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Abstract

Cytokines are an integral part of the adaptive and innate immune responses. The signalling pathways

triggered by receptor engagement translate exposure to cytokine into a coordinated biological

response. To contain these responses, the initiation, duration and magnitude of the signal is controlled
at multiple levels. SOCS (suppressor of cytokine signalling) proteins act in a negative feedback loop

to inhibit signal transduction. Mice with a deletion of SOCS3 die at midgestion due to placental
insufficiency. SOCS3-null placentae have increased numbers of mature trophoblast giant cells,

disruption of the labyrinthine layer and a decrease in the spongiotrophoblast layer. Genetic crosses
have revealed that the phenotype is due to dysregulation of signalling downstream of the leukaemia

inhibitory factor (LIF) receptor alpha (LIFRc) and that the ligand responsible for this, LIF, is

produced by embryonic tissues and acts in a paracrine fashion. These observations highlight the role
of LIF as an extrinsic factor regulating trophoblast differentiation in vivo. The creation of mice with
conditional deletion of SOCS3 in different tissues has also uncovered critical roles for SOCS3 in the
regulation of IL-6, G-CSF and leptin signalling.

1. Introduction: the SOCS proteins

In recent years, the Suppressor of Cytokine signalling (SOCS) proteins, which were first
identified as rapidly inducible negative regulators of cytokine signalling, have emerged as key
modulators of the cellular response to diverse biological stimuli. The eight SOCS family
proteins (SOCS1-7 and CIS) are characterised by structural features that include a conserved
C-terminal SOCS box, a central SH2 domain and an N-terminal region of variable length and
sequence (Hilton et al., 1998). The paradigm for specific inhibition of cytokine signalling by
SOCS proteins is as follows. Cytokine binding induces receptor oligomerization, allowing
transphosphorylation and activation of cytoplasmic kinase proteins called Janus Kinases
(JAKSs). JAKs phosphorylate tyrosine residues within the receptor cytoplasmic domain leading
to the recruitment of Signal Transducer and Activators of Transcription (STAT) proteins.
Phosphorylated STAT dimers translocate to the nucleus where they mediate cytokine-regulated
gene transcription, including transcription of SOCS genes. SOCS proteins are recruited to
specific phosphotyrosine residues in activated cytokine receptors or in JAKSs and inhibit their
activity. In addition, the SOCS box can interact with elongins B and C, proteins that form part
of an E3 ubiquitin ligase complex that polyubiquitinates proteins, targeting them for
proteasomal degradation (Kamura et al., 1998; Zhang et al., 1999). Thus, the SOCS proteins
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regulate the duration of the cytokine signalling response by both specific and non-specific
regulatory mechanisms.

Transcription of SOCS3 is induced in numerous cell types by a diverse array of cytokines and
other stimuli. In addition, overexpression of SOCS3 in cell lines has shown SOCS can inhibit
many cytokine-induced responses (Alexander and Hilton, 2004). SOCS3 interacts with gp130,
a common cytokine receptor for interleukin (IL)-6, LIF and other members of the IL-6 family
of cytokines, and the interaction site has been mapped to phosphotyrosine (pTyr) 757
(Nicholson et al., 2000; Schmitz et al., 2000). SOCS3 has been reported also to interact with
JAKZ2, the leptin receptor, erythropoietin receptor, insulin receptor, IL-12f receptor and
granulocyte-colony stimulating factor receptor (Bjorbak et al., 2000; Emanuelli et al., 2000;
Eyckerman et al., 2000; Hortner et al., 2002; Sasaki et al., 1999, 2000; Ueki et al., 2004a;
Yamamoto et al., 2003). Studies to date have focussed mainly on the role of SOCS3 as an
inhibitor of the JAK-STAT pathway; however, there is evidence that SOCS3 can regulate also
the stability of signalling molecules including IRS proteins, the RAS inhibitor RasGAP and
the adaptor proteins Nck and Crk-L.

To dissect the in vivo function and specificity of SOCS proteins, our laboratory has focussed
on gene deletion studies in mice. The results have revealed remarkable cytokine specificity for
different SOCS molecules (reviewed in Alexander and Hilton, 2004). Here, we review the
results of studies of murine models with genetic deletion of SOCS3, focussing on the role of
SOCS3 in placentation.

