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Abstract

Background: The Lewis (Le) blood group system, unlike most
other blood groups, is not defined by antigens produced
internally to the erythrocytes and their precursors but rather
by glycan antigens adsorbed on to the erythrocyte mem-
brane from the plasma. These oligosaccharides are synthe-
sized by the two fucosyltransferases FUT2 and FUT3 mainly in
epithelial cells of the digestive tract and transferred to the
plasma. At their place of synthesis, some Lewis blood group
carbohydrate antigen variants also seem to be involved in
various gastrointestinal malignancies. However, relatively
little is known about the transcriptional regulation of FUT2
and FUT3. Summary: To address this question, we screened
existing literature and additionally used in silico prediction
tools to identify novel candidate regulators for FUT2 and FUT3
and combine these findings with already known data on their
regulation. With this approach, we were able to describe a
variety of transcription factors, RNA binding proteins and
microRNAs, which increase FUT2 and FUT3 transcription and
translation upon interaction. Key Messages: Understanding
the regulation of FUT2 and FUT3 is crucial to fully understand
the blood group system Lewis (ISBT 007 LE) phenotypes, to
shed light on the role of the different Lewis antigens in
various pathologies, and to identify potential new diagnostic

targets for these diseases. © 2024 The Author(s).
Published by S. Karger AG, Basel

Plain Language Summary

The Lewis (Le) blood group system, in contrast to the
majority of blood groups, is not able to synthesize its
antigens itself. It depends on the attachment of different
oligosaccharides to the erythrocyte membrane, which are
adsorbed from the plasma. These glycans are modified by
the fucosyltransferases 2 and 3 enzymes (FUT2/3). Beside
their role in defining the Lewis blood group, FUT2 and FUT3
are also known to be involved in the susceptibility and
progression of various gastrointestinal pathologies, like
inflammatory bowel diseases (IBD) or colorectal cancer
(CRQ). Even though different expression levels of FUT2 and
FUT3 have been described in these malignancies, relatively
little is known about the mechanisms behind their tran-
scriptional regulation. In this review, we aim to shed light
on transcription factors (TFs) responsible for FUT2 and FUT3
expression as well as on post-transcriptional regulators by
the means of RNA binding proteins (RBPs) and microRNAs
(miRNAs). To achieve our goal, we combined previous
knowledge on FUT2 and FUT3 expression regulation with a
computational analysis to predict additional novel regu-
lators. On this way, we are able to broaden our knowledge
on FUT2 and FUT3 expression regulation and consequently
might be able to transfer our findings into diagnostics or

therapeutics in the future. © 2024 The Author(s).
Published by S. Karger AG, Basel
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Fig. 1. Expression of FUT3 mRNA and
protein in different human tissues.
Graphic used from the human protein
atlas database (https://www.proteinatlas.
org/ENSG00000171124-FUT3/tissue).
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Biochemical Structure of Lewis Antigens and Their
Synthesis

The Lewis (Le) blood group system, also listed as
ISBT 007 by the International Society of Blood
Transfusion (ISBT) Working Party for Red Cell Im-
munogenetics and Blood Group Terminology, differs
from most other blood group systems because the
glycan antigens of the Lewis blood group system are
not synthesized by the red blood cells themselves but
adsorbed onto the erythrocyte membrane from the
plasma. The antigen source is epithelial cells in di-
gestive, bronchial, mammary, seminal, urinary, or
orbital tissue, which secrete glycan antigens either to
the outside via exocrine secretion or into the interstitial
space from where they can reach the plasma [1].The
epithelial cells of the digestive tract seem to be the main
origin of the Lewis antigens [2]. This observation is
consistent with data from the human protein atlas
(https://www.proteinatlas.org/), reporting the highest
expression levels of the Le-antigen synthesizing en-
zyme FUT3 in the gastrointestinal tract (shown in
Fig. 1).

