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The Twisted gastrulation family of proteins,
together with the IGFBP and CCN families,
comprise the TIC superfamily of cysteine rich

secreted factors

P Vilmos, K Gaudenz, Z Hegedus, ] L Marsh

Abstract

Aims—To analyse the similarities between
the Twisted gastrulation (TSG) proteins
known to date; in addition, to determine
phylogenetic relations among the TSG
proteins, and between the TSGs and other
protein families—the CCN (for example,
CCN2 (CTGF), CCN1 (CYRé61), and
CCN3 (NOV)) and IGFBP (insulin-like
growth factor binding protein) families.
Methods—TBLASTN and FASTA3 were
used to identify new tsg genes and rela-
tives of the TSG family. The sequences
were aligned with ClustalW. The predic-
tions of sites for signal peptide cleavage,
post-translational modifications, and pu-
tative protein domains were carried out
with software available at various data-
bases. Unrooted phylogenetic trees were
calculated using the UPGMA method.
Results—Several tsg genes from verte-
brates and invertebrates were compared.
Alignment of protein sequences revealed a
highly conserved family of TSG proteins
present in both vertebrates and inverte-
brates, whereas the slightly less well
conserved IGFBP and CCN proteins are
apparently present only in vertebrates.
The TSG proteins display strong homol-
ogy among themselves and they are com-
posed of a putative signal peptide at the
N-terminus followed by a cysteine rich
(CR) region, a conserved domain devoid
of cysteines, a variable midregion, and a
C-terminal CR region. The most striking
similarity between the TSGs and the
IGFBP and CCN proteins occurs in the
N-terminal conserved cysteine rich do-
main and the characteristic 5' cysteine
rich domain(s), spacer region, and 3'
cysteine rich domain structure.
Conclusion—The family of highly con-
served TSG proteins, together with the
IGFBP and CCN families, constitute an
emerging multigene superfamily of se-
creted cysteine rich factors. The TSG
branch of the superfamily appears to pre-
date the others because it is present in all
species examined, whereas the CCN and
IGFBP genes are found only in verte-
brates.

(¥ Clin Pathol: Mol Pathol 2001;54:317-323)

Keywords: twisted gastrulation; insulin-like growth fac-
tor binding protein; CCN; tsg
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For several years, the Twisted gastrulation
(TSG) protein of Drosophila melanogaster stood
alone with no close relatives in other species.’
The recent identification of genes related to tsg
reveals that the drosophila tsg gene is not an
evolutionary oddity of insects but represents
the first example of an emerging family of pro-
teins that is structurally and functionally
conserved in  both  vertebrates and
invertebrates.”® Here, we examine the evolu-
tionary relations among the members of this
family and place the TSG family in the growing
superfamily of secreted cysteine rich factors,
which include the insulin-like growth factor
binding protein IGFBP) and CCN families of
proteins.

tsg was initially identified as one of the seven
dorsal group genes that pattern the fly
embryo.”" We now know that early dorsal-
ventral cell fate decisions in fly, frog, and fish
embryos are regulated by members of the bone
morphogenetic protein (BMP) family of
growth and differentiation factors. Activity of
BMP ligands is regulated in the extracellular
space by several secreted factors including
TSG. By itself, TSG exhibits little or no activ-
ity, but together with Short gastrulation (Sog)"’
or the vertebrate homologue Chordin (Chd),
TSG potentiates the inhibitory action of
Sog/Chd to create a complex that is a powerful
antagonist of BMP activity.”* ®” The metallo-
protease BMP1 protein in vertebrates'” and its
fly homologue, Tolloid (T1d)," act on the Sog—
TSG-BMP complex to cleave Sog and thereby
regulate ligand activity by releasing it from this
complex."” *® Thus, TSG can act together with
Sog and Tld to modulate BMP signalling.”®

