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Abstract: Sialyltransferases are a subset of glycosyltransferases involved in the biosynthesis of sialylated glycolipids or/and glycopro-
teins. The aim of this review is to provide a comprehensive review and analysis of vertebrate sialyltransferase genes. Primary structure/
function relationships have been explored through the use of molecular phylogeny and phylogenomic approaches. Several animal sial-
yltransferase sequences have been identified in genomic databases on the basis of the presence of sialylmotifs. Depending on the glyco-
sidic linkage formed and their monosaccharide acceptor, vertebrate sialyltransferases are arranged in four families of proteins (ST3Gal,
ST6Gal, ST6GalNAc and ST8Sia), which are characterized by consensus peptides called family-motifs. Sialyltransferases families are
further subdivided into 20 sub-families in mammals and more than 25 sub-families in lower vertebrates, each of them being character-
ized by conserved amino acid positions. From an evolutionary point of view, the genomic organization of the coding region of these
sialyltransferase genes is highly conserved across vertebrate species suggesting that they evolved from common ancestral genes through
multiple duplication events. Finally, comparative analysis of the sialyltransferase gene expression evolution in vertebrate adult tissues
and during embryonic development have shown marked differences suggesting the influence of genetic and tissue specific factors.
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Introduction
In vertebrates, the transfer of sialic acid residues
from activated sugar donors like CMP-B-NeuSAc,
CMP-B-Neu5Ge or CMP-B-KDN to the terminal
non reducing position of galactose (Gal),
N-acetylglucosamine (GlcNAc), N-acetylgalactos-
amine (GalNAc) or sialic acid monosaccharide of
glycoconjugate acceptors requires a subset of gly-
cosyltransferases named sialyltransferases that cata-
lyze the formation of 02-3, a2-6 or 02-8 glycosidic
linkages. Up to date, a number of sialyltransfer-
ase genes have been identified in higher vertebrate
genomes, mainly those of Mus musculus (Mmu),
Homo sapiens (Hsa) and Gallus gallus (Gga). In the
nineties, efforts have concentrated on the molecu-
lar cloning and biochemical characterization of each
of the twenty genes encoding human sialyltransfer-
ases and their mouse counterparts (reviewed in),'
which have been named according to the systematic
nomenclature proposed by Tsuji et al.* Much less
data are available from lower vertebrates like bony
fish and invertebrate genomes. These recent years,
bioinformatic strategies have been developed for
comprehensive finding and analysis of glycosyltrans-
ferase genes.'?>7 Vertebrate sialyltransferase genes
represent a multigene super-family of homologous
sequences designated either orthologs or paralogs.
Orthologs are related to common ancestor by spe-
ciation. They retain a same function in the course of
evolution and belong to the same sub-family. Para-
logs are related by duplication® within a genome and
belong to different sub-families. They often evolve
novel biochemical activities and show spatio-
temporal expression. It is interesting to note that all
the animal sialyltransferases identified up to date are
grouped in the family 29 of the Carbohydrate-Active
enZYmes (CAZy) database for glycosyltransferases’
and this observation denotes their common modu-
lar organization and their common ancestral origin.
Classically, vertebrate sialyltransferases have been
divided into four families, namely the ST3Gal,
ST6Gal, ST6GalNAc and ST8Sia depending on the
glycosidic-linkage formed and the monosaccharide
acceptor used.

The repertoire of sialylated structures encountered
in tissues of animal species and in various patho-
logical states such as cancer'” relies on the molecular

diversity of sialyltransferases and reflects their diverse
expression pattern, which is reviewed here. New genes
and novel biochemical processes arise mainly by gene
duplication and divergence along animal evolution.
However, other mechanisms such as transcriptional
regulation, alternative splicing, post-translational
and regulatory mutations among others, can serve to
increase their functional diversity. In this context, the
role of epigenetic regulation of glycosyltransferases
has been suggested.!" In spite of their multiplicity
and crucial role in biology, still very little is known
about sialyltransferase sequence/function relation-
ships, tissue-specific expression and evolution. This
comprehensive review of vertebrate sialyltransferase
gene ontologies (i.e. molecular function, location and
biological process) focus on molecular phylogeny
and phylogenomics strategies as a way to get insights
into their structure/function relationships.

Topology and Structural Features

of Animal Sialyltransferases

It has long been known that sialyltransferase proteins
share the same architecture within the trans-Golgi net-
work'? and this topology along the secretory pathway
1s conserved across vertebrate species from primitive
chordate to mammals (recently reviewed in e-book
sialobiology, chapter 5). Analysis of the deduced
protein sequence indicated that animal sialyltransfer-
ases are type II transmembrane glycoproteins. The
N-terminal cytoplasmic tail of sialyltransferase homo-
logs is usually rather short, its amino acid composition
being highly variable and not conserved across ani-
mal evolution. It is not essential for catalytic activity,
but its role is still not clarified. It has been proposed
that it could define subcellular localization and sta-
bility of sialyltransferases in intracellular dynamics."
A unique transmembrane domain (TMD) of 16-20
amino acids is located towards the N-terminus part of
the protein. It is rich in Leu and Phe residues located
mainly in the middle of the TMD with charged amino
acid residues flanking both ends of the TMD'* and
appears to be more or less conserved across vertebrate
species. It is known to function as a Golgi-membrane
anchor and could play also a role in localization of the
sialyltransferases. The stem domain can be defined as
the region of the protein that lays upstream catalytic
domain that is not necessary for catalysis. It is highly
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variable in length among paralogs and orthologs and
display high sequence variability. Although it is not
essential for catalytic activity, it serves to extend the
catalytic domain into the lumen of the Golgi acting
as a flexible tether.'* Proteolytic cleavage sites have
been described in the stem region of sialyltransfer-
ases enabling secretion of soluble enzymes in body
ﬂuids.12,15,16

Vertebrate sialyltransferases show a large catalytic
domain of about 250 amino acids oriented towards
the lumen of the Golgi. Multiple sequence alignments
of cloned sialyltransferases show very little overall
sequence identity with the notable exception of four
conserved peptide motifs named sialylmotifs identi-
fied in their catalytic domain'” represented in Figure 1:
Sialylmotif L or large, is located in the middle of the
molecule and comprises 48—49 amino acids with 5
strictly conserved amino acids." Sialylmotif S or
small encompasses 23 amino acids with two invariant
amino acids Gly and Cys, 11 amino acids apart from
each other."” Sialylmotifs L and S contain Cys resi-
dues implicated in the formation of a disulfide bond.*
Sialylmotif III shows 4 amino acids, where the Tyr
residue is highly conserved.”’* Finally, sialylmotif
VS or very short has 6 amino acids, where the highly
conserved Glu is separated by 4 amino acids from the
His also highly conserved.” These sialylmotifs were
identified in all the sialyltransferases from vertebrate
and invertebrate species and are typical of all the ani-
mal enzymes of the CAZy-family 29, irrespective of
their linkage- and acceptor specificities. They serve
as hallmarks in the identification of sialyltransferase
homologs in the public nucleotide databases. Site-
directed mutagenesis of the sialylmotifs L and S con-
served amino acids residues in the rat ST6Gal I and
in the human ST3Gal I have indicated that they are
implicated in the donor (CMP-Neu5Ac) and acceptor
binding, respectively.'*** Site-directed mutagenesis
of the His residue in the sialylmotif VS of ST8Sia I,
ST8Sia IV and ST3Gal I did not induce any confor-
mational modification nor ability to bind substrates,
but a loss of activity suggesting its implication in
catalysis.?'?® Similarly, mutations of His and Tyr res-
idues in the sialylmotif III of the human ST3Gal I led
to loss of activity and efficiency of catalysis.?! Impor-
tant roles of these motifs have been suggested in the
folding and maintenance of 3D structure taking part

in functional aspect common to all sialyltransferases,
which was recently confirmed with the X-ray crystal
structure of the porcine ST3Gal 1.2” More precisely,
the His,,, Asn  and Asn . of the porcine ST3Gal I
present in the sialylmotifs III and L of animal sial-
yltransferases and highlighted by a yellow star in
Figure 1 are involved in stabilization of the phosphate
group of the donor substrate CMP-Neu5Ac. These
sialylmotifs represent residue conservation patterns
at the super-family level suggesting structural and
functional role conserved across evolution.

Family motifs of 4 to 20 amino acids that are spe-
cific of each sialyltransferase family i.e. ST3Gal,
ST6Gal, ST8Sia and ST6GalNAc, have been
reported.?®*° Protein sequence alignments across ver-
tebrate species revealed that each family share a com-
mon 4 amino acid sequence located 8 amino acids
downstream the 3’-end of the sialylmotif L, named
motif “a” in Figure 1%°! except for ST6GalNAc, since
the 7 amino acids ST6GalNAc motif “a” is located
4 amino acids closer to the sialylmotif L (Fig. 1). Simi-
larly, a second family motif, named motif “c” with 2
amino acids overlap at the 3'-end of the sialylmotif S,
is shown in Figure 1.2 More recently, Patel and Balaji
used 47 cloned sialyltransferase sequences charac-
terized mostly from mammalian species to delineate
additional family motifs,*> which are slightly refined in
Figure 1. Motif “b” lies between sialylmotifs L and S,
about 20 amino acids downstream sialylmotif L and
varies highly in length among sialyltransferase fami-
lies. Motif “d” is located downstream sialylmotif III
in the ST6Gal family (Fig. 1) and motif “e” is found
downstream sialylmotif VS in the ST8Sia’ and
ST6GalNAc families (Fig. 1). All these family motifs
are described not only in vertebrate sialyltransferase
sequences, but also in invertebrate sequences sug-
gesting that they were also present in their last com-
mon ancestor (LCA). They represent a second level
of amino acids residue conservation pattern of the
protein in each sialyltransferase family and might
be relevant for linkage specificity and for monosac-
charide recognition although no site directed muta-
genesis of conserved amino acids in family motifs
has been reported yet. This hypothesis has been con-
firmed by Rao et al who demonstrated the interaction
of Glu,,, of the porcine ST3Gal I that lies in family

