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Abstract Interleukin (IL)-6 is a pleiotropic cytokine that not only affects the immune sys-
tem, but also acts in other biological systems and many physiological events in various or-
gans. In a target cell, IL-6 can simultaneously generate functionally distinct or sometimes
contradictory signals through its receptor complex, IL-6Ra and gp130. One good illustra-
tion is derived from the in vitro observations that IL-6 promotes the growth arrest and dif-
ferentiation of M1 cells through gp130-mediated STAT3 activation, whereas the Y759/
SHP-2-mediated cascade by gp130 stimulation has growth-enhancing effects. The final
physiological output can be thought of as a consequence of the orchestration of the diverse
signaling pathways generated by a given ligand. This concept, the signal orchestration
model, may explain how IL-6 can elicit proinflammatory or anti-inflammatory effects, de-
pending on the in vivo environmental circumstances. Elucidation of the molecular mecha-
nisms underlying this issue is a challenging subject for future research. Intriguingly, recent
in vivo studies indicated that the SHP-2-binding site- and YXXQ-mediated pathways
through gp130 are not mutually exclusive but affect each other: a mutation at the SHP-2-
binding site prolongs STAT3 activation, and a loss of STAT activation by gp130 trunca-
tion leads to sustained SHP-2/ERK MAPK phosphorylation. Although IL-6/gp130 signal-
ing is a promising target for drug discovery for many human diseases, the interdependence
of each signaling pathway may be an obstacle to the development of a nonpeptide orally
active small molecule to inhibit one of these IL-6 signaling cascades, because it would dis-
turb the signal orchestration. In mice, a consequence of the imbalanced signals causes un-
expected results such as gastrointestinal disorders, autoimmune diseases, and/or chronic
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inflammatory proliferative diseases. However, lessons learned from IL-6 KO mice indicate
that IL-6 is not essential for vital biological processes, but a significant impact on disease
progression in many experimental models for human disorders. Thus, IL-6/gp130 signal-
ing will become a more attractive therapeutic target for human inflammatory diseases
when a better understanding of IL-6 signaling, including the identification of the conduc-
tor for gp130 signal transduction, is achieved.

Introduction

Interleukin (IL)-6 is a typical pleiotropic cytokine that modulates a variety of physiologi-
cal events such as cell proliferation, differentiation, survival, and apoptosis. IL-6 plays
roles in the immune system, the hematopoietic system, and inflammation. Furthermore,
IL-6 has effects on the nervous system, endocrine system, bone metabolism, and other tis-
sues and organ systems (Fig. 1). This review mainly focuses on the effects of IL-6 on the
immune system and recent advances in understanding its intracellular signal transduction,
but it also discusses other physiological roles of IL-6.

Fig. 1 The pleiotropy of IL-6 and its amino acid sequence. Top: IL-6 can modulate various biological
events such as differentiation, proliferation, survival, and apoptosis in several organs and biological re-
sponses. APR, acute-phase response; CNS, central nervous system; HPA, hypothalamic-pituitary-adrenal
axis. Bottom: the amino acid sequence of human IL-6. Amino acids are denoted with the single-letter code.
The signal peptide is shaded, the four-cysteine motif is boxed, and the potential N-linked glycosylation sites
are indicated with asterisks

2 Rev Physiol Biochem Pharmacol (2003) 149:1–38



Historical overview

IL-6 is multifunctional, and thus several groups have independently identified and reported
“IL-6” as different factors (see “synonyms” in Table 1). In 1980, Weissenbach et al. re-
ported an inducible protein of 23 kDa–26 kDa, named interferon (IFN) b2, whose expres-
sion was stimulated in human fibroblasts by poly I:C, (Weissenbach et al. 1980). Indepen-
dently, Hirano and his colleagues showed that the culture supernatant of purified-protein-
derivative-stimulated pleural effusion cells from patients with pulmonary tuberculosis con-
tains a potent activity for inducing B-cell growth and differentiation (Hirano et al. 1981).
From these supernatants, they partially purified a factor, named TRF-like factor or B-cell
differentiation factor II (BCDF-II), with a molecular weight of 22 kDa and an isoelectric
point of 5–6, that was capable of inducing immunoglobulin (Ig) production in B cells
(Teranishi et al. 1982; Hirano et al. 1984a; Hirano et al. 1984b). Hirano and colleagues
then purified this factor and renamed it B cell stimulatory factor (BSF)p-2 (Hirano et al.
1985). In the same year, a factor termed 26-kDa-protein was found to be produced in IL-
1-stimulated fibroblasts (Content et al. 1985), and a growth factor for mouse hybridoma
was identified in the supernatant of human endothelial cells (Astaldi et al. 1980) and hu-
man monocytes. There was a race to molecularly clone these factors, and finally the cDNA
sequence of BSFp-2 (BSF-2) was disclosed in 1986 (Hirano et al. 1986). That same year,
Zilberstein et al. and May et al. reported the gene and cDNA structures of human IFN-b2
(May et al. 1986; Zilberstein et al. 1986), and the molecular cloning of 26-kDa-protein
was also reported (Haegeman et al. 1986). By cDNA sequence comparison, these three
molecules turned out to be identical. Subsequently, a hybridoma growth factor and a plas-
macytoma growth factor were purified, and partial N-terminal amino acid sequences of
these molecules revealed that they were the same as the BSF2/IFN-b2/26-kDa-protein.
Thereafter, the cDNA cloning of a molecule identified as plasmacytoma and hybridoma
growth factor and termed interleukin-HP1 (Van Snick et al. 1988), and a factor named he-

Table 1 Summary of IL-6/IL-6Ra/gp130 homologs

Molecule Synonyms Species Amino acid length Homology
to humana

Chromosome
localization

Precursor Mature

IL-6 IFNb2, BSF-2, TRF,
BCDF, BCDFII, HSF,
26kDa-protein, HPGF,
MGI-2, IL-HP1,
TRF-like factor

Human 212 185 – 7p21
Mouse 211 187 42% 5
Rat 211 nr 41% 4
Pig 212 184 62% 9
Cow 208 nr 53% 4
Sheep 208 180 53% 4q1.3-q1.4
HHV8 204 182 25% –

IL-6Ra CD126, gp80 Human 468 449 – 1q21
Mouse 460 441 54% 3
Rat 462 443 53% 2

gp130 CD130, IL-6ST,
IL-6Rb

Human 918 896 – 5q11
Mouse 917 895 77% 13
Rat 918 nr 78% 2q14-q16

a Overall homology at the amino acid level to human is shown
IFNb2 interferon b2, BSF-2 B cell stimulatory factor-2, TRF T cell-replacing factor, BCDF B cell-differen-
tiation factor, HPGF hybridoma/plasmacytoma growth factor, HSF hepatocyte-stimulating factor, MGI-2
monocyte/granulocyte inducer type-2, IL-HP1 interleukin hybridoma plasmacytoma 1, IL-6ST IL-6 signal
transducer, nr not reported
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patocyte-stimulating factor (Gauldie et al. 1987), which regulates the synthesis of acute-
phase proteins, were reported. In 1989, the multifunctional factor with the various names
was given a common designation, “interleukin-6” (Hirano et al. 1989; Le and Vilcek
1989; Sehgal et al. 1989; Hirano and Kishimoto 1990; Van Snick 1990; Hirano 1998).

Molecular aspects of IL-6

This section briefly summarizes molecular and biochemical characteristics of IL-6. To our
knowledge, IL-6 cDNAs from 15 vertebrates are compiled in the NCBI database. They are
from human (database accession: M54894), mouse (J03783), rat (M26744), pig (AF309651),
cow (X57317), sheep (X62501), rabbit (AF169176), dog (AF275796), cat (L16914), horse
(AF041975), rhesus monkey (L26028), chicken (AJ309540), woodchuck (AF012908), beluga
whale (AF076643), and red-crowned mangabey (L26032). Whether the molecules from other
species are functionally homologous to human IL-6 has not been proven for all of them.
However, the findings so far suggest that IL-6 is a universal factor among vertebrates.

Chromosome, gene, and cDNA

The human IL-6 gene is approximately 5 kb long, consists of five exons with four introns
(Yasukawa et al. 1987), and is located on chromosome 7p21 (Table 1; Bowcock et al.
1988). For the transcriptional control of IL-6, several potential promoter elements are
found in the 50-flanking region of the human IL-6 gene. These include the glucocorticoid-
responsive element, activating protein-1 (AP-1) binding site, multiple response element, c-
fos serum-responsive element homolog, c-fos retinoblastoma control element homolog,
cyclic AMP-responsive element, nuclear factor for IL-6 expression (NF-IL6, also known
as the CCAAT/enhancer binding protein b)-binding site, and NF-kB binding site. The
products of tumor-suppressor genes, p53 and retinoblastoma protein, are reported to re-
press the IL-6 promoter activity contained in the sequence from nucleotides `225 to +13
(Santhanam et al. 1991).

The deduced amino acid sequence of human IL-6 consists of 212 amino acids with a
signal peptide of 27 amino acids and two potential N-linked glycosylation sites (Fig. 1;
Hirano et al. 1986). IL-6 homologs have been reported in more than a dozen vertebrate
species. Table 1 lists a few examples with their chromosomal localization and the amino
acid similarity of these homologs to human IL-6. In addition to vertebrates, Kaposi’s sar-
coma-associated herpes-like virus, also known as human herpes virus 8, encodes a func-
tional IL-6 homolog called vIL-6 (Nicholas et al. 1997). The mouse IL-6 protein is 42%
homologous to the human form and contains several potential O-linked glycosylation sites
instead of the N-linked glycosylation site (Van Snick et al. 1988).

Protein

The human IL-6 protein has a molecular weight ranging from 21 kDa to 28 kDa with an
isoelectric point of 5.4 (Fuller et al. 1987; Noda et al. 1991), consistent with the character-
istics of the partially purified IL-6 (BCDF-II/TRF-like factor) previously reported by
Teranishi et al. (Teranishi et al. 1982). IL-6 can undergo posttranscriptional modifications
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such as glycosylation (May et al. 1988a) and serine phosphorylation (May et al. 1988b).
Because recombinant IL-6 protein produced by prokaryotes appears to be functional, its
glycosylation seems not to be necessary for its biological activity (Tonouchi et al. 1988).

The X-ray crystal structure of human IL-6 shows a four-helix bundle, consisting of two
pairs of antiparallel a-helices with up-up-down-down orientation (Somers et al. 1997),
whose folding is conserved among cytokine family members. Based on the length of the
helices, IL-6 is grouped into the “long chain” cytokines, which include growth hormone
(GH), erythropoietin, and granulocyte colony-stimulating factor (G-CSF; reviewed by
Bravo and Heath 2000).

Receptor for IL-6

This section describes the molecular features of the components of the IL-6 receptor, and
also summarizes the characteristics of the IL-6 family cytokines that share one of the IL-6
receptor subunits, glycoprotein (gp)130.

Discovery of the IL-6 receptor

The first subunit of the IL-6 receptor (IL-6Ra) was molecularly cloned by an expression
cloning system using biotinylated recombinant IL-6 as a probe. In addition, the same re-
port proposed the presence of low- and high-affinity receptors for IL-6 and revealed that
IL-6Ra was involved in both types of IL-6 receptor (Yamasaki et al. 1988). Subsequently,
Taga et al. reported that the short cytoplasmic domain (82 amino acids) of IL-6Ra was not
necessary for the IL-6-induced growth arrest of the M1 myeloid leukemic cell line. In ad-
dition, they showed that IL-6 stimulation triggered the association of IL-6Ra with another
nonligand binding protein with a molecular mass of 130 kDa, termed gp130 (Taga et al.
1989). These results suggested the existence of a second, signal-transducing receptor for
IL-6. The molecular cloning of the second IL-6 receptor component was achieved by Hibi
et al. in 1990. As expected, the cytoplasmic domain of gp130 was found to carry several
potential motifs for signal transduction (Hibi et al. 1990). Taken together, these studies
showed that, although IL-6 can bind to IL-6Ra, gp130 is required for formation of the
high-affinity receptor and generation of signal transduction.

Molecular aspects of the IL-6 receptor

As illustrated in Fig. 2, both IL-6Ra (also known as gp80 or CD126) and gp130 (also re-
ferred to as IL-6 signal transducer, IL-6Rb, or CD130) contain an Ig-like domain and tan-
dem fibronectin (FN) type-III domains including a four-cysteine motif and a tryptophan-
serine-any tryptophan-serine (WSXWS) motif in the extracellular region. The four-cys-
teine and WSXWS motifs are responsible for the ligand binding, and thus are called the
cytokine-binding module (CBM). Besides the CBM, gp130 has three additional FN type-
III domains in its extracellular region. Both IL-6Ra and gp130 are grouped into the type-I
cytokine receptor family, which also includes the receptors for prolactin, GH, many inter-
leukins, leptin, erythropoietin, thrombopoietin, leukemia-inhibitory factor (LIF), onco-
statin M (OSM), ciliary neurotrophic factor (CNTF), G-CSF, and granulocyte/macro-
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phage-CSF (reviewed by Hirano et al. 1997; Hibi and Hirano 2001). Recently, a signal-
transducing transmembrane receptor required for an invertebrate JAK/STAT pathway was
identified in Drosophila melanogaster. The DOME/MOM protein has a similar structure
to type-I cytokine receptors in vertebrates, in possessing a CBM containing a four-cysteine
motif and a WSXWS-like sequence, and multiple FN type-III domains in its extracellular
region, and a YXXQ motif (see below and the section entitled “Intracellular signal trans-
duction pathways”) in its cytoplasmic domain. Among vertebrate cytokine receptors, IL-6
family receptors, particularly LIFRb and CNTFRa, are related to DOME/MOM (Brown et
al. 2001; Chen et al. 2002). Thus, a signal-transducing mechanism is present in inverte-
brates that is similar to the IL-6-signaling system in vertebrates.

IL-6Ra is important for ligand binding, but it only has 82 amino acids in its cytoplas-
mic domain, indicating that it could play only a minor role, if any, in signal transduction
(Taga et al. 1989). However, a recent study using a polarized epithelial cell line, Madin-
Darby canine kidney cells, revealed that a membrane-proximal tyrosine-based YSLG mo-
tif and more distal dileucine-type LI motif in the cytoplasmic domain of IL-6Ra were in-
volved in its asymmetrical expression on the basolateral side of the cells (Martens et al.
2000). In contrast, the cytoplasmic domain of gp130 contains several potential motifs for
intracellular signaling, such as the YSTV sequence for SHP-2 (Src homology 2-containing
tyrosine phosphatase 2) recruitment and YXXQ motifs (where X means any amino acids)
for STAT (signal transducer and activator of transcription) activation (Fig. 2 and see the
section entitled “Signal transduction” for details). Unlike many growth factor receptors,
but common for cytokine receptors, gp130 does not have an intrinsic kinase domain (Hibi
et al. 1990). Instead, like other cytokine receptors, the cytoplasmic domain of gp130 con-
tains regions required for its association with a nonreceptor tyrosine kinase called Janus

Fig. 2 IL-6Ra and gp130 struc-
tures. The structures for IL-6Ra
and gp130 are shown. Amino
acid residues are denoted with
the single-letter code, followed
by their position in the human
and mouse gp130 amino acid se-
quences. JAK kinases are consti-
tutively associated with gp130
through the Box domains. In re-
sponse to IL-6 stimulation, SHP-
2 and STAT molecules are re-
cruited to respective tyrosine re-
sidues in gp130, indicated with
arrows (see text for details).
CCCC four-cysteine motif,
WSXWS tryptophan-serine-any
tryptophan-serine motif
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kinase (JAK), by which downstream signaling cascades are initiated (see the section enti-
tled “Signal transduction” for details).

The expression of gp130 is ubiquitous (Saito et al. 1992), while that of IL-6Ra is more
restricted. IL-6Ra is found on hepatocytes, intestinal epithelial cells (Shirota et al. 1990),
endocrine glands such as the pituitary and adrenal cortex (Bethin et al. 2000), and leuko-
cytes, but not naÔve B cells or certain cell lines. In addition, dexamethasone treatment up-
regulates IL-6Ra expression in osteoblasts (Udagawa et al. 1995).

IL-6Ra has at least two types of soluble forms (sIL-6Ra) that are generated by proteo-
lytic cleavage of the membrane-bound form or by alternative splicing of its mRNA. sIL-
6Ra can act in an agonistic manner with IL-6 on cells expressing only gp130 (Receptor
conversion model; reviewed by Hirano et al. 1997; Peters et al. 1998; Hirano and Fukada
2001; Jones et al. 2001). Thus, in association with sIL-6Ra, IL-6 can function in most parts
of the body. gp130 also has a soluble form (sgp130) that is generated by alternative splicing
of its mRNA. In contrast to sIL-6Ra, sgp130 acts in an antagonistic manner (Zhang et al.
1998; Tanaka et al. 2000; Jostock et al. 2001). Another splicing variant of gp130, termed
gp130-RAPS, has been identified as an autoantigen in patients with rheumatoid arthritis.
gp130-RAPS also antagonizes IL-6 activities in vitro (Tanaka et al. 2000).

IL-6 (gp130) family cytokines

Following the identification of gp130 as the IL-6 signal transducer, other cytokines were
found to use gp130 as a receptor subunit as well. These include IL-11, CNTF, car-
diotrophin-1 (CT-1), LIF, OSM, and a recently identified factor with three different
names, cardiotrophin-like cytokine/novel neurotrophin-1/B cell-stimulating factor-3
(CLC/NNT1/BSF3). These cytokines are thus grouped into the IL-6- or gp130-family. The
crystal and/or solution structures of IL-6, CNTF, OSM, and LIF have been resolved (Grot-
zinger et al. 1997; Deller et al. 2000).

Fig. 3 gp130 is a shared signal transducer among IL-6 family cytokines. The receptor complex for IL-6
family cytokines consists of gp130 and a ligand-specific a chain, LIFRb, or OSMRb. gp130 is a common
receptor component for all IL-6 family members. Human OSMb (hOSM) uses both gp130/OSMRb and
gp130/LIFRb while mouse OSM (mOSM) binds to gp130/OSMRb only

Rev Physiol Biochem Pharmacol (2003) 149:1–38 7



All IL-6 family cytokines share gp130 as one of their receptor components, as illustrat-
ed in Fig. 3. Like the IL-6 situation, IL-11 and CNTF bind to a ligand-specific receptor,
IL-11Ra and CNTFRa, respectively. CNTFRa is unique in that it is a glycosylphos-
phatidylinositol (GPI)-anchored protein. There is evidence that CT-1 also has a ligand-spe-
cific receptor, CT-1Ra, which associates with gp130 to form a high-affinity receptor (Rob-
ledo et al. 1997). On the other hand, the recently added IL-6-family member, CLC/NNT1/

Table 2 Phenotypes of IL-6 family cytokine mutants

Molecule Phenotypes References

IL-6 Tg Plasmacytosis, mesangio-proliferative
Glomerulonephritis
(C57BL/6 background)

(Suematsu et al. 1989;
Suematsu et al. 1992)

Plasmacytoma (BALB/c background)

IL-6 Tg (CNS-specific) Runting, tremor, ataxia, seizure neurodegeneration,
astrocytosis, angiogenesis

(Campbell et al. 1993)

IL-6 Tg (Lung-specific) Mononuclear cell infiltration in airways (DiCosmo et al. 1994a;
Wang et al. 2000a)Airway eosinophilia #

IL-6 Tg (Pancreas-specific) Insulitis but not diabetes (NOD/F1) (DiCosmo et al. 1994b)
Delayed diabetes onset (NOD)

IL-6/sIL-6Ra Tg Extramedullary hematopoiesis (Peters et al. 1997;
Schirmacher et al. 1998;
Brunello et al. 2000)

Tremor, gait abnormalities, paresis
Hepatocyte hyperplasia, plasmacytoma

IL-6 KO Resistance to bacterial and viral infection # (Kopf et al. 1994;
Poli et al. 1994;
Ramsay et al. 1994;
Romano et al. 1997;
Ohshima et al. 1998;
Wang et al. 2000a;
Deng et al. 2002;
Wallenius et al. 2002b)

Thymocyte/peripheral T cell number #
APR#, Mucosal IgA response #
Mature-onset obesity
Resistant to bone loss by ovariectomy
Leukocyte recruitment to inflammatory site #
Airway eosinophilia "
EAE #, CIA #, AIA #, EAMG#

IL-11 Tg (Lung-specific) Airway eosinophilia # (Wang et al. 2000b)

OSM Tg Extrathymic T cell development (Clegg et al. 1999)
Anti-dsDNA ", glomerulonephritis

LIF Tg Hypergammaglobulinemia, glomerulonephritis (Shen et al. 1994)
Disorganized thymic epithelium

LIF KO Failure of blastocyst implantation (Stewart et al. 1992;
Escary et al. 1993;
Chesnokova et al. 1998;
Zhu et al. 2001)

Stem cell number #
HPA response #
Inflammatory cell infiltration", edema"

CT-1 KO No obvious abnormalities up to 1 year of age (Oppenheim et al. 2001)
Motoneuron cell death " (E14-postnatal)

CLF-1/NR6 KO Perinatal death (within 24 h) (Alexander et al. 1999)
Suckling defect

CNTF KO Born following the Mendelian rule (Masu et al. 1993;
Linker et al. 2002)Loss of motor neurons in adult mice

EAE severity "
BSF3/NNT/CLC Tg B cell hyperplasia (Senaldi et al. 2002)

Serum Ig level ", anti-dsDNA "
Immunotactoid glomerulopathy

Ag antigen, CIA collagen-induced arthritis, CNS central nervous system, ds double-strand, EAE experimen-
tal autoimmune encephalomyelitis, EAMG experimental autoimmune myasthenia gravis, HPA hypothala-
mus/pituitary/adrenal, KO knock-out, Tg transgenic
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BSF3, forms a heterodimer with cytokine-like factor 1 (CLF-1, also known as NR6),
which is a soluble protein that belongs to the type-I cytokine receptor family but lacks a
transmembrane region (Elson et al. 1998; Alexander et al. 1999). Interestingly, the expres-
sion of CLF-1 is required for CLC/NNT1/BSF3 secretion, and the heterodimer acts on
cells expressing functional CNTF receptors (Elson et al. 2000). Because phenotypes be-
tween CNTF knock-out (KO) and CNTFRa KO mice are incompatible with each other
(see Tables 2 and 3), the existence of a second ligand for CNTFR has been proposed. In

Table 3 Phenotypes of IL-6 family cytokine receptor mutants

Molecule Phenotypes References

gp130 KO E12.5—perinatal death (Yoshida et al. 1996;
Kawasaki et al. 1997)Hematopoiesis #

Osteoclast number "(ICR background)

gp130 KO (IFN-inducible) Resistance to bacterial
and viral infection #

(Betz et al. 1998)

Thymocyte/peripheral T cell number #
Acute-phase response #
Thrombopoiesis #
Life span # (emphysema)

gp130 KO (Heart-specific) Aortic pressure overload-induced dilated
cardiomyopathy, myocyte apoptosis "

(Hirota et al. 1999)

gp130F759 KI (SHP-2 signal defect) TD response " (Ohtani et al. 2000;
Atsumi et al. 2002;
Kamimura et al. 2002)

Splenomegaly, lymphadenopathy
Th1 skewed (IFN-g ", IL-4 #)
Resistance to Listeria infection #
Rheumatoid arthritis-like joint disease

gp130FXXQ KI (STAT3 signal defect) Perinatal death (Ohtani et al. 2000)
TD response #(fetal liver chimera)

gp130D KI (All signal defect) Perinatal death (Ohtani et al. 2000)
TD response # (fetal liver chimera)

gp130757F KI (SHP-2 signal defect) Gastric adenoma (Tebbutt et al. 2002)
Completely resistant to
DSS-induced colitis

gp130DSTAT KI (truncation, STAT3 signal defect) Body weight #, trunk length #,
life span #

(Ernst et al. 2001;
Tebbutt et al. 2002)

Gastrointestinal ulceration
Degenerative joint disease
Sensitivity to DSS-induced colitis"

DN gp130 Tg Thymocyte/lymphocyte number # (Kumanogoh et al. 1997;
Uozumi et al. 2001)TD response #

Pressure overload-induced cardiac
hypertrophy #

gp130DSTAT/LIFR-KO (double heterozygotes) EAE severity " (Butzkueven et al. 2002)

IL-11Ra KO Normal hematopoiesis (Nandurkar et al. 1997;
Robb et al. 1998)Female infertility

CNTFRa KO Perinatal death, lack of feeding (DeChiara et al. 1995)
Severe motor neuron deficits

LIFRb KO Perinatal death (Ware et al. 1995)
Osteoclast number "
Astrocyte number #

DN dominant negative, EAE experimental autoimmune encephalomyelitis, KI knock-in, KO knock-out, TD
thymus dependent, Tg transgenic
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addition, CLF-1/NR6 KO mice show a suckling defect and die within 24 h after birth, sim-
ilar to CNTFRa KO mice (Alexander et al. 1999). Thus, the complex of CLC/NNT1/
BSF3 and CLF-1 is the best candidate for the second ligand of CNTFR (Elson et al. 2000;
Lelievre et al. 2001). The rest of the IL-6 family members, LIF and OSM, bind to a recep-
tor complex consisting of gp130 and another gp130-related signal transducing receptor,
LIFRb and OSMRb, respectively. Human OSM can bind either gp130:LIFRb or
gp130:OSMRb, whereas mouse OSM binds gp130:OSMRb only (Ichihara et al. 1997).

With the shared use of the signal transducer gp130, the biological functions of IL-6
family cytokines are largely overlapping. For example, all known IL-6 family cytokines
can induce the production of acute-phase proteins (APPs). IL-6, LIF, OSM, and CT-1 in-
duce macrophage differentiation of the mouse leukemic cell line M1 in the absence of any
additional factors. On the other hand, nonredundant activities of the IL-6 family cytokines
have been disclosed by gene targeting studies. As summarized in Tables 2 and 3, female
IL-11Ra KO mice are infertile due to defective decidualization, and blastocysts from LIF
KO mice are unable to be implanted, demonstrating that IL-11 and LIF possess nonredun-
dant effects on female reproduction. By contrast, IL-6 KO mice exhibit no overt develop-
mental defects and are apparently healthy and fertile, demonstrating IL-6 is not essential
to life; however, IL-6 has a great impact on immune systems, as discussed in the next sec-
tion.

Physiological functions of IL-6

Many cell types are reported to produce IL-6; these include T cells, B cells, polymorpho-
nuclear cells, eosinophils, monocyte/macrophages, mast cells, dendritic cells, chondro-
cytes, osteoblasts, endothelial cells, skeletal and smooth muscle cells, islet b cells, thyroid
cells, fibroblasts, mesangial cells, keratinocytes, and certain tumor cells. In addition, adi-
pose tissue is a source of IL-6. Microglial cells and astrocytes are also IL-6 producers.
Taking the widespread distribution of gp130 and the shedding of sIL-6Ra into considera-
tion, it is easy to imagine how IL-6 can function in a wide variety of systems in the body,
as described in this section.

Immune system

Since IL-6 was originally identified as a factor promoting Ig secretion (then called BSF-2,
the section entitled “Historical overview”), it has been known to act on B cells. IL-6 en-
hances the production of IgM, IgG, and IgA in B cells activated with Staphylococcus au-
reus Cowan I or pokeweed mitogen. Conversely, an anti-IL-6 antibody inhibits pokeweed
mitogen-induced Ig production from peripheral blood mononuclear cells without affecting
cell proliferation, indicating an absolute requirement for IL-6 for antibody production in B
cells (Muraguchi et al. 1988). Mouse IL-6 also acts on B cells activated with anti-Ig or
dextran sulfate (Vink et al. 1988). For the mechanism of IL-6 action on B cells, a study
using primary B cells from a gp130 knock-in strain (see the sections entitled “Intracellular
signal transduction pathways” and “The signal orchestration model” for details) demon-
strated that the promoting effect of IL-6 on Ig production is dependent on gp130 YXXQ-
mediated signaling, most likely through STAT3 activation (Ohtani et al. 2000). Many
studies using IL-6-overexpressing transgenic (Tg) or IL-6 KO mice have revealed impor-
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tant in vivo roles of IL-6 in the immune system (Table 2). The constitutive overexpression
of IL-6 in mice leads to the development of mesangio-proliferative glomerulonephritis
with IgG1 plasmacytosis in the C57BL/6 background (Suematsu et al. 1989), and the de-
velopment of transferable plasmacytoma with chromosomal translocation t(12;15) in the
BALB/c background (Suematsu et al. 1992). Kopf et al. was the first to report IL-6 KO
mice, in 1994. Although the serum Ig levels in IL-6 KO mice are indistinguishable from
those in wild-type animals, the antivirus IgG (Kopf et al. 1994) and mucosal IgA antibody
(Ramsay et al. 1994) responses are severely impaired in IL-6 KO mice. These results
demonstrate that IL-6 acts on B cells to promote Ig production and is a growth factor for
plasmacytoma in vivo.

In T cells, IL-6 confers supportive but significant effects on proliferation, survival, and
type-1 helper T-cell (Th1)/Th2 responses. When T cells are stimulated with anti-CD3 and
IL-6, their proliferation is significantly enhanced compared with anti-CD3 stimulation
alone. In addition, IL-6 prevents anti-CD3-induced apoptosis in T cells. These effects are
mediated by STAT3, because they are lost in T-cell-specific STAT3 KO mice (Takeda et
al. 1998). The significance of IL-6-mediated STAT3 activation in blocking T-cell apopto-
sis was also shown in a recent study using a knock-in mouse strain defective in STAT3
autoregulation (Narimatsu et al. 2001). In fact, thymocyte and peripheral T-cell numbers
are consistently reduced in IL-6 KO mice and in transgenic mice containing a dominant-
negative form of gp130, compared with wild-type animals (Kopf et al. 1994; Kumanogoh
et al. 1997). IL-6 also affects the Th1/Th2 balance. Rincon et al. provided evidence that
IL-6 directs Th2 differentiation by two distinct mechanisms. When IL-6 is added to a cul-
ture under conditions that induce Th differentiation, T cells produce more Th2 cytokine
(IL-4) and less Th1 cytokine (IFN-g) than a culture lacking IL-6. The Th2-promoting ef-
fect of IL-6 is mediated by IL-4, because an anti-IL-4 antibody can neutralize this action
(Rincon et al. 1997). Recently, the molecular mechanism underlying this phenomenon was
resolved. Diehl et al. found that IL-6 upregulates the NFAT (nuclear factor of activated T
cells) transcriptional activity by increasing the levels of NFATc2. In T cells from transgen-
ic mice expressing a dominant-negative form of NFAT or in NFATc2 KO mice, the ability
of IL-6 to promote Th2 differentiation is diminished. These results suggest that IL-6
enhances NFAT activity in naive CD4 T cells, leading to an upregulation of endogenous
IL-4 production. IL-4 then provides signals for Th2 differentiation (Diehl et al. 2002). On
the other hand, IL-6 is also able to interfere with IL-12-mediated Th1 differentiation by a
mechanism distinct from that for the Th2 enhancement. In this case, SOCS1 (suppressor
of cytokine signaling 1) is induced by IL-6 and inhibits IFN-gR signaling in T cells. The
inhibition of IFN-gR-mediated signals by IL-6 prevents the autoregulation of the IFN-g
gene expression, thereby preventing Th1 differentiation. Thus, IL-6, probably produced by
antigen-presenting cells, is a key modulator of Th1/Th2 differentiation (Diehl et al. 2000).
In contrast to these observations, however, it is also reported that T cells or lymph node
cells from IL-6 KO mice immunized with an antigen produce more IL-4 when re-stimulat-
ed in vitro with the same antigen, suggesting that the absence of IL-6 predisposes the Th
balance to the Th2-type (Tanaka et al. 2001). Similarly, when experimental models for
rheumatoid arthritis are induced in IL-6 KO mice, IL-6 KO T cells show cytokine profiles
that are shifted to those of Th2 cells (i.e., increased IL-4 production; Ohshima et al. 1998;
Sasai et al. 1999). On the other hand, another report shows that the absence of IL-6 does
not affect Th2 differentiation in vivo (La Flamme and Pearce 1999). Furthermore, Ohtani
et al. reported that T cells defective in gp130-mediated STAT3 activation produce a lower
amount of IFN-g than do wild-type T cells. In contrast, CD4-positive T cells in which the
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gp130-mediated SHP-2/ERK MAPK (extracellular signal-regulated kinase, mitogen-acti-
vated protein kinase) cascade is impaired, exhibit more IFN-g and less IL-4 compared with
the same cells from wild-type mice, suggesting that SHP-2 and STAT3 signals relayed
through gp130 reciprocally regulate the balance of Th1/Th2 cytokine production. Taking
these observations together, although it is clear that IL-6 has a modulatory effect on the
Th1/Th2 balance or responses, its effect on the differentiation of Th cells is still controver-
sial.

IL-6 also affects the differentiation of professional antigen-presenting cells such as
macrophages and dendritic cells (DCs). When stimulated with GM-CSF and IL-4, human
peripheral blood monocytes differentiate into DCs. The addition of IL-6 to the culture sys-
tem switches the differentiation of monocytes from DCs to macrophages. This switch in
differentiation results from the IL-6-induced upregulation of M-CSF receptors on mono-
cytes (Chomarat et al. 2000; Mitani et al. 2000). In contrast, the stimulation of gp130 on
DCs by an agonistic monoclonal antibody promotes the differentiation and maturation of
these cells in response to GM-CSF plus IL-4, which is associated with the upregulation of
chemokine production and costimulatory molecules (Wang et al. 2002). The idea that
gp130 stimulatory cytokines other than IL-6 possess the differentiation-promoting effects
is a likely interpretation of these contradictory results.

IL-6 also modulates leukocyte recruitment. In a well-known experimental system, the
injection of carageenan into an artificially created subcutaneous dorsal air-pouch in mice
induces local inflammation. In IL-6 KO mice subjected to this procedure, the inflammato-
ry responses, including the numbers of infiltrating leukocytes and chemokine levels, are
reduced. Because the in vitro chemotactic response of polymorphonuclear cells and mac-
rophages from IL-6 KO mice is normal, the defective migratory responses in these mice is
not an autonomous effect of the leukocytes but results from a reduced expression of che-
mokines and integrins on endothelial cells (Romano et al. 1997). The lung-specific or pan-
creatic islet b cell-specific overexpression of IL-6 in mice results in the infiltration of
mononuclear cells into the affected areas (DiCosmo et al. 1994a; DiCosmo et al. 1994b).
These results further support the functional effect of IL-6 on leukocyte recruitment.

