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% Check for updates Fucosylation is a ubiquitous glycosylation event that shapes cellular commu-

nication and immunity. Catalyzed by fucosyltransferases (FUTSs), this reaction
encompasses diverse substrates, mechanisms, and biologic consequences. In
this Review, we explore the structural and functional landscape of FUTSs pri-
marily from higher eukaryotes, with focus on the mechanistic determinants of
regioselectivity, donor/acceptor coordination, and domain modularity. We
highlight advances in structural biology, modeling, and enzyme engineering
that clarify how FUTs decode glycan topology and specificity. Phylogenetic
and structural analyses reveal two major clades of human FUTSs that differ in
GDP-Fuc recognition and conformational flexibility, providing a molecular
rationale for their mechanistic divergence. Drawing from mammalian FUT
studies, we propose a conceptual framework in which distinct family members
exploit strategies including donor-induced conformational changes, exosite
interactions, or local peptide cues to achieve specificity and catalytic effi-
ciency. We also examine their roles in physiology, inflammation, immune
regulation, and cancer, and summarize current FUT inhibitors and enzyme-
based therapeutic strategies.

Glycosylation, one of the most structurally diverse post-translational
modifications in nature, involves the covalent attachment of glycans
to proteins, lipids, or other biomolecules, giving rise to a vast

protease resistance, thereby shaping both protein behavior and
functional fate®*.
Among the various forms of glycosylation that regulate the

repertoire of glycoconjugates. In eukaryotic cells, it predominantly
occurs in the endoplasmic reticulum (ER) and in the Golgi apparatus,
although certain forms, such as O-GlcNAcylation, take place in the
cytoplasm, and, more rarely, in prokaryotes’. Apart from its
remarkable structural variety, glycosylation governs a wide array of
essential biological processes, including cell-cell adhesion, signal
transduction, immune modulation, molecular recognition, and the
stabilization of structural proteins. It also fine-tunes critical physi-
cochemical attributes such as solubility, thermal stability, and

structure and function of proteins and lipids, fucosylation has
emerged as a particularly versatile and biologically impactful mod-
ification, implicated in critical processes such as embryonic develop-
ment, immune regulation, host-pathogen interactions, and cancer
progression®®. This process involves the enzymatic incorporation of an
L-fucose (Fuc) residue into proteins, glycolipids, or N- and O-linked
glycan chains and is catalyzed by a family of fucosyltransferases
(“FUTs”, also called “FTs”). These enzymes utilize guanosine
diphosphate-fucose (GDP-Fuc) as a donor substrate and exhibit
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diverse catalytic specificities, installing Fuc in al,2-, a1,3/4-, and al,6-
linkages onto glycan acceptors. In addition to these glycan modifica-
tions, some FUTSs, such as protein O-fucosyltransferases (POFUTSs) 1
and 2, and the recently described POFUT3 and POFUT4 (formerly
known as FUT10 and FUTI1], respectively) mediate direct O-fucosyla-
tion of serine and threonine residues within specific protein domains,
including epidermal growth factor EGF-like repeats, thrombospondin
type I repeats (TSRs), and elastin microfibril interface (EMI) domains,
thereby expanding the functional landscape of fucosylation®’. Dysre-
gulation of fucosylation has been associated with a wide spectrum of
pathological conditions, including cancer, infectious diseases, and
congenital disorders of glycosylation, underscoring the biomedical
relevance and therapeutic potential of FUTs>*”.

FUTs have been the subject of numerous studies highlighting
their roles in development, immunity, and disease'®". Others have
focused on specific biological contexts or glycomic patterns, without
dissecting the molecular principles that govern FUT specificity, cata-
lysis, and inhibition'*. Herein, we bridge this gap by providing a che-
mically grounded perspective on higher eukaryotic FUTs, emphasizing
their classification, catalytic mechanisms, substrate specificities,
structural diversity, regulatory features, and translational applications.
We further examine how different FUTs accommodate chemically
diverse acceptors within highly specialized catalytic pockets and how
this structural understanding informs the rational development of
selective inhibitors. While some inhibitors, such as glycomimetics™"?,
directly exploit features of the active site, others like FDW028 (which
targets the GDP-Fuc binding site in FUT8) have been identified through
high-throughput screening approaches, offering alternative ligand-
independent strategies to modulate FUT activity™.

Throughout this review, we summarize recent advances in the
study of FUTs, encompassing their classification, biological roles,
structural features, catalytic mechanisms, and evolutionary diversifi-
cation in eukaryotes. We examine how subtle differences in substrate
conformation, solvation, and active-site architecture shape FUT spe-
cificity and catalytic efficiency, and how these nuances are being elu-
cidated through complementary experimental and computational
techniques, including X-ray crystallography, molecular dynamics
(MD), QM/MM simulations, and metadynamics. We also explore the
implications of FUT dysregulation in major human diseases, surveying
current strategies for FUT inhibition and highlighting emerging clinical
applications. Particular emphasis is given to their translational poten-
tial, the persistent technical and biological challenges that hinder
therapeutic development, and the opportunities they present as tar-
gets for precision medicine. By bringing together knowledge about
FUT structure, how these enzymes work, and how they can be targeted
in disease, this review provides a valuable resource for glycoscientists,
chemists, and biomedical researchers working to understand and
exploit FUTs for scientific and medical applications.

Classification and main characteristics of
human FUTs
The human genome encodes thirteen FUTs, designated FUT1-FUT9
and POFUTs POFUTI-POFUT4'*", which are classified into four sub-
families according to the acceptor specificity, as well as the stereo-
specificity and regiospecificity of fucose installation catalyzed by these
enzymes: (i) the al,2-FUTs (FUT1, FUT2); (ii) the «l1,3/4-FUTs
(FUT3-FUT7, FUT9); (iii) the «1,6-FUT (FUTS); and (iv) the POFUTs
(POFUTI1-POFUT4). In all cases, eukaryotic FUTs operate with inver-
sion of configuration at the anomeric center, transferring the fucosyl
moiety from GDP-Fuc in its B-configuration to acceptors in the a-
configuration, whether on glycans, glycolipids, or directly on protein
domains.

FUTI-FUT9 are localized within the Golgi apparatus, where they
act on N- and O-linked glycans, modifying terminal sugar residues to
fine-tune glycan structures. These FUTs catalyze the transfer of Fuc

residues to form al,2-, a1,3/4-, or al,6- adducts on previously assem-
bled glycan structures. Importantly, in the hominids (i.e., humans and
the great apes (gorillas, chimpanzees, bonobos, and orangutans)), a
cluster of fucosyltransferase genes exist on the short arm of chromo-
some 19 comprising the a1,3/4 FUTs known as “FUT3” and “FUT5” and
the o1,3-FUT called “FUT6”; this genetic cluster arose from old world
primate-specific gene duplications that result in considerable func-
tional FUT redundancy, whereas expression of the «1,3-FUTs FUT4,
FUT7, and FUT9 is a characteristic of all mammals and has more
ancient origins'. In contrast to FUTs 1-9, POFUTs are localized in the
ER, where they catalyze the transfer of Fuc moieties to serine or
threonine residues within specific protein motifs" (Fig. 1).

The al,2-FUTs, comprising FUT1 and FUT2, are members of the
glycosyltransferase family GTI11, as classified by the Carbohydrate-
Active enZymes (CAZy) database”. These enzymes catalyze the for-
mation of the glycan epitope called the “H antigen” by transferring Fuc
in an al,2-linkage to galactose located within terminal “Type 1” or
“Type 2” lactosamine units (i.e., Gal-B1-3/4-GIlcNAc, where “Gal” is
galactose and “GIcNAc” is N-acetylglucosamine). The H antigen, when
unmodified, defines blood type “O”, whereas further modification of
the terminal Gal within the H antigen, either by addition of an N-
acetylgalactosamine (GalNAc) or by addition of another Gal (in each
case, in ol,3-linkage to Gal, yielding mutually exclusive products),
creates the A and B blood group antigens, respectively. As such, FUTs 1
and 2 are critical determinants of cell surface and secretory
antigenicity'®. Though catalyzing the same chemical reaction, FUT1
and FUT?2 differ markedly in their tissue-specific expression and glycan
substrate preference: FUT1is predominantly expressed in erythrocytes
and vascular endothelial cells, with a strong affinity for type 2 terminal
lactosamines (Gal-1,4-GIcNAc-R); in contrast, FUT2 is highly expres-
sed in epithelial tissues and exocrine secretions, where it preferentially
acts on type 1 terminal lactosamines (Gal-B1,3-GlcNAc-R)**° (Fig. 1).

The a1,3/4-FUTs constitute a critical enzyme family involved in the
biosynthesis of diverse glycoconjugates, particularly in the generation
of Lewis antigens such as Lewis x, y, a, b (LeX (CD15), LeY (CD174), LeA,
LeB) and sialyl Lewis X and A (sLeX (CD15s) and sLeA, respectively)®.
These enzymes attach Fuc onto GIcNAc within lactosamine units and
belong to the CAZy GT10 glycosyltransferase family. While most family
members (i.e., FUT4, FUT6, FUT7, and FUT9) exclusively catalyze Fuc
transfer onto GIcNAc within Type 2 lactosamine units via 1,3 linkages,
FUT3 and FUTS5 exhibit both a1,3- and a1,4-FUT activity on Type 2 and
Type 1lactosamines, respectively® (Fig. 1). Thus, the FUTs FUT3, FUT4,
FUTS, FUT6, FUT7, and FUT9 fucosylate Type 2 lactosamine units, but
FUT3 and FUTS can also fucosylate a Type 1 lactosamine unit.

Each FUT displays a unique tissue-specific expression pattern that
correlates with distinct functional roles. FUT3 synthesizes LeA and LeB
antigens, with its activity regulated epigenetically through DNA
methylation*>*. FUT4, which has been implicated in mediating adhe-
sive interactions in early embryonic development?**, predominantly
creates the trisaccharide LeX, but also contributes to sLeX biosynthesis
in rodent (but not primate) leukocytes. FUTS is a close homolog of
FUT3 that displays lower enzymatic activity and a more restricted
expression, particularly in the gastrointestinal tract and mammary
glands®. FUT6 accounts for the bulk of plasma a1,3-FUT activity in
humans?”, and, as will be discussed below, is prominently expressed on
liver and gastrointestinal cells and is a major driver of sLeX expression
in malignant cells. On all mammalian leukocytes, FUT7 plays a domi-
nant role in the biosynthesis of sLeX (NeuAc-a(2,3)-Gal-B(1,4)-[Fuc-
«(1,3)]-GIcNAc-B1-R, where “NeuAc” is neuraminic acid (also called
“sialic acid”)). This tetrasaccharide, along with its Type 1 lactosaminyl
glycan isomer sLeA (NeuAc-a(2,3)-Gal-3(1,3)-[Fuc- «(1,4)]-GIcNAc- B1-
R), are the prototypical binding determinants for the selectin family of
adhesion molecules (a family of Ca?"dependent lectins which includes
E-selectin (CD62E), P-selectin (CD62P), and L selectin (CD62L))*. As
such, FUT7 expression drives leukocyte tethering and rolling
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Fig. 1| Subcellular localization, catalytic activities, and biological relevance of
human FUTs. This figure illustrates the ER and Golgi compartments where fuco-
sylation takes place. In the ER, the resident FUTs POFUTI1, POFUT2, and POFUT3/4
catalyze the addition of Fuc to specific consensus motifs within certain domain
structures: EGF-like domains, TSRs, and EMI domains, respectively. In the Golgi,
FUTs mediate Fuc transfer with linkage specificity determined by enzyme sub-
families: FUT1 and FUT2 (a1,2-fucosylation) generate H-type epitopes; FUT3 and
FUTS (a1,3/4-fucosylation) produce various Lewis antigens including LeA, LeB, LeX,
LeY, sLeA, and sLeX; FUT4, FUT6, FUT7, and FUT9 (a1,3-fucosylation) synthesize
LeX, sLeX, and LeY; and FUT8 (a1,6-fucosylation) adds core Fuc to the chitobiose

TSRs: adhesion and ECM 1
organization Fuc
-

core of N-glycans. Symbols are used in accordance with the Symbol Nomenclature
for Glycans (SNFG)**. The differential subcellular localization of FUTSs, coupled
with their stringent substrate specificity, constitutes a finely tuned regulatory sys-
tem that minimizes enzymatic cross-reactivity. This spatial and functional com-
partmentalization enables precise modulation of the structure and function of
fucosylated glycoconjugates across distinct cellular contexts. As a result, disrup-
tions in the intracellular trafficking or localization of FUTs, despite preserved cat-
alytic activity, can lead to aberrant glycosylation patterns with significant
pathological consequences. Created in BioRender. Sanz Martinez, N. (2025) https://
BioRender.com/pby9649.

interactions on vascular endothelial cells that express E-selectin and/or
P-selectin; this FUT7-dependent process results in leukocyte extra-
vasation and, thereby, is a principal mediator of host defense/immune
surveillance and of all inflammatory responses®. Lastly, FUT9 exclu-
sively modifies “neutral” (i.e., unsialylated) Type 2 lactosamines to
create the trisaccharide LeX. FUT9 is expressed in a variety of tissues,
with especially high levels in the brain, where it dominantly governs
LeX biosynthesis and may influence neural development and
behavior®’ (Fig. 1).