In our study, we describe the growing family
of tsg and tsg related genes to show that the
TSG proteins constitute an emerging branch of
a growing superfamily of secreted, cysteine rich
factors in vertebrates. The two other branches
of this superfamily are the family of IGFBPs*
and the CCN family of growth factors®
(named after the cysteine rich (CCN1; CYR-
61), the connective tissue growth factor
(CCN2; CTGF), and the nephroblastoma
overexpressed (CCN3; NOV) proteins). Here,
we refer to the TIC superfamily, which is so
named after the subfamilies: TSG, IGFBP,
CCN. The members of this superfamily are all
secreted, cysteine rich factors that share a
common conserved N-terminal, cysteine rich
domain and a similar overall topology by
exhibiting a characteristic conserved 5' cysteine
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Table 1  List of TSG family members known to date

Genbank accession

Name Species number Ref. Signal*
HsTSG Homo sapiens (human) AF196834 2 25/26
MmTSG Mus musculus (mouse) MMU297390 2 24/25
GgTSG Gallus gallus (chicken) AF255731 3 26/27
DrTGS Danio rerio (zebrafish) DRE297393 2 24/25
DrTSG2 Danio rerio (zebrafish) AF267692 2,3 26/27
XITSG Xenopus laevis (frog) AF245221 6 25/26
DmTSG Drosophila melanogaster (fruit fly) U09808 1 21/22
DmTSG2  Drosophila melanogaster (fruit fly) CG12410 2 26/27
DmTSG3  Drosophila melanogaster (fruit fly) CG11582 NCBI -
DhTSG Drosophila hydei (fly) Unpublished 26/27
DnTSG Drosophila navajoa (fly) Unpublished 17/18
DvTSG Drosophila virilis (fly) Unpublished 16/17
BmTSG Bombyx mori (silkmoth) AU006229 NCBI 20/21

*Amino acid positions of predicted signal peptide cleavage sites.
The unpublished data are from JC Becerra, 1998, PhD Thesis, University of California Irvine,

USA.

rich domain(s), a non-conserved spacer, and a
3' cysteine rich domain.

Materials and methods

TBLASTN at NCBI (http://
www.ncbi.nlm.nih.gov), Flybase (http:/
flybase.bio.indiana.edu), and FASTA3> at the
European Bioinformatics Institute (http://
www.ebi.ac.uk/fasta3/) were used to identify
new tsg genes in addition to those already physi-
cally described. The sequences of the 13
TSG-like proteins were aligned using Clus-
talW?** of MacVector 7.0. The predictions of sites
for signal peptide cleavage,” post-translational
modification, and putative protein domains
(profilescan) were carried out with software
available at the Technical University of Den-
mark (http://www.cbs.dtu.dk/services/SignalP/),
the Baylor College of Medicine search launcher
(http://dot.imgen.bcm.tmc.edu/), and the Ex-
PASy proteomics server of the Swiss Institute of
Bioinformatics (http://expasy.cbr.nrc.ca/).
TBLASTN and FASTA3 were used to identify
proteins with domains or motifs similar to TSG.
Unrooted phylogenetic trees were calculated
with the UPGMA and neighbour joining meth-
ods of MacVector 7.0, and an optimised
alignment (Multiclustal, and ClustalW) was
used to build a tree with the Fitch-Margoliash
method of Felsenstein’s phylogenetic package
(PHYLIP, version 3.57c).