2. SOCS3-null embryos die of placental insufficiency

Genetic deletion of SOCS3 resulted in embryonic lethality due to placental insufficiency at
around embryonic day (E)13 (Marine et al., 1999; Roberts et al., 2001; Takahashi et al.,
2003). In the SOCS3 null placenta, chorio-allantoic fusion occurred normally, but the
labyrinthine and spongiotrophoblast layers of the placenta were poorly formed, whilst
trophoblast giant cells were increased in number and in size. Consistent with these histological
abnormalities, cells expressing PI-1 or Limk, genes expressed in trophoblast giant cells, were
increased in number whilst cells expressing markers of spongiotrophoblast, such as Tpbp, were
decreased. Expression of the helix-loop-helix transcription factor Hand1, which promotes
differentiation of trophoblast stem cells, was increased whilst that of Mash1, which maintains
trophoblast stem cells, was decreased. SOCS3 expression was high in cells at the edge of the
chorionic plate, a region thought to give rise to syncytiotrophoblast cells, and was also
detectable in labyrinthine, spongiotrophoblast and trophoblast giant cells and in fetal
vasculature of the developing placenta (Roberts et al., 2001; Takahashi et al., 2003). The
embryonic lethality associated with absence of SOCS3 could be rescued by provision of wild
type extraembryonic tissues, using either complementation via aggregation with tetraploid
embryos (which contribute to extra-embryonic tissues but not to embryo proper) or generation
of chimeras composed of SOCS3-null embryos and wild-type trophoblast stem cells
(Takahashi et al., 2003, 2006). These experiments established definitively that the embryonic
lethality due to absence of SOCS3 was caused by placental insufficiency. Moreover, initial
reports that SOCS3-null embryos had excess erythrocytosis were not supported by later
analyses (Roberts et al., 2001; Takahashi et al., 2003).

The abnormalities observed in SOCS3-null placentae suggested a perturbation in trophoblast
differentiation. This hypothesis was supported by experiments using the rat trophoblast cell
line Rcho-1. The Rcho-1 cell line can be induced to differentiate to trophoblast giant cells in
culture. SOCS3 expression was high in undifferentiated cells and decreased following
induction of differentiation. In Rcho-1 subclones constitutively expressing SOCS3,
differentiation, manifest by changes in gene expression, DNA endoreduplication, actin
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filament reorganisation and sensitivity to trypsin, was suppressed. Moreover, trophoblast stem
cell lines lacking SOCS3 underwent precocious differentiation, even when maintained in FGF4
and conditioned media (Takahashi et al., 2003).

3. Genetic reduction of embryonic LIF signalling rescues placentation in
SOCS3-null embryos

Using a genetic cross, Takahashi et al (2003) demonstrated that the defects in SOCS3-null
placentae could be rescued by deletion of the LIFRa chain. LIFRa—null embryos were reported
to die in the perinatal period with multi-system defects, including abnormal placentation. In
contrast to SOCS3 placentae, the number of trophoblast giant cell numbers were decreased in
LIFRo—null placentae (Ware et al., 1995). Mice heterozygous for deletion of SOCS3 and
LIFRa were intercrossed and the offspring examined at E19, just prior to birth. Unlike SOCS3-
null embryos, which died by E13, SOCS3-null/LIFRo—null embryos survived to E19 and
histological analysis revealed a marked reduction in placental abnormalities (Takahashi et al.,
2003).

Multiple IL-6-type cytokines including cardiotropin-1, neuropoietin, LIF, oncostatin M, ciliary
neurotropic factor and cardiotropin-like cytokine-C can signal via the LIFRa chain which, upon
ligand binding, complexes with gp130. A major signalling cascade activated by the LIFRa-
gp130 receptor complex is the JAK-STAT pathway. To test if dysregulated LIF signals were
responsible for the SOCS3-null placental phenotype, mice with heterozygosity for a null
mutation of the LIF gene and for SOCS3 were intercrossed and E19 offspring were examined.
E19 SOCS3-null/LIF-null embryos were present in expected numbers and histological
examination of their placentae showed they were indistinguishable from the placentae of wild-
type littermates. This established that, in vivo, absence of SOCS3 leads to dysregulated
signalling in response to embryonic LIF production and that this alters trophoblast
differentiation (Figure 1). The source of LIF production by embryonic tissues has not been
established. Underscoring the exquisite sensitivity of trophoblast differentiation to LIF, it was
observed that SOCS3-null embryos were also rescued if LIF signalling was reduced by
heterozygosity for the null allele. SOCS3-null/LIF-heterozygous embryos appeared normal,
but the placental histology was mildly abnormal, with increased trophoblast giant cells and
reduced, abnormally distributed spongiotrophoblast cells (Robb et al., 2005).

