to Itch−/− T cells, the protein amounts of c-Jun and JunB
were augmented in MEKK1 mutant T cells, whereas their mRNA levels remained unchanged,
suggesting that MEKK1 may affect the stability of Jun proteins via post-translational
modification.

Biochemical studies showed that MEKK1 enhances Itch-promoted ubiquitination of Jun
proteins, which is dependent on the kinase activity of MEKK1 [24]. Loss of MEKK1 activity
in the mutant T cells resulted in decreased c-Jun ubiquitination. It seems that MEKK1 functions
via the activation of downstream JNK1, since activated JNK1 had similar activity as MEKK1
in increasing Itch-mediated Jun ubiquitination. Indeed, JNK1 directly induces the
phosphorylation of Itch, which enhances its self-ligase activity, whereas loss of JNK1 in T
cells leads to reduced Itch phosphorylation and increased Jun stability. It should be noted that
c-Jun phosphorylation is not related to Itch-mediated ubiquitin conjugation to c-Jun, since
mutations at the potential phosphorylation sites in c-Jun did not affect its ubiquitination by
Itch. These results clearly suggest a novel pathway in which MEKK1-JNK1 signaling
modulates the Th2 cytokine production via phosphorylating and activating the E3 ligase Itch
(Fig. 2). The results are also consistent with previous observations that T cells lacking JNK
proteins display increased Th2 cytokine production [25,26].

The JNK1-induced serine/threonine phosphorylation sites in Itch were mapped in a proline-
rich region located between the Itch N-terminal C2 domain and the WW domains [27].
Mutations at the potential phosphorylation sites abolished Itch phosphorylation and decreased
its self-ligase activity normally induced by activated JNK1. JNK1 associates directly with a
MAPK-binding D domain in the proximal region of the Itch HECT domain and mutations at
this D domain inhibits Itch phosphorylation to a similar degree as the mutations in the serine/
threonine sites. More importantly, Itch seems to form intra-molecular interactions between the
WW and the HECT domains and this intra-molecular interaction results in a closed inactive
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conformation. This study leads to a model in that binding of JNK1 to the Itch D domain induces
Itch phosphorylation at the proline-rich region, which reduces the binding affinity of the WW
domains to the HECT domain, releases the WW domain for the recruiting of JunB substrate,
and increases the catalytic activity of the HECT domain.

It is well established that protein ubiquitination is subjected to regulation via protein
phosphorylation [28]. More often, this is carried out by the phosphorylation of the substrates,
which creates a binding site for the recognition by the E3 ligases. One example is the ligand-
induced tyrosine phosphorylation of receptor tyrosine kinases, which results in the binding of
Cbl E3 ligase via its phospho-tyrosine binding domain and the subsequent Ub transfer from
the Ub-E2-Cbl RING finger complex to the activated receptor [9]. In the case of Itch-promoted
Jun ubiquitination, JNK1 directly induces the serine/threonine phosphorylation and the
subsequent activation of the E3 ligase Itch, whereas the JNK1-induced phosphorylation of its
authentic substrates, the Jun proteins, becomes irrelevant, thus pointing out a novel regulatory
mechanism for the ubiquitin system.

It has to be mentioned that such a regulatory mechanism may be more complicated than a linear
MEKK1-JNK1-Itch pathway. In addition to being an upstream kinase, MEKK1 itself has E3
ligase activity, that either causes self-ubiquitination or ubiquitination of a downstream target
Erk [29,30]. MEKK1 contains an N-terminal plant homeodomain (PHD) region that is highly
related to the RING finger domain. Mutations at the conserved cysteine residues in the PHD
domain disrupt its self-ligase activity and its effect on Erk ubiqutination and phosphorylation.
Since the MEKK1 mutant T cells only lack the kinase domain while the PHD domain remains,
it is not clear whether the PHD domain of MEKK1 plays a role in Th2 differentiation.