Beyond the fact that only the hominids express the fucosyl-
transferases FUT3, FUTS, and FUT6, there is another key difference
among mammals that impacts the biology of fucosylated glycans as
pertains to selectin receptor/ligand interactions. In all mammals,
E-selectin is expressed uniquely on endothelial cells (hence “E”), and
P-selectin is expressed both on platelets (hence, “P”) and on endo-
thelial cells (for this reason, E- and P-selectin are called “vascular
selectins”). With the exception of dermal and marrow microvessels
that constitutively express E-selectin (and to a lesser extent P-selectin),
under steady-state conditions, the vascular selectins are not expressed
on any other microvessels. In all mammals with the exception of pri-
mates, expression of both E- and P-selectin is transcriptionally upre-
gulated in post-capillary endothelial cells by inflammatory cytokines
(principally by tumor necrosis factor (TNF) and by interleukin-1 (IL-1)),

by microbial products (e.g., lipopolysaccharide (LPS)), by ischemia,
and by trauma. However, in primates, the promoter elements within
the P-selectin gene are unresponsive to transcriptional induction by
inflammatory cytokines and by microbial products®. Indeed, whereas
TNF strikingly induces P-selectin expression in murine endothelial
cells, TNF conspicuously decreases P-selectin expression in human
endothelial cells®. Therefore, in humans, E-selectin expression
uniquely controls cell trafficking patterns, a crucial distinction that
must be understood when attempting to extrapolate implications for
human biology based on findings derived from rodent studies. Nota-
bly, because TNF is characteristically expressed at high levels within
tumors, microvessels within human tumors and mouse tumors are
typically laden with E-selectin, but P-selectin is not displayed on
endothelial beds within human tumors.

FUTS is unique in being the sole FUT in mammals capable of cat-
alyzing the addition of a Fuc residue via an «l,6-linkage to the inner-
most GIcNAc moiety (i.e., within the “chitobiose core”) of N-glycans'*.
This modification, known as “core fucosylation”, represents a pivotal
step in N-glycan maturation and profoundly influences the biological
activity, stability, and receptor binding of diverse glycoproteins®
(Fig. 1). FUT8 belongs to the GT23 glycosyltransferase family and is
ubiquitously expressed across mammalian tissues, with particularly
high levels detected in the liver, kidney, brain, lung, and spleen®.

Nature Communications | (2025)16:11279


https://BioRender.com/pby9649
https://BioRender.com/pby9649
www.nature.com/naturecommunications

Review article

https://doi.org/10.1038/s41467-025-66871-w

POFUTSs’ activity is highly dependent on the structural context of
the target domain and plays essential roles in cell development and
cellular homeostasis. POFUT1 and POFUT?2 act on distinct protein sub-
strates: EGF-like domains and TSRs, respectively, which are recognized
through the consensus sequences C>-X4-(S/T)-C? for POFUTI1 and C**-X,-
(S/T)-C** for POFUT2. These modifications are integral to key biological
pathways such as Notch signaling and extracellular matrix (ECM)
remodeling (Fig. 1)'>*°¢. More recently, FUT10 and FUTI1, now reclas-
sified as POFUT3 and POFUT4, have been identified as novel POFUTs
that specifically target EMI domains. Emerging evidence suggests that
these enzymes contribute to the maintenance and regulation of
embryonic and neural stem cell populations’ (Fig. 1).

Evolutionary divergence and phylogenetic archi-
tecture of FUTs

The extensive genomic information currently available enables the
analysis of the FUTs phylogeny. In order to understand the FUTs
evolutionary dynamics from prokaryotes to eukaryotes. we provide a
phylogenetic tree (cladogram) with representative proteins of differ-
ent kingdoms: archaea, bacteria, fungi, plants and metazoan (which
includes mammals) (Supplementary Table 1). We verified the sequence
composition of each protein so as to discard incomplete proteins. Two
major distinct clades are distinguished in the phylogenetic cladogram
(Fig. 2): Clade 1 with POFUT1, POFUT2, FUTI1, FUT2 and FUTS; and
Clade 2 with POFUT3, POFUT4, FUT3-7 and FUT9 (bootstrap > 95). The
cladogram displays fundamental evolutionary divergence among
FUTs, characterized by differences in GDP-fucose recognition and
conformational flexibility. This divergence likely underpins distinct
functional adaptations and substrate specificities across different taxa.

In more detail, POFUTs form separated monophyletic subgroups
(bootstrap >93) in Clades 1 and 2, indicating they have evolved inde-
pendently and form two independent subclasses: POFUTI-2 and
POFUT3-4. Similarly, FUTs have evolved independently and form two
separate subclasses: FUT1-2 and FUTS8 (in Clade 1), and FUT3-7 and
FUT9 (in Clade 2). In addition, two distant paraphyletic subgroups
(bootstrap >95) appear in Clade 1 suggesting that subgroups POFUTI1-2
and FUTS8 diverged later than subgroup FUTI-2. Note that archaea and
bacteria homologs do not cluster together with POFUT1-2 and FUTS.
Interestingly, plants are only present in Clade 2, indicating they
evolved independently of FUT1-2 and FUTS; and homologs of archaea
appear with POFUT3 and POFUT4 in the same paraphyletic subgroup
(bootstrap > 80), suggesting a common ancestor. They form a sub-
group separated from FUT3-7 and FUT9. In addition, human FUT3,
FUTS and FUT6 appear in a separated subgroup from human FUT4,
FUT7 and FUT9 in agreement with Dupuy et al.'.

This analysis emphasizes the significance of specific taxonomic
distributions within each Clade, and extends our understanding of the
evolution and diversification of FUTSs in eukaryotes. This analysis also
highlights the biological and phylogenetic relationships among FUTs.

Biological functions of fucosylation

Fucosylation exerts widespread influence across biological systems by
modifying glycoconjugates involved in essential cellular processes. Its
functional impact extends beyond structural decoration, playing
active roles in the regulation of cell-cell communication, protein
maturation and stability, and intracellular signal transduction. These
effects are mediated through the specific activity of FUTs acting on
distinct substrates within diverse cellular compartments®. In the fol-
lowing sections, we describe aspects of how fucosylation shapes bio-
logical function across three key dimensions. First, we will summarize
the main FUT-dependent modulation of cell-cell interactions. Second,
we will discuss the implications of FUTs in the regulation of protein
folding and stability, and finally we will mention their major role as
regulators of signaling pathways relevant to development, immunity,
and disease.

Cell-Cell interactions

Fucosylation plays a pivotal role in regulating cell-cell interactions by
modifying glycan structures that mediate recognition, adhesion, and
communication processes across various physiological and patholo-
gical contexts, including immune responses, inflammation, embryonic
development, and tumor progression® ™,

The a1,2-FUTs FUT1 and FUT2 contribute to the biosynthesis of
key glycoconjugates such as the H antigen, LeY, and Globo H, struc-
tures known to modulate cellular adhesion and signaling*’. Their
expression is upregulated in response to inflammatory stimuli,
enhancing the endothelial presentation of glycan ligands that facilitate
leukocyte adhesion and extravasation®. In addition, these enzymes
modify receptors such as nucleolin, thereby influencing endothelial
cell adhesion and proliferation**. In the intestinal epithelium, FUT1 and
FUT2 help shape dynamic fucosylation patterns that regulate epithelial
plasticity and local immune responses*. Beyond immunological roles,
FUTL1 also contributes to the organization of axonal pathways in the
developing olfactory system, indicating broader involvement in neural
development*®.

The «l,3/4-FUTs are critical mediators of selectin-dependent
interactions through their role in the biosynthesis of sLeX and sLeA.
The engagement of sLeA and/or sLeX on the surface of circulating cells
with E-selectin on endothelial cells is the pivotal “Step 1” adhesive
interaction (within the “multi-step model" of transendothelial migra-
tion) that enables extravasation/tissue colonization of blood-borne
cells, a key process in host defense, in engraftment of hematopoietic
stem cells within marrow following hematopoietic stem cell trans-
plantation, and in cancer metastasis*. Suppression of FUT3 and FUT5
reduces sLeA expression and significantly impairs E-selectin-mediated
adhesion in gastric cancer cells”. In addition to its role in adhesion,
FUTS has been implicated in sperm-oocyte binding, highlighting a role
in fertilization®*. FUT6 has been associated with enhanced cell pro-
liferation, colony formation, and metastasis in various cancer cell
types*®>. Indeed, serum levels of FUT6, which was originally called the
“plasma fucosyltransferase”, was the first diagnostic blood biomarker
identified for cancer’>™., Importantly, FUT6 is the most potent «l,3-
FUT in the creation of sLeX”; therefore, this FUT has been utilized
extensively to enable cell-based therapeutics by converting cell surface
sialylated Type 2 lactosamines into sLeX, thereby engendering
E-selectin ligands to program migration of vascularly administered
cells to tissues whose vascular beds express E-selectin®°%8,

FUT?7 contributes to the biosynthesis of sLeX on glycoconjugates
in endometrial cells, thereby facilitating embryo implantation®’.
Notably, FUT7 is the principal FUT expressed on leukocytes, and it
plays a dominant role in leukocyte expression of sLeX on various gly-
coconjugates, thereby programming leukocyte trafficking to inflam-
matory sites®’, and it also enables homing of hematopoietic stem cells
to marrow®. In rodents, FUT4 cooperates with FUT7 in the creation of
sLeX to enable leukocyte-endothelial cell adhesive interactions in
inflammatory responses®*®2. Their combined expression in rodent
models has also been shown to promote tumor cell adhesion to brain
endothelium, potentially affecting the integrity of the blood-brain
barrier and contributing to metastatic progression®’. Notably, though
FUT9 cannot create sLeX, it can fucosylate “internal” GIcNAc moieties
within a2,3-sialylated Type 2 polylactosamines (with putative pre-
ference for polylactosamines on glycolipids versus glycoproteins) and
may thereby contribute to E-selectin ligand activity®’, and it plays
important roles in the nervous system by modulating cell adhesion,
neuronal differentiation, and neurite outgrowth®.

FUT8 is essential for mediating cell-cell interactions through core
fucosylation of glycoproteins. In epithelial cells, FUT8 stabilizes
adhesion molecules such as E-cadherin, thereby enhancing inter-
cellular cohesion. Overexpression of FUT8 in colon carcinoma models
increases cell-cell adhesion, whereas loss of its catalytic activity dis-
rupts this effect®. In the immune system, core fucosylation catalyzed
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Clade 1

Chlorella‘vulgans 1

Oscillospiraceae_bacterium

Mus_muswlu5_1 2
Mus. musculus_1 1

Clad

Fig. 2 | Phylogeny of FUTs classes. Phylogenetic cladogram including
114 sequences of Archaea (6), bacteria (34), fungi (14), viridiplantae (28) and
metazoan (32) (Supplementary Table 1). The sequence profiles were globally
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phylogenetic tree using the Subtree Pruning and Regrafting (SPR) method was

constructed with PhyML (https://ngphylogeny.fr**>*), The tree and cladogram
were midpoint-rooted and plotted with FigTree (http://tree.bio.ed.ac.uk/software/
figtree/). The approximate Likelihood-Ratio Test (aLRT) and bootstrap analyzes

with a value of 100 and SH-like branch supports were performed.

by FUTS8 sustains phosphorylation of the receptor tyrosine kinases
EGFR and c-Met®, and is indispensable for the T-cell receptor to form
an effective contact with peptide-Major Histocompatibility Complex
class II (pMHC-II) at the immunological synapse with antigen-
presenting cells®®, thereby coordinating the cell-to-cell interactions
that launch the adaptive immune response. In addition, FUT8 defi-
ciency has been shown to enhance microglial and astrocytic activation
under inflammatory conditions, underscoring its role in cell signaling
and communication within the central nervous system®. FUT8 has
been reported to drive metastasis and tissue invasion of melanoma’®.

Recent work has further demonstrated that FUTS8 is upregulated in
high-grade and metastatic prostate tumors, where it drives cell pro-
liferation, motility, and invasion through transcriptional and signaling
rewiring; importantly, inhibition of fucosylation using small-molecule
inhibitors effectively suppresses FUT8 activity and tumor growth in
preclinical models™. Together, these findings reinforce the centrality
of FUT8-mediated core fucosylation in both physiological adhesion

and pathological progression.
The POFUTSs regulate cell-cell communication by catalyzing the

direct fucosylation of specific protein domains. POFUT1 modifies EGF-
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like domains of the Notch receptor, a modification essential for Notch
signaling  during embryonic  development and cellular
differentiation’>”*, POFUT2 targets TSR repeats on proteins such as
thrombospondins and ADAMTS family members, contributing to the
regulation of cell adhesion, ECM interactions, and tissue architecture”.
POFUT3 and POFUT4 have been identified as FUTs that specifically
modify EMI domains. While their precise contributions to cell-cell
communication remain under active investigation, emerging evidence
suggests roles in the regulation of ECM dynamics and stem cell
signaling’.

In summary, fucosylation is a critical regulator of cell-cell inter-
actions, influencing a wide spectrum of physiological and pathological
processes through the precise modification of glycan structures. The
coordinated activity of various FUTs enables fine-tuning of adhesion,
communication, immune response, and tissue development. By
modifying key glycoproteins and signaling receptors, these enzymes
not only shape cellular behavior but also maintain the structural and
functional integrity of tissues. Understanding the complexity and
specificity of fucosylation in this context underscores its importance
as both a biological modulator and a potential therapeutic target in
disease settings.

Protein stability and folding

Beyond its role in mediating cell-cell interactions, fucosylation plays a
critical role in the folding, stability, and quality control of glycopro-
teins, particularly within the ER. Core fucosylation, catalyzed by FUTS,
is essential for the proper processing, trafficking, and structural
integrity of many glycoproteins. In several cancer types, core fucosy-
lation of membrane-associated proteins has been shown to promote
immune evasion and tumor progression by stabilizing glycoprotein
structure and simultaneously reshaping downstream signaling
cascades’®”’.