4. SOCS3 expression in human placental tissues

Normal placental function is crucial for pregnancy success. In addition, substantial evidence
supports the idea that a compromised in utero environment may not only influence fetal
wellbeing but also affect human health in postnatal life (Barker et al., 1989). Comparative
studies of mouse and human placentae demonstrate striking similarities in cellular mechanisms
and tissue framework (Georgiades et al., 2002). Trophoblast generates surfaces for nutrient
exchange and provides a barrier between maternal and fetal circulation. In addition, trophoblast
cells interact with the uterus and produce hormones that affect maternal physiology and
placental blood flow. Could alterations in trophoblast caused by changes in SOCS3 expression
or function be responsible for some human placental pathologies? SOCS1, SOCS2 and SOCS3
MRNA and protein are detectable in preterm and term villous placenta and
immunohistochemical analysis localised all three SOCS proteins to all decidual cells
(Blumenstein et al., 2002, 2005). LIFRa expression was detected in villous and extravillous
trophoblast throughout pregnancy and LIF expression was found in decidual leukocytes at the
implantation site (Sharkey et al., 1999). Therefore, it would be valuable to examine alterations
in SOCS3 expression or function in human placental disease.
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5. Conditional deletion reveals additional key physiological regulatory roles
for SOCS3

A conditional gene targeting strategy using the Cre recombinase and loxP system has enabled
the generation of viable mice with tissue-specific deletion of SOCS3. Liver-specific or
macrophage-specific deletion of SOCS3 resulted in prolonged activation of STAT3 in
hepatocytes following IL-6 stimulation, indicating that SOCS3 negatively regulates IL-6
responses in vivo. In the absence of SOCS3, IL-6 also prolonged STAT1 phosphorylation
which increased the upregulation of IFNy-responsive genes, suggesting that, in addition to
regulating the duration of signalling, SOCS3 may also regulate the specificity and balance of
the biological response (Croker et al., 2003; Lang et al., 2003; Yasukawa et al., 2003).

Mice with a neuronal-specific deletion of SOCS3, or heterozygosity for a SOCS3-null allele,
have clarified a role for SOCS3 in endocrine systems (Howard et al., 2004; Mori et al.,
2004). Prolonged, leptin-stimulated activation of STAT3 was observed in neurons from mice
with a brain-specific deletion of SOCS3 and these mice exhibited elevated leptin sensitivity
and resistance to diet-induced obesity. SOCS3 has been shown to associate with the insulin
receptor and SOCS1 and SOCS3 are involved in degradation of IRS-1 and IRS-2. In keeping
with this, adipocytes established from SOCS3-deficient mice fibroblasts were significantly
protected from TNF-a-induced insulin resistance, although a role of SOCS3 in systemic insulin
resistance was not shown (reviewed in (Howard and Flier, 2006)).

Compared with wild-type mice, systemic administration of granulocyte(G)-CSF to mice with
deletion of SOCS3 in haemopoietic and endothelial cells resulted in increased neutrophilia,
splenomegaly and neutrophil infiltrates in multiple tissues, indicating that SOCS3 is also a key
negative regulator of G-CSF signalling (Croker et al., 2004).

In murine autoimmune and inflammatory disease models, manipulation of local or whole
animal levels of SOCS3 has been shown to affect disease severity. For example, increased
expression of SOCS3 in the liver of wild type mice caused insulin resistance and metabolic
syndrome, whilst inhibition of SOCS3 ameliorated disease in obese diabetic mice (Ueki et al.,
2004b). Conversely, mice lacking SOCS3 in haematopoietic cells showed marked exacerbation
of disease in an IL-1-dependent inflammatory arthritis model whilst intraarticular
administration of SOCS3 protected against experimental arthritis (Shouda et al., 2001; Wong
et al., 2006).