The biosynthesis of the Lewis blood group antigens is
governed by FUT3, which encodes for the a(1,3/4)-fu-
cosyltransferase Lewis (Le) [3]. The exact antigen product
is however depending on the precursor fucosylated by Le.
Le* is produced if individuals are missing FUT2, which
encodes for the a(1,2)-fucosyltransferase secretor (Se) [4].
Therefore, a fucose moiety is added at the al-4 end of the
N-acetylglucosamine residue. In the presence of both
FUT2/Se and FUT?3/Le, the final antigen is determined by
the active ABO glycosyltransferases. In blood group O
individuals, Le® is synthesized, while ALe® and BLe® are
made in blood groups A and B, respectively (shown in
Fig. 2a). Of note, trace amounts of Le® will be present in
most humans but are difficult to detect phenotypically.
There are also rare cases of individuals with simultaneous
Le® and Leb expression, resulting from a functionally
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impaired FUT2/Se enzyme being enzymatically less
efficient [5].

Above-described Lewis antigens are all synthesized
from type 1 precursors. However, also type 2 precursor
chains are targeted by FUT2 and FUT3, resulting in the
synthesis of Le* and LeY, isomeric forms of Le? and LeP,
respectively. However, there are only minimal amounts
of Le* and LeY present on the red blood cell surface and
are therefore not considered as antigens of the Lewis
blood group system [7]. Le* or Le* may additionally
occur in their sialylated forms (shown in Fig. 2b), which
in the case of sialyl-Le* act as ligands for E-selectin in
neutrophils [3]. Of note, processing of type 2 precursors
can involve the additional fucosyltransferases FUT4/5/
6/7 [4].

Linkage of Lewis Antigen Polymorphism with Disease

The functionality of the FUT2 and FUT3 enzymes
and the absence or presence of their antigen products
can have severe effects on the onset of diseases, especially
in the gastrointestinal tract. The carbohydrate-based
Lewis antigens have been shown to have a correlation
with the gut microbiome and are considered as influ-
ential on the development of inflammatory bowel dis-
eases (IBDs) [5]. Among IBDs, Morbus Crohn’s disease
(CD) and ulcerative colitis (UC), both characterized by a
chronic inflammatory state in the gastric entity, have
been linked with loss-of-function mutations in both
FUT2 [5] and FUT3 [8]. In a CD study from Forni et al.,
a correlation between an FUT2 polymorphism and the
susceptibility to CD in a Belgian study cohort has been
shown. However, this has not been confirmed in an
Italian study [9]. There are various known SNPs in FUT2
that result in an enzymatically inactive “non-secretor”
phenotype, which has been shown to increase CD
susceptibility [10]. The known non-secretor-related SNP
in FUT2 (W143X) has been reported to have differences
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Fig. 2. Lewis antigen synthesis. a Biosynthesis pathway of Lewis antigens catalyzed by FUT2, FUT3, and other
glycosyltransferases. Figure adapted from [6]. Numbers in fucose indicate if added by FUT2 (2) or FUT3 (3).
b Synthesis of sialyl-Lewis variants. sLe® is formed from type 1 precursors by ST3GAL3 and FUT3. Contrary sLex
is synthesized from type 2 precursors by ST3GAL3/4/6 and FUT3/5/6/7.

in the host microbiome community compared to healthy
individuals. These alterations in microbial composition
and diversity are further linked to disease-by genotype
influence in CD patients [11]. Regarding FUT3, a recent
meta-analysis identified the 53745635 gene polymorphism
being associated with IBD susceptibility, at the same time
ruling out other causal polymorphisms [8]. Another study
in a Chinese UC population revealed that SNPs in FUT3
are correlated with vulnerability to UC [12].

Regulation of the Lewis Blood Group
Antigen Expression

Besides IBD, FUT2 polymorphisms defining the
secretor/non-secretor phenotype have been linked with
either susceptibility or resistance to gastroenteritis-
causing noroviruses and rotaviruses, respectively. The
viruses use the Lewis antigens to attach to host cells,
consequently infecting them [13].

