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1. ABSTRACT

Suppressors of cytokine signalling (SOCS) 
proteins are modulators of cytokine and growth factor 
signalling whose aberrant regulation has been linked 
to a variety of inflammatory and neoplastic diseases. 
SOCS proteins are able to act as substrate-recruiting 
component of E3-ubiquitin ligase complexes and target 
interacting proteins for degradation. At least some of 
the family members can also directly inhibit tyrosine 
kinases such as Janus Kinases (JAK). The most studied 
family members, CIS, SOCS1, SOCS2 and SOCS3 are 
important regulators of the JAK-STAT pathway. Here, we 
focus on SOCS2 and review its biological function as well 
as its implication in pathological processes. Furthermore, 
we take advantage of the known crystal structures of 
SOCS2 to discuss the potential effects of a selection of 
SOCS2 mutations that were identified in tumour tissues.

2. INTRODUCTION

Cytokines include a large family of 
glycoproteins that govern important biological processes 
such as proliferation, differentiation, immunity and 
haematopoiesis (1). These glycoproteins are important 
mediators of cell-cell communication. They are secreted 
by cells upon environmental stimuli in order to forward 
information to neighbouring cells bearing the appropriate 
receptor on their surface. The message from the cell 
surface is then rapidly transferred to the nucleus using 
different signalling cascades. The most important one 
in regard to cytokines is the Janus kinase and signal 
transducer and activator of the transcription (JAK-STAT) 
pathway. However, it seems obvious that cytokine actions 
have to be stringently controlled in both magnitude and 
duration. Indeed, aberrant cytokine signalling has been 
associated with many diseases, including several cancers, 
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disorders in haematopoiesis and autoimmune diseases. 
A number of key regulatory proteins, such as the protein 
inhibitors of activated STATs (PIAS), the Src-homology 
2 (SH2) -containing protein tyrosine phosphatases 
(SHPs) and the protein family of suppressors of cytokine 
signalling (SOCS) control cytokine responses.

SOCS proteins, which emerged since their 
discovery in 1999 as the main regulator of cytokine 
signalling, are rapidly induced upon JAK/STAT 
signalling by activated signal transducer and activator 
of transcription factors (STATs) to negatively regulate 
cytokine signalling via a classical feedback loop (2). 
The SOCS family consists of 8 proteins, namely 
SOCS1-SOCS7 and cytokine-inducible SH2-containing 
protein (CIS). Each of these proteins has a central SH2 
domain, an amino-terminal domain of variable length 
and sequence, and a carboxy-terminal 40 amino-acid 
region called SOCS box (2). The SOCSs can interact 
with a series of signalling intermediates through the 
binding of their SH2 domain to phosphorylated tyrosine 
residues, particularly those on cytokine receptors and 
JAKs, leading to the blockade of the signal (2). Indeed, 
due to the SOCS box they can act as ubiquitin ligases 
for associated proteins and target them for proteasomal 
degradation. Within the E3 ligase complex composed 
of Rbx1/2, cullin5, elonginBC and SOCS2, SOCS2 thus 
constitutes the substrate recognizing component (3–5). 
The function of each member of the SOCS proteins 
is somewhat difficult to analyse as these proteins 
may reciprocally regulate each other (6,7) due to their 
ubiquitin E3 ligase activity. Therefore their role in diverse 
functions has to be interpreted with caution. Here in this 
review we will focus on SOCS2 and its main involvement 
in biological processes as well as disease paradigms.
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3. BIOLOGICAL FUNCTIONS OF SOCS2

SOCS2 is induced by diverse kinds of cytokines 
that activate STAT5. The most important ones include 
GH, PRL, EPO, GM-CSF, G-CSF, IL-1, IL-2, IL-3, IL-4, 
IL-6 IL-15, CNTF, IFN-alpha, IFN-gamma, LIF and 
insulin (8–12). SOCS2 has been shown to be able 
to regulate several signalling pathways among them 
those induced by GH, PRL, LIF, IL-2, IL-3, IL-6, EGF 
and IGF-1 (6,10,11,13–15). However, as some of these 
findings rely on overexpression experiments, their 
physiological relevance is not entirely clear. SOCS2 is 
predominantly involved in the ubiquitination of target 
proteins, including receptors such as GHR and also 
diverse signalling proteins (16).

SOCS2 has mainly been associated with growth 
hormone (GH) signalling and is thereby involved in cell 
growth (9,17,18). Mice lacking the SOCS2 gene are 
indistinguishable from their littermates at birth. However, 
by three weeks they display accelerated growth and 
phenotypically resemble GH transgenic mice and humans 
with elevated levels of GH, resulting in adult mice that are 
30 to 40 percent larger than wild-type mice (9,17). Their 
gigantism is related to uncontrolled responses to growth 
hormone that results in increased bone length (9,18,19). 
This phenotype is reversed when GH is genetically 
inactivated, demonstrating that SOCS2 is a key negative 
regulator of GH-induced overgrowth (18). Besides, 
SOCS2-/- mice display an enlargement of internal organs 
that is also seen in IGF-1 transgenic mice. Altogether, 
these observations indicate an essential role for SOCS2 
in controlling growth by GH and/or IGF-I. SOCS2 is 
primarily thought to inhibit STAT5 phosphorylation in 
response to GH signalling. Hepatocytes derived from 
SOCS2-/- mice have prolonged STAT5a and STAT5b 
phosphorylation in response to GH and absence of 
STAT5 abrogated the overgrowth phenotype observed in 
SOCS2-/- mice (19). The mechanism by which SOCS2 
regulates STAT5 activation is still not completely 
elucidated. However, it appears to involve the competitive 
binding of SOCS2 to the STAT5 and SHP2 binding sites 
on the GH receptor (15,19,20).

Strikingly, depending on the expression level, 
SOCS2 can either act as an enhancer or suppressor of 
growth signalling (21,22). At low levels, SOCS2 inhibits 
several signalling cascades such as GH, prolactin and 
interleukins whereas at high levels, SOCS2 restores 
or even increases responsiveness to these growth 
factors (6,7,10,21). This dualistic effect, which is specific 
to SOCS2, is also reported in vivo: SOCS2 transgenic 
mice do not show any sign of apparent growth retardation 
but rather are larger than wild-type littermates (22). 
Thus, SOCS2 has opposite effects, which are likely to 
be dependent on its cellular concentrations. SOCS2 
may bind to different tyrosine-phosphorylated residues 
with different affinities. Alternatively, the capacity of 

SOCS2 to potentiate signalling may be due to its ability, 
at high concentrations, to compete with endogenous 
SOCS1 and/or SOCS3 consequently blocking their 
inhibitory effects. Indeed, SOCS2 can enhance GH, IL-2 
and IL-3 signalling by accelerating degradation of other 
SOCS members (6,21). Along this line, acromegalic 
patients have increased risk of colonic polyps. It is thought 
that high levels of SOCS2 are responsible for SOCS1 
degradation resulting in a reduced negative feedback 
loop on GH signalling, thus favouring a hyperplastic 
polyp phenotype (23). In contrast, using SOCS2-/- mice, 
Kiu et al have shown that SOCS2 is not a physiological 
regulator of SOCS3 expression and action in primary 
haematopoietic cells (24). A recent study by Kazi and 
colleagues demonstrates that SOCS2 associates 
with activated receptor tyrosine kinase FLT3 through 
phosphotyrosine residues, thereby increasing FLT3 
ubiquitination and degradation. This leads to a reduction 
in Erk1/2 and STAT5 activation and decreased FLT3-ITD-
mediated cell proliferation (25). Further mechanistic 
studies need to be conducted in order to shed light on 
the exact mechanism of SOCS2-mediated regulation.

4. SOCS2 FUNCTION IN THE IMMUNE 
SYSTEM

Over the last years it has become increasingly 
evident that SOCS proteins have important roles in 
the maintenance of homeostasis and resolution of 
inflammatory processes. Indeed, SOCSs are likely 
to be involved in differentiation of cells of the innate 
and adaptive immunity thereby helping to shape the 
inflammatory response (26,27). An increasing number 
of recent studies suggest that SOCS proteins participate 
to pattern recognition receptor (PRR) signalling. In 
particular, SOCS2 is upregulated upon TLR activation 
and regulates IL-1 beta and IL-10 (28). The same group 
shows in a more recent paper that SOCS2 is induced 
in monocyte-derived dendritic cells upon TLR8 and 
NOD signalling thereby controlling the release of pro-
inflammatory mediators from DCs (29). Furthermore, 
TLR4 signalling in monocyte-derived DCs induces type I 
interferon, which in turn activates SOCS2 via STAT3 
and STAT5 (30). Furthermore, human NK cell function is 
regulated by SOCS2 (31). Besides innate immunity, SOCS 
proteins are also key regulators of T cell differentiation. 
SOCS proteins are involved in balancing T helper cell 
polarization, which seems to rely on their capacity to 
regulate JAK and STAT activation (32–34). Indeed, 
SOCS1 and SOCS3 promote Th17 cell differentiation 
by inhibiting Th1 differentiation (35,36) whereas 
differentiation of Th2 cells is regulated by SOCS3 (36). 
SOCS2 was recently shown to play a major role in 
atopic Th2 cell-associated allergic immune responses by 
inhibiting the development of Th2 cells (33). Along this 
line, SOCS2-/- mice show uncontrolled Th1 cell mediated 
responses to Toxoplasma gondii leading to mortality, 
suggesting increased proinflammatory responses to 
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infection (37). Accumulating evidence suggests that 
Foxp3+ Tregs do not always stably express Foxp3 and 
may repolarize to other lineages (38–40). Interestingly, 
SOCS2 is highly expressed in inducible Tregs leading to 
prevention of IL-4-induced Foxp3+ iTreg instability (41). 
Foxp3+ Treg cells are essential in establishing 
tolerance at mucosal surfaces and in regulating type 2 
responses (42–44). As SOCS2 is on one side able to 
inhibit Th2 differentiation and on the other side to ensure 
iTreg stability, SOCS2 may be an ideal therapeutic target 
for Th2-biased diseases.

