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ABSTRACT The four members of the recently identified
suppressor of cytokines signaling family (SOCS-1, SOCS-2,
SOCS-3, and CIS, where CIS is cytokine-inducible SH2-
containing protein) appear, by various means, to negatively
regulate cytokine signal transduction. Structurally, the SOCS
proteins are composed of an N-terminal region of variable
length and amino acid composition, a central SH2 domain,
and a previously unrecognized C-terminal motif that we have
called the SOCS box. By using the SOCS box amino acid
sequence consensus, we have searched DNA databases and
have identified a further 16 proteins that contain this motif.
These proteins fall into five classes based on the protein motifs
found N-terminal of the SOCS box. In addition to four new
SOCS proteins (SOCS-4 to SOCS-7) containing an SH2
domain and a SOCS box, we describe three new families of
proteins that contain either WD-40 repeats (WSB-1 and -2),
SPRY domains (SSB-1 to -3) or ankyrin repeats (ASB-1 to -3)
N-terminal of the SOCS box. In addition, we show that a class
of small GTPases also contains a SOCS box. The expression
of representative members of each class of proteins differs
markedly, as does the regulation of expression by cytokines.
The function of the WSB, SSB, and ASB protein families
remains to be determined.

Cytokines act by binding to and inducing dimerization of
members of the hemopoietin receptor family expressed on
the surface of responsive cells (1). Although the cytoplasmic
proteins that then transduce the signal are relatively well-
defined and include the Janus kinase (JAK) family of kinases
and signal transducers and activators of transcription
(STAT) transcription factors (2, 3), the proteins involved in
limiting signal transduction are not well characterized.

The four known members of the suppressor of cytokine
signaling (SOCS) family (CIS, SOCS-1/SSI-1/JAB-1,
SOCS-2, and SOCS-3, where CIS is cytokine-inducible SH2-
containing protein) represent a family of negative regulators of
cytokine signal transduction (4-9). The SOCS proteins appear
to form part of a classical negative feedback loop that regulates
cytokine signal transduction. Transcription of each of the
SOCS genes occurs rapidly in vitro and in vivo in response to
cytokines, and once produced, the various members of the
SOCS family appear to inhibit signaling in different ways. For
SOCS-1, inhibition of signal transduction appears to occur by
binding to and inhibiting the catalytic activity of members of
the JAK family of cytoplasmic kinases (4-6), while CIS
appears to act by competing with signaling molecules such as
the STAT: for binding to phosphorylated receptor cytoplasmic
domains (7, 9).
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The SOCS proteins share structural similarities. Each has an
N-terminal region of variable length and highly variable amino
acid sequence, a central SH2 domain, and a striking region of
C-terminal homology that we designated the SOCS box (4).
Given the sequence similarity evident in the SOCS box of the
four SOCS proteins and its conserved position at the C
terminus of each protein, it seems likely that this domain has
a conserved and important function. To date, however, the
role of each part of the protein in inhibiting signal transduction
is far from clear, although regions in addition to the SH2
domain appear to be required (5).

We sought to determine whether any other proteins
contain a C-terminal SOCS box. To identify such proteins,
we have searched various DNA databases with a SOCS box
consensus sequence and have found expressed sequence tags
encoding 20 proteins that contain this motif, including the
four previously described SOCS protein. Although one class,
now composed of 8 proteins (CIS and SOCS-1 to SOCS-7),
has a central SH2 domain, others contain WD-40 repeats, a
SPRY domain, ankyrin repeats, or a GTPase domain. We
have named these new protein families WD-40-repeat-
containing proteins with a SOCS box (WSB-1 and WSB-2),
SPRY domain-containing proteins with a SOCS box (SSB-1
to SSB-3), or ankyrin-repeat-containing proteins with a
SOCS box (ASB-1 to ASB-3).

