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Simple Summary: The glycosyltransferase β1,4-N-acetylgalactosaminyltransferae 2 (B4GALNT2),
product of the B4GALNT2 gene is responsible for the biosynthesis of the carbohydrate antigen
Sda. Both the enzyme and its cognate antigen display a restricted pattern of tissue expression and
modulation in colorectal, gastric, and mammary cancers. In colorectal cancer, B4GALNT2 is generally
downregulated, but patients displaying higher expression survive longer. The sialyl Lewisa and sialyl
Lewisx antigens are associated with malignancy. Their biosynthesis and that of Sda are mutually
exclusive. Forced expression of B4GALNT2 in colorectal cancer cell lines modulates the transcriptome
towards lower malignancy, reducing stemness. These effects are independent of B4GALNT2-induced
sLea/sLex inhibition. Thus, B4GALNT2 is a marker of better prognosis and a cancer-restraining
enzyme in colorectal cancer, with a therapeutic potential.

Abstract: Terminal carbohydrate structures are particularly relevant in oncology because they can
serve as cancer markers and alter the phenotype of cancer cells. The Sda antigen and the sialyl
Lewisx and sialyl Lewisa (sLex and sLea) antigens are terminal structures whose biosynthesis is
mutually exclusive. In this review, we describe the main features of the Sda antigen in cancer
and its relationship with sLex/a antigens. Information was obtained from an extensive literature
search and from The Cancer Genome Atlas (TCGA) public database. The Sda biosynthetic enzyme
B4GALNT2 undergoes downregulation in colorectal (CRC) and stomach cancer, while it is ectopically
expressed by a minority of breast cancer (BRCA) patients. High expression of B4GALNT2 is associated
with better prognosis and a less malignant gene expression profile in CRC, while the opposite
occurs in BRCA. The regulation of B4GALNT2 expression in CRC is multifactorial, involving gene
methylation and miRNA expression. Forced expression of B4GALNT2 inhibited sLea/sLex and
reduced malignancy and stemness in cells constitutively expressing sLex/a antigens. However,
consistent effects were observed upon B4GALNT2 forced expression and in cells not expressing
sLex/a antigens. Thus, B4GALNT2 and the Sda antigen exert a tumor-restraining activity in CRC and
probably other gastrointestinal cancers, independently of sLex/a antigens.

Keywords: glycosylation; colorectal cancer; Sda antigen; Sialyl Lewis antigens; glycosyltransferases;
B4GALNT2; gene expression control; transcriptomic analysis

1. Introduction

The impact of glycosylation on cell behavior largely depends on the terminal portions
of glycoconjugates. Examples of terminal structures include α2,3- and α2,6-linked sialic
acids, polysialic acid, the AB0 blood group, and other fucosylated structures such as the
sialyl Lewisx (sLex) and the sialyl Lewisa (sLea) antigens [1–3]. The Sda antigen is a terminal
carbohydrate structure expressed on erythrocytes, in secretions [4], and in a few organs [5]
by the vast majority of Caucasians. The Sda antigen was discovered independently by
two groups in 1967 [6,7] and found to be inherited as a dominant character. Although the
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percentage of Sda-negative individuals was found to be 4%, the percentage of individuals
with “natural” anti Sda antibodies in serum was much lower. In urine and kidney, the major
carrier of Sda is the urinary Tamm–Horsfall glycoprotein. In this review, we will focus on
the role of Sda and of its biosynthetic enzyme B4GALNT2 in cancer and its relationship
with sLex and sLea antigens. However, it is worth mentioning that Sda plays a role in a
wide variety of biological systems, including the attenuation of the phenotype in mouse
models of muscular dystrophy [8,9] and bleeding disorders [10,11], in the equilibrium of
the gut microbiota [12,13], in the prolificacy of sheep [14], in the xenotransplantation of pig
organs [15], and in the inhibition of influenza virus infection [16,17].

2. The Sda Antigen: Structure and Biosynthesis

The structure of the Sda antigen was elucidated in the 1980s and found to have a
basic composition of a α2,3-sialylated galactose to which a β1,4 GalNAc is linked [18]. The
underlying carbohydrate structure is variable, including type 1 (Galβ1,3GlcNAc) and type
2 (Galβ1,4GlcNAc) lactosaminic chains, as well as the core 1, core 2, and core 3 structures
of O-linked chains (Figure 1) [19]. In addition, the glycolipid sialylparagloboside can be
decorated by the Sda antigen [20].
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Figure 1. Structure of the different carbohydrate chains that can be terminated by the Sda antigen. 
These structures can be present on N- or O-linked chains. The addition of β1,4-linked GalNAc is 
always mediated by B4GALNT2. 