SOCS2 is involved in several inflammatory 
disorders. SOCS2 and CIS were shown to be 
downregulated in osteoarthritis whereas no change in 
SOCS1 and SOCS3 expression could be observed (45). It 
seems that the lack of SOCS2 expression may contribute 
to the disease as IL-1 beta and TNF alpha cytokines were 
increased along the progression of the disease. Systemic 
lupus erythematosus (SLE) as well as rheumatoid arthritis 
(RA) patients with an active form of the disease displayed 
similar SOCS2 levels in peripheral blood mononuclear 
cells (PBMCs) compared to normal individuals (46). 
In contrast, peripheral blood T cells displayed an increase 
in SOCS2 levels in RA patients (47). Interestingly a 
TNF-alpha blocking agent decreased SOCS2 transcript 
levels in RA patients suggesting that TNF alpha may 
play a role in the regulation of SOCS2 gene expression 
in PBMCs (46). SOCS2 and SOCS3 are also elevated 
in the skin of patients with psoriasis or allergic contact 
dermatitis (48). Although SOCS2 is ubiquitously 
expressed by human pancreatic islets (49,50), SOCS2-/- 

mice do not exhibit alterations in glucose metabolism 
and auto-immune mediated cell death of pancreatic beta 
cells (51). SOCS2 has also been associated with type-2 
diabetes (52). Along this line, constitutive expression of 
SOCS2 in beta cells leads to hyperglycemia and glucose-
intolerance through an impaired insulin secretion (53) and 
could thus predispose to diabetes.

5. SOCS2 FUNCTION IN THE CNS

Some SOCS members have been shown 
to interact with the GTPase activating protein p120 
RasGAP to enhance Ras activation (54) and the guanine 
nucleotide exchange factor Vav (55,56), raising the 
hypothesis that SOCS proteins could also play a role in 
the CNS (57). Among SOCS family members, SOCS2 is 
highly expressed in the CNS during development from 
embryonic day 14 to postnatal day 8 in the mouse (58). 
Results from genetic studies unravelled a role for SOCS2 
in neuronal differentiation and neurite outgrowth. SOCS2-/- 

mice display a 30 percent reduction in NeuN positive 
cells in the cortex and a slight decrease in interneurons 
whereas astrocytes were bigger in size compared 
to wild type mice (59). Overexpression of SOCS2 in 
SOCS2-transgenic mice seems to predominantly affect 
interneurons and neuronal connectivity in the cortex (60) 

and leads to increased survival of neurons generated 
during adult hippocampal neurogenesis, which correlated 
with improved performance in a hippocampal-dependent 
cognitive task (61). Expression of SOCS2 was able 
to reverse the inhibitory effect that GH plays on the 
differentiation of neuronal progenitors into neurons by 
controlling expression of a neurogenic transcription factor, 
Neurogenin-1 (62). Goldschmit and colleagues could 
show that SOCS2 induces neurite outgrowth in PC12 cells 
(a model for neuronal-like differentiation) and cortical 
neurons via an EGF receptor/cSrc/STAT5 dependent 
pathway (63,64). As overexpression of SHP2 abrogates 
neurite outgrowth and EGFR phosphorylation, SOCS2 
might mediate these effects by competing with SHP2 
for binding EGFR and thereby blocking phosphatase 
activity (63). Furthermore, a recent study reports that 
SOCS2 is able to regulate the TrkA neurotrophin receptor 
leading to enhanced pAKT and pERK1/2 signalling which 
results in increased neurite outgrowth (65). SOCS2 is 
also involved in EPO-driven neuronal differentiation (66). 
Thus, in the CNS, SOCS2 is possibly not primarily 
regulating GH signalling. Along this line, a study by 
Kasagi et al showed that intravenous administration 
of recombinant human GH in rats or GH-stimulated 
neurons did increase SOCS3 and CIS mRNA levels 
whereas SOCS2 transcript level were unchanged in 
hypothalamic neurons (67). Furthermore, GH did neither 
change expression levels of SOCS2 (62) nor reverse the 
SOCS2-driven neurite outgrowth in neurospheres (68). 
It is not clear whether SOCS2 is involved in neuronal 
activity. Whereas neurons derived from neurospheres 
of SOCS2 transgenic mice appeared more complex, 
with increased number of neurites and outgrowth, 
basic electrophysiological analysis demonstrated that 
these neurons were of comparable immature neuronal 
phenotype as the wild-type neurons (68). Thus, although 
SOCS2 expression can regulate neuronal morphology, 
it appears to have little effect on neuronal ion channel 
expression and neuronal activity.

Importantly, only few reports have addressed 
the role of SOCS2 in the diseased CNS. One study 
proposes that cAMP increases cytokine-induced 
regenerative responses in the injured retina by 
suppressing SOCS-mediated negative feedback on 
cytokine signalling (69). However, the effect in that study 
seems to be driven by SOCS3. A recent report by Choi 
and colleagues shows that SOCS2 levels are upregulated 
in the rat hippocampus after brain ischemia (70). 
Co-labelling studies with glial and neuronal marker 
showed that SOCS2 was majorly present in glial cells 
as well as a small subset of immature neurons. Thus, 
the author’s claim that SOCS2 seems to be involved 
in glial reactions and possibly may contribute to adult 
hippocampal neurogenesis after an ischemic insult (70). 
A recent study highlights SOCS2 as a potential target for 
schizophrenia (71). Further studies need to determine 
to which extent SOCS2 may be involved in neuronal 
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replacement after CNS injury. Using genetic mouse 
models in combination with diverse models of CNS 
damage may shed light on the involvement of SOCS2 in 
the regeneration process after CNS injury.

6. SOCS2 IN CANCER

Over the last years, SOCS proteins have 
emerged as potential tumour suppressor-like 
proteins (72,73). Among SOCS family members, SOCS1 
and SOCS3 have been widely studied. SOCS1 and 
SOCS3 have been shown to suppress cell growth and 
their expression is frequently down-regulated in human 
cancers (74). Low SOCS2 gene expression has been 
associated with breast, pulmonary, hepatocellular and 
ovarian cancers (75–80). On the contrary, SOCS2 is 
described to be highly expressed in bone marrow cells 
from patients with chronic myeloid leukaemia (CML) 
and thus hypothesized to be involved in advanced 
stages of CML (81). However, a recent study by Hansen 
and colleagues demonstrates that development and 
progression of BCR/ABL1-induced CML as well as 
normal hematopoietic stem cell function is not dependent 
on SOCS2 (82).

Loss of SOCS2 in breast cancer is a crucial 
step towards deregulation of the cell cycle, resulting in 
a growth-promoting effect with an inverse correlation 
between SOCS2, cyclin A and Ki67 (76,79). The 
expression of SOCS2 decreases with higher tumour 
grade in breast cancer (83). Along this line, patients with 
high SOCS2 expression had an improved survival rate 
and high SOCS2 expression proved to be an independent 
predictor for good prognosis in breast cancer (79,83). 
Genetic variation on the JAK/STAT/SOCS signalling 
pathway has been associated with breast-cancer 
mortality (84).

In HCC SOCS2 down-regulation is significantly 
correlated to advanced TNM staging and appears to be 
a prognostic marker (77). SOCS2 might have a more 
complex role in prostate cancer. A low SOCS2 expression 
in primary prostate tissue is reported to be associated 
with an increased incidence of metastasis after radical 
prostatectomy and SOCS2 mRNA levels decrease 
during prostate cancer progression (85,86). Further 
studies show that SOCS2 expression is enhanced in 
tumour tissue compared with benign tissue (78,87). 
Zhu et al report that upregulation of SOCS2 correlates 
to lower Gleason Score (GS), absence of metastasis 
and longer disease-free survival time (78). In contrast, 
others report that SOCS2 positively correlates with GS 
and disease progression and those patients with high 
SOCS2 expression are more likely to experience tumour 
relapse (86,87). These conflicting results could either be 
explained by varying expression patterns within different 
ethnic groups that were analysed in those studies 
or alternatively could reflect the presence of diverse 

subgroups of tumour cells expressing varying amounts 
of SOCS2. Furthermore, SOCS2 also seems to have a 
dual effect in prostate cancer as described in normal non-
oncogenic signalling cascades. Hoefer et al. reported 
that SOCS2 acts as an accelerator whereas Iglesias-
Gato et al. show an antagonistic effect of SOCS2 on 
oncogenic proliferative signals (86,87). Future studies 
need to clarify these opposite effects.

Limited data about the role of SOCSs in CRC 
prompted us to investigate their expression patterns as 
well as their clinical significance in CRC (88). By integrating 
different datasets covering more than 600 CRC patients 
as well as normal controls into one meta-analysis the 
power to detect biologically relevant signals specific for 
CRC is increased. Furthermore the biomarker identified 
is more likely to suit as a universal biomarker, discarding 
any possibility of specificity due to ethnic differences. 
This bioinformatic analysis, which was validated in a 
second patient cohort, identified SOCS2 as biomarker for 
CRC. Most importantly, SOCS2 has a prognostic value 
in early CRC (88). Along the same line, a gene signature 
including PIM1, CISH, ID1 and SOCS2 is able to identify 
patients with high JAK-pSTAT5 activity in hematologic 
malignancies which may benefit from treatments 
targeting JAK-STAT signalling (89). Importantly, it has 
been shown that the disruption of one allele of SOCS2 
in GH transgenic mice leads to an increase in colon and 
jejunal crypt proliferation, thus favouring the formation 
of hyperplastic and lymphoid polyps in the colon (90). 
SOCS2 deletion in mice promotes the spontaneous 
development of intestinal tumours driven by mutations 
in the APC/beta-catenin pathway (91). Along this line, it 
has been shown that forced overexpression of SOCS2 
inhibits proliferation of the Caco-2 colon cancer cell 
line (92). These findings provide evidence that SOCS2 
normally limits tumour growth and strongly supports its 
tumour suppressive potential.

One possible mechanism that explains down-
regulation of SOCS proteins in cancer is methylation in 
their gene promoter region. CpG islands of the SOCS2 
gene were shown to be hypermethylated in endometrial 
cancer (93), 6.5 percent of glioblastoma patients, 
14 percent of primary ovarian cancers (75), 43-63 
percent of melanoma (94,95) and 25 percent of CRC 
patients (88). However, methylation of SOCS2 could be 
found neither in human breast cancer patients (75) nor 
in pulmonary adenocarcinoma, (80). Inconsistent results 
regarding SOCS2 methylation have been described 
in myeloproliferative neoplasms (MPNs) (96–98). 
A recent throughout analysis reports absence of SOCS2 
methylation in MPN (99). Along this line, we and others 
have highlighted the care with which methylation studies 
should be performed (88,99). While most studies rely 
for their methylation analysis only on a low number of 
CpG sites it should strongly be recommended to perform 
whole promoter analysis as this provides much more 
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accurate results on the methylation pattern. Moreover, 
it is absolutely mandatory to analyse methylation in 
both the tumour and its normal counterpart tissue as 
methylation of both samples would on one hand indicate 
that methylation is tissue-specific and not cancer-specific 
and on the other hand that epigenetic regulation of the 
transcription is not mediated by methylation.