POFUTI and POFUT?2 function as conformation-sensitive enzymes
within the ER, modifying only properly folded substrates. The mod-
ification of EGF-like domains by POFUT1 contributes to the maturation
and stabilizing the structure of Notch’’’. The catalytic activity of
POFUT2 promotes correct folding, structural stability, and efficient
secretion of thrombospondins and ADAMTS family proteins®*>**, More
recently, POFUT3 and POFUT4 have been implicated in the stabiliza-
tion of additional glycoproteins. Their deletion leads to reduced
expression of multimerin-1 (MMRNI), an adhesive, and multimeric
protein primarily involved in blood coagulation, and other members of
the EMI Domain ENdowed (EDEN) protein superfamily, suggesting that
O-fucosylation extends beyond classical EGF and TSR domains’.

While o1,2- and «1,3/4-FUTs have not been directly linked to
protein folding or stability in humans, studies in other organisms
indicate that these modifications can modulate glycoprotein half-life
and structural integrity®*. Furthermore, engineered modulation of
«l1,3/4-fucosylation has been applied to enhance the stability and
reduce the immunogenicity of recombinant proteins in biotechnology
applications®.

Together, these insights reveal how fucosylation contributes not
only to glycoprotein maturation but also to the fine-tuning of their
functional lifespan and secretion, linking this modification to broader
mechanisms of cellular quality control and adaptation across physio-
logical and pathological states.

Signal transduction

Fucosylation serves as a crucial regulatory mechanism in cell signaling,
directly influencing the maturation, activation, and functionality of
membrane-bound receptors and their interactions with ligands. By
altering glycan structures, fucosylation affects receptor dimerization,
ligand-binding affinity, and the efficiency of signal transduction. These
changes, in turn, shape fundamental cellular processes such as pro-
liferation, differentiation, migration, and plasticity.

Among the al,2-FUTs, FUTI and FUT2 are key modulators of
major signaling cascades, including the epidermal growth factor
receptor/mitogen-activated protein kinase (EGFR/MAPK) and the
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathways, in
both normal and pathological contexts. FUT1 is notably overexpressed
in multidrug-resistant chronic myeloid leukemia, where its silencing
leads to reduced EGFR activation and downregulation of the
resistance-associated glycoprotein P-gp®. In breast and squamous cell
carcinomas, FUT1 inhibition diminishes EGFR and ERK1/2 phosphor-
ylation, thereby impairing mitogenic signaling. Both FUT1 and FUT2
have also been implicated in promoting cell migration and the acqui-
sition of stem-like phenotypes in tumors through the activation of
PI3K/Akt pathways*.

The o1,3/4-FUTs constitute another class of potent signaling
regulators, particularly in cancer, immunity, and development. These
enzymes modify glycan architectures on surface receptors, altering
signal strength and duration across pathways such as Ras/ERK, PI3K/
Akt, and Wnt, thereby fostering invasive behavior and stemness in
tumor cells®. For instance, FUT3 enhances TGF-B signaling in pan-
creatic cancer, driving epithelial-mesenchymal transition (EMT) and
metastatic progression®’, reprograms cellular metabolism via NF-kB in
lung cancer®, and contributes to immune escape through TRAIL
resistance®”. FUT5 plays a significant role in cellular signaling and
cancer progression. It promotes PI3K/Akt pathway activation in col-
orectal cancer’® and is crucial for glycosylating key proteins like ver-
sican and P3-integrin in intrahepatic cholangiocarcinoma cells”.
Similarly, FUT6 has been implicated in TGF-B-driven EMT in colorectal
cancer’.

FUT4 and FUT7 function cooperatively to regulate both glycan-
dependent adhesion and intracellular signaling, particularly in
inflammatory and metastatic settings. These enzymes contribute to
the biosynthesis of selectin ligands and modulate PI3K/Akt and ERK
signaling pathways. Notably, FUT4 can activate Ras/ERK signaling
independently of classical oncogenic mutations, suggesting a non-
genetic mechanism of pathway activation in cancer*®. FUT7, in
addition to its role in leukocyte trafficking, enhances insulin receptor
signaling in hepatocellular carcinoma’ and facilitates embryo
implantation through modulation of adhesion and signaling at the
maternal-fetal interface®.

FUT9 is also involved in both immunity and neurobiology: it is the
dominant FUT in the creation of CD15 (LeX) in leukocytes™ and it
suppresses Notch signaling in neurons, thereby promoting neuronal
differentiation and post-injury regeneration’.

FUTS plays a critical role in proper signal transduction by mod-
ulating the activity of multiple cell surface receptors, including EGFR,
c-Met, the TGF-B1 receptor, and integrins. This occurs by influencing
their ligand binding and, in some cases, receptor complex formation,
which impacts downstream signaling cascades such as MAPK/ERK and
SMAD?'% In the central nervous system, FUTS deficiency impairs
long-term potentiation (LTP), synaptic plasticity, and learning'®~.

POFUTs also play central roles in intracellular signaling. POFUT1 is
indispensable for the activation of the Notch receptor; its loss prevents
receptor cleavage and signaling, disrupting neuronal differentiation,
angiogenesis, and cardiac development”>”#9*1%_POFUT1 additionally
supports urokinase (uUPA) pathway activity by enhancing uPA-uPAR
interactions, thereby influencing vascular remodeling and embryo
implantation'”’. POFUT2, by modifying TSR domains in proteins such
as thrombospondins, ADAMTS family proteases, and CCN proteins,
regulates TGF-p and Wnt signaling, ECM organization, and bone
development®*'®, In addition, POFUT2 modulates neuronal develop-
ment by adding O-fucose to the TSR3 domain of BAI1 (ADGRBI), which
directly interacts with the RTN4 receptor'®.

Taken together, the data indicate that FUTs are emerging as key
orchestrators of diverse signaling pathways. By modulating the gly-
cosylation of receptors, cofactors, and ECM components, these
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enzymes influence signaling dynamics across physiological contexts,
and FUT dysregulation contributes to the pathogenesis of cancer,
inflammation, and developmental disorders, which are discussed in
more detail below.

Structural properties of FUTs

A detailed understanding of the structural properties of FUTs is
essential for elucidating the mechanisms that underlie their substrate
specificity, catalytic activity, and regulation. Despite their functional
diversity, these enzymes share core architectural features that place
them within well-defined structural families, while also exhibiting
unique adaptations that enable their biological specialization.

All biochemically characterized FUTs adopt the canonical GT-B
fold, comprising two opposing Rossmann-like domains, an N-terminal
acceptor-binding domain and a C-terminal GDP-Fuc-binding domain,
separated by a central cleft (Fig. 3a). Crystal structures, peptide-
sequence analysis, augmented by predictive models generated with
Protenix'?, reveals two distinct modes of GDP-Fuc recognition that
coincide with phylogenetic clustering: Clade 1 enzymes (FUTI, FUT2,
FUTS, POFUT1 and POFUT2) employ one binding strategy, whereas
Clade 2 enzymes (FUT3-7, FUT9, POFUT3 and POFUT4) utilize an
alternative mechanism. Notably, unlike many other glycosyl-
transferases (GTs) that adopt a GT-A fold and require divalent metal
cofactors for catalysis®, FUTs operate independently of metal ions and
instead rely on a network of strategically positioned amino acid side
chains within the active site to mediate substrate recognition and drive
glycosidic bond formation. Nevertheless, divalent cations can mod-
ulate FUT activity in vitro in a isoenzyme-specific manner: Mn2*
markedly enhances the catalytic activity of a1,3-FUTs (FUT3, FUT4,
FUTS, FUT6, FUT7) but inhibits FUT9"™; high MnCl, also increases
human POFUT2 activity, with modest effects on the C. elegans
ortholog. Although the structural basis of this differential sensitivity
remains unresolved, current evidence supports a view that these out-
comes might arise from isoenzyme-specific electrostatic forces and
conformational dynamics rather than a conserved metal-binding
requirement. Thus, “metal independence” denotes absence of an
obligatory divalent metal cofactor, not insensitivity to divalent metals;
nevertheless, most notably, in many cases where the a1,3-FUTs FUT3-
FUT7 have been isolated from cells and/or produced as recombinant
proteins, the pertinent protein has been found to display little to no
catalytic activity in the absence of divalent metal cofactors. Within
Clade 1, the C-terminal Rossmann-like domain maintains a highly
conserved secondary-structure topology despite its low primary-
sequence identity (Fig. 3b, ¢). Adjacent to a conserved [-sheet, the
invariant H-X-R-X»-D motif establishes an extensive hydrogen-bonding
network with the GDP-Fuc ligand, while a universally retained Asp side
chain mediates polar contacts with the guanine base. Complementary
Ser/Thr/GIn residues further stabilize the enzyme-substrate complex
by engaging the pyrophosphate moiety (Fig. 3b, c).

By contrast, Clade 2 FUTs display a distinct yet likewise conserved
secondary-structure topology in their C-terminal domains (Fig. 4a, b).
In all homology models, an a-helix from the C-terminal region extends
into the N-terminal Rossmann fold, recapitulating the interdomain
packing observed in the human FUT9 crystal structure™ (Fig. 4a, b).
These enzymes share an invariant E-N-Xs-Y-X-T-E-K-X5-(N/R) motif,
which forms an extensive hydrogen-bonding network with every
region of the GDP-Fuc donor, thereby stabilizing its binding. Addi-
tional fully conserved interactions include a Ser side chain and the
main-chain of a Val or Leu with the guanine base, besides an Arg
contacting the pyrophosphate group. In some family members, non-
conserved Arg, GIn, or Asn residues adopt analogous roles in further
stabilizing the donor substrate (Fig. 4a, b).

Despite the overarching conservation shared by the two principal
FUT clades, several members have diverged to accommodate struc-
turally distinct acceptor substrates, leading to the emergence of

enzyme-specific adaptations that fine-tune catalytic architecture and
reactivity. Biochemical characterization of representative subtypes has
uncovered unique mechanistic features and substrate preferences that
illuminate the functional breadth of the family, yet significant gaps
persist in our understanding of the precise catalytic logic and selec-
tivity rules governing many FUT variants.

al,2-FUTs

Although high-resolution structures of human FUT1 and FUT2 remain
unresolved, structural insights have been gleaned from homologous
enzymes such as the al,2-FUT from Crassostrea gigas (CgFUT2). Like
other members of the FUT family, CgFUT2 adopts the canonical GT-B
fold, and its a1,2-linkage specificity is governed by a well-defined cat-
alytic cavity that accommodates terminal galactose residues on type Il
glycan substrates™.

«1,3/4-FUTs

Among the human «1,3-FUTs, only FUT9 has been structurally char-
acterized by X-ray crystallography. Structural analysis reveals that its
specificity for non-sialylated (i.e., “neutral”) LacNAc arises from a dis-
tinctive surface cavity, sculpted by four flexible loops (residues 69-81,
136-153, 157-169, and 326-330), which collectively shield the catalytic
site from accommodating sialylated modifications. Key residues
involved in acceptor recognition include Phe73, Glul37, Tyr168, and
Trp330, which are conserved across all a1,3/4-FUT isoenzymes. His141
is also conserved, but only among «l,3-specific enzymes; in bifunc-
tional a1,3/4-FUTs, this position is instead occupied by an Asn residue,
potentially contributing to differences in acceptor specificity. Addi-
tional residues (GIn75, Leul36, and Phe329) are uniquely present in
FUT9 and may represent determinants of FUT9’s distinct acceptor
recognition profile. All of these residues contribute to substrate sta-
bilization through a combination of hydrophobic packing and hydro-
gen bonding. Among them, Glul37 is likely to act as the catalytic base,
while the GDP pyrophosphate moiety adopts a distorted conformation
that may lower the activation barrier for Fuc transfer (Fig. 5a). Notably,
a rare cis-peptide bond at Phe329 contributes to donor substrate sta-
bilization, highlighting a structural adaptation that may fine-tune cat-
alytic precision™.

Post-translational modifications appear to play a critical role in
modulating FUT9 enzymatic activity. FUT9 contains three predicted
N-glycosylation sites (Asn62, Asnl0O1, and Asnl53), among which
Asnl53 is essential for function. The N153Q mutation results in a
greater than 95% reduction in catalytic activity, while simultaneous
mutation of all three glycosylation sites leads to a near-complete loss
of function'*"*, Remarkably, Asnl53 is also the only site conserved
across the al,3/4-FUT family, suggesting this position could represent
a shared functional determinant within the broader enzyme
family (Fig. 5a).