Scientific reports on the regulation of FUT2 and FUT3
transcription in healthy individuals are scarce. In this
review, current knowledge of transcriptional regulation of
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Table 1. Lewis phenotypes with their

corresponding genotypes and fre- Antigens Genotype Frequencies

gg;:lc;izisonls[?ﬁhree different  ethnic anti-Le?  anti-LeP phenotype Lewis secretor European African  Asian
+ - Le(a+b-) Le sese 19-22% 19-23% <1%
- + Le(a—b+) Le SE 70-72% 52-55% 62%
- - Le(a—b-) lele sese 4-11% 22-29% 11%
+ + Le(a+b+) Le SeW <1% <1% 27%

According to the Blood Group Allele Tables of the ISBT, SE alleles are represented by
FUT2*01, se by FUT2*01N, and Se% by FUT2*01W alleles in the H blood group system
table (ISBT 018), respectively. In analogy, Le stands for ISBT alleles of the FUT3*07 series
and le for ISBT alleles of the FUT3*01N series (listed in the table for the Lewis blood

group system

ISBT 007)

(https://www.isbtweb.org/isbt-working-parties/rcibgt/

blood-group-allele-tables.html).

FUT2 and FUT3 expression is supplemented by bio-
informatics analyses, aiming to predict new candidate
transcription factors (TFs) and micro-RNAs (miRNAs)
that interact with the two genes, in order to improve our
understanding of transcriptional regulation of the Lewis
and secretor fucosyltransferases.

Epigenetic Control of FUT3 Expression

Regulation of gene expression is essential for cells in
order to be able to react to intra- and extracellular signals,
differentiate during development, and to mediate cellular
activity [14]. Regulation of transcription can occur at
various stages of the process, beginning with chromatin
remodeling mediating accessibility to the DNA. This is
mediated by the methylation status of target gene pro-
motors, which are typically rich in cytosine-guanine
dinucleotide (CpG) repeats, so-called CpG islands. A
heavily methylated promoter (hypermethylated) is as-
sociated with low transcription activity, while low
methylation status (hypomethylated) allows transcription
initiation [15]. FUT3 promotor methylation in pigs has
been shown to interfere with the accessibility for the two
TFs HIF1A and Spl, consequently influencing produced
mRNA levels [16, 17]. The production of Le* in human
gastric cancer cells has been shown to be linked to FUT3
promotor methylation status [18]. Treatment with de-
methylation agents resulted in an increase of Lewis en-
zyme and Le® levels. These results were confirmed by
using a luciferase reporter gene of the FUT3 promotor in
methylated and unmethylated forms, showing that high
FUT3 expression in gastric cells correlates with promoter
hypomethylation [18]. This observation was followed up
by a recent machine learning approach to identify dif-
ferent methylation patterns as prediction factors re-
garding risk habits, nodal status, tumor staging, prog-
nosis, and HPV infection in cancer, in which also FUT3
was found to be involved [19] (Table 1).
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In silico Analysis of the Transcriptional Regulation of
FUT2 and FUT3

An important step of regulation takes place during
the actual transcription process via the interaction of
target genes with DNA-binding TFs. TFs are able to
recognize specific sequence motifs located in enhancer
elements and recruit either RNA polymerase II or
additional co-factors upon binding, enhancing, or re-
pressing transcription [20].

Since there are relatively little published data on the
regulation of FUT2 and FUTS3 transcription, we decided
to complement the existing knowledge with the help of
IT-based algorithms. Getting a better understanding of
the regulation could be used to predict susceptibility to
diseases, such as virus infections or cancer, caused by
altered expression of FUT2 and FUT3. To identify
possible TFs regulating FUT2 and FUT3 expression we
used the PROMO TF prediction algorithm (https://
alggen.Isi.upc.es). This online Webtool uses the data
of the TRANSFAC collection of TFs [21] as source for
target sequence information and predicts potential TF
binding sites by positional weight matrices [22, 23]. For
both genes FUT2 and FUT3, a 2000 bp long sequence
upstream of exon 1, obtained from the Ensembl ge-
nome browser (https://www.ensembl.org/index.html),
was analyzed [24] (online suppl. Tables 1, 2; for all
online suppl. material, see https://doi.org/10.1159/
000538863).

PROMO identified 43 and 48 potential TFs with
multiple binding motifs for FUT2 and FUTS3, respectively.
Comparing the predicted TFs, we found that 30 of them
were predicted to interact with both FUT2 and FUTS3.
Additionally, FUT2 contains unique sites for 13 TFs while
we found 18 TFs exclusively for FUT3 (shown in Fig. 3a;
Table 2).

