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monoclonal antibody (Fig. 3d ). The amino-acid sequence analysis
(up to residue 14) was identical to that for the mouse. Thus,
cachexia in mice and humans appears to be associated with the
same material.

These data suggest that the 24K proteoglycan represents a
potential mediator of the process of cancer cachexia. It is distin-
guished from the cytokines, not only in structure, but by the ability
to accelerate breakdown of skeletal muscle in vitro and in vivo and
to produce weight loss in vivo by a process not involving anorexia.
Thus this material may induce the metabolic component of
cachexia, because the cytokines are invariably associated with
anorexia. The 24K proteoglycan shows a strong association with
the development of clinical cancer cachexia, because immuno-
reactive material is detectable in the urine of all patients so far
investigated who are actively losing weight, irrespective of tumour
type. This suggests that this material may play an active role in the
development of human cancer cachexia. ]
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A GENERAL property of signal transduction pathways is that
prolonged stimulation decreases responsiveness, a phenomenon
termed desensitization. Yeast cells stimulated with mating phero-
mone activate a heterotrimeric G-protein-linked, MAP-kinase-
dependent signalling pathway that induces G1-phase cell-cycle
arrest and morphological differentiation (reviewed in refs 1, 2).
Eventually the cells desensitize to pheromone and resume
growth®. Genetic studies have demonstrated the relative impor-
tance of a desensitization mechanism that uses the SS72 gene
product, Sst2p*’. Here we identify a mammalian gene family
termed RGS (for regulator of G-protein signalling) that encodes
structural and functional homologues of Sst2p. Introduction of
RGS family members into yeast blunts signal transduction
through the pheromone-response pathway. Like SST2 (refs 8-10),

*To whom correspondence should be addressed.

742

they negatively regulate this pathway at a point upstream or at the
level of the G protein. The RGS family members also markedly
impair MAP Kkinase activation by mammalian G-protein-linked
receptors, indicating the existence and importance of an SS72-
like desensitization mechanism in mammalian cells.

Although close homologues of Sst2p have not been reported,
we studied an expanding family of mammalian genes that encodes
proteins with a conserved domain (RGS domain) related to a
region in Sst2p. It is even more closely to a region in flbA, a protein
encoded by an SST2-related gene in Aspergillus nidulans"'. The
first RGS family member, BL34 (RGS1), was found during screens
for B-lymphocyte-specific genes and activation genes in chronic
lymphocytic leukaemia cells'>**. A search for activation genes in
peripheral blood mononuclear cells, which led to the isolation of
GOS8 (ref. 14), provided evidence that RGS1I belongs to a gene
family. The predicted GOS8 (RGS2) and RGS1 proteins have
similar relative molecular mass and 42% amino-acid identity. In
addition, an evolutionarily conserved homologue was found in
Caenorhabditis elegans®.

A Southern blot, using human genomic DNA hybridized with
an oligonucleotide that was based on a highly conserved portion of
the RGS domain, predicted a minimum of 15 family members
(data not shown). A screen of a B-cell complementary DNA
library with the same probe identified a new RGS family
member, RGS3, which encodes a protein of 519 amino acids
and has a relative molecular mass of 57,000 (M, 57K) (Fig. 1a,b).
An acidic region (residues 181-226), predicted to assume a coiled-
coil’s, is located outside the region homologous to RGS1 and
RGS2. To the amino-terminal side of the coiled-coil is a region
rich in proline and glutamine that contains a hexapeptide repeat
of the motif (Q,K)(D, E)(P,L)(P,L)(P,X)X and overlaps four
PEST sequences (amino acids 30-46, 48—64, 66—-82 and 84-111).
Northern blot analysis (Fig. 1c) indicated that there are two major
RSG3 transcripts present in multiple tissues.

