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Summary

Sialic acids are a family of acidic sugars with a 9-carbon backbone, prominently expressed in animals of deuterostome lineage.
Siglecs are the largest family of vertebrate endogenous receptors that recognize glycoconjugates containing sialic acids. Although
a few Siglecs are well-conserved throughout vertebrate evolution and show similar binding preference regardless of the species
of origin, most others, particularly the CD33-related subfamily of Siglecs, show marked inter-species differences in repertoire,
sequence, and binding preference. The diversification of CD33-related Siglecs may be driven by direct competition against
pathogens, and/or by necessity to catch up with the changing landscape of endogenous glycans, which may in turn be changing
to escape exploitation by other pathogens.

Abbreviations: Neu5Ac, N-acetylneuraminic acid; Neu5Gc, N-glycolylneuraminic acid; KDN, 2-keto-3-deoxy-D-glycero-D-
galacto-nononic acid; Sia, sialic acid, type not specified; CMP-Neu5Ac, cytidine 5′-monophospho-Neu5Ac; Gal, D-galactose;
GalNAc, N-acetyl-D-galactosamine; GlcNAc, N-acetyl-D-glucosamine; HexNAc, N-acetyl-D-hexosamine, i.e., GlcNAc or
GalNAc; Fuc, L-fucose; ITIM, immunoreceptor tyrosine-based inhibitory motif; Sn, sialoadhesin; MAG, myelin-associated
glycoprotein; SMP, Schwann cell myelin protein; CD33rSiglec, CD33/Siglec-3–related Siglec; EST, expressed sequence tag

Introduction

Pattern of evolution of cell-surface glycans

Most animal cells (in fact, all cells of both prokaryotic
and eukaryotic origins alike) are “sugar-coated”, or covered
with glycan chains carried on glycoconjugates (i.e., macro-
molecules containing sugar residues, such as glycoproteins,
glycolipids, and glycosaminoglycans). Roles of glycans are
multi-fold [1], and one of the prominent ones is to interact
with endogenous lectins, or glycan-recognition proteins ex-
pressed in the same organism that synthesizes the glycans.
Such interactions are an essential part of some regulatory
mechanisms in multicellular organisms, such as regulation of
cellular traffic and activity, among others. The very same gly-
cans, however, can be also recognized by glycan-recognition
proteins of pathogens (e.g., viruses, bacteria, and protozoa)
and exploited for their benefit. Therefore, multicellular organ-
isms face a difficult question: “to change, or not to change
glycan structures”. While changing glycan structures may be
beneficial for the host (multicellular organism) to escape un-
ceasing attacks by pathogens that utilize host glycans, too

drastic a change may also compromise internal workings of
the host [2].

The general pattern of glycan structural diversity tells us
what might have happened in the course of evolution. The
basic “core” structures of glycans are conserved amongst
many species, probably because change of the core struc-
tures would affect so many functional glycan structures based
on them, compromising many glycan-mediated functions. In
fact, changes of core glycan structures, which occur in the
form of naturally occurring mutations, often result in dis-
eases [3–5]. The remaining choice was to “tinker” with the
peripheral structures, just enough to escape the recognition
by pathogens but not too much to compromise endogenous
functions, for example, recognition by endogenous lectins
[2]. Sialic acids, the sugar residues located mostly at the out-
ermost part of glycans, are well-suited for such “tinkering”.

Molecular diversity of sialic acids – a solution to the
“glycans’ dilemma”?

Sialic acids are a family of acidic sugars with 9-carbon
backbone, and expressed in abundance by the animals of
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Figure 1. Structure of sialic acids. The common backbone structure of sialic

acids is shown, and the carbon atoms are numbered. R1 represents another

sugar (Gal, GalNAc, Sia) to which the sialic acid is conjugated. R2 represents

substitution at C5 (= NH2 in neuraminic acid, NHCOCH3 in Neu5Ac,

NHCOCH2OH in Neu5Gc, OH in KDN). R3 represents modification of

hydroxyl groups at C4 and C7–C9 (= −H, COCH3, COCH(OH)CH3,

CH3, and SO3H). Combination of R2 and R3 yields molecular diversity of

sialic acids. Not all modifications are found at all positions (e.g., lactylation is

found only at C9). Modifications (methylation and acetylation) of hydroxyl

group in R2, i.e., in KDN and in glycolyl group of Neu5Gc, were also

reported.

deuterostome lineage [6, 7]. As mentioned above, sialic acids
are mostly located at the periphery of glycans, most suit-
able for recognition by endogenous lectins. Of course, this
location is also well-suited for recognition by molecules
of pathogenic origins. There are in fact numerous exam-
ples of sialic acid recognition by pathogens and pathogen-
derived molecules [6, 7], including viral surface proteins
(e.g., hemagglutinins of influenza virus [8]), bacterial tox-
ins (e.g., cholera toxin [9]), bacterial adhesins (e.g., SabA
of Helicobacter pylori, the causative agent of gastric ulcer
[10]), and protozoan proteins (e.g., EBA175 of Plasmodium
falciparum, the malarial parasite [11]).