5.2. Negative regulation of Itch by tyrosine phosphorylation
Engagement of the TCR with antigenic peptide in the context of the major histocompatibility
complex results in the activation of the Src kinases Lck and Fyn and the subsequent tyrosine
phosphorylation of TCR complexes, leading to the recruitment and activation of Zap-70 and
the initiation of intracellular signaling cascades to T cell proliferation and cytokine production
[31]. Under resting T cells, the Src kinases are in a closed conformation imposed by the
interaction of the Src SH2 domain with a C-terminal phosphorylated tyrosine residue. Upon T
cell activation, the regulatory tyrosine residue is dephosphorylated, which renders the kinases
into an open structure essential for their activation. In addition to the tight control by tyrosine
phosphorylation and dephosphorylation, Src kinases are also subjected to ubiquitination and
degradation. An early study demonstrated that E6-AP, a HECT-type E3 ligase, associates with
the Src kinases Lck and Blk and promotes their ubiquitination [32]. Particularly, the activated
form of Blk is easily degraded via the proteasome-dependent pathway. In another study, it was
shown that the latent membrane protein 2A of Epstein-Barr virus serves as a scaffold to recruit
the Src kinase Lyn and AIP4, the human homologue of mouse Itch, and facilitates AIP4-
mediated Lyn ubiquitination and subsequent degradation [33,34].

Although initial preliminary studies suggested that Itch associates with Fyn, a detailed analysis
of Itch−/− T cells did not reveal an obvious effect of Itch on the activation status and protein
stability of the Src kinases Lck and Fyn in T cells. Yet, co-expression of Fyn with Itch in
cultured cells reproducibly resulted in the tyrosine phosphorylation of Itch [35]. By using a
systematic proteomic approach, a small peptide fragment containing the phosphorylated
tyrosine-371 was identified. Mutation of this tyrosine residue caused a marked reduction of
Itch tyrosine phosphorylation by Fyn. It seems that Fyn associates with Itch via the SH3 domain
of Fyn and a region near the third WW domain of Itch. This interaction is not dependent on
the tyrosine phosphorylation of Itch. Importantly, the level of Itch tyrosine phosphorylation
was reduced to a larger degree in Fyn−/− T cells upon TCR stimulation, suggesting a
physiological role of Fyn kinase in the Itch phosphorylation event.
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Unlike MEKK1-JNK1-induced serine/threonine phosphorylation, Itch tyrosine
phosphorylation does not affect its self-ligase activity, nor does it increase its activity in
promoting JunB ubiquitination [35]. Rather, a mutation at tyrosine 371 augments Itch-mediated
JunB ubiquitination, which is further supported by the reduction in JunB ubiquitination with
the expression of constitutively active Fyn. It turns out that phosphorylation at tyrosine 371,
which is located close to the 3rd WW domain, decreases its association with JunB, and loss of
Fyn increases Itch-JunB interaction, which results in lesser JunB stability, as revealed in Fyn
−/− T cells. Thus, in contrast to serine/threonine phosphorylation, tyrosine phosphorylation of
Itch plays a negative role in Itch-mediated JunB ubiquitination (Fig. 2).

Although an early study showed that Fyn plays a negative role in the differentiation of naïve
CD4 T cells into Th2 cells [36], two recent studies convincingly demonstrate that Fyn is
required for production of Th2 cytokines [37,38]. In addition to the TCR complex, Fyn is also
recruited to the SLAM family receptors via the adaptor protein SAP and induces SLAM
phosphorylation and subsequent complex formation with other signaling molecules such as
PKCθ. Like Fyn−/− T cells, T cells lacking either SLAM or SAP display reduced Th2 cytokine
production [37,38]. Consistent with these genetic findings, T cells lacking PKCθ are also
defective in Th2 cytokine production and Th2-mediated allergic immune responses [39]. It
seems that Fyn functions in both the TCR-mediated and SLAM-mediated signal pathways to
modulate Th2 cytokine production, though the details of the downstream events remain
unclear. The finding of Fyn-mediated Itch tyrosine phoshporylation and JunB ubiquitination
is in agreement with the notion that Fyn is a positive regulator in Th2 differentiation. The
demonstration of the Fyn-Itch-JunB pathway may provide an explanation for the reduced IL-4
production in Fyn−/− T cells.

5.3. Regulation of Itch by Ndfip1
A recent study documented a novel mechanism of Itch regulation via a binding partner, Nedd4
family interacting protein 1 (Ndfip1) [40]. Mice deficient in Ndfip1 display similar phenotype
as Itch−/− mice, including severe skin and lung inflammation, increased Th2 cytokine
production, and upregulated serum IgE amounts. Ndfip1 was initially reported to be a binding
protein for WW domain-containing E3 ligases including Nedd4, WWP1, and Itch [41,42].
Indeed, Itch is co-immunoprecipited with Ndfip1 and co-localized in T cells [40]. More
importantly, the protein stability of JunB is augmented in Ndfip1−/− T cells, further supporting
that Ndfip1 functions in a similar pathway as Itch. Since Ndfip1 is a membrane-bound protein,
it is hypothesized that it may modify the subcellular localization of Itch, and thus Itch-mediated
ubiquitination of its target proteins. The findings suggest that multiple mechanisms exist to
regulate the biological function of Itch.