The addition of β1,4-linked GalNAc to α3-sialylated sugar chains is mediated by a 
single enzyme, product of the B4GALNT2 gene. After the first identification of this enzy-
matic activity in Guinea pig kidney [21], the mouse B4GALNT2 cDNA was cloned through 
a transient expression cloning approach [22]. Successively, the human cDNA was cloned 
from the colon cancer cell line Caco 2 by two different groups [23,24]. The human 
B4GALNT2 gene maps on 17q21.33 and encompasses at least 12 coding exons. The pres-
ence of multiple transcripts diverging in their 5′- and 3′-UTR, some of which are up to 
9000 nucleotides long, and the occurrence of at least two alternative first exons were doc-
umented [23,24]. The transcripts were mainly expressed in the colon and to a lower extent 
in ileum, stomach, and kidney. The alternative presence of the 253-base-pair-long exon 1L 

Figure 1. Structure of the different carbohydrate chains that can be terminated by the Sda antigen.
These structures can be present on N- or O-linked chains. The addition of β1,4-linked GalNAc is
always mediated by B4GALNT2.

The addition of β1,4-linked GalNAc to α3-sialylated sugar chains is mediated by
a single enzyme, product of the B4GALNT2 gene. After the first identification of this
enzymatic activity in Guinea pig kidney [21], the mouse B4GALNT2 cDNA was cloned
through a transient expression cloning approach [22]. Successively, the human cDNA
was cloned from the colon cancer cell line Caco 2 by two different groups [23,24]. The
human B4GALNT2 gene maps on 17q21.33 and encompasses at least 12 coding exons. The
presence of multiple transcripts diverging in their 5′- and 3′-UTR, some of which are up
to 9000 nucleotides long, and the occurrence of at least two alternative first exons were
documented [23,24]. The transcripts were mainly expressed in the colon and to a lower
extent in ileum, stomach, and kidney. The alternative presence of the 253-base-pair-long
exon 1L or of the 38-base-pair-long exon 1S leads to two transcript variants containing



Cancers 2021, 13, 5273 3 of 16

different translational start sites. Consequently, the human B4GALNT2 gene can originate
at least two different transmembrane peptides, diverging in their amino-terminal portion:
a 566-amino acid long form and a 506-amino acid short form (Figure 2).
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Figure 2. Structure of the genomic DNA and the two major B4GALNT2 transcripts. Both the
alternative exons 1S and 1L contain a translational start codon. Their coding portion is indicated
in red and blue, respectively. Coding portions common to the two transcripts are in grey. The
transmembrane portion is in green. Exons are drawn approximately to scale.

Both isoforms display Golgi localization, although the long form is present also in post-
Golgi vesicles and the plasma membrane [25]. The short form appears to be enzymatically
more active than the long form [26] and is by far the dominant form in both normal and
cancer colon [27]. The genetic bases of B4GALNT2 deficiency linked to the Sda-negative
phenotype have been recently elucidated and found to be mainly associated with missense
mutations in the C-terminal portion of the enzyme [28]. Although the most frequent
mutation appears to be Cys466Arg, other mutant alleles, including one affecting mRNA
splicing, have been described [28]. In spite of the high similarity between the Sda antigen
and the sugar chain of ganglioside GM2, B4GALNT2 is unable to synthesize the ganglioside
GM2, which is instead the product of B4GALNT1. On the other hand, GM2 synthase
B4GALNT1 is unable to synthesize the Sda antigen.

A role for DNA methylation in B4GALNT2 gene regulation was suggested by the
presence in the genomic regions upstream of exons 1L and 1S of the features of a CpG
island. A paper showed that the B4GALNT2 transcript was detectable by RT-PCR in some
gastrointestinal cell lines and not in others, but only after 40 amplification cycles [29]. The
promoter region of the cell lines not expressing B4GALNT2 was found to be methylated,
and gene expression was restored by treatment with the DNA methylation inhibitor 5’aza
2’-deoxycytidine [29]. Another study [30] found methylation of the B4GALNT2 gene in
the majority of gastric and colon cancer cell lines. A weak expression of the B4GALNT2
transcript and of the Sda antigen was induced by treatment of cell lines with anti-DNA-
methylation agents [30]. Recently, it has been shown that the transcription factors ETS1
and, to a lesser extent, SP1 are required for B4GALNT2 transcription, although neither of
the two is responsible for its differential expression in CRC [31].