Results

THE TSG FAMILY

The first tsg gene was described in dro-
sophila' ** and was thought to play a role in
BMP signalling.' ** Recently, TSG homo-
logues have also been identified in several ver-
tebrate species (table 1). Cross phyla expres-
sion experiments have demonstrated that
TSGs from species as different as humans,
mice, fish, frogs, and flies are functionally
equivalent and able to synergise with Sog to
antagonise BMP activity.” The human tsg gene
maps to 18p11.2-3, and may be included in the
minimum critical region for Holoprosen-
cephaly 4 (HPE4).”? The mouse gene maps to
the syntenic region 17E1.3-E2, whereas the
zebrafish tsg is located at linkage group
24-74,5, which is also syntenic to the human
locus, further supporting the view that all three
genes are probably functional orthologues.” In
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drosophila, TSG is required for proper estab-
lishment of the dorsal-ventral (D/V) axis. This
role is shared with xenopus TSG, which is
expressed on the ventral side of the embryo
during gastrulation and exhibits ventralising
activity by regulating the Chd-BMP
pathway,”” and with zebrafish where loss of
TSG leads to dorsalised embryos. Thus, Tsgs
from diverse species are required for D/V
patterning in the embryo and/or share a
common biochemical activity in being able to
interact with Sog to antagonise BMP activity.

Our searches using TBLASTN of all un-
characterised sequences filed in NCBI and
Flybase, and FASTA versus the Swissprot
Database revealed the human homologue of
tsg, the tsg gene in Bombyx mori (silkmoth),
and a second (tsg2) and third (tsg3) tsg gene in
D melanogaster. Unicellular organisms do not
possess BMP-like genes and therefore it was
not surprising that extensive searches of micro-
bial genomes of 88 species did not reveal
proteins with significant homology to TSG. In
addition, database searches of the genome of
Caenorhabditis elegans revealed no putative tsg
homologue, although there are BMP homo-
logues in worms.

The alignment of the protein sequences (fig 1)
showed that TSGs display strong homology,
with approximately 50% of 202 amino acid resi-
dues matching in 12 species, and with higher
similarity in the conserved domains—for exam-
ple, 76% in the CR1 domain. All TSG proteins
have a similar topology, with a putative signal
peptide at their N-terminus, followed by a highly
conserved cysteine rich region (N-term CR or
domain I) and a conserved domain devoid of
cysteines (domain II) (fig 1). A variable region
connects domain II to a cysteine rich C-terminal
conserved domain (C-term CR or domain IIT).
Domain II and the variable region constitute the
midregion of the protein that can serve as a
hinge between the two CR domains. In insects,
domain III is followed by a C-terminal tail of
about 40 amino acids. The putative TSG3 pro-
tein from D melanogaster is composed of domain
IT and CR2 only. Its map position places it very
close to the shrew (srw) gene (Flybase ID:
FBgn0003508), another member of the dorsal
group genes™ *° thought to be involved in BMP
signalling.” Table 1 summarises the predicted
cleavage sites of the signal peptides.

Interestingly, where known, the genomic
organisation of the tsg genes closely parallels
the groupings suggested by sequence similarity.
For example, the first drosophila tsg gene is
encoded by a short intronless transcription
unit. However, the human and Drosophila hydei
tsg genes and the D melanogaster tsg2 gene have
three putative introns (fig 1). Unlike the CCN
proteins, where conserved structural domains
are encoded by separate exons,” the protein
domains of the tsg genes are not defined by
intron—exon boundaries. However, the second
intron in the human gene and the first introns
in flies are adjacent to the C-terminus of the
N-terminal CR domain. Moreover, they are at
the same position in all three genes, suggesting
that this intron appeared before the divergence
of invertebrates and vertebrates. Similarly, the
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Gaps are represented by a dash (—). A consensus sequence is listed below the alignment. Amino acids at the 3' end of exons are circled, cleaved sites of signal

Figure 1 Multiple sequence alignment of Twisted gastrulation (TSG) proteins. Identical amino acids are darkly shaded and similarities lightly shaded.
peprides are indicated by a vertical line. See table 1 for abbreviations.

region of the TSGs, is: C-x(4)-C-x(6)-C-x(5)-

integration of the second intron into the fly

genes happened in the common ancestor of C-x-C-x(4,6)-C-x-CC-x(2)-C-x(7,8)-CC-x-C-

D melanogaster and D hydei, some 40

x(3)-C. The domain contains a conserved local

—-60 mil-

motif (xC-x-CC-x(2)-C-x(3)-LG) (fig 2), a por-

. The genomic structure of the

fish genes is not yet available, but it will be
interesting to compare these because the

lion years ago

tion of which is shared with the IGFBP and
CCN proteins, namely: GCGCC-x(2)-C. The

GCGCC

C motif may be important for

-x(2)-

protein sequence suggests independent dupli-

cation events in fish and flies.