196
motif “a” and Lys, . and Asp, , in family motif “b”
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Figure 1. Sequence logo of super-family motifs, family motifs and sub-family motifs in the vertebrate sialyltransferase proteins. Graphical representa-
tion derived by the Berkeley weblogo tool'*'°" after multiple sequence alignments at the ClustalW site of the PBIL site (see http://pbil.univ-lyon1.fr/)
illustrating the three levels of amino acid sequence conservation. Yellow stars indicate amino acid residues implicated in substrate binding as demon-
strated by X-ray crystallography of porcine ST3Gal .27 Upper panel shows the first level of amino acid conservation represented by sequence logo
of sialylmotif L, S, Ill and VS above a schematic representation of a sialyltransferase. These sialylmotifs characterize vertebrate sialyltransferases
super-family. It shows frequency and occurrence of amino acids in four functional sites of 125 vertebrate sialyltransferase sequences. Middle panel
shows sequence logo of linkage motifs with frequency and occurrence of amino acids characterizing each sialyltransferase family ST3Gal (42 verte-
brate sequences), ST8Sia (37 vertebrate sequences), ST6Gal (12 vertebrate sequences), ST6GalNAc (11 ST6GalNAc | and ST6GalNAc Il vertebrate
sequences designed as ST6GalNAc (A) and 23 ST6GalNAc lll, ST6GalNAc IV, ST6GalNAc V and ST6GalNAc VI vertebrate sequences, designated
as ST6GalNAc (B). Family motifs “a”, “b”, “c”, “d” and “e” are positioned relative to the sialylmotifs as described previously by Patel and Balaji.®? In
the logos, one letter amino acid symbols are colored according to their chemical properties: polar amino acids (G, C, S, T, Y) are green, basic (K, R,
H) are blue, acidic (D, E) are red, hydrophobic (A, V, L, I, P, W, F, M) are black and neutral polar amino acids (N, Q) are pink. The overall height of
the stacks indicates the sequence conservation at a given position, while the height of symbols within the stack indicates the relative frequency of
each amino acid at that position.'*®'®' Lower panel illustrates sub-family motifs of the ST6Gal | and ST6Gal Il sub-families as described previously.'
Briefly, ClustalW alignment of the peptide sequences of the catalytic domain of the ST6Gal | and ST6Gal Il sub-families are shown. Letters with red
background represent conserved positions specific from ST6Gal | and letters on yellow background represent conserved amino acid positions spe-
cific for ST6Gal Il. The total number of sub-family specific conserved amino acid positions is represented in the last column preceded by the relative
proportions (%) of ST6Gal | and ST6Gal Il specific amino acid positions, for each protein. The position of the sialylmotifs (L, S, Ill and VS) is indicated
on a green background in the first line of each sub-family. The protostomia sequences flanked by horizontal thick lines cannot be classified in either
of the two sub-families because they have similar proportions of ST6Gal | and ST6Gal Il specific conserved amino acid positions (between 61 and
39%, bold red characters).
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illustrated in Figure 1 with the hydroxyl group 4
of the Gal residue found in the acceptor substrate
GalB1,3GalNAc.”

Multiple sequence alignments in the catalytic
domain of each sialyltransferase ortholog across ver-
tebrate species has led to the definition of a third level
of amino acids residue conservation pattern called
sub-family motifs."> Sialyltransferase sequences
identified in invertebrates show intermediate values
of sub-family-specific conserved amino acid posi-
tions in these pair wise alignments and thus appear to
be intermediate sequences that do not belong to any
of the vertebrate sub-families. These residues might
be implicated in overall substrate specificity, in other
words fine specificity, towards acceptor substrates.

Molecular Cloning and Molecular
Phylogeny: From Sequence

to Function

Biochemical characterization of each sialyltransfer-
ase activity has been achieved with a small number of
cDNA cloned essentially from mammalian and avian
sources to produce in mammalian cells recombinant
proteins lacking the Golgi anchor and the cytoplas-
mic tail domain. Enzymatic assays were carried out
in vitro, towards synthetic acceptors substrates, puri-
fied glycoproteins and glycolipids, shedding light
on their substrate specificity (Table 1 and reviewed
recently in).** Since it is not possible to determine
directly and individually the enzymatic activity of all
the newly identified sequences, these recent years,
we have developed a combination of molecular phy-
logenetic and phylogenomic approaches to get fur-
ther insights into the structure/function relationships
of vertebrate sialyltransferases. As summarized in
Table 2, our studies indicated that representatives of
the twenty sialyltransferase sub-families were pres-
ent in the most recent common ancestor of osteich-
thyans (bony fishes and tetrapods) and only a limited
number of potential homologs of vertebrate sialyl-
transferase genes have been identified in the repre-
sentative genomes of all major phylogenetic groups
of invertebrate chordates.! Molecular phylogeny,
with the construction of phylogenetic trees, mul-
tiple sequence alignments using predicted protein
sequences, with the determination of sub-family-
specific amino acid positions established the global
evolutionary relationships between sialyltransferase

sequences and enabled sequence-based prediction
of functions of hundreds of sialyltransferase-related
genes identified in various animal species.'*>¢ Sial-
yltransferase genes are polyexonic and their coding
region is divided into several coding exons. Thus, a
third criterion of analysis is the conservation of the
sialyltransferase intron/exon organization in their
coding region.

1-The B-galactoside 02,3-sialyltransferase
family (ST3Gal)

Six different B-galactoside 2,3-sialyltransferases
cDNAs have been identified in various higher vertebrate
genomes, which correspond to six ST3Gal gene
sub-families.!** These cDNAs have been cloned mainly
from mammalian cells or tissues (Table 1) and recom-
binant enzymes were shown to catalyze the transfer of
sialic acid in o2,3-linkage to the terminal Gal residues
found on glycoproteins or glycolipids. In the phylo-
genetic tree of the ST3Gal family, two main branches
clearly separate vertebrate ST3Gal I and ST3Gal II sub-
families from the remaining four ST3Gal III, ST3Gal
IV, ST3Gal V and ST3Gal VI sub-families (Fig. 2).

In the first branch, ST3Gal I and ST3Gal II use
almost exclusively type III disaccharide Galf31-3
GalNAc found onto glycoproteins (corel of
O-glycosylproteins) and glycolipids (asialo-G,,, and
G,,,.)-** ST3Gal I was also found to have little activ-
ity towards type I disaccharide (Galf1,3GIcNAc).%
The human, mouse and chicken ST3Gal I lead to
the selective formation of NeuSAco2-3Galf1-3
GalNAc.*® In addition, the mouse ST3Gal I has a
preference for glycolipid acceptors leading to the
biosynthesis of G,,., G, and G, at least in in vitro
assays,* whereas the human ST3Gal II isolated from
the CEM T-cell shows activity towards both glycolip-
ids and glycoproteins.* It has been further suggested
that ST3Gal II could have a recognition site for the
ceramide moiety in addition to the one for the Galf31-3
GalNAc moiety."! Four ST3Gal I-related and two
ST3Gal II-related sequences have been identified in
D. rerio and T. rubripes genomes (Table 2) and their
fine biochemical characterization still awaits further
studies. Recently, a fugu ST3Gal II recombinant pro-
tein (TruST3Gal II-r, AJ626817 in Table 2) was bio-
chemically characterized in vitro and shown to have
distinct acceptor specificity with no activity towards
gangliosides (activity to G,, oligosaccharide, but not
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Table 2. Tissue pattern of expression of vertebrate sialyltransferases among vertebrate tissue samples.

Acc num. Gene symbol Chrom. Other gene Tissues Ref.
GenBank HUGO UNIGENE symbols
ST3Gal |
H. sapiens L29555 ST3GAL1 8q24.22 SIAT4, SIAT4A pl; lu; li; sm; fetal tissues 34
M. musculus X73523 st3galt 15D2 39
G. gallus X80503 2 38
S. tropicalis FN550106 -
D. rerio AJB64512  st3gali-r1 15 SIAT4-r1 1
AJB64513  st3gall-r2 15 SIAT4-r2 1
AM287261 st3gali1-r3 Zv8_NA2151 SIAT4A-r3 -
AM287262 st3gali1-r4 19 SIAT4A-r4 -
T. rubripes AJ626816 1
ST3Gal ll
H. sapiens X96667 ST3GAL2 16922.1 SIAT5, SIAT4B sm; he 40
M. musculus X76989 st3gal2 8E1 sm; he 201
G. gallus AJ585761 11 1
S. tropicalis AJ585763 1
D. rerio AJ783741  st3gal2-r1 11 siatb 1
ll-r AJ783740 st3gal2-r2 18 siat4 1
T. rubripes AJ744805 1
ll-r AJ626817 42
ST3Gal lll
H. sapiens L23768 ST3GAL3 1p34.1 SIAT6 he; br; sm 43
M. musculus X84234 st3gal3 4D2.1 te; ov; fetal tissues 37
G. gallus AJB65086 8 1
S. tropicalis AJ626823 1
D. rerio AJ626821 st3gal3 2 SIAT6 1
l-r AJ626820 st3gal3-r 6 SIAT6-r 1
T. rubripes AJ626818 1
ST3Gal IV
H. sapiens L23767 ST3GAL4 11924.2 SIAT4C he; pl; ki; sp; te; ov; fetal 44
tissues
M. musculus X95809 st3gal4 9A4 37
G. gallus AJ866777 24 1
S. tropicalis AJ622908 1
D. rerio AJ744809 Zv8_NA1449 SIAT4C 1
T. rubripes AJ865346 1
ST3Gal V- G, synthase
H. sapiens AB018356 ST3GAL5 2p11.2 SIAT9 br; pl; lu; sm; te; sp; 47
fetal brain
M. musculus Y15003 st3gal5 6C1 202
G. gallus AY515255 4 203
(Continued)
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Table 2. (Continued)

Acc num. Gene Chrom. Other gene  Tissues Ref.