We further filtered our predicted TFs in order to re-
duce the number of possible false positives. We only
considered factors with PROMO’s dissimilarity metric
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Fig. 3. TFs binding the genes (a) and RBPs binding the
mRNAs (b) of FUT2 and FUT3 individually and their
overlap. a TFs were predicted with PROMO (https://alggen.
Isi.upc.es) [23]. Bold numbers in brackets correspond to TFs
with E <1 and dissimilarity <0.3. b Only RBP predictions

from both RBPmap (http://rbpmap.technion.ac.il/) [25] and
RBPsuite database (http://www.csbio.sjtu.edu.cn/bioinf/
RBPsuite/) [26] are considered. Venn diagrams were cre-
ated using https://bioinformatics.psb.ugent.be/webtools/
Venn/.

Table 2. List of individual and shared TFs and RBPs of FUT2 and FUT3

Target Gene Transcription Factors RNA Binding Proteins
Predicted to
bind AP-1; AR; c-Fos; Elk-1; FOXO4; Ik-1; IRF-1; MAZ; NF- TRAZA
exclusively to 1; NF-AT1; PITX2; RBP-Jkappa; TBP
FUT2
Predicted to
bind c-Myb; c-Myc; CREB; GATA-2; GCF; HIF-1; HNF-1A;
. HOXD9; HOXD10; IRF-2; LEF-1; NF-Y; PEA3; RelA; FXR2
exclusively to
FUT3 SRY; TCF-4; TCF-4E; USF1
CPEB4; EIF4G2; EWSR1; FMR1; FUBP3; FUS;
FXR1; HNRNPA1; HNRNPA2B1; HNRNPC;
AP-2alphaA; c-Jun; C/EBPalpha; C/EBPbeta; c-Ets-1; HNRNPD; HNRNPF; HNRNPH1; HNRNPK;
Binding c-Ets-2; ER-alpha; FOXP3; GATA-1; GR; GR-alpha; HNRNPM; HNRNPL; HNRNPU; IGF2BP1;
simultaneously GR-beta; HNF-3alpha; NF-AT1; p53; RAR-beta; Pax- IGF2BP2; IGF2BP3; KHDRBS1; KHSRP; LIN28A;
to FUT2 & 5; RXR-alpha; PXR-1:RXR-alpha; PR A; PR B; Sp1; MATR3; PABPC4; PABPN1; PCBP2; PCBP1;
FUT3 STAT4; T3R-betal; TFII-I; TFIID; USF2;VDR; XBP-1; PUM1; PUM2; QKI; RBFOX1; RBFOX2; RBM5;
YY1 RBM15B; RBM22; RBM47; SFPQ; SRSF1;
SRSF7; SRSF9; SRSF10; TAF15; TARDBP; TIAL;
U2AF2;

Listed TFs were predicted with PROMO (https.//alggen.lsiupc.es). Bold TF has a lower false-positive
probability (E <1) and a high similarity (dissimilarity value <0.3) to FUT2 (red), FUT3 (blue), or both
(black). Underlined TFs are known to be involved in hematopoiesis and have been described to regulate
expression of other blood group genes as well. Only RBP predictions from both RBPmap (http://rbpmap.

technion.ac.il/)
considered.

[27] and RBPsuite database (http://www.csbio.sjtu.edu.cn/bioinf/RBPsuite/)

[28] are

of <0.3, which indicates a high similarity to the TF’s
canonical target sequence. We further set the threshold
for the E value to <1, to eliminate hits with a high
chance of random occurrence of the cognate sequence.
The resulting 15 TFs are blotted in Figure 4, showing
possible overlaps of motifs and their exact location in a
2,000-bp sequence upstream of the transcription start.
With this, we are able to identify TF motif clusters of

Regulation of the Lewis Blood Group
Antigen Expression

around 200 bp length, which would correspond to
enhancer regions.