.'® In the C-terminal

We have searched for proteins with similarity CR domain of the CCN proteins, there is an

to the individual domains or motifs of TSGs.

the interaction with IGFs

unusual arrangement of six cysteines linked to

cysteine knot” conformation.”® The
members share their general topology with C-terminal cysteine knot (CTCK) motif is:

TSG.' *' The cysteine rich domains also bear a

133

At present, only the IGFBPs and CCN family form a

C-Cx(13)-C-x(2)-[GN]-x(12)-Cx-C-x(2,4)-

weak resemblance to the CR domains of C. This structural motif is believed to be

Sog/Chd and the von Willebrand factor.” In

involved in disulphide linked dimerisation. The
CR2 domain in the TSG proteins has a related

contrast, no homologue of domain II was

found in the protein databases.

-x(9)-C-x(2)-C, rais-

-C

ing the possibility of dimerisation.

pattern: C-C-x-C-x(4)

The similarity between the TSG proteins and
the IGFBP and CCN proteins is mainly the

All protein sequences and the consensus
sequence were examined for possible conserved

result of the arrangement of cysteines in the

N-glycosylation sites

conserved N-terminal cysteine rich region (fig modification sites. Putative

2). The N-terminal domain is consistent in size,

occur at the sequence NCS near the N-terminus

(at approximately amino acid 53) in all verte-

ranging from 70 to 93 amino acids in all three

brate TSGs and the D melanogaster and D hydei

families. The conserved cysteine pattern in this

www. molpath.com
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- 10 20 - 40 50 60 .
HsTsg CN|KA[LCAS|D-|VvSKC|L|[I|----aEL|c|qc|r P clsfccKEcmL|c L G|- - - A[LW|D[ECc|D - -|c Va|m|c
MmTsg  |C N|KA|L C AS[D-|vSKC|L|I|----aEL|c|ac|r P clplccKEcmL|c L G- - - A[LW|D|E € ¢[D - -|c vV G|M|c
GgTsg CN|KA[LC AS|D-|VSKC|L|I|----aEL|c|ac|r P clpl[ccKEcmL|c L G- - - A[lLW|D|E € ¢[D - -|c V G|M|C
XITsg CN|KA[LC AS|D-|VSKC|L|I|----aEL|c|ac|r P c[sfccKEcmL|c L G|- - - T|LW|D|ECc[D - -|c VG|Mm|c
DrTsg CN|KAlLC AS|D-|VSKC|L|I|- - --aEL|c|ac|r P c[sfccKEcmL|c L G|- - -s|LW|E[Ecc[D - -|c VG|m|c
DrTsg2 CN|KA|[LCASID-|VSKC[L|Ll- - --aaL|c|ac|r P cfsfcckEcmML|c L[S- - -s|[LW|E[Ec c[D - -|c VG|m|c
