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Abstract

SOCS3 has been shown to be an important and non-redundant feedback inhibitor of several
cytokines including LIF, IL-6, IL-11, CNTF, leptin and G-CSF. Loss of SOCS3 /n vivo has
profound effects on placental development, inflammation, fat-induced weight gain and insulin
sensitivity. SOCS3 expression is induced by JAK/STAT signaling and it then binds to specific
cytokine receptors (including gp130, G-CSF and leptin receptors). SOCS3 then inhibits JAK/
STAT signaling in two distinct ways. First, SOCS3 is able to directly inhibit the catalytic activity
of JAK1, JAK2 or TYK2 whilst remaining bound to the cytokine receptor. Second, SOCS3
recruits elongins B/C and cullin 5 to generate an E3 ligase that ubiquitinates both JAK and
cytokine receptor targeting them for proteasomal degradation. Detailed /n vivo studies have
revealed that SOCS3 action not only limits the duration of cytokine signaling to prevent over-
activity but it is also important in maintaining the specificity of cytokine signaling.
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JAK/STAT signaling and the SOCS family

Maintenance of the hematopoietic and immune systems is largely controlled by the secretion
of cytokines. Cytokine exposure initiates an intracellular signaling cascade that is driven by
the activation of a family of receptor-bound tyrosine kinases known as JAKs (Janus
Kinases). Once activated, JAKSs phosphorylate the receptor and then a family of
transcription factors normally sequestered in the cytoplasm, the Signal Transducers and
Activators of Transcription (STATS)(41, 86). Activated STATSs dimerise and translocate into
the nucleus, where they upregulate transcription of the appropriate genes and thereby effect
the correct biological response.

In order to avoid prolonged cytokine signaling, which could result in chronic inflammation
and promote aberrant proliferation and tumorigenesis, the JAK/STAT pathway is tightly
regulated at a number of levels. The primary regulators are a family of proteins known as the
Suppressors of Cytokine Signaling (SOCS)(30, 36, 53, 77). The expression of these proteins
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is induced by STAT activation; they then inhibit the signaling cascade, creating a negative
feedback loop (See Figure 1).

There are eight SOCS proteins in the human genome and all share similar overall domain
architecture. In brief, they all contain: (1) an N-terminal domain of varying length and
function (2) a central SH2 domain which allows them to bind to tyrosine-phosphorylated
signaling molecules and (3) a C-terminal SOCS box which allows them to recruit
components of an E3 ubiquitin ligase and ubiquitinate signaling molecules bound to (1) and
(2). An analysis of available genome sequences suggests that the SOCS family first arose in
insects where they have been implicated in the regulation of EGF signaling (16). However
the advent of vertebrates saw an expansion in the SOCS family and the first appearance of
SOCS1, SOCS2, SOCS3 and CIS (insect SOCS proteins are direct homologues of
SOCS4-7). SOCS1-3 and CIS have much shorter N-terminal domains than their more
ancient counterparts. In the case of SOCS1 and SOCS3 this short N-terminal domain
enables them to interact directly with, and inhibit the catalytic activity of, JAKs. SOCS1 and
SOCS3 are unique amongst the SOCS family in having this activity (71, 91).

SOCS1 and SOCS3 share the highest degree of sequence similarity to each other within the
SOCS family and, because of their ability to directly inhibit JAK, are the two most potent
inhibitors of cytokine signaling. In addition, they both contain sequence alterations within
their SOCS box domain that renders them less able to recruit the other components of their
cognate E3 ubiquitin ligases (5). These facts taken together suggest they can be considered
as a separate sub-class of SOCS proteins. This review concentrates on SOCS3 regulation of
cytokine signaling however it is likely that much that we know about the mechanism of
SOCS3 action could be equally well applied to SOCS1. To date, the inability to produce
purified, recombinant SOCS1 has hindered a detailed analysis of its mode-of-action.

The structure of SOCS3
(1) The SOCS box

The SOCS box is a small domain found in over 50 human proteins (37). This domain binds
the elongin B/C heterodimer and the ternary complex can then subsequently interact with
Cullin5, a protein which forms the scaffold of an E3 ubiquitin ligase (96). In this way,
proteins that are bound by the upstream domains of SOCS3 (SH2 and N-terminal domains)
can be ubiquitinated and subsequently degraded by the proteasome.