6. Molecular mechanism of SOCS3 regulation of LIF signalling

When the response to LIF signalling was measured in tissues of SOCS-null mice, prolonged
STAT1/3 phosphorylation was consistently observed. STAT1/3-activation is one of a number
of signalling pathways activated downstream of gp130. In SOCS3 null embryonic stem (ES)
cells, LIF stimulation not only induced increased and prolonged STAT1/3 phosphorylation but
also sustained induction of SHP-2 phosphorylation, leading to increased activation of the Ras-
ERK1/2-MAPK signalling pathway (Forrai et al., 2006). SOCS3 and SHP-2 both bind to
pTyr757 in gpl130, therefore in SOCS3-null ES cells the absence of competition for binding
to this activated residue resulted in increased SHP-2 activation (Figure 2). STAT1/3 and
SHP-2-Ras-ERK signalling via gp130 are key regulators of cellular homeostasis. In SOCS3-
null ES cells, alteration of this balance resulted in a spontaneous differentiation of the cells to
endoderm, despite LIF addition, a phenotypic change that was prevented by addition of a Ras-
MAPK inhibitor. Absence of SOCS3 in the trophoblast cells of the placenta may also perturb
the balance of multiple signalling cascades downstream of the receptor. Preliminary evidence
to support this hypothesis comes from our examination of the placentae of mice bearing a
mutation of pTyr757 of gp130 (Tebbutt et al., 2002; L Robb, M Ernst, unpublished data). These
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placentae appear normal, suggesting that, as in SOCS3-null ES cells, increased Ras-MAPK
signalling may affect the biological outcome of trophoblast differentiation in response to LIF.

Conclusion

Gene deletion studies in mice have helped pinpoint key roles for SOCS3 in maintaining the
balance between the beneficial and harmful effects of cytokine signalling. The key role for LIF
signalling during murine placental development identifies this factor as an extrinsic regulator
of trophoblast differentiation. Experiments in SOCS3-null ES cells show that absence of
SOCS3 results in increased activation of both JAK/STAT and Ras-ERK1/2-MAPK signalling
pathways in response to LIF and that this results in cellular differentiation. Further experiments
will determine how dysregulated LIF signalling affects downstream signalling pathways and
alters transcription of target genes in trophoblast cells.
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Figure 1.

Precursor trophoblast cells within the ectoplacental cone (EC) mature to form the
spongiotrophoblast layer of the placenta. Diagrammatic representation of an E8 embryo and
extraembryonic tissues within the maternal decidua (top) and an E10 placenta (bottom). The
spongiotrophoblast layer lies between the outer secondary trophoblast giant cells and the inner
labyrinthine layer. (Some trophoblast giant cells may arise from a cell type within the
ectoplacental cone that does not express spongiotrophoblast markers [not shown] (Simmons
and Cross, 2005). LIF acts to promote differentiation of trophoblasts to giant cells and SOCS3
negatively regulates signalling downstream of LIF. A, allantois; C, chorionic plate; D, decidua;
EC, ectoplacental cone; G, trophoblast giant cells; L, labyrinth; ST, spongiotrophoblast; U,
umbilicus; MBS, maternal blood supply
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Figure 2.

SOCS3 negatively regulates signalling via gp130. A) Binding of LIF to the multimeric receptor
complex of LIFRa and gp130 results in transphosphorylation of constitutively associated JAK
family kinases, leading to phosphorylation of receptor tyrosines and activation of two major
signalling cascades: STAT1/3 and SHP2-Ras-ERK-MAPK. STAT1 and STAT3 bind to
phosphorylated tyrosines on gp130 and LIFRa, become phosphorylated, form dimers and
translocate to the nucleus where they bind DNA and activate target genes including SOCS3.
Receptor-bound SHP-2 is tyrosine phosphorylated by JAKS, binds to Grb2, which is
constitutively associated with the GDP/GTP Ras-exchange protein SOS, and GTP-bound Ras
triggers ERK-MAPK activation. B) SOCS3 binds pTyr 757 on gp130, inhibiting JAK kinase
activity and downregulating STAT1/3 signalling. In addition, SOCS3 may promote
proteosomal degradation of ligand-occupied receptor complexes. SHP-2, which also binds to
pTyr 757, is outcompeted by SOCS3 binding to this residue, resulting in attenuation of ERK-
MAPK signalling. In the absence of SOCS3, there is prolonged activity of both pathways. For
simplicity, signalling via LIFRa is not shown.
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