All «1,3/4-FUTs share four conserved cysteine residues, which,
based on the crystal structure of FUT9, form two disulfide bonds
anchoring a C-terminal helical segment into the catalytic N-terminal
Rossmann fold (Fig. 5a). This interdomain linkage appears to play a
crucial role in maintaining the overall structural integrity of the
enzyme family. In addition, FUT9 and FUT7 possess an additional
disulfide bond that may further stabilize key regions within the cata-
lytic domain™'>,

Although high-resolution structures are not yet available for other
«1,3-FUTs, comparative mutagenesis has shed light on key residues
governing their enzymatic behavior. For instance, FUT3 D336A dras-
tically lowers affinity and activity on H-type 1 (al-4) without increasing
«l1-3 fucosylation. The aromatic residue Trplll, part of the conserved
V-X3-H-H-W-(D/E) motif in all a1,4-FUTs, is thought to be critical for
dual al,3/a1,4 activity (Fig. 5a). Substituting this Trp with an Arg, as
seen in strictly al,3-specific enzymes, shifts FUT3 activity toward «1,3-
restricted fucosylation®.
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Fig. 3 | Classical GT-B fold and structural conservation and diversification of
clade 1 FUTSs. a Superposition of the catalytic domains from human FUT8 (PDB:
6TKV), FUT9 (PDB: 8D0Q), POFUT1 (PDB: SUXH), and POFUT2 (PDB: 4AP6) reveals
a conserved GT-B fold shared by all structurally characterized FUTs. b Secondary-
structure conservation mapped onto the FUTS8 catalytic domain for clade 1 FUTs.
The heat map gradient (blue - red) reflects the degree of structural conservation,
using FUTS as the reference. To the right, a close-up view of the GDP-Fuc binding
site highlights fully conserved and functionally analogous residues. c PROMALS3D-
derived alignment®”’” of the C-terminal catalytic domains from human FUT1, FUT2,
FUTS, POFUTI1 and POFUT2 (UniProt IDs P19526, Q9BYCS5, Q9H488, Q10981 and
Q9Y2GS5, respectively). Conserved secondary-structure elements are annotated as
helices (h) or B-strands (e), and consensus positions are classified by residue

hFUT1: 319 GGD—TVI:-YLAINFT ————— LPDSEFLKIFKPEAAFLPEWVGINADLSPLWTLAKP 365
hFUT2: 300 GGD—TI{YLAINYT ————— LPDSPFLKIFKPEAAFLPEWTGIAADLSPL---LKH 343
hFUT8: 483 HPDASAENFHSLDDIYYFGGQN ———————————————————————————————— 503
hPOFUT1: 370 GRP-SSFFGMDR-—--~ PPKL--————- RDE-F-——————————— 388
hPOFUT2: 401 GLDPKTITYNRFC——-—- GDQE-————-—-— KACEQPTHWKITY--—---—-————- 429
Consensus aa: S S 5 psi. h i ......... ) o BossennimpseaasnasEns
Consensus ss: E_e_e_:

properties. Fully conserved residues are indicated with black arrows, and residues
with functional equivalence are marked with blue arrows. In the alignment, amino
acid residues are color-coded by predicted secondary structure: red, o-helices;
blue, B-strands; green, coil/loop regions. Consensus positions are classified by
residue character: aliphatic (I), aromatic (@), hydrophobic (h), alcohol (o), polar
(p), tiny (t), small (s), bulky (b), positively charged (+), negatively charged (-) and
charged (c). Heat maps integrate experimental crystal structures when available
and rely on predictive models otherwise. GDP-Fuc is rendered opaque when posi-
tioned from crystallographic data and semi-transparent when model-derived. For
clarity of visualization, side chains located behind the ligand are displayed with
partial transparency to avoid occlusion.

«l,6-FUTs

FUTS exhibits a unique modular architecture among GTs. In addition to
its canonical GT-B catalytic domain (residues 204-491), it incorporates
an N-terminal a-helical domain (residues 109-173) and a C-terminal Src
homology 3 (SH3)-like domain (residues 504-562), both absent in

related enzyme families®'”. The stem region (residues -30-108) is
essential for enzyme oligomerization within the Golgi, although its
deletion does not impair intrinsic catalytic activity"s, In contrast, the a-
helical and SH3 domains act cooperatively to promote stable multimer
formation and enhance enzymatic performance (Fig. 5b)".
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hPOFUT3: 308 sﬁ,——s1TthPSNKsmL{\/SEFSHPRELASYIRRLD$D?JRLYEAYVEWKL'KGEISNQRLLTALRERKWGV 375
hPOFUT4: 308 SA-SVRDWMPN-NHSYILIDDFESPOKLAEFIDFLDKNDEEYMKYLAYKQPGGITNQFLLDSLKHREWGY 375
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hPOFUT4: 376 NDPLLPNYLNGFECFvcDYELAhLDA—E!KA:HAIAsPd,DsPVFEPHIAQPSHMDCPVPTPGFGNVEEIPEND 444
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hPOFUT3: 438 SLREMWISSFEQSKKEAQALRWLVDRNONFSSQEFWGLVFKD---—--- 479
hPOFUT4: 445 SWKEMWLQDYWQGLDQGEALTAMIHNNETE-QTKFWDYLHEIFMKRQHL 492

Consensus aa:
Consensus ss:

Fig. 4 | Structural diversification of clade 2 FUTs. a Secondary-structure con-
servation heat map for clade 2 FUTs, mapped onto the FUT9 reference structure,
with an inset showing conserved contacts at the GDP-Fuc binding pocket.

b PROMALS3D alignment of the C-terminal catalytic domains from human FUT3,
FUT4, FUTS5, FUT6, FUT7, FUT9, POFUT3 and POFUT4 (UniProt IDs P21217, P22083,
Q11128, P51993, Q11130, Q9Y231, Q6P4F1 and Q495WS5, respectively). Annotation of
secondary-structure elements, consensus positions, and residue coloring follows

the same PROMALS3D scheme described in Fig. 3. The region of high conservation
across all clade 2 FUTs are specifically highlighted in yellow. Heat maps integrate
experimental crystal structures when available and rely on predictive models
otherwise. GDP-Fuc is rendered opaque when positioned from crystallographic
data and semi-transparent when model-derived. Methodological details regarding
the integration of experimental structures with predictive models, the rendering of
GDP-Fuc, and the use of transparency for side chains are described in Fig. 3.
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The catalytic mechanism of FUTS8 is further refined by a con-
formational switch that occurs upon GDP-Fuc binding. This ligand-
induced transition involves coordinated movement of two flexible
elements, loop 1 (residues 428-444, encompassing helix «10) and loop
2 (residues 365-378), which reposition the catalytic residues and
reshape the donor-binding pocket. This dynamic rearrangement aligns
Glu373 to function as the catalytic base and facilitates precise
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orientation of both donor and acceptor for efficient glycosidic bond
formation (Fig. Sb)™*"%'2°,

The substrate-recognition interactions are in part mediated by the
core-chitobiose GIcNAc moieties of the acceptor N-glycan, which is
positioned for fucosylation and engages key residues such as Glu373
(the catalytic base), Lys216 and Asp295. In contrast, the al,6 arm of the
biantennary N-glycan is only modestly recognized, forming a few
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Fig. 5 | Structural features of human FUTs. a Superposition of the Michaelis
complex (MC) of FUT9 (derived from the crystal structure, PDB: 8DOQ, shown in
opaque red) with computational models of its al,3/4-FUT isoenzymes (FUT3, cyan;
FUT4, yellow; FUTS, hot pink; FUT6, green; FUT?7, slate, all shown with transpar-
ency). Conserved disulfide bonds (top left) and the glycosylation site common to all
FUT-isoenzymes (bottom left) are highlighted. (right panel) Key residues involved
in acceptor recognition are shown, distinguishing between those conserved across
FUT-isoenzymes and those specific to FUT9. b Representation of the MC of FUT8
(derived from the crystal structure, PDB: 6TKV), displaying the N-terminal coiled-
coil domain (dark salmon), the catalytic domain (lime green), and the C-terminal
SH3 domain (orange). Interdomain linkers are shown in navy, light blue, and the
C-terminal loop in blue. (left panel) The conformational change of the mobile loops
(loop linred and loop 2 in purple) is shown in comparison to the apoenzyme (APO)
form (PDB: 6DEO, pink). (right panel) Key interactions involved in substrate

recognition are depicted. ¢ Model of POFUT1 (violet), assembled from crystal-
lographic structures (PDBs: SUXH and 5KXH), with disordered loops in the binary
complex highlighted in yellow. (right panel) The three-dimensional structure of the
EGF domain (orange) is shown, featuring the fucosylation motif (gray), the three
disulfide bonds, and the interaction interface with the enzyme (polar regions in
blue and apolar regions in brown). The position of the acceptor Ser/Thr residue and
the Asn involved in the proton shuttle are also indicated. d Model of POFUT2 (brick
red), derived from crystallographic structures (PDBs: 4AP6 and SFOE), highlighting
its unique structural loop (yellow). On the right, the characteristic disulfide bonds
of the TSR domain (lime) are shown, as well as the fucosylation motif (gray), the
acceptor Ser/Thr residue, and the catalytic residue Glu54 (represented as sticks).
Water molecules observed in the crystal structure (SFOE), displayed as sticks and in
DOT surface format, reveal the hydrogen-bonding network that mediates substrate
recognition.

contacts with Gly501 and GIn502. By comparison, the «l,3-arm is
extensively engaged via an auxiliary exosite, composed of the 310-f11
loop and part of the SH3 domain, which directly contacts the «l,3-
branch of biantennary N-glycans through Asp494, Asp495, Val531 and
His535. This exosite interaction provides the molecular basis for
FUTS'’s strict preference for complex and hybrid N-glycan structures
over high-mannose counterparts (Fig. 5b)"*'°. Consistently, recent
biochemical studies showed that FUT8 preferentially fucosylates
complex N-glycans, and that catalytic efficiency is governed not only
by GDP-Fuc-induced conformational rearrangements, but also by the
accessibility of the innermost GIcNAc and the local peptide/protein
environment, rather than the glycan type alone'”.

POFUTs

POFUT1-4 constitute a structurally conserved family of enzymes that
share the canonical GT-B fold, which features two Rossmann-like
domains forming a cleft that accommodates both the GDP-Fuc donor
and the folded peptide acceptor’’?*'®, In contrast to most GTs,
POFUTSs do not act on linear peptide sequences but instead require
fully folded protein domains as substrates, enabling them to function
as conformation-sensitive regulators during protein maturation in
the ERY.

POFUTI selectively modifies EGF-like domains that harbor the
conserved C2-X4-(S/T)-C3 fucosylation motif, where C2 and C3 corre-
spond to the second and third cysteine residues within the canonical
six-cysteine framework that forms three disulfide bonds (Fig. 5¢). In
Mus musculus, substrate binding to POFUT1 induces ordering of pre-
viously disordered regions (residues 79-87, 255-267, and 275-281),
enhancing shape complementarity with the EGF domain. In the human
enzyme, the homologous loop (residues 74-82) is unresolved in the
GDP-bound crystal structure, suggesting intrinsic flexibility. Given the
high sequence and structural conservation, similar substrate-induced
rearrangements are likely to occur in the human ortholog (Fig. 5¢)"*'>.

The fucosylation site within EGF domains presents invariant
backbone and side-chain atoms that interact with key catalytic resi-
dues of POFUTI1. Based on sequence homology and the crystal-
lographic work of Li et al. on the Mus musculus POFUTI, the
recognition of EGF domains by this enzyme is shown to rely on a set of
conserved, direct interactions concentrated within the canonical
fucosylation motif. In addition to this core recognition module, the
interaction surface extends to structurally defined elements of the EGF
fold, such as the C1-C2 loop and the C5-C6 subdomain. These regions
do not contribute uniformly across substrates, but instead are
accommodated with variable affinity, suggesting that POFUT1 recog-
nition balances strict specificity at the catalytic center with broader
structural adaptability (Fig. 5¢)'*. This dual mode of recognition allows
POFUTI to act selectively on properly folded EGF-type domains while
tolerating a range of sequence and conformational diversity outside
the catalytic core.

Although POFUTI lacks a conventional basic residue in its active
site, metadynamics simulations have demonstrated that the -pho-
sphate of GDP-Fuc serves as the ultimate catalytic base, with Asn51
functioning as a proton shuttle that transfers the proton from the
acceptor Thr to the [B-phosphate during the Fuc transfer (see
beIOW)122'124'126.

POFUT2 acts on TSRs, which display distinct consensus sequences
depending on their disulfide bonding pattern: C1-X»-(S/T)-C2 in group
1 TSRs, and C2-X,-(S/T)-C3 in group 2 TSRs'. Although it retains the
canonical GT-B fold, POFUT2 features a unique structured loop (resi-
dues 140-156), absent in POFUT], that helps define the inner wall of the
N-terminal domain. This element likely contributes to stabilizing the
substrate binding (Fig. 5d)'*".

Subsequent studies revealed that substrate recognition relies not
primarily on extensive direct contacts but rather on an intricate
hydrogen-bonding network mediated by water molecules. This
hydration layer stabilizes the binding of structurally conserved TSR
domains, allowing the enzyme to maintain specificity despite limited
sequence conservation. Furthermore, high-resolution crystal struc-
tures identified Glu54 as the catalytic base (Fig. 5d)">'%".

POFUT3 and POFUT4, the most recently described members of
this family, further expand the ER’s glycosylation repertoire. These
enzymes recognize the EMI domains, structurally similar to TSRs, and
fucosylate specific Ser/Thr residues in a conformation-dependent
manner. Although their crystal structures are yet to be resolved,
computational models indicate that both enzymes adopt the same GT-
B fold and catalytic organization as their paralogs, suggesting a con-
served catalytic mechanism across the FUT family’.

Collectively, these structural studies reveal a unifying GT-B scaf-
fold across the fucosyltransferase family, with catalytic activity
dependent on conserved motifs and specific amino acid residues
rather than on metal cofactors. Enzyme-specific features, such as
flexible loops, glycosylation sites, exosites, and accessory domains,
fine-tune substrate selectivity and function. This structural diversity
underlies the ability of FUTs and POFUTSs to recognize and modify a
broad array of glycan and protein targets with remarkable precision.