Given such frequent exploitation by pathogens, it may
be not surprising that deuterostomes have invented more
than 50 different versions of sialic acids [6] (Figure 1), per-
haps as a result of extensive “tinkering”. These structural
variations are generated mostly by modification of hydroxyl
groups (at C4, C7–C9) of three “basic” sialic acids, namely
N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic
acid (Neu5Gc), and 2-keto-3-deoxy-D-glycero-D-galacto-
nononic acid (KDN). Neu5Gc is ultimately derived from
Neu5Ac [12, 13] and can be considered a structural variation
of Neu5Ac.

Sialic acids as ligands for endogenous lectins

If sialic acids serve as “pathogen receptors”, why haven’t
deuterostomes abandoned sialic acids altogether, rather than
diversify them? One explanation is that elimination of
sialic acids only renders penultimate sugars terminal, which
would eventually be recognized by pathogens and become
“pathogen receptors”. If the new terminal sugars may not be
modified as easily as sialic acids and therefore not suitable
for structural tinkering, then it may be better to keep sialic
acids as terminal sugars, as they have additional primary and
secondary alcohol groups in the C7–C9 exocyclic chain, not
found in most other sugars. Another explanation, of course,
is that sialic acids play essential biological roles, and are
therefore indispensable. Indeed, the embryonic lethality of
the knockout mice deficient in sialic acids [14], and human

diseases caused by mutation of the genes involved in sialic
acid biosynthesis [15, 16], seem to support this explanation.
Such essential roles of sialic acids likely include interactions
with endogenous lectins.

In this review, I attempt to provide a brief overview of the
studies of Siglecs, a family of vertebrate lectins that recog-
nize sialic acid-containing glycans. The molecular diversity
and evolution of the family will then be discussed, as well
as possible correlation between structural diversity of sialic
acids and evolution of Siglecs.

Essentials of Siglecs

Definition and nomenclature

Siglecs are the largest known family of vertebrate lectins that
recognize sialic acid-containing glycans [17–19]. The fam-
ily name was coined based on the common characteristics of
the first four family members (sialoadhesin (Sn)/Siglec-1,
CD22/Siglec-2, CD33/Siglec-3, myelin-associated glyco-
protein (MAG)/Siglec-4a, and Schwann cell myelin pro-
tein (SMP)/Siglec-4b), namely “sialic acid recognition”,
“immunoglobulin superfamily”, “lectins” [20]. The same set
of molecules used to be also called “sialoadhesin family”.
The family expanded thereafter by discovery of new mem-
bers, and the number of primate Siglecs reported so far is
13, while that in rodents is 8 (Tables 1 and 2). The differ-
ence between primates and rodents in the number of Siglecs
reflects differences in the subfamily called CD33/Siglec-
3–related Siglecs (CD33rSiglecs) [21, 22]. In contrast to
Sn/Siglec-1, CD22/Siglec-2, and MAG/Siglec-4, which are

Table 1. Siglecs in vertebrates

Mammals Birds Amphibians Fishes

Sn/Siglec-1 Yes Yes Not found Not found

CD22/Siglec-2 Yes Not found b Not found Not found

CD33/Siglec-3 Yes Not found Not found Not found

-related Siglecs

MAG/Siglec-4 Yes Yes Yes Yes

Other Siglec-like a Yes Yes Yes Yes

aThe category “Other Siglec-like” includes genomic and EST sequences

that appear to encode Siglec-like proteins but not tested for their func-

tions.
bThe genome and EST sequencing projects in corresponding species are

still incomplete. Therefore the assignment “not found” is only tentative

and may be reverted in the future. Chicken (Gallus gallus) genome

project is considered near completion [104] but the sequence data of

the chromosome equivalent of human chromosome 19 (on which most

Siglec genes reside, including those for MAG/Siglec-4, CD22/Siglec-2,

and CD33rSiglecs) is largely missing. Puffer fish genome projects are

near completion with good coverage [105, 106]. Another fish genome

project (zebrafish) is still incomplete at the time of writing. There is no

amphibian genome project near completion at this moment, and the am-

phibian column is based solely on the search of EST sequence database

of clawed frogs Xenopus laevis and Xenopus tropicalis.
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Table 2. CD33-related Siglecs in primates, rodents, and dog

Human Chimpanzee Baboon Mouse/Rat Doga

CD33/Siglec-3 Yes Yes Yes Yes Yes (3r2)

Siglec-5 Yes Yesb Yes No Yes (3r7)

Siglec-6 Yes Yes Yesb Yes (Siglec-F) Yes (3r6)b

Siglec-7 Yes Yes No No No

Siglec-8 Yes Yes Yes No No

Siglec-9 Yes Yes Yes Yes (Siglec-E) No

Siglec-10 Yes Yes Yes Yes (Siglec-G) Yes (3r4)

Siglec-11 Yes Yes ? c No No

Siglec-12 Yesb Yes No No No

Siglec-13 No Yes Yes No No

Siglec-H No No ? c Yes No

This table is based on previous publications [21, 22, 89] and available ge-

nomic and EST sequence data. Of the remaining 4 dog CD33rSiglecs, #1 and

#8 may be equivalent to human SIGLECP16 [89, 107] and human SIGLEC5∗
[21], respectively. There appear to be no equivalents of dog CD33rSiglecs

#3 and #5 in primate or rodent genomes.
aAngata et al., unpublished.
bEssential arginine-mutated.
cNot enough data available at present.

conserved between mouse and human, CD33/Siglec-3 and
its closely related paralogs (i.e., CD33rSiglecs) are gener-
ally less conserved, and it is difficult to assign orthologous
correspondence between human and mouse CD33rSiglecs.
Therefore, human CD33rSiglecs were numbered in the or-
der of discovery, while mouse CD33rSiglecs (except for
CD33/Siglec-3) were given alphabetical designations (i.e.,
Siglec-E–H; see Table 2).