GenBank  symbol HUGO UNIGENE symbols
S. tropicalis FN550108
D. rerio AJ619960  st3gald 14 ST3Gal5 1
V-r AJ783742  st3gal5-r 13 SIATS-r
T. rubripes AJ865087 1
V-r AJB65347
ST3Gal VI
H. sapiens AF119391 ST3GAL6 3912.1 SIAT10 he; pl; li 30
M. musculus AK082566  st3gal6 16C1.2 204
G. gallus AJ585767 1 1
S. tropicalis AJ626744 1
D. rerio Not identified 1
T. rubripes Not identified 1
ST6Gal |
H. sapiens X17247 ST6GAL1 3927—q28 SIAT1 pl; B-cells; li; ki; br 55
M. musculus D16106 stégal1 16B1 ly; hi; th; tr; sp; sk; li 57
G. gallus X75558 9 59
S. tropicalis Not identified
D. rerio AJ744801 21 1
T. rubripes AJ744800 1
ST6Gal Il
H. sapiens AB059555 ST6GALZ2 2q11.2—q12.1 SIAT2 br; fetal br; te; th; si; co 61, 62
M. musculus AK082506  st6gal2 17C 63
G. gallus AJB627629 1 1
S. tropicalis AJ627628 1
D. rerio AJ627627  stbgal2 9 1
ll-r FN550105  st6gal2-r 6 -
T. rubripes AJ866779 1
ST6GalNAc |
H. sapiens Y 11339 ST6GALNAC1 179251 SIAT7A sg; sp; Im 66
M. musculus Y11274 stégalnac1 11E2 166
G. gallus X74946 18 te; he 68
S. tropicalis Not identified
D. rerio AM287259 21 1
T. rubripes Not identified
ST6GalNAc I
H. sapiens AJ251053  ST6GALNAC2 17925.1 SIAT7B he; sm; li; si 70
M. musculus X93999 st6galnac2 11E2 te; mg; ki; th; he; li; lu; sg 168
G. gallus X77775 18 br; ki; Ii; lu; te 69
S. tropicalis AJ620650 1
D. rerio AJ634459 12 1

(Continued)
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Table 2. (Continued)

Acc num. Gene Chrom. Other gene Tissues Ref.
GenBank symbol HUGO  UNIGENE symbols
T. rubripes AJ634460 1
AJ634461 1
ST6GalNAc I
H. sapiens AJ507291 ST6GALNAC3 1p31.1 SIAT7C ki; br 1
M. musculus Y11342 stégalnac3 3H3 br; he; lu; sp; ki; te; mg; em 73
G. gallus AJ634455 8 1
S. tropicalis Not identified
D. rerio AJB620947 2 1
T. rubripes AJ634456 1
ST6GalNAc IV
H. sapiens AJ271734 ST6GALNAC4 9934 SIAT7D li; ki; pl; lu; in; sp; co; low 72
expression else
M. musculus Y19057 stégalnac4 2B br; th; lu; he; sp; co 73
G. gallus AJ620652 17 1
S. tropicalis BC121364 205
D. rerio AJ868430 21 1
T. rubripes AJ646869 1
ST6GalNAc V
H. sapiens AJ507292 ST6GALNACS 1p31.1 SIAT7E br 1
M. musculus BC055737 stégalnacb 3H3 br; sp 77
G. gallus AJB46877 8 1
S. tropicalis AJ646878 1
D. rerio AJ646874 8 1
AM287260 2 -
T. rubripes AJ646873 1
ST6GalNAc VI
H. sapiens AJ507293 ST6GALNAC6 9q34.11 SIAT7F br 1
M. musculus AB035123 stégalnac6 2B br; sp; co; li; te; he 77
G. gallus Not identified
S. tropicalis FN550109 -
D. rerio AJ646883 21 1
T. rubripes AJ646880 1
ST8Sia |-G, synthase-SAT-lI
H. sapiens D26360 ST8SIA1 12p12.1 SIAT8A Fetal br; br; 85
M. musculus X84235 st8siat 6G3 em 94
G. gallus u73176 1 re, br 173
S. tropicalis AY652775 Fetal br; em 82
D. rerio AJ715535 4 em; ov; fetal br 87
T. rubripes AJ715534 1
(Continued)
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Table 2. (Continued)

Acc num. Gene Chrom. Other gene Tissues Ref.
GenBank symbol UNIGENE symbols
HUGO
ST8Sia II-STX
H. sapiens U33551 ST8SIA2 15926 SIAT8B fetal br; fetal ki; he; th; br 102
M. musculus X83562 st8sia2 7D2 em 100
G. gallus AJ699419 10 1
S. tropicalis BC121420 205
D. rerio AY055462 18 br; ey; ov; li; mu 110
T. rubripes AJ715538 1
ST8Sia lll
H. sapiens AF004668 ST8SIA3 18g21.31 SIAT8C fe br; fe li; br 93
M. musculus X80502 st8sia3 18E1 br; te; em 94
G. gallus AJ699420 Z 1
S. tropicalis AJ715544 1
D. rerio AJ715543 21 Em; in; br 1
T. rubripes AJ715541 st8sia3 1
-r AJ715542 st8sia3-r
ST8Sia IV-PST
H. sapiens L41680 ST8SIA4 521 SIAT8D fe br 101
M. musculus X86000 st8sia4 1D sp; bm; ly; em 103
G. gallus AF008194 z 206
S. tropicalis AM419014 5
D. rerio AJ715545 10 br; mu; in 1
T. rubripes Not identified
ST8Sia V-G,, synthase-SAT-V
H. sapiens U91641 ST8SIAS 18g12.3 SIAT8E fetal br; br; sm; he 88
M. musculus X98014 st8siad 18E3 fe br; br; em 89
G. gallus AJ704564 Z 1
S. tropicalis AM422136 5
D. rerio AJ715546 21 em; br 1
T. rubripes AJ715547 1
ST8Sia VI
H. sapiens AJ621583 ST8SIA6 10p13 SIAT8F low expression all tissues 91
M. musculus AB059554 st8siab 2A1 ki; he; sp; low else 92
G. gallus AJ699424 2 1
S. tropicalis AM422137 1
D. rerio AJ715551 3 em; ov; in; br 1
T. rubripes AJ715549 st8siabA SIAT8F 1
AJ715550 st8siabB SIAT8F-r 1

Genes are named according to the HUGO gene nomenclature.

Abbreviations: bm, bone marrow; br, brain; co, colon, em, embryo; ey, eyes; he, heart; hi, hippocampus; in, intestine; li, liver; lu, lung; ly, lymphocytes;
pl, placenta; ki, kidney; mg, lactating mammary gland; mu, muscle; ov, ovaries; pl, placenta; re, retina; sb, submaxillary gland; sg, salivary gland; si, small
intestine; sk, skin; sm, skeletal muscle; sp, spleen; te, testis; th, thymus; tr, trachea.
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to G,, ). As yet, there is no description of enzymatic
activity of ST3Gal I and ST3Gal II for amphibians,
cartilaginous fish or agnathans.

Multiple sequence alignments and determination
of sub-family amino acid specific positions have
demonstrated the existence of intermediate ST3Gal
sequences in invertebrates, which cannot be ascribed
to any of the two sub-families ST3Gal I or ST3Gal
II. This observation further suggested that they might

represent ancestral sequences orthologous to the
common ancestor of ST3Gal I and ST3Gal II sub-
families. Consequently, these sequences identified in
the tunicate C. intestinalis were named ST3Gal /Il
and were proposed to have similar enzymatic activity
as ST3Gal I and ST3Gal II enzymes towards Galf31-
3GalNAc.! Complete biochemical characterization of
the C. intestinalis ST3Gal I/II recombinant protein
confirmed this hypothesis.*
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Figure 2. Neighbor-Joining phylogenetic tree of 36 sialyltransferase sequences of the ST3Gal family and juxtaposed, a schematic representation of the
human, mouse and zebrafish gene organization. The evolutionary history was inferred using the Neighbor-Joining phylogenetic method."? The bootstrap
consensus tree inferred from 500 replicates'® is taken to represent the evolutionary history of the 36 taxa analyzed and the percentage of replicate trees
are shown next to the branches. The evolutionary distances were computed using the Poisson correction method.'* Phylogenetic studies were conducted
in MEGA4.0."% 36 ST3Gal sequences, 162 informative amino acid positions out of the original 442 positions (36%) were selected with 6 GBLOCKS. %
The scale bar represents the number of substitutions per site for a unit branch length. The ST3Gal I/ST3Gal Il sub-tree was rooted with the tunicate
C. intestinalis (AJ626815) and C. savignyi (AJ626814) sequences as outgroups. These two sequences represent orthologs to the common ancestor
ST3Gal I/ll present before the split of ST3Gal | and ST3Gal Il sub-families. Coding exons are represented by grey rectangles and their size in amino acids
is indicated within. Sialylmotif L, S and VS positions are indicated by a dark line above exons. Each sub-family name is indicated on the right side and the
accession numbers in GenBank/EMBL of the invertebrate sequences that are not provided in Table 2 are indicated.
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Asillustrated in Figure 2, the exon/intron organization
of the st3gal genes of these sub-families is highly
conserved from fish to mammals. The members of
these two gene sub-families show the same number of
exons and intron positions and lengths are conserved.
This observation emphasizes their common ancestral
origin.

In the second branch of the ST3Gal phyloge-
netic tree, ST3Gal III, ST3Gal IV and ST3Gal VI
show similar enzymatic specificity catalyzing the
transfer of sialic acid on the Gal residue of the
disaccharide GalB1-3(4)GIcNAc of glycoprotein
or glycolipids.

The human ST3Gal III uses preferentially type |
disaccharide GalB1-3GIcNAc and therefore repre-
sents the most probable candidate for the biosyn-
thesis of sialyl-Lewis?® epitope, in vivo.** The mouse
ST3Gal III exhibits high activity towards type I and
type II (GalB1-3/4GlcNAc) disaccharides and very
low activity towards type III (GalB1-3GalNAc)
disaccharide.’” Two ST3Gal III sequences identi-
fied in D. rerio genome (DreST3Gal 111, AJ626821
and DreST3Gal IlI-r, AJ626820, in Table 2) still
await further enzymatic characterization. The
human ST3Gal IV and ST3Gal VI use preferentially
GalpB1-4GlcNAc disaccharide as acceptor sub-
strate’®** probably on different substrates in the gly-
coproteome of the cell.*® This latter enzyme has been
shown to be involved in the sialyl-3-paragloboside
(Neu5Aco2-3Galf1-4GlcNAcB1-4GalB1-4GlcB1-
Cer) biosynthesis, a precursor of the sialyl-Le*
on ceramide.’® Interestingly, no ortholog of the
human ST3Gal VI sequence could be identified in
fish genomes suggesting that this ST3Gal VI sub-
family might have been lost in teleosts. Finally,
the recombinant human ST3Gal V*’ and the mouse
ST3Gal V# were shown to use almost exclusively
lactosyl-ceramide (Lac-Cer, GalB1-4GlcB1-Cer) as
an acceptor substrate leading to the biosynthesis of
G,,;- This enzyme is also known as the G, ,-synthase
(Table 1) and it can be released in serum in a soluble
form after cleavage of the N-terminus.*® Notewor-
thy, the rat brain-purified enzyme shows a broader
specificity utilizing both galactosyl-ceramide
(GalB-Cer) and asialoganglioside G, (GalNAcP1-4
GalB1-4GIcp-Cer) as well as Lac-Cer.* Interest-
ingly, Berselli et al reported on the expression of
N-terminal 33 amino acids extended isoform of the

human ST3Gal V in placenta, which uses Lac-Cer
and also Gal-Cer, G,, and G,,.** Two related ST3Gal
V sequences (DreST3Gal V, AJ619960 and DreST-
3Gal V-1, AJ783742 in Table 2) were identified in
the zebrafish genome.' The enzymatic properties of
the corresponding recombinant proteins produced
in hamster cultured cells were recently determined.
In addition to a G,,,-synthase activity, DreST3Gal
V-r (AJ783742) and the mouse ST3Gal V enzymes
were found to have a G ,-synthase activity lead-
ing to the formation of sialylated Gal-Cer, whereas
DreST3Gal V (AJ619960) lacked this G,,,-synthase
activity.”' Interestingly, orthologs of the zebrafish
ST3Gal V-r were identified in various fish genomes,
but the gene seems to have disappeared from
the tetrapod genomes (Fig. 2) during vertebrate
evolution.