6. Itch in T cell tolerance
6.1. T cell tolerance

Mature T cells are capable of mounting robust immune responses against invading pathogens,
but at the same time, are tolerant of self-tissues. The induction of T cell tolerance involves
many mechanisms at different stages of T cell development. At first, self-reactive T cells are
eliminated during thymocyte maturation via negative selection, a process called central
tolerance. In addition to thymus-derived antigens, many antigens from other tissues or organs
are expressed in the thymus antigen presenting cells, which causes clonal deletion of T cells
specific for self-peptide-MHC complexes. Evidence supporting the central tolerance
mechanism includes the finding of AIRE, a transcription factor as well as an E3 ubiquitin
ligase, which promotes the expression of many peripheral tissue antigens in thymus medullary
epithelial cells [43].
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However, the central tolerance mechanism is not sufficient, since autoreactive T cells can
escape into the secondary lymphoid organs, where the peripheral tolerance mechanisms take
effect to keep them under control. Several mechanisms have been proposed to account for
tperipheral T cell tolerance to self-antigens, which include ignorance, activation-induced cell
death, and suppression by T regulatory T cells [44]. T cell anergy represents another peripheral
tolerance mechanism, in which T cells lose the ability to proliferate and produce IL-2 [3].
Effective activation of mature T cells requires the engagement of two signals: the TCR-
mediated signal induced by the triggering of TCR complex by the antigen peptide-MHC
complex (signal 1) and the costimulatory signal through the binding of costimulatory
molecules, such as CD28 on T cells, with their ligands on antigen presenting cells (signal 2).
Stimulation of TCR-mediated signal 1 alone in the absence of costimulatory signal 2 renders
T cell into a non-responsive anergic state even upon restimulation with both the TCR and the
costimulatory receptors.

6.2. E3 ligases in T cell anergy
Although the phenomenon of T cell anergy has been reproducibly observed in both in vitro
and in vivo models, it has intrigued scientists for quite a while how T cell anergy occurs. Early
studies have documented that T cell anergy is due to defective TCR signal transduction starting
from partial or reduced phosphorylation of upstream Src kinases, decreased Erk
phosphorylation, or diminished activation of AP-1 transcription factors [45–47]. Recent studies
have shown that E3 ubiquitin ligases such as GRAIL, Cbl-b, and Itch, play a critical role in the
process of T cell anergy induction [48–50]. A strong and persistent Ca2+ signal without a
concomitant activation of the AP-1 signal causes the transcription of anergy inducing genes,
with some of these genes encoding E3 ubiquitin ligases or Ub-binding proteins [49].
Upregulation of these E3 ligases results in the downmodulation of critical signal molecules
such as PLC-γ1 or PKCθ, that blocks T cell activation even upon effective stimulation.

Previous genetic studies have shown that loss of Cbl-b uncouples T cells from CD28-dependent
co-stimulation [51,52]. The direct in vivo evidence of Cbl-b in T cell anergy induction was
demonstrated in a collagen-induced arthritis model in which Cbl−/− mice developed
autoimmune arthritis with the antigen injection alone in the absence of adjuvant co-injection
[50]. In a MHC class-I-restricted tolerance model, tolerizing viral peptide could not induce the
tolerance of Cbl-b−/− CD8+ T cells. Importantly, Cbl−/− mice developed excessive immune
responses to the tolerizing viral peptide, which resulted in the acute death of the mice. These
studies clearly indicate the importance of the E3 ligase Cbl-b in T cell anergy.

The exact mechanisms by which anergizing stimuli induce the upregualtion of E3 ligases
remain unclear. However, recent studies have shown that un-balanced T cell stimulation causes
the expression of the transcription factors Egr-2 and Egr-3, which account for the upregulation
of Cbl-b [53]. Indeed, T cells deficient in Egr-3 have lower levels of Cbl-b expression and are
resistant to in vivo peptide antigen-induced tolerance.