3. Sda/B4GALNT2 in Development, Differentiation, and Cancer
3.1. Development and Differentiation

Ontogenic regulation of B4GALNT2 was formerly suggested by the observation that
the Guinea pig kidney enzyme showed a five-fold increase after birth [32], while in rat
colon, the enzyme was nearly undetectable at birth, but its level rapidly raised after
weaning [33]. Consistently, the Sda antigen was not detected in human fetal colonic
mucins [34]. The dependence of Sda/B4GALNT2 on cell differentiation was unclear. In
fact, while the enzyme activity of both Sda [35] and B4GALNT2 [33] was higher in the
poorly differentiated cells of the colonic crypt, B4GALNT2 expression increased upon
differentiation of the human colon cancer Caco2 cells [36].
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3.2. Cancer

Cancer-dependent modulation of B4GALNT2 was reported by numerous studies in
CRC and by a few in gastric cancer. A possible involvement of B4GALNT2 in the biology
and clinic of breast cancer (BRCA) has only recently emerged. These studies involved the
analysis of clinical specimens, as well as of cell lines.

3.2.1. Clinical Studies

Traditionally, the clinical impact of cancer-modulated glycosyltransferases was inves-
tigated in cohorts of patients specifically recruited for the study by research Institutions.
Although this approach has provided invaluable contributions to the field, it is strongly
limited by the relatively small number of specimens that can be collected and analyzed.
This limitation has been circumvented by public databases reporting genomic, transcrip-
tomic, epigenetic, and clinical data of hundreds or thousands of cancer patients. The
most comprehensive of these databases is probably The Cancer Genome Atlas (TCGA)
(https://portal.gdc.cancer.gov/, accessed on 14 August 2021).

Colon Cancer

The dramatic downregulation of B4GALNT2 expression in colorectal cancer tissues
was formerly reported in 1989 [37], successively confirmed [26] and found to be largely
due to a reduced mRNA expression [38]. Moreover, the expression of the Sda antigen
was reduced in colon cancer, compared with normal mucosa, paralleling the expression of
the enzyme [39]. Recently, an association of B4GALNT2 mRNA with ulcerative colitis, an
inflammatory pre-neoplastic condition [40], has been reported. The B4GALNT2 transcript
was found to be more expressed in long-duration, compared with short-duration ulcerative
colitis cases.

TCGA data confirm the general downregulation of B4GALNT2 in cancer tissues
(Figure 3A) [41]. Although the vast majority of cancer samples lacked detectable levels of
the transcript, several cancer cases displayed a level of expression comparable with that of
many normal tissues. Paired comparison in 49 normal mucosa/cancer pairs (Figure 3B)
revealed that only one sample displayed the same high expression in both the normal
mucosa and the cancer. However, as previously observed in both European [26,37] and
Japanese [38] studies, a small percentage of individuals expressing very low B4GALNT2
levels in normal colon was present also in TCGA cohort. These individuals are likely
Sda-negative, although missense point mutations found to be responsible for several
Sda-negative cases [28] cannot be responsible for low-mRNA expression data.
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Figure 3. B4GALNT2 mRNA in TCGA COADREAD (colon and rectal adenocarcinoma) cohort. (A): 
unpaired distribution of B4GALNT2 expression in 49 normal samples and 626 cancer samples. Sta-
tistical analysis was conducted by the Mann–Whitney test. (B): B4GALNT2 distribution in paired 
normal and tumor tissues of 49 patients. Statistical analysis was conducted by the Wilcoxon test. 
(C): Kaplan–Meier survival curves of patients belonging to the groups of high expressers (15th up-
per percentile, red) or no expressers (15th lower percentile, blue) of B4GALNT2 mRNA, as deduced 
from the Oncolnc.org website. 