MATERIALS AND METHODS

Database Searches. The National Center for Biotechnol-
ogy Information genetic sequence database (GenBank),
which encompasses the major database of expressed se-
quence tags (ESTs) and The Institute of Genetic Research
database of human ESTs were searched for sequences with
similarity to a consensus SOCS box sequence by using the
TFASTA and MOTIF/PATTERN algorithms (10, 11). By using
the software package SRS (12), ESTs that exhibited simi-
larity to the SOCS box (and their partners derived from
sequencing the other end of cDNAs) were retrieved and
assembled into contigs by using AUTOASSEMBLER (Applied
Biosystems). Consensus nucleotide sequences derived from
overlapping ESTs were then used to search the various
databases with BLASTN (13). Again, positive ESTs were
retrieved and added to the contig. This process was repeated
until no additional ESTs could be recovered. Final consensus
nucleotide sequences were then translated by using SE-

Abbreviations: ASB, ankyrin-repeat-containing protein with a SOCS
box; CIS, cytokine-inducible SH2-containing protein; EST, expressed
sequence tag; JAK, Janus kinase; STAT, signal transducer and acti-
vator of transcription; SOCS, suppressor of cytokine signaling; WSB,
WD-40-repeat-containing protein with a SOCS box; SSB, SPRY
domain-containing protein with a SOCS box.
Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. AF033186-8).
*To whom reprint requests should be addressed at: The Walter and
Eliza Hall Institute of Medical Research, P.O. Royal Melbourne
Hospital, Victoria, 3050, Australia. e-mail; hilton@wehi.edu.au.
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QUENCE NAVIGATOR (Applied Biosystems). A summary of
the ESTs encoding SOCS-4 to SOCS-7, WSB-1 and WSB-2,
SSB-1 to SSB-3, and ASB-1 to ASB-3 can be found at
http://www.wehi.edu.au./SOCS.

c¢DNA Cloning. On the basis of the consensus sequences
derived from overlapping ESTs, oligonucleotides were de-
signed that were specific for various members of the SOCS
family. As described, oligonucleotides were labeled and used to
screen commercially available genomic and ¢cDNA libraries
cloned into A bacteriophage (4). Genomic and/or cDNA
clones covering the entire coding region of mouse SOCS-5
(GenBank accession no. AF033187), mouse WSB-1 (GenBank
accession no. AF033186), and mouse WSB-2 (GenBank ac-
cession no. AF033188) have been isolated. The entire gene for
SSB-2 is present on the human 12pl3 bacterial artificial
chromosome (ref 14; GenBank accession no. HSU47924) and
the mouse chromosome 6 bacterial artificial chromosome
(GenBank accession no. AC002393). Partial cDNAs for mouse
SOCS-4, SOCS-6, SOCS-7, SSB-1, ASB-1, and ASB-2 have
also been isolated.

Northern Blots. Mice were injected with interleukin 6 (IL-6)
and their livers were removed as described (4). Northern blots of
were performed as described (4). The hybridization probes used
were (i) the entire coding region of the mouse SOCS-1 cDNA, (ii)
a 1,058-bp PCR product derived from the coding region of
SOCS-4 upstream of the SH2 domain, (iii) the entire coding
region of the mouse WSB-2 cDNA, (iv) a 790-bp PCR product
derived from the coding region of a partial ASB-1 cDNA, and (v)
a 1,200-bp PstI fragment of the chicken glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) cDNA.

RESULTS

Four members of the SOCS protein family have been previ-
ously identified. These are SOCS-1, SOCS-2, SOCS-3, and CIS
(4-9). Each contains a poorly conserved N-terminal region, a
central SH2 domain, and a previously unrecognized protein
motif at the C terminus that we have named the SOCS box (4).
To isolate further members of this protein family, we searched
various DNA databases with the amino acid sequence corre-
sponding to conserved residues of the SOCS box. This search
proved to be particularly fruitful, because it revealed the
presence of human and mouse ESTs encoding 16 additional
proteins, each with a SOCS box at the C terminus (Fig. 1.4 and
H). The SOCS box found in these proteins occurred close to
the C-terminal end of each protein and was composed of two
blocks of well-conserved residues separated by between 2 and
10 nonconserved residues.

By using the sequence information derived from ESTs,
cDNAs encoding all or part of these new proteins were isolated
(Fig. 1 A-H). Further analysis of contigs derived from ESTs
and cDNAs revealed that these proteins could be placed into
five structural groups. The five groups are the seven SOCS
proteins and CIS that have an SH2 domain (15) N-terminal of
the SOCS box, three new classes of proteins—those with
WD-40 repeats (16) N-terminal of the SOCS box (WSB
proteins), those with SPRY domains (17) N-terminal of the
SOCS box (SSB proteins), and those with ankyrin repeats (18)
N-terminal of the SOCS box (ASB proteins; Fig. 1 A-H) in
addition to two small GTPases, rar and ras-like GTPase, which
also contain a SOCS box (19) and two ESTs of unknown
structural class.