Although both genetic and biochemical evidence supports a critical role of E3 ubiquitin ligases
in T cell anergy, it should be noted that the molecular events during T cell anergy induction
are more complex and cannot be solely explained by the effects of E3 ubiquitin ligases. One
recent study showed that the phosphorylation of LAT, an adaptor linker protein for activated
T cells, is selectively inhibited in anergic T cells [54]. The palmitoylation of LAT is impaired
in those cells, which results in a defective localization of LAT to the immunological synapse.
Notably, Cbl-b neither affects the phosphorylation event of LAT in anergic T cells, nor its
protein stability. The new study suggests that in addition to ubiquitination, protein
palmitoylation is also very important in T cell anergy induction.
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6.3. Itch in Th2 tolerance
The implication of Itch in T cell anergy induction in the in vitro studies raised an issue of
whether such observations are physiologically relevant. To address this issue, in vivo mouse
models were established in which mice were injected with high-dose tolerizing soluble antigen
to induce T cell tolerance [50]. To elicit the immune response, mice were immunized
concurrently with regular amounts of the same antigen conjugated with the adjuvant CFA to
induce a Th1 response, or with another adjuvant Alum to induce a Th2 response. It was found
that Itch−/− T cells are more resistant to tolerance induction under Th2 conditions, as reflected
in normal T cell proliferation and IL-2 production [55]. This finding is further supported by
an in vitro study in which in vitro differentiated, Itch−/− Th2 cells showed almost complete
rescue in cell proliferation and IL-2 production in ionomycin-anergized cells, whereas Itch−/
− Th1 cells displayed only a partial rescue. A marked increase of IL-4 production was also
observed in both in vivo antigen- and in vitro ionomycin-tolerized Itch−/− T cells. These results
suggest that Itch plays a more important role in Th2 tolerance.

One of the critical questions in studying T cell anergy is whether the anergized T cells maintain
an unresponsive state. Jenkin’s group developed an elegant adoptive transfer system to examine
whether in vivo tolerized T cells remain anergic in response to antigen restimulation in vivo
[56]. By using a similar protocol, it was shown that in vivo antigen-tolerized CD4 T cells from
Itch−/− mice divided in a relatively normal manner in the syngeneic recipient mice following
antigen injection [55].

Given the previous observations that MEKK1-JNK signaling acts via the phosphorylation and
activation of Itch [24], it was then asked whether T cells deficient in MEKK1 or JNK1 are also
resistant to T cell anergy induction. By using the same in vitro and in vivo tolerance protocols,
it was demonstrated that both MEKK1 and JNK1 mutant T cells are resistant to the tolerance
induction under the Th2 conditions [55]. Mechanistically, the MEKK1-JNK1 pathway
functions by promoting Itch-mediated JunB ubiquitination. Downregulation of JunB protein
in Itch−/− Th2 cells by the use of the siRNA technique restored the ability of these cells to
become anergic following ionomycin treatment.

It has been a controversial issue whether Th2 cells can be tolerized. Previous studies have
mostly used Th1 cells for anergy induction, with only a few addressing Th2 cell anergy.
Evidence even suggests that anergic Th1 cells behave like Th2 cells, due to the production of
IL-4 and IL-10 [57]. The study using mice deficient in MEKK1, JNK1, or Itch clearly indicates
that there exists a genetic pathway that is detrimental in governing the tolerance induction of
Th2 cells.

Excessive Th2 cytokine production is linked to the development of allergic asthma that is
characterized by the chronic lung inflammation, serum IgE elevation, and airway hyper-
responsiveness. The physiological role of Itch-regulated Th2 tolerance in airway inflammation
was tested in an in vivo system that combines the soluble antigen-induced Th2 tolerance
protocol with the classical antigen-induced asthma model [55]. Injection of high dose soluble
antigen blocked lung inflammation and serum IgE increases, both of which are normally
observed in aerosol antigen-challenged mice. However, Itch−/− mice still developed massive
infiltration of eosinophils, accompanied by augmented production of Th2 cytokines. The
results are consistent with the original observations of the increased serum IgE levels and
excessive lung inflammation in older Itch−/− mice [16]. Loss of Itch breaks the tolerance of
Th2 cells and hence the development of allergic responses.
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6.4. Tregs in Th2 tolerance
Historically, instead of a systematic antigen injection as described above, oral or nasal antigen
administration has been used to induce Th2 tolerance [58]. Unlike the Th2 tolerance induced
by high-dose antigen injection, tolerance via the oral or nasal route has been shown to result
from the generation of Tregs [59,60]. Tregs are a subset of CD4+ T cells which are
characterized by the expression of the high affinity IL-2 receptor alpha chain (CD25) and the
capacity to inhibit the function of effector T cells via still unclear mechanisms [61]. CD4+CD25
+ Tregs are either thymus-derived naturally occurring Tregs, or generated from CD4+CD25−
T cells or adaptive Tregs [62]. One critical transcription factor, Foxp3, has been implicated in
the suppressing activity of Tregs, since deletion of the Foxp3 gene abolished Treg
differentiation and function [63].