Figure 3. B4GALNT2 mRNA in TCGA COADREAD (colon and rectal adenocarcinoma) cohort.
(A): unpaired distribution of B4GALNT2 expression in 49 normal samples and 626 cancer samples.
Statistical analysis was conducted by the Mann–Whitney test. (B): B4GALNT2 distribution in paired
normal and tumor tissues of 49 patients. Statistical analysis was conducted by the Wilcoxon test.
(C): Kaplan–Meier survival curves of patients belonging to the groups of high expressers (15th upper
percentile, red) or no expressers (15th lower percentile, blue) of B4GALNT2 mRNA, as deduced from
the Oncolnc.org website.
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According to these data, B4GALNT2 mRNA level was nearly undetectable in the ma-
jority of cancer samples, but a remarkable number of cases retained a relatively high level
of expression. These high-B4GALNT2 expressers (HBE) often displayed a non-mucinous,
microsatellite-stable phenotype and a better response to therapy [41]. However, the most
remarkable clinical finding emerging from TCGA data was the close association of high
B4GALNT2 expression with long overall survival (Figure 3C). Patients stratified accord-
ing to the B4GALNT2 transcription level displayed different gene expression profiles. In
fact, numerous genes showed different levels of expression in HBE, compared with low
B4GALNT2 expressers (LBE). In general, the gene expression profile of HBE is strongly ori-
ented towards an attenuation of the neoplastic phenotype and the maintenance of functions
associated with a normal epithelium, such as mucus secretion and solute transportation.
Interestingly, the glycosylation machinery is also differentially expressed in HBE and LBE.
In fact, several glycosyltransferases involved in the biosynthesis of O-linked chains, gan-
gliosides, Lewis antigens, and galectins are more highly expressed in HBE, while ST6GAL
sialyltransferases are more highly expressed in LBE [42].

The mechanisms regulating B4GALNT2 expression in normal and cancer tissues are
probably multifactorial and partially epigenetic. TCGA data allow a detailed analysis of
the relationship between B4GALNT2 expression and methylation of individual methylation
sites located in the CpG island, as well as in its upstream and downstream flanking
regions known as “northern shore (NS)” and “southern shore (SS)”, respectively [42]
(Figure 4). In addition, the methylation of an “open sea (OS)” site located in the intron
between exons 6 and 7 was also reported. In general, methylation of the island and
of the northern and southern shore positions in colon cancer is closely associated with
low or no B4GALNT2 transcription. However, the methylation level in these positions
is similar in the corresponding normal tissues (Figure 4A), ruling out the possibility that
a differential methylation of these sites can be responsible for the downregulation of
B4GALNT2 in cancer. The most important regulatory role appears to be played by the OS1
position, whose methylation is lower in cancer. As a common condition, all HBE displayed
high methylation of the NS2 and OS1 sites and lack of methylation of all other positions
(Figure 4B). However, not all cases sharing this condition are HBE, suggesting this is a
necessary but not sufficient condition.

TCGA also provides information on the level of expression of numerous miRNA.
Bioinformatics analysis has revealed that some miRNAs are potentially able to target
B4GALNT2 [42]. TCGA data showed a clear tendency towards an inverse relationship
between some of these miRNAs and B4GALNT2 in colon cancer tissues. However, hsa-
miR-204-5p, that targets a sequence located in the 3’-UTR, about 120 bp downstream
of the translational stop codon, displayed the best inverse relationship with B4GALNT2
expression. In fact, all HBE displayed no hsa-miR-204-5p expression, while all high-hsa-
miR-204-5p expressers displayed no B4GALNT2 expression. However, the existence of
many hsa-miR-204-5p non-expressers failing to express B4GALNT2 revealed that the lack of
hsa-miR-204-5p is also a necessary but not sufficient condition for high levels of B4GALNT2.

In conclusion, the regulation of B4GALNT2 in normal and cancer colon is complex
and multifactorial. The differential expression of specific transcription factors has not yet
been investigated but is likely to play a major role in B4GALNT2 regulation.

Gastric Cancer

Using monoclonal antibodies specific for the Sda antigen and/or for the ganglioside
GM2, it was found that the two structures displayed opposite regulation in normal gastric
mucosa and gastric cancer; the former was downregulated, while the latter was upregulated
in cancer [43]. The downregulation of B4GALNT2 in gastric cancer was documented
successively [38]. A detailed structural analysis in sera identified eight carbohydrate
structures expressing the Sda antigen on the various underlying structures depicted in
Figure 1 [44]. Interestingly, in sera of healthy people the Sda antigen was expressed
only on O-linked Core 1 structures. On the other hand, in sera of a few gastric (and a
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few pancreatic) cancer patients, these Sda structures were found to be carried by other
underlying chains [44]. The importance of these markers in cancer management requires
further investigation.
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**** p < 0.0001.

According to TCGA data, B4GALNT2 is expressed in the gastric mucosa by only a few
cases, while it is virtually not expressed in gastric cancer, with few exceptions (Figure 5A,B).
Overall, the level of B4GALNT2 expression in the gastric mucosa is about 50-fold lower
than in the colon. In normal stomach, B4GALNT2 activity and Sda antigen expression
were found to be associated with chief cells, the stomach cells releasing pepsinogen [43].
Methylation of the promoter was shown to be relevant for B4GALNT2 expression by the two
previously mentioned studies [29,30] as well as in gastric cancer cell lines. However, the
low level of expression in gastric cancer tissues did not allow investigating the relationship
between B4GALNT2 expression and methylation or clinical features using TCGA data.