Catalytic mechanisms of FUTs

Despite the structural diversity of their acceptor substrates, all mam-
malian FUTSs characterized to date operate through a shared catalytic
principle: a bimolecular nucleophilic substitution (Sy2) reaction that
results in inversion of configuration at the anomeric carbon of the
donor Fuc. In this mechanism, the hydroxyl group of the acceptor acts
as the nucleophile, attacking the anomeric carbon and displacing the
GDP moiety as the leaving group. In FUT9, a similar S\2 mechanism has
been proposed but not yet validated. Glul37 is well-positioned to serve
as the catalytic base, and the GDP-Fuc donor is observed in a distorted
conformation that may facilitate bond cleavage and transition state
formation. In addition, Arg202 and Lys256 stabilize the negatively
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charged diphosphate moiety, while Asn195 and Asn246 contribute to
transition state stabilization through hydrogen-bonding interactions
with the donor substrate (Fig. 6)"". The absence of (obligatory) metal
cofactors is a hallmark of the GT-B family, in which the dual Rossmann-
like fold and a dense network of polar interactions compensate for the
lack of catalytic metals®.

In FUTS, crystallographic and mutational studies have confirmed
a concerted Sy2 mechanism. Upon GDP-Fuc binding, loop 2 (residues
365-378) undergoes a conformational rearrangement that positions
Glu373 to function as the general base, deprotonating the acceptor
hydroxyl. Simultaneously, Arg365 and Lys368 (Ioop2 residues) stabi-
lize the negative charge developing on the leaving diphosphate group.
This rearrangement also excludes the solvent from the catalytic site,
preventing hydrolysis and increasing reaction fidelity (Fig. 6)"7"%1%,

Among POFUTs, mechanistic variations reflect adaptations to
different acceptor chemistries and environments, particularly regard-
ing nucleophile activation and diphosphate stabilization. In POFUT1,
the apparent absence of classical basic residues in the catalytic site
initially raised doubts about its catalytic mechanism. However, com-
putational studies have revealed that the B-phosphate of GDP-Fuc acts
as the ultimate catalytic base, while Asn51 plays a supportive role by
facilitating proton transfer from the acceptor hydroxyl to the phos-
phate group during the Sy2-like reaction. Arg245 and Ser362 help
neutralize the developing negative charge on the departing dipho-
sphate, thereby facilitating its release (Fig. 6)*. In POFUT2, Glu52 acts
as the catalytic base, directly deprotonating the acceptor hydroxyl to
enable Fuc transfer, and Arg294 coordinates the pyrophosphate unit.
Notably, unlike other GTs that shield the sugar nucleotide from solvent
to avoid hydrolytic side reactions, POFUT2 features a highly solvent-
exposed active site. In this context, water molecules do not participate
in nucleophile activation but instead play a dual catalytic role by sta-
bilizing the departing GDP and contributing to acceptor substrate
recognition. This dual involvement of solvent molecules highlights a
distinctive mechanistic adaptation within the FUT family (Fig. 6)">'%.

The catalytic strategies employed by FUTs reflect a conserved
chemical logic centered on S\2 displacement with inversion of ste-
reochemistry, yet each enzyme achieves this through distinct structural
solutions. Differences in base activation, donor distortion, loop rear-
rangements, and solvent engagement illustrate how FUTs have adapted
to the specific constraints of their substrates and cellular environments,
expanding the mechanistic versatility of this enzyme family.

FUTs in Health and disease

FUT enzymatic activities shape the intricate glycan landscape of cells
and tissues, modulating a wide array of biological functions. FUTs play
critical roles in structural protein stability, cellular communication,
immune recognition, and other key biological processes, underscoring
their profound impact on human health. In this section, we will explore
the multifaceted roles of FUTs in various disease states, focusing on
the consequences of aberrant FUT expression in critical pathologies.
Specifically, we will first examine their prominent involvement in
cancer progression, followed by their significant roles in inflammatory
processes and infectious diseases.

FUTs implications in cancers

FUTs are increasingly recognized as critical regulators of cancer pro-
gression, influencing key malignant processes such as cell proliferation,
invasion, metastasis, and therapy resistance. By modulating glycan
structures on cell surface receptors and ECM components, FUTs affect
both cell-intrinsic signaling pathways and interactions within the tumor
microenvironment.

The a1,2-FUTs are key mediators of aggressive tumor phenotypes
across a variety of cancer types”’. These enzymes catalyze the bio-
synthesis of glycoconjugates, such as Lewis antigens and Globo H,
which are implicated in enhanced cell migration, invasion, and

metastatic spread. In breast cancer and other malignancies, over-
expression of FUTI and FUT2 has been shown to promote tumor
aggressiveness. In studies of human breast cancer cell lines, Lai et al.*?
observed that RNA interference-mediated inhibition of FUT1 and FUT2
reduced cell proliferation and migration in vitro and significantly
decreased tumorigenicity and metastasis in vivo. Aberrant expression
of FUT1 has also been implicated in the development of multidrug
resistance in human chronic myeloid leukemia cells®. In addition,
Loong et al.” reported that FUT1 inhibition sensitized hepatocellular
carcinoma cells to sorafenib, a frontline treatment for hepatocellular
and renal carcinomas. Furthermore, FUT1 overexpression was asso-
ciated with activation of resistance-related signaling pathways®. Kawai
et al.”?, found that FUT1 suppression attenuated HER2-mediated sig-
naling and reduced cell proliferation. This finding was corroborated by
Zhang et al.”**, who observed that suppression of both FUT1 and FUT4
inhibited the HER2 pathway and reduced cancer cell proliferation. In
addition, FUT1 and FUT2 contribute to autophagy regulation in breast
cancer cells through the fucosylation of lysosome-associated mem-
brane protein 1 (LAMP1), which was correlated with increased autop-
hagic activity"*. Targeted inhibition of these FUTs partially reversed
this phenotype, further supporting their potential as therapeutic
targets. In gastric cancer, FUTL has also been shown to promote
angiogenesis by upregulating LeY antigen expression in endothelial
cells, thereby facilitating neovascularization and enhancing cell
motility*.

Overexpression of FUT2 has been identified as a key contributor
to lung cancer development, often in conjunction with FUTS™. In
colorectal cancer, FUT2 plays a multifaceted role in tumor progression
and metastasis by modulating several molecular pathways. Recent
studies have demonstrated that FUT2 contributes to human colorectal
cancer by reprogramming fatty acid metabolism', activating Wnt
signaling pathways'”, and enhancing EMT through the fucosylation of
low-density lipoprotein receptor-related protein 1 (LRP1), thereby
promoting tumor cell extravasation', Conversely, studies of murine
colorectal cancer models and of human colorectal cancer cell lines by
Wang et al.”’ provided evidence that FUT2 deficiency reduces the
fucosylation of the melanoma cell adhesion molecule (MCAM), leading
to increased cell proliferation and invasion in colorectal cancer. This
finding highlights the complexity of FUT2’s role in colorectal cancer,
suggesting that both overexpression and loss of FUT2 activity can
contribute to tumor progression via distinct mechanisms.

As mentioned above (in the sections “Classification and main
characteristics of human FUTs” and in “Cell-Cell interactions”), the
«1,3/4-FUTs play essential roles in metastatic dissemination by
enabling “Step-1” (selectin-dependent) adhesive interactions between
circulating malignant cells and endothelial cells. These enzymes cata-
lyze the synthesis of sLeX and its isomer sLeA (known as the CA19-9
antigen). Expression of these glycan motifs fuels hematogenous
metastasis by enhancing tumor cell interactions with E-selectin
expressed on the vascular endothelium that both enables extravasa-
tion of the tumor cells and the subsequent intraparenchymal lodgment
within specialized E-selectin-expressing endothelial beds compris-
ing tumor “growth niches” that support malignant cell proliferation
and resistance to chemotherapy®**'*, Heightened expression of
these FUTs has been shown to significantly impact both hematologic
malignancies and adenocarcinoma progression. sLeA (the “CA19-9
antigen”) is characteristically expressed on pancreatic, biliary, and
gastrointestinal (GI) adenocarcinomas. Monitoring serum CA19-9
levels is the most widely used biomarker for diagnostic and prog-
nostic assessment of pancreatic cancer and of biliary cancer. This fact,
alone, implicates sLeA has a driver of these malignancies, and draws
attention to the development of therapeutic strategies to interrupt the
biosynthesis of this glycan determinant.

In solid malignancies, FUT6 and FUT3 upregulation, in particular,
promotes sLeX expression and enhances binding to E-selectin,
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Fig. 6 | Representative example of FUTs’ catalytic mechanism. a Catalytic
mechanism of POFUT1%. b Catalytic mechanism of POFUT?2, the nucleobases is
shown as G since the diphosphate moiety is presented as an explicit structure®.
¢ Proposed catalytic mechanism of FUT8". d Proposed catalytic mechanism of
FUT9"™. MC represents the Michaelis complex, TS the transition state, and P the

reaction products. Hydrogen bonds are shown as dotted blue lines, and key bond
formations as dashed gray lines. In panels (c) (FUT8) and (d) (FUT9), the TS are
shown in gray to indicate that the mechanistic validation of the proposed TS has
not been reported.

facilitating metastatic spread in prostate, Gl and lung
adenocarcinomas'*'**, Moreover, in renal cancer, FUT3 mediates
EMT™, a mechanism also observed in pancreatic*’, colorectal**‘.
bone®, and gastric'*’ cancers. In breast cancer, high FUT3 expression
has been correlated with reduced survival rates'*®. Overall, FUT3 has
emerged as a valuable biomarker for the detection of aggressive
tumors and metastatic potential. A retrospective study by Tanaka

et al.'*’, demonstrated that standard biomarkers such as CA19-9 and
DUPAN-2 (which recognizes Type 2 o2,3-sialylated LacNAc) that are
commonly used to monitor pancreatic cancer treatment responses
could be normalized against FUT2 and FUT3 expression levels. This
adjustment significantly improved patient stratification, optimized the
timing of surgical intervention, and enhanced both clinical outcomes
and healthcare resource utilization.
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FUT4 has shown significant implications in colorectal cancer
progression™® and has also been explored as a potential biomarker for
breast cancer diagnosis™'. Analyzes of serum and tissue samples have
demonstrated that FUT4 offers superior diagnostic performance with
receiver operating characteristic (ROC) values surpassing commonly
used biomarkers such as CA15-3 and CEA. In colorectal cancer, Lv
et al.”?, identified FUT4 as a core regulatory gene with prognostic
value, particularly due to its role in modulating the immune response
within the tumor microenvironment. This immune-modulatory func-
tion was further supported by Liu et al.**>, who reported a strong cor-
relation between FUT4 expression and PD-1 levels in lung
adenocarcinoma models. Additional implications in lung cancer have
been documented by the Pan group™*, who demonstrated that FUT4
inhibition reduced chemoresistance, enhancing the efficacy of ther-
apeutic treatments. Similarly, Lu et al”’, showed that aberrant
expression of FUT4 and FUT6 activates oncogenic signaling pathways
such as PI3K/Akt through fucosylation of EGFR and related receptors.
Elevated FUT4 expression was associated with increased invasion,
migration, and EMT in lung adenocarcinoma. The FUT4-mediated
promotion of EMT has also been observed in other cancers, including
breast’™"*® and gastric cancer", reinforcing FUT4’s potential as a
therapeutic target across multiple tumor types. Furthermore, FUT4
and FUT7 have been shown to synergistically support metastatic pro-
gression in non-small cell lung cancer, one of the most common
sources of brain metastasis. In this context, overexpression of fuco-
sylated LeX/sLeX epitopes enhanced tumor cell adhesion to cerebral
endothelium via interactions with E-selectin. This interaction facilitates
blood-brain barrier disruption, promoting metastatic infiltration into
the brain®,

Although relatively few studies have explored the role of FUTS5 in
cancer, emerging evidence suggests it may contribute to tumor
development and progression. Liang et al.’®, reported that FUT5 and
FUT6 are regulated by microRNA-126-3p (miR-126-3p), a microRNA
enriched in endothelial cells known for its role in angiogenesis and
vascular homeostasis. Their findings indicated that FUT5 and FUT6
promote colorectal cancer development through miR-126-
3p-mediated modulation of the PI3K/Akt signaling pathway. The study
also highlighted miR-126-3p as a potential predictive biomarker and
therapeutic target in colorectal cancer. Additional studies have shown
that FUTS upregulation is associated with enhanced tumor cell pro-
liferation and migration through modification of extracellular matrix
(ECM) proteins. This suggests that FUT5 may contribute to tumor
microenvironment remodeling, further supporting its potential rele-
vance in cancer pathogenesis’.

FUT6 appears to play context-dependent roles in cancer devel-
opment, with both tumor-suppressive and tumor-promoting functions
reported in different cancer types. In head and neck squamous cell
carcinoma, downregulation of FUT6 has been associated with
enhanced tumor aggressiveness. Wang et al.”’, reported that reduced
FUT6 expression correlates with increased cell proliferation, migra-
tion, and invasion in vivo. Conversely, FUT6 overexpression inhibited
tumor growth and metastasis, likely through modulation of the EGFR/
ERK/STAT signaling pathway. These findings were further supported in
a parallel study by Yao et al.'°, reinforcing the tumor-suppressive role
of FUT6 in this context. In contrast, FUT6 overexpression has been
shown to promote tumor progression in colorectal cancer. Specifi-
cally, FUT6 contributes to increased proliferation and migration of
cancer cells via activation of the epithelial EMT process®. These find-
ings were corroborated in studies of human breast cancer and prostate
cancer lines xenografted in mice via intravascular administration,
where transduction of the administered cells with human FUT3 or
FUT®6, but not of any other a1,3/4-FUTs, promoted bone metastasis by
inducing mesenchymal-epithelial transition (MET) and triggering WNT
signaling™. Recent work™ further supports FUT6’s oncogenic role in
colorectal cancer, underscoring the complexity of FUT6’s function,

which may vary depending on tissue type and tumor microenviron-
ment. Importantly, as mentioned in the section “Cell-Cell interactions”,
the fact that circulating FUT6 levels served as the first serum bio-
marker of cancers underscores a critical role for sLeX, its principal
biosynthetic product, in fueling the proliferation of cancer.