Repeated exposure to inhaled low-dose antigen results in the generation of Foxp3+CD4+ Tregs
that also express membrane bound TGF-β [60]. These Tregs from the tolerized mice inhibit
the proliferation of normal CD4+ T cells and suppress Th2-mediated allergic responses when
adoptively transferred into a naïve host. A more recent study suggests that antigen-specific
Tregs could be generated via oral tolerance in the absence of naturally occurring Tregs [59].
Like the inhaled antigen-induced Tregs, the oral tolerance-generated Tregs suppress CD4+ T
cell proliferation in vitro and inhibit IgE production and lung inflammation in vivo. In both
studies, TGF-β was shown to be involved in the proper function of Treg-mediated suppression
of the Th2 response, since administration of anti-TGF-β antibody abrogated the tolerance
induction and hence the restoration of allergic responses.

TGF-β has been previously shown to convert CD4+CD25− normal T cells into CD4+CD25+
Tregs, which acts via the induction of Foxp3 [64]. Consistently, loss of TGF-β signaling results
in excessive immune responses [65]. In the high-dose soluble antigen-induced Th2 tolerance
model, Itch deficiency did not affect the generation of Tregs and the Tregs from both wild-
type and Itch−/− mice displayed similar inhibiting activity [55]. It is possible that differences
in the tolerance protocols lead to different tolerance mechanisms: one directly inducing the
tolerance of Th2 cells via high-dose soluble injection, and the other indirectly inducing the
generation of Tregs, which then inhibit Th2 responses. It should be noted that Itch is implicated
in the regulation of TGF-β signaling via the ubiquitination of the signal transducer Smad2 and
Itch−/− fibroblasts are resistant to TGF-β-induced cell growth arrest [66]. Whether Itch
regulates Th2 tolerance by interfering with TGF-β signaling and/or TGF-β-mediated Treg
development and function awaits further investigation.

7. Itch regulation of Notch signaling
Notch proteins are a family of transmembrane receptors that play an important role in cell fate
decisions via evolutionarily conserved mechanisms in many cell types from C. elegans to
humans [67]. Activation of Notch involves a series of proteolytic cleavage processes which
result in the release of Notch intracellular domain and its translocation into the nucleus, where
it associates with DNA-binding transcription regulators and participates in the transcriptional
activation of its target genes. Previous studies have documented that Notch is essential in
several stages of T cell development including the early pre-T cell development, or CD4 vs.
CD8 T cell differentiation in the thymus [68]. In addition, Notch is also implicated in peripheral
T cell function such as T cell activation, Th1 vs. Th2 differentiation, and the generation of
Tregs [69].

An early study in Drosophila identified a suppressor of deltex, Su(DX), as a HECT type E3
ligase and a close homologue of mouse Itch protein, which negatively regulates Notch-
mediated fly wing development [70]. Biochemical studies in Jurkat T cells demonstrated that
Itch associates with Notch and induces its ubiquitination [17]. It seems that Notch is also
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regulated by E3 ubiquitin ligases such as Sel-10 or Cbl [71–74]. However, evidence to support
a physiological role of Itch or other E3 ligases in Notch-regulated T cell function remains
lacking.

A recent study from Jenkins’ group provides strong evidence that Itch genetically interacts
with Notch, which modulates T cell activation and tolerance. In their study, mice carrying an
activated form of Notch intracellular domain are bred onto Itch−/− mice (Matesic and Jenkins,
personal communication). The double mutant mice display excessive autoimmune phenotypes
including inflammation in multiple tissues or organs and production of anti-self antibodies.
The thymocyte development is largely perturbed, and thymocytes show resistance to
apopotosis induction, a phenotype not observed in single mutant mice. The study suggests that
Itch-Notch interaction plays an important role in central, and probably in peripheral, tolerance
induction.

8. Other target proteins for Itch
In addition to Jun proteins, Smad2, and Notch, as described above, Itch also promotes the
ubiquitination of other proteins. One recently identified substrate is p73, a member of the p53
family of transcription factors [75]. Itch specifically binds to p73, but not p53, via the
association of Itch WW domains with a PPPY motif in the C-terminus of p73 (not present in
p53) and induces the ubiquitination and degradation of p73. This selective function of Itch is
implicated in the responses to DNA damage and in cell cycle control.

