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Sialylation represents one of the most frequently occurring terminations of the oligosaccharide chains of glycoproteins and
glycolipids. Sialic acid is commonly found a2,3- or a2,6-linked to galactose (Gal), a2,6-linked to N-acetylgalactosamine
(GalNAc) or a2,8-linked to another sialic acid. The biosynthesis of the various linkages is mediated by the different members
of the sialyltransferase family. The addition of sialic acid in a2,6-linkage to the galactose residue of lactosamine (type 2
chains) is catalyzed by b-galactoside a2,6-sialyltransferase (ST6Gal.I). Although expressed by a single gene, this enzyme
shows a complex pattern of regulation which allows its tissue- and stage-speci®c modulation. The cognate oligosaccharide
structure, NeuAca2,6Galb1,4GIcNAc, is widely distributed among tissues and is involved in biological processes such as the
regulation of the immune response and the progression of colon cancer. This review summarizes the current knowledge on
the biochemistry of ST6Gal.I and on the functional role of the sialyl-a2,6-lactosaminyl structure.
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Biosynthesis of the sialyl-a2,6-lactosaminyl linkage:
The b-galactoside a2,6 sialyltransferase

The disaccharide Ga1b1,4GlcNAc (lactosamine) is a common

constituent of thc antennae of N-linked oligosaccharide chains

of glycoproteins, but may be also present in O-linked chains

and in glycolipids. The b-galactoside a2,6 sialyltransferase

(2.4.99.1, ST6Gal.I) is the only sialyltransferase so far

identi®ed able to catalyze the a2,6-sialylation of lactosamine.

ST6Gal.I was initially puri®ed in a soluble form from bovine

colostrum [1,2], and successively in a membrane-bound form

from rat [3,4] and human liver [5]. Like other glycosyltrans-

ferases, ST6Gal.I is a type II membrane glycoprotein with a

short NH2-terminal citosolic domain, a hydrophobic trans-

membrane domain, a stem domain and a COOH-terminal

catalytic domain exposed to the luminal side of Golgi cisternae

[6]. The hydrophobic transmembrane domain, along with

adjacent luminal and cytoplasmic sequences, contributes to

specify the Golgi retention signal [7±10].

The ®rst ST6Gal.I cDNA clone has been isolated from a rat

liver cDNA library [11]. The rat gene spans at least 80 kb of

genomic DNA and contains 11 exons [12] (Figure 1). The use

of physically distinct promoters and the alternative splicing of

the primary transcripts give rise to three major size classes

mRNAs [13,14]. A ®rst 4.7 kb form is comprised of 8 exons

(ÿ1, 0 and 1±6) and is expressed in many tissues. A second,

4.3 kb species, is typically expressed at a very high level by the

liver. This form shares exons 1±6 with the 4.7 kb form but

lacks exons ÿ1 and 0. The two forms share also the

translational start point, within exon 2, and the translational

stop point, inside exon 6, yielding identical protein products.

Along with the 4.7 kb form, rat kidney expresses three 3.7 kb

transcripts formed by the association of one, two or three

kidney-speci®c exons with exons 4±6 [12,15,16]. The

functional signi®cance (if any) of these kidney-speci®c forms,

Figure 1. Schematic representation of the major ST6Gal.I tran-
scripts expressed by mammalian species. The different mRNA
forms are generated by joining different 50-noncoding exons with
exon I. Homologous exons are aligned vertically. The gray area
represents the protein coding domain. The black area upstream of
exon I in the human and bovine transcripts represents a tissue-
speci®c sequence present in forms lacking upstream untranslated
exons.



which are devoid of enzymatic activity, is obscure. After the

isolation of a partial cDNA of human ST6Gal.I from

submaxillary gland [17], full length cDNA clones were

isolated from a placenta [18] and from a B-lymphoblastoid

cell line Daudi cDNA library [19]. The human gene maps to

chromosome 3 (q21±q28) [20] and shares with the rat gene the

basic organization. All the mRNA species so far identi®ed

share exons 1±VI, homologous to the corresponding rat exons.