By taking a closer look at the predicted regulators, we also
found TFs that are currently well known for regulating blood
group antigen expression. Among these, GATA-1 and
GATA-2, which belong to the GATA family of TFs, have
been described to play major roles during hematopoiesis:
GATA-1 is responsible for driving the differentiation of
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Fig. 4. Location of predicted TFs in FUT2 and FUT3. Only TFs passing a stringency filter (dissimilarity <0.3 and E
value <1) are shown. In FUT3, overlapping binding sites are observed for p53 and AP-2aA and for HNF-3a and
IRF-2. The exact DNA binding site sequences are displayed in dashed boxes.

Table 3. List of TFs described to regulate FUT2 or FUT3 tran-
scription in malignancies

TF Transcription  Associated disease  Reference
c-Myc FUT3 T CRC [33]
NF-kB FUT3 T HSV-1 infection [35]
CDX1 FUT2/3 7 CRC [36]
[37]
CDX2 FUT2 T CRC [33]
ETS2 FUT3 T CRC [37]
HNF1A FUT3 T CRC [37]
[38]
HNF4A FUT3 T CRC [37]
[38]
MECOM  FUT3 T CRC [37]
MYB FUT3 T CRC [37]
Snail FUT3 | Breast cancer [39]
ZEB1/2 FUT3 | Breast cancer [39]

progenitor cells into erythrocytes and GATA-2 and 3 are
crucial in maintaining constant self-renewal of hemato-
poietic stem cells [29]. More recently, GATA-1 has also been
described to be involved in the transcriptional regulation of
33 blood group genes, also including sites for FUT2 [30].
Consistent with this, PROMO predicted GATA-1 binding
sites upstream of FUT2. For the PROMO-predicted GATA-
1 site in FUT3, experimental evidence is still lacking.
Another highly interesting TF is Spl, a zinc finger
protein that is known to regulate expression via binding
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GC-rich elements in target genes, as mentioned above. It is
considered essential during early development as Sp1 de-
ficiency in mice is lethal at a very early developmental stage
[31]. A recent study also linked Sp1 to the hematopoietic
system as Sp1~/~ mice lack the ability to progress beyond
the progenitor phase of the red blood cell development and
therefore are not able to build fully differentiated red blood
cells [32]. Similar to GATA-1, PROMO predicts Spl
binding sites in the promoters of both FUT2 and FUT3,
together suggesting a link between fucosyltransferase ex-
pression and healthy erythrocyte development.

Expression of FUT2 and FUT3 in Carcinogenesis,
Tumor Growth, and Viral Infection

Although relatively little is known about the regulation of
FUT2 and FUT3 expression in healthy individuals, a large
body of literature exists on the relationship between FUT2/
FUT3 expression and cancer (shown in Table 3). Tumors
exploit increased expression of FUT2 and FUT3 as it is linked
to increased epithelial-mesenchymal transition (EMT) levels
[33]. In colorectal cancer (CRC) diagnostics, high expression
levels of sialyl-Le® glycans are used as tumor markers, not only
to predict overall survival but also metastatic potential [34].
Still, there are limitations as SLe* is not exclusively synthesized
by FUT 3 but rather by several alphal,3-fucosyltransferases
(see Fig. 2b). Therefore, additional detailed determination of
the Lewis antigens on the RBC, potentially including mo-
lecular analysis, would be necessary for the use of SLe* as a
biomarker. However, detailing the fully comprehensive di-
agnostics workflow for full serological and molecular workup
of such phenotypes is out of the scope of this review.
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Table 4. miRNAs predicted to bind FUT2 and FUT3 mRNA