7. STRUCTURE-FUNCTION ASPECTS 
FOR SOCS2 SNPS REPORTED IN TUMOR 
TISSUES

For SOCS2, a couple of SNPs have been 
associated with disease states. One study by Qin et al. 
reported that 9 percent of patients with myleoproliferative 
neoplasms do have a T→C polymorphism in the 
exon 15 of the SOCS2 gene (100). Furthermore, an 
evolutionary-based haplotype analysis of haplotype-
tagging SNPs followed by a “sliding window” haplotypic 
analysis indicated SNPs that mapped to the 5’ region of 
the SOCS2 gene to be associated with type-2 diabetes 
with high statistical significance (50). Undoubtedly, SNPs 
within non-coding regions of the gene (such as the 
promotor region) may significantly affect the expression 
levels of SOCS2. Here, we will focus on SNPs that lead to 
missense mutations within the coding region and discuss 
their potential implications for SOCS2 function.

Although a number of SNPs can be found in 
the different databases, not much is known about their 
potential effects on SOCS2 structure and function. The 
solved structures of the SOCS2/elonginBC complex (101) 
and of the SOCS2/elonginBC/Cullin5 complex (102) 
have recently shed light on the protein interfaces that 
determine the interactions between these components 
of the SOCS2 E3-ligase complex (Figure 1A). In the 
E3 ligase complex, SOCS2 directly interacts with 
elonginC and Cullin5 with elonginC being the major 
interaction partner for SOCS2 (102). Another report by 
Bullock et al. (103) identified the consensus motif for the 
phosphotyrosine motif recognized by the SOCS2 SH2 
domain ((VIL)-X-D-pY-(VIL)-(IL)-(VI)). These studies thus 
also provide a detailed view of the SH2 domain binding 
pockets and the residues involved in the recognition of 
phosphotyrosine motifs of substrates. Figure 1A shows 
the overall structure of the SOCS2/elonginBC/Cul5, 
including the important binding interfaces between 
SOCS2 and its direct interaction partners (elonginC and 
cullin5). The solved structures of SOCS2 also highlight 
the large interfaces between the SOCS2 extended SH2 
domain (ESS), the SH2 domain and the SOCS-box, 
which are important for the orientation of the different 
domains (101-103). Figure 1B highlights the main SOCS2 
residues which are involved in the mentioned interfaces. 
In addition it indicates the location of the SOCS2 SNPs 
within the sequence. These 21 SNPs, which have been 
identified in different tumour tissues (104) are also 
represented in Table 1. The table includes information on 

the localization of the different SNPs within SOCS2, as 
well as their potential effects as deduced from the solved 
crystal structures of SOCS2. The potential effects for two 
of the mutations are impossible to predict as they are 
located in the N-terminal region which was not included 
in the crystal structures. For others their location in the 
structure (e.g. exposure at the protein surface) and/or the 
conservation of some of the physico-chemical properties 
of the mutated amino-acid make it difficult to reach 
clear conclusions concerning their impact. However, 
the potential effects of other SNPs can be predicted 
with much more confidence and we will discuss the 5 
most important ones in more detail. Figure 2 highlights 
important predicted changes in contacts (Figure 2A) or 
surface potentials (Figure 2B) for the SNPs I72N, N94D, 
R96Q, C167R and P184L.

The mutated residue C167 is located on the 
longest of the three helices of the SOCS-Box (helix H1) and 
is part of the large hydrophobic interface which connects 
to the alpha4-helix of elonginC. The resulting four helix 
bundle is very similar to the one formed between the von 
Hippel-Lindau (VHL) tumor suppressor and elonginC, 
which are also forming an E3-Ligase complex further 
including elonginB, cullins and Rbx proteins (101,105). 
C167 is absolutely conserved among all SOCS proteins 
as well as in VHL, where it corresponds to C162 in 
helix H1 (105). Importantly, C162 constitutes a mutation 
hotspot in VHL as is it among the six most frequently 
mutated residues identified in the VHL syndrome (106). 
This disease is characterized by a genetic predisposition 
to develop tumours in various tissues and mutations 
impairing the tumour suppressor function of VHL seem to 
be causative for the disease (107). In the VHL/elonginC 
interface, C162 is one of the three most important 
residues for the interaction (105) and the SOCS2 
structure reveals that C167 is similarly important for the 
interaction. Panel (a) of Figure 2A depicts the interactions 
of C167 with surrounding residues. Panel (b) illustrates 
that an arginine residue at this position would require 
much more space (besides introducing a positive charge 
into the hydrophobic interface) and thereby disrupt crucial 
interactions in the SOCS2/elonginC interface. Similarly 
to the C162 mutations in VHL, the C167R mutation in 
SOCS2 would thus certainly dramatically impair the 
assembly of the SOCS2 E3-ligase complex.

Proline 184 and arginine 186 of SOCS2 are 
the only residues which interact with cullin5 (102). 
Although this interaction is rather minor, it seems 
to synergistically contribute to the formation of the 
SOCS2/elonginBC/cullin5 complex. The feature which is 
determinant for the significant contribution of this interface 
to the overall binding affinity is an interaction between 
P184 of SOCS2 and W53 of cullin5 (Figure 2A-c) (102). 
In fact, this ring-to-ring stacking interaction seems to 
determine the specificity of SOCS2 towards cullin5 
instead of cullin2. Most interestingly, it has been shown 
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that mutation of the corresponding residue in the SOCS1 
box (N197) to proline shifts the SOCS1 binding specificity 
from cullin2 to cullin5 (4). Furthermore, P184 of SOCS2 
corresponds to a valine residue in VHL, which is known 
to interact with cullin2 instead of cullin5 (4,108). In light 
of this, it can be postulated that the SNP leading to the 
P184L mutation (Figure 2A-d) will most likely affect 
cullin5 binding and also impair the formation of the 
SOCS2/elonginBC/cullin5 complex. In fact it is possible 
that it will shift the specificity of SOCS2 from cullin5 to 
cullin2.

Figure 2B highlights the effects of mutations within 
the SH2 domain of SOCS2. The mutation I172N affects a 
residue which is located within the hydrophobic core of the 
SH2 domain and also contributes to the ESS/SH2 interface 
by contacting L43 within the ESS (Figure 2B-a). As I172 
makes extensive van-der-Waals contacts its mutation will 
most likely affect the stability of the SH2 domain and may 
thus affect the SH2 domain function.

Two of the reported SNPs, N94D and R96Q, 
directly affect the recognition of phosphotyrosine motifs 

Figure 1. Important interfaces in the SOCS2/elonginBC/cullin5 complex. (A) Solved structure of the SOCS2/elonginBC/cullin5 structure highlighting the 
interfaces between SOCS2 and elonginBC and cullin5, respectively (dotted circles) (101-103). The binding sites for the different residues of pY-motifs 
recognized by the SOCS2 SH2 domain are also indicated. (B) Sequence of human SOCS2 highlighting the location of the investigated SNPs. The 
different SOCS2 domains are indicated by green squares and the secondary structure is given below the sequence. Residues which were not resolved in 
the crystal structure are underlined. SOCS2 amino acids involved in the different interactions are coloured as follows: blue: SOCS2/elonginBC interface; 
yellow: SOCS2/cullin5 interface; grey: interface between the SOCS2 box, ESS and SH2 domain; magenta: residues contacting the phosphotyrosine 
residue of bound pY-motifs; red: residues involved in the recognition of positions +1 to +3 of bound pY-motifs.
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by the SH2 domain. The mutated residues are located in 
the phosphotyrosine binding pocket (Figure 2B-c), which 
also contains the central arginine R73. The positively 
charged surface (coloured in blue in Figure 2B-c) of the 

PY-binding pocket is crucial for the recognition of the 
negatively charged pY residue. Figure 2B-d illustrates 
that the N94D mutation dramatically affects the surface 
potential of the pY-binding pocket and creates a negative 

Table 1. Localization and possible effects of the SOCS2 SNPs reported in the COSMIC database (104)
Mutation 

(CDS)
Mutation 

(amino acid)
Mutation ID 

(COSM)
Tumour 
tissue

Localisation Function Predicted potential effect of 
the mutation

c. 46A>G p.T16A COSM1562415 Large intestine N-term. Nd /

c. 84G>T p.E28D COSM944525 Endometrium N-term. Nd /

c. 154A>G p.S52G COSM95257 Lung SH2 domain; AA-loop Exposed /

c. 192G>T p.E64D COSM1513314 Lung SH2 domain; AB-loop Exposed /

c. 215T>A p.I72N COSM116078 Ovary SH2 domain; 
beta C-strand

Participates in SH2 
hydrophobic core

SH2 structural stability and 
function

c. 254C>G p.S85C COSM459338 Cervix SH2 domain; 
beta B-strand

Contributes to hydrogen bond 
network within the pY binding 
pocket 

Minor effect on SH2 pY 
recognition is possible

c. 280A>G p.N94D COSM4045432 Stomach SH2 domain; 
beta C-strand

Contributes to hydrogen bond 
network of the pY binding 
pocket

modifies the positive charge of 
the SH2 pY binding pocket and 
strongly affects pY recognition

c. 286C>T p.R96* COSM1582843 Stomach SH2 domain; 
beta C-strand

Central R residue responsible 
for pY recognition

Loss of SH2 and Box functions 
due to protein truncation

c. 287G>A p.R96Q COSM277418 Endometrium SH2 domain; 
beta C-strand

Central R residue responsible 
for pY recognition

Loss of SH2 domain function

c. 287G>A p.R96Q COSM277420 Large intestine SH2 domain; 
beta C-strand

Central R residue responsible 
for pY recognition

Loss of SH2 domain function

c. 292G>A p.E98K COSM944527 Endometrium SH2 domain; 
beta C-strand

Exposed /

c. 304G>A p.G102R COSM4045433 Stomach SH2 domain; DE-loop Exposed Minor

c. 316T>G p.L106V COSM3764448 CNS SH2 domain; 
beta E-strand

Hydrophobic pocket involved 
in SH2 substrate binding 

Effect on SH2 substrate 
recognition

c. 358G>C p.D120H COSM695391 Lung SH2 domain; FB-loop Exposed /

c. 379G>A p.D127N COSM277419 Large intestine SH2 domain; 
alpha B-helix

Participates in SH2/box 
interface

Minor

c. 398G>A p.C133Y COSM944528 Endometrium SH2 domain; BG-loop Participates in SH2 
hydrophobic core