Breast Cancer

Little is known about B4GALNT2 in BRCA. A recent study reported a systemic upreg-
ulation of B4GALNT2 in an experimental model of breast cancer [45]. Consistently, TCGA
data analysis showed that in normal breast tissues as well as in the majority of BRCA
tissues, the level of B4GALNT2 mRNA expression was nearly undetectable (Figure 5C,D),
although a minority of the cancer cases displayed a level of activity similar with that of
colon. Considering the virtual absence of B4GALNT2 in normal breast tissues, it seems
appropriate to define the B4GALNT2 expression by a minority of BRCA cases as ectopic.
Notably, these high-B4GALNT2 expressers displayed a significantly shorter overall sur-
vival (Figure 5E). No obvious relationship was evident with clinical parameters, including
receptor (estrogens, progesterone, or HER2) status. However, genes displaying over- or
under-expression in the HBE cohorts provided a molecular signature strongly oriented
towards malignancy (Table 1). This view was confirmed by a recent study showing growth
promotion induced by B4GALNT2 in triple-negative breast cancer cell lines [46].
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1 
 

 
Figure 5. B4GALNT2 mRNA in stomach adenocarcinoma (STAD) and breast cancer (BRCA) TCGA
cohorts. In (A) and (C) plots, the unpaired distribution of B4GALNT2 expression in normal tissue
and cancer samples of stomach (A) and breast (C) cancer patients is reported. In (B) and (D) graphs,
B4GALNT2 distribution in paired normal and tumor tissues of stomach (B) and breast (D) cancer
patients is reported. Stomach: 35 normal and 415 tumor samples; breast: 107 normal and 1100 cancer
patients. Statistical analysis conducted by the Mann–Whitney test in A and C and by the Wilcoxon
test in (B) and (D). (E): Kaplan–Meier survival curves of patients belonging to the groups of high
expressers (15th upper percentile, red) or no expressers (15th lower percentile, blue) of mRNA
B4GALNT2 as deduced from the Oncolnc.org website.

Table 1. Cancer-relevant genes up- or downregulated in HBE expressers.

Gene Symbol Ratio Function PMID

KRT20 494 Cytokeratin 20, associated with worse prognosis 22493626

CEACAM6 11 Member of the CEA family. Associated with worse prognosis 24186057

CRISP3 10 High expression correlates with malignancy 30609035

ABCC2 10 Multidrug resistance-associated protein 2 26499806

LRRC31 9 Inhibitor of DNA repair 33005030

MUC21 8.5 Associated with incohesive growth of lung cancer 31301084

CEACAM5 8 Member of the CEA family. Driver of breast cancer metastasis 29736411

TRIM72 8 Lower expression predicts recurrence in colon cancer 30852740

PNMT 7.8 Co-amplified with ERBB2 12727839

CXCL17 7 Promotes proliferation and invasion of breast cancer cells 28943434

AMER3 −8.7 Enhances β-catenin signaling in CRC 24251807

KCNC1 −8.8 Its inhibition is associated with poor survival in seminoma 34105734

INSM1 −9.3 In SCLC, low expression associated with better prognosis 32118626
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Table 1. Cont.

Gene Symbol Ratio Function PMID

SLIT1 −9 Suppresses breast cancer growth 18829537

RUNDC3A −10.6 High expression correlates with shorter survival in rectal cancer 29050227

HDC −13 Increased expression associated with better survival 31748740

ECEL1 −14 Associated with good prognosis in neuroblastoma 12632073

CHRNA9 −19 High expression associated with poor survival in BRCA 20953833

PCSK1 −23 Reduces growth of breast cancer cells 11241161

NELL1 −27 Down-regulated in kidney cancer 25726761

Top 20 genes showing significantly (p≤ 0.05 by Student’s t test) higher (10 genes) or lower (10 genes) expression in the 15% upper percentile
of B4GALNT2 expression. The red or green color indicates that the change has a putatively cancer-promoting (red) or cancer-restraining
(green) effect, according to the literature search. The “PubMed Identification Number” (PMID) of the most relevant paper is indicated.