DvTsg C N[EM[VC GS|v-|vSKC|L|L|- - - - Tas|c|ale|k][L c|H|cc KD/ cL|NC LG|---E|LY|T|ECC|G--|C L[DM|C
DnTsg C N|EM|[VC GS|v-|vSKC|LL[- - - - T as|e|ale|k|L c|H|cc KD/ CL|N|C LG|---E|LY|T|ECC|G--|C L|DM|C
DmTsg CN|EV[VE GS|v-|vskc|L|If-- -~ Tas|e|qe|k|L c[Hl[cc KD CL[Nc L G|---E[LVY|I|ECC|G--|cL|DM|C
DmTsg2 |C N|EV|V.C AS|I -|v S Kc|M[L|- - - - T as|c|k|e|E[L c[sfccKE cL[klcLG|---KN]YE[ECC|S--|cV|[EL|C
DhTsg CN|EV[VECAS|I -|vSKc|v[L[- - - - T as|e|k|c|E|L csfccKE cL|klcL @G|l --K Y|Y|E[ECC|S - -|cV|EL|C
BmTsg  |C N|EA[l € AS|v-|[vSKc|ML|l-- --Tas|e[kle[p|L c|slcckp clk slc L[S - - - s[T Y|s|Ec ¢|s - -|c v|DMm|c
HsIGFBP6 A R CP|GC G[aGV QA PIGIG- - - - -~ C[VE E E C|A RR E[GlaE c G|V Y|T P N|c|A - - P|G L|a|c
HsiGrBP1  W[Q]c A P|c[s A E K[L]A PPVS---AS|C/SE-|V[TRSA---G|c[G LP[Ca|aAca|v[aTAR|c|A - - R|G L|s|C
HsIGFBP5 V H CE P[C|D E KA[L S PPSP---LG|C-EL|V[K[E|]P--- -G|c|G L AE|Glas c G| Y|T[E|R|C|A - - a|G L|R|C
HsIGFBP3 V R CE P[C[D ARA|L[A -[Alp P P A--v[c|laE L|V|R[E|P - - - - G|c|a L s E[GlaP c G|v Y|T[E[R|C|G - - S|G L|R|C
HsIGFBP2 F R CP P|C|T P E R|L|A GPPPVARMG|C|AE L|V|RIE[P - - - -G|c|G RL E|G|EA CG|V Y|TP R|C[G - - Q|G L|R|C
HsIGFBP4 | H CP P|C|S E E K|L[A RPP----VG|C|IEE L|V[R|E|P - - - -G|C|G L G[L G|MP C G|V Y|T P R|C[G - - |G L|R|C
Hscor1 Vv RTQ[LElP[TIPcT- -Je[pwp- - -PPRlC|PL G|V|P L|V]- - LD G|c|G RR[LG|EPCD QL - H V|c|D AS Q|G L|V|C
HsNOV A ATQR|C|P PQCP RCPT———PPTCAPGVRAV——LDGCS RQR|G|ESCs D- LE]P|c[DESs|GL|Y|C
HsCyr61 L ALST[C|[P AAC - -|H C|P|L|E - APK|C|AP G|V[GL|V|- - RD G|C|G KQ[t[NEDCs K- TaP|C[DHTK|GL|E|C
HsCTGF AV GaN[C[s GPC - -[RC|[PDEP - - APR|C|P A G|V[SL|V|- - LDG|C|G KQ ELCTER—PCDPHKGLFC
HsWISP3 QR KQF[C/JH WP C - -|KC|PQQ- - - KPR|C|PP G|V[S L|V[- - RD G[C|G KQ El CNE- A[DJL|C[D P HK|G L|Y|C|

CN .C .S VSKC c c . c CLG ECC c c

Figure 2 ClustalW alignment of the N-terminal cysteine rich domains from Twisted gastrulation (TSG) and human representatives of the insulin-like
growth factor binding proteins (IGFBPs) and CCN proteins. Identical amino acids are darkly shaded and similarities lightly shaded. Gaps are represented
by a dash (-). A consensus sequence is listed below the alignment. A conserved local motif is underlined below the consensus sequence. See table 1 for
abbreviations.