May affect conformational 
mobility of the BG-loop and 
substrate recognition

c. 470A>G p.Y157C COSM3955308 Lung SH2 domain Participates in SH2/box 
interface

May affect SH2/box interdomain 
orientation and protein stability

c. 472A>G p.T158A COSM1513313 Lung SH2 doman Participates in SH2/box 
interface

Minor

c. 499T>C p.C167R COSM315490 Lung SOCS box; H1-helix Important residue in box/
elonginC interface

Affects elonginC binding

c. 551C>T p.P184L COSM1706033 Skin SOCS box; 
H2H3-loop

Crucial for box/ 
Cul5 binding

Affects Cul5 and elonginC 
binding

c. 560T>A p.L187Q COSM695389 Lung SOCS box; H3-helix Participates in box/ 
elonginC interface

Minor effect on elonginC binding

c. 579A>C p.E193D COSM168180 Large intestine SOCS box; H3-helix Exposed /
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charge, concomitantly reducing the effect of the positive 
charge of R73. This mutation will thus dramatically 
reduce the affinity of phosphotyrosine recognition by 
the SH2 domain and disrupt SH2 function. A similar 
effect can be predicted for the mutation R96Q. In many 
SH2 domains, phosphotyrosine binding is mediated via 
two basic residues, the central arginine residue and a 
second arginine of lysine residue flanking the pY-binding 
pocket. In SOCS2, this second residue is arginine 96 at 
the betaD6 position. Figure 2B (c vs. e) illustrates that 
the R96Q mutation reduces the positive charge in the 

pY pocket and will most likely significantly impair the 
recognition of pY-motifs by the SH2 domain.

To conclude, the solved crystal structures 
of the SOCS2 containing complexes allow predicting 
the effects of reported SNPs and show that several of 
them can dramatically affect specific functions of the 
SOCS2 protein. Detailed structure-function studies of 
such SNPs would give a better understanding of the 
molecular mechanisms that lead to or support tumour 
development.

Figure 2. Location of the amino acids mutated in 5 selected SOCS2 SNPs. (A) SNPs in the SOCS2/elonginBC (panels a and b) and SOCS2/cullin5 
interfaces (panels c and d). The non-mutated wild type residues (C167 and P184) are labelled in white and the side chains of important interacting 
residues in the wild-type structures are represented as rod models. Mutated residues (R167 and L184) are highlighted in red. (B) SNPs within the SH2 
domain of SOCS2. Panels a and b: wild-type and mutant situation for the SNP corresponding to the I72N mutation. Panels c, d and e: electrostatic 
potential maps of the surface of the wild-type SH2 domain (panel c) as well as the mutants N94D (panel d) and R96Q (panel e). Red and blue regions 
indicate negative and positive charges, respectively.



SOCS2 in health and disease

 197 © 1996-2016

8. ACKNOWLEDGEMENTS

This work was supported by the Fondation 
Cancer (Luxembourg).

9. REFERENCES

1. J. Lotem and L. Sachs: Cytokine control 
of developmental programs in normal 
hematopoiesis and leukemia. Oncogene 21, 
3284–3294 (2002)
DOI: 10.1038/sj.onc.1205319

2. K. Inagaki-Ohara, T. Kondo, M. Ito, and A. 
Yoshimura: SOCS, inflammation, and cancer. 
JAK-STAT 2, e24053 (2013)
DOI: 10.4161/jkst.24053

3. B.T. Kile, B.A. Schulman, W.S. Alexander, 
N.A. Nicola, H.M.E. Martin, and D.J. Hilton: 
The SOCS box: a tale of destruction and 
degradation. Trends Biochem. Sci. 27, 
235–241 (2002)
DOI: 10.1016/S0968-0004(02)02085-6

4. T. Kamura, K. Maenaka, S. Kotoshiba, M. 
Matsumoto, D. Kohda, R.C. Conaway, J.W. 
Conaway, and K.I. Nakayama: VHL-box 
and SOCS-box domains determine binding 
specificity for Cul2-Rbx1 and Cul5-Rbx2 
modules of ubiquitin ligases. Genes Dev. 18, 
3055–3065 (2004)
DOI: 10.1101/gad.1252404

5. D.J. Hilton, R.T. Richardson, W.S. Alexander, 
E.M. Viney, T.A. Willson, N.S. Sprigg, R. Starr, 
S.E. Nicholson, D. Metcalf, and N.A. Nicola: 
Twenty proteins containing a C-terminal 
SOCS box form five structural classes. Proc. 
Natl. Acad. Sci. U. S. A. 95, 114–119 (1998)
DOI: 10.1073/pnas.95.1.114

6. G.M. Tannahill, J. Elliott, A.C. Barry, L. Hibbert, 
N.A. Cacalano, and J.A. Johnston: SOCS2 
can enhance interleukin-2 (IL-2) and IL-3 
signaling by accelerating SOCS3 degradation. 
Mol. Cell. Biol. 25, 9115–9126 (2005)
DOI: 10.1128/MCB.25.20.9115-9126.2005

7. J. Piessevaux, D. Lavens, T. Montoye, J. 
Wauman, D. Catteeuw, J. Vandekerckhove, 
D. Belsham, F. Peelman, and J. Tavernier: 
Functional cross-modulation between SOCS 
proteins can stimulate cytokine signaling. J. 
Biol. Chem. 281, 32953–32966 (2006)
DOI: 10.1074/jbc.M600776200

8. R. Starr, T.A. Willson, E.M. Viney, L.J. Murray, 

J.R. Rayner, B.J. Jenkins, T.J. Gonda, W.S. 
Alexander, D. Metcalf, N.A. Nicola, and D.J. 
Hilton: A family of cytokine-inducible inhibitors 
of signalling. Nature 387, 917–921 (1997)
DOI: 10.1038/43206

9. D. Metcalf, C.J. Greenhalgh, E. Viney, T.A. 
Willson, R. Starr, N.A. Nicola, D.J. Hilton, and 
W.S. Alexander: Gigantism in mice lacking 
suppressor of cytokine signalling-2. Nature 
405, 1069–1073 (2000)
DOI: 10.1038/35016611

10. A. Pezet, H. Favre, P.A. Kelly, and M. 
Edery: Inhibition and restoration of prolactin 
signal transduction by suppressors of 
cytokine signaling. J. Biol. Chem. 274, 
24497–24502 (1999)
DOI: 10.1074/jbc.274.35.24497

11. S. Minamoto, K. Ikegame, K. Ueno, M. 
Narazaki, T. Naka, H. Yamamoto, T. 
Matsumoto, H. Saito, S. Hosoe, and T. 
Kishimoto: Cloning and functional analysis of 
new members of STAT induced STAT inhibitor 
(SSI) family: SSI-2 and SSI-3. Biochem. 
Biophys. Res. Commun. 237, 79–83 (1997)
DOI: 10.1006/bbrc.1997.7080

12. D.L. Krebs and D.J. Hilton: SOCS proteins: 
negative regulators of cytokine signaling. 
Stem Cells 19, 378–387 (2001)
DOI: 10.1634/stemcells.19-5-378

13. B.R. Dey, S.L. Spence, P. Nissley, and R.W. 
Furlanetto: Interaction of human suppressor 
of cytokine signaling (SOCS)-2 with the 
insulin-like growth factor-I receptor. J. Biol. 
Chem. 273, 24095–24101 (1998)
DOI: 10.1074/jbc.273.37.24095

14. S.E. Nicholson, T.A. Willson, A. Farley, R. 
Starr, J.G. Zhang, M. Baca, W.S. Alexander, 
D. Metcalf, D.J. Hilton, and N.A. Nicola: 
Mutational analyses of the SOCS proteins 
suggest a dual domain requirement but 
distinct mechanisms for inhibition of LIF 
and IL-6 signal transduction. EMBO J. 18, 
375–385 (1999)
DOI: 10.1093/emboj/18.2.375

15. P.A. Ram and D.J. Waxman: SOCS/CIS protein 
inhibition of growth hormone-stimulated 
STAT5 signaling by multiple mechanisms. J. 
Biol. Chem. 274, 35553–35561 (1999)
DOI: 10.1074/jbc.274.50.35553

16. M. Vesterlund, F. Zadjali, T. Persson, M.L. 

http://dx.doi.org/10.1038/sj.onc.1205319
http://dx.doi.org/10.4161/jkst.24053
http://dx.doi.org/10.1016/S0968-0004(02)02085-6
http://dx.doi.org/10.1101/gad.1252404
http://dx.doi.org/10.1073/pnas.95.1.114
http://dx.doi.org/10.1128/MCB.25.20.9115-9126.2005
http://dx.doi.org/10.1074/jbc.M600776200
http://dx.doi.org/10.1038/43206
http://dx.doi.org/10.1038/35016611
http://dx.doi.org/10.1074/jbc.274.35.24497
http://dx.doi.org/10.1006/bbrc.1997.7080
http://dx.doi.org/10.1634/stemcells.19-5-378
http://dx.doi.org/10.1074/jbc.273.37.24095
http://dx.doi.org/10.1093/emboj/18.2.375
http://dx.doi.org/10.1074/jbc.274.50.35553


SOCS2 in health and disease

 198 © 1996-2016

Nielsen, B.M. Kessler, G. Norstedt, and A. 
Flores-Morales: The SOCS2 ubiquitin ligase 
complex regulates growth hormone receptor 
levels. PLoS One 6, e25358 (2011)
DOI: 10.1371/journal.pone.0025358

17. S. Horvat and J.F. Medrano: Lack of Socs2 
expression causes the high-growth phenotype 
in mice. Genomics 72, 209–212 (2001)
DOI: 10.1006/geno.2000.6441