In the placenta cDNA two additional 50-untranslated exons,

namely exons Yand Z, homologous to rat exons ÿ1 and 0, are

located 50- of exon I. The Daudi cDNA lacks exons Y�Z but

contains the 50-untranslated exon X, for which there is no

known rat counterpart. The transcript of the Y�Z-type occurs

in many tissues, while that of the X-type is speci®c for mature

B-lymphocytes and B-lymphoblastoid cell lines [20]. A third

type of transcript, corresponding to the rat liver 4.3 kb form,

has been cloned from the hepatoma cell line HepG2 [21]. This

form, which contains a short sequence upstream of exon I,

probably represents the major normal liver transcript but it has

been detected also in normal and cancer colonic tissues [22]

and in some colon cancer cell lines [23]. Minor isoforms

containing other 50-untranslated exons have been reported

[24]. ST6Gal.I cDNA clones have been isolated also from

mouse [25], chick embryo [26], and bovine tissues [27]. The

mouse ST6Gal.I gene maps on chromosome 16 [28]. The

50-untranslated exons of mouse transcripts show similarity and

differences with the human forms [29]. An `̀ housekeeping''

form contains exons Q and O, homologous to human exons Y

and Z respectively while the liver expresses a speci®c

transcript containing exon H [30] and B lymphocytes produce

speci®c forms containing exons X1, X2 or X3 [29]. Bovine

ST6Gal.I shares with other species the basic enzyme and

genomic structure. Three families of transcripts homologous to

the three major human forms have been described, but their

tissue distribution is remarkably different [27]. A schematic

representation of the transcript families expressed by mam-

malian species is provided in Figure 1.

Although widely expressed among tissues [31,32], ST6Gal.I

may undergo dramatic variations of expression during

development and differentiation or in response to precise

stimuli. The main regulatory mechanisms appear to operate at

the transcriptional level [13,14]. In rats, the sequences

50-¯anking exon 1 contain multiple negative and positive

regulatory elements and consensus binding sequences for

liver-speci®c transcription factors which ensure the liver-

speci®c expression of the 4.3 kb transcript [33]. In humans, the

region ¯anking the hepatic promoter contains consensus

binding sites for HNF-1, NF-IL6, AP2 and APRF transcription

factors, while the region 50-¯anking the B-lymphocyte

promoter contains potential binding sites for AP1, AP2,

NFkB, C/EBP and CREB [34], and the region 50-¯anking

Exon Y contains consensus binding sequences for MZF-1,

AML-la, AP-1, Spl and Oct-l [35]. The presence of regulatory

elements has been reported also inside exon X (i.e. in the

region 30-¯anking the promoter) [36]. The transcription of

mRNA species differing in the 50-untranslated regions allows

the quantitative regulation of ST6Gal.I expression not only at

the transcriptional level but also at the translational level. In

fact, the hepatic transcript shows an higher translational

ef®ciency in vitro [37]. Moreover, several post-translational

modi®cations affecting enzyme activity have been described:

i) the presence of the N-linked chains is necessary for the

activity of the enzyme molecule, especially of the soluble form

(see below) [38]; ii) the rat liver enzyme can form disul®de-

bonded dimers which are devoid of activity [39]; iii) the rat

liver enzyme exists in two variants differing for the presence of

a Tyr or a Cys at position 123 [40]. The latter form, which

possesses a lower catalytic ef®ciency, is encoded by a post-

transcriptional modi®cation of the RNA [40]; iv) both the Tyr-

and the Cys-forms may be phosphorylated, but the functional

signi®cance of this modi®cation is unclear [41]. These data

provide the picture of an enzyme encoded by a single gene

whose expression is precisely regulated in a tissue- and stage-

speci®c manner, owing to the existence of multiple regulatory

mechanisms.