For the time being, no ancestral sequence for this
second group of ST3Gal genes was reported in lower
vertebrates nor in invertebrates, which raises the
question of the divergence time of each of the sub-
families described.

St3gal4 and st3gal6 genes show the same over-
all gene organization with 9 coding exons and simi-
lar exon/intron boundaries. However, st3gal3 and
st3gal5 genes show 11 and 6 coding exons, respec-
tively and slightly different exon/intron structures
(Fig. 2). These additional intervening sequences
found in the st3gal3 genes are localized to the 5’ end
of the genes, in the coding region corresponding to
the stem region.

2-The B-galactoside o2,6-sialyltransferase
family (ST6Gal)

This is the simplest of the sialyltransferase families
since it comprises only two sub-families in higher
vertebrates.! Members of both sub-families ST6Gal
I and ST6Gal II were identified in all vertebrates
from fish to mammals suggesting that the duplication
leading to these two vertebrate sub-families event
took place before fish radiation. In addition, their
genomic organization appears to be highly conserved
in vertebrate genomes (Fig. 3). B-galactoside 02,6~
sialyltransferases ST6Gal I and ST6Gal I catalyze the
transfer of sialic acid mainly to the terminal Gal resi-
due of type II disaccharide through an o2,6-linkage
leading to the formation of the Neu5Aco2-6Gal1-4
GlcNAc- found on N-glycosylproteins and also to a
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Figure 3. Neighbor-Joining phylogenetic tree of 15 sialyltransferase sequences of the ST6Gal family and, juxtaposed, a schematic representation of the
human, mouse and zebrafish gene organization. The evolutionary history was inferred using the Neighbor-Joining phylogenetic method.'? The bootstrap
consensus tree inferred from 500 replicates® is taken to represent the evolutionary history of the 15 taxa analyzed and the percentage of replicate trees
are shown next to the branches. The evolutionary distances were computed using the Poisson correction method.'* Phylogenetic studies were conducted
in MEGA4.0."% 15 ST6Gal sequences, 287 informative amino acid positions out of the original 575 positions (51%) were selected with 7 GBLOCKS. %
The scale bar represents the number of substitutions per site for a unit branch length. The ST6Gal tree was rooted with the arthropods D. melanogaster
(AF218237), the A. aegypti (XM_001649540) and the A. gambiae (AJ821850) sequences as outgroups. These three sequences represent orthologs to
the common ancestor ST6Gal /Il present before the split of ST6Gal | and ST6Gal Il vertebrate sub-families. Coding exons are represented by grey rect-
angles and their size in amino acids is indicated within. Sialylmotif L, S and VS positions are indicated by a dark line above exons Each sub-family name
is indicated on the right side and the accession numbers in GenBank/EMBL of the insect sequences that are not in table 2 are indicated.

lesser extent, on O-glycosylproteins, glycolipids and
free oligosaccharides.*

Bovine colostrum purified ST6Gal I was found
to use also lactose (Galf1-4Glc)* and LacdiNAc
(GalNAcP1-4GIcNAc)* as acceptor substrates.
ST6Gal 1 is the first sialyltransferase, which has
been cloned and cDNA has been obtained from vari-
ous higher vertebrate species, including human,*
rat,’® mouse,”’ cattle®® and chicken.’® The recom-
binant ST6Gal I enzymes produced have shown a
broad substrate specificity towards Gal(NAc)B1-
4GIcNAc bearing substrates (Table 1).5%%° Orthologs
of the mammalian s¢z6gall gene could be identified in
various fish genomes (Table 2),' but yet no biochemical
characterization has been reported.

Mammalian recombinant ST6Gal II exhibits
in vitro, more restricted substrate specificity towards
a few Galf1-4GIcNAc and GalNAcP1-4GIcNAc
bearing glycoconjugates that have not been identified
yet.®6* Several ST6Gal Il-related sequences were
identified in lower vertebrate genomes,' but have not
been yet biochemically characterized.

A unique sialyltransferase gene closely related
to the ST6Gal family was identified in several

insect genomes (D. melanogaster, A. gambiae or
A. aegyptii). These sequences branched out from the
ST6Gal phylogenetic tree before the separation of
vertebrate ST6Gal I and ST6Gal I sub-families. In
addition, multiple sequence alignments showed that
these invertebrate ST6Gal sequences did not belong
to any of the two vertebrate sub-families.! This further
suggested that these protostomian sialyltransferases,
named ST6Gal I/I1, were orthologous to the common
ancestor of the vertebrate ST6Gal I and ST6Gal Il and
were subsequently named ST6Gal I/II. ST6Gal I/I1
from D. melanogaster has been enzymatically char-
acterized in vitro and demonstrated similar activity
towards Gal(NAc)B1-4GlcNAc disaccharide,® as
compared to vertebrates ST6Gal I and ST6Gal 1.

3-The GalNAc o2,6-sialyltransferase

family (ST6GalNACc)

Six different GalNAc 02,6-sialyltransferase cDNAs
have been identified and cloned from mammalian
and avian cells or tissues and enzymatically char-
acterized. These enzymes expressed as recombinant
proteins catalyze the transfer of sialic acid residues
in 02,6-linkage to the proximal GalNAc residue of
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O-glycosylproteins (ST6GalNAc I, ST6GalNAc I,
ST6GalNAc IV) or on GalNAc residue of glycolipids
like G, , (ST6GaINAc I, ST6GaINAc V, ST6GalNAc
VI). As seen before for the ST3Gal family, the
phylogenetic tree of the ST6GaINAc family shows
two main branches clearly separating ST6GalNAc |
and ST6GalNAc II sub-families on one hand from
the remaining four sub-families ST6GalNAc III,
ST6GalNAc IV, ST6GalNAc V and ST6GalNAc VI
on the other hand (Fig. 4).

Recombinant ST6GalNAc I and ST6GalNAc
IT proteins have shown similar enzymatic activ-
ity in vitro, catalyzing the transfer of sialic acid
onto GalNAc residues of the type III disaccharide
GalPB1-3GalNAc-peptide (02,3-sialylated or not)

of mucin-type glycoproteins®* (Table 1). Their
activity is depending on the peptide moiety.®¢"°
ST6GalNAc I is also known as the sialyl-Tn anti-
gen synthase. No ST6GalNAc I sequence has been
identified yet in the amphibian genomes nor in the
fugu genome, but two ST6GalNAc II sequences
were identified in the fugu genome (Table 2). How-
ever, none of these are enzymatically character-
ized yet. A rainbow trout (Oncorhynchus mykiss)
ST6GalNAc II was characterized from ovaries and
the recombinant protein expressed in COS-1 cells
was shown to have a slightly different enzymatic
specificity since it preferred Neu5Aco2-3Galf1-
3GalNAc-peptide rather than Galf1-3GalNAc-
peptide or GaINAc-peptide.”
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Figure 4. Neighbor-Joining phylogenetic tree of 34 sialyltransferase sequences of the ST6GalNAc family and, juxtaposed, a schematic representation of
the human, mouse and zebrafish gene organization. The evolutionary history was inferred using the Neighbor-Joining phylogenetic method.®? The boot-
strap consensus tree inferred from 500 replicates'® is taken to represent the evolutionary history of the 34 taxa analyzed and the percentage of replicate
trees are shown next to the branches. The evolutionary distances were computed using the Poisson correction method." Phylogenetic studies were
conducted in MEGA4.0.'% 34 ST6GalNAc sequences, 105 informative amino acid positions out of the original 698 positions (15%) were selected with
4 GBLOCKS." The scale bar represents the number of substitutions per site for a unit branch length. Four genes from the bony fish D. rerio (AM287259
and AJ634459) and T. rubripes (AJ634460 and AJ634461) are orthologs to the common ancestor ST6GalNAc I/ll present before the split of ST6GalNAc |
and ST6GalNAc Il sub-families. The gene from the sea urchin S. purpuratus AJ699425 is orthologous to the common ancestor ST6GalNAc HII/IV/V/VI
present before the separation of the four vertebrate sub-families. Coding exons are represented by grey rectangles and their size in amino acids is
indicated within. Sialylmotif L, S and VS positions are indicated by a dark line above exons. Each sub-family name is indicated on the right side and the
accession numbers in GenBank/EMBL of the sequences that are not in Table 2 are indicated.
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Onthefirstbranchofthe phylogenetictree (Fig.4),it
was observed thatthe bony fish ST6GalNAc sequences
branched out before the split of ST6GalNAc I and
ST6GalNAc II sub-families locating the divergence
time of these two sub-families before the emergence
of amphibians and after the bony fish emergence.
Multiple sequence alignments and determination of
sub-family-specific amino acid positions further sug-
gested that these fish sequences cannot be ascribed
to any of the two sub-families ST6GalNAc I or
ST6GalNAc II and thus might represent ancestral
orthologs to the common ancestor.! We also specu-
lated that the fish ST6GaINAc I/II could have similar
narrow acceptor substrate specificity towards the core
GalNAc residue of mucin-type O-glycosylproteins.

It is interesting to note that all the genes belong-
ing to this first branch of the GalNAc phylogenetic
tree have retained similar genomic organization along
vertebrate evolution with 9 coding exons and con-
served intron/exon boundaries (Fig. 4).

The second branch of the phylogenetic tree of the
ST6GalNAc family contains the remaining four ver-
tebrate sub-families ST6GalNAc I1I, ST6GaINAc IV,
ST6GalNAc V and ST6GalNAc VI.