FUT2

5'UTR CDS 3'UTR

hsa-miR-6807-5p hsa-miR-183-5p hsa-miR-3663-5p

hsa-miR-6842-3p hsa-miR-892a hsa-miR-4717-3p
hsa-miR-4433a-3p  hsa-miR-4729
hsa-miR-4510 hsa-miR-6127
hsa-miR-5187-5p  hsa-miR-6133
hsa-miR-6127 hsa-miR-6807-5p
hsa-miR-6133 hsa-miR-6829-3p

hsa-miR-6842-3p
hsa-miR-7151-3p

hsa-miR-7109-5p
hsa-miR-7151-3p

FUT3

5'UTR CDS 3'UTR

hsa-miR-502-5p  hsa-miR-4710 hsa-miR-6764-5p

hsa-miR-4539 hsa-miR-502-5p  hsa-miR-1294

hsa-miR-6764-5p hsa-miR-9986 hsa-miR-502-5p
hsa-miR-4690-5p hsa-miR-1303

hsa-miR-4690-5p
hsa-miR-499a-3p
hsa-miR-1303
hsa-miR-2355-5p
hsa-miR-3619-5p
hsa-miR-214-3p
hsa-miR-588
hsa-miR-4726-3p

Only miRNAs also found in the miRBD database [50] are
considered. Bold miRNAs are found in two different regions of
the FUT2/3 RNA.

In colon cancer, the caudal-type homeobox 2
(CDX2) TF is described to bind to the FUT2 promotor
and upregulate its transcription [33]. CDX2 is exclu-
sively expressed in the intestine and responsible for
intestinal tissue differentiation [40]. Sakuma et al. [33]
showed that during the EMT, colon cancer cells repress
CDX2 and consequently the expression of FUT2, in-
ducing a shift in favor of the sialyl Lewis x/a glycans
(sLe¥’?). Additional binding site motifs for CDXI,
HNFI1A, and HNF4A were identified in the FUT2 5’
regulatory region; however, these have not yet been
further investigated [33, 36].

One of the TFs involved in FUT3 expression is the well-
known c-Myc, an oncogene sometimes referred as a “master
regulator” due to its involvement in cellular signaling
cascades regulating cellular growth and metabolism [41].
Upon the exposure to EGF or bFGF, c-Myc phosphory-
lation status changes, by elevating the levels of phospho-c-
MycSer62/Thr38 - Egpecially the hyperphosphorylation of
Ser62 of c-Myc is linked to its increased recruitment,
binding to its target promoter and consequently causing an
increase in FUT3 expression in colon cancer cells [33].

Regulation of the Lewis Blood Group
Antigen Expression

Another TF that has been shown to mediate FUT3
transcription is nuclear factor-«B (NF-«B) [35]. There are
five known members of the NF-«B family, NF-kB1 (p50),
NF-kB2 (p52), RelA (p65), RelB, and c-Rel, which me-
diate transcription by interacting with specific DNA
motifs as various hetero- or homo-dimers [42]. When
human diploid fibroblasts infected with herpes simplex
virus type 1 (HSV-1) were simultaneously treated with
NF-kB inhibitors, they showed a significant decrease in
FUT3 expression. Short interfering RNA-mediated
knockdown experiments identified RelA as the main
activating TF as its absence resulted in a strong decrease
of FUT3 transcription. This is in line with our prediction
of RelA binding to the distal activating element upstream
of FUT3. However, it is worth noting that NF-kB alone
was not able to induce elevated transcription levels and
that a combination with additional factors seems to be
necessary for driving transcription of FUT3 [35].

In a recent study, Wang et al. [37] performed an in-
depth analysis of 22 CRC cell lines investigating the role
of different Lewis antigen levels as well as revealing
various TFs mediating FUT3 transcription. By com-
paring the glycosylation status of different Lewis anti-
gens with the expression levels of known TFs, they were
able to find a positive correlation of the TFs CDX1,
ETS2, HNF1A, HNF4A, MECOM, and MYB with higher
levels of Lewis-mediated fucosylation. The connection
between CDX-1, highly fucosylated N-glycans, and el-
evated FUT3 levels were validated by Holst et al. [36]
who found higher FUT3 gene expression levels and a
higher abundance of multi-fucosylation in CDX-1 high
colon cancer cell lines compared to CDX-1 low cells.
Using a combination approach of high-throughput
glycan analysis with a genome-wide association study,
HNFI1A and its downstream target HNF4A were shown
to act as key regulators for the fucosyltransferase and
fucose biosynthesis gene expression. Knockdown of both
TFs led to a significant decrease of FUT3 gene expression
levels [38].