In 1983 Jamieson and coworkers [42] reported that the

expression of hepatic ST6Gal.I increased upon turpentine-

induced in¯ammation and that the enzyme can be released

from hepatocytes like an acute phase protein. Further studies

demonstrated the release of a catalytically active peptide,

missing 63 NH2-terminal aminoacids [11,43], by the action of

cathepsin-like proteolitic enzymes [44,45]. The physiological

relevance of a glycosyltransferase in the extracellular ¯uids is

unclear. The released portion of the enzyme, although

catalytically active, could hardly mediate sialylation of

extracellular substrates, owing to the absence (or extremely

low concentration) of the sugar nucleotide donor. More likely

appears the possibility that the soluble glycosyltransferase is

involved in the recognition of endogenous or exogenous

oligosaccharide structures (such as those on the surface of

microorganisms), as a lectin-like molecule. The mechanisms

regulating ST6Gal.I during in¯ammation have been investi-

gated in the past years and are still currently under intense

investigation. Glucocorticoids up-regulate ST6Gal.I in hepa-

tocytes [46,47], ®broblasts [48] in cultured jejunum of

suckling rats [49,50], and mouse neural cells [51]. Interest-

ingly, in hepatocytes and small intestine glucocorticoids

stimulate the transcription of the hepatic form, while in

®broblasts they stimulate the transcription of the 4.7 kb form,

indicating that the same agonist activates different promoters

in different cell types. The acute phase proteins have been

grouped in two classes: class 1 which is induced by IL-1 and

TNF-a, and class 2, which is induced by IL-6 [52]. In mice,

the acute-phase induction of hepatic ST6Gal.I is controlled by

the IL-6 pathway and is driven through the hepatic promoter,

which results in the expression of the transcript containing

exon H [53]. In this system, the in¯ammatory response elicited

by bacterial lipopolysaccharide (LPS) through TNF-a produc-

tion does not affect ST6Gal.I expression. By contrast, in

human humbelical vein endothelial cells (HUVEC) LPS, IL-1
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and TNF-a activate vascular endothelium and induce an

increase of ST6Gal.I expression which, in turn, enhances the

level of a2,6 sialylation of membrane glycoproteins such as

E-selectin, ICAM-1 and VCAM-1, which may act as ligands

for CD22 (see below) [54,55]. Interesting theories on the

functional signi®cance of the in¯ammation-dependent increase

of a2,6-sialylation have been proposed by Gagneux and Varki

[56]. First, many pathogens preferentially use a2,3-sialylated

sugar chains as receptors on host cells [57]; for such a

pathogen, the increased level of a2,6-sialylation during

infection would reduce the number of available binding sites.

Second, the sialyl a2,6-lactosaminyl epitope appears to play an

endogenous functional role mainly in cells related to

B-lymphocyte function (see below); the in¯ammation-induced

a2,6-linked sialyl-residues would act as `̀ decoy'' receptors,

preventing an incoming pathogen provided with receptors

speci®c for a2,6-linked sialic acid, from interacting with cells

where this oligosaccharide epitope plays critical roles of

endogenous recognition. Limiting the up-regulation of

ST6Gal.I to the time of in¯ammation would prevent the

adaptation of pathogens to such defense mechanisms.

A number of other substances have been reported to affect

the level of either ST6Gal.I mRNA or enzyme activity or both,

in several model systems. For example, thyrotropin down-

regulates the mRNA level of cultured thyroid cells [58], thus

providing a likely explanation for the increased mRNA level

observed in hypothyroid mice [59]; n-butyrate down regulates

the ST6Gal.I mRNA level through a post-transcriptional

mechanism [60]; interferon a-2b inhibits both mRNA level

and enzyme activity in rat testis [61] while peroxisome

proliferators reduce ST6Gal.I expression and glycoprotein

sialylation in rat hepatocytes [62]. Among the substances

affecting ST6Gal.I expression, ethanol deserves a special

mention. One of the most reliable markers of acute ethanol

abuse is represented by the reversible hyposialylation of

transferrin (a serum glycoprotein bearing almost exclusively

sialic acid a2,6-linked to galactose) [63]. Ethanol administra-

tion reduces ST6Gal.I activity in rat liver [64,65] and causes a

reduced stability of the mRNA [66], thus providing an

enzymatic basis for the phenomenon. By contrast, in the

human colon carcinoma cell lines Caco-2 and HT29, ethanol

enhances ST6Gal.I expression even after a short term

treatment [67].

The sialyl-a2,6-lactosaminyl-linkage in cancer and
differentiation

The level of expression of the sialyl-a2,6-lactosaminyl-

structures and of ST6Gal.I show a strong dependence on

neoplastic transformation and differentiation in several tissues.