In total, eight SOCS proteins have now been identified.
These are the previously described CIS, SOCS-1 (SOCS-1/
SSI-1/JAB-1), SOCS-2 (SOCS-2/SSI-2), and SOCS-3 (SOCS-
3/SSI-3), in addition to four novel members of this family,
SOCS-4 to SOCS-7 (Fig. 1 A-C, G, and H and refs. 4-9). To
date we have isolated full-length cDNAs of mouse SOCS-6 and
have partial clones encoding mouse SOCS-4, SOCS-5, and
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SOCS-7. The human homologue of SOCS-6 was also recently
identified by Yoshimura and colleagues and was given the
name CIS4 (GenBank accession no. AB006968). Interestingly,
a partial cDNA clone of human SOCS-7 was also recently
described on the basis of its ability to interact with the adaptor
molecules Nck and Ash and with phospholipase C-vy. (ref. 20
and GenBank accession no. AB005216).

Analysis of primary amino acid sequence and genomic
structure suggested that pairs of these proteins (CIS and
SOCS-2, SOCS-1 and SOCS-3, SOCS-4 and SOCS-5, and
SOCS-6 and SOCS-7) are more closely related to each other
than to other SOCS proteins (Fig. 1 B, C, F, and G). Indeed,
the SH2 domains of SOCS-4 and SOCS-7 are almost identical
(Fig. 1C), and compared with the first four SOCS proteins
described, SOCS-4, SOCS-5, SOCS-6, and SOCS-7 have an
extensive, though less well conserved, N-terminal region pre-
ceding their SH2 domains (Fig. 1B). Analysis of the sequence
of N-terminal regions of these proteins did not reveal any
recognizable motifs.

Two proteins with WD-40 repeats N-terminal of a SOCS box
were identified and termed WSB-1 and WSB-2. As with the
SOCS proteins, pairs of the WSB proteins appear to be closely
related. Full-length cDNAs of mouse WSB-1 and WSB-2 were
isolated and shown to encode proteins containing eight WD-40
repeats (Fig. 14, B, D, G, and H). WSB-1 and WSB-2 share 65%
amino acid similarity.

Three proteins have been found with a SPRY domain
N-terminal of a SOCS box and termed SSB-1 to SSB-3.
Although only partial sequence of SSB-1 and SSB-3 could be
obtained from ESTs, the entire SSB-2 gene was recognized as
an ORF during sequencing of bacterial artificial chromosomes
from human chromosome 12p13 and the syntenic region of
mouse chromosome 6 (9). SSB-2 is encoded by a gene that lies
within a few hundred base pairs of the 3’ end of the triose
phosphate isomerase (TPI) gene but that is encoded on the
opposite strand to TPI (9). SSB-2 appears most closely related
to SSB-1, a family member for which we have isolated only
partial cDNAs (Fig. 1 4, B, D, F, and H).

Three mammalian proteins with multiple ankyrin repeats
N-terminal of a SOCS box were identified and named ASB-1
to ASB-3 (Fig. 1 A and E-H). Although full-length cDNAs
encoding these proteins have yet to be isolated, analysis of the
sequence of gene M60-7 of the Caenorhabditis elegans cosmid
M60 (GenBank accession no. CELM60) revealed that it
encodes a full-length ASB gene (see also ref. 19).

To determine the expression pattern of SOCS, WSB, and ASB
proteins, we examined the expression of mRNA for representa-
tive members of the SOCS, WSB, and ASB protein families. As
shown (ref. 4 and Fig. 2), Northern blot analysis revealed a single
abundant 1.4-kb species of SOCS-1 mRNA in the thymus, with
lower levels in several other adult tissues. In contrast, SOCS-5
expression was more widespread and evident as two mRNA
species of 3.5 and 4.5 kb, the relative abundances of which varied
between tissues (Fig. 2). Comparatively high levels of a 2.0-kb
WSB-2 transcript were observed in all tissues examined, but
ASB-1 mRNA was less abundant, with a 5-kb species restricted
primarily to the brain, spleen, bone shaft, and bone marrow (Fig.
2). During embryonic development, expression of SOCS-1,
SOCS-5, and WSB-2 was clearly evident in Northern blots of
RNA extracted from mid- to late gestation embryos and yolk sac
(Fig. 2). At similar autoradiographic exposure times, ASB-1
expression was not detected in embryonic tissues (Fig. 2), al-
though extended exposures did suggest some low-level expression
of ASB-1 mRNA during this embryonic period.