The mammalian ST6GalNAc III and the human
ST6GalNAc IV show the most restricted substrate
specificity using exclusively the NeuSAco2-3Galf1-3
GalNAc-trisaccharide found on either O-glycosylproteins
or ganglioside G,,,, which suggests that they do not
discriminate between o and B-linked GaINAc.”>” The
mouse ST6GalNAc V and ST6GalNAc VI are specific
for ganglioside acceptors leading to the biosynthesis of
gangliosides of the o-series””” (Table 1). Interestingly,
Tsuchida et al have proposed indirect involvement of
ST6GalNAc VI in synthesizing disialyl lactotetraosyl-
ceramide (Lc4), a precursor of disialyl Le®. Indeed, the
human ST6GalNAc VI and to a lesser extent ST6GalNAc
V and ST6GalNAc III catalyze the transfer of a sialic
acid residue onto the GIcNAc residue.”®” Orthologs of
the human ST6GALNAC genes have been identified in
the zebrafish genome,' but still await further biochemical
characterization. No orthologous sequence could be iden-
tified for ST6GALNAC V1 in the chicken genome.

ST6GalNAc III/IV/V/VI sequences were identi-
fied in the genome of echinoderms (S. purpuratus),
which are branching out before the occurrence of
the duplications at the origin of the four vertebrate
sub-families' and in several invertebrate genomes.

These sequences still await further biochemical
characterization.

All these ST6GalNAc homologs retain similar
genomic organization from fish to mammals (Fig. 4)
with a highly conserved gene structure split into 5
coding exons.

4-The o2,8-sialyltransferase
family (ST8Sia)

The six members of the mammalian ST8Sia family
catalyze the transfer in o2,8-linkages of one to several
sialic acids to another sialic acid of glycoproteins or
glycolipids. As shown in Figure 5, detailed phylogenetic
analysis of this ST8Sia gene family and dating the
duplication events has pointed out the existence of
four main branches in the phylogenetic tree.!

The first branch contains four vertebrate sub-
families, ST8Sia I, ST8Sia V, ST8Sia VI and ST8Sia
VII that can be viewed as mono-02,8-sialyltransfer-
ases, since they catalyze the transfer of a unique sialic
acid residue in 02,8-linkage (Table 1). This branch
comprises also several invertebrate sequences forming
with the vertebrate sub-families a monophyletic clade.

ST8Sia I with gene representatives from agnathans
to mammals was the first to emerge during animal
evolution about 600 MYA. The tetrapod ST8Sia I also
known as G ,-synthase, has been cloned from various
animal species and shows a strict specificity towards
G,,, resulting in the formation of G .*** However,
Nara et al reported the molecular cloning of a short iso-
form of the human ST8Sia I (341 amino acids) using
other gangliosides as acceptor substrates yielding to
the formation of G, and also G, , G,,, and Gle in
vitro,*® whereas Nakayama et al reported the molecu-
lar cloning of a long isoform of the human ST8Sia
I (356 amino acids) with an extended cytoplasmic
domain capable of using G, to form G, in vitro.*
The two amphibian ST8Sia I cDNAs cloned from X.
laevis suggested also differential use of in frame start
codons and alternative splicing of a unique st8sial
gene leading to the production of two protein isoforms
with similar enzymatic activity towards G,, yielding
G,,.” A zebrafish ST8Sia I cDNA has been identified,'
cloned and the corresponding gene is found to be
expressed mainly in the developing brain,*” but it has
not been enzymatically characterized yet.

St8sia5 gene, found from cartilaginous fish
(Callorynchus milii) to mammals emerged about 563
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Figure 5. Maximum Likelihood phylogenetic tree of 34 sialyltransferase sequences of the ST8Sia family and, juxtaposed, a schematic representation of
the human, mouse and zebrafish gene organization. This ML phylogenetic tree representation is simplified from ref.! Figure 3. Phylogenetic studies were
conducted with Phyml, version 2.4.4."%" Initially, 63 ST8Sia sequences, 201 informative amino acid positions out of the original 426 positions (47%) were
selected with G-BLOCKS. ' The bootstrap values were calculated from 500 replicates'® and values >50% are shown next to the branches. The scale bar
represents the number of substitutions per site for a unit branch length. The amphioxus B. floridae gene with the GenBank accession number EF140745 is
orthologous to the common ancestor ST8Sia II/1V present before the split of the vertebrate ST8Sia Il and ST8Sia IV sub-families. One gene from B. floridae
with the GenBank accession number AM901543 is orthologous to the common ancestor ST8Sia Ill/Ill-r present before the separation of the vertebrate
ST8Sia Il and ST8Sia llI-r sub-families and another one with the GenBank accession number EF152420 is orthologous to the common ancestor ST8Sia
I/VIVIIVII present before the separation of the vertebrate ST8Sia I, ST8Sia V, ST8Sia VI and ST8Sia VIl sub-families. Two zebrafish representatives of this
latter new ST8Sia sub-family with the GenBank accession number AM287258 and AM287257 are represented. The tree was rooted with the invertebrate
B. floridae-0 sequence AF391289 as an outgroup. Coding exons are represented by grey rectangles and their size in amino acids is indicated within.
Sialylmotif L, S and VS positions are indicated by a dark line above exons. Each sub-family name is indicated on the right side and the accession numbers
in GenBank/EMBL of the sequences that are not in table are indicated.

MYA. ST8Sia V also known as the G_,-synthase has (4. carolinensis) split out around 552 MYA.’> This
been cloned from mammalian sources®* and found latter ST8Sia sub-family has disappeared in mammals
to sialylate different gangliosides such as G ,, but and is not yet biochemically characterized. The human
also G,,,, G,,, and G, (Table 1).>* Although not ST8Sia VI catalyzes the transfer of a single sialic acid
yet biochemically characterized in fish, DreST8Sia residue mainly on o2,3-sialylated O-glycans of gly-
V was cloned from D. rerio sources and found to be coproteins leading to the formation of diSia motifs

highly expressed in the developing brain.*’

Finally, ST8Sia VI found from bony fish to mam-
mals and ST8Sia VII found essentially in Cyprinidae
(D. rerio)and Salmonidae (O. mykiss) and in squamates

and also to a lesser extent on 02,6-sialylated O-glyco-
sylproteins.”! The mouse ST8Sia VI showed a slightly
broader acceptor specificity using more extensively
o2,6-sialylated O-glycans of the bovine submaxil-
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lary mucin, 3'-sialyllactose, 6’-sialyllactose and also
gangliosides such as G, , at least in vitro assays.”

Nowadays, several ancestral genes that are
orthologous to the common ancestor of these four
vertebrate sub-families are found in the genome of
invertebrates like the amphioxus B. floridae or the sea
urchin S. purpuratus and they are named consequently
ST8Sia I/V/VI/VII. They form with the vertebrate
sub-family a monophyletic clade and are all proposed
to be mono-02,8-sialyltransferases.

All these genes have kept a similar genomic organi-
zation and conserved intron/exon boundaries in their
3’-coding region (Fig. 5). However, each vertebrate
sub-family shows a distinct number of coding exons
and different intervening sequences are located in the
5'-region of the genes corresponding to the cytoplas-
mic, transmembrane domain and stem region of the
sialyltransferases.

The second branch groups two vertebrate sub-
families and invertebrate sequences: ST8Sia III
sub-family with genes identified from bony fish to
mammals (Table 2) and ST8Sia III-r sub-family
with representatives found only in neognathi fish
genomes® and which are not yet biochemically
characterized. ST8Sia III has been cloned essen-
tially from mammalian sources”* and from the
zebrafish.®”> ST8Sia III catalyzes the transfer of one
to several sialic acid residues either on glycoproteins
or glycolipids®® and can be viewed as an oligo-02,8-
sialyltransferase.”” ST8Sia III is thought to be impli-
cated in the biosynthesis of G, and disialyl-motifs
found on CD-166 (Table 1).”®

Several ancestral genes orthologous to the com-
mon ancestor of the two vertebrate sub-families are
found in the genome of B. floridae or S. purpuratus
and consequently they are named ST8Sia III/I1I-r.

All the genes found in this second branch of the
ST8Sia phylogenetic tree have retained a highly simi-
lar and simple gene organization with only 4 coding
exons and identical intron/exon boundaries (Fig. 5).

The third branch comprises two vertebrate poly-o.2,
8-sialyltransferase sub-families ST8Sia II and ST8Sia
IV, both with genes identified from bony fish to
mammals (Table 2) and also invertebrate sequences.
ST8Sia Il and ST8Sia IV have been cloned from vari-
ous mammalian sources including human, mouse and
hamster.”'® Mammalian ST8Sia Il and ST8Sia IV cat-
alyze the transfer several sialic acid residues on other

sialylated glycoconjugates. Both enzymes are expressed
in the nervous system of most vertebrates where they
act mainly on the 02,3-sialylated N-glycans of N-
CAM!'+1% regulting in an increased neuronal plastic-
ity and migration in embryonic vertebrate embryos.'”’
A ST8Sia II cDNA was cloned from X. laevis tailbud
and assumed to be the major factor in N-CAM polysi-
alylation.'”® Recently, two distinct ST8Sia I cDNAs
have been identified in the whole embryo (1tSTXem)
and ovary (rtSTXov) of rainbow trout and enzymatic
activity of recombinant proteins assayed in vitro'”
showed very low level of activity towards the N-glyco-
sylprotein N-CAM and the cortical alveolus O-glycos-
ylprotein PSGP of fish oocytes for individual enzyme,
but enhanced activity when assayed in conjunction
with the rainbow trout ST8Sia IV (rtPST). ST8Sia II
and ST8Sia IV were also cloned from the zebrafish,
however N-CAM polysialylation was obtained in vitro,
only with recombinant ST8Sia II protein.'°

Ancestral genes that are orthologous to the com-
mon ancestor of these two vertebrate sub-families
are found in the genome of the lamprey (Petromyzon
marinus) and in the invertebrate genomes of amphi-
oxus (B. floridae) or sea urchin (S. purpuratus) and
they are named ST8Sia II/IV. None of these has been
enzymatically characterized yet.’

ST8Sia II and ST8Sia IV genes found in this third
group of ST8Sia have kept highly similar gene orga-
nization across vertebrate species showing 5 and
6 coding exons, respectively.

As illustrated in Figure 5, the last branch, which
is the most external of the ST8Sia phylogenetic tree,
comprises only invertebrate o2,8-sialyltransferase
related genes that have been named ST8Sia EX for
external. No ortholog could be identified in vertebrate
genomes, which suggests the complete loss of these
ancestral genes early in vertebrate evolution.