The identification of a fourth RGS family member in a screen of
rat brain cDNAs, the expression of which allowed ssz2A mutants to
grow on pheromone-containing plates, provided the first direct
evidence of a functional significance of the sequence homologies
noted between the RGS family members and SST2. RGS4 encodes
a protein of 205 amino acids, 37% identical to RGS1 (Fig. 2a). A
TFASTA database search identified a partial cDNA sequence
(GBN:HSC1YC111, accession number F07191) for the human
orthologue, and a human RGS4 cDNA (the protein of which has
97% amino acid identity with rat RGS4) was isolated. Further
database searches identified three other putative RGS family
members: one from infant brain and lung (accession numbers
D311257 and R35272); a second from fetal lung and infant brain
(accession numbers H09621 and 1.40394); and a third from adult
lung (accession number T94013). These three genes were desig-
nated RGS5, RGS6 and RGS13, respectively (Fig. 2b). Northern
blot analysis identified RGS4 transcripts only in brain (Fig. 2c).

To determine whether other RGS family members function in
yeast, we introduced expression plasmids for RGSI, RGS2, RGS3
and RGS4, as well as a truncation of RGS3 (RGS3T) that retains
the coding region for the RGS domain (residues 314-519), into
an sst2A strain. Their expression partially complemented the
pheromone-supersensitive phenotype of the sst2A mutant, as
judged by growth-arrest (halo) assays. Dose-response relation-
ships indicated that they reduced pheromone sensitivity as
follows: RGS4, >30-fold; RGSI and RGS3T, 10-30-fold; RGS3
and RGS2, 3-fold (Fig. 3a). Furthermore, their expression in wild-
type cells decreased pheromone sensitivity, as indicated by the
formation of turbid zones of growth inhibition (Fig. 3b), and
expression of RGS4 in the sst2A mutant partly blocked
pheromone-induced expression of a reporter gene, both in
terms of apparent EC;, (the effector concentration for half-
maximum response) and maximal level of expression (Fig. 3c).

We used genetic tests to determine where in the pheromone
response pathway the RGS family members function. As judged
by assays of G1 arrest and transcriptional responses, neither RGS4
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FIG. 1 Isolation and characterization of a new RGS family member. a,
Amino-acid sequence of RGS3. The first 5 amino acids of the hexapeptide
repeats and the acidic region are underlined. b, Alignment of RGS1, RGS2
and RGS3. The RGS domain of the various family members is indicated. c,
Northern blot analysis of 2 ug poly(A) RNA prepared from multiple tissues
hybridized with a full-length RGS3 cDNA insert.

METHODS. An oligonucleotide probe (5'-GAG GAG AAT ATT GAG TTC TGG
CTG GCT TGT GAA GAC T-3') derived from a highly conserved region between
RGS1 and RGS2 was used to isolate RGS3 from a human tonsil B-cell cDNA
library. The derived nucleotide sequence from the RGS3 cDNA was com-
pared with the GenBank Genetic Sequence Data Bank at the Frederick

Biomedical Supercomputing Center.