In contrast to the activating TFs discussed above,
Snail and ZEB1/2 act as transcription repressors for
FUT3 [39]. Snaill belongs to the Snail family of zinc-
finger TFs, which are involved in embryonal develop-
ment and have been shown to be major drivers of EMT
[43]. ZEB1/2 are part of the ZEB family and are im-
plicated in cellular plasticity, dissemination, and EMT as
well [44]. Both Snail and ZEB1/2 have been shown to
harbor various binding sites in the FUT3 gene [39]. An
analysis of 51 breast cancer cell lines also showed a
negative correlation between Snail and ZEB1/2 and
FUT3 [39].

Notably, not all TFs described in this chapter have
been found in our in silico prediction. This can be ex-
plained by the lack of recognition motifs for CDX-1,
HNF4A, MECOM, Snail, and ZEB1/2 in the PROMO
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database. The missing prediction of CDX2 binding to the
FUT2 promotor, however, is surprising, given its presence
in the database.

Post-Transcriptional Regulation: An in silico Analysis

RNA Binding Proteins

Post-transcriptional gene regulation describes the
process following mRNA synthesis and includes mRNA
maturation, nuclear-cytosolic transport, mRNA stability,
and translation. During all these processes, RNA-binding
proteins (RBPs) influence the biogenesis, fate, and
function of their target RNAs [45]. So far, 1,914 different
RBPs have been characterized based on their ability to
interact with RNA through a specific RNA-binding do-
main, corresponding to 7.5% of all protein-coding genes
[27]. Their recognition motifs are frequently found in the
5 and 3’ untranslated regions (UTRs) of the
mRNAs [28].

To identify possible RBPs interacting with either
FUT2 or FUT3 mRNA, we used two Webtools: RBPmap
(http://rbpmap.technion.ac.il/) [46] and RBPsuite
(http://www.csbio.sjtu.edu.cn/bioinf/RBPsuite/)  [47].
Both are able to identify experimentally verified motifs
on a target RNA sequence and predict the exact binding
positions of RBPs (see online suppl. Tables 3, 4). This
way, we identified 305 RBPs from both Webtools that
are predicted to interact with FUT2 mRNA. Further
analysis resulted in 47 RBPs that are listed by both
searches and are thus considered to more likely to bind
FUT2 mRNA. Similarly, for FUT3, we found 302 dif-
ferent RBPs that are predicted to interact with its
mRNA. Among these, there were 47 FUT3 hits over-
lapping for both database searches. Interestingly, FUT2
and FUT3 share 46 identical RBPs of each of their 47 hits
and only show one single unique predicted RBP each:
TRA2A and FXR2, respectively (shown in Fig. 3b;
Table 2). Still, as for many other data reported here,
experimental data are necessary to validate our observed
in silico hits and prove the post-transcriptional pro-
cesses that are affected by these RBPs.

One RBP known to interact with FUT3 mRNA is
DDX39B, a member of the DEAD box RNA helicase
family, which is characterized by the presence of a pre-
served DEAD motif (Asp-Glu-Ala-Asp). DEAD box
RNA helicases are known to be involved in nearly all
cellular RNA metabolic processes, like splicing, ribosome
biogenesis, nuclear export, translation, and degradation
[25]. In human CRC, DDX39B mediates FUT3 mRNA
splicing and its nuclear export, resulting in increased
Lewis expression levels [26]. Interestingly, in the CRC
context, elevated FUT3 expression correlates with in-
creased fucosylation of TGFPR-1, which promotes TGF(
downstream signaling and consequently initiates the
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EMT program and promotes tumor progression [26]. Of
note, DDX39B was not included in either of the two
databases used for our in silico analysis.

Micro-RNAs

miRNAs are small, non-coding RNA molecules that
regulate gene expression by hybridizing with their specific
target mRNA, either inducing its degradation or inhibiting
translation. We used the miRWalk Webtool (http://
mirwalk.umm.uni-heidelberg.de/) developed by the Uni-
versity of Heidelberg to search for possible miRNA
binding sites in the FUT2 and FUT3 mRNAs [48]. To
further corroborate our search results, we only considered
miRNAs that we could confirm using the additional da-
tabase miRBD [49]. With this, we identified 15 miRNAs
that are predicted to target FUT2 and 15 different miRNAs
that harbor one or more binding sites on FUT3 (shown in
Table 4). Mapping the exact positions of the predicted
miRNA binding sites, we located 9 sites in both, the coding
sequence and 3'UTR of FUT2, while in FUT3 the majority
of 12 sites is located in the 3"UTR.