In addition to the observation that JNK1 regulates Itch-mediated Jun protein turnover [24], a
more recent study showed that JNK-mediated Itch activation also serves as an important
regulator in c-FLIP-mediated cell death [76]. The proinflammatory cytokine TNFα induces
both cell survival via the activation of NFκB signaling, and cell death via JNK activation
[77]. However, the mechanisms that determine the death or survival remain unclear. In JNK1
−/− liver cells, the TNFα-induced cell death is reduced, accompanied by the upregulation of
the protein amounts of an anti-apoptotic molecule, c-FLIPL, which is induced by NFκB
signaling. It was found that Itch directly associates with c-FLIPL and promotes its
ubiquitination and proteasome-dependent degradation. As in T cells, JNK1 functions via
phosphorylating and activating Itch, which in turn affects the stability of c-FLIPL. Thus, by
controlling the amounts of c-FLIPL, the two pathways induced by JNK and NFκB interact with
each other, which determine the final outcome of TNFα signaling.

Another study showed that the Itch human homologue AIP4 promotes the ubiquitination of
the chemokine receptor CXCR4 and in collaboration with Hrs, an endocytic adaptor protein,
induces the downmodulation of CXCR4 via the endosome-lysosomal pathway [78]. Itch was
also shown to bind to a tight-junction protein, Occludin, and to regulate its stability via ubiquitin
conjugation to it [79]. Additional studies have shown that Itch acts as an E3 ligase for a
transcription factor NF-E2 [80], Bcl10 [81], and endophilin [82].

9. Concluding remarks
Significant progress has been made in understanding the biology of Itch E3 ubiquitin ligase,
since the initial description of Itchy mice. Biochemical studies allow us to identify several
target proteins as substrates, and analysis of Itch−/− T cells provides us with insight into the
mechanisms by which Itch regulates T cell activation, differentiation, and tolerance induction.
In addition, we have gained a decent amount of knowledge on the regulation of Itch by upstream
kinases via Itch phosphorylation. However, we are still facing many issues in directly linking
the skin-scratching and immunological phenotype with Itch-mediated protein ubiquitination.
For example, we still don’t know whether the Th2-prone characteristic of Itch−/− T cells could
fully explain the immunological disorder in the mutant mice, whether other cell types than T
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cells are also dysfunctional due to Itch deficiency, whether there are other mechanisms than
phosphorylation that are involved in the regulation of Itch function, whether similar or different
mechanisms operates in diverse signaling pathways induced by different stimuli, or whether
Itch E3 ligase cooperates with other E3 ligases. These and other potential questions will allow
us to further explore the basic biology of this E3 ligase, and such knowledge will be beneficial
in developing novel therapeutic approaches in treating immunological abnormalities such as
autoimmune diseases or allergic asthma.
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Figure 1.
A schematic representation of Itch and its potential substrates.
Itch consists of an N-terminal protein-kinase C-related C2 domain, followed by four protein-
interacting WW domains, and a C-terminal HECT E3 ligase domain. Positions for serine/
threonine (pS/T) or tyrosine phosphorylation (pY) are also indicated. The HECT ligase domain
binds to E2-ubiquitin complex and transfers the activated ubiquitin to an active site cysteine
residue at its C-terminus. Itch catalyzes the ubiqutin conjugaton to protein substrates by
facilitating the ubiquitin transfer from the HECT domain to the lysine residues of the substrates.
Several protein substrates that have been characterized for the WW domain interaction are
shown.
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Figure 2.
Regulation mechanisms for Itch-mediated Th2 differentiation.
TCR triggering plus CD28-mediated costimulation results in the activation of MEKK1-JNK
signaling pathway, which induces the serine/threonine phosphorylation of Itch. This
phosphorylation event causes the increase of Itch ligase activity and the subsequent
ubiquitination and degradation of JunB, a transcription factor involved in the production of a
Th2 cytokine, IL-4. On the other hand, T cell stimulation also activates the Src kinase Fyn and
induces Fyn-mediated tyrosine phosphosphorylation of Itch. Phosphorylation of Itch on the
tyrosine residue inhibits the interaction between Itch WW domain and JunB, thus negatively
regulating Itch-promoted JunB ubiquitination. Ndfip1 is a membrane-bound protein which
may change the subcellular localization of Itch.
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