MFETEADEKREMALEEGKGPGAEDSPPSKEPSPGQELPPGQOD 42
LPPNKDSPSGQEPAPSQEPLSSKDSATSEGSPPGPDAPPSKD 84
VPPCQEPPPAQDLSPCODLPAGQEPLPHODPLLTKDLPAIQE 126
SPTRDLPPCQDLPPSQVSLPAKALTEDTMSSGDLLAATGDPP 168
AAPRPAFVIPEVRLDSTYSQKAGAEQGCSGDEEDAEEAEEVE 210
EGEEGEEDEDEDTSDDNYGERSEAKRSSMIETGQGAEGGLSL 252
RVQNSLRRRTHSEGSLLQEPRGPCFASDTTLHCSDGEGAAST 294
WGMPSPSTLKKELGRNGGSMHHLSLFFTGHRKMSGADTVGDD 336
DEASRKRKSKNLAKDMKNKKGIFRRRNESPGAPPAGKADKMM 378
KSFKPTSEEALKWGESLEKLLVHKYGLAVFQAFLRTEFSEEN 420
LEFWLACEDFKKVKSQSKMASKAKKIFAEYIAIQACKEVNLD 462
SYTREHTKDNLQSVTRGCFDLAQKRIFGLMEKDSYPRFLRSD 504
LYLDLINQKKMSPPL 519
RGS3 330 ADTVGDDDEASRKRKSKNLAKDMKNKLGIFRRRNESPGAPPA 371
RGS1 15 GTTHSLLDDKMQKRRPKTFGMDMKA- - - - YLRSMIPHLESGM 51
RGS2 13 SAGSGHKSEEKREKMKRTLLKDWKTRLSYFLQNSSTPGKPKT 60
* *
RGS3 372 -GKADKMMKSFKPTSEEALKWGESLEKLLVHKYGLAVFQAFL 412
RGS1 52  KSSKSKDV- - - - LSAAEVMQWSQSLEKLLANQTGQNVFGSFL 90
RGS2 61 ~-GKKSKQQAFIKPSPEEAQLWSEAFDELLASKYGLAAFRAFL 101
. . - r ow owx
RGS3 413 RTEFSEENIEFWLACEDFKKVKSQSKMASKAKKIFAEYIAIQ 454
RGS1 91 KSEFSEENIEFWLACEDYKKTES-DLLPCKAEEIYKAFVHSD 131
RGS2 102 KSEFCEENIEFWLACEDFKKTKSPQKLSSKARKIYTDFIEKE 143
LR R RS2 2222 S 1 I 2 - * % *
RGS3 455 ACKEVNLDSYTREHTKDNLQSVTRGCFDLAQKRIFGLMEKDS 496
RGS1 132 AAKQINIDFRTRESTAKKIKAPTPTCFDEAQKVIYTLMEKDS 173
RGS2 144 APKEINIDFQTKTLIAQNIQEATSGCFTTAQKRVYSLMENNS 185
e * wx e PO
RGS3 497 YPRFLRSDLYLDLINQKKMSP 517
RGS1 174 YPRFLKSDIYLNLLNDLQANS 194
RGS2 185 YPRFLESEFYQDLCKKPQITT 106
hhkk ok * *
a b
MCKGLAGLPASCILRSAKDMKHRLGFLLQKSDSCEH 35 RGS1
SSSHSKKDKVVTCQRVSQEEVKKWAESLENLINHE 70 RGS2
CGLAAFLAFLKSEYSEENIDFWISCEEYKKIKSPS 105 RGS3
KLSPKAKKIYNEFISVOATKEVNLDSCTREETSRN 140 ig:;
MLEPTITCFDEAQKKIFNLMEKDSYRRFLKSREYL 175 RGS13
DLTNPSSCGAEKQKGAKSSADCTSLVPQCA CO5B5.7
FLBA
SST2
FIG. 2 Characterization of RGS4 and alignment of various RGSs. consensus
a, Amino-acid sequence of RGS4. The RGS domain is iﬁ;;
underlined. b, Alignment of the RGS family members to RGS3
corresponding regions in flbA and Sst2p and C. elegans RGS4
CO5B5.7. The RGS5, RGS6 and RGS13 sequences are RGSS
incomplete over the entire region spanned by the RGS RGS6
domain. The nomenclature for the RGS family members was CO05BS5.7
developed in conjunction with M. Koelle (ref. 22), resulting in the FLBA
ssT2

numbering of the seventh member, which we identified, as
RGS13. Gaps of 93 and 27 amino acids in the Sst2p and flbA
sequences, respectively, were introduced in the alignment.
¢, RGS4 mRNA expression in various tissues. Northern blot
analysis of 2ug poly(A) RNA prepared from multiple human

tissues (lanes 1-8) and portions of the brain (lanes 9-16) hybridized with the
full-length human RGS4 cDNA insert. The autoradiographs were exposed overnight.
METHODS. A rat brain cDNA library in the yeast high-copy expression vector
pVT102U was used to isolate RGS4. Five pools of the library were transformed
into an sst2A mutant (BC180) and plated directly onto selective media containing
10 nM a-factor. Pheromone-resistant colonies were tested for mating ability, and
non-maters discarded. The remaining clones were analysed by pheromone-induced
growth arrest (halo) assays. We isolated 12 plasmids, six with identical restriction
maps, and the nucleotide sequence of one (pVT102U-RGS4) was determined. The
human RGS4 cDNA was isolated from a brain ¢cDNA library (Clontech) by the