The SOCS box-containing proteins, such as SOCS3, interact specifically with Cullin5 (as
opposed to other members of the Cullin family) whereas other proteins that contain
structurally similar domains and also bind elongin B/C, such as the VHL a-domain, bind to
Cullin2 (59, 60). Whilst neither the SOCS box nor elongin B/C bind Cullin5 in isolation,
when in complex with each other they then interact with the N-terminal domain of Cullin
with high affinity (4). Cullin5 binds the RING (really interesting new gene) domain-
containing protein Rbx2 at its C-terminus (42, 49) and it is this protein that then recruits the
remaining components of the ubiquitination cascade and catalyses the ubiquitination of
SOCS-bound proteins.

The SOCS box of SOCS3 is 40 residues in length. It, like other SOCS boxes, is considered
to be composed of two smaller motifs, the elongin B/C box and Cullin5 box (see Figure 2)
(49). The elongin B/C box consists of approximately 12 residues at the N-terminus of the
SOCS box and forms an amphipathic alpha-helix that binds an extremely hydrophobic patch
on the surface of elongin C (4, 14, 15). The Cullin5 box is a shorter motif towards the C-
terminus of the SOCS box of which the most conserved feature is a Leu-Pro-Leu-Pro
(LPLP) motif that binds Cullin5. In SOCS3, this LPLP motif is altered to LPGP. This results
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in a 10-fold weaker affinity for Cullin5 than the majority of the SOCS family (in this,
SOCS3 is similar to SOCS1 which has its LPLP motif altered to IPLN, resulting in a 100-
fold lower affinity for Cullin5) (5). All other members of the SOCS family contain the
sequence LPLP at this position. Nuclear Magnetic Resonance (NMR) studies on the SOCS
box of SOCS3 have shown that the entire domain is unfolded in isolation and becomes
partially folded upon elonginBC association. Even when bound to elongin B/C, the Cullin5
box remains unstructured and is presumably only completely folded when Cullin5 is present

(4).

Genetic deletion of the SOCS3 SOCS box in mice has shown that the rest of the protein is
still partially active (11, 12). In this, once again, SOCS3 is similar to SOCS1 which is also
partially active in the absence of its SOCS box (94). In contrast, over-expression studies
have shown that the presence of the SOCS box domain is necessary for the function of the
other six SOCS proteins (7, 34, 43, 55, 61, 65, 84). This suggests that, unlike most SOCS
proteins, the dominant mode-of-action of SOCS3 is notto promote the ubiquitination of
target proteins.

(2) The SH2 domain

SH2 domains bind phosphotyrosine residues in peptides and proteins (35, 47, 85). Studies
by Nicholson et al., showed that the highest affinity ligands for the SOCS3 SH2 domain was
not, as previously supposed, phosphotyrosine residues on JAKs but instead were
phosphotyrosine residues on certain cytokine receptors to which JAK is bound (54). In
particular pTyr 757 on gp130, a co-receptor shared by IL-6, IL-11, LIF and OSM, was
shown to bind SOCS3 with >1000-fold higher affinity that pTyr1007 on the JAK activation
loop (26, 54). Other high affinity SOCS binding sites were subsequently found on the EPO,
Leptin and G-CSF receptors (26, 38, 39). It is noteworthy that studies involving genetic
deletion of SOCS3 have identified IL-6, Leptin, LIF and G-CSF as those cytokines most
susceptible to SOCS3 inhibition (22, 23, 29, 52, 81).

The pTyr-binding site on the surface of SH2 domains consists of a long shallow groove
along one face of the domain which binds not only the pTyr residue itself but also
accommodates several residues on either side. In this way specificity for particular pTyr
containing sequences is generated. Most SH2 domains bind their target proteins with
approximately micromolar affinity (47) whereas SOCS3 binds its favoured substrate with
10-fold higher affinity (6). In part this is due to making additional contacts with residues
upstream of the pTyr, most SH2 domains only contact residues downstream from pTyr,
resulting in a more limited binding interface (3, 8). This ability of SOCS3 allows it to
specifically target sequences with a hydrophobic residue located two residues upstream of a
phosphotyrosine (referred to as the pY-2 position) (10, 26, 38). Structural studies have
shown that a shallow hydrophobic patch on the surface of SOCS3 (at the beginning of the
aA helix, see Figure 2) accommodates the pY-2 residue. Of all other SH2 domains, only the
SH2 domain of SHP-2 is similar in this regard and SHP-2 is known to target SOCS3 binding
sites on several receptors (32, 54, 72).