Most Siglecs are expressed on the cells involved in im-
munity, such as B-cells, natural killer cells, monocytes,
macrophages, neutrophils, and eosinophils [17, 19, 23]. A
notable exception is MAG/Siglec-4, which is expressed ex-
clusively in nervous system. Also, while human Siglec-6 is
prominently expressed on decidual cells of placenta, it is also
expressed on B-cells [24].

Protein structure and function of each domain

Siglecs are type-I transmembrane proteins, with the extra-
cellular domain exclusively composed of Ig-like domains,
followed by transmembrane and short cytoplasmic domains
(see Figure 2 for a schematic representation). The number
of Ig-like domains in each Siglec varies, ranging from 2 (in
CD33/Siglec-3) to 17 (in Sn/Siglec-1). The amino-terminal
Ig-like domain, belonging to the V-set Ig-like folds, con-
tains several amino acid residues critically important for gly-
can recognition, including an arginine residue that makes a
charge interaction with the carboxyl group of sialic acids [25,
26]. Other Ig-like domains of Siglecs are smaller (belonging
to the C2-set Ig-like folds), and whose functions not clear,
except for the second Ig-like domain, which is apparently
involved in glycan recognition by some Siglecs. The first

Figure 2. Schematic representation of Siglec protein. Each oval represents

individual immunoglobulin-like domain. The amino-terminal Ig-like

domain belongs to V-set, while others belong to C2-set. The first and the

second Ig-like domains are assumed to be tethered by an inter-domain

disulfide bond. The first Ig-like domain contains several amino acid residues

essential for glycan recognition, including the “essential arginine” residue

(R) required for optimal recognition of sialylated glycans. Most Siglecs have

an N-glycosylation site (N) in the first Ig-like domain, on the side opposite

to the one involved in glycan recognition. Cytoplasmic domain typically

contains tyrosine-based signaling motif(s) (Y). Transmembrane domain in

some Siglecs contains a positively charged residue (not indicated), which

may be involved in interaction with activating adapter proteins, such as

DAP12 and FcεRγ .

two Ig-like domains of MAG/Siglec-4 are tethered by an
inter-domain disulfide bond [27], and the conservation of
3 cysteine residues in each of the first and second Ig-like
domains of most other Siglecs suggests this is the case for
others as well.

Possible functions of Ig-like domains other than the first
two may include the following: (1) optimal presentation of
glycan-recognition site, as suggested for Sn/Siglec-1 [28] and
Siglec-5 [29]; (2) involvement in glycan-independent inter-
action with some ligands, as suggested for MAG/Siglec-4
– Nogo66 receptor interaction [30, 31] and CD22/Siglec-
2 – surface IgM interaction [32]; (3) display of glycans
that are recognized by other lectins, as is the case with
Sn/Siglec-1 serving as a ligand for other macrophage lectins
[33, 34].

Glycan recognition by Siglecs

Glycan recognition by Siglecs requires sialic acids, includ-
ing the C7–C9 exocyclic side chain (although there are
some exceptions). The mere presence of sialic acid is not
enough for recognition by Siglecs, however. Basic struc-
tures recognized by Siglecs contain the Sia−Gal–HexNAc
sequence (although Neu5Acα2-6GalNAc and Neu5Acα2-
8Neu5Ac are also recognized by some Siglecs). The type
of sialic acid (e.g., Neu5Ac or Neu5Gc), its linkage to
Gal (α2–3 or α2–6), and the structure of underlying
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glycans (e.g., presence of Fuc on GlcNAc, presence of
sulfate on Gal or GlcNAc, etc.) can all affect recognition
by Siglecs. Human and mouse Sn/Siglec-1 preferentially
binds Neu5Acα2-3Galβ1-4GlcNAc (neither tolerate sub-
stitution of Neu5Ac with Neu5Gc [35, 36]), human and
mouse CD22/Siglec-2 binds Siaα2-6Galβ1-4GlcNAc (while
human one tolerates both Neu5Ac and Neu5Gc, mouse one
prefers Neu5Gc [35–38]), and rat MAG/Siglec-4 and quail
SMP/Siglec-4 preferentially bind to Neu5Acα2-3Galβ1-
3[HSO3-6 or Neu5Acα2-6]GalNAc, again not tolerating
Neu5Gc [36, 39–41]. As for CD33rSiglecs, each member
shows different preferences, and the overall preference seems
to be more promiscuous than with the others. However, re-
cent development of glycan arrays has brought a new dimen-
sion to the analysis of fine specificity of glycan-binding pro-
teins [42]. For example, human Siglec-8 and mouse Siglec-F
were shown to specifically interact with Neu5Acα2-3[HSO3-
6]Galβ1-4 [Fucα1-3]GlcNAc (6′-sulfo-sialyl-Lewisx struc-
ture) [43, 44]. Also, using a more classical approach, Siglec-7
has been shown to preferentially bind to Neu5Acα2-3Galβ1-
3[Neu5Acα2-6]HexNAc [45, 46]. Taken together, it is possi-
ble that glycan recognition by CD33rSiglecs (or by some of
them, at least) is far more specific than previously thought,
requiring not only terminal sialic acids but also another
acidic moiety in the vicinity, along with some other struc-
tural elements.