The accumulation of a2,6-sialylated lactosaminyl structures in

glycolipids from tumors of various origin, including colon was

formerly detected using speci®c monoclonal antibodies

[68,69], but the most widely used tool for the investigation

of the sialyl-a2,6-linkage is the lectin from Sambucus nigra

(SNA) [70]. Using SNA or another a2,6-sialyl-speci®c lectin

from Tricosanthes japonica, our and other groups demon-

strated an up-regulation of the sialyl a2,6-lactosaminyl-linkage

in colon cancer tissues [71±73]. A strong SNA reactivity has

been proposed to be an indicator of a poor 5 years survival,

independent of tumor grade and histological differentiation

[74]. The possibility that the sialyl-Tn epitope (NeuAc a2,6-

GalNAc), another structure recognized by SNA, plays a

relevant role in determining the SNA reactivity of colon cancer

tissues has been ruled out [75]. Consistent with the notion of

an onco-developmentally regulated expression of the sialyl-

a2,6-lactosaminyl linkage, a down regulation of SNA

reactivity upon weaning has been described in rat [49,76,77]

and pig [78] intestine.

The enzyme ST6Gal.I also shows an onco-differentiation-

dependent pattern of regulation in several tissues and cell

types. As demonstrated by our group, ST6Gal.I enzyme

activity is speci®cally increased in the vast majority of human

colorectal cancer specimens, compared with the normal

surrounding mucosa [79]. Further studies con®rmed this

®nding [80±82] and showed a further increased expression in

metastasis, compared with primary tumors [81]. In the human

colon cancer cell line Caco-2, the enterocytic differentiation is

accompanied by an increase of ST6Gal.I activity up to 10 fold

[83,84]. In fetal and newborn rat intestinal cells, the ST6Gal.I

activity is very high but undergoes a dramatic down regulation

after weaning [85], which parallels a decrease of the

corresponding mRNA [49,86]. Together, these results indicate

that colonic cells may express very high levels of ST6Gal.I

activity in a precise state of differentiation, corresponding to

that of fetal enterocytes. The molecular events at the basis of

the onco-developmental regulation of ST6Gal.I in intestinal

cells are still poorly understood. In fetal and newborn rat

intestine, the major mRNA species associated with the very

high levels of expression is the 4.3 kb `̀ hepatic'' transcript.

After weaning the transcription of this form is switched off and

the 4.7 kb transcript becomes the major species [86]. In human

colon cancer cell lines, we observed a differential expression

of the Y � Z and of the hepatic transcripts: the former was

detected in all the cell lines tested while the latter was

expressed only in some [23]. The dramatic increase of

ST6Gal.I activity which follows the differentiation of Caco2

cells is supported by an accumulation of the hepatic transcript

[23,84]. In surgical specimens the picture appears to be more

complex. In fact, a tendency to accumulate ST6Gal.I mRNA,

at least in some patients, has been detected by Northern

analysis [87] and by RT-PCR [88,89]. Both the Y � Z and the

hepatic transcripts are detectable in normal and cancer tissues

but, although the latter appears to accumulate in many cases,

both may be differentially expressed in cancer tissues [22],

indicating that the neoplastic transformation may affect

ST6Gal.I transcription through at least two promoters. The

concomitant elevation of ST6Gal.I activity and SNA reactivity

in colon cancer opens the following question: is the increase of

SNA reactivity directly proportional to the level of ST6Gal.I
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activity? We have recently established that the answer is no

[22]. In fact, the SNA reactivity is, in some cases, much lower

or higher than that expected on the basis of enzyme activity,

suggesting the existence of other mechanisms of regulation.