The most unusual feature of the SOCS3 SH2 domain was highlighted when structural
studies identified a large unstructured loop, consisting of 35 amino acids, inserted into the
domain between the aB helix and the BG loop (3, 6). This unstructured insertion has the
sequence hallmarks of being a PEST (Pro-Glu-Ser-Thr-rich) motif (70). PEST motifs were
originally identified as being common to proteins that have a high turnover rate inside the
cell and are believed to stimulate proteolytic degradation of the protein. In most but not all
cases this is via the proteasome. Removing the PEST motif results in a modest increase in
the half-life of SOCS3 without affecting its ability to bind phosphotyrosine-containing
peptides.
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The other unusual feature of the SOCS3 SH2 domain, a feature that is shared by all eight
SOCS proteins, is the presence of a 14-residue alpha-helix immediately prior to the N-
terminus of the domain. Originally labeled the N-ESS (N-terminal extended SH2
subdomain) this helix is integral to the stability (or at least solubility) of the SOCS3 SH2
domain as its removal results in the production of an unstable protein. The structure of
SOCS3 shows that this helix covers a large hydrophobic surface on the under-side of the
central B-sheet of the SH2 domain. This gives the helix a very fixed geometry relative to the
rest of the domain and may be important for positioning the Kinase Inhibitory Region (KIR),
discussed below.

(3) The Kinase inhibitory region

Seminal work by Yoshimura and colleagues (71, 91) showed that both SOCS3 and SOCS1
can directly inhibit the catalytic activity of JAK1 and JAK?2 and that this ability requires a
short (approximately 12 residue) motif immediately N-terminal to the ESS. This motif was
termed the Kinase Inhibitory Region (KIR) (71, 91). Subsequent structural studies have
shown that the first eight residues of the KIR are unstructured whilst the final four residues
form the first turn of an alpha-helix (See Figure 2) (3, 8). Based on this we suggest the re-
classification of the KIR as being residues 22-29 of SOCS3 and the ESS consisting of
residues 30-44. The KIR has a modest degree of sequence similarity to the activation loop of
the four JAKSs. The JAKSs, like other kinases, contain a motif called the “activation loop”.
This loop blocks the catalytic sites of these kinases and must be phosphorylated in order for
the kinase to become active. Phosphorylation of this loop is performed by the JAK itself, but
in trans. The unphosphorylated activation loop blocks either ATP and/or substrate binding
essentially by acting as a pseudosubstrate. The similarity in sequence between the activation
loop and the KIR led Yoshimura and colleagues to propose that it acts as a pseudosubstrate
and blocks the active site of JAK1 and JAK2, leading to kinase inhibition.

Direct inhibition of JAK signaling by SOCS3

Mechanism

Specificity

Given the sequence similarity of the SOCS3 KIR and the activation loop of JAK and given
the known requirement of the SH2 domain of SOCS3 for its correct function, the original
model of SOCS3 inhibition proposed that the SH2 domain of SOCS3 would bind the
phosphorylated activation loop of JAK and the KIR would then block the active site of JAK.
In the absence of structural data, one method of investigating this is to perform Michealis-
Menten Kinetics in the presence of SOCS3 and a range of ATP and substrate concentrations.
If SOCS3 binds the active site of JAK then the interaction will be antagonized in the
presence of high ATP or substrate concentrations and this will alter the IC50 of SOCS3.
However, a recent study has shown that the IC50 of SOCS3 is independent of ATP and
substrate concentration, suggesting that it acts as a non-competitive inhibitor, rather than a
pseudosubstrate (2).

SOCS3 can inhibit JAK1, JAK2 and TYK2 but not JAK3. At the molecular level, this is due
to the presence of a short, highly conserved, motif on the surface of the former three kinases
that is absent in JAK3. This motif (Gly-GIn-Met, “GQM?”) is located at the C-terminal end
of the JAK Insertion Loop, first identified by Lucet et a/., when they solved the structure of
the kinase domain of JAK2 (Figure 3). The JAK insertion loop is found only in JAKs and
not in other kinases and only JAK1, JAK2 and TYK2 contain the GQM motif within this
loop. An evolutionary comparison of the four mammalian JAKSs is telling in this regard. The
GQM motif is conserved in JAK1, JAK2 and TYK2 in all vertebrates and is always absent
in JAK3. The sequence in this region of JAK3 is not conserved throughout vertebrate
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evolution suggesting that it is not the target of another SOCS or SOCS-like protein. Lower
organisms, such as insects, contain only a single JAK and no SOCS3 (or SOCS1)
homologues. Therefore it appears that vertebrates evolved an expanded JAK system,
consisting of four JAKSs, alongside the ability to inhibit three of them.