Regardless, it should be kept in mind that different assay
formats have yielded somewhat different results from each
other, and even the same assay format gives different re-
sults depending on some parameters, especially the concen-
tration/amount of glycan-containing probes [36]. Also, exten-
sive study on Siglec preference of various naturally occurring
modified sialic acids has not been undertaken, because of the
instability of these modifications at C4 and/or C7–C9 hy-
droxyl groups and the lack of defined synthetic routes.

Signal transduction by Siglecs

The cytoplasmic domain of most Siglecs contains sequence
motif(s) involved in signal transduction. CD22 and most
CD33rSiglecs contain an immunoreceptor tyrosine-based in-
hibitory motif (ITIM) [47], which can recruit protein tyrosine
phosphatases SHP-1 and SHP-2 upon phosphorylation of the
tyrosine residue. Based on in vitro studies, the negative reg-
ulatory signaling of these Siglecs is attributed to the ITIM
motif and its interaction with SHP-1 [48–55].

Most CD33rSiglecs and MAG/Siglec-4 has another
tyrosine-based conserved sequence motif closer to the
C-terminal, although its involvement in signal transduc-
tion remains speculative [56]. Both the ITIM and the pu-
tative motif also conform to the consensus binding motif of
adapter protein 2 (AP2) complex (YxxØ), where Ø stands
for amino acid residue with bulky hydrophobic side chain
[57]. Therefore it is possible that these motifs are involved
in rapid internalization of Siglecs on antibody cross-linking
[32, 58].

Some Siglecs (e.g., mouse CD33/Siglec-3 and Siglec-H)
lack one or both of these motifs but instead have a positively
charged amino acid residue in the transmembrane domain.
They might interact with activating adapter molecules such as
DAP12 and FcεRγ , which have a negatively charged amino
acid residue in the transmembrane domain and interact with
transmembrane receptors with a positively charged amino
acid residue in the transmembrane domain [59]. In fact, it
was recently reported that mouse Siglec-H associates with
DAP12 [60].

Coupling of glycan recognition and signal transduction

Glycan binding at the extracellular domain of Siglecs and sig-
naling at the cytosolic domain appear to be coupled. While
extracellular recognition of ligands affects intracellular sig-
naling [61, 62], phosphorylation of intracellular amino acid
residues can also alter extracellular ligand binding [63–66].
Although the exact mechanism for this coupling between
extra- and intracellular events is not yet understood, it may
involve clustering of Siglecs on cell surface [67], which will
affect both avidity of ligand recognition and signaling func-
tion. An N-glycosylation site conserved in the first Ig-like
domain of most Siglecs, right opposite of the glycan-binding
face [26], may serve as a ligand for another Siglec molecule
and facilitate such homophilic clustering [68]. It has been
reported that the N-glycosylation of this site is essential for
CD22/Siglec-2 binding to sialylated glycans [69], while a
mutation of equivalent site does not alter glycan recognition
by the MAG/Siglec-4, Siglec-5 or Siglec-7 [70, 71], or en-
hanced glycan recognition by CD33/Siglec-3 [69]. However,
these studies have been done using COS or CHO cells, and
it should be interesting to test if point-mutation of the N-
glycosylation site in Siglecs results in altered glycan-binding
and/or signaling properties when expressed in the cells more
similar to the ones that naturally carry them.

Biological functions of Siglecs

Biological functions of some Siglecs have been analyzed
in vivo, using genetically modified mice as animal models.
Deficiency of mouse MAG/Siglec-4 results in reduced sta-
bility of myelin sheaths [72, 73]. Genetic deletion of mouse
CD22/Siglec-2 results in exaggerated calcium response by
B-cell receptor cross-linking and various changes in B-cell
biology (e.g., life span, subpopulations, antibody production,
etc.), although the phenotypes of different CD22-deficient
strains appear to be inconsistent, and to depend on the ge-
netic background of mice and/or the experimental conditions
used [74–77]. Mice deficient for CD33/Siglec-3 have been
also generated, although their phenotypes appear relatively
mild [78]. Sn/Siglec-1-deficient mice have been also gener-
ated [79], although full characterization of these mice is yet
to be reported.