Several reports indicate that IL-6 plays an important role in the host response to bacte-
rial and viral infection. IL-6 KO mice cannot efficiently control vaccinia virus and Listeria
monocytogenesis infections (Kopf et al. 1994). IL-6 KO mice are also highly susceptible
to infection by Escherichia coli (Dalrymple et al. 1996) and Candida albicans (Romani et
al. 1996). Conversely, the injection of recombinant IL-6 into mice rendered them more re-
sistant to Listeria infection (Liu et al. 1995). A knock-in strain carrying a mutation at
Y759 of gp130 (gp130F759/F759, see the section entitled “Signal transduction” for a descrip-
tion of these mice) also shows enhanced susceptibility to Listeria infection, suggesting that
gp130-mediated SHP-2/ERK MAPK signals are critical for bacterial resistance in vivo
(Kamimura et al. 2002).

Acute-phase reaction

The acute-phase reaction (APR) is rapidly induced by inflammation associated with infec-
tion, injury, and other factors. This reaction serves to neutralize pathogens and prevent fur-
ther invasion by them, and also to minimize tissue damage, thereby promoting the body’s
recovery from the unwanted inflammatory state. The APR consists of fever, an increase in
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vascular permeability, and the production of acute-phase proteins (APPs) by hepatocytes.
The APPs are divided into two groups based on the cytokines that regulate them. IL-6
(IL-6 family cytokines) directly upregulates the mRNA expression of type-II APPs
through STAT3 activation. IL-6 also contributes to the increase in type-I APP levels,
which are mainly regulated by IL-1 (reviewed by Heinrich et al. 1990; Baumann and
Gauldie 1994; Moshage 1997). In IL-6 KO mice, the production of APPs induced by tur-
pentine, Listeria, or lipopolysaccharide injection is lower than that observed in wild-type
mice (Kopf et al. 1994).

Nervous and endocrine systems

IL-6 mRNA can be detected by in situ hybridization in the hippocampus, hypothalamus,
and subcortical structures of the rat brain. In addition, sIL-6Ra is detectable in human ce-
rebrospinal fluid. These findings imply a functional role of IL-6 in the central nervous sys-
tem (CNS). In vitro, IL-6 can induce neurite outgrowth in the rat pheochromocytoma cell
line (PC12) when the cells are pretreated with nerve-growth factor. This effect is mediated
by IL-6-induced, gp130 Y759-derived ERK MAPK activation (Ihara et al. 1997). The
CNS-specific overexpression of IL-6 in mice results in the development of reactive gliosis,
and these mice display significant neurodegeneration, which causes motor problems such
as ataxia, seizures, and tremors (Campbell et al. 1993). In addition, IL-6 KO mice show a
delayed recovery of sensory functions after crush lesions of the sciatic nerve (Zhong et al.
1999), demonstrating the functional effects of IL-6 on the CNS.

IL-6 and IL-6 family cytokines are reported to modulate the hypothalamic-pituitary-ad-
renal (HPA) axis. Injection of recombinant IL-6 stimulates the release of adrenocorticotro-
phic hormone in a manner independent of the action of corticotropin-releasing hormone.
The expression of IL-6Ra on pituitary corticotrophs and in the adrenal cortex supports the
direct action of IL-6 on hormone release. (reviewed by Bethin et al. 2000)

A recent report uncovered another interesting role of IL-6, in the modulation of body
mass in adult animals. Wallenius et al. demonstrated that IL-6 KO mice develop mature-
onset obesity: IL-6 KO mice gain 20% more body weight than wild-type animals at around
9 months of age, which is mainly due to an increase in subcutaneous fat. The obesity in
IL-6 KO mice is accompanied by disturbed carbohydrate and lipid metabolism, an elevat-
ed leptin level, and reduced responsiveness to leptin treatment. In addition, intracere-
broventricular, but not intraperitoneal, injection of IL-6 into these rats increases the energy
expenditure, and eventually reduces body fat, indicating a centrally acting antiobesity ef-
fect of IL-6 (Wallenius et al. 2002a; Wallenius et al. 2002b).

Cancer

Many tumors, including Kaposi’s sarcoma (Miles et al. 1990), melanoma (Molnar et al.
2000), multiple myeloma (Kawano et al. 1988; Frassanito et al. 2001; see also reviews in
Hirano 1991; Klein et al. 1995; Hirano et al. 2000), and prostate cancer (Smith et al. 2001;
Ueda et al. 2002) produce IL-6, which can act as an autocrine and/or paracrine growth fac-
tor for the neoplasm. In fact, when human multiple myeloma cells are injected into immu-
nodeficient scid mice, treatment with a humanized anti-IL-6Ra monoclonal antibody sup-
presses the tumor-associated abnormalities and prolongs the lifespan of the tumor-bearing
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mice (Tsunenari et al. 1997). In addition, an anti-IL-6 neutralizing antibody, a receptor an-
tagonistic IL-6 mutant called Sant7, or an antisense oligodeoxynucleotide against gp130
can all suppress the effect of IL-6 on the proliferation and the enhancement of drug resis-
tance in the human prostate carcinoma PC-3 cell line (Borsellino et al. 1999).

Bone metabolism

IL-6 is implicated in osteoclastogenesis. Osteoclast formation is enhanced by ovariectomy
in mice, and this effect is negated when an anti-IL-6 antibody or 17b-estradiol is adminis-
tered to the mice (Jilka et al. 1992). IL-6 plus sIL-6Ra strikingly triggers osteoclast forma-
tion in a coculture system containing mouse bone marrow cells and osteoblastic cells. The
ability of IL-6 to induce osteoclast differentiation is dependent on the signal transduction
in the osteoblastic cells, but not in osteoclast progenitors (Udagawa et al. 1995). Consis-
tent with these findings, IL-6 KO mice are resistant to the bone loss induced by ovariecto-
my (Poli et al. 1994). These findings suggest an important role for IL-6 in the osteoporosis
found in postmenopausal women (Jilka et al. 1992) and patients with rheumatoid arthritis
(Rifas 1999).

Hematopoiesis

Most primitive hematopoietic progenitors are positive for gp130 expression, and about
30%–50% of the population expresses IL-6Ra. Stimulation of gp130 with IL-6 and sIL-
6Ra induces significant expansion of human CD34-positive cord blood cells in combina-
tion with stem cell factor (reviewed by Peters et al. 1998). Megakaryopoiesis is stimulated
by IL-6 in concert with stem cell factor and thrombopoietin. In fact, IL-6 KO mice have a
reduced number of megakaryocyte progenitors (Bernad et al. 1994). In addition, IL-6 is
involved in granulopoiesis. IL-6/G-CSFR double KO mice display neutropenia that is
more severe than that observed in G-CSFR KO mice. Moreover, the injection of IL-6 into
G-CSFR KO mice improves the granulopoiesis (Liu et al. 1997). IL-6 can induce growth
arrest and differentiation in human (U937) and mouse (M1) myeloid cell lines. The murine
M1 cells differentiate into macrophages in response to IL-6; this is mediated by IL-6-in-
duced STAT3 activation (Yamanaka et al. 1996), as described later in the section entitled
“The signal orchestration model”.

Mice overexpressing both IL-6 and IL-6Ra show massive extramedullary hematopoie-
sis in the spleen and liver (Schirmacher et al. 1998; Table 2), which supports the above
observations.

Relevance of IL-6 to human diseases

The IL-6 level in the circulation stays low under normal conditions in healthy, young indi-
viduals. However, IL-6 production is rapidly induced in the course of acute inflammatory
reactions associated with injury, trauma, stress, infection, and other situations. In addition,
aging also influences the production of IL-6. With advancing age, plasma IL-6 levels in-
crease, a change that is explained at least in part by age-associated diseases. Because es-
trogens and androgens are known to repress IL-6 expression, however, a decrease in the
sex hormones with age may also contribute to the increase in IL-6 (Ershler and Keller

14 Rev Physiol Biochem Pharmacol (2003) 149:1–38



2000). As the source of IL-6, not only immune cells, but a variety of other cell types, such
as muscle cells (Pedersen et al. 2001), adipocytes (Yudkin et al. 2000), hepatocytes, mi-
croglial cells, and astrocytes produce IL-6. The IL-6 receptor component, gp130, is broad-
ly distributed in the body (see the section entitled Molecular aspects of the IL-6 receptor).
Hence, a dysregulated, high-level production of IL-6 that has pleiotropic effects could in-
duce an undesired inflammatory state in many organs, a condition that can cause various
diseases. In fact, a number of reports implicate IL-6 in the pathogenesis of many human
disorders, including Alzheimer’s disease (O’Barr and Cooper 2000; Papassotiropoulos et
al. 2001), bronchial asthma (Yokoyama et al. 1995; Wong et al. 2001), cardiac myxoma
(Hirano et al. 1987), Castleman’s disease (Yoshizaki et al. 1989), inflammatory bowel dis-
ease (Holtkamp et al. 1995), multiple myeloma (Kawano et al. 1988), multiple sclerosis
(Stelmasiak et al. 2000), rheumatoid arthritis (Hirano et al. 1988), SjÛgren’s syndrome
(Grisius et al. 1997), systemic lupus erythematosus, (Stuart et al. 1995), type-II diabetes
mellitus (Pradhan et al. 2001), and others. Because a variety of useful animal models for
immunological disorders are available, many investigators have attempted to clarify the
role of IL-6 in the pathogenic mechanisms underlying disease development. Evidence
from in vitro studies indicates that IL-6 has so-called assisting effects on the functions of a
variety of immune cells. However, as listed below, IL-6 appears to be essential for the pro-
gression of experimentally induced-immunological disorders in animals, making IL-6 an
attractive therapeutic target.

1. Inflammatory bowel diseases (IBD)
IBD commonly encompasses two chronic, tissue-destructive clinical entities, Crohn’s
disease (CD) and ulcerative colitis (UC), which are possibly caused by an immunologi-
cal hypersensitivity to commensal gut bacteria. Suzuki and colleagues found that
among the STAT family members, STAT3 is most strongly tyrosine-phosphorylated in
colon tissue extracts from patients with UC and CD, and from mice suffering from ex-
perimentally induced colitis. The development of the experimental colitis as well as
the STAT3 activation in the colon is significantly reduced in IL-6 KO mice (Suzuki et
al. 2001). In an independent study, Atreya et al. showed that in UC patients, lamina
propria (LP) cells produce large amounts of IL-6 and sIL-6Ra, and that STAT3 activa-
tion is also observed in these cells. Using various animal models of UC, this group
demonstrated that the neutralization of IL-6 signaling by an anti-IL-6Ra antibody or
gp130-Fc fusion protein results in a suppression of colitis activity, which is correlated
with an induction of apoptosis in LP T cells (Atreya et al. 2000). These findings sug-
gest that IL-6 and sIL-6Ra-mediated STAT3 activation plays an important role in the
perpetuation of colitis.

2. Multiple sclerosis
Experimental autoimmune encephalomyelitis (EAE) is an animal model for a demy-
elinating disease, multiple sclerosis. EAE can be induced in mice by immunization
with myelin components such as myelin oligodendrocyte glycoprotein (MOG). Several
reports demonstrated that IL-6 KO mice are resistant to the MOG-induced EAE, com-
pared with wild-type mice (Eugster et al. 1998; Okuda et al. 1998; Samoilova et al.
1998). The resistance to EAE of IL-6 KO mice is associated with a deficiency of
MOG-specific T cells, which can differentiate into either Th1 or Th2 type effecter cells
in vivo (Samoilova et al. 1998). Histologically, no infiltration of inflammatory cells is
observed in the CNS of IL-6 KO mice. This is due to a decreased expression of endo-
thelial adhesion molecules, VCAM-1 and ICAM-1, which are upregulated in the CNS
of wild-type mice that show the symptoms of MOG-induced EAE (Eugster et al.
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1998). Further analyses are required to understand the mechanisms underlying how
IL-6 regulates the immune responses in EAE.

3. Myasthenia gravis
Myasthenia gravis (MG) is an antibody-mediated autoimmune neuromuscular disease
in which the acetylcholine receptor (AChR) in the neuromuscular junction is destroyed
by anti-AChR and the complement system. An animal model of MG, called experi-
mental autoimmune myasthenia gravis (EAMG), can be induced in vertebrates by im-
munization with Torpedo californica AChR in complete Freund’s adjuvant (reviewed
by Christadoss et al. 2000). When EAMG is induced in IL-6 KO mice, only 25% of the
animals develop the clinical manifestations of EAMG, while 83% of wild-type controls
develop the symptoms. The EAMG resistance in IL-6 KO mice is associated with a
significant reduction in anti-AChR antibody levels, the AChR-specific proliferative re-
sponse of T cells, and germinal center formation. This is the first genetic evidence that
IL-6 is involved in the pathogenesis of MG (Deng et al. 2002).

4. Bronchial asthma
Asthma is a chronic respiratory disorder characterized by reversible airflow obstruction
and airway inflammation, persistent airway hyperreactivity, and airway remodeling (re-
viewed by Maddox and Schwartz 2002). In sharp contrast to observations from other
disease models, the symptoms of antigen-induced pulmonary eosinophilia, an animal
model for bronchial asthma, are exaggerated in IL-6 KO mice. Augmented eosinophilic
infiltration in the bronchoalveolar lavage fluid, enhanced airway responsiveness to
methacholine, and increased levels of chemokines and Th2-type cytokines are observed
in IL-6 KO mice. On the other hand, these symptoms are reduced in mice overexpress-
ing IL-6 under the lung-specific promoter, CC10 (Wang et al. 2000a). In addition,
aerosol delivery of lipopolysaccharide into mice causes the production of tumor-necro-
sis factor a and a chemokine, MIP2, and neutrophil accumulation in the bronchoalveo-
lar lavage fluid. This acute lung inflammation is enhanced in IL-6 KO mice (Xing et
al. 1998). These results indicate that IL-6 can exhibit anti-inflammatory effects under
certain conditions.

5. Rheumatoid arthritis
Rheumatoid arthritis (RA) is a heterogeneous, chronic joint disease characterized by
leukocyte invasion and synoviocyte activation, followed by cartilage and bone destruc-
tion. It has properties of both autoimmune and chronic proliferative inflammatory dis-
eases (reviewed by Feldmann et al. 1996; Hirano 1998). The possible involvement of
IL-6 in RA was first demonstrated by the high levels of IL-6 detected in synovial fluid
from the joints of patients with active RA (Hirano et al. 1988). The involvement of
IL-6 in the pathogenesis of RA was then revealed in studies using several animal mod-
els of this disease. One of them is type-II collagen-induced arthritis (CIA). When CIA
is elicited in IL-6 KO mice backcrossed to a susceptible genetic background, these
mice show a delay of onset and reduced severity of clinical symptoms of CIA (Alonzi
et al. 1998; Sasai et al. 1999). The humoral and cellular responses to type-II collagen
in the IL-6 KO mice are about half those seen in wild-type mice. In addition, the Th
cellular responses in IL-6 KO mice are shifted to the Th2 type, as judged by the en-
hanced production of IL-4 and IL-10 in response to concanavalin A stimulation (Sasai
et al. 1999). Antigen-induced arthritis (AIA) is another experimental model for RA.
When AIA is induced, the articular cartilage is completely destroyed in genetically sus-
ceptible wild-type mice, whereas IL-6 KO mice exhibit only mild arthritis and the car-
tilage is histologically well-preserved. Similar to the observations made in the CIA
model, both the antigen-specific proliferative response in lymph node cells and the in
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vivo antibody production elicited in IL-6 KO mice are reduced to less than half those
seen in wild-type mice in the AIA model. Furthermore, the lymph node cells of IL-6
KO mice produce much more Th2-type cytokines than do wild-type cells (Ohshima et
al. 1998). These results indicate that IL-6 is critical for the development of CIA and
AIA, and may play a role in the Th1/Th2 response in these models.
Synovial fibroblastic cells are reported to proliferate in response to IL-6 plus sIL-6Ra,
both of which are found in the synovial fluid of RA patients (Mihara et al. 1995). In
addition, nonimmunologically mediated zymosan-induced arthritis is similar in wild-
type and IL-6 KO mice at an early phase of the disease, but only wild-type mice exhibit
chronic synovitis. Therefore, it is also likely that IL-6 causes the propagation of joint
inflammation, possibly independent of its role in immunity (de Hooge et al. 2000)
Very recently, Atsumi et al. reported an interesting phenotype of a gp130 knock-in
mouse strain. In this strain, named gp130F759/F759, a point mutation is introduced to dis-
rupt the gp130-mediated SHP-2/ERK MAPK signaling in vivo (see the next section for
a description of the signal transduction, and refer to the section entitled “The signal or-
chestration model” for the knock-in strain). These mice spontaneously develop patho-
logical symptoms highly similar to RA: symmetrical joint swelling and rigidness,
marked proliferation of the synovium with pannus formation and fibrin deposits, infil-
tration of inflammatory cells into the joints, and severe bone destruction. In addition,
activated osteoclasts are observed at the site of bone erosion. Furthermore, autoanti-
bodies such as anti-DNA antibodies and rheumatoid factor are increased in the arthritic
gp130F759/F759 animals. The incidence of the disease reaches 100‰ in gp130F759/F759

mice older than 16 months of age, suggesting that the point mutation in gp130 is a prin-
cipal causal factor for the development of the RA-like disease in the gp130F759/F759

mice. Importantly, when this gp130F759/F759 strain is crossed with a lymphocyte-null
RAG-2 KO strain, the joint disease disappears. Thus, the joint disease in gp130F759/F759

mice is totally lymphocyte dependent, supporting the view that RA is an autoimmune
disease. To our knowledge, this is the first and only direct evidence that a point muta-
tion of a cytokine receptor has the potential to induce autoimmune disease (Atsumi et
al. 2002).

Signal transduction

In this section, the molecular events that initiate and transduce the intracellular signaling
through gp130 are described in detail. IL-6/gp130 signaling is the one of best-studied cas-
cades among those of cytokine receptors. In addition, the understanding of gp130 signal-
ing has been advanced by the identification of factors that negatively control it. Further-
more, knock-in gene targeting technology has made it possible to clarify the in vivo roles
of each signaling pathway through gp130, and revealed that cytokine signaling is a more
complicated and delicate biological event than had previously been thought.

Binding to the receptor

Upon IL-6 binding, the IL-6, IL-6Ra, and gp130 molecules form a hexameric complex
with a stoichiometry of 2:2:2 (Ward et al. 1994). Mutagenesis along with epitope mapping
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studies and X-ray crystallography revealed important regions in the IL-6 protein, named
sites 1–4, for the receptor binding and signal transduction. Site 1 is important for IL-6’s
binding with IL-6Ra. IL-6 mutants modified at site 2 or 3 can bind to the receptor but can-
not transmit intracellular signals. The results of X-ray crystallography of IL-6 have led to
a predicted role for the region designated as site 4 to stabilize the architecture of the sig-
naling complex in the interaction between two IL-6/IL-6Ra/gp130 trimers (Somers et al.
1997). A scenario for the IL-6/IL-6 receptor interaction cascade can be depicted as fol-
lows: (1) IL-6 binds to IL-6Ra through site 1 of IL-6, forming a heterodimer; (2) the bina-
ry IL-6/IL-6Ra complex contacts the gp130 CBM through site 2 of IL-6 and also forms
contacts between the C-terminal cell surface domain of IL-6Ra and gp130, resulting in a
trimolecular complex with a 1:1:1 stoichiometry, which is not yet able to generate a signal
(Chow et al. 2001); (3) two trimolecular complexes are assembled together via IL-6 site 3
and the Ig-like domain of gp130 (Moritz et al. 1999; Chow et al. 2001), as well as through
site 4, completing the hexameric complex, which is competent to generate intracellular
signals (Somers et al. 1997).

Intracellular signal transduction pathways

As described in the section entitled “Molecular aspects of the IL-6 receptor”, gp130 has
no intrinsic kinase activity but contains Box-motifs in its cytoplasmic domain; these mo-
tifs are known to associate with Janus kinases (JAK), which are nonreceptor tyrosine ki-
nases (Figs. 2 and 4). Upon the binding of IL-6 to IL-6Ra, gp130 is homodimerized
(Murakami et al. 1993), leading to the formation of the hexameric signaling-competent
complex (Fig. 4). It is thought that the receptor homodimerization brings the JAK kinases
into close proximity, resulting in their transactivation of each other. The activated JAK ki-
nases phosphorylate tyrosine residues in the cytoplasmic domain of gp130. The human
gp130 cytoplasmic domain has six tyrosine residues (Fig. 2). The first cytoplasmic tyro-
sine residue (Y683 in human gp130) is not part of a currently known sequence motif and
is less significantly phosphorylated. The second tyrosine, which is positioned at the 759th
amino acid residue of human gp130, resides within the Y759STV sequence of human
gp130. This sequence is analogous to a motif for the recruitment of a protein tyrosine
phosphatase, SHP-2 (Songyang et al. 1993; De Souza et al. 2002). In fact, SHP-2 is tyro-
sine phosphorylated upon IL-6 treatment and Y759 is required for the gp130-mediated
phosphorylation of SHP-2 (Fukada et al. 1996). The third to sixth tyrosine residues (Y767,
Y814, Y905, and Y915 in human gp130) form YXXQ motifs; this motif is responsible for
the activation of a transcription factor, STAT (Stahl et al. 1995; Fukada et al. 1996; Ger-
hartz et al. 1996; Yamanaka et al. 1996; Figs. 2 and 4 . On the other hand, the cytoplasmic
region of mouse gp130 contains seven tyrosine residues. When the mouse sequence is
aligned with that of human gp130, the additional tyrosine (Y859 in mouse gp130) is found
to be positioned between the third and fourth intracellular tyrosine residues (Fig. 2). The
role of the additional tyrosine residue in gp130 signaling in the mouse is currently un-
known. The remaining six tyrosine residues in mouse gp130 are completely analogous to
their counterparts in the human protein: the second tyrosine, Y757, forms a YSTV se-
quence and quadruple YXXQ motifs are found for Y765, Y812, Y904, and Y914. In this
review, unless otherwise noted, we will refer to the amino acid positions of human gp130,
in particular for the second tyrosine, Y759. In brief, IL-6-induced, gp130-mediated JAK
activation triggers two main signaling pathways: a Y759-derived SHP-2/ERK MAPK
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pathway and YXXQ-mediated STAT activation (Fig. 4; reviewed by Hirano et al. 1997;
Hirano et al. 2000).

There are four members of the JAK family kinases found in mammals. Among them,
gp130 constitutively associates with JAK1, JAK2, and TYK2 (Lutticken et al. 1994;
Narazaki et al. 1994; Stahl et al. 1994). Several cell types isolated from JAK1 KO mice
show diminished but still detectable DNA-binding activity of STAT3. However, JAK1
KO cells fail to exhibit biological responses induced by IL-6 family cytokines (Rodig et
al. 1998). In contrast, fibroblasts from JAK2 KO mice show STAT3 phosphorylation and
downstream gene transcription in response to IL-6 and sIL-6Ra (Parganas et al. 1998).
Bone marrow-derived macrophages and embryonic fibroblasts from TYK2 KO mice also
exhibit a STAT3 activation that is comparable to that of wild-type cells (Karaghiosoff et
al. 2000; Shimoda et al. 2000). Similarly, when stimulated with IL-6 and sIL-6Ra, a great
impairment of SHP-2 phosphorylation is observed for a fibrosarcoma cell line deficient
for JAK1, but not JAK2 or TYK2 (Schaper et al. 1998). These results suggest that, among
the JAK kinases associated with gp130, JAK1 serves a major role in the gp130-mediated
SHP-2 and STAT3 pathways.

IL-6 signal transduction has been extensively investigated using cell lines stably trans-
fected with a chimeric gp130 molecule, consisting of the extracellular domain of G-CSF

Fig. 4 Intracellular signaling pathways generated through gp130. The intracellular signal transduction path-
ways generated by IL-6 are shown. The formation of the hexameric IL-6/IL-6Ra/gp130 complex initiates
signal transduction by activating JAK kinases. Phosphorylated tyrosine residues (P) in gp130 are recog-
nized by SHP-2 and STAT molecules, leading to generation of the two major gp130 signaling pathways:
the Y759-derived SHP-2/ERK MAPK cascade (right side) and the YXXQ-mediated STAT pathway (left
side)
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or GH connected with the intracellular region of human gp130 (Fig. 5). The chimeric re-
ceptor system is advantageous when gp130 is endogenously expressed on the cells to be
analyzed. By replacing the intracellular tyrosine(s) with phenylalanine or by constructing
truncated mutants of the gp130 tail, the signaling cascades and physiological functions
carried by the respective tyrosine residues in the gp130 cytoplasmic domain have now
been elucidated (see next sections).

The gp130 Y759-mediated SHP-2/ERK MAPK pathway

The amino acid sequence surrounding Y759 in human gp130, the second tyrosine from the
plasma membrane, comprises a context similar to the SHP-2-binding motif (Songyang et
al. 1993; De Souza et al. 2002; Fig. 2). In fact, an oligopeptide representing amino acid
residues 752–766 of gp130 containing phosphorylated, but not nonphosphorylated Y759,
can bind to and coprecipitate with SHP-2 (Fukada et al. 1996). SHP-2 is a protein tyrosine
phosphatase that also contains two tandem SH2 domains in its N-terminal region, which
are known to bind to phosphotyrosine residues; it also has several potential Grb2 (growth
factor receptor-bound protein 2)-binding motifs in its C-terminal region (Feng et al. 1993;

Fig. 5 gp130 Chimeric receptors used for elucidation of the signaling pathways. The gp130 chimeric recep-
tors used for in vitro (left) and in vivo (right) studies are illustrated. For the in vitro studies, intracellular
human gp130 (full length: 918) or truncated mutants with or without a Y to F substitution (709, 774, 774/
F759 and 774/F767) is fused with the extracellular domain of the receptor for rabbit GH or human G-CSF.
To generate knock-in mouse strains, chimeric receptors consisting of intracellular human gp130 and extra-
cellular mouse gp130 domains are used. In vivo, the replacement of Y759 with F (F759) also leads to a
defect in the Y759-derived SHP-2/ERK MAPK cascade, mutations in all four YXXQ motifs (FXXQ) abro-
gate the YXXQ-mediated STAT activation, and a loss of the cytoplasmic domain of gp130 (D) abolishes
the generation of signals through gp130. The FXXQ and D knock-in strains are lethal within 24 h after
birth
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Vogel et al. 1993). The SHP-2 phosphatase activity has been shown to be important for
growth factor-mediated ERK MAPK activation (Bennett et al. 1996). In addition, hepato-
ma cells that overexpress a truncated form of a SHP-2 mutant that cannot bind to Grb2
exhibit a substantial decrease in IL-6-induced ERK MAPK activation (Kim and Baumann
1999). Thus, SHP-2 is involved in the ERK MAPK cascade by acting both as an enzyme
and as an adapter protein. The phosphatase activity of SHP-2 is regulated by its SH2 do-
main: in the free, unbound state of SHP-2, the N-terminal SH2 domain interacts with its
own phosphatase domain, blocking the active site. The binding of the SH2 domain to a
phosphotyrosine residue unblocks the active site, activating the protein’s phosphatase ac-
tivity (Hof et al. 1998). As illustrated in Fig. 4, upon IL-6 stimulation, SHP-2 is recruited
to the phosphorylated Y759 residue of gp130. After being recruited, SHP-2 is phosphory-
lated by JAKs and then interacts with Grb2, which is constitutively associated with Sos
(son-of-sevenless), a GDT/GTP exchanger for Ras. The GTP form of Ras transmits signals
that lead to activation of the ERK MAPK cascade. The ERK MAPK activation is not ob-
served in cells lacking the SHP-2-binding site (Y759) of gp130 (Fukada et al. 1996; Ohta-
ni et al. 2000; Tebbutt et al. 2002). Furthermore, a gp130 mutant lacking all the cytoplas-
mic tyrosine residues except Y759 associates with SHP-2 at a level comparable to wild-
type intact gp130 (Anhuf et al. 2000). These results indicate that Y759 is necessary and
sufficient for the gp130-mediated SHP-2/ERK MAPK cascade.

In our studies, we found that after gp130 stimulation, a tyrosine-phosphorylated protein
with a molecular mass of approximately 100 kDa –110 kDa was coprecipitated with SHP-
2 (Fukada et al. 1996). The 100 kDa –110 kDa protein was identified as Gab1 (Grb2-asso-
ciating binder 1), based on its recognition by an antibody raised against Gab1 (Takahashi-
Tezuka et al. 1998). The Gab family proteins are adaptor/scaffold proteins containing sev-
eral tyrosine residues that undergo phosphorylation and multiple functional motifs. These
motifs include a PH (pleckstrin homology) domain, proline-rich domain, c-Met-binding
domain (at least in Gab1), and docking sites for Grb2, Crk/PLCg, SHP-2, and the p85 sub-
unit of PI3 K (phosphatidylinositol 30-kinase; reviewed by Hibi and Hirano 2000; Liu and
Rohrschneider 2002). To date, Gab1–3 have been reported in humans and mice (Holgado-
Madruga et al. 1996; Nishida et al. 1999; Wolf et al. 2002). At least Gab1 and Gab2 un-
dergo tyrosine-phosphorylation, most likely by JAKs, in a gp130 stimulation-dependent
manner. Because the phosphorylation of Gab1 and Gab2 is still observed in cells transfec-
ted with a gp130 mutant lacking all six cytoplasmic tyrosine residues or a gp130[709]
truncation mutant (which carries Box-1 motif and the first tyrosine; see Fig. 5), the phos-
phorylation of Gab proteins occurs independent of the tyrosine-phosphorylation state of
gp130 (Takahashi-Tezuka et al. 1998; Nishida et al. 1999). The tyrosine-phosphorylated
Gab1 and Gab2 interact with SHP-2 and the p85 subunit of PI3K (Fig. 4). The tertiary
complex of SHP-2/Gab1/PI3K is not observed when Y759 in gp130 is mutated, indicating
that Gab1-mediated signaling is dependent on Y759 of gp130. The formation of the tertia-
ry complex can lead to activation of the Ras/Raf/ERK MAPK cascade, which is based on
the observations that the forced expression of Gab1 or Gab2 protein enhances the ERK
MAPK activation, and the inhibition of PI3K by wortmannin or a dominant-negative form
of the p85 subunit decreases it (Takahashi-Tezuka et al. 1998; Nishida et al. 1999). More-
over, in embryonic fibroblasts isolated from Gab1 KO mice, the activity of the ERK
MAPK pathway upon stimulation with IL-6/IL-6Ra was severely impaired (Itoh et al.
2000), demonstrating a requirement for Gab1 in the gp130 Y759-mediated ERK MAPK
pathway in fibroblasts.
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One of the target genes of the gp130 Y759-signaling pathway is a zinc finger transcrip-
tion factor, egr-1. The expression of egr-1 is induced by IL-6 in the mouse leukemia cell
line, M1. Mutation at Y759 in gp130 abrogates the egr-1 mRNA expression in M1 trans-
fectants (Yamanaka et al. 1996). In addition, a pharmacological inhibition of the ERK
MAPK pathway by PD98059 diminishes IL-6-induced egr-1 transcription in a hepatoma
cell line (Kim and Baumann 1999). The promoter region of the egr-1 gene contains sever-
al serum-response elements (SRE), suggesting that gp130 Y759-mediated ERK MAPK ac-
tivation induces the phosphorylation of Elk-1, a binding partner for serum-responsive fac-
tor, driving the SRE-dependent egr-1 expression. Another gene recently reported to be tar-
geted by the gp130-mediated SHP-2/ERK MAPK cascade is the gene encoding Sp2/TFF1
(trefoil factor-1), which contains an AP-1 site in its promoter region. A mutation in the
SHP-2 binding site of murine gp130 diminished the activation of the Sp2/tff1 promoter in
vitro and significantly reduced the level of Sp2/TFF1 protein in vivo (in the stomach), in-
dicating that gastric Sp2/TFF1 is a direct target of the gp130-mediated SHP-2/ERK
MAPK pathway (Tebbutt et al. 2002).

The gp130 YXXQ-mediated JAK/STAT pathway

Quadruple STAT-binding YXXQ motifs are found in the cytoplasmic domain of gp130
(Figs. 2 and 4). STAT proteins are transcription factors that dimerize upon being phos-
phorylated on tyrosine by JAK, after which they enter the nucleus and transactivate target
genes. So far, seven STAT proteins (STAT1 to 4, 5a, 5b, and 6) have been identified in
humans and mice (reviewed by Bromberg and Darnell 2000; O’Shea et al. 2002). It is re-
ported that gp130 activation by IL-6 induces the activation of STAT1, 3, and 5. For
STAT3 activation, any one of the four YXXQ motifs is sufficient, while the distal two
YXPQ sequences are important for STAT1 activation (Gerhartz et al. 1996; Figs. 2 and 4).
Although there is a redundancy of YXXQ motifs for STAT3 activation, Schmitz et al.
showed that the four STAT binding sites in gp130 are not equivalent: the distal two ty-
rosines (Y905 or Y915), which form YXPQ motifs, provide more potent STAT activation,
in terms of the DNA-binding activity of STAT3 and APP gene promoter activation, than
do the proximal YXXQ motifs (Y767 or Y814; Schmitz et al. 2000a). Upon stimulation
by IL-6, STAT proteins are recruited to the phosphorylated YXXQ/YXPQ motifs and then
phosphorylated by JAKs. The activated STAT proteins form a heterodimer (STAT1:
STAT3) or homodimers (STAT1:STAT1 and/or STAT3:STAT3), subsequently translocate
to the nucleus and activate the transcription of target genes. STAT3 is also phosphorylated
on serine residues by an H7-sensitive kinase pathway. This phosphorylation is necessary
for the full transcriptional activity of STAT3 (Abe et al. 2001).