Biological Roles of SOCS3

Since over-expression or expression at the wrong time and place of SOCS3 can result in
unphysiological suppression of a range of signaling molecules we will focus primarily on
non-redundant roles of SOCS3 as revealed in genetic deletion studies in mice. For the most
part these studies have revealed that the non-redundant roles of SOCS3 are associated with a
few cytokines (Table 2). These cytokines have in common the fact that they signal via
receptors that contain SOCS3 binding sites and therefore associate with SOCS3 with
relatively high affinity (gp130, G-CSF and leptin receptors). Indeed mice in which the
SOCS3-binding site on the gp130 shared co-receptor had been mutated showed hyper-
responsiveness to cytokines that utilize gp130 and developed IL-11-dependent chronic
gastric inflammation and associated tumorigenesis (31)

Genetic deletion of SOCSS3: Leukemia inhibitory Factor (LIF) signaling

SOCS3-/- mice died between day 11-13 of gestation due to grossly altered morphology of
the placenta with expanded numbers of giant trophoblasts and altered blood vessels. The
embryos were otherwise small but apparently normal (69). The embryonic lethality of
SOCS3-/- mice could be rescued by tetraploid aggregation, reduction in either LIF or LIF
receptor, or by transplantation of trophoblast stem cells (68, 80, 82) suggesting that the
placental defects were a result of over-activity of LIF signaling in trophoblasts. Rescued
mice were born normally but died in the perinatal period due to inflammatory lesions or
cardiac hypertrophy (68, 80).

LIF utilises a receptor complex consisting of LIF receptor alpha and gp130 and is required
for mouse embryonic stem (ES) cell maintenance in the undifferentiated state as well as for
blastocyst implantation in pregnant females. Socs3”~ ES cells exhibited less self-renewal
and greater differentiation than wild type cells when cultured in LIF. This was correlated
with enhanced signaling through both the JAK/STAT and MAP kinase pathways. The latter
effect was probably due to increased activation of the phosphatase SHP2. SHP2 is a key
component of the MAP kinase pathway and is known to bind at the same site as SOCS3 on
the gp130 shared co-receptor. Indeed MAP kinase inhibitors reversed the differentiation
phenotype of Socs3 ™~ ES cells cultured in LIF although it did not fully rescue the LIF-
dependent increase in cell numbers (33).

Selective deletion of SOCS3 in the vitreous body of adult mice (using adeno-associated
virus cre) prior to optic nerve injury increased axon regeneration from retinal ganglion cells
and this was enhanced with the application of CNTF (75). This effect was further enhanced
and sustained for longer if PTEN was simultaneously deleted (79).

Deletion of SOCS3 in the hemopoietic system: IL-6, G-CSF signaling

As global SOCS3 deletion in mice leads to early embryonic lethality, tissue-specific deletion
of SOCS3, using the cre recombinase system, has been applied to assess the role of SOCS3
in the mature hemopoietic system (22, 23, 46, 57).

Deletion of SOCS3 in hemopoietic and endothelial cells using a cre recombinase construct
under control of the vav promoter (vav-cre) resulted in development in late adult mice of a
spectrum of inflammatory pathologies in several organs and depletion of neutrophils from
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the bone marrow (22, 23). Assay of hemopoietic progenitor cells /in7 vitro revealed increased
colony size and numbers in response to G-CSF and 1L-6 but not to a range of other
hemopoietic growth factors. Indeed, these mice responded to injected G-CSF with
exaggerated neutrophilia, mobilization of progenitor cells into the blood and splenomegaly
demonstrating hyper-responsiveness to G-CSF. However, such mice also displayed
pronounced inflammation in various organs and into the spinal cord resulting in hind leg
paresis, a phenotype never seen in wild type animals Much but not all of this pathology was
recapitulated in wild type mice transplanted with SOCS3-null hemopoietic cells suggesting
that there are effects of SOCS3 both on hemopoietic and non-hemopoietic cells (23). In a
mouse model of acute inflammatory arthritis (induced with methylated BSA and IL-1)
deletion of SOCS3 in hemopoietic and endothelial cells resulted in a particularly severe
pathology with enhanced neutrophil (and macrophage) infiltration into the synovium and
increased bone destruction (88). Much of this pathology was ameliorated in mice also
lacking IL-6 indicating that hyper-responsiveness to IL-6 as a result of SOCS3 loss is a
major component of IL-1-induced pathology in this model system (21). Conversely,
adenoviral expression of SOCS3 in articular joints dramatically reduced inflammatory
pathologies of both acute antigen (methylated BSA)-induced or collagen-induced arthritis
models in mice (74). In all the above systems there is evidence that IL-6 and G-CSF played
a role in the SOCS3-dependent pathologies.