As for CD33rSiglecs, appropriate animal models for
functional in vivo studies of human Siglecs cannot be
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generated in many cases, because of the difference between
humans and mice in this subfamily. Therefore, functional
studies of human Siglecs have mostly utilized cell lines, pri-
mary cell cultures and freshly isolated cells from patients
and healthy donors. The method of choice has been antibody
cross-linking of Siglecs and analysis of subsequent cellular
events. Antibodies against some Siglecs (e.g., CD33/Siglec-
3, Siglec-8, and Siglec-9) have been reported to induce apop-
tosis [80–82], and the one against Siglec-7 was reported to
induce arrest of myeloid differentiation [83] and inhibition
of NK cell activation [52]. These reports are consistent with
the view that CD33rSigelcs in general (the ones with ITIM,
to be exact) are negative regulatory receptors.

Diversity and genomic evolution of Siglecs

Distribution of Siglecs amongst species

Siglecs are found in all branches of vertebrates (Table 1).
There is thus far no definitive evidence of any Siglec-
like molecule in other branches of deuterostomes, includ-
ing Ciona intestinalis, a sea squirt species whose genome
has been sequenced [84], and Strongylocentrotus purpura-
tus, a sea urchin species whose EST and genome sequencing
projects are under way [85, 86].

The most highly conserved Siglec is MAG/Siglec-4 (SMP
appears to be its bird ortholog), which is found even in
fishes. It was reported that fish MAG/Siglec-4 showed sim-
ilar glycan binding preference to mammalian counterparts
[87]. Other Siglecs show varying degree of conservation.
Sn/Siglec-1 is found in birds but not in amphibians or
fishes, and CD22/Siglec-2 is not even found in birds so far
(it should be noted, however, that the sequencing of the
chicken chromosome syntenic to human chromosome 19,
on which most Siglec genes lie, is incomplete at the time
of writing). The fact that CD22/Siglec-2 is not found in
non-mammalian vertebrates is worth mentioning, because
the genes for MAG/Siglec-4 and CD22/Siglec-2 are adjacent
to each other in mammalian genome. Thus, CD22/Siglec-2
could be derived from MAG/Siglec-4 by gene duplication
in the mammalian ancestor. CD33rSiglecs, even as a group,
could not be spotted in the genomes or in EST sequences
of vertebrates other than those of mammals. There appear to
be some potential Siglecs found only in fishes and amphib-
ians (Angata et al., unpublished observations), although their
relationships to mammalian Siglecs are not clear.

MAG/Siglec-4 might be the founding member of this
family, giving rise to other members (Sn/Siglec-1, CD22
and CD33rSiglecs) over the course of vertebrate evolution.
However, other scenarios are also possible, e.g., the real
founding member of the family was a Siglec expressed in
immune system (where molecular evolution tend to be very
fast) that has evolved beyond recognition, and MAG/Siglec-4
is highly conserved (enough to be recognized to have been

conserved throughout vertebrate evolution) only because it
is exclusively expressed in nervous system (where molecular
evolution tend to be relatively slow). Many factors, includ-
ing the rapid evolution of the members expressed in immune
system and uneven pace of molecular evolution amongst fam-
ily members, make it difficult to delineate the evolutionary
history of the whole Siglec family with confidence.

Extensive diversity of mammalian CD33rSiglecs

A draft dog genome sequence was completed recently [88],
allowing us for the first time to do comparative sequence
analysis of mammalian genomes beyond those of primates
and rodents, whose genomic sequences have been available
previously. In the following section I describe some patterns
of mammalian Siglec diversity deduced by such an analysis,
although it may be premature to generalize without analyzing
Siglec sequences of other branches of mammals (especially of
those species that have split out early in the mammalian evo-
lution, e.g., monotremes and marsupials). Dog Siglec genes
were sought and predicted based on sequence similarity to
known Siglec genes, and CD33rSiglecs were named in their
locus order on the chromosome 1. The nomenclature for
dog CD33rSiglecs in this review is ad hoc for the conve-
nience of description, and not authorized by any nomencla-
ture committee.

As mentioned earlier, Sn/Siglec-1, CD22/Siglec-2, and
MAG/Siglec-4 are conserved between primates and rodents,
but CD33rSiglecs are generally less conserved. Molecular
phylogenetic analysis of all Siglecs in human, mouse, and
dog (Figure 3) indicates that this pattern is applicable to carni-
vores as well. Thus, mammalian Siglecs can be classified into
two subgroups: CD33rSiglecs, which are poorly conserved
amongst species, and the others (Sn/Siglec-1, CD22/Siglec-
2, and MAG/Siglec-4), which are better conserved.

In mammalian genome, most CD33rSiglec genes are clus-
tered in a defined chromosomal region called the Siglec
gene cluster [21, 22] (Figure 4). This fact suggests that
CD33rSiglec subfamily has expanded via repeated gene du-
plications. Duplicated genes in a gene cluster tend to undergo
complex pattern of evolution. Some of the duplicated genes
become pseudogenes, some are recombined to form chimeric
genes, while some are deleted by chromosomal rearrange-
ments. It appears that all of these processes have taken place
in the Siglec gene cluster [22], explaining dynamics behind
the great diversity of this subfamily.