tsg2 genes. A second possible N-linked glyco- IGFs, thereby preventing them binding to the
sylation site occurs near the C-terminus (NES, IGF receptor.” Conversely, they slowly release
positions 199-202 in D melanogaster) of all the IGF for receptor interactions, thus protecting
insect proteins. Sequences in the cysteine free the receptor from downregulation by high IGF
midregion of IGFBP-1, IGFBP-3, and exposure.””* Tyr60 in the N-terminal CR
IGFBP-5 have been identified as targets of domain is one of the contact points with IGE,*
phosphorylation by protein kinase C (PKC) and  and the GCGCC-xx-C motif is thought to be
casein kinase II (CKII).”” Putative PKC and  important for the interaction with IGFs.” The
CKII phosphorylation sites occur at similar varjable midregion contains sites for glycosyla-
positions in both insect and vertebrate TSGs. A tjon,* proteolysis by IGFBP proteases,” and
conserved putative PKC phosphorylation site  phosphorylation by PKC and CKIL* It has
(STXRK) occurs in all TSG proteins in  been suggested that phosphorylation might
domain II (for example, TSK at position 90-93  jpfluence the interaction with the extracellular
in_humans). Two putative CKIIL target sites matrix but its exact role is unclear. The
[(STXX(DE)] occur nearby. All TSG proteins  C_terminal CR domain was found to be essen-
have a putative CKII site at the end of domain IT ;] for IGF binding,* and contains the integrin
(for example, TEGD at position 110-113 in  jpreraction motif (RGD) in IGFBP-1 and
human TSG) and all except D melanogaster, [GFBP-2.* Similar RGD sequences do not
D vir?h's, e}nd D navajoa TSGs have a secogd appear in the TSG proteins. IGFBP-3 and
putative site at 93-96 (fgr example, STVE in  [GERp_5 also possess a nuclear localisation
human TSG). By comparison, all of the IGFBPs signal” and indeed, upon binding, IGFBP-3
have putative PKC and CKII sites downstream can be found in the nucleus.” Heparin binding
of the first cysteine rich domain (exceptions are motifs are also found in the C-terminal domain
human IGFBP-2 which has neither site, human " ySERP.3 {GFBP-5. and IGFBP-6: in
IGFBP-1, which has just a CKII site, and addition th’e drosoph’ila TSG can l;ind
human IGFBP-6, which has just the PKC site). heparin 2 The cysteines in the C-terminal
The CCN family shows only sporadic examples domain' of IGFBP-2 form intradomain disul-
qf putative sites for either of ‘thesAe effectors. A phide bonds.”

limited number of other putative sites are shared In addition to its IGF dependent actions,

by subsets of the TSGs. For example, all TSGs IGFBP-3 inhibits growth in an IGF independ-

have a second putative PKC site in the .
conserved C terminal CR2 domain. but the €0t fashion, and breast cancer cell surface pro-
ol . : > : teins (BCCSPs) of 20, 26, and 50 kDa were
location is slightly different in vertebrates thanin . dentified th bind IGFBP3 i d
insects. In all the insects, a site occurs at 198—  1dentiied that can 51m pr-o 1 a dosc
for example, STR in D melanogaster TSG, dependent manner. "[_’he m1dreg1on o_f the
whereas in all vertebrates, a site occurs at {)GIZ.BP% mﬁlecu}lgecw(?;i)desrzltll\f}ed as the Sgie for
position 221—for example, TVK in human 0IRding to these S oreover, aflinity
TSG. It remains to be tested whether these con-  crosslinking studies have shown that a 400 kDa
served sites are real targets of modification. receptor protein (type V ‘receptor) has high
affinity for both transforming growth factor 8
THE IGFBP FAMILY and IGFBPs;” and IGFBP-3 was shown to
IGFBPs are cysteine rich proteins with con- inhibit cell growth by interacting with the type
served N-domains and C-domains. They V receptor in a Smad independent manner.”
appear to be more functionally diverse than the The binding is mediated by the motif
TSGs, having both IGF dependent and W/RXXD, which is located at the end of a sol-
independent activities.”® They exhibit growth vent accessible loop and is shared with IGFBPs
inhibitory effects by competitively binding 3-6. Interestingly, all the insect TSGs have a
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Figure 3 Unrooted dendrogram showing the phylogenetic relations between the N-terminal
cysteine rich domains of the TIC (Twisted gastrulation (TSG), insulin-like growth factor
binding protein (IGFBP), CCN) superfamily. Numbers indicate the total number of
differences berween sequences. See table 1 for abbreviations.