Deletion of SOCS3 in macrophages by using cre recombinase under control of the LysM
promoter (LysM-cre) resulted in hyper-responsiveness to IL-6 but unaltered IL-10 responses
(45) despite the fact that both cytokines require STAT3 for many of their biological effects
(see later). However, several aspects of IL-6 signaling were qualitatively altered in the
absence of SOCS3. Firstly the IL-6-induced transcriptional profile was altered to include
genes normally induced only by interferons and STAT1 (hyper-inflammatory) and secondly
IL-6 could now inhibit cytokine production induced by LPS (IL-10-like anti-inflammatory
action) (22, 48, 92). In addition the differentiation of myeloid progenitors in response to
IL-6 and G-CSF was skewed towards macrophages in SOCS3-null animals compared to
neutrophils in wild type animals (24).

Deletion of SOCS3 in liver using cre recombinase under the control of the albumin promoter
(albumin-cre) resulted in prolonged signaling in response to IL-6 but not interferon in
hepatocytes /n vivo (57, 58). This enhanced signaling not only included STAT3 and STAT3-
induced genes as expected but surprisingly also resulted in the induction of genes normally
induced by STATL. STATL1 is associated with interferon signaling, rather than IL-6
signaling and it therefore appears that SOCS3 not only limits signaling duration in response
to interleukin-6 but also maintains signaling specificity. This latter effect is via a more
dramatic inhibition of STAT1 than of STAT3 (22, 48). Liver-specific SOCS3 deletion was
also associated with enhanced hepatocyte proliferation and weight recovery after partial
hepatectomy and enhanced incidence of chemically-induced hepatocellular carcinoma and
fibrosis (57, 58, 67). Conversely adenoviral delivery of SOCS3 suppressed growth of
hepatocellular tumours /7 vivo (25). These data are consistent with the observation that
human hepatocellular carcinoma growth is associated with activation of the JAK/STAT
pathway and a high incidence of gene silencing at the SOCS1 or SOCS3 genetic locus (56,
93).

Genetic deletion of SOCS3 has also been shown to increase signaling by other cytokines
known to use gp130 including oncostatin M (78), 1L-27 (13) and IL-11 (31) but the roles of
signaling by these cytokines in the hemopoietic and inflammatory defects observed in
SOCS3 —/- mice have not yet been delineated. Interestingly, SOCS3 does not appear to bind
to the other signaling sub-unit (LIF receptor) present in several other cytokine receptors that
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also utilize gp130 (eg LIF, CNTF, CLC, CT-1) (19) so it is unlikely that additional
complexity is generated in these receptor systems with respect to SOCS3 action.

Conditional knockout of SOCS3 in the brain: Leptin sighaling

Elevated levels of SOCS3 in the arcuate nucleus of the hypothalamus have been associated
with leptin resistance and obesity in mice (9). Deletion of SOCS3 in neurons using nestin-
cre and Synapsin-cre constructs highlighted the role of SOCS3 in suppressing leptin
signaling (44, 52). The Leptin receptor is highly expressed in the hypothalamus and
biochemical analysis showed enhanced STATS3 activation in that organ in SOCS3-deficient
animals. These mice gained significantly less weight when placed on a high fat diet
compared to wild-type littermates, had a lower food intake and did not develop leptin
resistance. In addition, these mice did not develop insulin resistance when placed on a high
fat diet, unlike control animals. Many of these phenotypes, such as heightened sensitivity to
exogenous leptin as well as protection from high fat-induced obesity and insulin resistance,
were re-capitulated in mice haploinsufficient for SOCS3 (40).

Specific deletion of SOCS3 within pro-opiomelanocortin (POMC)-expressing neurons
resulted in more modest weight reduction on high fat diets due to increased energy
expenditure rather than decreased food intake (44) while specific deletion of SOCS3 in
steroidogenic factor-1(SF1)-expressing neurons resulted in decreased enegy expenditure and
food intake and increased insulin sensitivity (95) suggesting potentially different roles for
these neuron subsets within the hypothalamus. Finally, deletion of SOCS3 in
oligodendrocytes (using the myelin basic protein promoter-cre) led to increased LIF
signaling in these cells and protected mice against cuprizone-induced oliogodendrocyte loss
and demyelination in the central nervous system, an effect which was enhanced by
application of exogenous LIF (28). This is consistent with the known role of LIF in
oligodendrocyte survival (26).