The CD33rSiglecs can now be further classified into some
subgroups (e.g., Siglec-3-like, Siglec-9/E-like, Siglec-5-like,
and Siglec-10/G-like groups) based on sequence similar-
ity, as shown in Figure 3. Combined with the map posi-
tions and structures of these genes, orthologous correspon-
dence may be tentatively assigned amongst some of the
CD33rSiglecs in these species. For example, the following
triads may be considered orthologs: [dog CD33rSiglec #4,
human Siglec-10, and mouse Siglec-G], [dog CD33rSiglec
#2, human CD33/Siglec-3, and mouse CD33/Siglec-3], and
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Figure 3. Molecular phylogenetic tree of mammalian Siglecs. Amino acid

sequences of the N-terminal part (signal peptide + first two Ig-like domains)

of all Siglecs in human, mouse, and dog were aligned, and used for re-

construction of the molecular phylogenetic tree by the neighbor-joining

method. Dog Siglec-like sequences were sought in the draft dog genome

sequence [88] based on similarity to known human and mouse Siglecs. The

letters d, h, and m represent dog, human, and mouse, and numbers 1, 2,

and 4 represent Sn/Siglec-1, CD22/Siglec-2, and MAG/Siglec-4, respec-

tively (e.g., d4 stands for dog MAG/Siglec-4). Human CD33rSiglecs are

indicated with numbers (e.g., h6 stands for human Siglec-6), while mouse

CD33rSiglecs with alphabets (e.g., mE stands for mouse Siglec-E). Dog

CD33rSiglecs were named in the order of their gene loci on the chromosome

1 (e.g., d3r4 stands for dog CD33rSiglec, #4). Human Siglec-12 was not in-

cluded, because it has two V-set domains and cannot be aligned properly

with all other Siglecs with only one V-set domain. Humans lack Siglec-13

[22].

[dog CD33rSiglec #6, human Siglec-6, and mouse Siglec-F].
If we compare Siglecs in only two species, we find more puta-
tive orthologous pairs: [human Siglec-9 and mouse Siglec-E]
and [dog CD33rSiglecs #7 and human Siglec-5]. However,
the validity of such “orthologous correspondence” assign-
ment based on sequence similarity, map position and gene
structure may be limited, because some genes appear to be
chimeras of ancestral genes, generated either by recombi-
nation of two genes or partial gene conversion by another
gene [22, 89]. Thus, different parts of a gene may have
different evolutionary history, and only a part of gene X
in one species may be orthologous to gene X’ in another
species.

In addition to these genome-level diversification dis-
cussed above, CD33rSiglec subfamily shows signs of rapid
nucleotide-level diversification that affects amino acids
(those of the first Ig-like domain in particular), which can
be detected by sequence comparison of orthologous Siglecs
in closely related species [22]. This issue will be discussed
in detail later.

Loss of Neu5Gc in humans and changes in Siglecs

How the diversification of sialic acid structures has affected
endogenous lectin functions is a question yet to be fully an-
swered, but we now have some clues to answer this question:
the loss of Neu5Gc in humans and concomitant adaptive func-
tional changes of Siglecs.

Neu5Gc is one of the sialic acids forming the basis of
structural variations, and abundantly expressed in most mam-
malian tissues (except for brains, where Neu5Gc is almost
absent). However, the lineage leading to modern humans has
lost its expression, as a result of the inactivating mutation
in the gene encoding for CMP-Neu5Ac hydroxylase (gene
symbol: CMAH) [90–92]. In contrast, chimpanzees and other
great apes, the closest living evolutionary relatives of humans,
still have the active enzyme and express Neu5Gc [93]. It has
been suggested, but not proven that this human-specific loss
of Neu5Gc is related to escape from pathogens. Regardless of
the original reason, this situation provides a clear-cut oppor-
tunity to look into what have happened to sialic acid-binding
proteins after such a drastic change in the glycan landscape.

First, what happened to the Siglecs that had preference
to Neu5Gc over Neu5Ac? Chimpanzee Siglec-12 (originally
named Siglec-L1 [94] or S2V [95]), also found in other
great apes, has strong preference to Neu5Gc [94]. In hu-
mans, however, the gene is mutated at the essential arginine
codon required for optimal sialic acid recognition, dimin-
ishing glycan binding of the protein almost completely. In-
troduction of a “reverse-mutation”, which restores the argi-
nine residue, revived the glycan-binding activity of human
Siglec-12, which also strongly preferred Neu5Gc. Therefore,
the mutation (which is shared among all humans tested so
far) could be considered “functional retirement of a Siglec”
due to the loss of preferred ligand. Some other chimpanzee
CD33rSiglecs (e.g., Siglec-7 and Siglec-9) also have strong
preference to Neu5Gc, while the orthologs in humans bind
both Neu5Ac- and Neu5Gc-containing glycans equally well
[96]. In these cases, the loss of Neu5Gc in humans has pre-
sumably led to the change of sialic acid preference of these
Siglecs from “strong Neu5Gc preference” to “accommoda-
tion of Neu5Ac”. Siglec-13, which is apparently missing in
humans but present in other primates [22], might represent
another example of Siglec affected by the loss of Neu5Gc,
perhaps in this case leading to “elimination of a Siglec”, al-
though there is no experimental data regarding its sialic acid
preference.