The gp130-mediated STAT3 activation induces the expression of many genes, includ-
ing genes encoding the type-II APPs (reviewed by Moshage 1997), pim-1 and pim-2 pro-
to-oncogenes (Shirogane et al. 1999), itf/tff3 (Tebbutt et al. 2002), and negative regulators
for the JAK/STAT pathways, socs1/jab/ssi1 (Endo et al. 1997; Naka et al. 1997; Starr et
al. 1997) and socs3/jab2/cis3/ssi2 (Schmitz et al. 2000b). Interestingly, the gp130
(O’Brien and Manolagas 1997) and stat3 (Ichiba et al. 1998; Narimatsu et al. 2001) genes
are also direct targets of gp130-mediated STAT signaling, suggesting the existence of an
autoregulatory mechanism for this signaling pathway.
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Turn-off signals

After gp130 stimulation, the phosphorylation of ERK MAPK and STAT3 is rapidly in-
duced, and then gradually attenuated in many cell types, such as primary fibroblasts. This
suggests the existence of a cellular mechanism that turns off the signaling. The mechanism
underlying the downregulation or attenuation of the gp130 signal has been largely revealed
by identification of the molecules that operate it. One is TC45, the nuclear isoform of TC-
PTP (T-cell protein tyrosine phosphatase), which was recently shown to dephosphorylate
STAT proteins. In TC-PTP null embryonic fibroblasts, the dephosphorylation of IL-6-acti-
vated STAT3 is impaired (ten Hoeve et al. 2002). Another molecule that interacts with
STAT1, named PIAS1 (protein inhibitor of activated STAT1), was identified by the yeast
two-hybrid method. Searching the EST database and screening cDNA libraries has led to
the identification of several proteins related to PIAS1, including PIAS3. PIAS1 and PIAS3
specifically associate with ligand-stimulated, i.e., tyrosine-phosphorylated, STAT1 and
STAT3, respectively. PIAS1 blocks the DNA-binding activity of STAT and inhibits
STAT1-mediated gene induction, but not STAT3 activity. Conversely, PIAS3 specifically
represses STAT3 activity (Chung et al. 1997; Liu et al. 1998). Similarly, the SOCS family
proteins are also negative regulators of IL-6 signaling. SOCS1, also known as JAB and
SSI1, can mask a critical tyrosine residue within the activation loop of the JAK kinase do-
main, thereby inhibiting JAK activity (reviewed by Yasukawa et al. 2000). On the other
hand, SOCS3, also known as CIS3, JAB2, and SSI3, is expressed by IL-6 stimulation and
binds to phosphorylated Y759 in gp130, leading to attenuation of the gp130 signaling
(Nicholson et al. 2000; Schmitz et al. 2000b). The phosphorylation state of gp130, JAK,
and STAT3 is prolonged in the primary fibroblasts from a Y759-lacking knock-in mouse,
gp130F759/F759 (see the section entitled “The signal orchestration model” for a description
of the knock-in strain) and certain cell lines carrying the gp130 Y759F mutation (Kim et
al. 1998; Schaper et al. 1998; Ohtani et al. 2000), which is partly explained by the loss of
the SOCS3-binding site, i.e., Y759, in gp130. Because SHP-2 is also recruited to the phos-
phorylated Y759 of gp130, however, the negative regulatory effect of its tyrosine phospha-
tase activity on gp130 signaling can also be considered. A catalytically inactive mutant of
SHP-2 enhances the activation of the APP gene promoter in response to gp130 stimula-
tion, but this enhancement is not observed when Y759 in gp130 is mutated (Kim et al.
1998; Schaper et al. 1998; Kim and Baumann 1999). A recent report by Lehmann et al.
showing that both SHP-2 and SOCS3 contribute to the Y759-dependent attenuation of
IL-6/gp130 signaling demonstrated this regulation more clearly (Lehmann et al. 2002). Fi-
nally, as described in the section entitled “Molecular aspects of the IL-6 receptor”, the an-
tagonizing effect of sgp130 could also contribute to the turning off of gp130 signaling.

The signal orchestration model

We have performed studies using cell lines transfected with chimeric receptors consisting
of the extracellular domain of GH or G-CSF fused with the intracellular region of gp130
(Fig. 5). Both GH and G-CSF mediate the homodimerization of these chimeric receptors,
therefore mimicking the IL-6-induced homodimerization and activation of gp130. These
systems have greatly contributed to unraveling the signal transduction pathways and phys-
iological roles carried by each tyrosine residue of gp130. Using the in vitro chimeric re-
ceptor system, we found that gp130 can simultaneously activate contradictory signals in a
given target cell. In this subsection, we discuss this finding by presenting some examples.
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The first example comes from studies using a murine myeloid leukemic M1 cell line,
which shows growth arrest and differentiation into a macrophage-like morphology in re-
sponse to gp130 stimulation. M1 cells carrying the GHR/gp130[774] chimera (see Fig. 5),
which is a gp130-truncated mutant that contains the Box motifs, SHP-2-binding site
(Y759), and one membrane-proximal YXXQ motif (Y767), is still able to differentiate into
a macrophage-like shape in response to the chimeric receptor ligand, GH, suggesting a re-
dundancy of the four STAT-binding sites in gp130. The requirement of STAT3 activation
for the differentiation of M1 cells was demonstrated by the findings that mutation of the
YXXQ motif to FXXQ, as in GHR/gp130[774/F767], renders the M1 transfectants inca-
pable of differentiation (Yamanaka et al. 1996), and a dominant-negative form of STAT3
inhibits the differentiation of parental M1 cells (Nakajima et al. 1996). On the other hand,
the GHR/gp130[774/F767]-expressing M1 transfectants, which are defective in STAT3
activation but have intact SHP-2 signaling, show enhanced cell growth, suggesting that
growth-enhancing signal(s), opposite to the YXXQ-mediated ones responsible for growth
arrest, are derived from Y759 of gp130 (Nakajima et al. 1996).

Likewise, the G-CSFR/gp130 chimera was introduced into the IL-3-dependent pro-B
cell line, BAF/B03, which proliferates in response to gp130 signaling stimulated by the
chimeric receptor ligand, G-CSF. BAF/B03 cells carrying the G-CSFR/gp130[774]-trun-
cated chimera grow comparably to cells expressing the chimera with the full-length, wild-
type cytoplasmic region, G-CSFR/gp130[918]. Mutation at Y759 (G-CSFR/gp130[774/
F759]) causes a pause in cell proliferation, but does not cause cell death for up to 4 d in
culture. In contrast, FXXQ mutation (such as in G-CSFR/gp130[774/F767]) or the intro-
duction of a dominant-negative form of STAT3 leads to apoptosis of the transfectants in
the first 24 h of culture, suggesting that STAT3 activation is essential for antiapoptotic sig-
nals in this cell line. Upon stimulation, BAF/B03 cells expressing the G-CSFR/gp130[774/
F759] mutant fail to make the cell-cycle transition from the S to the G2/M phase, indicat-
ing that Y759 signaling mediates cell-cycle progression (Fukada et al. 1996). A cDNA
subtraction experiment revealed that the proto-oncogenes pim-1 and pim-2 are among the
targets of the gp130-mediated STAT3 activation, and are required for the gp130-mediated
antiapoptotic activity and G1 to S cell-cycle transition (Shirogane et al. 1999). Thus,
gp130-mediated STAT3 signaling is positively involved in the G1 to S cell-cycle transi-
tion in BAF/B03 cells. However, under conditions when gp130-mediated STAT3 signal-
ing is suppressed, gp130 induces the upregulation of cyclin-dependent kinase inhibitor,
p21, in BAF/B03 cells. This is the second example showing that gp130 can simultaneously
activate contradictory signals in a given target cell (Fukada et al. 1998).

The third example is observed in the rat pheochromocytoma PC12 cell line, which ex-
tends neurites in response to IL-6 when pretreated with nerve-growth factor. In these cells,
gp130-derived, SHP-2-mediated ERK MAPK signals positively control the neurite out-
growth, and the YXXQ-mediated STAT3 activation negates the effect of gp130 stimula-
tion.

These in vitro transfectant studies provide evidence that distinct intracellular signaling
pathways generated by a given ligand can carry different, sometimes opposite physiologi-
cal role(s). The overall balance of these distinct signals could determine the final biologi-
cal outputs by a given ligand in a target cell (Fig. 6). We have proposed to call this con-
cept the signal orchestration model (Hirano et al. 1997; Hirano 1999; Hirano and Fukada
2001). The simultaneous generation of contradictory signals is not unique to gp130 signal
transduction. For example, the binding of TNFa to TNFR1 induces receptor trimerization
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and activates a caspase cascade. Initiation of the caspase cascade results in the apoptosis
of a target cell. However, signal transduction via TNFR1 also involves the activation of
transcription factors, AP-1 and NF-kB, which subsequently leads to the generation of anti-
apoptotic and inflammatory responses (reviewed in Baud and Karin 2001). Thus, the or-
chestration of TNFa/TNFR1 signaling could determine the final output, i.e., apoptosis or
inflammatory responses. Among the molecules modulating the TNFa/TNFR1 signal or-
chestration are the cIAPs (cellular inhibitors of apoptosis). TNFa-induced, NF-kB-mediat-
ed induction of cIAPs counteracts the TNFa-induced apoptosis through the inhibition of
caspase activation (reviewed in Baud and Karin 2001). In another example, both cyclin
D1 and a cyclin-dependent kinase inhibitor, p21, can be activated by growth factors
(Schreiber et al. 1999). Taking these observations into consideration, certain cytokines and
growth factors have the potential to trigger contradictory signals within a target cell, si-
multaneously. Under physiological conditions, cells would be exposed to a milieu contain-
ing a cytokine cocktail. Hence, in this model, cross-talk among different signaling net-
works can influence the level or activation state of the conductor of a certain signal, which
modulates the balance of the signaling and determines the biological outputs. This mecha-
nism may explain how a pleiotropic cytokine like IL-6 can exert multiple functions in a
variety of cells.

The evidence discussed so far in this subsection is based on results from in vitro stud-
ies. To address the in vivo roles of each signal transduction pathway through gp130, we
generated a series of knock-in mouse strains expressing various gp130 chimeras (extracel-
lular domain of mouse gp130/cytoplasmic region of human gp130; Fig. 5). Neonates of a
knock-in mouse strain carrying a gp130 mutant with the whole cytoplasmic domain delet-
ed (gp130D/D), and a STAT signaling-defective gp130 mutant (gp130FXXQ/FXXQ) die within
24 h after birth, demonstrating a vital role for gp130-mediated STAT activation in postna-
tal life. To investigate the function of gp130 YXXQ-mediated signaling in the immune
system, fetal liver cells (FL) obtained from gp130FXXQ/FXXQ or gp130D/D embryos were
transferred into lethally X-ray-irradiated wild-type mice to obtain FL-reconstituted mice,

Fig. 6 The signal orchestration
model. A ligand can simulta-
neously induce contradictory sig-
nals in a given target cell through
distinct regions of its receptor.
The balance of the contradictory
signals elicited by a receptor (de-
picted as a seesaw) determines
the final output of biological ac-
tivity of a given ligand in a given
target cell
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in which the hematopoietic cells are of the mutant origin (fetal liver chimera). Serum Ig
levels are decreased in gp130FXXQ/FXXQ or gp130D/D FL-reconstituted mice, as compared
with wild-type FL-reconstituted mice. Antigen-specific antibody production by immuniza-
tion with a thymus-dependent antigen (the TD response) is also suppressed in the
gp130FXXQ/FXXQ FL-reconstituted mice, indicating that gp130-mediated STAT activation is
critical for Ig production. In contrast, mice from another knock-in stain carrying a point
mutation in the SHP-2-binding site (gp130F759/F759), thus defective in the SHP-2/ERK
MAPK cascade, are born apparently healthy and are fertile. However, as they aged, the
gp130F759/F759 mice exhibit splenomegaly, lymphadenopathy, and increased serum Ig lev-
els and the TD response, indicating a negative regulatory role for Y759 in leukocyte num-
bers and Ig production. When primary fibroblasts obtained from the gp130F759/F759 mice
are stimulated with IL-6/IL-6Ra, the duration of the phosphorylation states of gp130,
JAK, and STAT3 were prolonged compared with the duration in wild-type fibroblasts, in-
dicating the mechanism underlying the negative control effect of Y759 (Ohtani et al.
2000). As described in the section entitled “Relevance of the IL-6 to human diseases”,
these phenotypic changes are followed by the development of an RA-like joint disease. A
possible mechanism for the disease development in gp130F759/F759 mice was indicated by
Atsumi et al., who showed that IL-6 can inhibit the activation-induced cell death (AICD)
of T cells in vitro and that the inhibitory effect is more pronounced in T cells from
gp130F759/F759 mice than from wild-type mice. Because the T cells from gp130FXXQ/FXXQ

FL-reconstituted mice efficiently undergo AICD even in the presence of IL-6, the inhibito-
ry effect of IL-6 is probably dependent on STAT activation. In addition, the stronger inhi-
bition of AICD in gp130F759/F759 T cells is correlated with prolonged STAT3 activation as
a consequence of the signaling imbalance by the Y759F point mutation. Because AICD is
a process that is known to eliminate self-reactive T cells, the defective AICD in gp130F759/

F759 T cells is one of the causal factors for the breakdown of self-tolerance, possibly lead-
ing to the development of the RA-like disease (Atsumi et al. 2002). These observations
demonstrate a negative regulatory role for Y759-mediated signals in vivo. When
gp130F759/F759 mice are infected in vivo with gram-positive bacteria, Listeria monocytoge-
nesis, however, they die more rapidly and with a higher bacterial burden than do wild-type
controls (Kamimura et al. 2002), suggesting that the positive effect of Y759 signaling is
generated as a defense mechanism during the early phase of bacterial infection.

Another set of gp130 knock-in mouse strains, designated gp130DSTAT and gp130757F

(where the number represents the amino acid position of mouse gp130) has recently been
generated by another group. One of the knock-in strains, termed gp130DSTAT mice, harbors
a truncated form of gp130 containing the SHP-2-binding site and a mutated STAT3-bind-
ing site. This mutation causes inactivation of the gp130-mediated STAT responses, similar
to gp130[774/F767] (Fig. 5). Surprisingly, despite the defective gp130-mediated STAT3
activation, this stain of mice survives for at least 6–8 months (Table 2). Moreover, these
mice spontaneously develop gastrointestinal ulceration and degenerative joint disease ac-
companied by the synovial hyperplasia. As a consequence of the gp130-mediated STAT-
signaling defect, a sustained phosphorylation of JAK2, SHP-2, and ERK MAPK in re-
sponse to IL-6 and sIL-6Ra is observed in the synovial cells of the gp130DSTAT mice. Be-
cause SOCS1-deficient synovial fibroblasts also show an extended period of ERK MAPK
activation when stimulated with IL-6 and sIL-6Ra, a loss of gp130 STAT-mediated
SOCS1 expression is thought to be one mechanism for the sustained phosphorylation of
these molecules and a possible cause of the synovial hyperplasia in the gp130DSTAT mice
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(Ernst et al. 2001). Another knock-in strain, named gp130757F, was designed to be inca-
pable of activating the gp130/SHP-2 ERK MAPK pathway, theoretically similar to our
gp130F759/F759 mice. The gp130757F mice exhibit splenomegaly and spontaneously develop
gastric adenoma 6–8 weeks after birth. The authors noticed that this phenotype is essen-
tially phenocopied by pS2/TFF1 (trefoil factor-1) KO mice (Lefebvre et al. 1996). TFF
comprises a family that includes pS2/TFF1, TFF2 and ITF/TFF3, which are expressed in
the stomach, stomach/pancreas, and intestine/colon, respectively. These proteins are
known to have cytoprotective effects that promote wound healing in response to gastroin-
testinal injury. The level of pS2/TFF1 protein is eventually decreased in the stomach of
gp130757F mice and the promoter activity of the pS2/tff1 gene is regulated by the gp130/
SHP-2 ERK MAPK pathway. In a reciprocal fashion, the level of ITF/TFF3 protein is re-
duced in the colon of gp130DSTAT mice and its expression is suggested to be directly regu-
lated by gp130-mediated STAT3 activation. In line with this, gp130DSTAT mice are highly
sensitive to sodium dextran sulfate-induced experimental colitis, compared with their
wild-type littermates. In contrast, gp130757F mice are completely resistant to the colitis,
which is associated with the increase of ITF/TFF3 protein level in the intestine. Thus,
gp130 reciprocally regulates gastrointestinal homeostasis by inducing tissue-specific TFFs
through the gp130-mediated SHP-2/ERK MAPK or STAT3 pathway (Tebbutt et al. 2002).

These in vivo studies provide further evidence that the ablation of one signaling cas-
cade can influence the other—that is, a loss of Y759-mediated signaling enhances the
YXXQ-mediated STAT activation, and vice versa. However, through this mechanism a
risk arises for unexpected biological consequences (Fig. 7). The difference in phenotypes
between our gp130F759/F759 mice and the gp130757F mice of Ernst’s group is intriguing.
Both strains of mice are expected to have specific disruption of the gp130-mediated
SHP-2/ERK MAPK cascade in vivo due to point mutation(s). Splenomegaly is a common
phenotype to both these mutants. However, we did not clearly recognize enlargement of
the stomach and proximal small intestine in gp130F759/F759 mice. In contrast, no joint pa-
thology was documented for the gp130757F mice (Tebbutt et al. 2002). The following pos-
sibilities for this phenotypic discrepancy can be raised: (a) differences in environmental
factors for the mice, including the feed and rearing space used, (b) dissimilarity of the mi-
croflora making up the commensal bacteria, and (c) a difference in targeting strategy for
the knock-in strains. To destroy the gp130-mediated SHP-2/ERK MAPK cascade in vivo,
we used a cDNA for the intracellular domain of human gp130 and introduced a single
point mutation of Y759F in the gp130F759/F759 knock-in mice, while Ernst’s group mutated
the endogenous (i.e., mouse) gp130 by replacing two amino acid residues (Y757F and
V760A) in the gp130757F knock-in mice. Such a difference in targeting strategy might in-
fluence the finely tuned endogenous gp130 signal. For example, if mouse STAT3 interacts
with the YXXQ motifs of human gp130 with a somewhat different affinity than with the
endogenous mouse YXXQ motifs, gp130F759/F759 mice bearing the human gp130 cytoplas-
mic domain might exhibit an altered level of STAT3 activation compared with the endog-
enous gp130/STAT3 interaction. The phenotypic inconsistency between the gp130F759/F759

and gp130757F mice also implies that the modulation of gp130 signaling does not occur in
an all-or-none fashion. Rather, gp130 could exhibit various biological functions in a man-
ner that depends on the delicate tuning of its signaling. A different degree of disturbance
in the signal orchestration through gp130 may produce these dramatic phenotype differ-
ences between the gp130F759/F759 and the gp130757F mice.
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Taking the results of these in vitro and in vivo studies together, IL-6 can generate di-
verse gp130-derived signaling pathways, which mainly consist of the Y759-mediated
SHP-2/ERK MAPK cascade and YXXQ-derived STAT activation. These intracellular sig-
nals carry respective biological effects by activating different sets of genes, but the two
signaling cascades are not mutually exclusive, since the regulation of both pathways is re-
ciprocally dependent (Figs. 6 and 7).

References

Abe K, Hirai M, Mizuno K, Higashi N, Sekimoto T, Miki T, Hirano T, Nakajima K (2001) The YXXQ
motif in gp 130 is crucial for STAT3 phosphorylation at Ser727 through an H7-sensitive kinase path-
way. Oncogene 20:3464–3474

Alexander WS, Rakar S, Robb L, Farley A, Willson TA, Zhang JG, Hartley L, Kikuchi Y, Kojima T,
Nomura H, Hasegawa M, Maeda M, Fabri L, Jachno K, Nash A, Metcalf D, Nicola NA, Hilton DJ
(1999) Suckling defect in mice lacking the soluble haemopoietin receptor NR6. Curr Biol 9:605–608

Alonzi T, Fattori E, Lazzaro D, Costa P, Probert L, Kollias G, De Benedetti F, Poli V, Ciliberto G (1998)
Interleukin 6 is required for the development of collagen-induced arthritis. J Exp Med 187:461–468

Anhuf D, Weissenbach M, Schmitz J, Sobota R, Hermanns HM, Radtke S, Linnemann S, Behrmann I,
Heinrich PC, Schaper F (2000) Signal transduction of IL-6, leukemia-inhibitory factor, and oncostatin
M: structural receptor requirements for signal attenuation. J Immunol 165:2535–2543

Fig. 7a–c Consequences of disturbance in the gp130 signal orchestration. A ligand binding to gp130 initi-
ates two major signal transduction pathways, as illustrated in Fig. 4. For convenience, gp130-mediated
STAT signaling is depicted on the left side and the SHP-2/ERK MAPK cascade is on the right side of the
receptor. Both signaling pathways mutually regulate each other. a A defect in STAT activation leads to en-
hancement of the signaling derived from the SHP-2 binding site. b Intact gp130 generates neutral signaling.
c A mutation at the SHP-2-binding site results in sustained STAT3 activation. The overall balance of gp130
signaling is represented by a seesaw. The physiological consequences of a disturbance in the signal orches-
tration are listed below the seesaw. *1; in the case of gp130FXXQ/FXXQ

28 Rev Physiol Biochem Pharmacol (2003) 149:1–38



Astaldi GC, Janssen MC, Lansdorp P, Willems C, Zeijlemaker WP, Oosterhof F (1980) Human endothelial
culture supernatant (HECS): a growth factor for hybridomas. J Immunol 125:1411–1414

Atreya R, Mudter J, Finotto S, Mullberg J, Jostock T, Wirtz S, Schutz M, Bartsch B, Holtmann M, Becker
C, Strand D, Czaja J, Schlaak JF, Lehr HA, Autschbach F, Schurmann G, Nishimoto N, Yoshizaki K,
Ito H, Kishimoto T, Galle PR, Rose-John S, Neurath MF (2000) Blockade of interleukin 6 trans signal-
ing suppresses T-cell resistance against apoptosis in chronic intestinal inflammation: evidence in
Crohn’s disease and experimental colitis in vivo. Nat Med 6:583–588

Atsumi T, Ishihara K, Kamimura D, Ikushima H, Ohtani T, Hirota S, Kobayashi H, Park SJ, Saeki Y, Kita-
mura Y, Hirano T (2002) A point mutation of Tyr-759 in interleukin 6 family cytokine receptor subunit
gp130 causes autoimmune arthritis. J Exp Med 196:979-990

Baud V, Karin M (2001) Signal transduction by tumor necrosis factor and its relatives. Trends Cell Biol
11:372–377

Baumann H, Gauldie J (1994) The acute phase response. Immunol Today 15:74–80
Bennett AM, Hausdorff SF, O’Reilly AM, Freeman RM, Neel BG (1996) Multiple requirements for SH-

PTP2 in epidermal growth factor-mediated cell cycle progression. Mol Cell Biol 16:1189–1202
Bernad A, Kopf M, Kulbacki R, Weich N, Koehler G, Gutierrez-Ramos JC (1994) Interleukin-6 is required

in vivo for the regulation of stem cells and committed progenitors of the hematopoietic system. Immu-
nity 1:725–731

Bethin KE, Vogt SK, Muglia LJ (2000) Interleukin-6 is an essential, corticotropin-releasing hormone- inde-
pendent stimulator of the adrenal axis during immune system activation. Proc Natl Acad Sci USA
97:9317–9322

Betz UA, Bloch W, van den Broek M, Yoshida K, Taga T, Kishimoto T, Addicks K, Rajewsky K, Muller
W (1998) Postnatally-induced inactivation of gp130 in mice results in neurological, cardiac, hemato-
poietic, immunological, hepatic, and pulmonary defects. J Exp Med 188:1955–1965

Borsellino N, Bonavida B, Ciliberto G, Toniatti C, Travali S, D’Alessandro N (1999) Blocking signaling
through the Gp130 receptor chain by interleukin-6 and oncostatin M inhibits PC-3 cell growth and sen-
sitizes the tumor cells to etoposide and cisplatin-mediated cytotoxicity. Cancer 85:134–144

Bowcock AM, Kidd JR, Lathrop GM, Daneshvar L, May LT, Ray A, Sehgal PB, Kidd KK, Cavalli-Sforza
LL (1988) The human “interferon-b2/hepatocyte stimulating factor/interleukin- 6” gene: DNA poly-
morphism studies and localization to chromosome 7p21. Genomics 3:8–16

Bravo J, Heath JK (2000) Receptor recognition by gp130 cytokines. EMBO J 19:2399–2411
Bromberg J, Darnell JE, Jr. (2000) The role of STATs in transcriptional control and their impact on cellular

function. Oncogene 19:2468–2473
Brown S, Hu N, Hombria JC (2001) Identification of the first invertebrate interleukin JAK/STAT receptor,

the Drosophila gene domeless. Curr Biol 11:1700–1705
Brunello AG, Weissenberger J, Kappeler A, Vallan C, Peters M, Rose-John S, Weis J (2000) Astrocytic

alterations in interleukin-6/Soluble interleukin-6 receptor adouble-transgenic mice. Am J Pathol
157:1485-1493

Butzkueven H, Zhang JG, Soilu-Hanninen M, Hochrein H, Chionh F, Shipham KA, Emery B, Turnley AM,
Petratos S, Ernst M, Bartlett PF, Kilpatrick TJ (2002) LIF receptor signaling limits immune-mediated
demyelination by enhancing oligodendrocyte survival. Nat Med 8:613–619

Campbell IL, Abraham CR, Masliah E, Kemper P, Inglis JD, Oldstone MB, Mucke L (1993) Neurologic
disease induced in transgenic mice by cerebral overexpression of interleukin 6. Proc Natl Acad Sci
USA 90:10061–10065

Chen HW, Chen X, Oh SW, Marinissen MJ, Gutkind JS, Hou SX (2002) mom identifies a receptor for the
Drosophila JAK/STAT signal transduction pathway and encodes a protein distantly related to the
mammalian cytokine receptor family. Genes Dev 16:388–398

Chesnokova V, Auernhammer CJ, Melmed S (1998) Murine leukemia inhibitory factor gene disruption at-
tenuates the hypothalamo-pituitary-adrenal axis stress response. Endocrinology 139:2209–2216

Chomarat P, Banchereau J, Davoust J, Palucka AK (2000) IL-6 switches the differentiation of monocytes
from dendritic cells to macrophages. Nat Immunol 1:510–514

Chow D, He X, Snow AL, Rose-John S, Garcia KC (2001) Structure of an extracellular gp130 cytokine
receptor signaling complex. Science 291:2150–2155

Christadoss P, Poussin M, Deng C (2000) Animal models of myasthenia gravis. Clin Immunol 94:75–87
Chung CD, Liao J, Liu B, Rao X, Jay P, Berta P, Shuai K (1997) Specific inhibition of Stat3 signal trans-

duction by PIAS3. Science 278:1803–1805
Clegg CH, Haugen HS, Rulffes JT, Friend SL, Farr AG (1999) Oncostatin M transforms lymphoid tissue

function in transgenic mice by stimulating lymph node T-cell development and thymus autoantibody
production. Exp Hematol 27:712–725

Rev Physiol Biochem Pharmacol (2003) 149:1–38 29



Content J, De Wit L, Poupart P, Opdenakker G, Van Damme J, Billiau A (1985) Induction of a 26-kDa-
protein mRNA in human cells treated with an interleukin-1-related, leukocyte-derived factor. Eur J
Biochem 152:253–257

Dalrymple SA, Slattery R, Aud DM, Krishna M, Lucian LA, Murray R (1996) Interleukin-6 is required for
a protective immune response to systemic Escherichia coli infection. Infect Immun 64:3231–3235

de Hooge AS, van De Loo FA, Arntz OJ, van Den Berg WB (2000) Involvement of IL-6, apart from its role
in immunity, in mediating a chronic response during experimental arthritis. Am J Pathol 157:2081–
2091

De Souza D, Fabri LJ, Nash A, Hilton DJ, Nicola NA, Baca M (2002) SH2 Domains from Suppressor of
cytokine signaling-3 and protein tyrosine phosphatase SHP-2 have similar binding specificities. Bio-
chemistry 41:9229–9236

DeChiara TM, Vejsada R, Poueymirou WT, Acheson A, Suri C, Conover JC, Friedman B, McClain J, Pan
L, Stahl N, et al. (1995) Mice lacking the CNTF receptor, unlike mice lacking CNTF, exhibit profound
motor neuron deficits at birth. Cell 83:313–322

Deller MC, Hudson KR, Ikemizu S, Bravo J, Jones EY, Heath JK (2000) Crystal structure and functional
dissection of the cytostatic cytokine oncostatin M. Structure Fold Des 8:863–874

Deng C, Goluszko E, Tuzun E, Yang H, Christadoss P (2002) Resistance to experimental autoimmune my-
asthenia gravis in IL-6-deficient mice is associated with reduced germinal center formation and C3
production. J Immunol 169:1077–1083

DiCosmo BF, Geba GP, Picarella D, Elias JA, Rankin JA, Stripp BR, Whitsett JA, Flavell RA (1994a) Air-
way epithelial cell expression of interleukin-6 in transgenic mice. Uncoupling of airway inflammation
and bronchial hyperreactivity. J Clin Invest 94:2028–2035

DiCosmo BF, Picarella D, Flavell RA (1994b) Local production of human IL-6 promotes insulitis but re-
tards the onset of insulin-dependent diabetes mellitus in nonobese diabetic mice. Int Immunol 6:1829–
1837

Diehl S, Anguita J, Hoffmeyer A, Zapton T, Ihle JN, Fikrig E, Rincon M (2000) Inhibition of Th1 differen-
tiation by IL-6 is mediated by SOCS1. Immunity 13:805–815

Diehl S, Chow CW, Weiss L, Palmetshofer A, Twardzik T, Rounds L, Serfling E, Davis RJ, Anguita J,
Rincon M (2002) Induction of NFATc2 expression by interleukin 6 promotes T helper type 2 differen-
tiation. J Exp Med 196:39–49

Elson GC, Graber P, Losberger C, Herren S, Gretener D, Menoud LN, Wells TN, Kosco-Vilbois MH,
Gauchat JF (1998) Cytokine-like factor-1, a novel soluble protein, shares homology with members of
the cytokine type I receptor family. J Immunol 161:1371–1379

Elson GC, Lelievre E, Guillet C, Chevalier S, Plun-Favreau H, Froger J, Suard I, de Coignac AB, Delneste
Y, Bonnefoy JY, Gauchat JF, Gascan H (2000) CLF associates with CLC to form a functional hetero-
meric ligand for the CNTF receptor complex. Nat Neurosci 3:867–872

Endo TA, Masuhara M, Yokouchi M, Suzuki R, Sakamoto H, Mitsui K, Matsumoto A, Tanimura S,
Ohtsubo M, Misawa H, Miyazaki T, Leonor N, Taniguchi T, Fujita T, Kanakura Y, Komiya S,
Yoshimura A (1997) A new protein containing an SH2 domain that inhibits JAK kinases. Nature
387:921–924

Ernst M, Inglese M, Waring P, Campbell IK, Bao S, Clay FJ, Alexander WS, Wicks IP, Tarlinton DM,
Novak U, Heath JK, Dunn AR (2001) Defective gp130-mediated signal transducer and activator of
transcription (STAT) signaling results in degenerative joint disease, gastrointestinal ulceration, and
failure of uterine implantation. J Exp Med 194:189–203

Ershler WB, Keller ET (2000) Age-associated increased interleukin-6 gene expression, late-life diseases,
and frailty. Annu Rev Med 51:245–270

Escary JL, Perreau J, Dumenil D, Ezine S, Brulet P (1993) Leukaemia inhibitory factor is necessary for
maintenance of haematopoietic stem cells and thymocyte stimulation. Nature 363:361–364

Eugster HP, Frei K, Kopf M, Lassmann H, Fontana A (1998) IL-6-deficient mice resist myelin oligodendro-
cyte glycoprotein-induced autoimmune encephalomyelitis. Eur J Immunol 28:2178–2187

Feldmann M, Brennan FM, Maini RN (1996) Rheumatoid arthritis. Cell 85:307–310
Feng GS, Hui CC, Pawson T (1993) SH2-containing phosphotyrosine phosphatase as a target of protein-

tyrosine kinases. Science 259:1607–1611
Frassanito MA, Cusmai A, Iodice G, Dammacco F (2001) Autocrine interleukin-6 production and highly

malignant multiple myeloma: relation with resistance to drug-induced apoptosis. Blood 97:483–489
Fukada T, Hibi M, Yamanaka Y, Takahashi-Tezuka M, Fujitani Y, Yamaguchi T, Nakajima K, Hirano T

(1996) Two signals are necessary for cell proliferation induced by a cytokine receptor gp130: involve-
ment of STAT3 in antiapoptosis. Immunity 5:449–460

30 Rev Physiol Biochem Pharmacol (2003) 149:1–38



Fukada T, Ohtani T, Yoshida Y, Shirogane T, Nishida K, Nakajima K, Hibi M, Hirano T (1998) STAT3
orchestrates contradictory signals in cytokine-induced G1 to S cell-cycle transition. EMBO J 17:6670–
6677

Fuller GM, Bunzel RJ, Woloski BM, Nham SU (1987) Isolation of hepatocyte stimulating factor from hu-
man monocytes. Biochem Biophys Res Commun 144:1003–1009

Gauldie J, Richards C, Harnish D, Lansdorp P, Baumann H (1987) Interferon b2/B-cell stimulatory factor
type 2 shares identity with monocyte-derived hepatocyte-stimulating factor and regulates the major
acute phase protein response in liver cells. Proc Natl Acad Sci USA 84:7251–7255

Gerhartz C, Heesel B, Sasse J, Hemmann U, Landgraf C, Schneider-Mergener J, Horn F, Heinrich PC,
Graeve L (1996) Differential activation of acute phase response factor/STAT3 and STAT1 via the cy-
toplasmic domain of the interleukin 6 signal transducer gp130. I. Definition of a novel phosphotyrosine
motif mediating STAT1 activation. J Biol Chem 271:12991–12998

Grisius MM, Bermudez DK, Fox PC (1997) Salivary and serum interleukin 6 in primary Sjogren’s syn-
drome. J Rheumatol 24:1089–1091

Grotzinger J, Kurapkat G, Wollmer A, Kalai M, Rose-John S (1997) The family of the IL-6-type cytokines:
specificity and promiscuity of the receptor complexes. Proteins 27:96–109

Haegeman G, Content J, Volckaert G, Derynck R, Tavernier J, Fiers W (1986) Structural analysis of the
sequence coding for an inducible 26-kDa protein in human fibroblasts. Eur J Biochem 159:625–632

Heinrich PC, Castell JV, Andus T (1990) Interleukin-6 and the acute phase response. Biochem J 265:621–
636

Hibi M, Murakami M, Saito M, Hirano T, Taga T, Kishimoto T (1990) Molecular cloning and expression
of an IL-6 signal transducer, gp130. Cell 63:1149–1157

Hibi M, Hirano T (2000) Gab-family adapter molecules in signal transduction of cytokine and growth factor
receptors, and T and B cell antigen receptors. Leuk Lymphoma 37:299–307

Hibi M, Hirano T (2001) IL-6 Receptor. In: Oppenheim JJ, Feldman M, Durum SK, Hirano T, Vilcek J,
Nicola NA (eds) Cytokine reference. Academic Press, pp 1761–1778 vol 2)

Hirano T, Teranishi T, Toba H, Sakaguchi N, Fukukawa T, Tsuyuguchi I (1981) Human helper T cell fac-
tor(s) (ThF). I. Partial purification and characterization. J Immunol 126:517–522

Hirano T, Teranishi T, Lin B, Onoue K (1984a) Human helper T cell factor(s). IV. Demonstration of a hu-
man late-acting B cell differentiation factor acting on Staphylococcus aureus Cowan I- stimulated B
cells. J Immunol 133:798–802