4. Sialyl Lewis Antigens

sLex and sLea are well known cancer-associated fucosylated carbohydrate struc-
tures [47]. Although they are normally expressed by a variety of tissues, including leuko-
cytes, their ectopic expression by several cancers is associated with malignancy [48]. The
sLea tetrasaccharide is the epitope of the CA19.9 antigen, widely used in clinical prac-
tice [49–51].

4.1. Structure and Biosynthesis in Normal and Cancer Colon

The terminal steps of the biosynthesis of the sLex and sLea antigens are mediated by
α2,3 sialyltransferases and successively by α1,3/4 fucosyltransferases [52]. While type 1
chains can be α2,3 sialylated only by ST3GAL3, type 2 chains can be α2,3 sialylated by
ST3GAL3, ST3GAL4, and ST3GAL6. The successive addition of fucose in α1,4 linkage to
type 1 chains is catalyzed only by FUT3, while that in α1,3 linkage to type 2 chains in colon
cancer is mediated mainly, if not exclusively, by FUT6 [53]. The usage of these different
enzymes is strongly cell-type specific.

In CRC, the aberrant expression of sLex/a antigens appears to be particularly rele-
vant [54–60] (recently reviewed in [61]). However, the molecular bases of their overexpres-
sion in this malignancy are unclear. Although several studies have shown that some of the
above-mentioned α2,3 sialyltransferases [62–67] and α1,3/4 fucosyltransferases [53,68–70]
have the ability to regulate sLex/a biosynthesis in experimental systems, the overexpression
of these antigens in CRC is not due to the increased expression of their cognate sialyl-
and/or fucosyltransferases [53,71]. In fact, the level of expression of sLex/a antigens does
not reflect the level of expression of these terminal glycosyltransferases in normal and
CRC tissues. In normal colon, sLex is expressed by only a few specimens, and the level of
antigen expression is much lower than that in cancer samples [53], but the expression level
of FUT6 is quite similar in normal and cancer colon tissues [53,71]. Glycosyltransferases
synthesizing subterminal carbohydrate structures can play crucial roles. In particular,
the GlcNAc transferases B3GNT5 and B3GNT7 appear to play opposite roles. The first
one, which is involved in the biosynthesis of the underlying type 1 and type 2 chains,
promotes sLex/a overexpression [72,73], whereas the second one, which extends sulfated
polylactosaminic chains, inhibits sLex/a biosynthesis [74]. Overexpression of sialidases, in
particular NEU4, which acts preferentially on mucins and is downregulated in CRC, has
been shown to play a role in keeping low levels of sLex/a in normal colon and, consequently,
higher levels in CRC [75]. Among the mechanisms that have been claimed to be respon-
sible for the upregulation of sLex/a in CRC, the biosynthesis in normal colonic tissues of
carbohydrate structures whose expression prevents that of sLex/a antigens is particularly
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relevant. An example is provided by the antigen sialyl 6-sulfo Lex, highly expressed in
normal colon, which is replaced in CRC by sLex, due to reduced sulfation in the latter
(Figure 6) [76]. The process is mainly regulated by the epigenetic silencing of the sulfate
transporter DTDST, the product of the SLC26A2 gene [77]. Another example is provided
by the alternative biosynthesis of di-sialyl Lewisa or sLea antigens in normal mucosa and
CRC, respectively [78]. The former, mainly expressed by normal mucosa, is synthesized
by the sequential action of sialyltransferase ST6GALNAC6 and fucosyltransferase FUT3
(Figure 6). However, when ST6GALNAC6 is downregulated, as occurs in CRC, only the
sLea antigen is synthesized. It has been recently reported that biglycan (encoded by the
BGN gene) is responsible for the epigenetic silencing of the SLC26A2 and ST6GALNA6
genes in CRC through an inflammatory pathway described below [79,80]. A third example
of biosynthetic competition between different antigens is provided by sLex/a and Sda.
Both derive from a common precursor, i.e., an α2,3-sialylated type 1 or type 2 chain. The
addition of β1,4-linked GalNAc to Gal hinders the addition of fucose to GlcNAc and vice
versa [26,81]. In fact, a structural analysis of mucins from normal colon specimens revealed
a large preponderance of oligosaccharides frequently terminated by the Sda epitope [82],
while sLex structures were minor components. Interestingly, no structures carrying both
the Sda and the sLex determinants were detected. We have previously proposed that the
right question to answer is not “why is sLex high in colon cancer?” but rather: “why is sLex

low in normal colon?” The reduced B4GALNT2 expression in CRC is part of the answer. In
fact, a significant relationship in normal colonic mucosa between the sLex level and the
FUT6/B4GALNT2 ratio has been reported [27], supporting the notion that in normal colon,
sLex is poorly expressed because of a high level of B4GALNT2.