Because transcription of the SOCS-1 gene is induced by IL-6
(4), we sought to determine whether levels of mRNA encoding
other SOCS box-containing proteins also increased upon
cytokine stimulation. In the livers of mice injected with IL-6,
SOCS-1 mRNA was detectable after 15 min and decreased to
background levels within 4 hr (ref. 4 and Fig. 3). A similar
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The negative regulator of signal transduction SOCS-1 was

cloned independently by three groups in three very different
tion (4), in a yeast two-hybrid screen to find proteins that

interacted with JAK2 (5), and on the basis of antigenic
relatives of SOCS-1, also appear to inhibit signal transduction
(refs. 7 and 9 and R.S. and D.M., unpublished observations).
To identify other members of this protein family, we searched
additional members of the SOCS protein family, SOCS-4 to

ways: functionally by its ability to inhibit IL-6 signal transduc-
similarity to STAT3 (6). SOCS-2, SOCS-3, and CIS, close
the DNA databases for cDNAs encoding proteins containing
a C-terminal SOCS box. With this strategy, we discovered four
SOCS-7. Furthermore, we describe four other classes of pro-
teins that also contain a SOCS box. Unlike the eight SOCSs
proteins that contain an SH2 domain, these classes of proteins

(Figure continues on the opposite page.)

WSB-2 mRNA

FiG. 1.

H

DISCUSSION

induction has been observed with SOCS-2, SOCS-3, and CIS
Negative feedback is likely to be important in regulating signal

mRNA (4). SOCS-5 mRNA expression also appeared to be
induced in the liver after IL-6 injection; however, the kinetics
of appearance differed from that observed for mRNA for the
other SOCS proteins, only being detectable 8—12 hr after IL-6
appeared to be present constitutively in the liver, with little
evidence of regulation by IL-6 (Fig. 3). ASB-1 mRNA was not
detected in the liver either before or after injection of IL-6
(Fig. 3).

transduction elicited by a wide variety of extracellular signals.

injection (Fig. 3). Consistent with Fig. 2
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and ankyrin repeats
-6 and SOCS-7 were

>

example, been shown to interact with pleckstrin homology
domains of kinases, such as B-adrenergic receptor kinase (19).

Ankyrin repeats and SPRY domains have also been found in
many proteins and, like WD-40 repeats, have been implicated

WD-40 repeats of the B subunit of certain G proteins have, for
in protein—protein interactions (17, 18).

transduction (16). Although the function of WD-40 repeats is
not clear, they appear to form a B-propeller-like structure and are
speculated to be involved in protein—protein interactions. The

Comparison of the amino acid sequence of the SOCS proteins. (4) Schematic representation of the structures of SOCS, WSB, SSB, ASB,

and GTPase proteins. Green bars indicate SH2 domains, blue bars indicate WD-40 repeats, pink bars indicate ankyrin repeats, apricot bars indicate SPRY
domains, magenta bars indicate GTPase domains, and yellow bars represent the SOCS box. The shaded bars represent additional less well conserved parts
of the proteins. (B) Alignment of N-terminal regions of SOCS, WSB, SSB, and ASB proteins. (C) Alignment of the SH2 domains of CIS and SOCS-1

to SOCS-7. (D) Alignment of the WD-40 repeats of WSB-1, 2. (E) Alignment of the SPRY domains of SSB-1 to SSB-3. (F) Alignment of the ankyrin

WD-40 repeats were originally recognized in the 8 subunit
of G proteins and have since been described in a wide variety

Fic. 1.
repeats of ASB-1 to ASB-3. (G) Alignment of the regions between SH2, WD-40, or ankyrin repeats and the SOCS box. (H) Alignment of the SOCS box

of the SOCS, WSB, SSB, ASB, and GTPases. X, residues of uncertain identity; ®, beginning and end of contigs. Amino acid sequence obtained by
conceptual translation of ESTSs is approximate only. Residues conserved among 75% or more of the proteins in a given alignment, defined as LIVMA,

FYW, DE, QN, CST, KRH, and PG are shaded green in the SH2 domain, blue in the WD-40 repeats, pink in the ankyrin repeats, apricot in the SPRY

domain, yellow in the SOCS box, and grey elsewhere in the protein. Alignment of SH2 domains, WD-40 repeats, SPRY domains

has been carried out with reference to previous descriptions of these protein motifs (15-17, 19). The sequences for human SOCS
obtained from the following GenBank entries describing CIS4 and and Nck/Ash binding protein (GenBank accession nos. AB006968 and AB005216).