18. C.J. Greenhalgh, E. Rico-bautista, M. 
Lorentzon, A.L. Thaus, P.O. Morgan, T.A. 
Willson, P. Zervoudakis, D. Metcalf, I. 
Street, N.A. Nicola, A.D. Nash, L.J. Fabri, G. 
Norstedt, C. Ohlsson, A. Flores-morales, W.S. 
Alexander, and D.J. Hilton: SOCS2 negatively 
regulates growth hormone action in vitro and 
in vivo. J. Clin. Invest. 115, 397-406 (2005)
DOI: 10.1172/jci200522710

19. C.J. Greenhalgh, P. Bertolino, S.L. Asa, D. 
Metcalf, J.E. Corbin, T.E. Adams, H.W. Davey, 
N.A. Nicola, D.J. Hilton, and W.S. Alexander: 
Growth enhancement in suppressor of 
cytokine signaling 2 (SOCS-2)-deficient 
mice is dependent on signal transducer and 
activator of transcription 5b (STAT5b). Mol. 
Endocrinol. 16, 1394–1406 (2002)
DOI: 10.1210/mend.16.6.0845

20. J.A. Hansen, K. Lindberg, D.J. Hilton, J.H. 
Nielsen, and N. Billestrup: Mechanism of 
inhibition of growth hormone receptor signaling 
by suppressor of cytokine signaling proteins. 
Mol. Endocrinol. 13, 1832–1843 (1999)
DOI: 10.1210/mend.13.11.0368

21. H. Favre, A. Benhamou, J. Finidori, P.A. Kelly, 
and M. Edery: Dual effects of suppressor 
of cytokine signaling (SOCS-2) on growth 
hormone signal transduction. FEBS Lett. 453, 
63–66 (1999)
DOI: 10.1016/S0014-5793(99)00681-X

22. C.J. Greenhalgh, D. Metcalf, A.L. Thaus, J.E. 
Corbin, R. Uren, P.O. Morgan, L.J. Fabri, J.G. 
Zhang, H.M. Martin, T.A. Willson, N. Billestrup, 
N.A. Nicola, M. Baca, W.S. Alexander, and 
D.J. Hilton: Biological evidence that SOCS-2 
can act either as an enhancer or suppressor 
of growth hormone signaling. J. Biol. Chem. 
277, 40181–40184 (2002)
DOI: 10.1074/jbc.C200450200

23. F. Bogazzi, F. Ultimieri, F. Raggi, D. Russo, 
A. Costa, E. Marciano, L. Bartalena, and 
E. Martino: Changes in the expression of 

suppressor of cytokine signalling (SOCS) 2 
in the colonic mucosa of acromegalic patients 
are associated with hyperplastic polyps. Clin. 
Endocrinol. (Oxf). 70, 898–906 (2009)
DOI: 10.1111/j.1365-2265.2008.03431.x

24. H. Kiu, C.J. Greenhalgh, A. Thaus, D.J. 
Hilton, N.A. Nicola, W.S. Alexander, and 
A.W. Roberts: Regulation of multiple 
cytokine signalling pathways by SOCS3 is 
independent of SOCS2. Growth Factors 27, 
384–393 (2009)
DOI: 10.3109/08977190903210954

25. J.U. Kazi and L. Rönnstrand: Suppressor of 
cytokine signaling 2 (SOCS2) associates with 
FLT3 and negatively regulates downstream 
signaling. Mol. Oncol. 7, 693–703 (2013)
DOI: 10.1016/j.molonc.2013.02.020

26. I.D. Dimitriou, L. Clemenza, A.J. Scotter, G. 
Chen, F.M. Guerra, and R. Rottapel: Putting 
out the fire: Coordinated suppression of the 
innate and adaptive immune systems by 
SOCS1 and SOCS3 proteins. Immunol. Rev. 
224, 265–283 (2008)
DOI: 10.1111/j.1600-065x.2008.00659.x

27. D.C. Palmer and N.P. Restifo: Suppressors 
of cytokine signaling (SOCS) in T cell 
differentiation, maturation, and function. 
Trends Immunol. 30, 592–602 (2009)
DOI: 10.1016/j.it.2009.09.009

28. G. Posselt, H. Schwarz, A. Duschl, and 
J. Horejs-Hoeck: Suppressor of cytokine 
signaling 2 is a feedback inhibitor of TLR-
induced activation in human monocyte-
derived dendritic cells. J. Immunol. 187, 
2875–2884 (2011)
DOI: 10.4049/jimmunol.1003348

29. H. Schwarz, G. Posselt, P. Wurm, M. Ulbing, 
A. Duschl, and J. Horejs-Hoeck: TLR8 and 
NOD signaling synergistically induce the 
production of IL-1beta and IL-23 in monocyte-
derived DCs and enhance the expression of 
the feedback inhibitor SOCS2. Immunobiology 
218, 533–542 (2013)
DOI: 10.1016/j.imbio.2012.06.007

30. J. Hu, D. Lou, B. Carow, M.E. Winerdal, M. 
Rottenberg, A.C. Wikström, G. Norstedt, 
and O. Winqvist: LPS regulates SOCS2 
transcription in a type I interferon dependent 
autocrine-paracrine loop. PLoS One 7, 
e30166 (2012)
DOI: 10.1371/journal.pone.0030166

http://dx.doi.org/10.1371/journal.pone.0025358
http://dx.doi.org/10.1006/geno.2000.6441
http://dx.doi.org/10.1172/jci200522710
http://dx.doi.org/10.1210/mend.16.6.0845
http://dx.doi.org/10.1210/mend.13.11.0368
http://dx.doi.org/10.1016/S0014-5793(99)00681-X
http://dx.doi.org/10.1074/jbc.C200450200
http://dx.doi.org/10.1111/j.1365-2265.2008.03431.x
http://dx.doi.org/10.3109/08977190903210954
http://dx.doi.org/10.1016/j.molonc.2013.02.020
http://dx.doi.org/10.1111/j.1600-065x.2008.00659.x
http://dx.doi.org/10.1016/j.it.2009.09.009
http://dx.doi.org/10.4049/jimmunol.1003348
http://dx.doi.org/10.1016/j.imbio.2012.06.007
http://dx.doi.org/10.1371/journal.pone.0030166


SOCS2 in health and disease

 199 © 1996-2016

31. S.H. Lee, S. Yun, Z.H. Piao, M. Jeong, D.O. 
Kim, H. Jung, J. Lee, M.J. Kim, M.S. Kim, J.W. 
Chung, T.D. Kim, S.R. Yoon, P.D. Greenberg, 
and I. Choi: Suppressor of cytokine signaling 
2 regulates IL-15-primed human NK cell 
function via control of phosphorylated Pyk2. 
J. Immunol. 185, 917–928 (2010)
DOI: 10.4049/jimmunol.1000784

32. B.A. Croker, H. Kiu, and S.E. Nicholson: SOCS 
regulation of the JAK/STAT signalling pathway. 
Semin. Cell Dev. Biol. 19, 414–422 (2008)
DOI: 10.1016/j.semcdb.2008.07.010

33. C. a Knosp, H.P. Carroll, J. Elliott, S.P. 
Saunders, H.J. Nel, S. Amu, J.C. Pratt, S. 
Spence, E. Doran, N. Cooke, R. Jackson, J. 
Swift, D.C. Fitzgerald, L.G. Heaney, P.G. Fallon, 
A. Kissenpfennig, and J. a Johnston: SOCS2 
regulates T helper type 2 differentiation and 
the generation of type 2 allergic responses. J. 
Exp. Med. 208, 1523–1531 (2011)
DOI: 10.1084/jem.20101167

34. J. Zhu and W.E. Paul: Peripheral CD4+ 
T-cell differentiation regulated by networks of 
cytokines and transcription factors. Immunol. 
Rev. 238, 247–262 (2010)
DOI: 10.1111/j.1600-065X.2010.00951.x

35. Z. Chen, A. Laurence, Y. Kanno, M. Pacher-
Zavisin, B.M. Zhu, C. Tato, A. Yoshimura, L. 
Hennighausen, and J.J. O’Shea: Selective 
regulatory function of Socs3 in the formation 
of IL-17-secreting T cells. Proc. Natl. Acad. 
Sci. U. S. A. 103, 8137–8142 (2006)
DOI: 10.1073/pnas.0600666103

36. Y. Seki, H. Inoue, N. Nagata, K. Hayashi, S. 
Fukuyama, K. Matsumoto, O. Komine, S. 
Hamano, K. Himeno, K. Inagaki-Ohara, N. 
Cacalano, A. O’Garra, T. Oshida, H. Saito, 
J.A. Johnston, A. Yoshimura, and M. Kubo: 
SOCS-3 regulates onset and maintenance of 
T(H)2-mediated allergic responses. Nat. Med. 
9, 1047–1054 (2003)
DOI: 10.1038/nm896

37. F.S. Machado, J.E. Johndrow, L. Esper, A. 
Dias, A. Bafica, C.N. Serhan, and J. Aliberti: 
Anti-inflammatory actions of lipoxin A4 
and aspirin-triggered lipoxin are SOCS-2 
dependent. Nat. Med. 12, 330–334 (2006)
DOI: 10.1038/nm1355

38. X. Zhou, S. Bailey-Bucktrout, L.T. Jeker, 
and J.A. Bluestone: Plasticity of CD4(+) 
FoxP3(+) T cells. Curr. Opin. Immunol. 21, 

281–285 (2009)
DOI: 10.1016/j.coi.2009.05.007

39. N. Komatsu, M.E. Mariotti-Ferrandiz, Y. 
Wang, B. Malissen, H. Waldmann, and S. 
Hori: Heterogeneity of natural Foxp3+ T cells: 
a committed regulatory T-cell lineage and 
an uncommitted minor population retaining 
plasticity. Proc. Natl. Acad. Sci. U. S. A. 106, 
1903–1908 (2009)
DOI: 10.1073/pnas.0811556106

40. X.O. Yang, R. Nurieva, G.J. Martinez, H.S. 
Kang, Y. Chung, B.P. Pappu, B. Shah, S.H. 
Chang, K.S. Schluns, S.S. Watowich, X.H. 
Feng, A.M. Jetten, and C. Dong: Molecular 
antagonism and plasticity of regulatory and 
inflammatory T cell programs. Immunity 29, 
44–56 (2008)
DOI: 10.1016/j.immuni.2008.05.007