The loss of Neu5Gc also results in an increase in the
amount of its precursor, Neu5Ac. What, then, have happened
to the Siglecs that prefer Neu5Ac? In the case of Sn/Siglec-1,
human cells have an excess of binding sites, and the local-
ization of macrophages expressing Sn/Siglec-1 has changed
[35]. The distribution of Sn/Siglec-1-positive macrophages
in chimpanzee spleen is more similar to that in rat spleen,
in that only a subset of macrophages expresses Sn/Siglec-1
and populates mainly marginal zone and surrounding peri-
arteriolar lymphoid sheaths. In contrast, most macrophages
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Figure 4. Siglec gene cluster in human, mouse, and dog genomes. Genes and pseudogenes for CD33rSiglecs and adjacent genes are represented with filled, open
and gray arrowheads, respectively. The direction of each arrowhead represents the direction of transcription. Human Siglec genes were indicated with numbers

(e.g., 5 stands for SIGLEC5, and P3 stands for pseudogene SIGLECP3), while mouse CD33rSiglec genes were denoted with alphabets (e.g., E stands for

SiglecE). Dog CD33rSiglec genes (predicted by sequence similarity to known Siglecs) were named in their locus order on the chromosome 1. The nomenclature

for dog CD33rSiglecs in this figure is ad hoc for the convenience of description in this review and not authorized by any nomenclature committee. The region

containing SIGLEC11 in human genome and its syntenic region in mouse and dog genomes was included in the figure, although SIGLEC11 is usually not

considered a part of the cluster for its great distance from the “main” part of the cluster (about 1 Mb apart from the main cluster in human genome).

in human spleen are positive for Sn/Siglec-1 and populate
perifollicullar zone. Thus, the change of Sn/Siglec-1 expres-
sion and localization appears to be a derived state found only
in humans. Although there is no study on MAG/Siglec-4 in
this respect, the loss of Neu5Gc in humans should not have
affected the microenvironment surrounding MAG/Siglec-4
much from that in chimpanzees, because the central nervous
system is a tissue extremely poor in Neu5Gc in any mammals
[97]. Although there is no study on human MAG/Siglec-4
glycan binding specificity, it is expected to be the same as ro-
dent MAG/Siglec-4 which strongly prefer Neu5Ac [36, 38,
41], for these show almost complete (97%) amino acid se-
quence identity at the first two Ig-like domains involved in
glycan recognition.

Finally, what have happened to the Siglecs that do not have
strong preference to Neu5Gc or Neu5Ac? Nothing, perhaps.
Great ape CD22/Siglec-2 recognize glycans containing both
Neu5Ac and Neu5Gc equally well, and there seems to be no
qualitative change in the preference of human CD22/Siglec-2
compared with its great ape orthologs [35].

In conclusion, the loss of Neu5Gc in humans has likely led
to multiple changes regarding Siglec biology. The adjustment
of Siglecs to a new environment regarding sialic acids (or
“sialome”) led to some losses, but overall they seem to have
adjusted fairly well.

Accelerated evolution of CD33-related Siglecs and the
dynamics behind it

Given that the loss of Neu5Gc in humans resulted in mul-
tiple changes in biology of Siglecs as listed above, par-
ticularly those related to the CD33rSiglecs, one would
expect that it has left recognizable marks on their se-
quences. The CD33rSiglec subfamily is one of the ten
fastest-evolving gene family deduced by human-chimpanzee

genomic sequence comparison [98], and we previously re-
ported that CD33rSiglecs are undergoing accelerated evolu-
tion at the first Ig-like domain, based on the sequence compar-
ison of Siglec gene cluster in human, chimpanzee, and baboon
[22]. Does this fact mean that the loss of Neu5Gc in humans
has driven the rapid sequence change in the first Ig-like do-
main of CD33rSiglecs? The answer may not be simple. If the
loss of Neu5Gc in humans has driven the accelerated evolu-
tion of the first Ig-like domain of CD33rSiglecs, the number
of changes accumulated in the affected human genes should
exceed those accumulated in the orthologs in other species
(i.e., baboon and chimpanzee), and branch length (reflecting
the number of changes in each lineage) for the affected hu-
man genes in a molecular phylogenetic tree should be longer
than those for the orthologs in others. However, we did not
observe such human gene-specific excessive accumulation
of changes compared with orthologs in chimpanzee or ba-
boon. We also noticed that some Siglecs in chimpanzee and
baboon have the essential arginine residue mutated, just like
human Siglec-12, and that some baboon Siglecs are missing
altogether, just like human Siglec-13 (Table 2 and ref. [22]).
Thus, not only the accelerated evolution of CD33rSiglecs, but
also the drastic changes in Siglec gene cluster, are common
amongst primates. This fact seems to force us to consider al-
ternative explanations. It is possible, however, that changes in
the sialome in each species, as drastic as the loss of Neu5Gc
in humans, are taking place in other primates as well (and
in rodents, which showed lesser but significant degree of the
first Ig-like domain-specific accelerated evolution), and driv-
ing the evolution of CD33rSiglecs in these species. Given
that the sialic acids are constantly exploited by pathogens,
it may not be such an outlandish idea that pathogen-driven
change in the sialome is actually going on in each lineage,
which may not be as visible as the complete loss of a class
of sialic acids but nevertheless has an equally large cumula-
tive effect on the recognition by Siglecs over the course of
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Figure 5. Two possible evolutionary forces behind accelerated evolution of Siglecs. Siglecs may be undergoing accelerated evolution, driven by their need to

catch up with the changing landscape of own glycans, which may be changing to avoid exploitation by pathogens (Left panel). Alternatively, Siglecs may be

rapidly evolving by direct competition against pathogens that utilize Siglecs for their benefit (Right panel).

evolution. Biochemical analysis of sialomes in these species
is necessary to test this hypothesis.