consensus

polymerase chain reaction (PCR) and its nucleotide sequence determined.
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FIG. 3 Pheromone response in yeast cells expressing RGS family members.
a, Pheromone response in an sst2A mutant. An sst2A mutant (AG57) was
transformed with a control plasmid (pBM743) (top left), pvT102U-RGS4
(top middle), pPBM743-RGS2 (top right), pPBM743-RGS3 (bottom left),
pBM743-RGS3T (bottom middle), and pBM743—-RGS1 (bottom right).
Equal numbers of cells (10*) were plated in top agar on Sgal-ura plates.
Amounts of pheromone (a-factor) applied to each disc increase anti-
clockwise from the top of the disk (3, 10, 30, 100 and 300 pmol). Plates
were incubated at 30 °C for 48 h and then photographed. Relative phero-
mone sensitivity is indicated by the size of the clear zone elicited in response
to a given dose of pheromone. b, Pheromone response in cells expressing
SST2. An SST2-expressing strain (AG56) was transformed with a control
plasmid (pBM743) (top left), pvT102U-RGS4 (top right), pBM743-RGS3T
(bottom left), and pBM743-RGS1 (bottom right). Halo assays were
performed as above, except that the amounts of pheromone applied to
discs (increasing anti-clockwise from the top) were 10, 30, 100, 300 and
1000 pmol. ¢, Effect of RGS4 expression on pheromone-induced gene
expression. An sst2A mutant (AG57) contained the FUS1-lacZ reporter
plasmid pSL307 and either a control plasmid (pVT102U) (diamonds) or
pVT102U-RGS4 (squares). Cells were treated for 2h at 30 °C with the
indicated concentrations of a-factor, permeabilized, and assayed for
expression of B-gal activity. Each curve is the average of assays performed
in duplicate from three independent transformants.

METHODS. Assays of pheromone-induced growth arrest and gene expres-
sion have been described previously?®. Yeast strains used were BC180

nor SST2 overexpression attenuated the signal caused by over-
expression of a constitutively active STE11 (STE11A4N), suggest-
ing that they function upstream of the MAP kinase cassette (data
not shown). To initiate signalling more proximally in the pathway,
we used a strain lacking G-protein o-subunits that contains a
temperature-sensitive STE5S mutation*’. In these cells, free G-
protein By subunits transmit a constitutive signal that is reversibly
blocked downstream by the temperature-sensitive mutation. After
releasing the signal blockade, we observed no effect of either
RGS4 or SST2 overexpression on signal transduction through the
pathway. In the control cells, we detected 596 + 50 Miller units of
B-gal activity with the pheromone-inducible lacZ reporter plasmid
pJD11, 6 h after shifting them to the permissive temperature. In
those cells in which we overexpressed SST2 or RGS4, we detected
662 £+ 79 units and 608 £ 87 units of B-gal activity, respectively,
after 6 h. These results demonstrate that RGS4, like SST2 (refs
8-10), requires the G-protein o-subunit to function.

To verify that RGS family members inhibit MAP kinase activa-
tion in analogous pathways in mammalian cells, we first examined
the activation of extracellular-signal-regulated kinase (ERK) 1 in
response to interleukin (IL)-8. We used 293T cells permanently
transfected with the IL-8 receptor, a seven-transmembrane helix-
domain-containing receptor linked to a trimeric G protein'®". IL-8
induced a 16-fold increase in ERK1 kinase activity, and the
presence of RGS1, RGS2, RGS3 and RGS4 reduced the activity
by a factor of 2, 1.6, 4, and 5.3, respectively (Fig. 4a). Increasing
amounts of RGS4 progressively inhibited IL-8-induced ERK1
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(MATa leu2-3, 112 ura3-52 his3A1 ade2-1 sst2-A2; obtained from
J. Thorner), AG56 (MATa leu2 ura3 his3 ade2 trpl sst1A); and AG57
(MATa leu2 ura3 his3 ade2 trp1 sst2A).

kinase activity (data not shown). In contrast, RGS3 failed to
impair ERK1 activation by phorbol esters (Fig. 4b) or by an
oncogenic, active Raf-1 (data not shown).