Hirano T, Teranishi T, Onoue K (1984b) Human helper T cell factor(s). III. Characterization of B cell dif-
ferentiation factor I (BCDF I). J Immunol 132:229–234

Hirano T, Taga T, Nakano N, Yasukawa K, Kashiwamura S, Shimizu K, Nakajima K, Pyun KH, Kishimoto
T (1985) Purification to homogeneity and characterization of human B-cell differentiation factor
(BCDF or BSFp-2). Proc Natl Acad Sci USA 82:5490–5494

Hirano T, Yasukawa K, Harada H, Taga T, Watanabe Y, Matsuda T, Kashiwamura S, Nakajima K, Koyama
K, Iwamatsu A, et al. (1986) Complementary DNA for a novel human interleukin (BSF-2) that induces
B lymphocytes to produce immunoglobulin. Nature 324:73–76

Hirano T, Taga T, Yasukawa K, Nakajima K, Nakano N, Takatsuki F, Shimizu M, Murashima A, Tsuna-
sawa S, Sakiyama F, et al. (1987) Human B-cell differentiation factor defined by an antipeptide anti-
body and its possible role in autoantibody production. Proc Natl Acad Sci USA 84:228–231

Hirano T, Matsuda T, Turner M, Miyasaka N, Buchan G, Tang B, Sato K, Shimizu M, Maini R, Feldmann
M, et al. (1988) Excessive production of interleukin 6/B cell stimulatory factor-2 in rheumatoid arthri-
tis. Eur J Immunol 18:1797–1801

Hirano T, Taga T, Yamasaki K, Matsuda T, Yasukawa K, Hirata Y, Yawata H, Tanabe O, Akira S, Kishi-
moto T (1989) Molecular cloning of the cDNAs for interleukin-6/B cell stimulatory factor 2 and its
receptor. Ann N Y Acad Sci 557:167–178

Hirano T, Kishimoto T (1990) Interleukin-6. In: Sporn MB, Roberts AB (eds) Handbook of experimental
pharmacology. (Peptide growth factors and their receptors vol 95) Springer-Verlag, pp 633–665

Hirano T (1991) Interleukin 6 (IL-6) and its receptor: their role in plasma cell neoplasias. Int J Cell Cloning
9:166–184

Hirano T, Nakajima K, Hibi M (1997) Signaling mechanisms through gp130: a model of the cytokine sys-
tem. Cytokine Growth Factor Rev 8:241–252

Hirano T (1998) Interleukin 6 and its receptor: ten years later. Int Rev Immunol 16:249–284
Hirano T (1999) Molecular basis underlying functional pleiotropy of cytokines and growth factors. Bio-

chem Biophys Res Commun 260:303–308
Hirano T, Ishihara K, Hibi M (2000) Roles of STAT3 in mediating the cell growth, differentiation and sur-

vival signals relayed through the IL-6 family of cytokine receptors. Oncogene 19:2548–2556

Rev Physiol Biochem Pharmacol (2003) 149:1–38 31



Hirano T, Fukada T (2001) IL-6 ligand and receptor family. In: Oppenheim JJ, Feldman M, Durum SK,
Hirano T, Vilcek J, Nicola NA (eds) Cytokine reference. (vol 1) Academic Press, pp 523–535

Hirota H, Chen J, Betz UA, Rajewsky K, Gu Y, Ross J, Jr., Muller W, Chien KR (1999) Loss of a gp130
cardiac muscle cell survival pathway is a critical event in the onset of heart failure during biomechani-
cal stress. Cell 97:189–198

Hof P, Pluskey S, Dhe-Paganon S, Eck MJ, Shoelson SE (1998) Crystal structure of the tyrosine phospha-
tase SHP-2. Cell 92:441–450

Holgado-Madruga M, Emlet DR, Moscatello DK, Godwin AK, Wong AJ (1996) A Grb2-associated dock-
ing protein in EGF- and insulin-receptor signaling. Nature 379:560–564

Holtkamp W, Stollberg T, Reis HE (1995) Serum interleukin-6 is related to disease activity but not disease
specificity in inflammatory bowel disease. J Clin Gastroenterol 20:123–126

Ichiba M, Nakajima K, Yamanaka Y, Kiuchi N, Hirano T (1998) Autoregulation of the Stat3 gene through
cooperation with a cAMP- responsive element-binding protein. J Biol Chem 273:6132–6138

Ichihara M, Hara T, Kim H, Murate T, Miyajima A (1997) Oncostatin M and leukemia inhibitory factor do
not use the same functional receptor in mice. Blood 90:165–173

Ihara S, Nakajima K, Fukada T, Hibi M, Nagata S, Hirano T, Fukui Y (1997) Dual control of neurite out-
growth by STAT3 and MAP kinase in PC12 cells stimulated with interleukin-6. EMBO J 16:5345–
5352

Itoh M, Yoshida Y, Nishida K, Narimatsu M, Hibi M, Hirano T (2000) Role of Gab1 in heart, placenta, and
skin development and growth factor- and cytokine-induced extracellular signal-regulated kinase mito-
gen- activated protein kinase activation. Mol Cell Biol 20:3695–3704

Jilka RL, Hangoc G, Girasole G, Passeri G, Williams DC, Abrams JS, Boyce B, Broxmeyer H, Manolagas
SC (1992) Increased osteoclast development after estrogen loss: mediation by interleukin-6. Science
257:88–91

Jones SA, Horiuchi S, Topley N, Yamamoto N, Fuller GM (2001) The soluble interleukin 6 receptor: mech-
anisms of production and implications in disease. FASEB J 15:43–58

Jostock T, Mullberg J, Ozbek S, Atreya R, Blinn G, Voltz N, Fischer M, Neurath MF, Rose-John S (2001)
Soluble gp130 is the natural inhibitor of soluble interleukin-6 receptor transsignaling responses. Eur J
Biochem 268:160–167

Kamimura D, Fu D, Matsuda Y, Atsumi T, Ohtani T, Park SJ, Ishihara K, Hirano T (2002) Tyrosine 759 of
the cytokine receptor gp130 is involved in Listeria monocytogenes susceptibility. Genes Immun
3:136–143

Karaghiosoff M, Neubauer H, Lassnig C, Kovarik P, Schindler H, Pircher H, McCoy B, Bogdan C, Decker
T, Brem G, Pfeffer K, Muller M (2000) Partial impairment of cytokine responses in Tyk2-deficient
mice. Immunity 13:549–560

Kawano M, Hirano T, Matsuda T, Taga T, Horii Y, Iwato K, Asaoku H, Tang B, Tanabe O, Tanaka H, et
al. (1988) Autocrine generation and requirement of BSF-2/IL-6 for human multiple myelomas. Nature
332:83–85

Kawasaki K, Gao YH, Yokose S, Kaji Y, Nakamura T, Suda T, Yoshida K, Taga T, Kishimoto T, Kataoka
H, Yuasa T, Norimatsu H, Yamaguchi A (1997) Osteoclasts are present in gp130-deficient mice. En-
docrinology 138:4959–4965

Kim H, Hawley TS, Hawley RG, Baumann H (1998) Protein tyrosine phosphatase 2 (SHP-2) moderates
signaling by gp130 but is not required for the induction of acute-phase plasma protein genes in hepatic
cells. Mol Cell Biol 18:1525–1533

Kim H, Baumann H (1999) Dual signaling role of the protein tyrosine phosphatase SHP-2 in regulating ex-
pression of acute-phase plasma proteins by interleukin-6 cytokine receptors in hepatic cells. Mol Cell
Biol 19:5326–5338

Klein B, Zhang XG, Lu ZY, Bataille R (1995) Interleukin-6 in human multiple myeloma. Blood 85:863–
872

Kopf M, Baumann H, Freer G, Freudenberg M, Lamers M, Kishimoto T, Zinkernagel R, Bluethmann H,
Kohler G (1994) Impaired immune and acute-phase responses in interleukin-6-deficient mice. Nature
368:339–342

Kumanogoh A, Marukawa S, Kumanogoh T, Hirota H, Yoshida K, Lee IS, Yasui T, Taga T, Kishimoto T
(1997) Impairment of antigen-specific antibody production in transgenic mice expressing a dominant-
negative form of gp130. Proc Natl Acad Sci USA 94:2478–2482

La Flamme AC, Pearce EJ (1999) The absence of IL-6 does not affect Th2 cell development in vivo, but
does lead to impaired proliferation, IL-2 receptor expression, and B cell responses. J Immunol
162:5829–5837

Le JM, Vilcek J (1989) Interleukin 6: a multifunctional cytokine regulating immune reactions and the acute
phase protein response. Lab Invest 61:588–602

32 Rev Physiol Biochem Pharmacol (2003) 149:1–38



Lefebvre O, Chenard MP, Masson R, Linares J, Dierich A, LeMeur M, Wendling C, Tomasetto C, Cham-
bon P, Rio MC (1996) Gastric mucosa abnormalities and tumorigenesis in mice lacking the pS2 trefoil
protein. Science 274:259–262

Lehmann U, Schmitz J, Weissenbach M, Sobota RM, Hortner M, Friederichs K, Behrmann I, Tsiaris W,
Sasaki A, Schneider-Mergener J, Yoshimura A, Neel BG, Heinrich PC, Schaper F (2002) SHP2 and
SOCS3 contribute to Y759-dependent attenuation of IL-6- signaling through gp130. J Biol Chem
27:27

Lelievre E, Plun-Favreau H, Chevalier S, Froger J, Guillet C, Elson GC, Gauchat JF, Gascan H (2001) Sig-
naling pathways recruited by the cardiotrophin-like cytokine/cytokine-like factor-1 composite cyto-
kine: specific requirement of the membrane-bound form of ciliary neurotrophic factor receptor acom-
ponent. J Biol Chem 276:22476–22484

Linker RA, Maurer M, Gaupp S, Martini R, Holtmann B, Giess R, Rieckmann P, Lassmann H, Toyka KV,
Sendtner M, Gold R (2002) CNTF is a major protective factor in demyelinating CNS disease: A neuro-
trophic cytokine as modulator in neuroinflammation. Nat Med 8:620–624

Liu B, Liao J, Rao X, Kushner SA, Chung CD, Chang DD, Shuai K (1998) Inhibition of Stat1-mediated
gene activation by PIAS1. Proc Natl Acad Sci USA 95:10626–10631

Liu F, Poursine-Laurent J, Wu HY, Link DC (1997) Interleukin-6 and the granulocyte colony-stimulating
factor receptor are major independent regulators of granulopoiesis in vivo but are not required for lin-
eage commitment or terminal differentiation. Blood 90:2583–2590

Liu Y, Rohrschneider LR (2002) The gift of Gab. FEBS Lett 515:1–7
Liu Z, Simpson RJ, Cheers C (1995) Interaction of interleukin-6, tumor necrosis factor and interleukin-1

during Listeria infection. Immunology 85:562–567
Lutticken C, Wegenka UM, Yuan J, Buschmann J, Schindler C, Ziemiecki A, Harpur AG, Wilks AF,

Yasukawa K, Taga T, et al. (1994) Association of transcription factor APRF and protein kinase Jak1
with the interleukin-6 signal transducer gp130. Science 263:89–92

Maddox L, Schwartz DA (2002) The pathophysiology of asthma. Annu Rev Med 53:477–498
Martens AS, Bode JG, Heinrich PC, Graeve L (2000) The cytoplasmic domain of the interleukin-6 receptor

gp80 mediates its basolateral sorting in polarized madin-darby canine kidney cells. J Cell Sci
113:3593–3602

Masu Y, Wolf E, Holtmann B, Sendtner M, Brem G, Thoenen H (1993) Disruption of the CNTF gene re-
sults in motor neuron degeneration. Nature 365:27–32

May LT, Helfgott DC, Sehgal PB (1986) Anti-b-interferon antibodies inhibit the increased expression of
HLA- B7 mRNA in tumor necrosis factor-treated human fibroblasts: structural studies of the b2 inter-
feron involved. Proc Natl Acad Sci USA 83:8957–8961

May LT, Ghrayeb J, Santhanam U, Tatter SB, Sthoeger Z, Helfgott DC, Chiorazzi N, Grieninger G, Sehgal
PB (1988a) Synthesis and secretion of multiple forms of b2-interferon/B-cell differentiation factor 2/
hepatocyte-stimulating factor by human fibroblasts and monocytes. J Biol Chem 263:7760–7766

May LT, Santhanam U, Tatter SB, Bhardwaj N, Ghrayeb J, Sehgal PB (1988b) Phosphorylation of secreted
forms of human b2-interferon/hepatocyte stimulating factor/interleukin-6. Biochem Biophys Res Com-
mun 152:1144–1150

Mihara M, Moriya Y, Kishimoto T, Ohsugi Y (1995) Interleukin-6 (IL-6) induces the proliferation of syno-
vial fibroblastic cells in the presence of soluble IL-6 receptor. Br J Rheumatol 34:321–325

Miles SA, Rezai AR, Salazar-Gonzalez JF, Vander Meyden M, Stevens RH, Logan DM, Mitsuyasu RT,
Taga T, Hirano T, Kishimoto T, et al. (1990) AIDS Kaposi sarcoma-derived cells produce and respond
to interleukin 6. Proc Natl Acad Sci USA 87:4068–4072

Mitani H, Katayama N, Araki H, Ohishi K, Kobayashi K, Suzuki H, Nishii K, Masuya M, Yasukawa K,
Minami N, Shiku H (2000) Activity of interleukin 6 in the differentiation of monocytes to macro-
phages and dendritic cells. Br J Haematol 109:288–295

Molnar EL, Hegyesi H, Toth S, Darvas Z, Laszlo V, Szalai C, Falus A (2000) Biosynthesis of interleukin-6,
an autocrine growth factor for melanoma, is regulated by melanoma-derived histamine. Semin Cancer
Biol 10:25–28

Moritz RL, Ward LD, Tu GF, Fabri LJ, Ji H, Yasukawa K, Simpson RJ (1999) The N-terminus of gp130 is
critical for the formation of the high- affinity interleukin-6 receptor complex. Growth Factors 16:265–
278

Moshage H (1997) Cytokines and the hepatic acute phase response. J Pathol 181:257–266
Muraguchi A, Hirano T, Tang B, Matsuda T, Horii Y, Nakajima K, Kishimoto T (1988) The essential role

of B cell stimulatory factor 2 (BSF-2/IL-6) for the terminal differentiation of B cells. J Exp Med
167:332–344

Rev Physiol Biochem Pharmacol (2003) 149:1–38 33



Murakami M, Hibi M, Nakagawa N, Nakagawa T, Yasukawa K, Yamanishi K, Taga T, Kishimoto T
(1993) IL-6-induced homodimerization of gp130 and associated activation of a tyrosine kinase. Sci-
ence 260:1808–1810

Naka T, Narazaki M, Hirata M, Matsumoto T, Minamoto S, Aono A, Nishimoto N, Kajita T, Taga T,
Yoshizaki K, Akira S, Kishimoto T (1997) Structure and function of a new STAT-induced STAT in-
hibitor. Nature 387:924–929

Nakajima K, Yamanaka Y, Nakae K, Kojima H, Ichiba M, Kiuchi N, Kitaoka T, Fukada T, Hibi M, Hirano
T (1996) A central role for Stat3 in IL-6-induced regulation of growth and differentiation in M1 leuke-
mia cells. EMBO J 15:3651–3658

Nandurkar HH, Robb L, Tarlinton D, Barnett L, Kontgen F, Begley CG (1997) Adult mice with targeted
mutation of the interleukin-11 receptor (IL11Ra) display normal hematopoiesis. Blood 90:2148–2159

Narazaki M, Witthuhn BA, Yoshida K, Silvennoinen O, Yasukawa K, Ihle JN, Kishimoto T, Taga T (1994)
Activation of JAK2 kinase mediated by the interleukin 6 signal transducer gp130. Proc Natl Acad Sci
USA 91:2285–2289

Narimatsu M, Maeda H, Itoh S, Atsumi T, Ohtani T, Nishida K, Itoh M, Kamimura D, Park SJ, Mizuno K,
Miyazaki J, Hibi M, Ishihara K, Nakajima K, Hirano T (2001) Tissue-specific autoregulation of the
stat3 gene and its role in interleukin-6-induced survival signals in T cells. Mol Cell Biol 21:6615–6625

Nicholas J, Ruvolo VR, Burns WH, Sandford G, Wan X, Ciufo D, Hendrickson SB, Guo HG, Hayward GS,
Reitz MS (1997) Kaposi’s sarcoma-associated human herpesvirus-8 encodes homologs of macrophage
inflammatory protein-1 and interleukin-6. Nat Med 3:287–292

Nicholson SE, De Souza D, Fabri LJ, Corbin J, Willson TA, Zhang JG, Silva A, Asimakis M, Farley A,
Nash AD, Metcalf D, Hilton DJ, Nicola NA, Baca M (2000) Suppressor of cytokine signaling-3 prefer-
entially binds to the SHP-2- binding site on the shared cytokine receptor subunit gp130. Proc Natl
Acad Sci USA 97:6493–6498

Nishida K, Yoshida Y, Itoh M, Fukada T, Ohtani T, Shirogane T, Atsumi T, Takahashi-Tezuka M, Ishihara
K, Hibi M, Hirano T (1999) Gab-family adapter proteins act downstream of cytokine and growth factor
receptors and T- and B-cell antigen receptors. Blood 93:1809–1816

Noda M, Takeda K, Sugimoto H, Hosoi T, Takechi K, Hara T, Ishikawa H, Arimura H, Konno K (1991)
Purification and characterization of human fibroblast derived differentiation inducing factor for human
monoblastic leukemia cells identical to interleukin-6. Anticancer Res 11:961–968

O’Barr S, Cooper NR (2000) The C5a complement activation peptide increases IL-1b and IL-6 release from
amyloid-b-primed human monocytes: implications for Alzheimer’s disease. J Neuroimmunol 109:87–
94

O’Brien CA, Manolagas SC (1997) Isolation and characterization of the human gp130 promoter. Regulation
by STATS. J Biol Chem 272:15003–15010

Ohshima S, Saeki Y, Mima T, Sasai M, Nishioka K, Nomura S, Kopf M, Katada Y, Tanaka T, Suemura M,
Kishimoto T (1998) Interleukin 6 plays a key role in the development of antigen-induced arthritis. Proc
Natl Acad Sci USA 95:8222–8226

Ohtani T, Ishihara K, Atsumi T, Nishida K, Kaneko Y, Miyata T, Itoh S, Narimatsu M, Maeda H, Fukada
T, Itoh M, Okano H, Hibi M, Hirano T (2000) Dissection of signaling cascades through gp130 in vivo:
reciprocal roles for STAT3- and SHP2-mediated signals in immune responses. Immunity 12:95–105

Okuda Y, Sakoda S, Bernard CC, Fujimura H, Saeki Y, Kishimoto T, Yanagihara T (1998) IL-6-deficient
mice are resistant to the induction of experimental autoimmune encephalomyelitis provoked by myelin
oligodendrocyte glycoprotein. Int Immunol 10:703–708

Oppenheim RW, Wiese S, Prevette D, Armanini M, Wang S, Houenou LJ, Holtmann B, Gotz R, Pennica
D, Sendtner M (2001) Cardiotrophin-1, a muscle-derived cytokine, is required for the survival of sub-
populations of developing motoneurons. J Neurosci 21:1283–1291

O’Shea JJ, Gadina M, Schreiber RD (2002) Cytokine signaling in 2002: new surprises in the Jak/Stat path-
way. Cell 109 Suppl:S121–131

Papassotiropoulos A, Hock C, Nitsch RM (2001) Genetics of interleukin 6: implications for Alzheimer’s
disease. Neurobiol Aging 22:863–871

Parganas E, Wang D, Stravopodis D, Topham DJ, Marine JC, Teglund S, Vanin EF, Bodner S, Colamonici
OR, van Deursen JM, Grosveld G, Ihle JN (1998) Jak2 is essential for signaling through a variety of
cytokine receptors. Cell 93:385–395

Pedersen BK, Steensberg A, Schjerling P (2001) Muscle-derived interleukin-6: possible biological effects. J
Physiol 536:329–337

Peters M, Schirmacher P, Goldschmitt J, Odenthal M, Peschel C, Fattori E, Ciliberto G, Dienes HP, Meyer
zum Buschenfelde KH, Rose-John S (1997) Extramedullary expansion of hematopoietic progenitor
cells in interleukin (IL)-6-sIL-6R double transgenic mice. J Exp Med 185:755–766

34 Rev Physiol Biochem Pharmacol (2003) 149:1–38



Peters M, Muller AM, Rose-John S (1998) Interleukin-6 and soluble interleukin-6 receptor: direct stimula-
tion of gp130 and hematopoiesis. Blood 92:3495–3504

Poli V, Balena R, Fattori E, Markatos A, Yamamoto M, Tanaka H, Ciliberto G, Rodan GA, Costantini F
(1994) Interleukin-6 deficient mice are protected from bone loss caused by estrogen depletion. EMBO
J 13:1189–1196

Pradhan AD, Manson JE, Rifai N, Buring JE, Ridker PM (2001) C-reactive protein, interleukin 6, and risk
of developing type 2 diabetes mellitus. JAMA 286:327–334

Ramsay AJ, Husband AJ, Ramshaw IA, Bao S, Matthaei KI, Koehler G, Kopf M (1994) The role of inter-
leukin-6 in mucosal IgA antibody responses in vivo. Science 264:561–563

Rifas L (1999) Bone and cytokines: beyond IL-1, IL-6 and TNF-a. Calcif Tissue Int 64:1–7
Rincon M, Anguita J, Nakamura T, Fikrig E, Flavell RA (1997) Interleukin (IL)-6 directs the differentiation

of IL-4-producing CD4+ T cells. J Exp Med 185:461–469
Robb L, Li R, Hartley L, Nandurkar HH, Koentgen F, Begley CG (1998) Infertility in female mice lacking

the receptor for interleukin 11 is due to a defective uterine response to implantation. Nat Med 4:303–
308

Robledo O, Fourcin M, Chevalier S, Guillet C, Auguste P, Pouplard-Barthelaix A, Pennica D, Gascan H
(1997) Signaling of the cardiotrophin-1 receptor. Evidence for a third receptor component. J Biol
Chem 272:4855–4863

Rodig SJ, Meraz MA, White JM, Lampe PA, Riley JK, Arthur CD, King KL, Sheehan KC, Yin L, Pennica
D, Johnson EM Jr, Schreiber RD (1998) Disruption of the Jak1 gene demonstrates obligatory and
nonredundant roles of the Jaks in cytokine-induced biologic responses. Cell 93:373–383

Romani L, Mencacci A, Cenci E, Spaccapelo R, Toniatti C, Puccetti P, Bistoni F, Poli V (1996) Impaired
neutrophil response and CD4+ T helper cell 1 development in interleukin 6-deficient mice infected
with Candida albicans. J Exp Med 183:1345–1355

Romano M, Sironi M, Toniatti C, Polentarutti N, Fruscella P, Ghezzi P, Faggioni R, Luini W, van Hins-
bergh V, Sozzani S, Bussolino F, Poli V, Ciliberto G, Mantovani A (1997) Role of IL-6 and its soluble
receptor in induction of chemokines and leukocyte recruitment. Immunity 6:315–325

Saito M, Yoshida K, Hibi M, Taga T, Kishimoto T (1992) Molecular cloning of a murine IL-6 receptor-
associated signal transducer, gp130, and its regulated expression in vivo. J Immunol 148:4066–4071

Samoilova EB, Horton JL, Hilliard B, Liu TS, Chen Y (1998) IL-6-deficient mice are resistant to experi-
mental autoimmune encephalomyelitis: roles of IL-6 in the activation and differentiation of autoreac-
tive T cells. J Immunol 161:6480–6486

Santhanam U, Ray A, Sehgal PB (1991) Repression of the interleukin 6 gene promoter by p53 and the reti-
noblastoma susceptibility gene product. Proc Natl Acad Sci USA 88:7605–7609

Sasai M, Saeki Y, Ohshima S, Nishioka K, Mima T, Tanaka T, Katada Y, Yoshizaki K, Suemura M, Kishi-
moto T (1999) Delayed onset and reduced severity of collagen-induced arthritis in interleukin-6-defi-
cient mice. Arthritis Rheum 42:1635–1643

Schaper F, Gendo C, Eck M, Schmitz J, Grimm C, Anhuf D, Kerr IM, Heinrich PC (1998) Activation of
the protein tyrosine phosphatase SHP2 via the interleukin- 6 signal transducing receptor protein gp130
requires tyrosine kinase Jak1 and limits acute-phase protein expression. Biochem J 335:557–565

Schirmacher P, Peters M, Ciliberto G, Blessing M, Lotz J, Meyer zum Buschenfelde KH, Rose-John S
(1998) Hepatocellular hyperplasia, plasmacytoma formation, and extramedullary hematopoiesis in in-
terleukin (IL)-6/soluble IL-6 receptor double-transgenic mice. Am J Pathol 153:639–648

Schmitz J, Dahmen H, Grimm C, Gendo C, Muller-Newen G, Heinrich PC, Schaper F (2000a) The cyto-
plasmic tyrosine motifs in full-length glycoprotein 130 have different roles in IL-6 signal transduction.
J Immunol 164:848–854

Schmitz J, Weissenbach M, Haan S, Heinrich PC, Schaper F (2000b) SOCS3 exerts its inhibitory function
on interleukin-6 signal transduction through the SHP2 recruitment site of gp130. J Biol Chem
275:12848–12856

Schreiber M, Kolbus A, Piu F, Szabowski A, Mohle-Steinlein U, Tian J, Karin M, Angel P, Wagner EF
(1999) Control of cell cycle progression by c-Jun is p53 dependent. Genes Dev 13:607–619

Sehgal PB, Grienger G, Tosato G (1989) Regulation of the acute phase and immune responses: interleukin-
6. Ann N Y Acad Sci 557:1–583

Senaldi G, Stolina M, Guo J, Faggioni R, McCabe S, Kaufman SA, Van G, Xu W, Fletcher FA, Boone T,
Chang MS, Sarmiento U, Cattley RC (2002) Regulatory effects of novel neurotrophin-1/b cell-stimu-
lating factor-3 (cardiotrophin-like cytokine) on B cell function. J Immunol 168:5690–5698

Shen MM, Skoda RC, Cardiff RD, Campos-Torres J, Leder P, Ornitz DM (1994) Expression of LIF in
transgenic mice results in altered thymic epithelium and apparent interconversion of thymic and lymph
node morphologies. EMBO J 13:1375–1385

Rev Physiol Biochem Pharmacol (2003) 149:1–38 35



Shimoda K, Kato K, Aoki K, Matsuda T, Miyamoto A, Shibamori M, Yamashita M, Numata A, Takase K,
Kobayashi S, Shibata S, Asano Y, Gondo H, Sekiguchi K, Nakayama K, Nakayama T, Okamura T,
Okamura S, Niho Y (2000) Tyk2 plays a restricted role in IFN a signaling, although it is required for
IL-12-mediated T cell function. Immunity 13:561–571

Shirogane T, Fukada T, Muller JM, Shima DT, Hibi M, Hirano T (1999) Synergistic roles for Pim-1 and
c-Myc in STAT3-mediated cell cycle progression and antiapoptosis. Immunity 11:709–719

Shirota K, LeDuy L, Yuan SY, Jothy S (1990) Interleukin-6 and its receptor are expressed in human intesti-
nal epithelial cells. Virchows Arch B Cell Pathol Incl Mol Pathol 58:303–308

Smith PC, Hobisch A, Lin DL, Culig Z, Keller ET (2001) Interleukin-6 and prostate cancer progression.
Cytokine Growth Factor Rev 12:33–40

Somers W, Stahl M, Seehra JS (1997) 1.9 A crystal structure of interleukin 6: implications for a novel mode
of receptor dimerization and signaling. EMBO J 16:989–997

Songyang Z, Shoelson SE, Chaudhuri M, Gish G, Pawson T, Haser WG, King F, Roberts T, Ratnofsky S,
Lechleider RJ, et al. (1993) SH2 domains recognize specific phosphopeptide sequences. Cell 72:767–
778

Stahl N, Boulton TG, Farruggella T, Ip NY, Davis S, Witthuhn BA, Quelle FW, Silvennoinen O, Barbieri
G, Pellegrini S, et al. (1994) Association and activation of Jak-Tyk kinases by CNTF-LIF-OSM-IL-6 b
receptor components. Science 263:92–95

Stahl N, Farruggella TJ, Boulton TG, Zhong Z, Darnell JE, Jr., Yancopoulos GD (1995) Choice of STATs
and other substrates specified by modular tyrosine- based motifs in cytokine receptors. Science
267:1349-1353

Starr R, Willson TA, Viney EM, Murray LJ, Rayner JR, Jenkins BJ, Gonda TJ, Alexander WS, Metcalf D,
Nicola NA, Hilton DJ (1997) A family of cytokine-inducible inhibitors of signaling. Nature 387:917–
921

Stelmasiak Z, Koziol-Montewka M, Dobosz B, Rejdak K, Bartosik-Psujek H, Mitosek-Szewczyk K,
Belniak-Legiec E (2000) Interleukin-6 concentration in serum and cerebrospinal fluid in multiple scle-
rosis patients. Med Sci Monit 6:1104–1108

Stewart CL, Kaspar P, Brunet LJ, Bhatt H, Gadi I, Kontgen F, Abbondanzo SJ (1992) Blastocyst implanta-
tion depends on maternal expression of leukaemia inhibitory factor. Nature 359:76–79

Stuart RA, Littlewood AJ, Maddison PJ, Hall ND (1995) Elevated serum interleukin-6 levels associated
with active disease in systemic connective tissue disorders. Clin Exp Rheumatol 13:17–22

Suematsu S, Matsuda T, Aozasa K, Akira S, Nakano N, Ohno S, Miyazaki J, Yamamura K, Hirano T,
Kishimoto T (1989) IgG1 plasmacytosis in interleukin 6 transgenic mice. Proc Natl Acad Sci USA
86:7547-7551

Suematsu S, Matsusaka T, Matsuda T, Ohno S, Miyazaki J, Yamamura K, Hirano T, Kishimoto T (1992)
Generation of plasmacytomas with the chromosomal translocation t(12;15) in interleukin 6 transgenic
mice. Proc Natl Acad Sci USA 89:232–235

Suzuki A, Hanada T, Mitsuyama K, Yoshida T, Kamizono S, Hoshino T, Kubo M, Yamashita A, Okabe M,
Takeda K, Akira S, Matsumoto S, Toyonaga A, Sata M, Yoshimura A (2001) CIS3/SOCS3/SSI3 plays
a negative regulatory role in STAT3 activation and intestinal inflammation. J Exp Med 193:471–481

Taga T, Hibi M, Hirata Y, Yamasaki K, Yasukawa K, Matsuda T, Hirano T, Kishimoto T (1989) Interleu-
kin-6 triggers the association of its receptor with a possible signal transducer, gp130. Cell 58:573–581

Takahashi-Tezuka M, Yoshida Y, Fukada T, Ohtani T, Yamanaka Y, Nishida K, Nakajima K, Hibi M,
Hirano T (1998) Gab1 acts as an adapter molecule linking the cytokine receptor gp130 to ERK mito-
gen-activated protein kinase. Mol Cell Biol 18:4109–4117

Takeda K, Kaisho T, Yoshida N, Takeda J, Kishimoto T, Akira S (1998) Stat3 activation is responsible for
IL-6-dependent T cell proliferation through preventing apoptosis: generation and characterization of T
cell- specific Stat3-deficient mice. J Immunol 161:4652–4660

Tanaka M, Kishimura M, Ozaki S, Osakada F, Hashimoto H, Okubo M, Murakami M, Nakao K (2000)
Cloning of novel soluble gp130 and detection of its neutralizing autoantibodies in rheumatoid arthritis.
J Clin Invest 106:137–144

Tanaka T, Katada Y, Higa S, Fujiwara H, Wang W, Saeki Y, Ohshima S, Okuda Y, Suemura M, Kishimoto
T (2001) Enhancement of T helper2 response in the absence of interleukin (IL-)6; an inhibition of
IL-4-mediated T helper2 cell differentiation by IL-6. Cytokine 13:193–201

Tebbutt NC, Giraud AS, Inglese M, Jenkins B, Waring P, Clay FJ, Malki S, Alderman BM, Grail D, Hol-
lande F, Heath JK, Ernst M (2002) Reciprocal regulation of gastrointestinal homeostasis by SHP2 and
STAT- mediated trefoil gene activation in gp130 mutant mice. Nat Med 8:1089–1097

ten Hoeve J, de Jesus Ibarra-Sanchez M, Fu Y, Zhu W, Tremblay M, David M, Shuai K (2002) Identifica-
tion of a nuclear Stat1 protein tyrosine phosphatase. Mol Cell Biol 22:5662–5668

36 Rev Physiol Biochem Pharmacol (2003) 149:1–38



Teranishi T, Hirano T, Arima N, Onoue K (1982) Human helper T cell factor(s) (ThF). II. Induction of IgG
production in B lymphoblastoid cell lines and identification of T cell-replacing factor- (TRF) like fac-
tor(s). J Immunol 128:1903–1908

Tonouchi N, Oouchi N, Kashima N, Kawai M, Nagase K, Okano A, Matsui H, Yamada K, Hirano T, Kishi-
moto T (1988) High-level expression of human BSF-2/IL-6 cDNA in Escherichia coli using a new
type of expression-preparation system. J Biochem (Tokyo) 104:30–34

Tsunenari T, Koishihara Y, Nakamura A, Moriya M, Ohkawa H, Goto H, Shimazaki C, Nakagawa M,
Ohsugi Y, Kishimoto T, Akamatsu K (1997) New xenograft model of multiple myeloma and efficacy
of a humanized antibody against human interleukin-6 receptor. Blood 90:2437–2444

Udagawa N, Takahashi N, Katagiri T, Tamura T, Wada S, Findlay DM, Martin TJ, Hirota H, Taga T, Kishi-
moto T, et al. (1995) Interleukin (IL)-6 induction of osteoclast differentiation depends on IL-6 recep-
tors expressed on osteoblastic cells but not on osteoclast progenitors. J Exp Med 182:1461–1468

Ueda T, Bruchovsky N, Sadar MD (2002) Activation of the androgen receptor N-terminal domain by inter-
leukin-6 via MAPK and STAT3 signal transduction pathways. J Biol Chem 277:7076–7085

Uozumi H, Hiroi Y, Zou Y, Takimoto E, Toko H, Niu P, Shimoyama M, Yazaki Y, Nagai R, Komuro I
(2001) gp130 plays a critical role in pressure overload-induced cardiac hypertrophy. J Biol Chem
276:23115–23119

Van Snick J, Cayphas S, Szikora JP, Renauld JC, Van Roost E, Boon T, Simpson RJ (1988) cDNA cloning
of murine interleukin-HP1: homology with human interleukin 6. Eur J Immunol 18:193–197