In summary, biochemical characterization of mam-
malian sialyltransferases has pointed out their similar
substrate specificity and functional redundancy. Identi-
fication of sialyltransferase-related sequences, molecu-
lar biology and phylogenetic analysis suggested that
the evolutionary origin of sialyltransferase genes pre-
dates deuterostome/protostome divergence. Orthologs
to the twenty known mammalian sialyltransferase sub-
families were identified in all the vertebrate genomes
screened up to date. In addition, several new sub-fami-
lies could be identified in particular in lower vertebrates,

Glycobiology Insights 2010:2

45


http://www.la-press.com

Harduin-Lepers

2

although they remain to be enzymatically characterized.
Four ancestral sialyltransferase gene families have been
identified in various invertebrate genomes enabling to
trace back the origin of these gene families.! These
ancestral sialyltransferase families comprise sequences,
which could not be ascribed to any of the vertebrate
sialyltransferase sub-families suggesting that they are
orthologous to the LCA of the different vertebrate sial-
yltransferase sub-families. The deuterostome and the
protostome lineages share a unique ancestral ST6Gal
family in their LCA. Four groups belonging to the
ancestral ST8Sia family were identified in the LCA of
echinoderm and chordate lineages.’ Similarly, the first
precursor gene of the ST3Gal family was identified in
urochordates (C. intestinalis and C. savignyi) suggest-
ing the occurrence of a unique ancestral ST3Gal fam-
ily in the LCA of urochordates and vertebrates. Finally,
a unique ancestral ST6GalNAc family was found in
the LCA of echinoderms and vertebrates.! However,
all these studies still appear insufficient to definitively
resolve all the sialyltransferase relationships and fur-
ther phylogenetic studies of each individual sialyl-
transferase family remain necessary to establish their
evolutionary history.

Phylogenomics of ST8Sia as a
Way to Gain Insights into their
Evolutionary History

The use of the vast amount of genomic data now
available in the public databases coupled to func-
tional genetic experiments offers unprecedented pos-
sibilities to trace back the origins of the sialylation
biosynthetic machinery in vertebrates. To further test
historical orthologous relationships among sialyltrans-
ferase homologs of the ST8Sia family, genomic dis-
tribution and comparative synteny analysis extended
to the whole chordate genomes available in public
databases were recently undertaken.''!:!!?

Essentially two genetic mechanisms may explain
sialyltransferases evolution and the emergence of the
twenty sialyltransferase sub-families described in mam-
mals. One is gene duplication, the other is gene loss. The
simplest case of gene duplication is tandem duplication
of individual genes (TDT). Several examples have been
described in fish genomes as for ST8Sia VIA and ST8Sia
VIB in 7. rubripes,” ST8Sia VIIA and ST8Sia VIIB in
D. rerio® or ST8Sia IIA and ST8Sia IIB in O. mykiss.'”

Most of the time, the two copies of these duplicated genes
are positioned immediately adjacent to one another on
the same chromosome. Phylogenetic and phylogenomic
studies illustrated that the initial expansion and subse-
quent divergence of ST8Sia I, ST8Sia III and ST8Sia V
were the consequence of ancient gene duplications and
translocations in the ancestral invertebrate genome, long
before the emergence of vertebrates.’ Other genetic pro-
cesses, more global, should be emphasized. The first is
whole genome duplication rounds (WGDR), suggested
in the 1970s by Susumu Ohno, who first hypothesized
that polyploidy has been an important factor in the evolu-
tion of vertebrates."* Two rounds of genome duplication
(2R hypothesis) would have taken place early in the ver-
tebrate lineage around 560 MYA and 520 MYA!' as tes-
tified by the identification of paralogous regions, which
are remnant of these regional chromosomal duplications
in vertebrate genomes. These genetic events account
for the emergence of several new sialyltransferase sub-
families early in vertebrate evolution as demonstrated
for ST8Sia II and ST8Sia IV sub-families and ST8Sia
VI and ST8Sia VII sub-families probably resulting from
WGDRI that took place around 550 MYA, before the
divergence between jawed and jawless vertebrates.>!'*
The other process is a segmental duplication, in which
only a portion of a given chromosome is duplicated,
but no event involving a sialyltransferase gene was yet
detected. Otherwise, some lineage-specific duplication
events are difficult to interpret, in reason of an incom-
plete genome assembly. This is the case for example, of
the four ST8Sia II/IV sequences described in the ceph-
alochordate B. floridae or the eight ST8Sia I/'V/VI/VII
sequences identified in the urochordate S. purpuratus.
All these observations raises the question of the fate of
duplicated vertebrate sialyltransferases non-, sub- or neo-
functionalization''” that is respectively, loss of one copy
sharing of the ancestral function between the two dupli-
cates or acquisition of a new function by one of the cop-
ies, and its link with the origin of evolutionary novelties.

Gene loss also contributed significantly to the
emergence of divergent animal lineages.''®!!”
Although uncertainties in the completion or assem-
bly of sequenced chordate genomes remain, gene loss
can be revealed by comparison of distant evolution-
ary organisms such as C. intestinalis in the urochor-
date phylum, which has experienced gene loss of
almost all sialyltransferase ancestral gene families
with the notable exception of the ST3Gal I/II family.'

46

Glycobiology Insights 2010:2


http://www.la-press.com

Vertebrate sialyltransferase genes

Similarly, the ST8Sia EX sequences described in
the non-vertebrate marine deutorostomia B. floridae
and S. purpuratus have completely disappeared from
vertebrate genomes.’ Sialyltransferase sub-family loss
was also described in various vertebrate genomes such
as the ST8Sia IV sub-family, which has disappeared
from neognathi fish like 7 nigroviridis, T. rubripes or
O. latipes,> ST8Sia IlI-r sub-family, which has disap-
peared from the Cyprinidae, Salmonidae and tetrapods
or the ST8Sia VII sub-family, which was maintained
only in the fishes D. rerio and O. mykiss and in the
green lizard A. carolinensis. These observations
further suggest an impact on the functional fate of
surviving paralogs, which remains to be established.
Thus, combining data from our phylogenetic and
phylogenomic approaches, we have reconstructed

a birth and death model of divergent evolution of
sialyltransferase genes, which helps to explain the
persistence of redundant genes for hundred million
years. This scenario not only highlights the ancestral
lineage between vertebrate sialyltransferases, which
has shaped the sialylated glycan repertoire known in
the living organisms and also points to biologically
significant function for sialoglycoconjugates con-
served during evolution of vertebrates.

Control of Sialyltransferases Gene
Expression and Pattern of Expression

in Vertebrates

In Metazoans, sialyltransferase genes are polyex-
onic, their coding region is divided into several cod-
ing exons* '’ and different length of introns spanning
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Figure 6. Schematic representation of the 5-end of human ST6Gal genes and the major transcripts expressed. The boxes and lines connecting boxes

indicate exons and introns respectively. Grey rectangles represent codin

g regions whereas open rectangles represent 5-UT exon. Promoter regions are

symbolized by colored ovals and TSS by bent arrows. Multiplicity of TSS is indicated by dashed bent arrows. Intron lengths are indicated in green below
the gene schematic and the exon length in black above. The translation start codon AUG is indicated. Not drawn to scale.
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over up to 100 kb. As reported above, their gene
organization within the coding sequence is conserved
during vertebrate evolution (Figs. 2-5). However,
despite gene organization and good primary protein
sequence conservationamong vertebrate sialyltransfer-
ase orthologs, marked differences in tissue expression
profiles have been noticed among vertebrate species
as reported for bovine and human ST6Gal 1166264 or
for the rodent ST6Gal I and ST3Gal 1.!'® In addition,
spatio-temporal expression of sialyltransferase genes
evidenced through Northern blot, RT-PCR and micro-
array analysis and whole mount in situ hybridization
show a strong positive correlation between mRNA
expression levels and enzyme activity levels, suggest-
ing that cell surface sialic acid levels mainly depend
on the mRNA level of sialyltransferase genes and
their transcriptional regulation.'”!?° In order to elu-
cidate the molecular basis of vertebrate sialyltransfer-
ase gene regulated expression, the structure and gene
organization of human and mouse sialyltransferase
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genes has been widely analyzed and a few of their key
cis-regulatory sequences delineated.'?!"'** As reported
before for other terminal glycosyltransferases like 1,
4-GalT1,"*1? N-acetylglucosaminyltransferases I11'*
and V'?7 or FUT1,'? sialyltransferase genes appear to be
differentially expressed whereas glycosyltransferases
involved in the synthesis of the core region of glycans
are constitutively expressed.

Interestingly, analysis of the mammalian ST6GALI,
ST6GAL2, ST3GAL2, ST3GAL4, ST3GALS5 and
ST3GALG6 genes revealed the existence of several
5'-untranslated (5'-UT) exons and heterogeneous
transcriptional start sites (TSS) leading to several
mRNA isoforms with potentially different translation
rate or mRNA stability. Genomic sequence analysis
of the 5'-flancking region of these human sialyl-
transferase genes led to the identification of various
alternative promoter regions spread across hundred
kb of linear genomic sequences, as illustrated in
Figures 6-9. A few of these genomic promoter regions
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Figure 7. Schematic representation of the 5-end of human ST3Gal genes and the major transcripts expressed. The boxes and lines connecting boxes
indicate exons and introns respectively. Grey rectangles represent coding regions whereas open rectangles represent 5-UT exon. Promoter regions are
symbolized by colored ovals and TSS by bent arrows. Multiplicity of TSS is indicated by dashed bent arrows. Intron lengths are indicated in green below
the gene schematic and the exon length in black above boxes. The translation start codon AUG is indicated. Not drawn to scale.
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Figure 8. Expression pattern of zebrafish st3gal5 and st3gal5-r genes A) in various adult tissues, by RT-PCR and B) during embryonic development, by
whole mount in situ hybridization. A) Total RNA was isolated from 36 hpf embryos and various adult tissues of zebrafish and RT-PCR was performed,
as previously described." Lane 1: 36 hpf; lane 2: eggs; lane 3: liver; lane 4: brain; lane 5: intestine; lane 6: heart; lane 7: ovaries; lane 8: kidney. The
zebrafish B-actin gene was used as a positive control of PCR amplification leading to the amplification of a 378 bp fragment, as described before."
Forward 5-TGGCTGTGATATTCAAGTC and reverse 5-TGTAGGGATGTTCTGGTC primers were used for the amplification of a zebrafish st3gal5 cDNA
(AJ619960) of 236 bp and forward 5-TCCCACATACAGGAATACG and reverse 5-CAGTCTCGGCACTAACATC primers were used for the amplifi-
cation of a zebrafish st3gal5-r cDNA (AJ783742) of 424 bp. B) Expression of the st3gal5 and st3gal5-r genes during embryonic development of the
zebrafish was followed by whole mount in situ hybridization. Molecular cloning of st3gal5 full-length open reading frame was achieved using the for-
ward 5-CGAGGACTTGGTGTTGAGG and the reverse 5-GTGCTGCATTAGCAGTGTTTC primer pair for st3gal5 and the forward 5-CAGTAGGAGTATTT
GGGAAGT and the reverse 5-TGAGAATGGTCGAAACAGC primer pair for st3gal5-r. RNA probes were obtained as previously described®” and ISH was
carried out as described.'%-2% Panels a, ¢, e and g show dorsal views and panels b, d, f and h show lateral views (anterior is to the left). At 36 hpf (panels
a, b, e and f) and at 48 hpf (panels c, d, g and h), st3gal5 and st3gal5-r shows very distinct territories of expression: st3gal5 gene is expressed mainly in the
developing brain whereas st3gal5-r gene is expressed mainly in the developing digestive tract, in the liver, pancreas and anterior part of pronephric ducts.
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Figure 9. Schematic representation of the 5'-end of human ST6GalNAc genes and the major transcripts expressed. The boxes and lines connecting boxes
indicate exons and introns respectively. Grey rectangles represent coding regions whereas open rectangles represent 5-UT exon. Promoter regions are
symbolized by colored ovals and TSS by bent arrows. Multiplicity of TSS is indicated by dashed bent arrows. Intron lengths are indicated in green below
the gene schematic and the exon length in black above. The translation start codon AUG is indicated. Not drawn to scale.