41. C.A. Knosp, C. Schiering, S. Spence, H.P. 
Carroll, H.J. Nel, M. Osbourn, R. Jackson, 
O. Lyubomska, B. Malissen, R. Ingram, 
D.C. Fitzgerald, F. Powrie, P.G. Fallon, J.A. 
Johnston, and A. Kissenpfennig: Regulation of 
Foxp3+ inducible regulatory T cell stability by 
SOCS2. J. Immunol. 190, 3235–3245 (2013)
DOI: 10.4049/jimmunol.1201396

42. D. Mucida, N. Kutchukhidze, A. Erazo, M. 
Russo, J.J. Lafaille, and M.A. Curotto de 
Lafaille: Oral tolerance in the absence of 
naturally occurring Tregs. J. Clin. Invest. 115, 
1923–1933 (2005)
DOI: 10.1172/JCI24487

43. M.A. Curotto de Lafaille, N. Kutchukhidze, 
S. Shen, Y. Ding, H. Yee, and J.J. Lafaille: 
Adaptive Foxp3+ regulatory T cell-dependent 
and -independent control of allergic 
inflammation. Immunity 29, 114–126 (2008)
DOI: 10.1016/j.immuni.2008.05.010

44. S.Z. Josefowicz, R.E. Niec, H.Y. Kim, P. 
Treuting, T. Chinen, Y. Zheng, D.T. Umetsu, 
and A.Y. Rudensky: Extrathymically generated 
regulatory T cells control mucosal TH2 
inflammation. Nature 482, 395–399 (2012)
DOI: 10.1038/nature10772

45. M.C. de Andrés, K. Imagawa, K. Hashimoto, 
A. Gonzalez, M.B. Goldring, H.I. Roach, 
and R.O.C. Oreffo: Suppressors of 
cytokine signalling (SOCS) are reduced 
in osteoarthritis. Biochem. Biophys. Res. 
Commun. 407, 54–59 (2011)
DOI: 10.1016/j.bbrc.2011.02.101

http://dx.doi.org/10.4049/jimmunol.1000784
http://dx.doi.org/10.4049/jimmunol.1000784
http://dx.doi.org/10.1016/j.semcdb.2008.07.010
http://dx.doi.org/10.1084/jem.20101167
http://dx.doi.org/10.1111/j.1600-065X.2010.00951.x
http://dx.doi.org/10.1073/pnas.0600666103
http://dx.doi.org/10.1038/nm896
http://dx.doi.org/10.1038/nm1355
http://dx.doi.org/10.1016/j.coi.2009.05.007
http://dx.doi.org/10.1016/j.coi.2009.05.007
http://dx.doi.org/10.1073/pnas.0811556106
http://dx.doi.org/10.1016/j.coi.2009.05.007
http://dx.doi.org/10.1016/j.immuni.2008.05.007
http://dx.doi.org/10.4049/jimmunol.1201396
http://dx.doi.org/10.1172/JCI24487
http://dx.doi.org/10.1016/j.immuni.2008.05.010
http://dx.doi.org/10.1038/nature10772
http://dx.doi.org/10.1016/j.bbrc.2011.02.101


SOCS2 in health and disease

 200 © 1996-2016

46. J.T. Tsao, C.C. Kuo, and S.C. Lin: The analysis 
of CIS, SOCS1, SOSC2 and SOCS3 transcript 
levels in peripheral blood mononuclear 
cells of systemic lupus erythematosus and 
rheumatoid arthritis patients. Clin. Exp. Med. 
8, 179–185 (2008)
DOI: 10.1007/s10238-008-0006-0

47. P. Isomäki, T. Alanärä, P. Isohanni, a. 
Lagerstedt, M. Korpela, T. Moilanen, 
T. Visakorpi, and O. Silvennoinen: The 
expression of SOCS is altered in rheumatoid 
arthritis. Rheumatology 46, 1538–1546 (2007)
DOI: 10.1093/rheumatology/kem198

48. M. Federici, M.L. Giustizieri, C. Scarponi, G. 
Girolomoni, and C. Albanesi: Impaired IFN-
gamma-dependent inflammatory responses 
in human keratinocytes overexpressing 
the suppressor of cytokine signaling 1. J. 
Immunol. 169, 434–442 (2002)
DOI: 10.4049/jimmunol.169.1.434

49. C. Santangelo, A. Scipioni, L. Marselli, 
P. Marchetti, and F. Dotta: Suppressor of 
cytokine signaling gene expression in human 
pancreatic islets: modulation by cytokines. 
Eur. J. Endocrinol. 152, 485–489 (2005)
DOI: 10.1530/eje.1.01856

50. H. Kato, K. Nomura, D. Osabe, S. Shinohara, 
O. Mizumori, R. Katashima, S. Iwasaki, K. 
Nishimura, M. Yoshino, M. Kobori, E. Ichiishi, 
N. Nakamura, T. Yoshikawa, T. Tanahashi, 
P. Keshavarz, K. Kunika, M. Moritani, E. 
Kudo, K. Tsugawa, Y. Takata, D. Hamada, N. 
Yasui, T. Miyamoto, H. Shiota, H. Inoue, and 
M. Itakura: Association of single-nucleotide 
polymorphisms in the suppressor of cytokine 
signaling 2 (SOCS2) gene with type 2 
diabetes in the Japanese. Genomics 87, 
446–458 (2006)
DOI: 10.1016/j.ygeno.2005.11.009

51. R. Puff, P. Dames, M. Weise, B. Göke, K.G. 
Parhofer, and A. Lechner: No non-redundant 
function of suppressor of cytokine signaling 
2 in insulin producing beta -cells. Islets 2, 
252–257 (2010)
DOI: 10.4161/isl.2.4.12556

52. A. Rasche, H. Al-Hasani, and R. Herwig: 
Meta-analysis approach identifies candidate 
genes and associated molecular networks for 
type-2 diabetes mellitus. BMC Genomics 9, 
310 (2008)
DOI: 10.1186/1471-2164-9-310

53. P. Lebrun, E. Cognard, P. Gontard, R. Bellon-
Paul, C. Filloux, M.F. Berthault, C. Magnan, J. 
Ruberte, M. Luppo, a. Pujol, N. Pachera, a. 
Herchuelz, F. Bosch, and E. Van Obberghen: 
The suppressor of cytokine signalling 
2 (SOCS2) is a key repressor of insulin 
secretion. Diabetologia 53, 1935–1946 (2010)
DOI: 10.1007/s00125-010-17869

54. N.A. Cacalano, D. Sanden, and J.A. 
Johnston: Tyrosine-phosphorylated SOCS-3 
inhibits STAT activation but binds to p120 
RasGAP and activates Ras. Nat. Cell Biol. 3, 
460–465 (2001)
DOI: 10.1038/35074525

55. P. De Sepulveda, K. Okkenhaug, J. La Rose, 
R.G. Hawley, P. Dubreuil, and R. Rottapel: 
Socs1 binds to multiple signalling proteins 
and suppresses Steel factor-dependent 
proliferation. EMBO J. 18, 904–915 (1999)
DOI: 10.1093/emboj/18.4.904

56. P. De Sepulveda, S. Ilangumaran, and 
R. Rottapel: Suppressor of cytokine 
signaling-1 inhibits VAV function through 
protein degradation. J. Biol. Chem. 275, 
14005–14008 (2000)
DOI: 10.1074/jbc.C000106200

57. R.T. Uren and A.M. Turnley: Regulation 
of neurotrophin receptor (Trk) signaling: 
suppressor of cytokine signaling 2 (SOCS2) 
is a new player. Front. Mol. Neurosci. 7, 
39 (2014)
DOI: 10.3389/fnmol.2014.00039

58. M.N. Polizzotto, P.F. Bartlett, and A.M. 
Turnley: Expression of “suppressor of cytokine 
signalling” (SOCS) genes in the developing 
and adult mouse nervous system. J. Comp. 
Neurol. 423, 348–358 (2000)
DOI: 10.1002/1096-9861(20000724)
423:2<348:AID-CNE11>3.0.CO;2-W

59. M.I. Ransome, Y. Goldshmit, P.F. Bartlett, 
M.J. Waters, and A.M. Turnley: Comparative 
analysis of CNS populations in knockout mice 
with altered growth hormone responsiveness. 
Eur. J. Neurosci. 19, 2069–2079 (2004)
DOI: 10.1111/j.0953-816X.2004.03308.x

60. M.I. Ransome and A.M. Turnley: Analysis 
of neuronal subpopulations in mice over-
expressing suppressor of cytokine signaling-2. 
Neuroscience 132, 673–687 (2005)
DOI: 10.1016/j.neuroscience.2004.12.041

http://dx.doi.org/10.1007/s10238-008-0006-0
http://dx.doi.org/10.1093/rheumatology/kem198
http://dx.doi.org/10.4049/jimmunol.169.1.434
http://dx.doi.org/10.1530/eje.1.01856
http://dx.doi.org/10.1016/j.ygeno.2005.11.009
http://dx.doi.org/10.4161/isl.2.4.12556
http://dx.doi.org/10.1186/1471-2164-9-310
http://dx.doi.org/10.1007/s00125-010-17869
http://dx.doi.org/10.1038/35074525
http://dx.doi.org/10.1093/emboj/18.4.904
http://dx.doi.org/10.1074/jbc.C000106200
http://dx.doi.org/10.3389/fnmol.2014.00039
http://dx.doi.org/10.1002/1096-9861(20000724)423:2<348:AID-CNE11>3.0.CO;2-W
http://dx.doi.org/10.1002/1096-9861(20000724)423:2<348:AID-CNE11>3.0.CO;2-W
http://dx.doi.org/10.1111/j.0953-816X.2004.03308.x
http://dx.doi.org/10.1016/j.neuroscience.2004.12.041


SOCS2 in health and disease

 201 © 1996-2016

61. M.I. Ransome and A.M. Turnley: Growth 
hormone signaling and hippocampal 
neurogenesis: insights from genetic models. 
Hippocampus 18, 1034–1050 (2008)
DOI: 10.1002/hipo.20463

62. A.M. Turnley, C.H. Faux, R.L. Rietze, J.R. 
Coonan, and P.F. Bartlett: Suppressor of 
cytokine signaling 2 regulates neuronal 
differentiation by inhibiting growth hormone 
signaling. Nat. Neurosci. 5, 1155–1162 (2002)
DOI: 10.1038/nn954