In liver, the sialyl-a2,6-lactosaminyl-linkage and ST6Gal.I

appear to be onco-developmentally regulated. In rat hepatoma,

the ST6Gal.I activity is higher than in normal liver [90] while

in human hepatoma, gangliosides terminating with the sialyl-

a2,6-lactosaminyl-linkage accumulate [91]. An important

insight into the mechanisms linking ST6Gal.I expression and

cell transformation comes from a study on a transgenic mouse

model of hepatocellular carcinoma [92]. Mice expressing the

large T antigen of SV40 under the control of an hepatocyte

speci®c promoter, spontaneously develop hepatocarcinoma

and show a general increase of a2,6-sialylation of liver

glycoproteins and an up-regulation of ST6Gal.I. The large

SV40 T antigen binds the Rb protein, causing the release of

the E2F transcription factor which, in turns, activates the

transcription of several genes involved in DNA synthesis and

cell growth [93]. The effect of large T antigen on ST6Gal.I

regulation suggests an intimate relationship between this

enzyme and the cell cycle. The observed stimulation of

ST6Gal.I activity in rodent ®broblasts overexpressing ras

oneogenes [94,95] is consistent with this notion. In fact, ras

controls the extent of phosphorylation of Rb protein by

regulating the level of cyclin D1 whose partner CDK4

phosphorylates Rb, causing the release of E2F [96]. By

contrast, the hepatic transcript has been reported to be down-

regulated in an ascitic hepatoma cell line [97]. The develop-

mental pattern of ST6Gal.I regulation in rat liver is the

opposite of that described in intestine: in the newborn, the gene

expression is low and results in the transcription of the 4.7 kb

transcript [86].

Apart from the cells of the immune system, which will be

discussed in detail in the next section, an oncodifferentiation-

dependent modulation of ST6Gal.I was reported in other

tissues and relative malignancies, such as breast cancer [98],

acute myeloid leukemia [99], choriocarcinoma [100] and some

types of brain tumors [101]. A large percentage of primary and

metastatic gastric carcinomas show an increased reactivity

with anti-CDw75 antibodies (see below) [102], and an

elevation of ST6Gal.I mRNA [103]. Differentiation of HL-

60 cells in vitro is accompanied by a down regulation of both

ST6Gal.I expression and a2,6-sialylated sugar chains [104],

which is driven by the modulation of the Y�Z form [35]. On

the contrary, normal bone-marrow myeloid cells display an

increased a2,6-sialylation during the late stages of maturation

that has been proposed to govern the release of cells in the

blood [105].

The onco-differentiation dependent modulation of the sialyl-

a2,6-lactosaminyl-linkage does not necessarily imply a role of

such a structure in determining the phenotype of the cells. In

principle, thc presence of a2,6-linked sialic acid could modulate

biological interactions in two non mutually exclusive ways: ®rst,

by masking the underlying sugar chains (i.e. lactosaminic

sequences), hindering their interaction with galactose-speci®c

lectins (galectins); second, by direct interaction with speci®c

sialic acid-binding lectins (siglecs). The relevance of the ®rst

mechanism is highlighted by the relationship between number

of terminal lactosaminic sequences and metastatic potential

[106]. An example of the second mechanism is provided by the

CD22-mediated interactions, which will be discussed later.