Interestingly, one of our candidates, hsa-miR.502-5p, is
predicted to have binding motifs in the 5'UTR, coding
sequence, and 3'UTR of FUT3 mRNA. This miRNA has
been described as negative regulator for the TF SP-1 and was
shown to inhibit proliferation, migration, and invasion in
gastric cancer cells, labeling it as a tumor suppressor [51, 50].

An additional predicted regulator miRNA is miR-17-
5p, which has been shown to interact with FUT2 mRNA
and act as negative regulator for its expression [52]. In the
setting of osteoarthritis, this downregulation of FUT2 is
abolished by the non-coding RNA HOTAIR, which is
able to bind miR-17-5p and in this way indirectly restores
the expression of FUT2 [52].

Summary, Conclusions, and Outlook

There is accumulating evidence that regulatory control
of FUT2 and FUT3 expression and resulting changes in
levels of Le® and Le fucosylation or shift to sLex/* might
have important implications in several pathologies such
as IBD and cancer. In order to shed light on roles of the
different Lewis antigens in these pathologies, it is essential
to understand which regulators are involved, at what
stage they take effect, and how they affect the expression
of their target. With our in silico approach to identify
novel candidate TFs for both FUT2 and FUT3, we pre-
dicted several interesting new factors that have not been
described yet. TFs like GATA-1, known already for
regulating other blood group antigens and being of
general importance in hematopoiesis [30], or Spl, de-
scribed to be essential during hematopoietic differenti-
ation [32], are noteworthy hits that warrant further in-
vestigation and experimental validation. Combining
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these in silico data with regulators already validated in
experimental studies, such as c-Myc, CDX1, or HNF1A,
will improve our understanding of the complex tran-
scriptional regulation of FUT2 and FUT3 genes.

When it comes to identifying factors that influence the
expression of FUT2 and FUT3, there are pronounced gaps
between our in silico findings and the experimental in vitro
reports by others. This may be due to the fact that binding
and action of TFs in FUT2 and FUT3 expression have as
yet been poorly studied in experiments. It might also be
due to the lack of known binding motifs in the PROMO
databases or the nucleotide range used for the analysis. We
chose the range of 2000 bp upstream of the transcription
start site, according to previous studies indicating the
regulatory role of this area [18, 53]. Increasing the area
further upstream could possibly show additional TF sites,
and looking for downstream regulatory elements could be
of great interest for future studies. Another reason for a low
overlap of experimentally identified and electronically
predicted TFs involved in the expression of FUT2 and
FUT3 might be the tendency of different TFs to interact
with each other. They can either co-operate in supporting
each other to bind [54] or be in competition with each
other [55], this way adding another layer of transcriptional
regulation. In addition, it must be assumed that the
competition of different TFs with identical or overlapping
binding motifs (e.g., for p53 and AP-2aA and for HNF-3a
and IRF-2, see Fig. 4) will be governed by their respective
binding affinities to the target genes [56]. This is of par-
ticular importance as most of the TF examples studied
in vitro were described in cancer cells, which are generally
known to have drastically altered gene expression profiles
in comparison to healthy cells, hence might present with
altered TF concentrations, shifting binding equilibria in
competitive scenarios.
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Additionally, with RBPs and miRNAs inciting more
and more interest in their regulatory role in recent years,
we were able to identify novel targets that are likely to
interact with FUT2 or FUT3 and regulate their expression
on a post-transcriptional level. Taken together, these
points will improve our understanding of the regulation
of FUT2 and FUT3 and consequently of the expression of
the Lewis blood group antigens. This could also be
transferred into diagnostic use as some of the TFs
mentioned in this review could be used as prediction
markers for susceptibility to IBDs or to predict overall
survival and metastatic potential in colon cancer.
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