63. Y. Goldshmit, C.E. Walters, H.J. Scott, C.J. 
Greenhalgh, and A.M. Turnley: SOCS2 
induces neurite outgrowth by regulation of 
epidermal growth factor receptor activation. J. 
Biol. Chem. 279, 16349–16355 (2004)
DOI: 10.1074/jbc.M312873200

64. Y. Goldshmit, C.J. Greenhalgh, and A.M. 
Turnley: Suppressor of cytokine signalling-2 
and epidermal growth factor regulate neurite 
outgrowth of cortical neurons. Eur. J. Neurosci. 
20, 2260–2266 (2004)
DOI: 10.1111/j.1460-9568.2004.03698.x

65. R.T. Uren, A. Turbić, A.W. Wong, R. Klein, 
S.S. Murray, and A.M. Turnley: A novel role 
of suppressor of cytokine signaling-2 in the 
regulation of TrkA neurotrophin receptor 
biology. J. Neurochem. 129, 614–627 (2014)
DOI: 10.1111/jnc.12671

66. L. Wang, Z. Zhang, R. Zhang, M.S. 
Hafner, H.K. Wong, Z. Jiao, and M. Chopp: 
Erythropoietin up-regulates SOCS2 in 
neuronal progenitor cells derived from SVZ of 
adult rat. Neuroreport 15, 1225–1229 (2004)
DOI: 10.1097/01.wnr.0000127636.15181.c1

67. Y. Kasagi, R. Tokita, T. Nakata, T. Imaki, and 
S. Minami: Human growth hormone induces 
SOCS3 and CIS mRNA increase in the 
hypothalamic neurons of hypophysectomized 
rats. Endocr. J. 51, 145–154 (2004)
DOI: 10.1507/endocrj.51.145

68. H.J. Scott, M.J. Stebbing, C.E. Walters, S. 
McLenachan, M.I. Ransome, N.R. Nichols, 
and A.M. Turnley: Differential effects of SOCS2 
on neuronal differentiation and morphology. 
Brain Res. 1067, 138–145 (2006)
DOI: 10.1016/j.brainres.2005.10.032

69. K.K. Park, Y. Hu, J. Muhling, M.A. Pollett, 
E.J. Dallimore, A.M. Turnley, Q. Cui, and A.R. 
Harvey: Cytokine-induced SOCS expression 

is inhibited by cAMP analogue: impact on 
regeneration in injured retina. Mol. Cell. 
Neurosci. 41, 313–324 (2009)
DOI: 10.1016/j.mcn.2009.04.002

70. J.S. Choi, Y.J. Shin, J.Y. Lee, J.Y. Choi, J.H. 
Cha, M.H. Chun, and M.Y. Lee: Enhanced 
expression of SOCS-2 in the rat hippocampus 
after transient forebrain ischemia. J. 
Neurotrauma 26, 2097–2106 (2009)
DOI: 10.1089/neu.2008.0793

71. U. Ratnayake, H.S. Basrai, A.M. Turnley, 
and M. van den Buuse: Dopaminergic 
activity and behaviour in SOCS2 transgenic 
mice: Revealing a potential drug target for 
schizophrenia. Prog. Neuropsychopharmacol. 
Biol. Psychiatry 56, 247–253 (2015)
DOI: 10.1016/j.pnpbp.2014.09.009

72. Z. Culig: Suppressors of cytokine signalling-3 
and -1 in human carcinogenesis. Front. Biosci. 
(Schol. Ed). 5, 277–283 (2013)
DOI: 10.2741/S372

73. J. Elliott, M.B. Hookham, and J.A. Johnston: 
The suppressors of cytokine signalling E3 
ligases behave as tumour suppressors. 
Biochem. Soc. Trans. 36, 464–468 (2008)
DOI: 10.1042/BST0360464

74. M.C. Trengove and A.C. Ward: SOCS proteins 
in development and disease. Am. J. Clin. Exp. 
Immunol. 2, 1–29 (2013)

75. K.D. Sutherland, G.J. Lindeman, D.Y.H. 
Choong, S. Wittlin, L. Brentzell, W. Phillips, 
I.G. Campbell, and J.E. Visvader: Differential 
hypermethylation of SOCS genes in ovarian 
and breast carcinomas. Oncogene 23, 
7726–7733 (2004)
DOI: 10.1038/sj.onc.1207787

76. F. Farabegoli, C. Ceccarelli, D. Santini, and 
M. Taffurelli: Suppressor of cytokine signalling 
2 (SOCS-2) expression in breast carcinoma. 
J. Clin. Pathol. 58, 1046–1050 (2005)
DOI: 10.1136/jcp.2004.024919

77. X. Qiu, J. Zheng, X. Guo, X. Gao, H. Liu, Y. Tu, 
and Y. Zhang: Reduced expression of SOCS2 
and SOCS6 in hepatocellular carcinoma 
correlates with aggressive tumor progression 
and poor prognosis. Mol. Cell. Biochem. 378, 
99–106 (2013)
DOI: 10.1007/s11010-013-1599-5

78. J. guo Zhu, Q. shan Dai, Z. dong Han, H. chan 
He, R. jun Mo, G. Chen, Y. fei Chen, Y. ding 

http://dx.doi.org/10.1002/hipo.20463
http://dx.doi.org/10.1038/nn954
http://dx.doi.org/10.1074/jbc.M312873200
http://dx.doi.org/10.1111/j.1460-9568.2004.03698.x
http://dx.doi.org/10.1111/jnc.12671
http://dx.doi.org/10.1097/01.wnr.0000127636.15181.c1
http://dx.doi.org/10.1507/endocrj.51.145
http://dx.doi.org/10.1016/j.brainres.2005.10.032
http://dx.doi.org/10.1016/j.mcn.2009.04.002
http://dx.doi.org/10.1089/neu.2008.0793
http://dx.doi.org/10.1016/j.pnpbp.2014.09.009
http://dx.doi.org/10.2741/S372
http://dx.doi.org/10.1042/BST0360464
http://dx.doi.org/10.1038/sj.onc.1207787
http://dx.doi.org/10.1136/jcp.2004.024919
http://dx.doi.org/10.1007/s11010-013-1599-5


SOCS2 in health and disease

 202 © 1996-2016

Wu, S. bang Yang, F. neng Jiang, W. hong 
Chen, Z. lin Sun, and W. de Zhong: Expression 
of SOCSs in human prostate cancer and their 
association in prognosis. Mol. Cell. Biochem. 
381, 51–59 (2013)
DOI: 10.1007/s11010-013-1687-6

79. M.C. Haffner, B. Petridou, J.P. Peyrat, F. 
Révillion, E. Müller-Holzner, G. Daxenbichler, 
C. Marth, and W. Doppler: Favorable 
prognostic value of SOCS2 and IGF-I in 
breast cancer. BMC Cancer 7, 136 (2007)
DOI: 10.1186/1471-2407-7-136

80. H. Wikman, E. Kettunen, J.K. Seppänen, 
A. Karjalainen, J. Hollmén, S. Anttila, and 
S. Knuutila: Identification of differentially 
expressed genes in pulmonary 
adenocarcinoma by using cDNA array. 
Oncogene 21, 5804–5813 (2002)
DOI: 10.1038/sj.onc.1205726

81. B. Schultheis, M. Carapeti-Marootian, A. 
Hochhaus, A. Weisser, J.M. Goldman, and 
J. V Melo: Overexpression of SOCS-2 in 
advanced stages of chronic myeloid leukemia: 
possible inadequacy of a negative feedback 
mechanism. Blood 99, 1766–1775 (2002)
DOI: 10.1182/blood.V99.5.1766

82. N. Hansen, H. Ågerstam, M. Wahlestedt, N. 
Landberg, M. Askmyr, M. Ehinger, M. Rissler, 
H. Lilljebjörn, P. Johnels, J. Ishiko, J. V Melo, 
W.S. Alexander, D. Bryder, M. Järås, and T. 
Fioretos: SOCS2 is dispensable for BCR/
ABL1-induced chronic myeloid leukemia-like 
disease and for normal hematopoietic stem 
cell function. Leukemia 27, 130–135 (2013)
DOI: 10.1038/leu.2012.169

83. W. Sasi, W.G. Jiang, A. Sharma, and K. 
Mokbel: Higher expression levels of SOCS 
1,3,4,7 are associated with earlier tumour 
stage and better clinical outcome in human 
breast cancer. BMC Cancer 10, 178 (2010)
DOI: 10.1186/1471-2407-10-178

84. M.L. Slattery, A. Lundgreen, L.M. Hines, G. 
Torres-Mejia, R.K. Wolff, M.C. Stern, and 
E.M. John: Genetic variation in the JAK/
STAT/SOCS signaling pathway influences 
breast cancer-specific mortality through 
interaction with cigarette smoking and use 
of aspirin/NSAIDs: the Breast Cancer Health 
Disparities Study. Breast Cancer Res. Treat. 
147, 145–158 (2014)
DOI: 10.1007/s10549-014-3071-y

85. P.J.M. Hendriksen, N.F.J. Dits, K. Kokame, 
A. Veldhoven, W.M. van Weerden, C.H. 
Bangma, J. Trapman, and G. Jenster: 
Evolution of the androgen receptor pathway 
during progression of prostate cancer. Cancer 
Res. 66, 5012–5020 (2006)
DOI: 10.1158/0008-5472.CAN-05-3082

86. D. Iglesias-Gato, Y.C. Chuan, P. Wikström, 
S. Augsten, N. Jiang, Y. Niu, A. Seipel, D. 
Danneman, M. Vermeij, L. Fernandez-Perez, 
G. Jenster, L. Egevad, G. Norstedt, and A. 
Flores-Morales: SOCS2 mediates the cross 
talk between androgen and growth hormone 
signaling in prostate cancer. Carcinogenesis 
35, 24–33 (2014)
DOI: 10.1093/carcin/bgt304

87. J. Hoefer, J. Kern, P. Ofer, I.E. Eder, G. 
Schäfer, D. Dietrich, G. Kristiansen, S. 
Geley, J. Rainer, E. Gunsilius, H. Klocker, Z. 
Culig, and M. Puhr: SOCS2 correlates with 
malignancy and exerts growth promoting 
effects in prostate cancer. Endocr. Relat. 
Cancer 21, 175–187 (2013)
DOI: 10.1530/ERC-13-0446