similar motif (WFHD) at a similar location in
their CR2 domain, although the vertebrate
proteins have N in place of D. Recent studies
demonstrate that the actions of IGFBP-3 and
IGFBP-5 can be modulated by IGFBP pro-
teases, which bind to the heparin binding
domain of IGFBP proteins.™

THE CCN FAMILY

The CCN proteins are secreted, extracellular
matrix associated proteins. Of the three
branches of the TIC superfamily, this family
shows the greatest diversity of biological func-
tion. They have been shown to be involved in
angiogenesis, chondrogenesis, wound healing,
and many diseases by regulating such cellular
processes as differentiation, adhesion, migra-
tion, and mitogenesis.”” Despite the myriad of
biological activities ascribed to this family,
much less is known about the biochemical
mechanism(s) of action of these factors.
Whether they act through their own receptors
or whether they modulate other factor activities
in the extracellular space is not known. The
proteins are organised into discrete and
conserved structural domains, each encoded
by a separate exon.” In vitro studies suggest
that the central variable region is highly
susceptible to enzymatic digestion.” For exam-
ple, when cleavage occurs between domains 11T
and IV, the C-terminal fragment of CCNI1
(CTGF) was shown to bind heparin and have
mitogenic activity.”® In addition, a natural
N-truncated isoform of human CCN3 (NOV)
was shown to bind fibulin 1C, a protein of the
extracellular matrix that interacts with several
other regulators of cell adhesion, with a higher
affinity than the full length protein, indicating
that truncation of the protein might be crucial
for the biological activity.” Recently, a protein
of 240 kDa that specifically binds CCNI1
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(CTGF) was described in a human chondro-
cytic cell line,”® whereas Liu ez al identified a
221 kDa receptor protein that was phosphor-
ylated by CCN3 (NOV).” To date, no
common candidates for extracellular binding
by CCN family members have emerged such as
are seen with the TSGs and IGFBPs.

PHYLOGENETIC ANALYSIS
Our sequence analysis shows that the TSG
proteins constitute a novel family of extracellu-
lar factors. The relations between TSG family
members in unrooted phylogenetic trees calcu-
lated using the UPGMA method (fig 3), the
distance algorithm (neighbour joining, not
shown), and the Fitch-Margoliash method (not
shown) were equivalent, and trees calculated
with each of the domains individually also
reflected similar relations (not shown).

The high overall homology between the
TSG proteins and the finding that the protein
domains are not encoded by separate exons
support the view that the domains of the TSG
proteins have evolved together and are not the
result of exon swapping during evolution.
However, the similarity of the N-terminal CR
domains of TSG, IGFBP, and CCN proteins
and the fact that they are encoded by a single
exon in IGFBPs and CCNs, and that an intron
is adjacent to the C-terminus of the domain in
some TSGs, supports the view” that exon
shuftling was probably involved in the dissemi-
nation of this domain.

When compared among themselves, the ver-
tebrate tsg genes clearly form a distinct branch
well separated from the insect genes (fig 3).
Because invertebrates probably possess two
copies of the tsg gene and our searches did not
uncover a second tsg gene in humans, it is pos-
sible either that the second tsg gene was deleted
from vertebrates, with the exception of the
fishes, or that the second human tsg will be
revealed when the completed genome is
available. The tsg2 gene in D melanogaster is
more closely related to the D Aydei and bombyx
tsgs than to its paralogue in D melanogaster,
indicating that the duplication event occurred
before the divergence of flies and moths.