If “change in sialome” is not enough to explain the ob-
served pattern of evolution, then what else could? An ad-
ditional hypothesis may be “direct competitions between
Siglecs and pathogens”. Siglecs may be functioning as “re-
ceptors” for some viruses and/or bacteria, which may or
may not be related to the Sia-recognition of Siglecs. Some
pathogenic bacteria synthesize and modify cell surface with
Neu5Ac (but not Neu5Gc, which has not been found so
far in bacteria), and can be recognized by some Siglecs
[79]. Some viruses are coated by “envelope” glycoproteins,
which are derived from host cell membrane and should con-
tain sialylated glycans. In fact, it has been reported that a
porcine envelope virus utilizes Sn/Siglec-1 to initiate infec-
tion in macrophages, and this interaction is dependent on
the presence of sialic acid on virus surface [99, 100]. It is
also possible that cross-linking of Siglecs by sialylated bac-
teria may transmit negative regulatory signaling into the host
cells involved in innate immunity, and thus dampening Toll-
like receptor-mediated pro-inflammatory response (e.g., cy-
tokine release), an important initial reaction against bacte-
rial infection. Thus, not only sialic acids but also Siglecs
themselves may have to evolve to avoid exploitation by
pathogens.

These two hypotheses are not mutually excusive, and
Siglecs may be evolving both to catch up with the changing
host sialome (which in turn may be evolving to avoid utiliza-
tion by pathogens), and to escape exploitation by pathogens
(Figure 5). Our finding that the first Ig-like domain is the
fastest-evolving domain of Siglecs, and the mutations is ac-
cumulating more rapidly on the face of the domain which
interact with sialylated glycans (which is the face opposite
to the one protected by an N-glycan, attached to the con-
served N-glycosylation site [22]), is consistent with both
hypotheses.

Future directions

Which of the two forces driving the evolution of
CD33rSiglecs is dominant, and/or if there are any other
driving forces, is a question to be answered by using mul-
tiple approaches, such as biochemical analysis of sialome
and glycome, comparative genomics of Siglec gene clus-
ter, and analysis of glycan binding preference of Siglecs,
all in multiple related species. We still lack efficient means
to synthesize glycans containing most of naturally occurring
sialic acids, and development of such methodologies would
greatly facilitate our understanding of sialic acid and Siglec
biology. With regard to comparative genomics, sequences of
Siglec gene cluster of some New World monkeys (e.g., mar-
moset) are awaited. Loss of α1-3-galactosyltransferase in Old
World primates (monkeys and apes) [101–103] should have
resulted in overall increase in the amount of sialic acids ex-
pressed, for the α1-3-galactosyltransferase competes against
several sialyltransferases over the common acceptor struc-
ture, Galβ1-4GlcNAc. Such a drastic change in glycan land-
scape may have also left some marks on the CD33rSiglecs.
With an increase in the availability of genome sequences of
other animals, more comprehensive comparative “sialome –
Siglec-ome” studies may become feasible. Analysis of gly-
come, especially the analysis of glycans containing sialic
acids is still considered a great technical challenge, and
development of such technology, probably based on mass
spectrometry, is awaited. Thus, the quest for understand-
ing Siglec biology requires development of several related
fields.

Future research of Siglecs should also include analysis
of Siglec-mediated effects on host-pathogen interactions. To
facilitate this, and to understand “regular” or house-keeping
functions of Siglecs, search for biologically relevant en-
dogenous ligands, analysis of signal transduction pathway(s)
elicited by the engagement of Siglecs and their ligands, and
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analysis of the mechanism which couple extra- and intracel-
lular events, are necessary.

With regard to the issue of the loss of Neu5Gc in humans,
establishment of chimpanzee (and other ape/monkey) mono-
cytic cell lines would be of great value, enabling us via simu-
lation to analyze what functional consequences have resulted
by the loss (e.g., by shutting down the Neu5Gc synthesis
with RNA interference against CMP-Neu5Ac hydroxylase
mRNA). In vitro evolution of chimpanzee Siglecs preferring
Neu5Gc in an environment that selects Neu5Ac-preferring
molecules may give us clues to recognize pattern of sequence
changes required for the adjustment. Such an experiment may
eventually lead to creation of “designer” Siglecs that recog-
nize defined structure of sialylated glycans, which may be of
use for diagnosis of some diseases that accompany change
of sialylation pattern of serum and/or cell-surface glycocon-
jugates.

There is little doubt that the research of Siglecs will lead
to advancement of our understanding of sialic acid biology
and glycobiology in general, and also to technological devel-
opments that will benefit human health.
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