FUT7 has emerged as a potential therapeutic target across several
cancer types, with strong evidence linking its overexpression to pro-
liferation and aggressivity of acute leukemias'®, lung cancer®*'3>163-165,
breast cancer'®, bladder urothelial carcinoma'®’, and follicular thyroid
carcinoma'®®, In the case of follicular thyroid carcinoma, FUT7 over-
expression promotes EGFR fucosylation, which in turn activates EMT, a
critical process for tumor progression and metastasis.

FUTS exerts a broad influence across several tumor types'®,
contributing to neoplastic transformation, tumor metastasis, and
immune evasion. Recent reviews®””7°"7" summarize how elevated
FUTS8 expression and activity are linked to various human cancers,
including lung, breast, liver, and others. Here, we highlight some of the
most recent studies from 2023-2025 that expand on FUTS8's role in
cancer. The Munkley group reported that FUT8 regulates gene
expression and signaling pathways associated with prostate cancer
progression, showing that FUT8 inhibition suppresses tumor
progression”. Similarly, Ito and colleagues demonstrated that elevated
FUT8 expression correlates with metastasis in papillary thyroid
carcinoma'’?, FUTS8 overexpression has also been correlated with poor
survival and increased aggressiveness in a wide range of cancers,
including: diffuse large B-cell ymphoma'?, leukemia'’*, meningioma'”,
intrahepatic cholangiocarcinoma®, lung"”7"7?, cervical®,
esophageal™, colorectal®®>%5,  kidney'®, ovarian'®, breast'®,
liver'®"!, bone'”, brain'®, and oral squamous cell cancer'**. Notably,
FUT8 downregulation has been associated with HPV-associated cervi-
cal cancer, indicating possible context-dependent roles™”.

FUT8 is also key in regulating antibody-mediated immune
responses. By “core” fucosylating the asparagine-linked glycan (at
“N297”) of the Fc region of IgGs, FUT8 overexpression dampens
engagement of Ig Fc to natural killer (NK) cell FcyRllla receptors,
leading to decreased NK cell-mediated cytotoxicity (“antibody-
dependent cell-mediated cytotoxicity” (ADCC)). This reduced efficacy
of antibody-mediated immune responses against cancer cells enables
immune evasion'”*"*%, Globally, the level of IgG fucosylation pro-
foundly impacts antibody efficacy, prompting the development of
novel glycoengineering strategies aimed at modulating IgG Fc core
fucosylation to enhance mAb-mediated disease treatment'’°, which is
further discussed below.

From a broad perspective, aberrant FUT8 expression enhances
cell proliferation and metastasis by modifying key cell-surface recep-
tors such as EGFR, TGF-p receptor, and integrins. This abnormal
fucosylation triggers dysregulated signaling pathways that promote
EMT, a crucial process for cancer cell invasion and metastasis. Fur-
thermore, FUTS facilitates immune evasion by regulating the expres-
sion and function of immune checkpoint proteins such as PD-1/PD-L1
and B7-H3 on both tumor and immune cells. This results in suppres-
sion of T-cell-mediated anti-tumor immunity and fosters an immuno-
suppressive tumor microenvironment, characterized by increased
infiltration of M2 macrophages and disruption of antibody-dependent
cell-mediated cytotoxicity. In conclusion, FUT8 upregulation and the
resultant aberrant core fucosylation contribute to cancer development
by promoting cell proliferation, invasion, and immune escape. These
multifaceted roles position FUTS8 as a promising therapeutic target in
cancer treatment.

FUT9 overexpression promotes the progression of several can-
cers, including ovarian'®®, gastric’°>*”!, and esophageal®** cancers. In
addition, FUT9 plays a critical role in colorectal cancer stemness by
inducing the expression of pluripotency markers and
chemoresistance-associated genes, positioning it as a potential ther-
apeutic target for eradicating tumor-initiating cells"**®, For example,

Nature Communications | (2025)16:11279

14


www.nature.com/naturecommunications

Review article

https://doi.org/10.1038/s41467-025-66871-w

Auslander et al.?*, demonstrated that FUT9 inhibition attenuates
tumor-initiating cells and suppresses tumor development in a mouse
xenograft model.

Many studies have unveiled the emerging role of POFUT1 as a
central modulator of oncogenic signaling?®. The primary mechanism
by which POFUTI1 exerts its oncogenic effects is through hyperactiva-
tion of the Notch signaling pathway. Elevated POFUTI1 levels increase
the O-fucosylation of Notch receptors, leading to excessive Notch
signaling. This aberrant activation drives uncontrolled cell prolifera-
tion, inhibits apoptosis, promotes angiogenesis, and facilitates EMT,
thus enabling tumor cell invasion and metastasis. Nonetheless,
context-dependent roles for POFUTI1 in cancer progression have also
been reported. For example, POFUTI can act as a tumor suppressor in
certain cancers, including muscle-invasive bladder cancer (MIBC)>°.
Conversely, in hepatocellular carcinoma*” and glioblastoma®®,
POFUTI-mediated Notch activation promotes cell proliferation and
invasion. Similarly, in colorectal cancer, high POFUT1 expression cor-
relates with advanced stages and metastasis driven by an overactive
Notch pathway****°, Dysregulated POFUT1 expression is also asso-
ciated with increased proliferation and invasiveness in multiple can-
cers, including breast”, head and neck®?, liver*®, and colorectal™
cancers. In the latter, silencing POFUTL inhibited proliferation and
migration and induced apoptosis in colorectal cancer cells. Moreover,
Li et al.”®, reported that POFUTI acts synergistically with PLAGL2 to
promote colorectal tumorigenesis by maintaining the stemness of
colorectal cancer stem cells through both Wnt and Notch pathways.
This finding corroborates the initial evidence from Chen et al.”®,
showing that downregulation of POFUT1 in PLAGL2-/- mice supports
a shared promoter region between the two genes?”. Within this con-
text, POFUT1 and PLAGL2 have also been linked to MUC2 expression, a
glycoprotein biomarker for colorectal mucinous adenocarcinoma.
Beyond Notch, POFUT1 influences other crucial tumorigenic pathways
such as Wnt/B-catenin signaling. For instance, in gastric cancer,
POFUT1 promotes cancer progression by activating both Notch and
Wnt pathways”®. Due to its widespread implication across multiple
cancer types, POFUTI has been highlighted as an independent and
promising biomarker for prognosis?>2°¢219219220 "ynderscoring its sig-
nificant clinical relevance.

On the other hand, the implications of POFUT2 in cancer remain
poorly studied™, partly due to its crucial role in embryonic develop-
ment. Notably, Pofut2 knockout results in embryonic lethality in mice
by blocking the secretion of key target proteins such as ADAMTS9'%,
Despite this, Jia et al.”?, reported that aberrant POFUT2 expression
serves as a prognostic marker across various cancer types, emphasiz-
ing its potential as a valuable biomarker, particularly for the detection
of adrenocortical carcinoma.

POFUT3 and POFUT4, previously classified as FUT10 and FUTI]I,
respectively, are essential for protein secretion’. Zhang et al’?,
reported that POFUT3 expression in clear cell renal cell carcinoma
correlates with the clinical stage of the disease, indicating its potential
as a prognostic biomarker. Similarly, POFUT4 upregulation has been
identified as a biomarker for renal carcinoma progression’”? and has
shown significant implications in the progression of hepatocellular’**
and ovarian cancers™. In pancreatic*® and brain*’ cancers, hypoxic
conditions were found to stimulate POFUT4 expression, enhancing
cancer cell proliferation and invasiveness. POFUT4 is also significantly
overexpressed in gastric cancer, where it affects the infiltration of
immune cells into the tumor microenvironment. A study by Huang
et al.?%, further supports the idea that POFUT4 expression is induced
under hypoxia. In addition, Zhang et al.”*’, found that POFUT4 inhibits
ferroptosis in gastric cancer cells, thereby promoting cell proliferation.
On the other hand, POFUT4 knockdown significantly inhibited cancer
cell proliferation, a result corroborated by Cao et al.”*°, who also
demonstrated that POFUT4 acts through the PI3K/AKT signaling

pathway, underscoring its potential as a prognostic biomarker for
gastric cancer detection.

Collectively, these findings position FUTs as pivotal players in
tumor biology. Their enzymatic activities not only define specific gly-
can signatures but also rewire cellular signaling networks, enabling
tumors to adapt, evade immune surveillance, and develop resistance
to therapies. Consequently, the detection of aberrant FUT expression
offers a promising avenue for discovering novel cancer biomarkers,
which can be utilized as early diagnostic tools as well as prognostic
indicators to facilitate timely treatment and dramatically improve
patient outcomes. Moreover, as well described further below, the
inhibition of several FUTs has emerged as a primary therapeutic
strategy for mitigating various cancers. Selective inhibitors targeting
specific FUT enzymes hold significant potential as potent and precise
anticancer agents, marking an exciting frontier in cancer treatment
development.

Inflammatory diseases

FUTs play a pivotal role in the regulation of immune responses and
tissue homeostasis in inflammatory disorders. By modifying glyco-
conjugates on immune effectors as well as on epithelial cells, FUTs
shape the dynamics of leukocyte trafficking, mucosal barrier integrity,
and local cytokine environments.

The «1,2-FUTs catalyze the synthesis of ol1,2-fucosylated glycans
on the apical surface of intestinal epithelial cells, which in turn influ-
ence microbiota composition, epithelial barrier function, and innate
immune signaling. The Kiyono group demonstrated that FUT2 defi-
ciency disrupts the gut microbial ecosystem and enhances suscept-
ibility to gastrointestinal infections and colitis, as demonstrated in
murine models?™. In parallel, the same group showed how both FUT1
and FUT2 contribute to inflammatory signaling cascades initiated at
the mucosal interface, further amplifying epithelial immune
responses®.

As mentioned above in the sections “Cell-cell interactions”, by
regulating sLeX expression, the «1,3-FUTs are critical in mediating
leukocyte-endothelial interactions, and, therefore, these enzymes are
essential for host defense. Importantly, mammalian hematopoietic
cells do not express Type 1 lactosamines, and, therefore, all mamma-
lian leukocytes display only sLeX (i.e., not sLeA). Notably, in all mam-
malian leukocytes, FUT7 expression dominates in the biosynthesis of
creating sLeX, and therefore, FUT7 serves as a principal mediator of
immune surveillance and host defense”?. However, importantly, high
sLeX expression is also characteristic of regulatory T cells (“Tregs”)
and, therefore, upregulated E-selectin in endothelial beds of inflamed
tissues recruit both innate host defense cells (granulocytes and
monocytes), as well as cells comprising both limbs of adaptive
immunity (i.e., effector lymphocytes and immunoregulatory cells)*’;
this tapestry of sLeX expression on subsets of leukocytes ensures that
host defense is achieved without evolution of a life-threatening
inflammatory reaction. As one example of how this balance of sLeX-
mediated cell recruitment affects the inflammatory response, up-
regulation of FUT7 expression in Tregs alleviates colitis in mouse
models®, Moreover, in murine models, combined genetic knock-out
of both FUT4 and FUT?7 significantly reduces leukocyte infiltration and
local proinflammatory cytokine production.

FUT9 contributes to immune regulation in a more context-
specific manner. In viral encephalitis models, FUT9 deficiency inten-
sifies neuroinflammation and impairs cytokine production, indicating
a critical role in controlling innate immune responses in the central
nervous system, indicating that LeX structures are involved in host
responses against viral or bacterial infections®*.

FUTS8 have also emerged as a critical modulator in central nervous
system inflammation and pulmonary diseases. In murine models, FUT8
deficiency markedly increases glial activation in response to
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inflammatory stimuli, exacerbating neuroinflammatory processes by
promoting microglial and astrocytic activation and upregulating
proinflammatory markers®. In the pulmonary system, reduced FUTS
activity promotes the development of emphysema. Murine models
showed that FUT8-deficient mice spontaneously develop an
emphysema-like phenotype, including increased matrix metallopro-
teinase activity and inflammatory infiltration following elastase
exposure”,

Collectively, these findings highlight FUTs both as active pro-
inflammatory enzymes and as immunomodulatory enzymes that
govern both local and systemic inflammation. Their roles span barrier
protection, leukocyte recruitment, and cytokine regulation, with
direct implications for gastrointestinal, pulmonary, neurological, and
cardiovascular inflammatory diseases.