Van Snick J (1990) Interleukin-6: an overview. Annu Rev Immunol 8:253–278
Vink A, Coulie PG, Wauters P, Nordan RP, Van Snick J (1988) B cell growth and differentiation activity of

interleukin-HP1 and related murine plasmacytoma growth factors. Synergy with interleukin 1. Eur J
Immunol 18:607–612

Vogel W, Lammers R, Huang J, Ullrich A (1993) Activation of a phosphotyrosine phosphatase by tyrosine
phosphorylation. Science 259:1611–1614

Wallenius K, Wallenius V, Sunter D, Dickson SL, Jansson JO (2002a) Intracerebroventricular interleukin-6
treatment decreases body fat in rats. Biochem Biophys Res Commun 293:560–565

Wallenius V, Wallenius K, Ahren B, Rudling M, Carlsten H, Dickson SL, Ohlsson C, Jansson JO (2002b)
Interleukin-6-deficient mice develop mature-onset obesity. Nat Med 8:75–79

Wang J, Homer RJ, Chen Q, Elias JA (2000a) Endogenous and exogenous IL-6 inhibit aeroallergen-induced
Th2 inflammation. J Immunol 165:4051–4061

Wang J, Homer RJ, Hong L, Cohn L, Lee CG, Jung S, Elias JA (2000b) IL-11 selectively inhibits aeroaller-
gen-induced pulmonary eosinophilia and Th2 cytokine production. J Immunol 165:2222–2231

Wang YD, Gu ZJ, Huang JA, Zhu YB, Zhou ZH, Xie W, Xu Y, Qiu YH, Zhang XG (2002) gp130-linked
signal transduction promotes the differentiation and maturation of dendritic cells. Int Immunol
14:599–603

Ward LD, Howlett GJ, Discolo G, Yasukawa K, Hammacher A, Moritz RL, Simpson RJ (1994) High affin-
ity interleukin-6 receptor is a hexameric complex consisting of two molecules each of interleukin-6,
interleukin-6 receptor, and gp-130. J Biol Chem 269:23286–23289

Ware CB, Horowitz MC, Renshaw BR, Hunt JS, Liggitt D, Koblar SA, Gliniak BC, McKenna HJ,
Papayannopoulou T, Thoma B, et al. (1995) Targeted disruption of the low-affinity leukemia inhibito-
ry factor receptor gene causes placental, skeletal, neural and metabolic defects and results in perinatal
death. Development 121:1283–1299

Weissenbach J, Chernajovsky Y, Zeevi M, Shulman L, Soreq H, Nir U, Wallach D, Perricaudet M, Tiollais
P, Revel M (1980) Two interferon mRNAs in human fibroblasts: in vitro translation and Escherichia
coli cloning studies. Proc Natl Acad Sci USA 77:7152–7156

Wolf I, Jenkins BJ, Liu Y, Seiffert M, Custodio JM, Young P, Rohrschneider LR (2002) Gab3, a new DOS/
Gab family member, facilitates macrophage differentiation. Mol Cell Biol 22:231–244

Wong CK, Ho CY, Ko FW, Chan CH, Ho AS, Hui DS, Lam CW (2001) Proinflammatory cytokines
(IL-17, IL-6, IL-18 and IL-12) and Th cytokines (IFN-g, IL-4, IL-10 and IL-13) in patients with aller-
gic asthma. Clin Exp Immunol 125:177–183

Xing Z, Gauldie J, Cox G, Baumann H, Jordana M, Lei X-F, Achong M (1998) IL-6 is an antiinflammatory
cytokine required for controlling local or systemic acute inflammatory responses. J. Clin. Invest.
101:311–320

Yamanaka Y, Nakajima K, Fukada T, Hibi M, Hirano T (1996) Differentiation and growth arrest signals
are generated through the cytoplasmic region of gp130 that is essential for Stat3 activation. EMBO J
15:1557–1565

Yamasaki K, Taga T, Hirata Y, Yawata H, Kawanishi Y, Seed B, Taniguchi T, Hirano T, Kishimoto T
(1988) Cloning and expression of the human interleukin-6 (BSF-2/IFN b 2) receptor. Science
241:825–828

Rev Physiol Biochem Pharmacol (2003) 149:1–38 37



Yasukawa H, Sasaki A, Yoshimura A (2000) Negative regulation of cytokine signaling pathways. Annu
Rev Immunol 18:143–164

Yasukawa K, Hirano T, Watanabe Y, Muratani K, Matsuda T, Nakai S, Kishimoto T (1987) Structure and
expression of human B cell stimulatory factor-2 (BSF-2/IL- 6) gene. EMBO J 6:2939–2945

Yokoyama A, Kohno N, Fujino S, Hamada H, Inoue Y, Fujioka S, Ishida S, Hiwada K (1995) Circulating
interleukin-6 levels in patients with bronchial asthma. Am J Respir Crit Care Med 151:1354–1358

Yoshida K, Taga T, Saito M, Suematsu S, Kumanogoh A, Tanaka T, Fujiwara H, Hirata M, Yamagami T,
Nakahata T, Hirabayashi T, Yoneda Y, Tanaka K, Wang WZ, Mori C, Shiota K, Yoshida N,
Kishimoto T (1996) Targeted disruption of gp130, a common signal transducer for the interleukin 6
family of cytokines, leads to myocardial and hematological disorders. Proc Natl Acad Sci USA
93:407–411

Yoshizaki K, Matsuda T, Nishimoto N, Kuritani T, Taeho L, Aozasa K, Nakahata T, Kawai H, Tagoh H,
Komori T, et al. (1989) Pathogenic significance of interleukin-6 (IL-6/BSF-2) in Castleman’s disease.
Blood 74:1360–1367

Yudkin JS, Kumari M, Humphries SE, Mohamed-Ali V (2000) Inflammation, obesity, stress and coronary
heart disease: is interleukin-6 the link? Atherosclerosis 148:209–214

Zhang JG, Zhang Y, Owczarek CM, Ward LD, Moritz RL, Simpson RJ, Yasukawa K, Nicola NA (1998)
Identification and characterization of two distinct truncated forms of gp130 and a soluble form of leu-
kemia inhibitory factor receptor a-chain in normal human urine and plasma. J Biol Chem 273:10798–
10805

Zhong J, Dietzel ID, Wahle P, Kopf M, Heumann R (1999) Sensory impairments and delayed regeneration
of sensory axons in interleukin-6-deficient mice. J Neurosci 19:4305–4313

Zhu M, Oishi K, Lee SC, Patterson PH (2001) Studies using leukemia inhibitory factor (LIF) knockout mice
and a LIF adenoviral vector demonstrate a key anti-inflammatory role for this cytokine in cutaneous
inflammation. J Immunol 166:2049–2054

Zilberstein A, Ruggieri R, Korn JH, Revel M (1986) Structure and expression of cDNA and genes for hu-
man interferon-b-2, a distinct species inducible by growth-stimulatory cytokines. EMBO J 5:2529–
2537

38 Rev Physiol Biochem Pharmacol (2003) 149:1–38



Rev Physiol Biochem Pharmacol (2003) 149:39–52
DOI 10.1007/s10254-003-0013-1

M. Tanaka · A. Miyajima

Oncostatin M, a multifunctional cytokine

Published online: 17 June 2003
� Springer-Verlag 2003

Abstract Oncostatin M (OSM) is a multifunctional cytokine that belongs to the Interleu-
kin (IL)-6 subfamily. Among the family members, OSM is most closely related to leuke-
mia inhibitory factor (LIF) and it in fact utilizes the LIF receptor in addition to its specific
receptor in the human. While OSM was originally recognized by its unique activity to in-
hibit the proliferation of tumor cells, accumulating evidence now indicates that OSM ex-
hibits many unique biological activities in inflammation, hematopoiesis, and development.
Here, we review the profile of OSM activities, receptors, and signal transduction.

Abbreviations G-CSF: Granulocyte-colony stimulating factor · GM-CSF: Granulocyte-
macrophage colony stimulating factor · GAS: g Interferon-activated site · Grb: Growth
factor receptor-bound protein · Gab: Grb-2-associated binder · SHP: SH2 domain-
containing protein tyrosine phosphatase · STAT: Signal transducer and activator of
transcription · TEL: Translocated ets leukemia

Introduction

In the last two decades, a large number of cytokines have been found and are classified
into several families based on their structural properties as well as their receptor compo-
nents. Oncostatin M (OSM) is a multifunctional cytokine that belongs to the Interleukin
(IL)-6 subfamily. Since OSM is the most closely related to leukemia inhibitory factor
(LIF) structurally, functionally, and genetically among the family members, OSM had
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long been considered as another LIF. In fact, these two cytokines act on a wide variety of
cells and elicit diverse overlapping biological responses such as growth regulation, differ-
entiation, gene expression, and cell survival in humans. The functional redundancy can be
explained by their shared receptor subunit. However, it has also been recognized that
OSM exhibits unique activities that are not shared with LIF and accumulating evidence
indicates that OSM is a unique cytokine that plays an important role for various biological
systems such as inflammatory response, hematopoiesis, tissue remodeling, and develop-
ment. This review describes the properties of OSM, including its structure, receptors, sig-
nal transduction, biological activities, and gene regulation.

Biochemical and genetic profile of OSM

OSM is a member of the IL-6 subfamily that includes IL-6, IL-11, LIF, ciliary neurotro-
phic factor (CNTF), cardiotropin-1 (CT-1), and novel neutrophin-1/B cell-stimulating fac-
tor-3 (NNT-1/BSF-3) (Kishimoto et al. 1992; Hibi et al. 1996; Senaldi et al. 1999). Human
OSM (hOSM) was initially recognized by its activity to inhibit the proliferation of A375
melanoma cells as well as numerous other tumor cells (Zarling et al. 1986). hOSM is a
secreted glycoprotein of 28 kDa that was originally isolated from phorbol 12-myristate 13-
acetate (PMA)-stimulated human histiocytic lymphoma U937 cells. The hOSM cDNA
was isolated from U937 cells that were induced to differentiate into macrophage-like cells
by treatment with PMA. The hOSM cDNA encodes a protein of 252 amino acid residues
with a signal peptide of 25 amino acid residues (Malik et al. 1989). The C-terminal region
of 31 amino acids is removed from the precursor, resulting in the mature form of 196 ami-
no acids (Linsley et al. 1990). The hOSM polypeptide contains five cysteine residues (C6,
C49, C80, C127, and C167), which form two intramolecular disulfide bonds, C6-C127
and C49-C167, and forms a secondary structure with four helix bundles, a characteristic of
this family of cytokines (Bazan 1991; Hoffman et al. 1996). Genomic DNA analysis re-
vealed that the hOSM gene is located in human chromosome 22q12, and that the coding
region is covered by three exons (Malik et al. 1989; Rose et al. 1993). Among the IL-6
cytokine subfamily, OSM and LIF are not only structurally related (Rose et al. 1994), but
their genes are also tightly linked on the same chromosomal location, suggesting that the
two genes arose by duplication (Rose et al. 1993; Jeffery et al. 1993; Giovannini et al.
1993). Interestingly, mouse OSM (mOSM) shows relatively low identity (48%) with
hOSM, while mouse LIF shows high amino acid identity (78%) with human LIF
(Yoshimura et al. 1996; Rose et al. 1994). Besides hOSM and mOSM, bovine OSM
(bOSM) (Malik et al. 1995) and simian OSM (Rose and Bruce 1991) have been reported
to date.

The mOSM cDNA was isolated as an immediate early gene induced by IL-2, IL-3, and
erythropoietin (EPO) through the Jak-STAT5 pathway (Yoshimura et al. 1996). The
mOSM gene is located in mouse chromosome 11 (Yoshimura et al. 1996). Linkage map-
ping by interspecific back-cross analysis suggests that OSM and LIF genes were tightly
linked within 2.0 cM. The GAS-like sequence, TTCCCAGAA, which is located close to
the transcription initiation site, is primarily responsible for induction by IL-2, IL-3, and
EPO. mOSM mRNA is abundantly expressed in hematopoietic tissues such as bone mar-
row, thymus, and spleen. hOSM is secreted from activated T cells, monocytes, and neutro-
phils (Brown et al. 1987; Malik et al. 1989; Grenier et al. 1999; Hurst et al. 2002), and
promoter analysis of hOSM also revealed that GM-CSF-stimulated OSM expression is
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driven by STAT5 through a cis-acting STAT element on the OSM promoter (Ma et al.
1999).

The OSM receptor

It is known that different cytokines often exhibit similar biological activities on the same
cell type (functional redundancy). The functional redundancy among the IL-6 family cy-
tokines is now well explained by their receptor structure (Hibi et al. 1996; Heinrich et al.
1998). Functional receptors for this family of cytokines consist of multiple subunits in-
cluding the common signal transducing subunit, gp130 (Hibi et al. 1990). The receptor
complexes for IL-6 and IL-11 consist of a ligand-specific receptor a subunit and gp130.
The binding of each cytokine to its specific receptor subunit induces homodimerization of
gp130 (Murakami et al. 1993; Yin et al. 1993). The LIF receptor consists of the low-affin-
ity LIF binding protein (LIFRb) and gp130; LIF binding leads to heterodimerization of
LIFRb and gp130 (Gearing et al. 1991; Gearing et al. 1992). The CNTF receptor is com-
posed of CNTF-specific subunit, LIFRb and gp130 (Davis et al. 1993). Although OSM is
a cytokine that binds to gp130 directly with low affinity, it is not enough to transduce its
signals (Gearing et al. 1992; Liu et al. 1992). In human, two types of functional OSM re-
ceptor are known: the type I OSM receptor is identical to the high-affinity LIF receptor
that consists of gp130 and LIFRb (Gearing et al. 1992), and the type II OSM receptor con-
sists of gp130 and the OSM-specific receptor subunit (Bruce et al. 1992; Thoma et al.
1994). The cDNA of human OSM-specific receptor b subunit (hOSMRb) was cloned by
polymerase chain reaction (PCR) using human genomic DNA as a template and degener-
ate oligonucleotides primers designated from a number of homologous regions between
gp130, LIFR, and G-CSFR (Mosley et al. 1996). The open reading frame encoded a pro-
tein of 979 amino acids, which showed 32.2% and 23.3% identity with hLIFR and gp130,
respectively. hOSMRb was expressed in a wide variety of cell types, including placental
cells, smooth muscle cells, skin cells, and many tumor cell lines. While hLIF and hOSM
share a number of common biological functions, hOSM displays some specific biological
properties that are not shared by hLIF, e.g., growth inhibition of A375 melanoma cells
(Bruce et al. 1992), autocrine growth stimulation of AIDS-related Kaposi’s sarcoma cells
(Miles et al. 1992; Nair et al. 1992; Murakami-Mori et al. 1995), and upregulation of a1-
proteinase inhibitor in lung-derived epithelial cells (Cichy et al. 1998). Thus, it seems that
many overlapping biological responses between hOSM and hLIF are mediated by the
shared type I receptor, i.e., the LIF receptor, while hOSM manifests its specific responses
through the type II receptor. Since hOSM and hLIF also display common biological activ-
ities on murine cells, e.g., induction of differentiation of M1 mouse myeloid leukemic
cells (Bruce et al. 1992) and inhibition of differentiation of mouse embryonic stem (ES)
cells (Rose et al. 1994), the effect of hOSM in mouse is believed to mimic mOSM. How-
ever, this is not the case. Immediately after the isolation of mOSM cDNA, it was recog-
nized that there are differences in biological activity between human and murine OSM
(Ichihara et al. 1997). For example, it was shown that more than 30-fold higher concentra-
tion of mOSM was required for the growth inhibition of M1 cells compared with hOSM.
Likewise, mOSM was much less potent than hOSM in the inhibition of differentiation of
mouse ES cells. In contrast, NIH3T3 mouse embryonic fibroblasts responded to mOSM,
but not to mLIF and hOSM. These results indicated that unlike hOSM, mOSM and mLIF
did not share the same functional receptor, and mOSM delivered signals only through its
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specific receptor complex. Molecular cloning of mouse OSMRb cDNA and reconstitution
of the high-affinity functional OSM receptor revealed that mOSM transduces signals
through its specific receptor complex composed of gp130 and OSMRb, but not through
the LIF receptor, unless a very high concentration of mOSM is used (Lindberg et al. 1998;
Tanaka et al. 1999; Fig. 1). Interestingly, hOSM binds to the mouse LIF receptor and
transduces signals, however it fails to transduce signals through the mouse OSM receptor
(Richards et al. 1997; Lindberg et al. 1998). Thus, it should be noted that the biological
functions of hOSM observed in mouse cells are likely to represent mouse LIF functions.
Recently, the expression pattern of OSMRb during development was reported (Tamura et
al. 2002). The expression of mOSMRb was first detected in aortic endothelial cells of the
AGM (aorta-gonad-mesonephros) region at 11.5 days postcoitus (dpc). At 14.5 dpc,
mOSMRb was expressed in the primordia of some organs, including liver, thymus, chor-
oid plexus, and limb. After birth, its gene expression was detectable in other organs, such
as lymph node, bone, heart, kidney, small intestine, nasal cavity, and lung.

Signal transduction pathways

OSM activates intracellular signaling cascades through the OSM receptor containing
gp130 (Fig. 2). The IL-6 subfamily cytokine receptors do not posses an intrinsic tyrosine

Fig. 1 Formation of the functional receptor complexes for hOSM and mOSM. Thin horizontal lines and
broad bars represent the conserved cysteine residues and WS motifs, respectively. Thin arrows represent
low-affinity binding of OSM to each receptor component, while thick arrows show high-affinity binding.
Zigzag arrows indicate the relay of intracellular signaling cascades. X shows no signaling
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kinase but utilize Jaks as the ignition of their signals (Stahl et al. 1995; Gerhartz et al.
1996; Darnell 1997). The first step in the receptor activation is the ligand-induced homo-
or hetero-dimerization of signal-transducing receptor subunits. As each signal transducing
receptor subunit binds one of the Jaks (Jak1, Jak2, and Tyk2), dimerization of the subunits
leads to the reciprocal phosphorylation and activation of Jaks. The activated Jak kinases
phosphorylate tyrosine residues in the intracellular domain of the receptor, creating dock-
ing sites for STATs as well as various signaling molecules with an SH2 domain. These
molecules recruited to the receptors are then activated by Jaks. Phosphorylated STATs,
mainly STAT3 and STAT1, then form homo- or hetero-dimers and translocate to the nu-
cleus where they are involved in gene regulation. The IL-6 subfamily cytokines stimulate
not only the Jak/STAT signaling pathway but also the Ras/Raf/MAPK signaling pathway
(Amaral et al. 1993; Thoma et al. 1994; Boulton et al. 1994). It is known that several adap-
tor molecules such as SHP2 (Stahl et al. 1995), Grb2 (Neumann et al. 1996), and Gab1
(Takahashi-Tezuka et al. 1998) are involved in this pathway. There are some differences
in signal transduction between the type I and type II OSM receptors, e.g., STAT5b is pre-
dominantly activated by the OSM-specific type II receptor in the A375 melanoma cell line
(Auguste et al. 1997).

Biological activities of OSM

It is known that the IL-6 subfamily cytokines are involved in a variety of biological activi-
ties such as inflammation, remodeling of extracellular matrix, hematopoiesis, and modula-
tion of cell growth and differentiation. OSM also exhibits diverse biological activities on a
wide variety of cells in vivo and in vitro. As mentioned above, the existence of two func-

Fig. 2 Signal transduction pathways via the OSM receptor. Binding of OSM to the receptor components
induces hetero-dimerization of each subunit, resulting in the reciprocal phosphorylation and activation of
Jaks. The activated Jaks phosphorylate tyrosine residues of receptor subunits, providing distinct binding
sites for STATs and SHP2. The STATs recruited to the sites are also phosphorylated by Jaks, followed by
the homo- or hetero-dimerization of STATs. The dimerized STATs are translocated into the nucleus and
regulate transcription of their target genes. The SHP2 recruitment is required for the mitogen-activated pro-
tein kinase (MAPK) pathway. Y and the encircled P represent tyrosine residue and phosphorylation, respec-
tively
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tional OSM receptors, type I and type II, provides a molecular basis for the common bio-
logical activities between hLIF and hOSM, as well as for hOSM-specific activities. There-
fore, it is important to know which receptor is expressed in the biological system of inter-
est. It should be also noted that mOSM uses only the OSM-specific receptor and not the
LIF receptor. Since hOSM is able to stimulate murine cells via mLIFR, information about
the effect of OSM on distinct species should be interpreted carefully. This chapter mainly
describes the biological activities of hOSM on human cells, or mOSM on mouse cells.
Moreover, the OSM-specific activities that are not shared by LIF or IL-6 are also dis-
cussed.

Growth modulation by OSM

OSM modulates growth of tumor and nontumor cells either positively or negatively de-
pending on the target cells. OSM inhibits the growth of several types of tumor cells such
as solid tissue tumor cells, lung cancer cells, melanoma cells, breast cancer cells, and glio-
ma cells (Zarling et al. 1986; Horn et al. 1990; Liu et al. 1997; Halfter et al. 1998). Besides
tumor cells, OSM also inhibits proliferation of normal mammary and breast epithelial cells
(Liu et al. 1998; Grant et al. 2001). In contrast, OSM stimulates growth of AIDS-related
Kaposi’s sarcoma cells (Miles et al. 1992; Nair et al. 1992; Murakami-Mori et al. 1995),
myeloma cells (Zhang et al. 1994), and plasmacytoma cells (Nishimoto et al. 1994). OSM
also stimulates the mitogenesis of normal dermal fibroblasts via mitogen-activated protein
kinase (MAPK)-dependent pathway (Ihn and Tamaki 2000). mOSM is known to inhibit
growth of a subline of NIH3T3 cells (Hara et al. 1997). mOSM induces differentiation of
fetal hepatocytes and downregulates cyclin D expression via STAT3 in an in vitro culture
system, while it induces expression of cyclin D in adult hepatocytes (Matsui et al. 2002a).
In contrast, mOSM stimulates growth of endothelial-like cells in primary culture of AGM-
derived cells and stimulates the development of definitive hematopoiesis in vitro (Muk-
ouyama et al. 1998). mOSM also enhances the proliferation of Sertoli cells derived from
neonatal testes (Hara et al. 1998). Although OSM is involved in the growth modulation of
various types of cells in vitro, OSMRb-deficient mice develop normally (M. Tanaka, in
preparation). However, it should be noted that no transgenic mouse overexpressing bOSM
using the keratin-14 promoter was generated, suggesting that expression of bOSM within
developing skin is lethal (Malik et al. 1995). Similarly, the frequency of establishing trans-
genic mice ubiquitously expressing bOSM using metallothionein promoter was signifi-
cantly low, suggesting that overexpression of OSM is deleterious during mouse develop-
ment.

Inflammatory responses by OSM

Production of cytokines and inflammatory proteins and leukocyte adhesion

OSM is secreted from activated T cells and monocytes and plays roles in inflammatory
reactions. Acute inflammation is characterized by rapid increase of acute phase proteins
(APPs) from the liver. OSM, as well as IL-6, stimulates APPs synthesis in hepatoma and
hepatocytes (Richards et al. 1992; Benigni et al. 1996). OSM regulates inflammation not
only directly, but also indirectly through the production of other cytokines and their recep-
tors. OSM stimulates the production of IL-6 in cultured endothelial cells (Brown et al.
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1991), and the IL-6 receptor in hepatoma HepG2 cells (Cichy et al. 1997). As IL-6 strong-
ly stimulates inflammatory reactions and IL-6-deficient mice exhibit reduced production
of APPs and delayed repair of injured liver (Kopf et al. 1994; Fattori et al. 1994; Cressman
et al. 1996; Kovalovich et al. 2000), OSM may induce inflammation through the produc-
tion of IL-6. OSM also modulates other cytokines or chemokines in inflammation, e.g.,
OSM inhibits the IL-1-induced expression of IL-8 and GM-CSF in synovial and lung fi-
broblasts (Richards et al. 1996). As neither IL-6 nor LIF displays this activity, the inhibi-
tion is likely exerted via the type II OSM receptor. Furthermore, OSM induces mRNA for
chemokines, e.g., growth-related oncogene a and b, in human endothelial cells (Modur et
al. 1997). OSM induces prolonged expression of P-selectin (Yao et al. 1996) and E-selec-
tin (Modur et al. 1997) in human endothelial cells, which modulate leukocyte adhesion.
OSM also induces endothelial cell expression of adhesion molecules such as intercellular
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1; Modur
et al. 1997). Thus, OSM plays an important role for recruiting leukocytes to inflammatory
sites. Similarly, mOSM has been reported to stimulate mouse synovial fibroblasts in vitro
and to induce inflammation and destruction in mouse joints in vivo (Langdon et al. 2000).

Remodeling of extracellular matrix

In the inflammatory process, remodeling of the extracellular matrix is important for heal-
ing the damaged tissue induced by inflammatory responses. Matrix metalloproteinases
(MMPs) are involved in extracellular matrix breakdown, while tissue inhibitors of metal-
loproteinases (TIMPs) inhibit the action of MMPs (Woessner 1991; Cawston et al. 1994;
Cawston et al. 1999). Therefore, the balance between TIMPs and MMPs is important for
remodeling of the extracellular matrix. OSM strongly elevates TIMP-1 expression in fibro-
blast cultures of human lung or synovial origin, whereas IL-6 and LIF marginally increase
the expression (Richards et al. 1993). OSM also induces TIMP-1 expression and inhibits
IL-1b-induced TIMP-3 in cultured human synovial lining cells (Gatsios et al. 1996). OSM
also induces or enhances the expression of MMP-1 and MMP-3 in astrocytes, and that of
MMP-1 and MMP-9 in fibroblasts (Korzus et al. 1997). mOSM is also known to stimulate
TIMP-1 mRNA in NIH-3T3 mouse embryonic fibroblasts (Richards et al. 1997). Thus,
OSM is involved in the wound healing by modulating the balance between TIMPs and
MMPs. Moreover, OSM is known to regulate other proteolytic enzymes, such as neutro-
phil erastase, by expression of proteinase inhibitor. hOSM stimulates a1-antichymotrypsin
synthesis in lung-derived epithelial cells (Cichy et al. 1995). Although OSM, LIF, and IL-
6 stimulate the production of a1-proteinase inhibitor (a1-PI) in HepG2 cells, only hOSM
is able to upregulate levels of a1-PI in lung-derived epithelial cells (Cichy et al. 1998).
Interestingly, despite the fact that LIF induces phosphorylation of the LIF receptor, LIF is
not able to stimulate a1-PI synthesis in lung epithelial cells. Likewise, IL-6 in combination
with the soluble IL-6 receptor induces phosphorylation of gp130 but fails to stimulate ex-
pression of a1-PI in lung epithelial cells. Thus, OSM-specific signaling plays an important
role in lung inflammation.

Roles of OSM in liver development and regeneration

As previously described, OSM stimulates hepatocytes and induces APPs. In addition to
APPs, OSM modulates the expression of other molecules in liver cells, e.g., OSM upregu-
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lates expression of low density lipoprotein receptors (Grove et al. 1991) and protein S
(Hooper et al. 1995) in HepG2 cells, whereas it downregulates the expression of some cy-
tochrome P450 (CYP) isozymes such as CYP1A2 and CYP3A4 in human hepatocytes at
the transcriptional level (Guillen et al. 1998). OSM is also known to be upregulated in cir-
rhotic human liver (Levy et al. 2000). Consistently, OSM increases collagen production
by hepatic stellate cells without induction of collagen mRNA, possibly by posttranscrip-
tional mechanism. OSM also affects fetal liver development (reviewed by Miyajima et al.
2000; Kinoshita and Miyajima 2002). In embryonic days (E) 14.5 fetal liver culture,
mOSM stimulates the functional maturation of fetal hepatocytes such as expression of he-
patic differentiation markers, intracellular accumulation of glycogen, lipid synthesis, and
clearance of ammonia (Kamiya et al. 1999; Kamiya et al. 2002; Kojima et al. 2000; Sakai
et al. 2002). STAT3 is an essential signaling component for OSM-induced hepatic devel-
opment, while activation of Ras appears to negatively regulate the process (Ito et al.
2000). Furthermore, mOSM enhances E-cadherin-based adherens junction formation of
hepatocytes via K-Ras and induces morphological maturation (Matsui et al. 2002b). OSM
downregulates expression of D1 and D2 cyclins in fetal hepatocytes through STAT3 (Mat-
sui et al. 2002a), while OSM as well as IL-6 upregulates expression of D cyclins in adult
hepatocytes in regenerating liver (K. Nakamura, in preparation). mOSM is expressed in
CD45-positive hematopoietic cells in fetal liver, whereas OSMRb is predominantly detect-
ed in hepatocytes, suggesting that OSM induces development of hepatocytes in a paracrine
manner (Kamiya et al. 1999; Kinoshita et al. 1999). The overview of OSM actions on liver
is shown in Fig. 3.

Fig. 3 The actions of OSM on liver. Hematopoietic stem cells (HSCs) developed in the AGM region mi-
grate to the fetal liver, and expand in hepatic microenvironment. OSM produced by hematopoietic cells pro-
mote differentiation of hepatic cells, which is accompanied by functional and morphological maturation. As
the fetal liver matures, it gradually loses hematopoietic potential, and HSCs relocate to the bone marrow
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Hematopoiesis

It is known that OSM mRNA is abundant in hematopoietic tissues such as bone marrow,
thymus and spleen (Yoshimura et al. 1996). In addition, OSM is expressed in the mouse
AGM region at 11.5 dpc, where long-term repopulating hematopoietic stem cells (LTR-
HSCs) first arise (Mukouyama et al. 1998). Similarly, mOSMRb expression is detected in
aortic endothelial cells of the AGM region at 11.5 dpc (Tamura et al. 2002) and adult thy-
mus and spleen (Tanaka et al. 1999), implying that OSM plays a role in hematopoiesis. In
fact, it has been reported that OSM stimulates the formation of endothelial cell clusters in
the primary cultures of mouse AGM and induces the expansion of multipotential hemato-
poietic progenitors (Mukouyama et al. 1998). Furthermore, coculture of E11.5 AGM cells
and E14.5 fetal liver cells in the presence of mOSM resulted in the expansion of LTR-
HSCs (Takeuchi et al. 2002). Not only fetal hematopoiesis, but also adult hematopoiesis is
modulated by OSM. Transgenic overexpression of bOSM in mice caused hematopoietic
abnormalities such as splenomegaly and expansion of megakaryocytes in bone marrow
(Malik et al. 1995). It is also known that hOSM, as well as the other members of the IL-6
family, IL-6 or LIF, can markedly enhance megakaryocytic colony formation from murine
marrow cells in combination with murine IL-3 in vitro (Ishibashi et al. 1989; Wallace et
al. 1995). Similarly, the administration of hOSM in normal mice augments platelet counts.
Transplantation of mouse bone marrow cells constitutively expressing OSM induces a my-
eloproliferative phenotype that partially recapitulates the TEL/Jak2 disease (Schwaller et
al. 2000). This result is consistent with the observation that OSM expression is induced by
cytokines that activate Jak2 and STAT5. Recently, it was reported that the number of he-
matopoietic progenitor cells in bone marrow of STAT4-deficient mice was significantly
reduced, but recovered with T-cell-specific transgenic expression of STAT4, suggesting
that T cells, specifically Th1 cells, play an important role in hematopoiesis (Broxmeyer et
al. 2002). Moreover, injection of the Th1 cytokine, OSM, but not other cytokines, into
STAT4-deficient mice recovered progenitors to wild-type levels, suggesting that OSM is a
potential mediator between T cells and hematopoietic progenitors. Furthermore, OSM is
also involved in lymphopoiesis. Transgenic mouse expressing OSM (either human, bo-
vine, or mouse) by the lck promoter exhibited dramatic accumulation of immature and ma-
ture T cells in lymph nodes, suggesting that overexpression of OSM in early T cells results
in an extrathymic T-cell development in lymph nodes (Malik et al. 1995; Clegg et al.
1996; Clegg et al. 1999). It is also reported that the administration of OSM, IL-6, and LIF
into mice induces acute thymic atrophy with a reduced number of thymocytes (Sempowski
et al. 2000). Thus, OSM regulates hematopoiesis at various hematopoietic organs and stag-
es. In fact, targeted disruption of OSMRb resulted in altered hematopoiesis (M. Tanaka, in
preparation). The numbers of peripheral erythrocytes and platelets in OSMRb-deficient
mice were significantly reduced compared with wild-type mice. Consistent with this, pro-
genitors of erythroid and megakaryocyte lineages were reduced in mutant bone marrow.
Our results suggest that OSM affects hematopoietic microenvironments.

Future directions

Because OSM and LIF exhibit a number of common biological, biochemical and genetical
characteristics, OSM was considered to be another LIF. However, it has become clear that
OSM is a unique cytokine with multiple functions as shown by its unique biological activ-
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ities in liver, lung, testes, and hematopoietic organs. Like many IL-6 family members,
OSM induces a variety of biological functions via gp130 through STAT3 and Ras/MAPK
pathways. However, activation of gp130 by IL-6 in combination with the soluble IL-6 re-
ceptor does not always mimic OSM activity, suggesting a unique role for OSMRb in sig-
naling. While the OSMRb-deficient mice we have generated develop normally, alterations
in hematopoiesis as well as liver regeneration have been noticed. Therefore, detailed anal-
yses of this mutant mouse will uncover its unique functions in various aspects of life and
also provide useful information as to the development of drugs for diseases such as inflam-
mation.
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Abstract Hematopoiesis, the process of blood cell formation, is orchestrated by cytokines
and growth factors that stimulate the expansion of different progenitor cell subsets and
regulate their survival and differentiation into mature blood cells. Granulocyte colony-
stimulating factor (G-CSF) is the major hematopoietic growth factor involved in the con-
trol of neutrophil development. G-CSF is now applied on a routine basis in the clinic for
treatment of congenital and acquired neutropenias. G-CSF activates a receptor of the he-
matopoietin receptor superfamily, the G-CSF receptor (G-CSF-R), which subsequently
triggers multiple signaling mechanisms. Here we review how these mechanisms contribute
to the specific responses of hematopoietic cells to G-CSF and how perturbations in the
function of the G-CSF-R are implicated in various types of myeloid disease.