We next examined the role of an individual RG'S family member
in a native mammalian system. We took advantage of the known
expression of RGS1 in activated B lymphocytes'>"* and deter-
mined its effect on signalling through the platelet-activating factor
(PAF) receptor, which is expressed on many B cell lines. PAF
treatment activates MAP kinase and increases intracellular cal-
cium levels by means of a heterotrimeric G protein(s)**'. The

FIG. 4 Effect of RGS family members on MAP kinase activation in
mammalian cells. a, RGS family members impair MAP kinase activation.
293T cells permanently transfected with the IL-8 receptor (6E cells) were
transfected with a haemagglutinin (HA)-tagged ERK1 construct in
conjunction with empty vector or various RGS expression plasmids.
Transfected cells were exposed to IL-8 for 3 min before immunoprecipi-
tation of HA-ERK1 and assay of kinase activity. b, RGS3 fails to impair
PMA-induced MAP kinase activation. 293T cells were transfected with the
HA-tagged ERK1 construct in conjunction with empty expression vector or
RGS3 expression vector. The cells were unstimulated (lane 1) or stimulated
with PMA (50 ngmi~*) for 20 min (lanes 2—4) before immunoprecipitation
of HA—ERK1.. The cells in lane 2 were exposed to pertussis toxin for the last
12h of the culture period. ¢, RGS1 expression inhibits PAF-induced
increases in MAP kinase activity. Levels of RGS1 in RGS1-transfected
HS-Sultan cell lines (3 separate cell lines labelled Tf7, Tf8 and Tf12) or a
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METHODS. For each experimental point in a and b, approximately 2 x 10° Vector Tf7 Tf8 Tf12
cells were transfected by a calcium phosphate method using 5 pg of a HA-
tagged ERK1 expression vector, HA-ERK1 (provided by J. Kyriakis) in
conjunction with 10 ug of the empty expression vector rcCMV, or one of
the following RGS expression vectors: RGS1rcCMV, RGS2rcCMV, d 1 2 3 4
RGS3rcCMV or RGS4pCR3. After 36 h, the cells were collected, washed
and exposed to recombinant human IL-8 (100 ngmi~*) for 3 min at 37 °C. - - @ s —HA-ERK1
HA immunoprecipitations and kinase assays were performed as described
previously?’. The number of counts per minute in excised bands is indicated. 1 2 3
The level of HA-ERK1 in the cell lysates was determined by immunoblotting
with an anti-HA monoclonal antibody (labelled WB). HS-Sultan cells were RGS1—
obtained from the American Type Culture Collection and transfected with -
RGS1 using the retroviral vector LXSN. Three pools of neomycin-resistant
cells were assayed for RGS1 levels by immunoblotting with rabbit antisera 7z N
raised against an RGS1 N-terminal peptide. A pool of vector-transfected %@ Y(\ @_7

cells served as the control cells. MAP kinase immunoprecipitations (107
cells per point) were performed as above, except the permanently RGS1-
transfected cell lines where an ERK2-specific antiserum was used. Tran-
sient transfections of HS-Sultan cells with rcCMV, AS-RGS1rcCMV,
RGS1rcCMV (5 ng) and HA-ERK1 (5 ng) were performed by electroporation
as described previously?®.
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constitutive expression of RGS1 in HS-Sultan cells, a human
B-cell lymphoma cell line that lacks significant levels of RGSI,
markedly decreased PAF-induced MAP kinase activity (Fig. 4c).
In addition, PAF induced RGS1 expression in HS-Sultan cells,
and transient expression of RGSI1 inhibited PAF-induced
increases in MAP kinase activity (Fig. 4d). These results suggest
that RGS1 participates in a negative feedback loop to decrease
signal transduction through the PAF receptor.