Whatever the mechanism, a contribution of a2,6-linked sialic

acid in determining the phenotype of cancer cells has been

inferred on the basis of the already mentioned clinical studies

and of the experimental studies which will be reviewed below. It

has been observed that colon cancer cell lines growing

adherently and not expressing ST6Gal.I activity, contain

subpopulations of loosely adherent cells expressing ST6Gal.I

[107]. This observation is suggestive of a role of a2,6-linked

sialic acid in reducing cell-cell and cell-matrix interactions, but

an apparently con¯icting indication has been provided by

studies on Ehrlich ascites tumor cells [108,109]. The ST6Gal.I

activity displayed by established human colon cancer cell lines is

usually much lower than that of fresh surgica1 specimens, but

when the cells are grown as nude mice xenografts their ST6Gal. I

activity increases in most cases, reaching values close to those of

surgical samples [110]. Two non mutually exclusive mechan-

isms have been proposed to explain this phenomenon: i) thc

selection of subpopulations provided with an in vivo growth

advantage; and ii) the adaptation of cells to in vivo growth. A

close relationship between a2,6-sialylation and metastasis is

indicated by the observation that in a mouse model, metastatic

colon cancer cell lines express a speci®c increase of SNA-

reactive glycoproteins and of ST6Gal.I enzyme activity,

compared with poorly metastatic variants [111]. Rat ®broblasts

transformed with ras oncogene show, in general, an SNA-

positive phenotype. Compared with SNA-positive cells, sub-

clones expressing an SNA-negative phenotype displayed a

lower invasive potential in vitro, a stronger homotypic

aggregation and a different morphology [112]. By contrast, a

spontaneous mutant of the highly metastatic murine lymphoma

cell line MDAY-2, shows, in concomitance with a dramatic

increase of ST6Gal.I mRNA and enzyme activity, a reduced

metastatic potential and a slower growth at the subcutaneous site

of inoculation [113]. These data should be considered in the

light of the following two points. First, the overexpression of a

given glycosyltransferase might result in different biological

effects in different cell type, possibly depending on the set of

glycoprotein acceptors expressed by the cell. Second, a

relationship between an altered a2,6-sialylation and a given

phenotype does not necessarily imply a causal relationship. A

direct approach to circumvent this problem has been followed by

genetic engineering with the ST6Gal.I cDNA the colon cancer

cell lines SW48 and SW948, not expressing the endogenous

gene [114,115]. The analysis of the transfected clones has so far

revealed striking cell-type-speci®c morphological and func-

tional alterations. In fact, ST6Gal.I expression induces a ¯at

morphology and a stronger adhesion to collagen type IV in

SW948 transfectants, but not in SW48 clones (Chiricolo M and
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Dall'Olio F. unpublished observation). In a different model

system (human glioma cells), transfection with ST6Gal.I has

been reported to result in marked morphological changes and

decreased invasiveness [116].

The sialyl-a2,6-lactosaminyl-linkage in the immune
system

As discussed in detail below, a transgenic mouse model

carrying an homozygous inactivation of the ST6Gal.I gene

shows mainly immunological alterations [117], thus indicating

the pivotal role of a2,6-sialylated structures in the regulation

of immune response.

CDw75 is a cell surface epitope expressed by the majority

of B cells and, at a much lower level, by a subpopulation of T

cells. A cDNA able to induce CDw75 expression when

transfected in COS cells was found to be homologous to

previously cloned ST6Gal.I cDNAs [19]. Although initially

thought to be a cell surface a2,6-sialyltransferase, CDw75 was

demonstrated to be an ST6Gal.I-dependent carbohydrate epi-

tope formed by sialyl-a2,6-lactosaminyl-structures [118±121].

CDw75 expression coincides with maturation of B-cells; it

begins at the stage of surface Ig� (sIg�) and ceases with

terminal differentiation into plasma cells. Along with CDw75,

other ST6Gal.I-dependent cell differentiation antigens, such as

HB6, HB4 and CD76, have been identi®ed [122]. The

molecular basis of CDw75 expression appears to rely on

ST6Gal.I regulation. In fact, the B lymphoblastoid cell lines

expressing CDw75 express also high levels of the ST6Gal.I

mRNA containing the 50 untranslated exon X [20], indicating a

speci®c transcriptional activation of the B-lymphocyte pro-

moter. The antibodies recognizing a2,6-sialylated antigens

display a differential pattern of reactivity in B and T

lymphocytes. This is due to the fact that the recognition is

dependent on the number of polylactosaminic structures (i.e.

the number of Galb1,4G1cNAc disaccharide units) underlying

the a2,6-linked sialic acid; in contrast to B cells, T cells

express mainly polylactosaminylated sialoglycans [123].