THE TIC SUPERFAMILY
The TSG family is clearly related to but
distinct from an emerging superfamily of
secreted, cysteine rich growth factors in verte-
brates. The family of IGFBPs and the CCN
family of growth factors belong to this
superfamily (fig 3). All members of this super-
family are secreted, cysteine rich factors that
share a common conserved N-terminal
cysteine rich domain and similar topology by
exhibiting the characteristic conserved 5' CR
domain, a non-conserved, cysteine free mid-
region, and a 3' CR domain. Among the TSGs,
the N-terminal CR1 domains are 76% identi-
cal, whereas they share about 30% similarity
with the CCNs and IGFBPs, with slightly
lower similarity (25%) to IGFBP-6, which is
more diverged from the other IGFBPs. The
phylogenetic analysis of the TIC proteins indi-
cates that the evolution of the superfamily
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forms three lineages: IGFBPs found in verte-
brates only, CCN proteins also found in verte-
brates, and TSG proteins isolated so far from
vertebrates and insects. The fly genome
contains a single gene (CG13735) that gives a
significant match to CCN1 (CTGF) in a blast
search. However, it shows no similarity to the
N-terminal cysteine rich domain typical of
CCNs and only an interrupted match to parts
of the C-terminal domain of CCNs, and is not
included in this analysis.

It has been suggested that the CCNs are
simply divergent IGFBPs."® Grotendorst ez al
have argued that the CCNs and IGFBPs
represent two distinct families of proteins and
that the CCN family should not be considered
part of the IGFBP family.” ° Our analysis pre-
sented here strongly supports the view that the
CCNs, IGFBPs, and TSGs are separate fami-
lies of a superfamily.

Discussion

The TSG proteins are highly conserved,
cysteine rich, secreted factors and all appear
capable of affecting BMP signalling. To date,
13 members of the TSG family have been
found in nine different species from insects to
humans. They constitute a novel family of
extracellular factors that may play important
roles in cell-cell communication. Alignment of
the proteins indicates that all have a putative
signal peptide at their N-terminus, followed by
a highly conserved domain, a variable hinge
region containing a conserved subdomain, and
a highly conserved C-terminal domain. The
N-terminal, cysteine rich domain is similar to
the N-terminal domains of the IGFBP and
CCN proteins, the midregion has putative sites
for phosphorylation by PKC and CKII that are
shared with the IGFBPs, but not apparently
the CCNs, whereas the C-terminal CR domain
might be involved in dimerisation and heparin
binding.

Interestingly, the TSG proteins only are
found in insects, with no evidence for genes
encoding IGFBP-like or CCN-like proteins
being found in the complete genome of
D melanogaster. Nevertheless, the fly genome
harbours at least four genes that encode
proteins distinctly similar to the IGFs (unpub-
lished) and flies are known to have insulin
responsive receptors.”*® Apparently, the func-
tional role of IGFBPs and CCNs emerged after
the divergence of vertebrates and invertebrates,
suggesting that the TSG-like family may
predate the other two branches of the TIC
superfamily

The TSG family, together with the IGFBP
and CCN proteins comprise the emerging TIC
multigene superfamily of growth factors. The
TSG family represents the most conserved
branch of the superfamily. This structural con-
servation is  reflected in  functional
conservation—all the TSGs seem capable of
modulating BMP signalling and all those tested
have shown an ability to interact with Sog/Chd.
However, TSGs are not present everywhere
that BMP signalling is active, and they may
play a role only in BMP signalling events that
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require spatially regulated threshold re-
sponses.” ”’ In contrast, the IGFBPs can inter-
act with IGFs and also with receptors inde-
pendent of the IGFs.” > The CCNs are the
most structurally diverse set of proteins in the
superfamily and they exhibit a myriad of
biological functions and, to date, no clearly
common biochemical mechanism of action.
Structural studies that permit the analysis of
the subdomains of this intriguing family of
secreted factors will greatly aid our ability to
understand the relations between these effec-
tors.
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