G-CSF

The cloning and functional characterization of hematopoietic growth factors and their cell
surface receptors represent milestones in understanding the molecular control of blood cell
development (Nagata et al. 1986; Souza et al. 1986; D’Andrea et al. 1989; Metcalf 1989;
Larsen et al. 1990; Metcalf 1991; Lyman 1995). In addition, these developments have had
a profound impact on clinical hematology, most notably through the introduction of hema-
topoietic growth factor-based therapies. Granulocyte-colony stimulating factor (G-CSF) is
a member of the cytokine class I superfamily, structurally characterized by four antiparal-
lel a-helices (Wells and de Vos 1996). G-CSF supports the proliferation, survival, and dif-
ferentiation of neutrophilic progenitor cells in vitro and provides nonredundant signals for
maintenance of steady-state neutrophil levels in vivo (Demetri and Griffin 1991; Lieschke
et al. 1994; Berliner et al. 1995; Liu et al. 1996; Lieschke 1997). Typically, G-CSF-defi-
cient (gcsf-/-) or G-CSF-receptor-deficient (gcsfr-/-) mice manifest a selective neutrope-
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nia, with blood neutrophil levels at 15%–30% of those in wild-type (wt) littermates. The
number of myeloid progenitor cells in the bone marrow of these mice is also significantly
decreased (Lieschke et al. 1994; Liu et al. 1996; Hermans et al. 2002). Experiments with
G-CSF- or G-CSF-R-deficient mice infected with Listeria monocytogenes have established
that G-CSF signaling is also required for “reactive” or “emergency” granulopoiesis in re-
sponse to bacterial infections (Lieschke et al. 1994; Zhan et al. 1998). In addition, G-CSF
enhances neutrophil effector functions, such as superoxide anion generation, release of ar-
achidonic acid and production of leukocyte alkaline phosphatase and myeloperoxidase by
mature neutrophils (Morishita et al. 1987; Sato et al. 1988; Avalos et al. 1990).

The clinical application of G-CSF has been particularly beneficial in the treatment of
various forms of neutropenia. For example, this is the case for severe congenital neutrope-
nia (SCN), a disease characterized by a myeloid maturation arrest in the bone marrow
leading to a drastic reduction in peripheral neutrophil levels and susceptibility to opportu-
nistic bacterial infections that can be fatal. G-CSF treatment ameliorates the neutropenia
and associated infections in a large majority of cases (Welte et al. 1990; Dale et al. 1993;
Welte and Boxer 1997). Another major and initially unexpected benefit of G-CSF is its
ability to induce the egress of hematopoietic stem and progenitor cells from the bone mar-
row into the peripheral blood. This has resulted in utilization of G-CSF in the mobilization
and isolation of peripheral hematopoietic stem cells for transplantation purposes (Mo-
lineux et al. 1990). The mechanism by which G-CSF mobilizes these cells into the periph-
ery is not fully understood but is thought to involve multiple effector pathways, including
proteolytic enzyme release, activation of chemokine receptors, and modulation of adhe-
sion molecules (Lapidot and Petit 2002; Thomas et al. 2002). G-CSF also induces the mo-
bilization of neutrophils from the bone marrow, probably via similar mechanisms (Seme-
rad et al. 2002).

G-CSF receptor

The G-CSF-R is a member of the now well-characterized hematopoietin receptor super-
family (Bazan 1990; Cosman 1993). This family is structurally characterized by four high-
ly conserved cysteine residues and a tryptophan-serine repeat (WSXWS) in the extracellu-
lar domain. Both motifs are located within the so-called cytokine receptor homology
(CRH) region. Murine and human G-CSF receptors are single transmembrane proteins of
812 and 813 amino acid residues, respectively, with 62.5% homology at the amino acid
level (Fukunaga et al. 1990). The extracellular domain of the G-CSF-R contains 603 ami-
no acids and includes an immunoglobulin-like module, the CRH domain, and three fibro-
nectin (FN) type III modules.

The CRH domain is composed of two “barrel-like” modules, each formed by seven b
strands. Similar to the CRH domains of gp130, the growth hormone receptor, and the
erythropoietin receptor (EPO-R), these barrels are connected by a proline-rich linker that
positions them at an approximately perpendicular angle (Bravo and Heath 2000). Crystal-
lography studies of receptor/ligand complexes, epitope mapping with monoclonal antibod-
ies, and alanine scanning mutagenesis have provided detailed insight into the composition
of these complexes and the contact sites involved in ligand recognition. These data suggest
that G-CSF and the G-CSF-R form a 2:2 tetrameric complex (Aritomi et al. 1999). Al-
though it was initially proposed that this involved “pseudo-symmetric” binding of G-CSF
to two sites within the CRH domain of the G-CSF-R, it now appears more likely that G-
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CSF binds to one site within the CRH domain, via its type II binding motif, and to one site
within the Ig domain, via type III motif binding (Layton et al. 2001). This configuration is
similar to that found in the IL-6/gp130 complex (Bravo and Heath 2000).

The role of the FNIII domains in G-CSF-R function is not clear. Interestingly, the sec-
ond FNIII module of the G-CSF-R was shown to confer ligand-independent activation to a
chimeric G-CSF-R/gp130 receptor in Cos cells (Kurth et al. 2000). Although this suggests
that the FNIII domain may be involved in the formation of an active receptor complex, the
significance of this mechanism for G-CSF-R activation under more physiological condi-
tions remains to be established.

The intracellular domain of the G-CSF-R has limited sequence homology to other he-
matopoietin receptor superfamily members. However, it does possess two motifs in the
membrane-proximal region, called box 1 and box 2, which are also found in the EPO-R,
gp130, and in the b chains of the IL-2 and IL-3 receptors (Fukunaga et al. 1991; Murakami
et al. 1991). This membrane-proximal region is essential for the transduction of prolifera-
tion signals (Barge et al. 1996). The C-terminal (membrane-distal) region of the G-CSF-R
contains a third conserved motif (box 3) that is shared only with gp130 (Hibi et al. 1990;
Saito et al. 1992). This region has been implicated in the control of G-CSF-induced differ-
entiation of myeloid progenitor cell lines and more recently also in the transduction of
phagocytic signals in mature neutrophils (Dong et al. 1993; Fukunaga et al. 1993; Santini
et al. 2003). Importantly, as will be discussed later in this review, mutations have been re-
ported in severe congenital neutropenia (SCN) patients that result in the truncation of this
C-terminal region. The cytoplasmic domain of human G-CSF-R further contains four con-
served tyrosine residues, at positions 704, 729, 744, and 764 (equivalent to 703, 728, 743,
and 763 in the murine G-CSF-R), which function as docking sites for multiple SH2-con-
taining signaling proteins.

G-CSF-R expression has been demonstrated on a variety of hematopoietic cells, includ-
ing myeloid progenitors, mature neutrophils, monocytes, myeloid and lymphoid leukemia
cells, and normal B and T lymphocytes (Budel et al. 1989; Hanazono et al. 1990; Khwaja
et al. 1993; Shimoda et al. 1993; Tsuchiya et al. 1993; Corcione et al. 1996; Morikawa et
al. 1996; Matsushita and Arima 1998; Boneberg et al. 2000; Morikawa et al. 2002). G-
CSF receptors have also been detected in nonhematopoietic tissues, for instance at the
materno-fetal interface and on vascular endothelial cells, and in a wide variety of fetal or-
gan tissues (McCracken et al. 1996; Calhoun et al. 1999; McCracken et al. 1999). The G-
CSF-R probably plays minimal or redundant roles in embryonic development, since G-
CSF-R-deficient mice are born normally, without any detectable abnormalities other than
severe neutropenia (Liu et al. 1996; Hermans et al. 2002). In addition to the wt form of the
G-CSF-R, at least six isoforms have been described, all of which are products of alterna-
tive mRNA splicing. The expression levels of these alternate isoforms in bone marrow
progenitor cells are low or undetectable compared to the wt G-CSF-R, suggesting that
their physiological role in normal myelopoiesis is minimal. However, overexpression of
certain isoforms has been reported in cases of acute myeloid leukemia that result in dis-
turbed G-CSF responses in leukemic progenitor cells (Fukunaga et al. 1990; Larsen et al.
1990; Dong et al. 1995b).
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Signaling pathways coupled to the G-CSF-R

In the past decade, the basic principles of hematopoietin receptor signaling have been elu-
cidated. The canonical Jak/Stat pathways are generally seen as the pivotal signaling mech-
anisms of these receptors. Indeed, studies in knock-out models have established specific as
well as more general roles for Jaks and Stats in cellular responses to growth factors and
cytokines (Ihle and Kerr 1995; Ihle et al. 1995; Ihle et al. 1997). The Jak/Stat signaling
components activated by G-CSF-R are Jak1, Jak2, Tyk2, Stat1, Stat3, and Stat5 (Nichol-
son et al. 1994; Shimoda et al. 1994; Tian et al. 1994; Tian et al. 1996; Shimoda et al.
1997).

As is the case for most other hematopoietin receptors, the p21Ras and phosphatidylino-
sitol 3-kinase (PI-3K)/protein kinase B (PKB) signaling pathways are activated by the G-
CSF-R, and both pathways were found to contribute to G-CSF-induced survival and prolif-
eration (Fig. 1) (de Koning et al. 1998; Hunter and Avalos 1998; Ward et al. 1999b; Dong
and Larner 2000; Hermans et al. 2002). Studies in the chicken B cell system DT40 sug-
gested that activation of PI-3K depends on the presence of p55Lyn. This pathway is thought
to involve association of Lyn with c-Cbl, and subsequent docking of the p85 subunit of PI-
3K to Y731 of Cbl (Dombrosky-Ferlan and Corey 1997; Corey et al. 1998; Grishin et al.
2000; Sinha et al. 2001).

Fig. 1 Signal transduction pathways activated by the G-CSF receptor and their contribution to cellular re-
sponses of myeloid progenitor cells to G-CSF
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Jak/Stat pathways

Although it has been firmly established that G-CSF activates Jak1, Jak2, and Tyk2, the
specific roles of these kinases in G-CSF signaling are not clear (Nicholson et al. 1994; Shi-
moda et al. 1994; Shimoda et al. 1997). By employing a Jak-deficient human fibrosarcoma
cell model, Shimoda and colleagues showed that Jak1, but not the other activated Jak-fam-
ily members, is critical for receptor phosphorylation and Stat activation (Shimoda et al.
1997). In contrast, coexpression of dominant negative forms of either Jak1, Jak2, or Tyk2
with a wt G-CSF-R in Cos cells completely blocked G-CSF-induced Stat5 activation in
these cells (Dong and Larner 2000). Moreover, Jak1-deficient mice possess normal num-
bers of neutrophils, which would also argue against a major and nonredundant role of Jak1
in granulopoiesis (Rodig et al. 1998). Clearly, studies in appropriate hematopoietic cell
models lacking each of the Jak family members activated by the G-CSF-R are needed to
resolve this issue.

Among the different Stat family members, Stat1 is only weakly and transiently activat-
ed by G-CSF and studies in Stat1-deficient mice suggest that it is redundant for granulo-
poiesis (de Koning et al. 1996a; Durbin et al. 1996; Meraz et al. 1996). In contrast, Stat3
is robustly activated by the G-CSF-R. Y704 and Y744 of the G-CSF-R are major docking
sites for Stat3 (Fig. 1). At low ligand concentrations, Stat3 activation depends largely on
the availability of at least one of these sites (de Koning et al. 1996a; Tian et al. 1996;
Chakraborty et al. 1999; Ward et al. 1999b). In contrast, investigations in Ba/F3 cells, and
more recently in primary bone marrow cultures, have established that at saturating G-CSF
concentrations Stat3 can also be activated via a tyrosine-independent route. The latter
mechanism requires the presence of the membrane-distal region of the G-CSF-R (Ward et
al. 1999a; Akbarzadeh et al. 2002). Although the exact nature of this tyrosine-independent
route is still unclear, this observation has led to the idea that different mechanisms for
Stat3 activation might be involved in the control of steady-state granulopoiesis at low G-
CSF levels (mainly tyrosine-dependent) versus “emergency” granulopoiesis initiated by
increased levels of G-CSF (tyrosine-independent; Ward et al. 1999a).

The question of how Stat3 contributes to G-CSF-controlled granulopoiesis has been ad-
dressed quite extensively in both in vitro and in vivo models. Introduction of dominant
negative (DN) forms of Stat3, which either prevent dimerization or DNA binding of Stat3
complexes, in myeloid cell lines resulted in a lack of growth arrest and a block in neutro-
philic differentiation (Shimozaki et al. 1997; de Koning et al. 2000). Importantly, follow-
ing forced G1 arrest, cells expressing DN-Stat3 fully regained their ability to differentiate,
suggesting that Stat3 is required for cell cycle exit, a prerequisite for myeloid differentia-
tion, but not for execution of the differentiation program itself (Sherr and Roberts 1995;
de Koning et al. 2000). Studies in conditional knock-out mice with selective deletion of
Stat3 in hematopoietic progenitor cells showed that production of functional neutrophils in
vivo does not require Stat3, thereby confirming the in vitro findings that Stat3 is not essen-
tial for neutrophil differentiation per se. In fact, these conditional Stat3 knock-out mice
developed a neutrophilia which was driven by a hyperproliferative response of bone mar-
row progenitors to G-CSF (Lee et al. 2002).

McLemore and colleagues suggested that Stat3 is not only critical for G-CSF-induced
growth arrest and differentiation, but also for proliferation of myeloid progenitors, which
appears partly in conflict with the data obtained in the conditional Stat3 knockout and in
the cell line models (McLemore et al. 2001). They based this conclusion on a mouse mod-
el expressing a truncated G-CSF-R, in which the remaining Stat3 binding site (Y704) is
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mutated (d715F). The d715F mice demonstrated a complete loss of Stat3 activation in re-
sponse to G-CSF and were severely neutropenic. G-CSF-driven proliferation of myeloid
progenitors from d715F mice in colony cultures was almost completely restored by intro-
duction of a constitutively active form of Stat3 (Stat3C). This suggests that Stat3 activa-
tion via Y704 plays a major role in proliferative responses. A possible explanation for the
phenotypic differences between Stat3-/- and d715F mice is that in the latter model G-CSF
signaling is aberrant in more ways than in just its inability to activate Stat3. For instance,
internalization of the truncated receptors is severely hampered and signaling abilities and
signal duration are quite drastically altered compared to the wt G-CSF-R (see below; Her-
mans et al. 1999). Additionally, the constitutively active Stat3 protein is an oncoprotein
that may perturb multiple signaling mechanisms and thus synergize with G-CSF in evok-
ing proliferative responses (Bromberg et al. 1999). The combination of the truncated G-
CSF-R with the constitutively active Stat3 in the study by McLemore et al. might therefore
overestimate of the role of Stat3 in normal granulopoiesis.

The mechanisms by which Stat3 contributes to cell cycle exit in myeloid progenitor
cells remain unclear. The cyclin-dependent kinase (cdk) inhibitor p27Kip1 has been pro-
posed to play a role in this process (de Koning et al. 2000). G-CSF induces expression of
p27Kip1 in 32D cells. Dominant-negative forms of Stat3 completely block this G-CSF-in-
duced p27Kip1 expression. Furthermore, a putative Stat3 binding site was identified in the
promoter region of p27Kip1 that was functional in both electrophoretic mobility shift assays
and in luciferase reporter assays. Finally, myeloid progenitors from p27Kip1-deficient mice
showed significantly increased proliferation and reduced differentiation in response to G-
CSF, compared with wt controls. Taken together, these findings suggested that Stat3 con-
trols cell cycle arrest of myeloid cells, at least partly, via transcriptional upregulation of
p27Kip1. It is important to note, however, that transcription of p27Kip1 is also, and arguably
more robustly, induced by transcription factors of the Forkhead family, which are nega-
tively controlled by phosphorylation through the PI-3K/PKB pathway (Kops et al. 1999;
Medema et al. 2000). Interestingly, recent studies in HepG2 cells indicate that one of these
factors, FKHR, acts as a coactivator of Stat3 in IL-6 induced transcriptional activity (Kor-
tylewski et al. 2003). Whether this also applies to G-CSF-induced upregulation of p27Kip1

remains to be addressed.
Stat5 has been implicated in proliferation and survival signals provided by the G-CSF-

R (Dong et al. 1998). The role of Stat5 in steady-state granulopoiesis appears limited, as
double-knockout mice lacking both the Stat5A and Stat5B isoforms have only moderately
reduced numbers of CFU-G and no overt neutropenia (Teglund et al. 1998). Whether Stat5
is involved in G-CSF-driven emergency granulopoiesis has not been established. Irrespec-
tive of its role in nonmalignant granulopoiesis, Stat5 may be a crucial player in the patho-
genesis of myeloid malignancies. For instance, the transforming abilities of the Tel-Jak2
fusion protein, a hallmark of a specific subset of myeloid leukemia, depend entirely on the
presence of Stat5 (Schwaller et al. 2000).

p21Ras/MAPKinase pathways

Y764 of the G-CSF-R plays a major role in proliferation signaling in cell line models as
well as in primary myeloid progenitor cells (de Koning et al. 1998; Akbarzadeh et al.
2002; Hermans et al. 2002). Once phosphorylated, Y764 forms a binding site for the SH2
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domains of Shc, Grb2, and SHP-2, signaling intermediates of the p21Ras pathway (de
Koning et al. 1996b; Rausch and Marshall 1997; de Koning et al. 1998; Ward et al.
1999b). Grb2 can also be recruited via docking to Shc and SHP-2 (Bennett et al. 1994;
van der Geer et al. 1996; Vogel and Ullrich 1996; Harmer and DeFranco 1997). Loss of
Y764 results in a significant reduction of p21Ras activation, and accelerated neutrophil
differentiation (Bashey et al. 1994; Rausch and Marshall 1997; de Koning et al. 1998). In-
terestingly, SCN-derived G-CSF-R truncation mutants that lack the receptor C-terminus
gain the ability of p21Ras activation by an alternative mechanism, probably involving the
SHP-2/Grb2 route linked to Y704 of the G-CSF-R (de Koning et al. 1998; Ward et al.
1999b).

Studies utilizing antisense technology, specific pharmacological inhibitors and domi-
nant negative forms of signaling intermediates identified the Raf-Mek-Erk MAPkinase
cascade as the major effector pathway downstream from p21Ras responsible for prolifera-
tive signaling in cell lines as well as in primary myeloid progenitor cells (Fig. 1) (Bashey
et al. 1994; Muszynski et al. 1995; Keller et al. 1996; Darley and Burnett 1999; Rausch
and Marshall 1999; Baumann et al. 2001; Akbarzadeh et al. 2002; Hermans et al. 2002;
Koay et al. 2002). Activation of other MAPKs downstream of p21Ras, i.e., the p38MAPK
and Jun N-terminal kinase (JNK) is also controlled mainly via Y764, but the role of these
kinases in G-CSF signaling is still unclear (Rausch and Marshall 1997; Rausch and Mar-
shall 1999).

Negative regulation of G-CSF signaling

The inhibition of cytokine responses is governed by multiple mechanisms, including de-
phosphorylation of signaling molecules by phosphatases, receptor endocytosis, and protea-
somal targeting. Mechanisms that have been implicated in the downregulation G-CSF sig-
naling are discussed below.

SHP-1

The role of the SH2 domain-containing protein tyrosine phosphatase SHP-1 as a negative
regulator of granulopoiesis has been established utilizing so-called moth-eaten (mev) mice
(Yi et al. 1992; David et al. 1995), which possess a mutation in the SHP-1 gene resulting
in reduced phosphatase activity (Tsui et al. 1993). These mice exhibit aberrant regulation
in several myeloid and lymphoid lineages, including substantial increases in the number of
immature granulocytes (Kozlowski et al. 1993; Shultz et al. 1993; Tapley et al. 1997).
SHP-1 protein levels are increased in a posttranscriptional manner during G-CSF-induced
differentiation of 32D cells. Ectopic overexpression of SHP-1 in these cells inhibited pro-
liferation and stimulated differentiation, whereas introduction of a phosphatase-dead SHP-
1 mutant gave the opposite result (Ward et al. 2000b). In contrast to the EPO-R or the
GM-CSF/IL-3/IL-5-R common b chains, G-CSF-R tyrosines do not serve as docking sites
for the SH2 domain of SHP-1, suggesting that intermediate signaling molecules may be
involved in the recruitment of SHP-1 into the G-CSF-R complex (Tapley et al. 1997;
Ward et al. 2000b; Dong et al. 2001).
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SHIP

A 145-kD phosphorylated protein was detected following G-CSF stimulation in both Shc
and in Grb2 immunoprecipitations. The formation of these complexes depended on the
presence of Y764 of the G-CSF-R (de Koning et al. 1996b). This protein was later identi-
fied as the SH2-containing inositol phosphatase (SHIP) protein (Hunter and Avalos 1998).
Studies in SHIP-deficient mice showed that this phosphatase is important for modulating
hematopoietic signaling, particularly in the myeloid lineage. SHIP-/- mice die early, most
likely due to the extensive infiltration of myeloid cells observed in the lungs. The numbers
of neutrophils and monocytes in these mice are increased, which is due to elevated num-
bers of myeloid progenitors in the bone marrow (Helgason et al. 1998). Furthermore, sur-
vival of neutrophils lacking SHIP is prolonged following apoptosis-inducing stimuli or
growth factor withdrawal. Finally, PI(3,4,5)P3 accumulation and PKB activation are both
increased and prolonged in SHIP-/- cells. Taken together, these data suggest a role for
SHIP as a negative regulator of growth factor-mediated PI-3K/PKB activation and survival
of myeloid cells (Liu et al. 1999).

SOCS proteins

Suppressor of cytokine signaling (SOCS) proteins downregulate cytokine responses by
competing with positively acting signaling substrates for receptor tyrosine docking, by in-
hibiting the activity of receptor-associated kinases, and by targeting signaling molecules
for proteasomal degradation (Matsumoto et al. 1997; Zhang et al. 1999). For example,
SOCS1 binds to Jak kinases via its SH2 domain and can inhibit kinase activity directly
(Masuhara et al. 1997; Naka et al. 1997; Nicholson et al. 1999; Yasukawa et al. 1999).
Other members of the SOCS protein family, such as SOCS3, require recruitment to phos-
photyrosines in activated receptors for signal inhibition (Cohney et al. 1999; Eyckerman et
al. 2000; Nicholson et al. 2000; Schmitz et al. 2000).

Expression of SOCS proteins is under the direct transcriptional control of Stats. It is
thus conceivable that SOCS proteins are also involved in downmodulation of G-CSF sig-
naling as the direct consequence of the robust and sustained activation of Stat3 (Naka et
al. 1997; Auernhammer et al. 1999; Davey et al. 1999; Yasukawa et al. 2000). Among the
different SOCS family members upregulated by G-CSF, SOCS3 is most prominently in-
duced (Starr et al. 1997; Hortner et al. 2002). G-CSF-R Y729 forms the major recruitment
site for SOCS3 (Hermans et al. 2002; Hortner et al. 2002). Colony cultures of bone mar-
row cells transduced with tyrosine add-back and substitution mutants of the G-CSF-R sup-
ported the functional significance of this negative feedback mechanism involving Y729
(Akbarzadeh et al. 2002; Hermans et al. 2002). Significantly, the SOCS3 recruitment site
Y729 is lost in truncated SCN/AML-derived forms of G-CSF-R. In addition, these mutant
G-CSF-R are hampered in their ability to induce SOCS3 transcription (G.J.M. van de Gei-
jn et al., in prep.).

G-CSF-induced SOCS3 expression is severely reduced in Stat3-/- mice, raising the pos-
sibility that SOCS3 is the major Stat3 target responsible for inhibition of G-CSF signaling
(Lee et al. 2002). Although attractive, this hypothesis does not seem to apply to steady
state granulopoiesis, because SOCS3-deficient mice do not present with the neutrophilia
observed in conditional Stat3-deficient mice (Marine et al. 1999; Roberts et al. 2001;
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Takahashi et al. 2003). Perhaps SOCS3-mediated inhibition only becomes efficient during
G-CSF-induced “emergency” granulopoiesis.

Receptor endocytosis

Following ligand-binding, growth factor receptors are usually incorporated into clathrin-
coated pits, internalized, and subsequently either recycled back to the plasma membrane,
retained in the endosomal compartment, or targeted for lysosomal degradation (Ceresa
and Schmid 2000). Truncated G-CSF-Rs are severely impaired in internalization (Her-
mans et al. 1999; Hunter and Avalos 1999; Ward et al. 1999d). This is in part due to the
loss of a serine-type dileucine motif in box 3 (amino acids 749–755) and the immediate
downstream sequence stretch of amino acids 756–769 (Fig. 2; Ward et al. 1999d; L.H.J.
Aarts et al., in prep.). Mutation of this dileucine motif reduced receptor endocytosis and
delayed the attenuation of signaling, as well as the onset of G-CSF-induced differentiation
(Ward et al. 1999d; L.H.J. Aarts et al., in prep.). Interestingly, increasing evidence sug-
gests that receptor internalization and intracellular trafficking does not only serve as an in-
hibitory mechanism but may also be required for appropriate spatio-temporal activation of
the full complement of signal transduction proteins (Ceresa and Schmid 2000; Di Fiore
and De Camilli 2001; McPherson et al. 2001; Miller and Lefkowitz 2001). It is thus con-
ceivable that some of the specific responses of myeloid cells to G-CSF rely on G-CSF-R
internalization and intracellular trafficking.

Fig. 2 Activation of multiple negative feedback mechanisms is lost in SCN-derived truncated G-CSF-R
mutants. The wt G-CSF-R activates the phosphatases SHIP and SHP-1 and recruits SOCS3. The C-terminus
(>amino acid 715) is required for activation of SHP-1, but the exact mechanism involved is not known. The
truncated, SCN-derived G-CSF-R lacks the domains required for activation of SHIP, SHP-1, the major
SOCS3 recruitment site Y729, and a dileucine-based internalization motif. Loss of all these mechanisms
probably contributes in an additive way to the dominant hyperproliferative function of this mutant receptor
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G-CSF-R defects in myeloid disorders

A number of mutations or rare polymorphisms in the GCSFR gene have been reported in
myeloid disorders, and these were found to perturb signaling functions of the receptor.
Mutations are found most frequently in SCN (but not in cyclic or idiopathic neutropenia)
and rarely in myelodysplasia (MDS) and de novo AML. Elucidation of the functional con-
sequences of these abnormalities has contributed to our understanding of the role of spe-
cific domains of the G-CSF-R in signaling.

Nonsense mutations in a critical glutamine-rich stretch, which result in C-terminal trun-
cation of the G-CSF-R, are the most frequent mutations found in SCN (Fig. 3). Clones har-
boring such acquired mutations are detected in the neutropenic phase of the disease in ap-
proximately 20% of patients (Dong et al. 1995a; Dong et al. 1997). In some cases, affected
myeloid cells arise from minority clones, originally making up only 1%–2% of the my-
eloid progenitor cell compartment. However, clones with G-CSF-R mutations become
overt in more than 80% of the SCN cases upon progression to MDS and AML, suggesting
that G-CSF-R truncations represent a critical step in the expansion of the (pre-) leukemic
clones (Freedman and Alter 2002). An important question in this context is how G-CSF
treatment contributes to the outgrowth of the leukemia. In a recent update from the Severe
Chronic Neutropenia International Registry, evolution of SCN to MDS or AML was re-
ported in 35 of 387 patients with congenital neutropenia with a cumulative risk of 13%
after eight years of G-CSF treatment, but there was no apparent relationship to duration or
dose of G-CSF treatment (Dale et al. 2003).

The role of these truncation mutations in leukemic transformation has been analyzed in
further detail in mouse models in which the nonsense mutation was introduced in the G-
CSF-R gene by knock-in strategies (Hermans et al. 1998; McLemore et al. 1998). Al-
though insufficient to cause leukemia themselves, these mutations were recently found to
cooperate with additional oncogenic hits, such as loss of the DNA repair protein MSH2, to
accelerate tumorigenesis. Interestingly, preliminary results also suggest an association be-
tween loss of MSH2 function and G-CSF-R mutations in SCN patients at high risk for
AML/MDS progression, supporting this murine data (J.M. Prasher et al., in prep.). Mice
expressing the truncated G-CSF-R exhibit hyperproliferation of myeloid progenitor cells
in response to G-CSF (Hermans et al. 1998; McLemore et al. 1998). Multiple signaling

Fig. 3 Nonsense mutations resulting in truncation of the G-CSF-R C-terminus in SCN patients. Mutations
are confined to a region between amino acids 716 and 731. EC extracellular part, TM transmembrane re-
gion, IC intracellular part of the G-CSF-R
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abnormalities have been linked with this hyperproliferation, including defective receptor
internalization, increased and sustained activation of Stat5 and PI-3K/PKB, loss of nega-
tive feedback by SHP-1, and loss of specific docking sites for the negative regulators
SOCS3 and SHIP (Fig. 2; Hunter and Avalos 1998; Hermans et al. 1999; Hunter and Ava-
los 1999; Ward et al. 1999d; Dong and Larner 2000; Hortner et al. 2002).

A second type of G-CSF-R mutation was found in an SCN patient who failed to re-
spond to G-CSF treatment (Ward et al. 1999c). This mutation, located in the extracellular
domain, changes a conserved proline residue in the “hinge” motif located between the
NH2- and COOH-terminal barrels of the CRH domain, which was proposed to prevent the
formation of 2:2 ligand/receptor complexes. Contrary to the C-terminal truncations, this
mutant receptor showed drastically reduced activation of Stat5 and was severely hampered
in proliferation and cell survival signaling in 32D cells, while differentiation-inducing
properties were retained.

In MDS without a history of SCN, specific mutations in the GCSFR gene have thus far
not been reported. On the other hand, Awaya et al. found an increased occurrence of a
novel splice variant of G-CSF-R with an alteration in the juxtamembrane region of the re-
ceptor (Awaya et al. 2002). Via an as yet unknown mechanism, this variant conferred in-
creased proliferative signals in response to G-CSF compared to the wt G-CSF-R. Howev-
er, because this receptor variant is also found at low frequencies (2%) in normal bone mar-
row cells and is still only detectable in less than 8% of the myeloid progenitor cells in
MDS, its role in the pathogenesis of MDS remains uncertain.

In de novo AML, activating mutations in receptor tyrosine kinases FTL3 and c-kit oc-
cur in more than 25% of cases and have a significant impact on disease prognosis (Long-
ley et al. 2001; Gilliland 2002; Kiyoi and Naoe 2002; Schnittger et al. 2002; Moreno et al.
2003). In contrast, mutations in hematopoietin receptors, including G-CSF-R, have only
very rarely been detected. A mutation leading to an overexpression of a nonfunctional
splice variant of G-CSF-R was reported in 1 out of 70 cases analyzed (Dong et al. 1995b).
This variant receptor has the alternative 34 C-terminal amino acids of the class IV G-CSF-
R (alternatively known as D-7), linked to amino acid 682, which is just C-terminal of box-
2. It thus lacks most of the functional domains, including all the tyrosine-based docking
motifs, which explains why it lacks most of its signaling abilities. Although this case so
far appears to be unique, altered ratios of Class I(wt)/ClassIV G-CSF-R levels have been
reported in more than 50% of AML samples, which could be suggestive of a more general
role for abnormal G-CSF-R function in AML (White et al. 1998). Significantly, even at
relatively low levels of expression, the Class IV variant was reported to interfere with dif-
ferentiation induction mediated via the wt G-CSF-R in 32Dcl3 cells (White et al. 2000).

More recently, an activating mutation in the transmembrane domain of G-CSF-R was
reported in 2/555 AML patients (Forbes et al. 2002). This mutation conferred growth fac-
tor independence on Ba/F3 cells and results in the constitutive phosphorylation of signal-
ing substrates (Jak2, Stat3, ERK1, ERK2) as well as the receptor itself. The observation
that point mutations in the TM domain can lead to constitutive receptor activation corrob-
orates earlier observations in experimental leukemia models expressing constitutively ac-
tive forms of the b common chain of IL-3/IL-5/GM-CSF receptor or c-MPL as a result of
mutations in the TM domain (Jenkins et al. 1995; Onishi et al. 1996; Jenkins et al. 1998).
These results demonstrate that the TM domain of the G-CSF-R (and other hematopoietin
receptors) does not simply form a membrane anchor, but also contributes to the conforma-
tion for receptor complexes, thereby influencing their signaling properties.
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Concluding remarks

Ample evidence obtained from both in vivo and in vitro models has established that G-
CSF and its receptor fulfill nonredundant functions in the regulation of neutrophil produc-
tion. However, the fact that G-CSF and G-CSF-R deficient mice still contain mature neu-
trophils, albeit at strongly reduced levels, implies that neutrophilic differentiation does not
depend on signals emanating from the G-CSF-R. Indeed, the signaling pathways discussed
in this review are involved on the control of cell proliferation, cell survival, or induction
of a G1 arrest, but none of them appear to be required for the execution of the differentia-
tion process itself. It has been well established that the combinatorial action of transcrip-
tion factors determines hematopoietic cell commitment and differentiation into the various
hematopoietic lineages (Tenen et al. 1997; Ward et al. 2000a; Tenen 2001; Friedman
2002). Interestingly, recent studies have indicated that transcription factors implicated in
the control of myeloid differentiation depend on signaling pathways for their expression
levels and/or their full spectrum of activities. For instance, this applies to C/EBPa and C/
EBPe, members of the CCAAT/enhancer binding protein family that are essential for early
and later stages of neutrophilic differentiation, respectively (Friedman 2002). Specifically,
the p21Ras pathway enhances C/EBPa activity by phosphorylation of a serine residue (Ser
248) and mutation of this residue inhibited the ability of C/EBPa to induce granulocytic
differentiation (Behre et al. 2002). In the case of C/EBPe, a direct stimulatory role for the
G-CSF-R in the induction of C/EBPe expression was reported, which was found to con-
tribute to neutrophilic differentiation (Nakajima and Ihle 2001). These observations fit into
a scenario in which the G-CSF-R provides signals that act in concert with transcription
factors to tightly control neutrophilic differentiation under both steady state and emergen-
cy conditions. Further studies specifically directed towards this interplay between G-CSF-
induced signaling events and transcriptional control of myelopoiesis might help to under-
stand the complex pathogenesis of hematological diseases characterized by a block in my-
eloid differentiation.
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Abstract Immune and inflammatory systems are controlled by multiple cytokines, includ-
ing interleukins (ILs) and interferons. These cytokines exert their biological functions
through Janus tyrosine kinases (JAKs) and STAT transcription factors. The CIS (cyto-
kine-inducible SH2 protein) and SOCS (suppressors of cytokine signaling) are a family of
intracellular proteins, several of which have emerged as key physiological regulators of
cytokine responses, including those that regulate the inflammatory systems. In this review,
we focused on the molecular mechanism of the action of CIS/SOCS family proteins and
their roles in inflammatory diseases. Furthermore, we illustrate several approaches for
treating inflammatory diseases by modulating extracellular and intracellular signaling
pathways.