POFUTs have not been directly linked to severe inflammatory
conditions however, their role in the Notch signaling pathway was
shown to play a pivotal role in sepsis*®. POFUT1 down-regulation and
consequent Notch inactivation contributed to the development of
gastrointestinal inflammatory processes such as enterocolitis in mice
models™”*%,

Infectious diseases

The human condition known as “Leukocyte Adhesion Deficiency Type
II” (“LADII”; also known as “Congenital Disorder of Glycosylation-lic”
(CDG-lIc”)) has provided direct and unequivocal evidence of the fun-
damental role of leukocyte sLeX expression in human host defense.
LADII is a congenital disease in which there is a mutation in the gene
SLC35C1, which encodes the protein that transports GDP-fucose (that is
created primarily de novo from GDP-mannose) from its site of bio-
synthesis in the cytosol into the Golgi. Accordingly, the decreased
Golgi levels of GDP-fucose leads to a deficit in fucosylation of all per-
tinent glycolipids and glycoproteins. Importantly, though LADII results
in deficiencies in «l,6-fucosylation and in ol,2-fucosylation (which
leads to absence of the al,2-fucosylated blood groups (including the
ABO antigens) resulting in the “Bombay” blood type), the greatest
pathobiologic impact of LADII is recurrent bacterial infections due to
absence of al,3 fucosylation, and, as such, diminished sLeX
display*****°, Circulating leukocytes in LADII are conspicuously defi-
cient in sLeX expression, resulting in reduced adhesive interactions
with endothelial E-selectin, thereby hindering extravasation of leuko-
cytes. This deficit leads to chronic, severe bacterial infections (due to
inability to generate pus) despite compensatory marked elevations in
blood leukocyte levels (“leukocytosis”). The deficient leukocyte sLeX
levels can be partially corrected by administering high doses of oral L-
fucose, which drives biosynthesis of GDP-fucose via the “salvage
pathway” which utilizes free L-fucose to create GDP-fucose; the
increased levels of GDP-fucose in the cytoplasm then enable GDP-
fucose diffusion into the Golgi and therefore enable sLeX
biosynthesis?*?*,

FUTs also play a role as central modulators of host-pathogen
interactions. Through their modification of cell surface glycans, FUTs
influence pathogen binding, immune recognition, and the clinical
features of various infectious diseases*’. Numerous studies have
shown that the interaction between H-type glycans expressed on
mucosal surfaces and the host microbiota contributes to the devel-
opment of intestinal diseases. For instance, FUT1 controls protein
glycosylation in the mucosal layer of the intestine, particularly O-gly-
can structures that are potential bacterial receptor sites as well as
energy sources for both pathogens and beneficial bacteria®*. Within
this context, Wang et al.”** studied the implications of FUT1 mutation in
porcine intestinal infections caused by bacterial pathogens, providing
evidence that FUT1 mutations alter the activity of the E. coli adhesion
factor ECF18, influencing the resistance to bacterial infections.

In the case of FUT2, the absence of H-type glycans in individuals
with the FUT2 non-secretor phenotype is considered a risk factor for

inflammatory bowel disease. However, since H-type glycans serve as
attachment sites for norovirus and rotavirus**, individuals with inac-
tivating FUT2 mutations lack functional H antigens on epithelial cells
and exhibit natural resistance to common norovirus strains, such as
Norwalk virus?*’~2*°, Beyond direct pathogen binding, FUT2 also shapes
gut microbiota composition® >, which in turn modulates host
immunity and susceptibility to infection'**". In addition to FUT2, FUT3
influences susceptibility to microbial infections through modulation of
surface glycan structures, and animal models indicate that FUT3

polymorphism correlates with bacterial infection caused by H.
254

pylori

FUT9 has been implicated in neurotropic viral infections. In a
murine model of murine hepatitis virus (MHV) infection, FUT9 defi-
ciency led to increased neuroinflammation and impaired cytokine
signaling, suggesting a regulatory role in central nervous system
immune responses®*. Notably, FUT8 stands out for its broad and
multifaceted involvement in viral infections. Several viruses, including
hepatitis C**, hepatitis B*°, HIV>’, and human papillomavirus>$,
exploit FUT8 to enhance replication and persistence. These viruses
apparently increase FUT8-mediated fucosylation to modulate the
glycosylation of host receptors such as EGFR, suppress interferon
signaling, and promote immune evasion®>*®, In addition, FUTS plays
critical roles in regulating adaptive immunity, influencing B and T cell
activation and affecting both antibody production and effector
function?*®2*',

Finally, POFUTSs such as POFUT2 are crucial for the virulence of
parasitic protozoa. In Plasmodium berghei and Toxoplasma gondii,
genetic disruption of POFUT2 impairs O-fucosylation of key adhesive
proteins like TRAP and MIC2, resulting in defective protein folding,
trafficking, and dramatically reduced invasive capacity®**. However,
this view has been contested by subsequent studies in both P. berghei
and P. falciparum, in which POFUT2-null parasites completed the
mosquito stages and established blood-stage infections in mice with-
out overt defects in motility or host invasion, thus calling into question
the essentiality of O-fucosylation in these life cycle stages*. These
conflicting results underscore the complexity of POFUT2 function in
apicomplexan parasites and suggest that its contribution to virulence
may be context-dependent or compensated by alternative
mechanisms.

Collectively, these findings reveal a dual role for FUTs in infectious
disease biology. On one hand, they function as innate immune gate-
keepers, shaping glycan landscapes that mediate resistance or toler-
ance. On the other, their transcriptional upregulation is exploited by
pathogens to enhance infectivity and immune evasion. Notably, sev-
eral viruses, including herpes simplex virus, varicella-zoster virus, and
cytomegalovirus, upregulate FUT3, FUTS, and FUT6 expression to
facilitate infection’>2%, Cytomegalovirus also induces FUT1, FUT?7,
and FUT9 transcription®®, further illustrating the breadth of this
strategy. The enzymatic versatility and immunomodulatory potential
of FUTs position them as attractive targets for therapeutic intervention
and biomarker development in the context of infectious diseases.

FUT inhibition and modulation

The inhibition or modulation of FUTs has recently emerged as a pro-
mising therapeutic strategy to target key pathological processes in
which aberrant fucosylation plays a central role, including chronic
inflammation, tumor progression, and autoimmune disease. While the
therapeutic relevance of this enzyme family is increasingly recognized,
the development of selective and effective FUT inhibitors faces sub-
stantial hurdles. These include the limited availability of three-
dimensional structural data for most FUTs, inherent difficulties in
achieving large-scale enzyme production necessary for structural and
biophysical studies, significant limitations within current high-
throughput screening methodologies, and the complex challenge of
ensuring effective subcellular drug delivery to Golgi-resident enzymes.
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Another obstacle that complicates the development of FUT inhibitors
consists in the high degree of structural conservation in FUT active
sites, which complicates the design of inhibitors targeting a specific
FUT-isoenzyme.

FUT inhibitors are broadly categorized into two main groups:
those that disrupt GDP-Fuc biosynthesis, leading to widespread fuco-
sylation inhibition, and those designed to directly inhibit specific FUT
activity, with the ambition of achieving targeted inhibition. The results
reported to date encompass the design and development of a diverse
array of compounds, including donor and acceptor substrate analogs,
bisubstrate inhibitors, novel glycomimetics, and various non-sugar
derivatives.

Previous reviews provide a comprehensive discussion of FUT
inhibitors reported in literature™**°, Therefore, in this section, we will
mention the current strategies employed for the development of FUT
inhibitors and discuss the major advantages and drawbacks, focusing
on selective FUT inhibitors and the relevant examples reported in the
literature.

Donor/Acceptor substrate-based inhibitors

Historically, the majority of FUT inhibitors developed so far focused on
the development of mimetics based on the structure of the GDP-Fuc
donor substrate, or on mimetics of the acceptor substrates.
Researchers reported the synthesis of GDP-Fuc mimetics where small
key modifications hampered the enzymatic reaction and inhibit the
FUT activity. On the other hand, the design of Fuc-based prodrugs
allows for chemically modified Fuc derivatives to be processed by the
cellular GDP-Fuc biosynthetic pathway into their respective GDP-Fuc
mimetics. The latter represents a more effective strategy for cellular
fucosylation inhibition since small Fuc prodrugs are more likely to
permeate through the cellular membrane in comparison with GDP-Fuc
mimetics. Upon cellular entry, prodrugs are processed through either
the de novo biosynthetic pathway or the salvage pathway. The de novo
pathway “builds” the GDP-Fuc through a metabolic enzymatic cascade,
converting glucose and mannose precursors into GDP-Fuc. In parallel,
the salvage pathway recovers existing L-Fuc produced from glycan
degradation, which is then phosphorylated by fucose kinase and
converted into GDP-Fuc by the GDP-Fuc pyrophosphorylase®®.
Another strategy consists of the blockade of the enzymatic cascade
responsible for the de novo or salvage GDP-Fuc synthetic pathways.
Moreover, once GDP-Fuc is prepared, the cell utilizes the SLC35C1
transporter to transfer GDP-Fuc from the cytoplasm to the Golgi
apparatus. Therefore, inhibition of this transporter will also result in
reduced FUT activity. Nonetheless, recent studies demonstrating that
abrogation of SLC35C1 did not reduce the protein fucosylation level in
cells and in in vivo models, deducing that at least one more unknown
mechanism of GDP-Fuc transport into the secretory pathway should be
present in mammals®®’.

The hydrogen (H) to fluorine (F) or hydroxyl group (OH) to F
substitution in strategic positions of the fucose moiety enabled the
synthesis of potent FUT inhibitors. For example, the Wong group”®
pioneered the synthesis of the GDP-Fuc mimetic (1), which showed a
broad inhibitory activity against a pool of FUTs (FUT3, 5, 6 and 7).
Unfortunately, the application of compound 1 and other inhibitors
based on as similar scaffold bearing polar phosphorylated derivatives
are limited to in vitro studies due to the limited stability and high
polarity of the pyrophosphate moiety that hampers the permeation
through the cell membrane and its use in cells. A compelling solution
was proposed by the Paulson group in 2012%, who exploited the
intrinsic promiscuity of the cellular salvage pathways by administering
membrane-permeable fluorinated sugar analog 2. Specifically, the
peracetylation of compound 3 to provide membrane-permeable
derivative 2 served to reduce the polarity of 3 and thereby enhance
cellular uptake. After cellular internalization esterases catalyze its
conversion into 3 (also known as 2-fluorofucose, or SGN-2FF), which is

subsequently processed into its active GDP-Fuc analog capable of
entering the endogenous glycosylation machinery. Glycan analysis
demonstrated that 2 acted as general inhibitor against FUT4, 7 and 8.
Unfortunately, this inhibitor was also found to prevent de novo GDP-
fucose synthesis. The de novo and the salvage pathways have shown to
not be completely independent from each other due to the presence of
metabolic feedback loops between the two synthetic pathways. The
Boons group developed bis-fluorinated Fuc prodrug which was con-
verted in cells into GDP-2,2-di-F-Fuc. This donor was shown to provide
slow transfer of fucose for all FUTs and acted as a global FUT inhibitor
targeting both the de novo and salvage pathways*®. Remarkably, SGN-
2FF (3) showed to possess cell permeability capability without the
need of acetylation of the hydroxyl functions. Okeley et al.?’°,
demonstrated that 3 is as an orally bioavailable drug with potent
anticancer effect both in vitro and in vivo. In a recent example,
Munkley and co-workers showed that it was effective in reducing the
activity of FUT8 in vivo in mice prostate cancer xenograft models
providing effective suppression of tumor growth™. Moreover, SGN-2FF
(3) represent the only FUT inhibitor that entered clinical trials in
combination with immune checkpoint inhibitor PD-1 for the treatment
of solid tumors (trial ID: NCT02952989, further discussed below). The
Boltje group in 2021%”, and the Vocadlo group in 2023”2, reported
novel FUT inhibitors that are targeting the de novo and salvage bio-
synthetic pathways, respectively. Boltje and co-workers reported the
synthesis and application of mannose derivative Fucotrim-I (4), among
others, as a functional Fuc precursor that is metabolized into its GDP
derivative. In cells, the GDP-mannose is used as precursor in the de
novo pathway, in which the mannose moiety is converted into Fuc by
the action of GDP-mannose-4,6-dehydratase (GMDS). Blockage of this
pathway provided global FUTs inhibition in cells. Vocadlo and co-
workers developed a carbafucose derivative 5 in which the endocyclic
oxygen is replaced by a CH, moiety. This compound is uptake inside
the cells and is then processed into its GDP derivative through the
salvage pathway, leading to a non-glycosidic donor that is recognized
by FUTs but cannot transfer the carbasugar mimetic, resulting in glo-
bal cellular FUT inhibition.

On the other hand, several studies have attempted FUT inhibition
through the synthesis of acceptor substrate mimetics mostly based on
the structure of the LacNAc acceptor. For example, Galan et al.*”,
reported one of the few examples in which a FUT inhibitor shows
selectivity. In this case, LacNAc derivative 8 was prepared by con-
verting the galactose moiety into a talose derivative through epimer-
ization of the C2 position. Inhibitor 8 showed selectivity for FUT6 over
FUT3,4 and 5 isoenzymes with a K; of 0.475 mM. More recently, The
Richichi and Sackstein groups®* reported another case of successful
selectivity: the conformationally constrained glycomimetic 6 is an
active cellular inhibitor capable of blunting human FUT6 and human
FUT?7 activity but not human FUT9 activity, and this FUT isoenzyme-
selectivity paves the way for opportunities to fine-tune the cell surface
expression of specific fucosylated determinants (“glycan-motif edit-
ing” of the glycocalyx)"*°.

Exploiting the strategy of reducing the global inhibitor polarity
through the acetylation of the hydroxyl residues to allow better cel-
lular internalization, the Wong group?” reported the synthesis of a
U937 cellular active inhibitor. Compound 10 successfully inhibited the
expression of sLeX glycan in cells, and in its O-deacetylated form
showed to act as a competing substrate showing a K, of 0.076 mM
against FUT6, which is a 62-fold higher selectivity over the LacNAc
substrate. The authors utilized this high-affinity substrate as a com-
petitive substrate to decoy the biosynthesis of sLeX. However, its
selectivity against other FUTs was not studied (Fig. 7).