Conditional knockout of SOCS3 in the eye: CNTF signaling

Selective deletion of SOCS3 in the vitreous body of the eyes of adult mice (using
adenovirus-associated cre) prior to optic nerve injury increased axon regeneration from
retinal ganglion cells and this was enhanced with the application of CNTF (75). This effect
was further enhanced and sustained for longer if the phosphatase PTEN was simultaneously
deleted (79). This suggests that both SOCS3 and PTEN are independent physiological
inhibitors of CNTF signaling in the eye.

The roles of SOCS3 in the immune system

T lymphocyte polarisation is an important mechanism to deal with different types of
infections. The first described polarisation of naive T cells was either to the TH1 or TH2
phenotypes associated with viral or helminth infections, respectively. The former immune
response is co-ordinated by IL12/STAT4 signaling molecules and is associated with cellular
inflammation and damage while the latter is coordinated by IL4/STAT6 and is associated
with allergic reactions and over-production of IgE. Since then additional polarised states
including TH17 (autoimmunity and inflammation), TH3, TH9, TH22, TFH and Treg (anti-
inflammatory suppressor) have been described (87).

Several (but not all) reports have demonstrated the selective expression of SOCS3 in allergic
type TH2 cells (1, 27, 50) and there is evidence that the levels of SOCS3 in peripheral T-
cells correlated with disease severity and IgE levels in asthmatic patients (73). Moreover
transgenic over-expression of SOCS3 in T cells increased TH2 development in mice whilst
reduced expression of SOCS3 led to decreased TH2 development (73). It has been suggested
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that the ability of SOCS3 to skew T-cell differentiation to the TH2 phenotype may relate to
an ability to compete for the STAT4-binding site on the IL-12 receptor f2 chain thus
inhibiting 1L-12/STAT4-driven polarization to the alternative TH1 phenotype (90) or to its
inhibition of interferon-induced STAT1 activation(22) that is also associated with TH1
polarization.

There are several reports that SOCS3 expression inversely correlates with TH17 T cell
polarisation. Th17 cells are polarised T cells that secrete IL-17 and are induced by IL6,
TGFpB and IL21. STAT3 activation is considered to be essential for TH17 development and
T-cell-specific loss of SOCS3 results in increased activation of STAT3 and IL-17 secretion
in response to I1L-23 (18) or CD3 stimulation in atherosclerotic mice (83), Moreover
inducers of SOCS3 such as LIF inhibited TH17 differentiation (17) while inhibitors of
SOCS3 such as TGFP promoted TH17 differentiation (64).

SOCS3 expression is normally low in suppressive Tregs themselves (51) but selective
deficiency of SOCS3 in dendritic cells was shown to lead to expansion of the Treg
population (51). Conversely over-expression of SOCS3 in Tregs themselves suppressed
proliferation (63). It may be that physiologically the effects of SOCS3 on Tregs are
mediated through cytokine actions on dendritic cells although the cytokines involved have
not yet been identified.

Recently it was shown that injection of the cytokine IL-7 (that plays a critical role in the
early expansion of B- and T-lymphocytes) was able to induce clearance of otherwise
persistent viruses in mice (60). and that the effector mechanism required both the induction
of IL-6 and inhibition of the expression of SOCS3. It was suggested that the previously
reported conversion of an IL6 transcriptional response to one mimicking that of interferons
when SOCS3 is absent (22) may be responsible for the viral clearance (62).

Overall these studies suggest that SOCS3 has a primarily immunosuppressive role by
dampening cytokine-induced STAT3 and STAT1 activation. Induction of SOCS3 appears
most pronounced by cytokines that strongly activate STAT3 (gp130 cytokines, G-CSF,
IL-10) and inhibition specificity is then determined by cytokine receptors that have high
affinity SOCS3-binding sites (gp130, G-CSF receptor but not IL-10 or interferon receptors).
Thus SOCS3 can suppress both STAT3 and STAT1 signaling by IL-6 but does not affect
STAT3 signaling by IL-10 or STAT1 signaling by interferons. Consequently the inhibitory
effect of SOCS3 induced by IL-10 is entirely mediated in trans on IL-6 and G-CSF receptors
whereas the inhibitory effect of SOCS3 induced by IL-6 and G-CSF is more akin to classical
negative feedback inhibition.