Introduction

The inflammatory response consists of the sequential release of mediators, including in-
flammatory cytokines and the recruitment of circulating leukocytes, which become acti-
vated at the inflammatory site and release further mediators. However, in most cases, the
inflammatory response is resolved by the release of endogenous anti-inflammatory media-
tors (anti-inflammatory cytokines), as well as the accumulation of intracellular negative
regulatory factors. Thus, the inflammatory cells are cleared at an appropriate time. How-
ever, the persistent accumulation and activation of leukocytes are a hallmark of chronic
inflammation, suggesting a dysfunction of these negative regulatory mechanisms. Current
clinical approaches to the treatment of inflammation mostly focus on the inhibition of
proinflammatory mediator production and the suppression of the initiation of the inflam-
matory response, i.e., the suppression of positive signaling pathways of proinflammatory
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cytokines. However, the mechanisms by which the inflammatory response is resolved
might provide new targets in the treatment of inflammatory diseases.

Well-characterized inflammatory cytokines are interleukin-1 (IL-1), tumor necrosis fac-
tor-a (TNF-a), g-interferon (IFN-g), IL-12, IL-18, and granulocyte-macrophage colony-
stimulating factor (GM-CSF), while anti-inflammatory cytokines are IL4, IL-10, IL-13,
IFN-g, and transforming growth factor (TGF)-b. The intracellular signal transduction path-
ways of these cytokines have been studied extensively, and these pathways ultimately acti-
vate transcription factors, such as NF-kB (IL-1, IL-18 and TNF-a), Smad (TGF-b), and
STATs (IL-6, IL-12, IL-10, and IFN-g). Recently, the negative-feedback regulation of
these pathways has been identified and shown to be very important for immune and in-
flammatory regulation. Among them, the CIS/SOCS family, which mainly regulates the
JAK/STAT pathway, is the paradigm of such negative feedback regulation.

JAK/STAT pathway

Cytokines including interleukins, interferons, and hematopoietins are structurally related
and modulate immunity and inflammation. The receptors for this class of cytokines form a
receptor family which is characterized by conserved extracellular domains that include the
Trp-Ser-Xaa-Trp-Ser pentapeptide motif (where Xaa is any amino acid; Gearing et al.
1989). Signaling from cytokine receptors is initiated by receptor oligomerization that is in-
duced by cytokine binding, which brings associated JAK kinases (JAK1, JAK2, JAK3,
and Tyk2) into close apposition and allows their cross-phosphorylation and activation
(Fig. 1; Ihle 1995). The activated JAKs phosphorylate the receptor cytoplasmic domains,
which creates docking sites for SH2-containing signaling proteins. Among the substrates
of tyrosine phosphorylation are members of the signal transducers and activators of the
transcription family of proteins (STATs; Ihle 1996; Darnell 1997). Although this pathway
was initially found to be activated by IFNs, it is now known that a large number of cy-
tokines, growth factors, and hormonal factors activate JAK and/or STAT proteins. For ex-
ample, proinflammatory cytokine IL-6 binds to the IL-6 receptor a chain and gp130,
which mainly activate JAK1 and STAT3. IFN-g utilizes JAK1 and JAK2 and mainly acti-
vates STAT1. Interestingly, anti-inflammatory cytokine IL-10 also activates STAT3
(O’Farrell et al. 1998). STAT4 and STAT6 are essential for Th1 and Th2 development
since these are activated by IL-12 and IL-4, respectively (Kaplan et al. 1996; Shimoda et
al. 1996; Takeda et al. 1996).

The JAKs and STATs are essential intracellular mediators of immune cytokine action,
which is probed by gene-knockout mice (Ivashkiv 2000). Nevertheless, control of the
magnitude and duration of signaling is also essential to prevent pathology (Duhe et al.
2001; Yasukawa et al. 2000). Receptor internalization, tyrosine phosphatases, and mem-
bers of the protein inhibitors of activated STAT (PIAS) family all contribute to this nega-
tive regulatory network (Liu et al. 2001). However, those mechanism are relatively non-
specific; tyrosine-phosphatases can downregulate any growth-factor-induced signals, and
PIASs has been shown to act as a general transcriptional regulator by sumoylation (Jack-
son 2001). The discovery of the SOCS proteins has defined an important central mecha-
nism for the negative regulation of the JAK–STAT pathway (Fig. 1).
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Negative regulation of the JAK/STAT pathway by the CIS/SOCS family

The longevity of cytokine signals transduced by the JAK/STAT pathway is regulated, in
part, by a family of endogenous JAK kinase inhibitor proteins referred to as suppressors of
cytokine signaling (SOCS) or cytokine-inducible SH2 proteins (CIS; Krebs and Hilton
2001; Hanada and Yoshimura 2002). The first identified CIS/SOCS gene, CIS1, has been
shown to be a negative-feedback regulator of the STAT5 pathway (Yoshimura et al. 1995;
Matsumoto et al. 1999). CIS1 binds to the phosphorylated tyrosine residues of cytokine
receptors such as the EPO receptor, IL-3 receptor b chain, IL-2 receptor b chain (Aman et
al. 1999), growth hormone receptor (Hansen et al. 1999), and prolactin receptor (Pezet et
al. 1999; Tonko-Geymayer 2002; Endo et al. 2003) through the SH2 domain, thereby
masking STAT5 docking sites. All these receptors commonly activate STAT5 and CIS1
does not bind to cytokine receptors that activate STAT1 and STAT3, including gp130.
Therefore, CIS1 is a very specific negative regulator of STAT5 (Yoshimura et al. 1995).
This was confirmed in vivo by generating transgenic mouse of CIS1. This transgenic

Fig. 1 The alternative names and domain structure of the SOCS protein family. The kinase inhibitory re-
gion (KIR) of SOCS1 and SOCS3 is indicated in red. SOCS-box containing proteins are also listed. The
alternative nomenclature for each SOCS protein is given in parentheses. CIS cytokine-induced SH2 protein,
JAB Janus kinase (JAK)-binding protein, NAP4 Nck, Ash and phospholipase-C binding protein, SH2 SRC-
homology 2, SOCS suppressor of cytokine signaling, SSI STAT-induced STAT inhibitor, WSB WD-40 re-
peats-SOCS-box, ASB ankyrin repeats-SOCS-box
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mouse ubiquitously expressing CIS1 showed similar phenotypes of STAT5-knockout,
such as growth retardation as well as suppression of mammary grand development and T-
cell proliferation (Matsumoto et al. 1999). The phenotype of CIS1 gene knockout mice
has not been published, but at least in C57BL/6 background, we observed significant de-
fects in T cells (unpublished observations). Therefore, CIS1 seems to be very important
for immunoregulation.

We and others recently cloned other CIS family members, SOCS1/JAB (JAK-binding
protein) which directly bind to the JAK2 tyrosine kinase domain and inhibit JAK tyrosine
kinase activity (Endo et al. 1997; Naka et al. 1997; Starr et al. 1997). At present, the SOCS
family contains eight members of related proteins that share a common modular organiza-
tion of an SH2 domain followed by a short motif called SOCS-box (Masuhara et al. 1997;
Hilton et al. 1998). Although there is sequence homology between all family members
(particularly in the SOCS box and SH2 domain), CIS and SOCS2, SOCS1 and SOCS3,
SOCS4 and SOCS5, and SOCS6 and SOCS7 have marked pair-wise homology across the
entire protein sequence (Fig. 1).

Both SOCS1 and SOCS3 inhibit JAK tyrosine kinase activity; SOCS1 directly binds to
the activation loop of JAKs through the SH2 domain, while SOCS3 binds to the cytokine
receptors (Fig. 2). These two molecules contain a similar kinase inhibitor region (KIR) at
the N-terminus that is essential for JAK inhibition (Yasukawa et al. 1999; Sasaki et al.
1999). We proposed that KIR interacts with the region close to the catalytic groove of the

Fig. 2 The molecular mechanism by which SOCS proteins negatively regulate cytokine signaling. Cytokine
stimulation activates the JAK-STAT pathway, leading to the induction of CIS, SOCS1, and/or SOCS3. CIS,
SOCS1, and SOCS3 appear to inhibit signaling by different mechanisms: SOCS1 binds to the JAKs and
inhibits catalytic activity, SOCS3 binds to JAK-proximal sites on cytokine receptors and inhibits JAK activ-
ity, and CIS blocks the binding of STATs to cytokine receptors
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JAK2 kinase domain, thereby preventing the access of substrates to the catalytic pocket.
SOCS3 has been shown to bind to Y757 of gp130, Y985 of the leptin receptor, as well as
to Y401 of the EPO receptor, some of which are the same binding sites for protein tyrosine
phosphatase 2 (SHP-2; Schmitz et al. 2000; Nicholson et al. 2000; Sasaki et al. 2000;
Hortner et al. 2002). As SHP2 can promote gp130 signaling through the activation of mi-
togen-activated protein kinases, it is possible that SOCS3 might suppress aspects of gp130
signaling also by competing with SHP2 for receptor binding.

Function of the SOCS-box

The conserved SOCS-box domain interacts with Elongins B and C/Cul2/Rbx-1 proteins
that form part of an E3 ubiquitin ligase complex (Kamura et al. 1998; Zhang et al. 1999)
that ubiquitinates and targets associated proteins (or SOCS proteins themselves) for degra-
dation. The Elongin BC complex was identified initially to be a positive regulator of RNA
polymerase II elongation factor Elongin A (Bradsher et al. 1993; Aso et al. 1995) and sub-
sequently as a component of the multiprotein von Hippel-Lindau disease (VHL) tumor-
suppressor complex (Duan et al. 1995). The VHL protein also contains a SOCS-box-like
motif and mediates ubiquitination and degradation of the HIF transcription factor that in-
teracts with the N-terminal region of VHL (Kibel et al. 1995). Therefore, like VHL, the
SOCS proteins seem to have a generic mechanism that targets these components for ubiq-
uity-mediated proteasome degradation. Indeed, the activation of JAKs and STATs can be
prolonged in the presence of proteasome inhibitors (Yu and Burakoff 1997; Verdier et al.
1988), and the interactions of CIS with the erythropoietin receptor (EPOR) and of SOCS1
with VAV and IRS-1, -2 seem to promote the proteasomal degradation of these proteins
(Verdier et al. 1988; De Sepulveda et al. 2000; Rui et al. 2002). Furthermore, we and oth-
ers reported that the expression of SOCS1 in cells that have been transformed by the
TEL–JAK2 fusion protein, an active form of JAK2 found in T-cell leukemias, suppresses
factor-dependent growth and tumorigenicity. Although SOCS1 inhibited the catalytic ac-
tivity of the fusion protein, full suppression relied on the SOCS-box-dependent ubiquitina-
tion of TEL–JAK2 (Kamizono et al. 2001; Frantsve et al. 2001). Endogenous JAK2 was
also shown to be ubiquitinated and degraded by SOCS1 in a SOCS-box-dependent manner
(Ungureanu et al. 2002). Although definitive proof that SOCS proteins direct ubiquitin-
mediated proteasomal degradation of associated proteins in a SOCS-box-dependent man-
ner in vivo is still lacking, recent data from mice that were genetically modified to lack
only the SOCS box of SOCS1 confirm that this domain is crucial for the complete in vivo
suppression of cytokine signaling (Zhang et al. 2001).

Related to the function of the SOCS-box, we have found that the transgenic (Tg) mice
expressing a mutant SOCS1 in the KIR region (F59D-JAB) exhibited a more potent
STAT3 activation and a more severe colitis than did wild-type littermates after treatment
with dextran sulfate sodium. We now find that there is a prolonged activation of JAKs and
STATs in response to a number of cytokines in T cells from Tg mice with lck promoter-
driven F59D-JAB (Hanada et al. 2001). We found that C-terminal SOCS-box played an
essential role in augmenting cytokine signaling by F59D-JAB. It has been reported that in-
teraction between the SOCS-box and the Elongin BC complex stabilizes SOCS1. F59D-
JAB induced destabilization of wild-type SOCS1, while overexpression of Elongin BC
canceled this effect. Levels of endogenous SOCS1 and SOCS3 in T cells from F59D-JAB
Tg-mouse were lower than in wild type mice. Therefore, we propose that F59D-JAB
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destabilizes wild-type, endogenous SOCSs by chelating the Elongin BC complex, thereby
sustaining JAK activation. In this case, SOCS-box is necessary for the protein stability of
SOCS molecules. Further study is necessary to define the function of the SOCS box.

STAT and inflammation

Aberrant expression of LIF/IL-6 family cytokines has been associated with autoimmune
disease, septic shock, and neoplasia (Hanada and Yoshimura 2002; Hirano et al. 1990).
Constitutive activation of STAT3 was often observed in chronic inflammation, probably
reflecting high levels of IL-6. We have shown constitutive phosphorylation STAT3 among
six STAT species in IBD and RA patients as well as experimental IBD and RA models in
mice. Elevated STAT1 activation is also observed in asthma patients’ epithelial cells
(Sampath et al. 1999). STAT4 transgenic mice also develop colitis (Wirtz et al. 1999), and
IL-12/STAT-4-driven Th1 responses have been shown to predominate in human Crohn’s
disease (Parrello et al. 2000). Therefore, STATs activation usually plays a positive role in
inflammation.

To assess the role of STAT3 in vivo more precisely, the STAT3 gene was disrupted in
a tissue- or cell-specific manner by the Cre-loxP recombination system. In STAT3-defi-
cient T cells, IL-6-induced T-cell proliferation was impaired due to the lack of IL-6-medi-
ated prevention of apoptosis (Takeda et al. 1998), which is consistent with the protective
effect of the anti-IL-6 receptor monoclonal antibody against T cell-mediated colitis and
inflammatory arthritis models (Yamamoto et al. 2000; Atreya et al. 2000). Usually, activa-
tion of STAT3 induces proliferation and antiapoptosis through induction of pim-1, c-myc,
cyclin-D, and Bcl-X (Shirogane et al. 1999). STAT3 also promotes hyperplasia in late
phase of inflammation because it promotes cell proliferation. We have shown that IL-6
produced in synoviocytes from RA patients functions as an autocrine growth factor. These
data suggest that activation of STAT3 participates in the development of inflammation
through hyperplasia of epithelial cells and fibroblasts and the survival of activated T cells.
STAT3 activation may also have a prominent role in promoting inflammation by enhanc-
ing inflammatory cytokine production from these cells.

However, STAT3 in macrophages apparently plays a protective role from inflamma-
tion. Takeda et al. showed that conditional knockout of STAT3 in macrophages and neu-
trophils resulted in chronic enterocolitis with age (Takeda et al. 1999). This is probably
due to the enhancement of the Th1 response by the block of anti-inflammatory cytokine
IL-10 signaling, which utilizes STAT3. Thus, STAT3 may play a role of protection from
tissue damage in acute inflammation or recovery of tissue injury (Tebbutt et al. 2002;
Hong et al. 2002). Thus, STAT3 seems to play positive and negative roles in inflamma-
tion, depending on tissues, cause, and phase. On the other hand, STAT1 promotes inflam-
mation by inducing apoptosis of tissues (Hong et al. 2002).

SOCS1 and inflammation

The study of SOCS1 knockout mice revealed that SOCS1 is essential for IFN-g signal sup-
pression and T-cell activation. Although SOCS1 KO mice are normal at birth, they exhibit
stunted growth and die within 3 weeks of age with a syndrome characterized by severe
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lymphopenia, activation of peripheral T cells, fatty degeneration and necrosis of the liver,
and macrophage infiltration of major organs (Naka et al. 1998; Starr et al. 1998). The neo-
natal defects exhibited by SOCS1`/` mice appear to occur primarily as a result of unbri-
dled IFN-g signaling, since SOCS1`/` mice that also lack the IFN-g gene do not die neona-
tally (Alexander et al. 1999; Marine et al. 1999). Constitutive activation of STAT1 as well
as constitutive expression of IFN-g-inducible genes was observed in SOCS1 KO mice. In
mice, SOCS1 is expressed predominately in T cells, but IFN-g induced SOCS1 in most
types of cells. SOCS1`/` mice that also lack the Rag2 gene and therefore lack functional
lymphocytes also survived (Marine et al. 1999). Furthermore, reconstitution of the lym-
phoid lineage of irradiated JAK3`/` mice with SOCS1`/` bone marrow recapitulated the
same fatal syndrome (Marine et al. 1999). These data strongly suggest that the excess
IFN-g is derived from the abnormally activated T cells in SOCS1`/` mice. Although neo-
natal or early adult disease was avoided by removing IFN-g, loss of SOCS1 significantly
shortened the lifespan of the mice. The major causes of premature death were the develop-
ment of polycystic kidneys, pneumonia, chronic skin ulcers, and chronic granulomas in
the gut and various other organs (Metcalf et al. 2002), while SOCS1`/`/IFN-g+/` mice de-
velop an autoimmune polymyositis about 160 days after birth (Metcalf et al. 2000).

Recently, Ernst et al. generated unique mice with a COOH-terminal truncated gp130-
STAT “knock-in” mutation which deleted all STAT-binding sites (Ernst et al. 2001). Un-
like mice with null mutations in any of the components in the gp130 signaling pathway,
gp130-STAT mice displayed gastrointestinal ulceration and a severe joint disease with
features of chronic synovitis, cartilaginous metaplasia, and degradation of the articular car-
tilage. They found that mitogenic hyperresponsiveness of synovial cells to the LIF/IL-6
family of cytokines was caused by sustained gp130-mediated SHP-2/ras/Erk activation
(Fig. 1) due to impaired STAT-mediated induction of SOCS1, which normally limits
gp130 signaling. These data strongly suggest that imparted SOCS1 induction in tissues is
susceptible to inflammation. However, little is known about the expression of SOCS-1 in
human chronic inflammatory diseases.

SOCS1 is also implicated in liver inflammation and hepatocarcinoma development.
SOCS1-deficient NK- and NKT cells were spontaneously activated and induce damage of
the liver (Naka et al. 2001). We found that SOCS`/+ mice showed stronger liver damage in
response to chemicals (T. Yoshida et al., unpublished data). Thus, reduced expression of
SOCS1 could be a risk for hepatitis and hepatoma. Expression of the SOCS1 gene has
been shown to be repressed by DNA methylation in hepatocarcinoma (Nagai et al. 2002;
Yoshikawa et al. 2001).

SOCS1 and SOCS3 are shown to be induced in concanavalin A (Con A)-induced, T cell-
mediated hepatitis (Hong et al. 2002). In this model, STAT1 induces expression of SOCS1,
resulting in the suppression of STAT3-controlled antiapoptotic signals. On the other hand,
IL-6 induced STAT3 activation, resulting in upregulation of SOCS3, which suppresses
STAT1-induced proapoptotic signals and therefore ameliorates liver injury. Thus, STAT1
and STAT3 in hepatocytes negatively regulate one another through the induction of SOCS.

SOCS3 and inflammation

SOCS3 knockout mice die during the embryonic stage of development either by dysregu-
lated fetal liver erythropoiesis or defects of placenta functions (Marine et al. 1999; Roberts
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et al. 2001). However, the physiological function of SOCS3 in adult tissues remains to be
determined. Many reports have indicated that SOCS3 is induced by various inflammatory
and anti-inflammatory cytokines such as IL-6, IL-12, IFN-g, and IL-10 and that it nega-
tively regulates those cytokine actions as well as STAT functions (Cassatella et al. 1999).
Moreover, SOCS3 has been shown to be induced by IL-1 and TNF-a, as well as LPS
(Boisclair et al. 2000; Bode et al. 1999). Thus, we examined the expression of SOCS3 in
human chronic inflammatory diseases such as IBD and RA. We found that SOCS3 was
highly expressed in epithelial and lamina propria cells in the colon of IBD model mice as
well as human UC and CD patients (Suzuki et al. 2001). In a DSS-induced mouse colitis
model, a time-course experiment indicated that STAT3 activation was 1 day ahead of
SOCS3 induction; STAT3 activation became apparent during days 3–5 and decreased
thereafter, while SOCS3 expression was induced at day 5 and maintained high levels
thereafter. High levels of SOCS3 expression were also observed in human RA but not in
OA patients (Shouda et al. 2001). In murine models of inflammatory synovitis, STAT3
phosphorylation preceded SOCS-3 expression, which is consistent with the idea that
SOCS-3 is part of a JAK/STAT negative-feedback loop (Zhang et al. 1999; Suzuki et al.
2001). Based on the evidence that forced expression of SOCS3 can inhibit IL-6-mediated
STAT3 activation, SOCS3, which is induced by STAT3 activation, acts as a negative-
feedback regulator of STAT3. These data raise the possibility that SOCS3 expression is
one, if not the only, mechanism that negatively regulates inflammatory reaction in colitis
and arthritis. Our current model of the role of STAT and SOCS in inflammation is shown
in Fig. 3.

Fig. 3 Current simple model of the roles of STAT1,3 and SOCS1,3 in inflammation. STAT1 promotes cell
apoptosis and growth inhibition, while STAT3 functions antiapoptosis and stimulates cell-proliferation.
Therefore STAT1 promotes tissue injury but suppresses tissue hyperplasia, while STAT3 is necessary for
the prevention of tissue damage but promotes hyperplasia. SOCS1 is mainly induced through STAT1 and
SOCS3 is induced by STAT3. They function for negative feedback as well as for cross-suppression of dif-
ferent STATs. Therefore, SOCSs can regulate inflammation differently, depending on cytokines and type
of inflammation. More complicatedly, STATs and SOCSs have different roles in effector cells (lympho-
cytes and macrophages)
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A mouse line of mutated gp130, in which the SHP-2/SOCS3 binding site was disrupted,
developed a rheumatoid arthritis (RA)-like joint disease with increased production of Th1-
type cytokines and Igs of the IgG2a and IgG2b classes (Atsumi et al. 2002). Therefore,
SOCS3 is also a key factor in the development of autoimmune disease.

SOCS and T-cell regulation

Apparently, SOCS1 is an important anti-inflammatory gene, judged from KO mice pheno-
type. Inflammation in SOCS1 KO mice is apparently dependent on T cells. SOCS1`/` T
cells as well as NKT are activated, and therefore injure their own tissues. Thus, SOCS1`/`

mice have some similarity to autoimmune diseases. However, the activation mechanism of
SOCS1`/` T cells has not been clarified. Naka et al. demonstrated that the major cause of
death of SOCS1`/` mice is liver injury induced by NKT cells (Naka et al. 2001). In this
case, SOCS1 also functions as a negative regulator of IL-4/STAT6 signaling. Recently,
another group showed that SOCS1 negatively regulates IL-12 (Eyles et al. 2002). There-
fore, SOCS1 plays an essential role in regulating cytokine signals in T cells, and is proba-
bly necessary for maintaining the anergic phenotype of T cells (McHugh et al. 2002).

Unlike wild-type splenocytes, which require both interleukin-2 (IL-2) and T-cell recep-
tor (TCR) ligation for significant proliferation in vitro, cells from SOCS1`/` spleens prolif-
erate strongly in response to IL-2 alone (Marine et al. 1999). Augmented proliferative re-
sponses of SOCS1`/` thymocytes to IL-4 have been observed (Naka et al. 2001), and mice
that lack both SOCS1 and STAT6, which mediates IL-4 signaling, have delayed onset of
mortality compared with mice that lack SOCS1 only, which indicates that IL-4 might con-
tribute to disease (Marine et al. 1999). A recent report has shown that IL-6 fails to block
IFN-g production and signaling in SOCS1`/` CD4+ T cells, which indicates a mechanism
by which SOCS1 might modulate the inhibition of T helper 1 (TH1) differentiation by
IL-6 (Diehl et al. 2000), and increased apoptotic responses of SOCS1`/` cells to TNF-a
have also been reported (Morita et al. 2000). SOCS1 can also interact with components of
the TCR and seems to be able to block TCR signaling (Matsuda et al. 2000). It is anticipat-
ed that roles for these and other signal-transduction systems in SOCS1`/` disease, as well
as other actions of SOCS1 in T-cell development, regulation, and immune responses will
continue to be actively pursued.

SOCS3 also modulates T-cell response. SOCS-3 is shown to inhibit transcription driven
by the IL-2 promoter in response to T-cell activation. This inhibitory activity correlates
with the suppression of calcineurin-dependent dephosphorylation and activation of the
IL-2 promoter binding transcription factor, NFATp, by binding and inhibiting the catalytic
subunit of calcineurin (Banerjee et al. 2002). SOCS3 is also implicated in Th2 develop-
ment. SOCS3 mRNA was selectively expressed in Th2 cells but not in Th1 cells (Eg-
wuagu et al. 2002). Therefore, SOCS3 may be involved in Th2-type diseases like allergy
and asthma. On the contrary, SOCS5 was predominantly expressed in Th1 cells (Seki et
al. 2002). We found that SOCS5 interacted with the cytoplasmic region of the IL-4 recep-
tor a chain irrespective of receptor tyrosine phosphorylation. This unconventional interac-
tion of SOCS5 protein with the IL-4 receptor resulted in the inhibition of IL-4-mediated
STAT6-6 activation. Therefore, the induced SOCS5 protein in a Th1 differentiation envi-
ronment may play an important role by regulating Th1 and Th2 balance.
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SOCS and TLR signaling

Bacterial lipopolysaccharide (LPS) triggers innate immune responses through Toll-like re-
ceptor (TLR) 4. Other bacterial pathogens, including CpG-DNA, activate TLR family re-
ceptors (see review Akira et al. 2001). Regulation of TLR signaling is a key step for in-
flammation, septic shock, and innate/adaptive immunity. SOCS1 and SOCS3 were found
to be induced by LPS or CpG-DNA stimulation in macrophages (Stoiber et al. 1999; Crep-
so et al. 2000; Dalpke et al. 2001). SOCS1 has been implicated in the hyporesponsiveness
to cytokines such as IFN-g after exposure of LPS to macrophages (Crespo et al. 2002). On
the other hand, we and others found that SOCS1-deficient mice were more sensitive to
LPS shock than wild-type littermates (Kinjyo et al. 2002; Nakagawa et al. 2002). SOCS1
is expressed in macrophages following LPS-stimulation. Nakagawa et al. showed that
SOCS1`/` mice (predisease onset), SOCS1+/` as well as IFN-g`/`SOCS1`/` mice were hy-
perresponsive to LPS, and were very sensitive to LPS-induced lethality. Macrophages
from these mice produced increased levels of the proinflammatory cytokines TNF-a and
IL-12 as well as nitric oxide (NO) in response to LPS. Importantly, LPS-tolerance was im-
paired in SOCS1`/` mice and SOCS1`/` macrophages. Overexpression of SOCS1 in mac-
rophage cell lines results in the suppression of LPS signaling, indicating that SOCS1 nega-
tively regulates not only the JAK/STAT pathway, but also the TLR-NF-kB pathway. We
also found that SOCS3 suppresses LPS-sensitivity in mice and macrophages. In this case,
IL-10 induced SOCS3, which probably inhibits the MyD88-dependent pathway. Thus,
SOCS3 is a long-sought effector molecule for anti-inflammatory effect of IL-10 (Naka-
gawa et al. 2002).

Clinical application of modulation of intracellular cytokine signaling by SOCS

TNF-a has been most extensively investigated as a target in the efforts to treat RA and
IBD. Anti-TNF-a mAbs markedly ameliorate joint involvement in the majority of patients
with RA (Berlato et al. 2002; Elliott et al. 1994a). Administration of TNF-a antibodies to
CD patients is also shown to be effective. Recently, anti-IL-6 receptor antibodies have
been successfully used as a therapy for RA patients (Elliott et al. 1994b). Anti-IL-6 recep-
tor antibodies were also demonstrated to ameliorate T cell-mediated IBD models in mice
(Wendling et al. 1993; Yoshizaki et al. 1998).

We recently provided evidence for abnormal cytokine signaling in an animal model of
inflammatory synovitis and reported on the utility of forced expression of SOCS3 by ade-
novirus gene transfer in ameliorating disease (Shouda et al. 2001). We found that SOCS3
transcripts are abundantly expressed in the synovial samples from RA patients, and we
noted that RA-derived synoviocytes transfected with a dominant negative form of STAT3
neither proliferated nor secreted IL-6 in response to serum, suggesting that STAT3 is re-
quired for the activation of synovial fibroblasts. In agreement with these results, we ob-
served that forced expression of SOCS3 inhibited both synovial fibroblast proliferation
and IL-6 production (Shouda et al. 2001).

Supported by these observations, we attempted to express ectopically either SOCS3 or
a dominant negative form of STAT3 (dnSTAT3) in two animal models of arthritis to sup-
press the induction of arthritis (Shouda et al. 2001). We injected an adenovirus construct
containing either SOCS3 or dnSTAT3 into the joints of mice susceptible to antigen-in-
duced arthritis and found that joint destruction was prevented in animals expressing either
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transgene. In the collagen-induced arthritis model, however, the SOCS-3 construct was at
all time points more effective than the dnSTAT3 virus in preventing joint damage, proba-
bly because SOCS3 can suppress not only STAT3 but also the ras/ERK pathway. In ani-
mals with established inflammatory synovitis, gene transfer of SOCS-3 was still helpful in
preventing the progression of joint damage.

Our study reinforces the idea that cytokines operating through gp130 are likely impor-
tant in activating RA synovial fibroblasts. Modulation of the gp130/JAK/STAT pathway
therefore represents a reasonable strategy for new anti-inflammatory drug development.
Specific JAK kinase inhibitors may have a therapeutic role in treating this and other disor-
ders of the immune system, especially if their toxicity does not preclude their use.

Conclusion

The signal transduction mechanisms of pro- and anti-inflammatory cytokines have recent-
ly been uncovered. We have also started to understand how cells regulate these cytokine
signal transduction pathways. Especially the negative-feedback circuit of cytokine signal-
ing has been clarified (Fig. 2). Evidence accumulated for the balance of positive and nega-
tive pathways is important for the development of inflammation. New therapeutic strate-
gies will emerge from this new knowledge.
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Abstract The phosphatidylinositol (PI)-3 kinase (PI3K) pathway plays a central role in
regulating many biological processes via the generation of the key second messenger PI-
3,4,5-trisphosphate (PI-3,4,5-P3). This membrane-associated phospholipid, which is rapid-
ly, albeit transiently, synthesized from PI-4,5-P2 by PI3K in response to a diverse array of
extracellular stimuli, attracts pleckstrin homology (PH) domain-containing proteins to
membranes to mediate its many effects. To ensure that the activation of this pathway is
appropriately suppressed/terminated, the ubiquitously expressed tumor suppressor PTEN
hydrolyzes PI-3,4,5-P3 back to PI-4,5-P2 while the 145-kDa hemopoietic-restricted SH2-
containing inositol 50-phosphatase, SHIP (also known as SHIP1), the 104-kDa stem cell-
restricted SHIP (sSHIP) and the more widely expressed 150-kDa SHIP2 hydrolyze PI-
3,4,5-P3 to PI-3,4-P2. In this review we will concentrate on the properties of the three
SHIPs, with special emphasis being placed on the role that SHIP plays in cytokine-induced
signaling.
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Introduction

It is now well established that the phosphatidylinositol (PI)-3 kinase (PI3K) pathway plays
a central role in regulating many cellular decisions. These include, depending on the cell
type, survival, adhesion, movement, proliferation, differentiation, and end cell activation
(Krystal 2000). A key second messenger in this pathway is the membrane-associated PI-
3,4,5-trisphosphate (PI-3,4,5-P3), which is present at low levels in unstimulated cells but is
rapidly synthesized from PI-4,5-P2 by PI3K in response to a diverse array of extracellular
stimuli. This transiently generated PI-3,4,5-P3 attracts pleckstrin homology (PH) domain-
containing proteins to the plasma membrane to mediate its effects (Rameh and Cantley
1999; Huber et al. 1999). To ensure that the activation of this pathway is appropriately
suppressed/terminated, the ubiquitously expressed tumor suppressor PTEN hydrolyzes PI-
3,4,5-P3 back to PI-4,5-P2 (Maehama and Dixon 1998; Stambolic et al. 1998) while the
145-kDa hemopoietic-restricted SH2-containing inositol 50-phosphatase, SHIP (also
known as SHIP1; Huber et al. 1999), the 104-kDa stem cell-restricted SHIP (sSHIP; Tu et
al. 2001) and the more widely expressed 150-kDa SHIP2 (Pesesse et al. 1997; Wisniewski
et al. 1999; Pesesse et al. 1998; Muraille et al. 1999) break it down to PI-3,4-P2 (Fig. 1A).
The fact that almost 50% of human cancers contain biallelic inactivating mutations of
PTEN (Cantley and Neel 1999) highlights the importance of these phospholipid phospha-
tases in preventing uncontrolled cell growth. In this review we concentrate on the proper-
ties of the three SHIPs, with special emphasis on the role that SHIP plays in cytokine-in-
duced signaling.

The properties of SHIP, sSHIP, and SHIP2

In 1996, we (Damen et al., Lioubin et al., and Kavanaugh et al.) independently cloned the
cDNA of a 145-kDa intracellular protein that became both tyrosine phosphorylated and
associated with the adaptor protein, Shc, after cytokine, growth factor, or immunoreceptor
stimulation of hemopoietic cells (Liu et al. 1994). Its predicted amino acid sequence re-
vealed an amino-terminal SH2 domain that binds preferentially to the sequence pY(Y/
D)X(L/I/V) (Osborne et al. 1996), a centrally located 50-phosphatase domain that selec-
tively hydrolyzes PI-3,4,5-P3, and inositol-1,3,4,5-tetrakisphosphate (IP4) in vitro (Damen
et al. 1996) and in vivo (Huber et al. 1999a; Valderrama-Carvajal et al. 2002), two NPXY
sequences that, when phosphorylated, bind the phosphotyrosine binding (PTB) domains of
Shc (Huber et al. 1999), Dok1 (Sattler et al. 2001), and Dok2 (Tamir et al. 2000), and a
critical proline rich C-terminus that binds a subset of SH3-containing proteins (Wisniew-
ski et al. 1999).

During murine development, SHIP is first detectable, by RT-PCR, in 7.5-day postcoitus
mouse embryos (coincident with and dependent upon the onset of hemopoiesis) and its
protein expression pattern in the embryo appears restricted to hemopoietic cells (Liu et al.
1998). In the adult mouse, SHIP protein expression is also restricted to hemopoietic cells
(and to spermatids; Liu et al. 1998). Also noteworthy is that SHIP protein expression ap-
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pears to vary considerably during hemopoiesis (Geier et al. 1997; Liu et al. 1998), increas-
ing substantially, for example, with T cell maturation (Liu et al. 1998) and showing a bi-
modal expression pattern during B cell development and a dramatic increase when resting
B cells are activated (Brauweiler et al. 2001). Complicating the situation, two alternate
splice forms of SHIP have been discovered and their expression levels also change during
hemopoiesis (Lucas and Rohrschneider 1999; Wolf et al. 2000). In addition, C-terminal
truncations of SHIP have been identified in nonionic detergent solubilized cell lysates that
may (Damen et al. 1998) or may not (Horn et al. 2001) exist in vivo.