88. E. Letellier, M. Schmitz, K. Baig, N. Beaume, 
C. Schwartz, S. Frasquilho, L. Antunes, N. 
Marcon, P. V Nazarov, L. Vallar, J. Even, and 
S. Haan: Identification of SOCS2 and SOCS6 
as biomarkers in human colorectal cancer. Br. 
J. Cancer 111, 726–735 (2014)
DOI: 10.1038/bjc.2014.377

89. D. Sonkin, M. Palmer, X. Rong, K. Horrigan, 
C.H. Regnier, C. Fanton, J. Holash, M. Pinzon-
Ortiz, M. Squires, A. Sirulnik, T. Radimerski, 
R. Schlegel, M. Morrissey, and Z.A. Cao: The 
identification and characterization of a STAT5 
gene signature in hematologic malignancies. 
Cancer Biomark. 15, 79–87 (2015)
DOI: 10.3233/CBM-140434

90. C.Z. Michaylira, N.M. Ramocki, J.G. Simmons, 
C.K. Tanner, K.K. McNaughton, J.T. Woosley, 
C.J. Greenhalgh, and P.K. Lund: Haplotype 
insufficiency for suppressor of cytokine 
signaling-2 enhances intestinal growth and 
promotes polyp formation in growth hormone-
transgenic mice. Endocrinology 147, 
1632–1641 (2006)
DOI: 10.1210/en.2005-1241

91. V. a Newton, N.M. Ramocki, B.P. Scull, J.G. 
Simmons, K. McNaughton, and P.K. Lund: 
Suppressor of cytokine signaling-2 gene 

http://dx.doi.org/10.1007/s11010-013-1687-6
http://dx.doi.org/10.1186/1471-2407-7-136
http://dx.doi.org/10.1038/sj.onc.1205726
http://dx.doi.org/10.1182/blood.V99.5.1766
http://dx.doi.org/10.1038/leu.2012.169
http://dx.doi.org/10.1186/1471-2407-10-178
http://dx.doi.org/10.1007/s10549-014-3071-y
http://dx.doi.org/10.1158/0008-5472.CAN-05-3082
http://dx.doi.org/10.1093/carcin/bgt304
http://dx.doi.org/10.1530/ERC-13-0446
http://dx.doi.org/10.1038/bjc.2014.377
http://dx.doi.org/10.3233/CBM-140434
http://dx.doi.org/10.1210/en.2005-1241


SOCS2 in health and disease

 203 © 1996-2016

disruption promotes Apc(Min/+) tumorigenesis 
and activator protein-1 activation. Am. J. 
Pathol. 176, 2320–2332 (2010)
DOI: 10.2353/ajpath.2010.090684

92. M.E. Miller, C.Z. Michaylira, J.G. Simmons, 
D.M. Ney, E.M. Dahly, J.K. Heath, and P.K. 
Lund: Suppressor of cytokine signaling-2: a 
growth hormone-inducible inhibitor of intestinal 
epithelial cell proliferation. Gastroenterology 
127, 570–581 (2004)
DOI: 10.1053/j.gastro.2004.05.016

93. H. Fiegl, C. Gattringer, A. Widschwendter, A. 
Schneitter, A. Ramoni, D. Sarlay, I. Gaugg, 
G. Goebel, H.M. Müller, E. Mueller-Holzner, 
C. Marth, and M. Widschwendter: Methylated 
DNA collected by tampons--a new tool to 
detect endometrial cancer. Cancer Epidemiol. 
Biomarkers Prev. 13, 882–888 (2004)

94. A. Marini, A. Mirmohammadsadegh, S. 
Nambiar, A. Gustrau, T. Ruzicka, and U.R. 
Hengge: Epigenetic inactivation of tumor 
suppressor genes in serum of patients with 
cutaneous melanoma. J. Invest. Dermatol. 
126, 422–431 (2006)
DOI: 10.1038/sj.jid.5700073

95. S. Liu, S. Ren, P. Howell, O. Fodstad, and A.I. 
Riker: Identification of novel epigenetically 
modified genes in human melanoma via 
promoter methylation gene profiling. Pigment 
Cell Melanoma Res. 21, 545–558 (2008)
DOI: 10.1111/j.1755-148X.2008.00484.x

96. H. Quentmeier, R. Geffers, E. Jost, 
R.A.F. Macleod, S. Nagel, S. Röhrs, J. 
Romani, M. Scherr, M. Zaborski, and H.G. 
Drexler: SOCS2: inhibitor of JAK2V617F-
mediated signal transduction. Leukemia 22, 
2169–2175 (2008)
DOI: 10.1038/leu.2008.226

97. S. Barrio, M. Gallardo, E. Albizua, A. Jimenez, 
I. Rapado, R. Ayala, F. Gilsanz, J.I. Martin-
Subero, and J. Martinez-Lopez: Epigenomic 
profiling in polycythaemia vera and essential 
thrombocythaemia shows low levels of 
aberrant DNA methylation. J. Clin. Pathol. 64, 
1010–1013 (2011)
DOI: 10.1136/jclinpath-2011-200175

98. L. Teofili, M. Martini, T. Cenci, F. Guidi, L. Torti, 
F. Giona, R. Foà, G. Leone, and L.M. Larocca: 
Epigenetic alteration of SOCS family members 
is a possible pathogenetic mechanism in 
JAK2 wild type myeloproliferative diseases. 

Int. J. Cancer 123, 1586–1592 (2008)
DOI: 10.1002/ijc.23694

99. M.Y. Zhang, T.K. Fung, F.Y. Chen, and C.S. 
Chim: Methylation profiling of SOCS1, SOCS2, 
SOCS3, CISH and SHP1 in Philadelphia-
negative myeloproliferative neoplasm. J. Cell. 
Mol. Med. 17, 1282–1290 (2013)
DOI: 10.1111/jcmm.12103

100. W. Qin, T. Chen, J.H. Yang, Y. Zhang, R. Xiao, 
J.T. Lu, T. Wang, M. Zhou, and J.Y. He: Study 
of single nucleotide polymorphism of SOCS 
gene in typical myeloproliferative neoplasms. 
Zhongguo Shi Yan Xue Ye Xue Za Zhi 21, 
1507-1512 (2013)

101. A.N. Bullock, J.E. Debreczeni, A.M. Edwards, 
M. Sundström, and S. Knapp: Crystal 
structure of the SOCS2-elongin C-elongin 
B complex defines a prototypical SOCS box 
ubiquitin ligase. Proc. Natl. Acad. Sci. U. S. A. 
103, 7637–7642 (2006)
DOI: 10.1073/pnas.0601638103

102. Y.K. Kim, M.J. Kwak, B. Ku, H.Y. Suh, K. Joo, 
J. Lee, J.U. Jung, and B.H. Oh: Structural 
basis of intersubunit recognition in elongin 
BC-cullin 5-SOCS box ubiquitin-protein 
ligase complexes. Acta Crystallogr. D. Biol. 
Crystallogr. 69, 1587–1597 (2013)
DOI: 10.1107/S0907444913011220

103. A.N. Bullock, M.C. Rodriguez, J.E. 
Debreczeni, Z. Songyang, and S. Knapp: 
Structure of the SOCS4-ElonginB/C complex 
reveals a distinct SOCS box interface and the 
molecular basis for SOCS-dependent EGFR 
degradation. Structure 15, 1493–1504 (2007)
DOI: 10.1016/j.str.2007.09.016

104. S.A. Forbes, G. Bhamra, S. Bamford, E. 
Dawson, C. Kok, J. Clements, A. Menzies, 
J.W. Teague, P.A. Futreal, and M.R. Stratton: 
The Catalogue of Somatic Mutations in 
Cancer (COSMIC). Curr. Protoc. Hum. Genet. 
Chapter 10, Unit 10.1.1 (2008)
DOI: 10.1002/0471142905.hg1011s57.

105. C.E. Stebbins, W.G. Kaelin, and N.P. 
Pavletich: Structure of the VHL-ElonginC-
ElonginB complex: implications for VHL 
tumor suppressor function. Science 284, 
455–461 (1999)
DOI: 10.1126/science.284.5413.455

106. K.L. Melmon and S.W. Rosen: Lindau’s 
disease. Review of the literature and study of a 

http://dx.doi.org/10.2353/ajpath.2010.090684
http://dx.doi.org/10.1053/j.gastro.2004.05.016
http://dx.doi.org/10.1038/sj.jid.5700073
http://dx.doi.org/10.1111/j.1755-148X.2008.00484.x
http://dx.doi.org/10.1038/leu.2008.226
http://dx.doi.org/10.1136/jclinpath-2011-200175
http://dx.doi.org/10.1002/ijc.23694
http://dx.doi.org/10.1111/jcmm.12103
http://dx.doi.org/10.1073/pnas.0601638103
http://dx.doi.org/10.1107/S0907444913011220
http://dx.doi.org/10.1016/j.str.2007.09.016
http://dx.doi.org/10.1002/0471142905.hg1011s57.
http://dx.doi.org/10.1126/science.284.5413.455


SOCS2 in health and disease

 204 © 1996-2016

large kindred. Am. J. Med. 36, 595–617 (1964)
DOI: 10.1016/0002-9343(64)90107-X

107. L. Gossage, T. Eisen, and E.R. Maher: VHL, 
the story of a tumour suppressor gene. Nat. 
Rev. Cancer 15, 55–64 (2014)
DOI: 10.1038/nrc3844

108. T. Kamura, D.M. Koepp, M.N. Conrad, D. 
Skowyra, R.J. Moreland, O. Iliopoulos, 
W.S. Lane, W.G. Kaelin, S.J. Elledge, R.C. 
Conaway, J.W. Harper, and J.W. Conaway: 
Rbx1, a component of the VHL tumor 
suppressor complex and SCF ubiquitin ligase. 
Science 284, 657–661 (1999)
DOI: 10.1126/science.284.5414.657

Key Words: SOCS2, GH signalling, Cancer, CNS, 
Immune Disorders, Review

Send correspondence to: Serge Haan, Life 
Sciences Research Unit, University of Luxembourg, 
162A Avenue de la Faïencerie, L-1511 
Luxembourg, Luxembourg, Tel: 352-4666446437, 
Fax: 352-4666446435, E-mail: serge.haan@uni.lu

http://dx.doi.org/10.1016/0002-9343(64)90107-X
http://dx.doi.org/10.1038/nrc3844
http://dx.doi.org/10.1126/science.284.5414.657