A new model of JAK/STAT inhibition by SOCS3

Recently, in vitro studies have shown that SOCS3 binds JAK2 and gp130 simultaneously
(2). In addition, it is now clear that the SH2 domain of SOCS3 does not interact with
phosphotyrosines in the activation loop of JAK (2). Taken as a whole, this suggests a
different model for SOCS3 action. In this model, SOCS3 is recruited to cytokine receptors
that contain high-affinity SOCS3 binding sites (such as gp130, LeptinR, G-CSFR etc). Once
attached to these receptors, SOCS3 can then bind JAK1, JAK2 and TYK2 (but not JAK3)
via an adjacent surface and directly inhibit the catalytic activity of those kinases. An
important aspect to this model is that SOCS-JAK-Receptor forms a ternary complex in
which each moiety is directly bound to the other two. JAK binds receptor through its FERM
domain and SOCS3 through its kinase domain. Receptor binds JAK via its Box1 motif and
SOCS3 via pY 757. Finally, SOCS3 binds gp130 via its phosphotyrosine binding groove
and JAK via a surface adjacent to this. Although SOCS3 canbind JAK in the absence of
receptor its affinity is relatively low (1 wM). Its affinity for pY757 of gp130 is higher (100
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nM) and its affinity for a JAK2/gp130 complex would be expected to be higher still via an
avidity-like effect (SOCS3 would have to separate from both JAK and receptor in order for
the complex to dissociate).

This suggests that the recruitment, or scaffolding, of SOCS3 to particular receptors is its
primary mode of specificity. In addition, it explains why SOCS3 is most active against
cytokines that utilize receptors with SOCS binding sites rather than other cytokines, which
may signal via the same JAKs and STATS but do so through receptors that lack a SOCS3
binding site (for example IFN-y). A secondary level of specificity is present in that SOCS3
can only inhibit JAK1, JAK2 and TYK2 but not JAK3 (See Figure 4).

Given that SOCS3 can inhibit JAK in the absence of receptor (with low, 1 M affinity) one
can predict that over-expression of SOCS3 will inhibit signaling by most cytokines that act
through JAK1, JAK2 or TYK2 but that physiological levels of SOCS3 will result primarily
in the inhibition of cytokines signaling through receptors with SOCS3 binding sites. This
has indeed been seen in studies on the action of SOCS3 against interferon-y (76), Growth
Hormone (66), IL-2 and IL-3 (20). All of these cytokines are inhibited by SOCS3 when it is
over-expressed but are relatively unaffected by physiological levels of SOCS3 as revealed in
SOCS3-deleted mice.

The final part of the mechanism of SOCS3 action is its ability to catalyse the ubiquitination
of signaling molecules leading to their proteolytic degradation. We have seen that /n vitro
SOCS3 is able to ubiquitinate both JAK and Receptor (gp130 and LIFR, JJB unpublished
data). This can be viewed as long-lasting inhibition of signaling that cannot be reversed until
new JAK or receptor has been synthesized by the cell and ensures that the cell is returned to
its basal (unstimulated) state.

Unanswered questions

There are still many questions to answer in relation to SOCS3 biological actions. It is
unclear why the highly conserved GQM motif in JAKs1,2 and Tyk is absent in JAK3 from
all species. Presumably there has been evolutionary pressure to spare JAK3 from inhibition
by SOCS 1 and 3 but currently we know of no receptor signaling system that depends
exclusively on JAK3 and that might give a biological rationale for JAK3 sparing in this way.
Similarly it is unclear why only SOCS1 and SOCS3 appear to have evolved this mechanism
for direct inhibition of JAKs while other SOCS proteins rely only on SOCS-box-mediated
proteolytic destruction of signaling complexes.

So far individual knockouts of each of the eight SOCS proteins have failed to demonstrate
altered signaling by cytokines using the beta common receptor (GM-CSF, IL-3 and IL-5) or
signaling by erythropoietin or thrombopoietin despite the fact that they are potent activators
of JAK/STAT pathways. Does this reflect redundancy of different SOCS proteins acting on
these receptor systems or are they immune to inhibition by SOCS proteins?