4.2. Role in Malignancy

sLex/a structures act as ligands for cell adhesion molecules of the selectin family,
playing a fundamental role in leukocyte extravasation [83]. However, when overexpressed
in cancer cells, they contribute to metastasis formation [84], particularly because they
allow the interaction of circulating cancer cells with selectins expressed on endothelial
cells [85–89]. This notion has been clearly demonstrated in vivo by showing that a CRC
cell line injected subcutaneously in immunodeficient mice formed a much lower number
of spontaneous lung metastases in E- and P-selectin-deficient mice [90]. In addition, E-
and P-selectins were found to be crucial for peritoneal metastasization of pancreatic cancer
cells [91] and bone metastasis of breast cancer cells [92]. Recently, it has been shown
that sLe antigens are involved in bone metastasis formation by mediating adhesion to
the bone niche [93]. Inflammation is a crucial feature associated with cancer, and cancer
frequently develops on pre-existing inflammatory conditions. In inflammatory bowel
diseases, sLex/a antigens expressed by mucosal cells on the CD44v6 molecule sustain
inflammation by acting as ligands for transmigrating neutrophils [94]. Siglecs are sialic acid-
binding molecules with a general anti-inflammatory and immunosuppressive activity [95].
The above-mentioned antigens sialyl 6-sulfo Lex and di-sialyl Lewisa, expressed by normal
mucosa, are ligands for Siglec-7. Consequently, their downregulation in CRC contributes
to the cancer-associated inflammatory status [79,80]. Biglycan, overexpressed in CRC, is a
good ligand for Toll-like receptor 4 (TLR4) [73,74]. This leads to the activation in CRC of
the TLR4/NFkB inflammatory pathway, resulting in the previously mentioned epigenetic
silencing of the SLC26A2 and ST6GALNA6 genes, responsible for sialyl 6-sulfo Lex and
di-sialyl Lewisa biosynthesis [79,80].
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Figure 6. Sialyl Lewis-related antigens and Sda antigen in colonic tissues. In normal colon, the
expression of sialyl 6-sulfo Lex antigen (upper) predominates over that of sLex. However, the reduced
expression of enzymes responsible for its biosynthesis, such as SLC26A2 (formerly DTDST) in colon
cancer, leads to the overexpression of sLex. The biosynthesis of the di-sialyl Lea antigen (lower),
which predominates in normal colon, proceeds from α2,6 sialylation, catalyzed by ST6GALNAC6,
followed by α1,4-fucosylation mediated by FUT3. The downregulation of ST6GALNAC6 in colon
cancer leads to sLea overexpression. The addition of β1,4-linked GalNAc mediated by B4GALNT2
leads to the expression of the Sda, inhibiting that of sLex and sLea. Cancer-associated structures are
boxed in red, while structures associated with normal colon are boxed in blue.

Apart from the increased adhesion to selectin-expressing vessels, several studies
indicate that sLex/a structures increase motility, proliferation, and malignancy through
selectin-independent mechanisms [87,88,96–98]. The colon cancer cell lines SW480 and
SW620, which were derived from a primary colon cancer and a lymph node metastasis of
the same patient, respectively, provide a good model of cells with different malignancy
but a very similar genetic background. Forced expression of FUT6 in these cells resulted
in profound changes of gene expression towards increased malignancy [97]. However,
some genes were modulated only in one of the two cell lines, while others in both, despite
the close relationship between the two cell lines. For example, transcription of a group of
genes strongly involved in DNA replication, including those encoding telomerase (TERT),
thymidylate synthase (TYMS), and DNA polymerase ε4 (POLE4), was stimulated by FUT6
in SW620 but not in SW480 [97]. Furthermore, the impact of FUT6/sLex on the phenotype
of the two cell lines was different. In fact, the clonogenic ability in soft agar and the capacity
to heal a wound were increased only in SW620 but not in SW480 [97].
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5. Phenotypic Effects of B4GALNT2 on Cancer Phenotype