The CD22 antigen is a cell surface sialic acid-binding lectin

of the immunoglobulin superfamily [124], physically associated

with the B cell antigen receptor (BCR), which is expressed on

the surface of sIg� B lymphocytcs, and speci®cally recognizes

thc structure: NeuAca2,6Galb1,4G1cNAc [125,126]. Accord-

ing to the new nomenclature of animal sialic binding lectins,

CD22 is referred to as Siglec-2 [127]. Upon BCR crosslinking,

CD22 undergoes phosphorylation of tyrosine residues, trigger-

ing a cascade of biochemical events leading ultimately to a

down-regulation of the immune response [128]. The nature of

CD22 as a negative co-receptor is con®rmed by the phenotype

of CD22 knock out mice, which shows an augmented immune

response and an increased serum concentration of autoantibo-

dies [129]. However, in given circumstances, CD22 may

transduce stimulatory signals as well [125,130]. CD22 shows

a strict speci®city for a2,6-sialylated lactosaminyl-structures,

regardless of the underlying core structure (N-linked, O-linked

or gangliosides), with a preference for multivalent ligands

[131±133]. Many CD22-based cellular interactions have been

reported to occur among B-lymphocytes and between B-lym-

phocytes and other cell types. For example, CD22 on B cells

interacts with CD45RO (an isoform of the leukocyte-speci®c

receptor-linked phosphotyrosine phosphatases) on T lympho-

cytes [134,135] and with CDw75 on B-lymphocytes [135]. The

CD45RA isoform, which is expressed on the surface of mature

naive T-lymphocytes is, in turn, a preferred substrate for

ST6Gal.I, accounting for the stronger SNA-reactivity displayed

by medullar thymocytes [136]. The expression of binding sites

for CD22 on endothelial cells can be enhanced by LPS and

in¯ammatory cytokines (IL-1 and TNF-a) through an ST6Gal.

I-mediated sialylation of adhesion molecules such as E-selectin,

ICAM-1 and VCAM-1 (see above) [54,55]. Unlike other

mammalian lectins which are speci®c for relatively uncommon

structures, CD22 binds a sequence commonly expressed by

many glycoproteins and cell lines. The problem of the ®ne

regulation of CD22-based interactions is still open but at least

two mechanisms might play a role. First, it has been

demonstrated that the a2,6-sialylation of N-linked chains of

CD22, catalyzed by ST6Gal.I, abrogates the binding ability of

the lectin [137,138]. If one considers that the developmental

stage of B-lymphocytes characterized by CD22 expression

coincides with a high ST6Gal.I expression supported by

transcription of the X-form, a simple model could be

hypothesized in which the high a2,6-sialylation of CD22 on

B-lymphocytes inhibits the binding with a2,6-sialylated

molecules on other lymphocytes, thus preventing undesired

cellular interactions. Moreover, CD22 is inactivated by this

mechanism on the surface of resting B-cells but is readily

activated upon B-cell stimulation [139]. Second, IgM and

haptoglobin (but not other a2,6-sialylated glycoproteins) are

able to inhibit CD22 binding at the concentration found in

plasma [55]. Thus, CD22-mediated interactions would be

allowed in lymph and lymphoid organs, where the concentration

of the above mentioned glycoproteins is lower, and inhibited in

plasma. This picture is made even more complicated by the

presence of a cell surface form of ST6Gal.I in B lymphocytes

which has been reported to be able to sialylate a subset of

surface molecules on B lymphocytes [140].

Important insights into the biological function of the sialyl

a2,6-lactosaminyl-linkage can be obtained by the study of the

transgenic mouse model carrying an homozygous inactivation

of the ST6Gal.I gene [117]. Although these mice appear to be

normal, they show a markedly reduced proliferation of B

lymphocytes in response to LPS or IgM crosslinking or CD4O

ligation, and a severely impaired ability in mounting an

antibody response against both T-independent and T-depen-

dent antigens. Interestingly, this defect can be rescued by the

addition of interleukin-4. Together, the alterations of B cells

function displayed by these mice cannot be simply explained

by a reduced number of CD22-ligands interactions but are

consistent with alterations of the intracellular transduction

pathways involved in cell activation.
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Concluding remarks

The fact that ST6Gal.I-de®cient mice are viable and appear to

be largely normal indicates that ST6Gal.I de®ciency is

compatible with a grossly normal development, while the

alterations of the immune functions point to a peculiar role of

this enzyme and of the cognate sugar linkage in the immune

system. Nevertheless, more subtle alterations of other

biological functions could be present, but are more dif®cult

to demonstrate. The highly conserved very complex pattern of

tissue- and stage-speci®c regulation shown by ST6Gal.I is

consistent with a fundamental role of this enzyme. The

detailed study of ST6Gal.I-genetically modi®ed cell lines and

of transgenic animals de®cient for tissue-speci®c forms of

ST6Gal.I, will provide an important new insight into the

biology of the sialyl-a2,6-lactosaminyl-linkage.
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