It is worth mentioning that all these strategies that employ inhi-
bitors based on the structure of donor and acceptor substrates that are
shared among different FUTs are likely to lead to broad FUT inhibition.
While this represents a viable strategy to assess the global role of
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sugar scaffolds that target FUTs.

fucosylation in state of health and disease and in the study of general
fucose-mediated recognition processes, these approaches are lacking
selectivity toward a specific FUT isoenzyme. In addition, in certain
cases, the presence of off-target effects was observed in the feedback
loops between different glycosylation pathways, hampering the study
of specific FUT implications in diseases®.

Bisubstrate inhibitors

A compelling strategy to provide FUT inhibition selectivity consists in
generating molecular entities that merge in one compound the
structures of both the donor and acceptor substrates. This family of
bisubstrate inhibitors binds to two distinct binding sites and are likely
to provide higher affinities and selectivity toward the target enzyme.
This approach proved valid for other GTs such as human O-GIcNAc
transferases”*?”” and GalNAc-Ts?’®. For example, based on the struc-
ture of the LeX fucosylation product, the Wong group synthesized
trisaccharide 9 by linking the N-group of 3-I-homofuconojirimycin (red
moiety of 9) to the 3-OH of LacNAc through an ethylene unit. This
compound was designed to mimic the transition state of the enzymatic
reaction. In the presence of GDP, the authors found that 9 inhibits
FUTS with an ICso of 31uM. Other bisubstrate inhibitors have been
designed to incorporate the entire GDP moiety, linked to acceptor
mimetics via stable pyrophosphate surrogates to enhance cellular

uptake. One example is compound 11, a sulfonyl-linked mimetic
developed by Manabe et al.”®, which demonstrated inhibitory activity
against FUTS8. However, its specificity and efficacy against other FUT-
subtypes were not evaluated (Fig. 7).

High throughput screening approaches

A successful strategy for identifying novel and selective FUT inhibitors
involves high-throughput screening (HTS) of large compound librar-
ies. This approach may lead to non-glycosidic lead compounds capable
to induce selectivity toward a specific FUT. In 2010, Nishimura and co-
workers®® developed a MALDI-TOF MS-based HTS of synthetic
libraries of compounds identifying GDP-derivative 7 as a selective
inhibitor (K; of 293 nM) for FUTS5 with respect to FUTS8. One year later in
2011 the Paulson group developed a fluorescence-based assay in which
libraries of natural compounds were screened identifying the thiadia-
zole 12 as a selective FUT6 inhibitor (ICso of 1.8 uM) with respect to
FUT7 (ICso of >500 uM). Other HTS identified selective FUT inhibitors
suitable for cellular studies. For example, Manabe et al.*®, isolated a
selective FUT8 pharmacophore unit that after SAR studies led to
inhibitor 13. This compound successfully permeates the cell mem-
brane where esterases release the active inhibitor 14. This compound
interacts with FUT8 and undergoes enzymatic activation to generate a
reactive naphthoquinone methide intermediate, which subsequently
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forms a covalent bond with the enzyme. Despite this covalent inhibi-
tion, the enzymatic activity was partially restored upon compound
removal, indicating that 14 behaves as a quasi-irreversible or slowly
reversible inhibitor. Cellular studies confirmed that 13 effectively
inhibits core fucosylation by FUTS8, underscoring its potential as a
chemical probe for functional studies or therapeutic develop-
ment (Fig. 7).

Recently, Costa et al. reported a study in which a cell-based HTS
approach was used to identify inhibitors of sLeX biosynthesis®”.
Monensin (15), a polyether antibiotic, emerged as a potent bioavailable
inhibitor. Treatment of sLeX-positive cancer cells with monensin
showed reduced viability, and decreased motility and invasive capa-
cities. In vivo studies in mice xenograft models revealed that monensin
treatment suppressed the growth of sLeX-positive tumors, showcasing
the importance of targeting cancer-specific glycans as a new source of
cancer drug target candidates against colorectal and gastric cancers.

Finally, epigenetic modulation of FUT expression offers a non-
enzymatic approach to reducing fucosylation. In lung cancer, for
example, overexpression of miR-200b suppresses FUT4 expression,
reducing Lewis antigen synthesis and impairing tumor cell invasive-
ness and migration in breast cancer cell lines as well as in mice xeno-
graft models*”. This highlights the therapeutic potential of harnessing
endogenous regulatory networks to modulate FUT activity.

Altogether, these strategies illustrate a growing toolbox for tar-
geting fucosylation in disease. Continued structural, computational,
and biochemical innovation will be critical for translating FUT inhibi-
tion into clinically viable therapies. To fully realize the promise of FUT
inhibition in clinical medicine, several critical points must be system-
atically addressed. First, the requirement for cell-penetrating FUT
inhibitors is key to provide lead compounds for the development of
in vivo applications. In addition, while many inhibitors developed so
far showed to successfully permeate through the cell membrane,
selectivity toward cancer cells and tissues has been poorly explored.
Therefore, conjugation to antibodies or different carrier capable to
direct the payload to the target regions will strongly amplify the effi-
cacy of FUT based inhibition therapies and reduce the off-target
effects. Finally, the development of selective FUT inhibitors will be a
gamechanger in FUT-based treatments. To date, a very limited number
of compounds have shown FUT selectivity, and in most cases, this
feature was explored only toward a limited number of FUTs. The
development of selective FUT inhibitors would open the path toward a
better understanding of FUT activity and implication in diseases.
Taken all together, these points will set the base for the future devel-
opment of FUT inhibitors with high translational potential toward
therapeutic applications.

Therapeutic applications

FUTs have emerged as clinically relevant biomarkers and therapeutic
targets across oncologic, infectious, and inflammatory diseases, owing
to their central role in cell adhesion, immune signaling, and tissue
microenvironment remodeling. Alterations in their expression are
consistently associated with tumor aggressiveness, therapeutic resis-
tance, metastatic capacity, and immune evasion, conferring sub-
stantial diagnostic and prognostic value in diverse clinical settings.
Therefore, molecular inhibitors or genetic approaches capable of
selectively inhibiting the activity of a targeted FUT hold great potential
as drug candidates for therapeutic applications. In addition, the
aberrant FUT expression with consequent up- or down-regulated
fucosylation anomalies could be exploited as biomarkers for the
detection and prevention of diseases.

Despite the tremendous implications of aberrant FUT activity in
various diseases, a limited number of clinical trials have explored the
level of FUT expression as a biomarker or of FUT inhibition as a ther-
apeutic strategy. The current list of clinical trials are presented in
Table 1. From the perspective of biochemical impact, most trials have

measured the level of fucosylation of IgG as a reporter of FUT inhibi-
tion, in some cases in conjunction with other glycan biomarkers.

For example, the Wildenbeest group is leading a clinical trial (trial
ID: NCT05145348) in which the fucosylation level in IgG, together with
other glycan biomarkers, is used as a parameter to monitor the efficacy
of SARS-CoV-2 vaccination®*, Patients with Down Syndrome showed a
3-10-fold higher death risk than healthy people affected by this virus,
and the study aims to assess the immunogenicity of SARS-CoV-2 vac-
cination in people affected by Down syndrome. Another study repor-
ted by Winkelhorst et al.?®, used the global fucosylation level of IgG as
a parameter to identify pregnancies at risk of Fetal and Neonatal
Alloimmune Thrombocytopenia, a cause of severe thrombocytopenia
in healthy born neonates (trial ID: NCT04067375). The global fucosy-
lation level of IgGs was also used along with other biomarkers to screen
the efficacy of the vaccination responses (trial ID: NCT01967238)%5¢2%,
and in another study was analyzed as a parameter in lupus patients to
find a correlation to the effector and pathogenic functions of IgGs in
autoimmune disease (trial ID: NCT05394922).

Delayed engraftment is a major limitation of umbilical cord blood-
based hematopoietic stem cell transplantation, due in part to deficits
in levels of sLeX in umbilical cord blood hematopoietic progenitor
cells (UCB-HPCs; i.e., “CD34 +” mononuclear cells within cord blood).
This low sLeX expression then leads to diminished homing to marrow,
thereby impeding engraftment of the administered cells. The defect in
sLeX expression is due to insufficient al,3-fucosylation of UCB-HPC
surface a2,3-sialylated Type 2 lactosamines. Accordingly, to boost the
UCB-HPC binding to E-selectin, which is constitutively expressed by
the bone marrow microvasculature and mediates the marrow
recruitment of administered cells, al,3-exofucosylation of the UCB-
HPC cell surface via use of FUT6 (or FUT7) together with GDP-Fuc has
been employed to enforce sLeX expression. The first registered clinical
trial employing this methodology used FUT6 (trial ID: NCT01471067),
whereas FUT7 was employed only in preclinical models?®**°. This
treatment appeared to improve neutrophil and platelet engraftment in
high-risk patients with hematologic malignancies who underwent
double umbilical cord blood transplantation*®.

Based on results of a pivotal preclinical study employing «l,3-
exofucosylation to enforce sLeX expression on human mesenchymal
stem cells (MSCs) and thereby program their migration to marrow and
subsequent generation of marrow osteoblasts*®, a Phase 1 clinical study
has been undertaken to assess the safety of al,3-exofucosylated
autologous bone marrow-derived MSCs in the treatment of women
with advanced osteoporosis (trial ID: NCT02566655). In addition, a
Phase 1 clinical trial (trial ID: NCT02423915) has been completed in
which al,3-exofucosylated regulatory T cells (Tregs) were adminis-
tered intravascularly to prevent acute Graft-versus-Host disease after
allogeneic hematopoietic stem cell transplantation. The outcome of
this trial indicated that a1,3-exofucosylated Treg administration has no
negative impact on engraftment, but high fevers were observed in
recipients of the cells, and further studies are still ongoing. Current
trials are also querying the effect of intestinal epithelial fucosylation as
a modulator of the efficacy of Ustekinumab, an antibody used as for
Crohn’s Disease treatment (trial ID: NCT06203158).

A different therapeutic approach reported by Do et al.?”, studied
how the inhibition of global fucosylation in combination with immune
checkpoint blockade may be exploited for the treatment of a broad
range of solid tumors. In this phase I trial (trial ID: NCT02952989) the
patients were treated with SGN-2FF (2-Fluoro-2-desoxyfucose) a broad
FUT inhibitor in combination pembrolizumab, a PD-1 immune check-
point inhibitor demonstrating a dose-proportional pharmacokinetics,
evidence of pharmacodynamic target inhibition of glycoprotein fuco-
sylation, and preliminary antitumor activity. Unfortunately, a higher-
than-expected grade of thromboembolic events led to study termina-
tion. The authors hypothesized that this relationship was due to the role
of fucosylation in leukocyte adhesion and binding to cellular adhesion
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No results published

Study the impact of the degree of fucosylation toward the efficacy of ustekinumab in Crohn’s disease treatment

Degree of fucosylation in the intestinal

epithelium

Observational

NCT06203158

291

Broad FUT inhibition in combination with Treatment of solid tumors
PD-1 blockade

Phase 1

NCT02952989

molecules on activated endothelial cells. The authors remarked how the
development of second-generation fucosylation inhibitors that provide
a more tumor-specific targeted approach to FUT inhibition may offer an
improved therapeutic window for cancer patients.

Collectively, the broad and multifaceted involvement of FUTs in
human disease underscores their value as biomarkers and as strategic
targets for therapeutic and biotechnological innovation. However, the
development of specific FUT inhibitors still represents a bottleneck to
the development of targeted FUT-based therapies. Continued inves-
tigation into their biological functions promises to yield new avenues
for personalized medicine.

Concluding remarks and future directions

Over the past several decades, FUTs have emerged as central orches-
trators of glycan-mediated events in health and disease. From their
critical involvement in immune cell trafficking, cell-cell adhesion, and
tissue homeostasis, to their roles in cancer progression, pathogen
interaction, and stem cell biology, FUTs have revealed themselves as
enzymatic nodes of remarkable functional versatility. The growing
body of evidence connecting FUT activity to pathological processes
has catalyzed intense interest in their exploitation as diagnostic bio-
markers and therapeutic targets across a wide range of clinical
settings.

Despite this progress, significant gaps remain. While the repertoire
of acceptor substrates is now well characterized for most FUTs, the
regulatory mechanisms governing FUT expression, localization, and
activity across diverse physiological and pathological contexts remain
poorly defined. Technical hurdles such as the difficulty of expressing
these enzymes, the scarcity of high-resolution structural data for many
isoenzymes, and the persistent challenge of achieving isoenzyme-
selective inhibition continue to constrain the pace of therapeutic
translation. Addressing these limitations will be essential to unlock the
full potential of FUTSs as precision targets in human disease.

Future efforts must therefore focus on the development of more
refined tools to probe FUT function in situ, including chemical probes,
isoenzyme-specific inhibitors, and genetic models tailored to inter-
rogate tissue- and cell-type-specific roles. Advances in Al-driven
structure prediction are expected to illuminate conserved and diver-
gent features of FUT active sites, accelerating rational drug design.
Similarly, the integration of single-cell glycomics with spatial tran-
scriptomics will enable high-resolution mapping of human FUT
expression and fucosylation activity at cellular and tissue levels,
potentially offering unprecedented insight into their roles across
physiological and pathological states.

Finally, the therapeutic exploitation of FUTs will likely require
context-specific approaches. Whereas broad inhibition of fucosylation
may prove useful in oncology or immunotherapy, selective gly-
coengineering of hematopoietic progenitor cells, mesenchymal stem
cells, or immune cells via selective FUT overexpression or FUT-based
exofucosylation holds promise for regenerative medicine and immu-
notherapies. With the continued advancement of glycoscience tech-
nologies, FUTs are well-positioned to evolve from fundamental
subjects of investigation into precise and actionable targets for ther-
apeutic development.
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