In vitro experiments have shown that forced expression of B4GALNT2 in colon and
gastric cancer cell lines strongly reduced sLex/a expression [26,81]. In addition, B4GALNT2-
expressing cells showed reduced metastatic ability [81,99]. More recently, we have shown
that in the colon cancer cell line LS174T that constitutively expresses sLex/a, B4GALNT2
reduced stemness-associated features, in particular the ability to grow in poor adherence.
Notably, B4GALNT2 strongly modulated the transcriptional activity towards an attenuation
of the neoplastic phenotype in this cell line [41]. It has long been thought that the tumor-
restraining activity exerted by B4GALNT2/Sda was dependent on sLex/a inhibition, rather
than on de novo expression of Sda. However, this view has been challenged by the
observation that in SW480 and SW620 cells (lacking sLex if not transfected with FUT6),
forced expression of B4GALNT2 [97] downregulated all malignancy-associated phenotypes
(including cell proliferation, growth in poor adherence, wound healing ability, and stemness
marker expression) in SW620, but only those associated with stemness in SW480 [97]. Thus,
attenuation of the stemness-associated malignant phenotype by B4GALNT2/Sda appears
to be a common feature in CRC cells and is independent of sLex inhibition.

6. Discussion

In this review, we have described the mutual relationship of Sda and sLex/a antigens,
showing how the terminal portions of glycoconjugates can play profound but sometimes
opposite effects on cancer biology. The data summarized in this review reinforce or chal-
lenge established paradigms. First, the ectopic expression of sLex/a antigens in CRC would
be due, together with other factors, to the downregulation of B4GALNT2 rather than to the
upregulation of the sLex/a biosynthetic machinery (graphical abstract). Second, the Sda

synthase B4GALNT2 is associated with better prognosis in CRC but with worse prognosis
in BRCA. Moreover, the gene expression profile of HBE in CRC and BRCA is opposite. This
supports the notion that the impact of a glycosyltransferase on cancer is strongly tissue-
dependent. Third, Sda/B4GALNT2 inhibits numerous properties of malignancy in CRC
cells, in particular those associated with stemness. However, this effect is not dependent
on sLex/a inhibition, as previously thought. It remains to be established whether cell lines
from other organs of the gastrointestinal tract, as well as from BRCA, display this effect.
Fourth, the regulation of a glycosyltransferases can be very complex and multifactorial.
B4GALNT2 is regulated by DNA methylation, although the crucial sites appear to be lo-
cated outside the canonical CpG island. miRNAs also play a role. However, appropriate
patterns of methylation and miRNA expression appear to be a necessary but not sufficient
condition for high expression. It is possible to hypothesize that a differential expression of
key transcription factors plays a pivotal role during the complete or partial shut-down of
B4GALNT2 transcription associated with CRC transformation. The identification of these
transcription factors deserves investigation. Fifth, glycosyltransferases impact the gene
expression profile and the phenotype of cell lines. Consistent with clinical data, overexpres-
sion of B4GALNT2 attenuates malignancy, while overexpression of FUT6/sLex exacerbates
malignancy, although in a strongly cell-type specific manner. While the use of sLe antigens
as cancer markers has been debated since the 1980s and is already applied in the clinic
(CA19.9), the use of Sda and/or B4GALNT2 as prognostic markers would be novel. The
detection of the Sda antigen is limited by the lack of a commercially available antigen
and by its poor detection on formalin-fixed/paraffin-embedded tissues (F. Dall’Olio, un-
published observation). On the contrary, the precise quantification in clinical samples
of B4GALNT2 mRNA by RNA-seq techniques at a cost compatible with clinical routine,
would be a realistic perspective.

7. Conclusions

In conclusion, B4GALNT2 and its cognate carbohydrate antigen Sda play a relevant
role in CRC, not only for their association with better prognosis, but also because their
expression is causally related to reduced malignancy in CRC experimental systems. For
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these reasons, their use as clinical markers deserves consideration. The reduced malignancy
induced by the forced expression of B4GALNT2 in cancer cells by viral vectors [99] also
suggests its potential as a therapeutic agent.

Author Contributions: Conceptualization, F.D.; writing—original draft preparation, F.D., M.P. and
N.M.; writing—review and editing, N.M., M.P. and F.D.; supervision, F.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the University of Bologna and by the “Pallotti” Legacy
for Cancer.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BRCA breast cancer
COADREAD colon adenocarcinoma rectal adenocarcinoma
CRC colorectal cancer
DTDST diastrophic dysplasia sulfate transporter
HBE high-B4GALNT2 expressers
LBE low-B4GALNT2 expressers
NS northern shore
OS open sea
RT-PCR reverse transcriptase-polymerase chain reaction
sLea sialyl Lewisa

sLex sialyl Lewisx

SCLC small cell lung cancer
SS southern shore
STAD stomach adenocarcinoma
TCGA The Cancer Genome Atlas
TLR4 Toll-like receptor 4
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