Biological specificity of SOCS1 and SOCS3, at least, appears to be highly dependent on the
presence of SOCS-binding motifs in the cytoplasmic domains of particular receptors (eg in
gp130 for SOCS3 and interferon receptors for SOCS1) but many cytokines induce the
expression of SOCS proteins for which their receptor has no binding site (eg IL10 induces
SOCS3 but its receptor has no binding site for SOCS3). Is the purpose of this induction to
inhibit signaling by other cytokines (eg IL-6) in trans or does it have a different role?

Few cytokines show absolute specificity in their choices of JAKs, STATs and SOCS
proteins during a signaling response yet gene deletion experiments suggest a great deal of
functional specificity for particular JAKs, STATs and SOCS proteins. For example both
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interferon -y and 1L-6 activate JAK1 and JAK2, STAT1 and STAT3 and SOCS1 and SOCS3
albeit with different kinetics and different strengths (89). Yet the transcriptional responses
are quite different for these two cytokines and only SOCS1 influences interferon -y signaling
while only SOCS3 influences IL6 signaling in vivo. Since deletion of SOCS proteins
influences not only signal strength and duration but also transcriptional specificity it is clear
that biological specificity ultimately depends on the SOCS-dependent strength and duration
of activated STATS but it is unclear how this is effected in detail. Are all the effects of
SOCS proteins on receptors in cis or also on non-cognate receptors in trans or even on JAKS
and STATS dissociated from receptors?

Clearly there are still important aspects of the system-wide actions of SOCS proteins and
their molecular mechanisms that remain to be resolved and that may provide new insights
into the generation of cytokine specificity.
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Figure 1.

Negative feedback regulation of JAK/STAT signaling. Cytokine binding to specific
receptors activates associated Janus Kinases (JAKs) which then tyrosine phosphorylate the
intracellular domain of the receptor. These newly phosphorylated tyrosine residues on the
receptor recruit the STAT family of transcription factors. STATs normally reside in the
cytoplasm in an inactive state however, once bound to the receptor, they are activated by
JAK and then dimerise and translocate into the nucleus where they initiate transcription of
cytokine-responsive genes. SOCS3 is one of the proteins whose expression is upregulated by
STAT and it then feeds back into the signaling cascade thereby inhibiting signaling and
allowing the cell to return to its basal state.
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Figure 2. The structure of SOCS3

SOCS3 can be divided into three overall domains: The N-terminal domain (Residues 1-29,
including the KIR-residues 22-29), the extended SH2 domain (Residues 30-185) and the
SOCS hox (Residues 186-225). An atomic resolution structure exists of the extended SH2
domain (which includes the SH2 domain, blue and the ESS helix, white) of SOCS3 bound to
a phospho-peptide from the gp130 receptor (red) (PDB ID: 2HMH) (8). The
phosphotyrosine of gp130 is indicated (pTyr), as are three important valines: V-2, V+3 and
V+4 (numbers indicate position relative to pTyr). The SOCS box of SOCS3 can be modeled
on that of SOCS2 (PDB ID: 2C9W) (14) and is shown above in green. Important residues
are labeled. Note that the kinase inhibitory region is unstructured and is shown as a dotted
line that joins the ESS helix. The PEST motif is also unstructured.
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High Affinity Inhibition
of JAK1, JAK2, TYK2
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Step 1. Specifity. After JAK/STAT
activation SOCS3 expression is
induced. It is recruited to receptors
with high affinity (pTyr-based)
SOCS3 binding sites.

Step 2. Primary Inhibition.
SOCS3, whilst remaining bound to
receptor, directly binds and inhibits
the catalytic acitivity of JAK1, JAK2
and TYK2. JAK/STAT signalling is
switched off as JAK can no longer
activate STATS.

Step 3. Irreversible inhibition
SOCS3 can catalyse the
ubiquitination of JAK and/or
cytokine receptor which are then
targetted for proteasomal
degradation.

Figure4. A model for SOCS3 inhibition of JAK/STAT signalling
For clarity, the IL-6 receptor alpha chains are omitted and only the JAK binding (gp130)

chains are shown.
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Table 2

Knockout Tissue CytokinesDysregulated  Ref
SOCS37- All LIF 69
cKO (vav-cre) Haematapoietic G-CSF/IL-6 22,23
cKO (LysM-cre)  Macrophage IL-6 92
cKO (Alb-cre) Liver IL-6 57
cKO (Nes-cre) Brain Leptin 44,52
cKO (MBP-cre)  oligodendrocytes  LIF 28
cKO (Lck-cre) T-cells IL-6 46
KO (Ad-cre*) Retina CNTF 75

*
Denotes adenoviral-cre delivery
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