were shown to govern differentially modulated
sialyltransferase expression in specific cell types and/
or at different time during embryogenesis.

On the other hand, human ST3GALI, ST3GAL3,
ST6GALNAC1,ST6GALNAC2,ST6GALNAC3, ST6G
ALNACHY, ST6GALNACS, ST6GALNACG6, STS8SIAI,
ST8SIA2, STSSIA3, STSSIA4, STSSIAS and STSSIA6
genes described to date display a unique promoter
region and ubiquitous transcription factors binding
sites driving the synthesis of unique mRNA isoform
or alternatively internally spliced RNA. They have
a cell type specific and developmentally regulated
expression pattern relying on the use of cell type spe-
cific transacting factors.

St6gal genes

The widely studied rat st6gal I gene shows two
upstream 5'-UT exons named —1 and 0 (reviewed
in). The use of two physically distinct promoters give

rise to two major types of transcripts of 4.7 kb and of
4.3 kb expressed in many rat tissues and in liver,'*'3
respectively. In addition, three minor transcripts with
coding exons IV—VIare found in kidney, but their func-
tional significance remains obscure."'** The mouse
stogall gene is also widely expressed in almost all
tissues screened® (Table 2). Its differential expression
is also governed by the use of multiple alternative
promoter regions'*® and Dalziel et al described the
use of alternative 5'-UT exons L and Q specifically
in lactating mammary gland driven by a lactogenic
promoter P4."** The human ST6GALI gene is highly
expressed in many different human tissues (Table 2).
The use of alternative promoters named P1, P2 and P3
illustrated in Figure 6'*>'*! leads to the expression of
several transcripts differing in their 5’-UT. One basal
transcript (type 1) originally cloned from placenta,>
is expressed in several different tissues and cells.'*?
It displays two 5'-UT exons Y and Z, homologous to
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the rat 5'-UT exons —1 and 0."*? A second transcript
(type 2) is described in mature B-cells. It lacks 5'-UT
exons Y and Z but shows another 5’-UT exon X'*
with no rat counterpart described yet. A third tran-
script (type 3) described in the human hepatocarci-
noma cells HepG2'** shows no additional 5’-UT exon
and an upstream extension of exon 1. It represents
the major hepatic form of the human ST6GALI gene.
Three additional 5’-UT exons named U, V and W were
described in the ST6Gal I transcripts (type 4-6) found
in the lymphoblastoid Louckes cells.’*” The bovine
and chicken st6gall genes show similar genomic
structure in their 5'-UT region and transcript synthe-
sis even though their tissue distribution differs mark-
edly.’®% The fish st6gall gene identified in D. rerio’
shows a more restricted profile of expression in adult
kidney, intestine, brain and ovary and in the develop-
ing embryonic brain (unpublished data).

The human ST6GAL2 as well as the mouse
stogal? genes show a very restricted expression pro-
file in adult and embryonic brain, although they are
also expressed to a lower extent in thyroid gland,
testis, small intestine and colon.*'"% Four transcripts
(type 1-4) arising from the brain specific expression
of the human ST6GAL?2 gene were recently described
and shown to differ in their 5'-UTR through the use
of three alternative 5'-UT exons named X, Y and Z
(Fig. 6).'* These data further suggested the use of a
large genomic promoter region for the specific expres-
sion of the ST6Gal2 gene in brain. Bovine st6gal2
gene encodes three transcripts primarily expressed in
brain, although transcript a2 is also detected in other
bovine tissues such as lung. They result from the
alternative use of one 5’-UT exon named EO and vari-
ous TSS located in exon EO and E1. These data fur-
ther suggest the use of two distinct promoter regions
P, and P, 27 kb apart from each other.** The zebraf-
ish st6gal2 genes identified show a less restricted tis-
sue expression profile in intestine, muscle, brain and
ovary and also during embryonic brain development
(unpublished data). This observation raises the ques-
tion of a differential gene expression pattern evolu-
tion in vertebrates.

The D. melanogaster stégall/2 gene is expressed
primarily during late embryogenesis and larval devel-
opment of the central nervous system of the insect and
also to a lesser extent in the adult head.'* Interestingly,
a splice variant of the D. melanogaster gene with an

additional 69 nt sequence corresponding to the first
intron (GeneBank accession number AF397532),!4
was found to be highly expressed in the embryonic
salivary glands.'* No further report was found con-
cerning additional 5’-UT exon nor genomic regula-
tory region of the DSiaT gene.

St3gal genes

The human ST3GALI gene shows a cell type spe-
cific and developmentally regulated expression in
various adult and fetal tissues with high levels of
mRNA expression in placenta, kidney and skeletal
muscle.**'*" As illustrated in Figure 7, it shows two
upstream 5’-UT exons named X and Z located at huge
genomic distance from the coding exons generating a
unique transcript in colon cancer cells. Genomic reg-
ulatory sequences display ubiquitous transcriptional
factors binding sites and no cell type specific tran-
scriptional factors binding sites.'*® The mouse st3gall
gene is highly expressed in submaxillary gland and
to a lesser extent in lung and heart (Table 2).** No
promoter studies concerning the mouse st3gall gene
have been reported yet.

Similarly to the human ST6GALI and ST6GAL?2
genes, the human ST3GAL2 gene drives the expres-
sion of at least two transcripts in most human tissues,
except colon and peripheral blood leukocytes for type 1
transcripts and except skeletal muscle for type 2 tran-
scripts through alternative use of two distant promoter
regions named P1 and P2 and two TSS, as shown in
Figure 7.'* Type 1 transcript shows an additional
5'-UT exon named exon 1.

The human ST3GAL3 gene exhibits a cell type spe-
cific and developmentally regulated profile of expres-
sion and is abundantly expressed in skeletal muscle
and to a lesser extent in various adult and fetal tissues.>
Using RT-PCR followed by laser-induced fluorescent
capillary electrophoresis, Grahn et al detected more
than twenty-five distinct transcripts from peripheral
blood leukocytes, fetal and adult brain produced by
alternative splicing within the coding region.'® The
human S73GAL3 gene shows a unique 5'-UT exon,
named exon | located more than 28 kb upstream exon
2 and probably a unique TSS (Fig. 7). So far, there is
no evidence for alternative splicing in the 5’-UT region
and a unique promoter region has been delineated."!

The human S73GAL4 gene, which is predomi-
nantly expressed in placenta, is probably the most
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thoroughly studied for transcriptional regulation.'>*'
It comprises four 5-UT exons and shows at least
five TSS. Using a RT-PCR capillary electrophore-
sis method, Grahn et al have detected nine human
mRNAs expressed in peripheral blood leukocytes.'>
The use of at least five alternative promoter regions
(pBx, pB1, pB2, pB3 and pA) and the occurrence of
alternative splicing in the 5'-UTR of the gene lead to
the synthesis of six transcripts of type A1 expressed in
placenta, testis and ovary, type A2, type B1, type B2
and type B3 expressed in several cell types and type
Bx specifically found in germ cells.'* It is interest-
ing to note the existence of three start codons in three
different and contiguous exons (exon 3, exon 5 and
exon 6) generating proteins with different N-terminus
cytoplasmic ends schematized in Figure 7.

The human ST3GALS5 gene is expressed in numer-
ous human tissues with higher expression levels
detected in adult brain and also in testis, placenta,
lung and spleen.*”'” Analysis of the human ST3GALS
gene organization shows three 5'-UT exons named
exon 1, exon 2 and exon 3 spread over 25 kb of linear
genomic sequence.'”®!'* It encodes multiple mRNAs
alternatively spliced in their 5-UTR."* Four transcripts
that differ in their 5'-UTR (type 1, type 2, type 3 and
type 4) are found in human fetal brain and an unique
developmentally regulated mRNA isoform (type 2) is
found in adult brain,'s* ' suggesting the use of at least
two promoter regions P1 and P2.!23158.160-162 Ap addi-
tional type 5 mRNA variant of the human ST3GALS5
gene is expressed in placenta and in undifferentiated
HL60 cells.*® This transcript results from the use of
an alternative TSS located in an additional 5’ exon
containing another in frame start codon. These data
further suggest the use of an alternative promoter
named P3 in Figure 7. The mouse st3gal5 gene is
expressed in various adult tissues, to high level in
brain, testis, heart, spleen and liver and to lower lev-
els in kidney and thymus."** Widespread distribution
of the mouse st3gal5 gene was observed in several
populations of neurons throughout the brain.!631%* At
least three mRNA variants containing different 5'-UT
regions were identified in mouse tissues suggesting
the use of alternative promoter regions. Two distinct
genes st3gal5 (AJ619960) and st3gal5-r (AJ783742)
orthologous to the human ST3GALS5 gene were identi-
fied in the zebrafish genome! and found to have a very
distinct profile of expression in the zebrafish adult

tissues and during zebrafish embryonic development
as evidenced by RT-PCR and whole mount ISH
(Fig. 8). St3gal5 gene is mainly expressed in the
developing and adult brain as well as in several adult
tissues whereas st3gal5-r gene is expressed mainly
in the developing and adult digestive tract, but not in
the brain.