These (and previous) results are consistent with models in
which Sst2p and RGS4 (and presumably other RGSs) negatively
regulate signalling upstream or at the level of the heterotrimeric G
protein™'’. Furthermore, genetic studies in C. elegans indicate that
an RGS family member, egl-10, negatively regulates signalling
through GOA-1 (a homologue of the mammalian G, proteins) at
the level upstream of the G protein®. Although, under certain
circumstances, SS72 is required for the rapid degradation of the
G-protein a-subunit®, it is unlikely that regulating the stability of
the a-subunit is the normal function of Sst2p or the RGS family
members. The Sst2p-dependent degradation of the a-subunit
occurred after overexpression of components of the ubiquitin-
mediated protein degradation machinery®. However, in wild-type
yeast, steady-state levels of the a-subunit are unaffected by §572
(ref. 10) and, similarly, in HS-Sultan cells the levels of a-subunits
are unchanged by RGSI overexpression (data not shown). In
addition, yeast that lack components of the ubiquitin-mediated
protein degradation machinery are not supersensitive to phero-
mone™, and SST2 overexpression in these mutants promotes rapid
recovery from pheromone-induced cell-cycle arrest (data not
shown). Although further genetic and biochemical studies are
needed to determine how SS72 and RGSs inhibit G-protein-
mediated MAP kinase activation, they probably regulate the
function of G proteins directly, because Sst2p and Gpalp asso-
ciate in vivo and in vitro (H. Dohlman and J. Thorner, personal
communication), and because a mammalian RGS family member
has been shown to bind Ga; (ref. 25).

It is likely that individual RGS family members preferentially
regulate specific G proteins or G-protein-linked signalling path-
ways. The four characterized family members differed in their
patterns of tissue expression and in their ability to impair IL-8
receptor signalling, providing some evidence of selectivity.
Further specificity may be achieved by regulating their induction.
As with S§72, RGS family members may be induced by signals
generated through G-protein-linked receptors to trigger a desen-
sitization mechanism. O
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THE anterior determinant bicoid (bcd) of Drosophila is a homeo-
domain protein. It forms an anterior-to-posterior gradient in the
embryo and activates, in a concentration-dependent manner,
several zygotic segmentation genes during blastoderm forma-
tion'™. Its posterior counterpart, the homeodomain transcription
factor caudal (cad)®’, forms a concentration gradient in the
opposite direction, emanating from evenly distributed messenger
RNA in the egg. In embryos lacking bed activity as a result of
mutation, the cad gradient fails to form and cad becomes evenly
distributed throughout the embryo®. This suggests that bcd may
act in the region-specific control of cad mRNA translation. Here
we report that bed binds through its homeodomain to cad mRNA
in vitro, and exerts translational control through a bed-binding
region of cad mRNA.

Maternal cad mRNA is evenly distributed in the early cleavage-
stage embryo (Fig. 1la), and cad forms a posterior-to-anterior
concentration gradient before the initiation of zygotic gene
expression®’ (Fig. 1b, d). In the absence of functional bed expres-
sion (Fig. 1c, d), cad remains evenly distributed in the embryos®
(Fig. le-g). To see whether cad mRNA may represent a direct
target of bed, we performed crosslinking and filter-binding experi-
ments involving nuclear extracts from Drosophila embryos and
bacterially expressed bed.

Crosslinking experiments indicated specific binding of labelled
cad mRNA (Fig. 2a) to three different proteins, p125 and the
protein doublet p83/p71, present in nuclear extracts from wild-
type embryos (Fig. 2b). The p83/p71 doublet could be immuno-
precipitated with anti-bed antibodies (Fig. 2b): cad mRNA binding
was also seen in crosslinks with recombinant bced (not shown).
However, the p83/p71 doublet was absent from nuclear extracts of
embryos obtained from bcd mutant females (Fig. 2b) and from
bed-depleted nuclear extracts of wild-type embryos (data not
shown). The p125 protein was found in both cases binding to
the region 1,916-2,028, which overlaps the maternal and zygotic
polyadenylation signals (Fig. 2d). Thus the p83/p71 doublet,
which binds to cad mRNA in vitro, is bed.

The binding of bed occurs within a 120-nucleotide region of cad
mRNA (position 1,350-1,470; see Fig. 2a; position 1 is the first
nucleotide of the start codon’), which extends into the 3' untrans-
lated region (Fig. 2¢). The bcd protein did not bind to other
regions of cad mRNA, nor did it bind to cad mRNA of the lower
dipteran species Clogmia albipunctata (U.S.-O., unpublished
results) which is thought to lack bed as an anterior morphogen.
We refer to the bed-binding sequence interval 1,350-1,470 of cad
mRNA in Drosophila as the bed binding region (BBR).

To identify the RNA-binding domain of bed, we performed
filter-binding assays using truncated forms of bcd. The results
summarized in Fig. 2e indicate that truncated bcd containing the
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