contain either WD-40 motifs (WSB proteins), a SPRY domain

(SSB proteins), ankyrin repeats (ASB proteins), or a GTPase
protein, with no proteins in the database found with an

N-terminal or central SOCS box.
of cytoplasmic proteins, many of which are involved in signal

domain N-terminal of the SOCS box (Fig. 1). In every case, the
SOCS box is located close to or at the C-terminal end of the
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Fi1G. 2. Northern blot analysis of mRNA expression of mouse
SOCS-1, SOCS-5, WSB-2, and ASB-1 in normal adult mouse tissues
and in mouse embryos. Northern blot analysis of poly(A)* mRNA
extracted from a range of adult mouse tissues (Left) and mouse
embryos and yolk sac (Right) as described (4). Sal. Gland, salivary
gland; MLN, mesenteric lymph node; E9-E18, embryos from the 9th
through to the 18th day of gestation; P1, 1 day after birth. Size markers
in kilobases (kb) are shown to the left of the figure, and the identity
of probes is shown to the right.

SOCS-1 seems to play an important role in regulating
signal transduction. Upon binding, cytokines stimulate
dimerization of their cognate cell surface receptors. Recep-
tor dimerization brings JAKSs, which are bound to the
cytoplasmic tails of cytokine receptors, into close proximity,
leading to their activation through cross-phosphorylation. In
turn, JAKs phosphorylate STATs, leading to their dimer-
ization and migration from the cytoplasm to the nucleus,
where they act to increase transcription of target genes. Use
of dominant negative STAT3 mutants suggest that this
transcription factor is, at least in part, responsible for the
rapid increase in mRNA levels for SOCS-1 after cytokine
stimulation (6). Once produced, SOCS-1 is thought to bind,
via its SH2 domain, to activated JAK molecules and to inhibit
the catalytic activity of the kinase (4—6). This represents a
classical negative feedback loop. Inactivation of kinases does
not appear to represent the only mechanism by which SOCS
family members can inhibit signal transduction. CIS, for
example, is thought to block STATS activation by competing
for binding to phosphorylated tyrosine residues within re-
ceptor cytoplasmic domains (7, 9).

On the basis of structural considerations, it would not be
unexpected if SOCS-4 to SOCS-7, like SOCS-1, SOCS-2,
SOCS-3, and CIS, acted to negatively regulate signal trans-
duction. The functions of the WSB, SSB, and ASB proteins are
more difficult to define, primarily because the function of the
SOCS box is not known. The conservation of the SOCS box at
the amino acid sequence level and its C-terminal position
within SOCS proteins, WSB, SSB, and ASB proteins suggests
that it will perform a broadly similar function in each protein.
Several possibilities for the function of the SOCS box suggest
themselves. First, the SOCS box might play a role in suppress-

Proc. Natl. Acad. Sci. USA 95 (1998)
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Fic. 3. Northern blot analysis of mRNA expression of mouse
SOCS-1, SOCS-5, WSB-2, and ASB-1 in the mouse liver before and
various times after injection of IL-6. Northern blot analysis of
poly(A)* mRNA expression in the liver of mice injected with saline
(sal) or IL-6. Mice were injected intravenously with 200 ul of IL-6 (25
pg/ml) or saline. At the times indicated, mice were killed, their livers
were removed, and mRNA was extracted as described (4). Size
markers in kilobases (kb) are shown to the left of the figure and the
identity of probes is shown to the right.

ing signal transduction, perhaps by inhibiting kinase activity. In
this model, the regions N-terminal to the SOCS box (SH2
domains in SOCS proteins, WD-40 motifs in the WSB proteins,
SPRY domain in the SSB proteins, and ankyrin repeats in the
ASB proteins) might dictate with which kinase each protein
interacts, with the SOCS box, in each case, inhibiting kinase
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activity. Equally, it is possible the SOCS box may act as an
adaptor module or, alternatively, may regulate aspects of
protein behavior such as intracellular location or stability. If
any of the latter possibilities prove correct, the five classes of
proteins that contain a SOCS box, (SOCSs, WSBs, SSBs,
ASBs, and GTPases) might be serving very different functions.
Studies to determine the relationship between the structure of
the SOCS proteins and their function, may shed light on the
role of the SOCS box in each class of proteins.
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