The human ST3GALG6 gene has been found to be
abundantly expressed in heart and liver. Analysis of
the genomic organization of the human S73GAL6 gene
shows the existence of a unique 5’-UT exon and tran-
scription of this gene give rise to two distinct mRNAs
(type 1 and type 2) in HepG2 cells and in prostate.'®®
The transcriptional regulation of this gene depends
on the use of two alternative promoters P1 and P2
(Fig. 7). Interestingly, it has been proposed recently
that an epigenetic change by DNA hypermethyl-
ation of the human ST3GAL6 gene cis-regulatory
region could cause cancer-associated changes in the
expression of carbohydrate determinants."!

Stbégalnac genes

The human ST6GALNACI gene shows a tissue
restricted expression pattern in submaxillary gland
and lactating mammary gland (Table 2). It has no
additional 5’-UT exon and exhibits a unique start
codon in exon 1 (Fig. 9). A unique mRNA has been
described in various human tissues suggesting the use
of a single promoter region.® Interestingly, the mouse
stbgalnacl gene shows two identical ATG contain-
ing exons located more than 10 kb apart from each
other and leading to the expression of the same pro-
tein. However, two distinct tissue-specific promoters
govern the expression of a first transcript containing
Exon 1b specifically in submaxillary glands and of a
second transcript containing Exon 1la specifically in
colon and mammary glands.'*

The human ST6GALNAC2 gene is more widely
expressed in a tissue specific manner in heart, skel-
etal muscle and kidney.”” Genomic sequence analysis
suggested the existence of a unique promoter region
(Fig. 9). Polymorphisms detected in the human
ST6GALNAC2 promoter were shown to influence
transcriptional activity and contribute to genetic sus-
ceptibility to IgA nephropathy constituting the first
example of regulatory polymorphism for a human
sialyltransferase.'” The mouse st6galnac? gene is
highly and developmentally regulated in mammary
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gland and testis like its human counterpart and shows
no additional 5’-UT exon and a unique TSS.!%

The expression pattern of the human ST6GALNAC3
gene is restricted to a few human adult tissues mainly
brain and kidney and differs from that observed in
mouse and rat adult and embryonic tissues.”*”>!1%’ The
mouse st6galnac3 gene is highly expressed during
brain development and shows a unique TSS located
71 bp upstream the start codon, suggesting a unique
promoter region driving the expression the gene.'®’

The expression of the mouse st6galnac4 gene is
also developmentally regulated in brain’'%’ with one
major TSS located 228 bp upstream the start codon
and two extra TSS around 316 and 259 bp upstream
ATG, giving rise to three differentially sized mRNAs.
The human ST6GALNAC4 gene shows constitutive
expression in almost all human tissues and cancer cell
lines examined and its genomic organization has been
partially reported.'” Alternatively spliced isoforms in
the 5-UTR were evidenced in fetal liver and fetal brain
and its unique promoter region characterized.'”:!”?

The mouse and the human st6galnac5 and
stbgalnac6 genes show a restricted expression pat-
tern in adult brain, but their transcriptional regulation
remain unknown.’®”’

St8sia genes

As summarized in Table 2, the st8sial gene shows a
developmentally regulated expression in chick brain
and retina,'” in the amphibian embryo,’® in the
developing central nervous system of the zebrafish
embryo®” and in adult brain,’ in the rat brain, spleen
and testis*® and in the mouse brain and retina.!” Reg-
ulation of the expression of the human S78S/41 gene
has been studied in various human tumor cell lines, in
the normal and malignant T-lymphocytes.!”>!”® Func-
tional analysis of the melanoma-, Fas induced Jurkat
T cells- and glioblastoma-specific promoter region of
the G ,-synthase gene pointed towards similar con-
clusions: no additional 5’-UT exon was found despite
multiple TSSs identified in human cells and the alter-
native use of two in-frame start codons leading to a
356 amino acids protein®-'"” or to a 341 amino acids
protein.®>!”> As illustrated in Figure 10, a unique
human S78SI41 gene promoter region, not consti-
tutively active was identified that drives the expres-
sion of multiple mRNAs during development and
differentiation.!”® 1% Interestingly, no similarity was

found between rodent and human s¢8sial promoter
sequences and no common transcription factor
binding sequences among these animal species could
be identified.”

The mouse st8sia2 gene is expressed mainly in the
developing brain and also in fetal kidney and to a lesser
extent in the adult heart, thymus and brain (Table 2).
The mouse gene shows a single TSS with no additional
5'-UT exon and a single promoter region drives the
expression of a unique mRNA."*' Several recent stud-
ies have shown that the zebrafish st8sia2 gene has
conserved the early developmental stage specific
expression described among vertebrates,®’110:182.183

The mouse st8sia3 gene is expressed in adult
brain and testis and during embryonic development
(Table 2). It has probably the simplest sialyltransfer-
ase gene organization with only four coding and 5'-UT
exons spanning 8 kb in the mouse genome.'® Devel-
opmentally regulated expression is observed in brain
and testis from a unique promoter region leading to
the expression of three transcripts that differ in their
3’ polyadenylation sites. The human S78SI43 gene
shows similar organization and pattern of expression
in brain and fetal brain.”* A unique promoter region
was shown to control the human gene expression
from a unique TSS in glioblastoma cells.'®® The fish
st8sia3 gene identified in D. rerio genome' was found
to be expressed in the embryonic developing brain,*’
in the developing myotomes® and in the adult brain.’

As summarized in Table 2, the mouse st8sia4 gene
is expressed mainly in the developing brain and also
in various adult tissues such as spleen and bone mar-
row and lymphocytes, but not in testis.!"” The mouse
gene organization and pattern of expression are fairly
similar to those of the mouse st8sia2 gene. It shows
no additional upstream 5'-UT exons, a single TSS and
a unique minimal promoter region has been delin-
eated.”®®!*” However, no obvious homology could
be found between the promoter regions of these two
duplicated genes suggesting that an alternative mech-
anism of subfunctionalization has taken place, by
which both copies were prevented from nonfunction-
alization resulting in a differential gene expression
pattern. As its mammalian counterpart, the zebrafish
st8sia4 gene displays similar gene expression pattern
in the developing central nervous system, 7110182183

The mouse st8sia5 gene shows a very restricted
expression profile in adult brain and in the developing
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Figure 10. Schematic representation of the 5-end of human ST8Sia genes and the major transcripts expressed. The boxes and lines connecting boxes
indicate exons and introns respectively. Grey rectangles represent coding regions whereas open rectangles represent 5'-UT exon. Promoter regions are
symbolized by colored ovals and TSS by bent arrows. Multiplicity of TSS is indicated by dashed bent arrows. Intron lengths are indicated in green below
the gene schematic and the exon length in black above. The translation start codon AUG is indicated. Not drawn to scale.

brain® and a unique transcript has been described
suggesting the occurrence of a unique promoter region.
Similarly, the human ST78SIA5 gene is expressed
almost exclusively in fetal and adult brain.*® No fur-
ther transcriptional studies have been published yet.

The mouse st8sia6 gene is expressed in all the
adult tissues examined with higher expression levels
detected in kidney, heart and spleen.”” The human
ST8SIA6 gene shows also a basal level of expres-
sion in almost all the human adult tissues examined.”!
We have no clues indicating the use of alternative
5'-UT exons and no functional promoter studies are
reported.

Promoter prediction studies for the mammalian
sialyltransferase genes have further shown absence
of the canonical TATA and CCAAT boxes coupled to

the presence of several GC boxes and numerous AP2
and Sp1 binding sites in cis-regulatory regions. These
features are typical of housekeeping genes expressed
in nearly all tissues as it is the case for st6gall gene
and are often associated with limited promoter conser-
vation across evolution.'®® On the other hand, several
sialyltransferase genes exhibit highly tissue-restricted
expression. Cis-regulatory negative elements silencing
the expression of several of these sialyltransferase
genes have been described as the Neuron Restrictive
Silencing Factor in the human ST6GAL?2 gene promoter
region'® or the GT-CG repeat sequence described in the
promoter region of the human S78S14 1 gene expressed
in the central nervous system.” Despite the paucity of
sialyltransferase gene expression data reported to date
in vertebrates, it appears that changes in tissue-specific

54

Glycobiology Insights 2010:2


http://www.la-press.com

Vertebrate sialyltransferase genes

sialyltransferase gene expression patterns between
vertebrate are not related to levels of coding sequence
divergence, but rather to divergence of cis-regulatory
sequences of duplicates, use of tissue-specific tran-
scription factor and epigenetic modifications. From an
evolutionary point of view, cis-regulatory sequences
of homologous sialyltransferase genes that originated
from the duplication of an ancestral gene (paralogs
like st8sial and st8sia5 genes) and also from spe-
ciation (orthologs like st3gal5 and st3gal5-r genes)
may evolve independently to ensure specific spatio-
temporal expression and function.'®

Concluding Remarks

Sialyltransferases represent a multigene super-
family characterized by conserved peptide sequences
named sialylmotifs, which facilitate their identifica-
tion in animal genomes. Classically, sialyltransfer-
ases are divided in four families ST6Gal, ST3Gal,
ST6GalNAc and ST8Sia according to the glycosidic-
linkage formed and the monosaccharide acceptor
used. Currently twenty sialyltransferases sub-families
are known in higher vertebrates. Orthologs of the
20 mammalian sialyltransferase sub-families are
found in lower vertebrates, but also additional sub-
families were maintained in fish genomes, but have
disappeared in higher vertebrates. This variety of
sialyltransferases might explain marked differences
of sialylation observed between animals. Our knowl-
edge of the enzymatic repertoire of most vertebrate
is far from complete. One should remain cautious
because of differences in biochemical activity and
pattern of expression of sialyltransferases. These past
years, molecular phylogeny and phylogenomic tools
have been developed to study the origin and the fate
of sialyltransferase duplicates to gain insights into the
importance of multiple sialyltransferase sub-families
in vertebrates. Indeed, biological function of these
various vertebrate sialyltransferases in vivo is not yet
elucidated and modern molecular genetics, mouse
gene knock-outs in particular, have revealed exten-
sive functional redundancy in sialyltransferase gene
families. However, genetic studies in model organ-
isms with null mutations in sialyltransferase genes
have proved that sialylated glycans are required for
proper vertebrate development as these mutations
produce phenotypes ranging from embryonic lethality

to growth defects to impaired morphogenesis and
cognitive function, but some have no obvious effects
under laboratory conditions.
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