Fig. 1 (A) The structures of SHIP, sSHIP, SHIP2 and PTEN. The numbers to the right of the proteins refer
to the total number of amino acids. (B) Expression of SHIP, sSHIP, PTEN and SHIP2 in SHIP+/+ and –/–
ES cells. Semiquantitative RT-PCR of lipid phosphatase expression by ES cells differentiating into embry-
oid bodies (EBs). RNA was isolated from SHIP+/+ and –/– ES cells growing in maintenance medium (m),
pre-differentiation medium (pd) or during differentiation into EBs by removal of LIF from their medium
for increasing lengths of time (shown in days). RT-PCR for each of the lipid phosphatases SHIP, sSHIP,
PTEN and SHIP2 were performed at limiting PCR cycles. These were compared to semiquantitative RT-
PCR of the housekeeping gene, b-actin, a a control. SHIP–/– ES cells do not express SHIP while SHIP+/+ ES
cells show SHIP expression 3 days after differentiation coinciding with the onset of hemopoiesis in the EBs
(3.5 days). SHIP–/– ES cells have increased levels of sSHIP expression in undifferentiated and differentiat-
ing EBs. As well, a higher level of expression of sSHIP is maintained throughout EB formation. SHIP2 and
PTEN expression levels are also slightly higher in differentiating SHIP–/– ES cells notably at 3 days after
differentiation when WT cells are beginning to express SHIP protein
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In addition to SHIP, there is a 104-kDa sSHIP that is only expressed in murine embry-
onic stem (ES) cells and hemopoietic stem cells (Tu et al. 2001). This sSHIP, which is the
murine homolog of the human SIP-110 cloned by Kavanaugh et al. in 1996, lacks the SH2
domain of full-length SHIP and is generated by transcription from a promoter within the
intron between exons 5 and 6 of the SHIP gene. It is replaced by full-length SHIP as he-
mopoietic progenitors differentiate and, because it lacks an SH2 domain, it is neither tyro-
sine phosphorylated nor associated with Shc following stimulation (Tu et al. 2001). How-
ever, it does bind constitutively to Grb2 and may be recruited via Grb2’s SH2 domain to
the plasma membrane in response to extracellular stimuli to regulate PI-3,4,5-P3 levels in
stem cells (Tu et al. 2001).

In addition to SHIP and sSHIP, there is a more widely expressed 150-kDa protein,
SHIP2, that is encoded by a separate gene. Its overall structure is similar to SHIP
(Fig. 1A) and, like SHIP and sSHIP, specifically hydrolyzes the 5-phosphate from PI-
3,4,5-P3 in vitro (Pesesse et al. 1998) and in vivo (Dyson et al. 2001) and may (Pesesse et
al. 1998) or may not (Wisniewski et al. 1999) hydrolyze IP4 as well. It also becomes tyro-
sine phosphorylated and associated with Shc in response to extracellular stimuli (Krystal
2000) and exists, like SHIP and sSHIP, in lower molecular weight forms (Wisniewski et
al. 1999). Interestingly, SHIP2’s proline-rich C-terminus (Pesesse et al. 1997) is very dif-
ferent from that of SHIP and, since we (Damen et al. 2001) and Aman et al. (2000) have
shown that SHIP’s C-terminus is essential for its translocation to the plasma membrane
following stimulation in bone marrow-derived mast cells (BMMCs) and B cells, respec-
tively, this could allow for some nonredundancy in the regulation of SHIP and SHIP2.
Consistent with this, Wisniewski et al. (1999) have reported that SHIP binds to the SH3
domains of Grb2 and Src, while SHIP2 binds to the SH3 domain of Abl but not to Grb2.
We have found as well that the C-terminal SH3 domain of Grb2, which we used originally
to purify SHIP (Damen et al. 1996), does not bind SHIP2 (T. Bàchse and G. Krystal, un-
published data). Also worthy of note is that both SHIP and SHIP2 are constitutively tyro-
sine phosphorylated and associated with Shc in chronic myelogenous leukemia (CML)
progenitor cells (Wisniewski et al. 1999) and that SHIP is reduced in both primary cells
from leukemic patients and following induced expression of BCR-ABL in Ba/F3 cells
(Sattler et al. 1997). In fact, Sattler et al. (1997) have shown that there is an inverse rela-
tionship between the expression of BCR-ABL and SHIP, suggesting that reduced SHIP ac-
tivity might be a prerequisite for the proliferative advantage of some chronic and acute
myelogenous leukemic clones. It is thus possible that SHIP and SHIP2 act as tumor sup-
pressors during myelopoiesis.

The phenotype of SHIP-deficient mice

In 1998, we generated a SHIP knockout (–/–) mouse in collaboration with Dr. K. Humph-
ries by replacing SHIP’s first exon with the neomycin resistance gene in the antisense ori-
entation (Helgason et al. 1998). Although these mice are viable, they have a shortened
lifespan and overproduce granulocytes and macrophages, suffer from progressive spleno-
megaly, extramedullary hemopoiesis, massive myeloid infiltration of the lungs (Helgason
et al. 1998), and osteoporosis (because of an increased number and bone resorbing activity
of their osteoclasts; Takeshita et al. 2002). Related to this, a subset of patients with famil-
ial Paget-like osteoporosis show a loss of heterozygosity at chromosome 2q36 (Hocking et
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al. 2001), the chromosomal location of human SHIP (Ware et al. 1996) and this could sug-
gest that the osteoporosis in these patients is due to a reduction in SHIP levels. Our SHIP`/`

phenotype, which has been subsequently confirmed by Liu et al. (1998), is reminiscent of
normal mice transplanted with bone marrow cells overexpressing granulocyte macrophage
colony stimulating factor (GM-CSF; Johnson et al. 1989) and may therefore suggest that
the SHIP`/` mouse pathology is due in large part to the hyperresponsiveness of granulo-
cyte/macrophage progenitors. Relevant to this, these SHIP`/` progenitors are substantially
more responsive to a number of cytokines and growth factors [e.g., GM-CSF, interleukin-
3 (IL-3), macrophage colony stimulating factor (M-CSF) and Steel Factor (SF)] than their
SHIP+/+ counterparts and, even in the absence of added growth factors, develop into small
colonies (Helgason et al. 1998). we found that SHIP`/` progenitors are substantially more
responsive to chemokines (Kim et al. 1999) as well. These findings are consistent with
SHIP being a negative regulator of myeloid cell proliferation/survival and chemotaxis.
SHIP`/` mice share many phenotypic characteristics with PTEN+/` mice (Fox et al. 2002)
as well, suggesting that it is the higher levels of PI-3,4,5-P3 in SHIP`/` mice that are pri-
marily responsible for its phenotype.

Interestingly, SHIP2 deficient mice possess a far more severe phenotype than that ob-
served with SHIP`/` mice and die perinatally from insulin hypersensitivity-induced hypo-
glycemia (Clement et al. 2001). This difference in severity is most likely because SHIP2
is expressed to some degree in hemopoietic cells (Muraille et al. 1999), while SHIP is not
expressed in nonhemopoietic tissues (Liu et al. 1998) and therefore cannot compensate for
the loss of SHIP2. In addition, as shown in Fig. 1B, sSHIP is still expressed in our SHIP`/`

ES cells and its expression is higher and more prolonged than in SHIP+/+ ES cells when
induced to differentiate (L.M. Sly and G. Krystal, unpublished data). Also, as can be seen
in Fig. 1B, SHIP2 and PTEN appear to be slightly upregulated in our SHIP`/` ES cells, at
least as assessed by semiquantitative RT-PCR.

The mechanism of action of SHIP

Since SHIP’s 5-phosphatase activity does not appear to change with extracellular stimula-
tion (Damen et al. 1996) or tyrosine phosphorylation (Phee et al. 2000), the current con-
sensus is that SHIP mediates its inhibitory effects by translocating to sites of synthesis of
PI-3,4,5-P3 (and perhaps IP4; Phee et al. 2000). To understand what regulates this translo-
cation we and others have been searching for SHIP binding partners that might play a role
in this process. In support of this approach we have found that lysates from SHIP`/`

BMMCs dramatically increase the affinity of recombinant SHIP for the tyrosine-phosphor-
ylated immunoreceptor tyrosine-based inhibition motif (pITIM) of the FcgRIIB in in vitro
assays (L.-P. Cao and G. Krystal, unpublished data). What has been found to date is that
SHIP associates, via its SH2 and NPXpYs, with the pY317 or 239 (Velazquez et al. 2000)
and PTB motifs of Shc, respectively, following stimulation of myeloid (Liu et al. 1997)
and B cell (Tridandapani et al. 1999) lines and via SHIP’s NPXpYs with Shc’s PTB do-
main in T cell receptor-activated T cells (Lamkin et al. 1997). We (Liu et al. 1997a) and
Sattler et al. (1997) have also found that SHIP binds, via its SH2 domain, with the tyrosine
phosphatase, SHP-2 (via the latter’s pY542 or 580). Moreover, kinetic studies suggest that,
following cytokine stimulation, SHIP/Shc complexes form first and are then replaced by
SHIP/SHP-2 complexes, and it is possible that SHP-2 is responsible for the subsequent de-
phosphorylation of SHIP (Liu et al. 1997a). SHIP also has been found to bind to certain
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adaptor proteins like the Doks (van Dijk et al. 2000; Dunant et al. 2000; Lemay et al.
2000) and Gabs (Koncz et al. 2001; Liu et al. 2001) and this may facilitate the inhibition
of Ras-mediated signaling (Ott et al. 2002) and the formation of larger complexes (Koncz
et al. 2001; Liu et al. 2001), respectively. We and others have also been exploring what
domains within SHIP are required for its translocation and have found that SHIP’s SH2
domain and its proline-rich C-terminus are both critical for SHIP’s tyrosine phosphoryla-
tion, its association with either Shc or SHP-2, its translocation to the plasma membrane,
and its biological effects (Liu et al. 1997; Damen et al. 2001; Aman et al. 2000).

To elucidate the role of SHIP’s binding partners in translocating SHIP to the plasma
membrane, Marchetto et al. (1999), overexpressed Shc and found it increased FLT3-in-
duced SHIP tyrosine phosphorylation in Ba/F3 cells expressing the FLT3R and limited
FLT3-dependent cell growth. Since we have strong evidence that the plasma membrane-
associated Src family of tyrosine kinases is responsible for phosphorylating SHIP, regard-
less of the extracellular stimulus (M.D. Ware and G. Krystal, manuscript submitted), this
suggests that Shc, because it regulates the tyrosine phosphorylation of SHIP, may be tak-
ing SHIP to the plasma membrane (Marchetto et al. 1999). More recently, Tridandapani et
al. (2002) reported that during phagocytic FcgR activation in human myeloid cells, over-
expressing a dominant negative mutant of Shc (where Y239,240 and 317 were replaced with
phenylalanines) inhibited SHIP’s tyrosine phosphorylation. In addition, Galandrini et al.
(2001) showed, by overexpressing either WT Shc or the SH2 domain of Shc (a dominant
negative form), that Shc is involved in bringing SHIP to CD16 to reduce CD16-induced
antibody-dependent cellular cytotoxicity (ADCC) of NK cells. Taken together, these re-
sults suggest that, at least in some cells and in response to some extracellular stimuli, Shc
is an important player in getting SHIP to the plasma membrane to hydrolyze PI-3,4,5-P3.

However, in IgE + antigen (Ag)-stimulated BMMCs, we found that SHIP was required
for Shc tyrosine phosphorylation, suggesting that in these cells and with this stimulus,
Shc cannot get to the plasma membrane without SHIP (Huber et al. 1998a). Consistent
with this model, Tridandapani et al. (1999) have good evidence that when the inhibitory
FcgRIIB is coclustered with the activated B cell receptor (BCR) in B cells that SHIP, via
its SH2 domain, first binds to the pITIM of FcgRIIB. This leads to the phosphorylation of
SHIP by Lyn on its NPXYs, which attracts Shc via its PTB domain. Shc in turn gets tyro-
sine phosphorylated by Lyn, which enables it to compete with the FcgRIIB for SHIP’s
SH2 domain and wrest SHIP away from the plasma membrane and back into the cytosol.

Adding another layer of complexity, Harmer and DeFranco (1999), using Grb2+/+

and `/` B cell lines, have concluded that Grb2, Shc, and SHIP form a ternary complex and
that Grb2 stabilizes the Shc/SHIP complex. Although we initially did not observe Grb2 in
SHIP/Shc complexes in myeloid cell lines (Liu et al. 1997), we have since found, by im-
munoprecipitating with a newly available anti-Grb2 antibody (Santa Cruz, cat # sc-255-G)
that SHIP does indeed associate constitutively via its C-terminus with Grb2 in these cells.
Since, as mentioned earlier, the C-terminus of SHIP is critical for its translocation, this
could mean that Grb2 plays a role in this process.

Worthy of note is that, at least in some cells, SHIP has been shown to bind to the cyto-
skeleton as well. For example, thrombin stimulation of human blood platelets, which ex-
press endogenous SHIP, leads to the tyrosine phosphorylation and translocation of SHIP
to the actin cytoskeleton, and this correlates with the accumulation of PI-3,4-P2 in these
cells (Giuriato et al. 1997). In addition, Dyson et al. (2001) have found, using a yeast two-
hybrid screen, that the SHIP-related protein, SHIP2, binds the actin-binding proteins fil-
amin A, B, and C and these filamins may be responsible for SHIP2 localizing to the actin
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cytoskeleton and regulating PI-3,4,5-P3 levels there. Similar actin binding proteins may be
involved in translocating SHIP to the cytoskeleton.

In terms of what SHIP binds to at the plasma membrane, it has been shown to be re-
cruited via its SH2 domain to certain pITIM-containing inhibitory coreceptors such as the
FcgRIIB or MAFA [to inhibit FceR1-induced degranulation of mast cells (Ono et al. 1996;
Ono et al. 1997; Vely et al. 1997; Tridandapani et al. 1997; Xu et al. 2001) and to certain
tyrosine-phosphorylated immunoreceptor tyrosine based activation motif (ITAM)-contain-
ing proteins, such as the b (Kimura et al. 1997) and g (Osborne et al. 1996) subunits of the
FceRI and the z chain of the T cell receptor (Osborne et al. 1996). However, we have been
unsuccessful in our attempts to demonstrate any in vivo association, via coprecipitation
studies with various detergents and buffers, between SHIP and the FceRI, c-kit, the IL-3R,
or the EpoR (M. Huber and G. Krystal, unpublished data). However, Tridandapani et al.
(2002) have recently reported that during phagocytic FcgR activation in human myeloid
cells, SHIP becomes tyrosine phosphorylated and can be coprecipitated with the native
ITAM-bearing FcgRIIa. In addition, SHIP may not always bind directly to an activated
cell surface receptor, but rather to a transmembrane protein that becomes tyrosine phos-
phorylated following activation of a receptor. For example, Mikhalap et al. (1999) have
reported that BCR activation leads to the tyrosine phosphorylation of an 80-kDa trans-
membrane protein, CD150 (also known as SLAM), which is highly expressed in activated
B, T, and dendritic cells, and this protein then binds SHIP. This results in SHIP becoming
tyrosine phosphorylated, most likely by the Src family members, Fgr and Lyn, which also
associate with the tyrosine-phosphorylated form of CD150. Of special interest, the gene
responsible for X-linked lymphoproliferative syndrome (XLP), which is characterized by
an uncontrolled B cell proliferation (Sayos et al. 1998; Nichols et al. 1998), encodes a 15-
kDa protein, SAP (also known as DSHP), consisting of a single SH2 domain highly ho-
mologous to the SH2 domain of SHIP (Nichols et al. 1998). Recent work suggests that
CD150 can bind SHIP, SHP-2, or WT SAP, and the presence of WT SAP, which is upreg-
ulated in B cells by CD40 crosslinking and downregulated by BCR ligation, facilitates
binding of SHIP to CD150. In its absence, SHP-2 binds CD150 (Shlapatska et al. 2001).
Thus, perhaps in the presence of mutant SAP, the mitogenic SHP-2, rather than the inhibi-
tory SHIP, binds to CD150 and this may account for the uncontrolled B cell proliferation.

As far as biological ramifications of SHIP are concerned, we have found that SHIP`/`

BMMCs are far more prone to degranulation in response to IgE+Ag and, unlike WT
BMMCs, degranulate vigorously in response to SF alone (Huber et al. 1998) or to IgE
alone (Huber et al. 1998a). We also found that the influx of extracellular calcium is sub-
stantially higher in SHIP`/` BMMCs exposed to either IgE alone, IgE+Ag (Huber et al.
1998a) or SF (Huber et al. 1998). In addition, IgE alone, IgE+Ag or SF increases PI-3,4,5-
P3 levels far higher and PI-3,4-P2 levels significantly less in SHIP`/` than in SHIP+/+

BMMCs (Huber et al. 1998; Huber et al. 1999; Scheid et al. 2002). This demonstrates that
SHIP and not SHIP2 is the primary enzyme responsible for hydrolyzing IgE- and SF-in-
duced PI-3,4,5-P3 in normal BMMCs and that a major source of PI-3,4-P2 in these cells is
from PI-3,4,5-P3. Importantly, we observe no detectable difference in the release of intra-
cellular calcium in SF- or IgE-stimulated SHIP+/+ and `/` BMMCs (i.e., in the presence of
EGTA), and thus hypothesize, like Bolland et al. (1998), that the elevated PI-3,4,5-P3 pres-
ent in SHIP`/` cells attracts and activates a PH-containing intermediate at a step between
the draining of intracellular calcium stores and extracellular calcium entry. Thus, SHIP ap-
pears to function as a “gatekeeper” in normal BMMCs by keeping PI3K-generated PI-
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3,4,5-P3 levels in check and this restricts extracellular calcium entry and subsequent de-
granulation. We also propose that SHIP regulates, via PI-3,4,5-P3 levels, the activation of
PDK1 and downstream PKC isoforms that play a role in the cytoskeletal changes impor-
tant to the degranulation process since many PKC isoforms are substantially elevated at
the plasma membrane following SF or IgE-stimulation of SHIP`/` BMMCs (Huber et al.
2000; Kalesnikoff et al. 2002a; Leitges et al. 2002). Related to this, Huber’s group has
shown recently that PKCd binds to Shc/SHIP complexes, via the SH2 domain of Shc, and
negatively regulates IgE+Ag-induced degranulation, perhaps by facilitating the transloca-
tion of SHIP to the plasma membrane (Leitges et al. 2002). Taken together, these results
reveal a vital role for SHIP in both setting the threshold for and limiting degranulation of
mast cells.

We have also found that IgE- or IgE+Ag-induced inflammatory cytokine production is
markedly elevated in SHIP`/` BMMCs and that this is, at least in part, via PI-3,4,5-P3-me-
diated activation of NFkB (Kalesnikoff et al. 2002). Related to this, Tridandapani et al.
(2002) have found, during phagocytic FcgR activation in human myeloid cells, that SHIP
downregulates NFkB-induced gene transcription. These studies indicate that SHIP is a po-
tent inhibitor of the NFkB pathway. In addition, we have strong evidence that IgE- or SF-
induced adherence to fibronectin is more rapid and occurs to a greater extent with SHIP`/`

than SHIP+/+ BMMCs (V. Lam et al., manuscript submitted). These results suggest that
SHIP negatively regulates not only degranulation, but cytokine production and adhesion
of mast cells as well.

While most SHIP-induced effects are likely mediated by its ability to break down PI-
3,4,5-P3 to PI-3,4-P2, there is growing evidence that SHIP may also hydrolyze IP4 in vivo,
at least in some cell types (Valderrama-Carvajal et al. 2002) and this could affect the lev-
els of the higher inositol polyphosphates. This in turn may affect protein synthesis levels
since it has recently been reported that IP6 plays an essential role in transporting mRNA
out of the nucleus for translation on ribosomes (Feng et al. 2001). Interestingly, there is
also growing evidence that PI-3,4-P2 may act as a second messenger in its own right in
some cells by attracting PH-containing proteins, such as the TAPPs (Marshall et al. 2002),
that are specifically attracted to this phospholipid (Rameh and Cantley 1999; Jones et al.
1999; Scheid et al. 2002). It is possible therefore that a PTEN knockout phenotype (which
leads to an elevation of both PI-3,4,5-P3 and PI-3,4-P2) may be qualitatively different from
a SHIP or SHIP2 knockout (which elevates PI-3,4,5-P3 but reduces PI-3,4-P2). In addition,
it is likely that SHIP functions as an adaptor under some circumstances. For example,
there is evidence that SHIP (and SHIP2) competes with Grb2 for Shc and thereby reduces
Ras activation in some cells (Coggeshall 1998; Ishihara et al. 1999). In addition, there is
evidence that during FcgRIIB-mediated inhibition of B cell activation, SHIP also reduces
Ras activity by recruiting the RasGAP-binding protein, p62Dok (Tamir et al. 2000). Lastly,
SHIP may also play an adaptor role in activating SHP-2 (Koncz et al. 2001).

The role of SHIP downstream of stimulatory cytokines

Although we will be focusing specifically on the role that SHIP plays downstream of stim-
ulatory cytokine receptors in this section, many studies have explored SHIP’s role down-
stream of growth factor receptors (e.g., those for SF, RANK, and M-CSF) and stimulatory
immunoreceptors (e.g., FceRI, BCR, FcgRI, and III) and the reader is directed to several
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articles and reviews regarding these other extracellular stimuli (Huber et al. 2000;
Brauweiler et al. 2000; Liu et al. 2001; Takeshita et al. 2002; Inabe et al. 2002).

Typically, in response to stimulatory cytokines, SHIP becomes tyrosine phosphorylated,
associates with Shc and other proteins, and restrains survival and proliferation. For exam-
ple, we originally showed that this occurred in response to IL-3 in Ba/F3 and DA-ER cells
(Liu et al. 1994; Damen et al. 1996; Liu et al. 1997). Subsequently, Drachman and
Kaushansky (1997) showed that thrombopoietin (TPO) stimulates SHIP tyrosine phos-
phorylation via Y112 of the TPO receptor (Mpl) in Mpl-expressing Ba/F3 cells. In addition,
G-CSF has been shown to stimulate the tyrosine phosphorylation and association of SHIP
with Shc in Ba/F3 cells via the distal inhibitory region of a transfected G-CSFR (de Kon-
ing et al. 1996; Hunter and Avalos 1998). The generation of a SHIP knockout mouse con-
firmed SHIP’s role as negative regulator of cytokine-stimulated proliferation and survival
since bone marrow-derived myeloid progenitors from SHIP`/` mice required far less IL-3
or GM-CSF to proliferate to the same degree as WT cells (Helgason et al. 1998). Consis-
tent with this finding, SHIP`/` mice overproduce mature neutrophils and monocyte/macro-
phages (Helgason et al. 1998).

However, somewhat ironically, given that we first became interested in SHIP because
it was tyrosine phosphorylated in response to erythropoietin (Epo) in Ba/F3 cells express-
ing exogenous Epo receptors (EpoRs; Liu et al. 1994), SHIP`/` mice do not suffer from
polycythemia and are in fact slightly anemic (Helgason et al. 1998; Liu et al. 1998). Con-
sistent with this phenotype, we (Fig. 2A; M.R. Hughes and G. Krystal, unpublished data)
and Mason et al. (2002) have found that splenic-derived SHIP`/` erythroid progenitors
show a similar or slightly reduced Epo dose response when compared to their SHIP+/+

counterparts. To investigate this further, we examined the SHIP protein expression in WT
mice as they differentiate down the erythroid lineage and found that late, Epo-responsive,
Ter119+ erythroid cells no longer express SHIP (Fig. 2B). Based on this finding, one might
expect a similar Epo-dose response for SHIP+/+ and `/` Ter119+ cells and the fact that we
often observe hyporesponsiveness with the SHIP`/` cells may be due, at least in part, to
the presence of negative feedback mechanisms that were upregulated at an earlier stage of
erythroid maturation. Consistent with this, it appears that SHIP`/` mice have upregulated a
number of negative feedback mechanisms in an attempt to counter the inflammatory ef-
fects brought on by their increased PI-3,4,5-P3 levels (Rauh et al. 2002). The slight anemia
may also be due to the fact that myelopoiesis is dramatically elevated in these mice and
has taken over the marrow and forced erythropoiesis to occur in the spleen and other extra-
medullary sites.

Although our SHIP expression studies suggest that SHIP is not expressed in late, Epo-
responsive murine erythroid progenitors, this may not be the case in humans (M.R.
Hughes and G. Krystal, unpublished data). Thus, studies exploring SHIP’s response to
Epo stimulation in various human cell lines may still be valid. With this in mind, it has
been shown in the human UT-7 cell line that Epo stimulates the tyrosine phosphorylation
of the 116-kDa adaptor, Gab1 (and its association with SHIP, PI3K, SHP-2, Shc, and
Grb2) and the EpoR-associated IRS-2 (and its association with SHIP and PI3K; Lecoq-
Lafon et al. 1999; Verdier et al. 1997). In addition, when Boer et al. (2001) overexpressed
WT or catalytically inactive SHIP in the Epo-dependent cell line AS-E2 ,they found, un-
expectedly, that the inactive but not the WT form decreased proliferation and resulted in
prolonged activation of Erk and PKB. However, when these cells were Epo deprived, they
saw increased, caspase 3-dependent apoptosis with WT-SHIP, as one might expect, but
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they found it was independent of its enzymatic activity (Boer et al. 2001). In addition, Sie-
gel et al. (1999) found that SHIP was not expressed in the BCR-ABL-expressing human
K562 erythroleukemic cell line and exogenous expression of WT, but not catalytically-in-
active, SHIP led to constitutive tyrosine phosphorylation and association with Shc and
Grb2 and inhibition of hemin-induced differentiation.

Interestingly, with regard to IL-3, reports by Velazquez et al. (2000) and by Bone and
Welham (2000) suggest that Shc, which requires its PTB domain for both its own tyrosine
phosphorylation and for its binding to the pY577 of the IL-3Rb chain, brings SHIP to the
IL-3R in response to IL-3 stimulation (see model in Fig. 3). Thus, it is very possible that
SHIP can be translocated to the plasma membrane by very different mechanisms, depend-
ing on the stimulus and cell type. So, for example, it may utilize its own SH2 domain to
take it to the FcgRIIB, MAFA, or the FceRI in mast cells, or use Shc’s PTB domain to take
it to the IL-3R in mast cells, or its SH2 domain to take it to CD16 in NK cells.

In terms of cytokine-induced downstream signaling events regulated by SHIP, we and
others have shown in BMMCs and B cells that SHIP curtails extracellular calcium entry
and subsequent plasma membrane localization/activation of both Ca++-dependent and PI-
3,4,5-P3/PDK1-dependent PKC isoforms (Huber et al. 2000; Chou et al. 1998; Huber et al.
1998; Aman et al. 2000; Kalesnikoff et al. 2002a; Leitges et al. 2002). This is relevant
since, as mentioned earlier, Huber’s group has shown that PKCd binds to Shc/SHIP com-
plexes and enhances the negative effects of SHIP following IgE+Ag stimulation of BMM-
Cs (Leitges et al. 2002). Although we typically do not observe an increase in PLCg or cy-

Fig. 2 (A) Erythroid progenitors from spleens of phenylhydrazine treated SHIP–/– mice are hypo-responsive
to Epo. Cells isolated from the spleens of phenylhydrazine-treated mice were treated with ammonium chlo-
ride to remove mature red blood cells and reticulocytes and enriched for erythroid progenitors using a Stem-
Sep� column (anti-Ly-1, anti-B220, anti-Gr-1, and anti-Mac-1). The Epo-induced proliferative response of
these cells [h SHIP+/+ (87% Ter119+) and 4 SHIP–/– (86% Ter119+)] was assessed using a 3H-thymidine
proliferation assay and the results shown (mean€SEM of duplicate determinations) are representative of 3
experiments. (B) Ter119+ erythroid progenitors from WT mice do not express SHIP protein. FACS profile
of cells isolated from the spleens of phenylhydrazine-treated SHIP+/+ or SHIP–/– mice. Ammonium chloride
treated cells were fixed, permeabilized and labeled either with affinity-purified anti-SHIP rabbit polyclonal
antibody followed by a PE-coupled anti-rabbit secondary antibody (SHIP, lower left and right panels) or
with the PE-coupled anti-rabbit secondary antibody alone (control, upper left and right panels). The same
cells were simultaneously labeled with FITC-coupled anti-Ter119 antibody (all 4 panels)
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tosolic calcium following IL-3 stimulation of single cell suspensions of BMMCs (M. Hu-
ber and G. Krystal, unpublished data), the calcium-independent (but DAG-dependent)
PKCd might still play a role here via phospholipase D-generated DAG or via PDK1. Last-
ly, with regard to IL-3, Liu et al. (1999) showed that IL-3 stimulation of SHIP`/` neutro-
phils or BMMCs leads to increased and prolonged PI-3,4,5-P3 levels and PKB activation
and reduced apoptosis following cytokine removal.

Also worthy of note is that while SHIP is typically thought of as a negative regulator of
proliferation/survival and end cell activation, Giallourakis et al. (2000) reported that it
may play a positive role in IL-4-induced proliferation. Specifically, they found that over-
expressing WT SHIP was hyperproliferative in 32D cells expressing IRS-2 while catalyti-
cally inactive SHIP showed reduced proliferation in response to IL-4. However, a more
recent paper from the same group (Kashiwada et al. 2001) is somewhat at odds with this
finding since they found an ITIM in the IL4Ra chain that binds SHIP and removal of this
ITIM also leads to a more rapid proliferation.

The role of SHIP downstream of inhibitory cytokines

Although we will be concentrating on the role of SHIP downstream of negatively acting
cytokines in this section, there are a number of excellent articles and reviews dealing with
the role of SHIP downstream of other inhibitory receptors (Coggeshall 1998; Scharenberg
and Kinet 1998; Bolland et al. 1998).

Fig. 3 A Model of IL-3-induced translocation of SHIP to the plasma membrane of mast cells [based in part
on studies by Velazquez et al. (2000) and Bone and Welham (2000)]. (1) IL-3 stimulates the Jak2-mediated
tyrosine phosphorylation of the bIL-3 subunit of the IL-3R at Y577. (2) This attracts Shc via its PTB domain.
(3) Shc then gets tyrosine phosphorylated by Lyn or Jak2, primarily at Y239 and 317 and (4) this attracts SHIP
via its SH2 domain. It is likely, as first suggested by Harmer and DeFranco (1999) for B cell activation, that
both Shc and Grb2 facillitate the localization of SHIP to the plasma membrane in response to IL-3
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IL-10 is a key negative regulator of macrophage activation and tumor necrosis factor
(TNF)-a production (Moore et al. 2001). It is thought to act by heterodimerizing the IL-
10R1 and R2 receptor chains and thus enabling the associated Jak1 and Tyk2 to phospho-
rylate the IL-10R1 on two tyrosines. This creates docking sites for Stat3, which then be-
comes phosphorylated and translocates as a dimer into the nucleus to turn on inhibitory
genes like p19INK4D (O’Farrell et al. 2000). However, this relatively slow process does not
explain the rapid IL-10-induced inhibition of TNF-a production in LPS-stimulated macro-
phages, and Mui’s group has just shown that SHIP is tyrosine phosphorylated in response
to IL-10 and plays an essential role in halting TNF-a translation by uncoupling TNF-a
mRNA from polysomes and thus stopping its translation (A. Ghanipour et al., manuscript
submitted).

Although not strictly members of the cytokine receptor superfamily, it is also worthy of
note that death receptors of the TNF/NGF family induce apoptosis at least in part via at-
traction of SHIP, SHP-1, and SHP-2 to phosphorylated tyrosines within the death domains
of these receptors (Daigle et al. 2002). In addition, transforming growth factor (TGF)-b
and activin, which are potent inhibitors of hemopoietic cell proliferation and survival,
have been shown very recently to exert their effects, at least in part, by upregulating SHIP
protein expression (Valderrama-Carvajal et al. 2002). Interestingly, this TGF-b/activin-in-
duced upregulation appears to be limited to SHIP since we have not seen any effects on
SHIP2 or PTEN levels (L.M. Sly and G. Krystal, unpublished data) and Valderrana-Carva-
jal et al. (2002) reported no effect on PTEN expression as well. Interestingly, in this re-
gard, Bruyns et al. (1999) reported that while both SHIP and SHIP2 are expressed in hu-
man T lymphocytes, only SHIP2 protein levels are increased after long term stimulation
of the T cell receptor. In addition, insulin resistance of diabetic db/db mice appears to be
associated with an increase in SHIP2 levels in the skeletal muscle and fat tissue of these
mice (Hori et al. 2002). Thus, from these studies it appears that one way for SHIP and
SHIP2 to respond to extracellular stimuli is to increase their protein levels. In addition, it
was recently reported that high PI-3,4,5-P3 levels lead to PKC-mediated phosphorylation
and stabilization of PTEN (Birle et al. 2002). Thus, all three phospholipid phosphatases
may feedback inhibit an elevated PI3K pathway, in part, by simply increasing their protein
levels.

Future directions

There are still a great many questions to be answered before we can say we have even a
rudimentary grasp of how SHIP regulates cytokine-stimulated events. For example, we do
not know the role that SHIP’s tyrosine phosphorylation plays in its translocation and func-
tion(s). In this regard, our studies with a mutant SHIP in which both its NPXYs have been
replaced with NPXFs suggest that there are tyrosines in addition to these two that are
heavily phosphorylated in response to extracellular stimulation (Damen et al. 2001). Relat-
ed to this, we do not know the role of the various SHIP-associated proteins in translocating
SHIP to the plasma membrane (and cytoskeleton) and whether the presence of SHIP af-
fects the functions of these associated proteins. For example, does the ability of SHIP and
sSHIP, but not SHIP2, to bind Grb2 and the ability of SHIP and SHIP2, but not sSHIP, to
bind Shc confer nonredundant response capabilities? We also have no idea what the roles
of the various SHIP isoforms are and we have not identified with certainty the plasma
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membrane-associated proteins that attract the various SHIPs. Moreover, it would be very
interesting to know the transcription factors that regulate the expression of sSHIP and
SHIP, and what regulates the relative levels of the various SHIP isoforms. We are also un-
clear about the role SHIP plays in regulating IP4 in vivo in different hemopoietic cells and,
in cases where it does, what effect this has on the levels and functions of the higher inosi-
tol polyphosphates. Another big question is how extensive a role does SHIP play as an
adaptor molecule with regard to the Doks and other molecules. Lastly, in terms of future
directions, there is a lot of therapeutic potential in designing small molecular activators
and inhibitors of SHIP for the treatment of inflammatory disorders, cancers, and transplan-
tation rejection and we foresee a concerted effort in the near future in this direction.
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