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Apoptosis is a form of programmed cell death that eliminates excessive and
damaged cells. It can be conducted by two ways: the extrinsic and the intrinsic
(mitochondrial) pathways. The extrinsic death pathway is triggered by activation
of the death receptors (DRs), while the intrinsic pathway is initiated by changes at
the mitochondria. The induction of life and death signals via DRs requires an
intricate regulation of signal transduction. In this regard, an optimal conformation
of the extracellular domain of DR is required for the Death Ligand (DL) binding and
initiation of DR signaling. Glycosylation, the enzymatic attachment of
carbohydrates to proteins, can influence DR conformation and thereby
receptor-ligand interaction. Due to the tremendous structural diversity of
glycans attached to DRs, little is known about the role of specific
glycosylation subtypes influencing functions of DRs. Deciphering the role of
specific glycan signatures, so-called “glyco-code”, on DRs is important to
understand how glycans are involved in signal transduction. Although
apoptosis has been shown to be associated with altered glycosylation patterns
of glycoproteins, our understanding how glycosylation modulates apoptosis is
still limited. This review focuses on summarizing our current knowledge on the
modulation of cell signaling via glycosylation of DRs.
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1 Introduction

Apoptosis is a tightly regulated type of programmed cell death that can be induced via
two pathways: the intrinsic and the extrinsic pathway. The intrinsic apoptosis pathway is
activated via mitochondria upon various cell stress signals such as DNA damage, whereas
the extrinsic pathway is mediated by activation of DRs, including cluster of differentiation
95 (CD95/Fas/APO-1, DR2), tumor necrosis factor related apoptosis inducing ligand
receptor-1/2 (TRAIL-R1/2, DR4/5) and tumor necrosis factor receptor 1 (TNFR1, DR1)
(Krammer et al., 2007). The activation of DRs via binding of cognate DLs leads to the
assembly of apoptosis-initiating complexes. For instance, upon activation of CD95 or
TRAIL-Rs, interactions between death domains (DDs) of DD-containing adaptor proteins
such as Fas-associated protein with death domain (FADD) and DR are initiated (Krammer
et al., 2007; Kischkel et al., 1995; Seyrek et al., 2020). DR-bound FADD then recruits Death
Effector Domain (DED) proteins: procaspase-8a/b, −10a/d, or c-FLIPL/S/R, which leads to
the assembly of the death-inducing signaling complex (DISC) (Seyrek et al., 2020; Scott
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et al., 2009; Ivanisenko et al., 2022). At the DISC, procaspase-8a/b
assembles via its DEDs into a macromolecular platform, DED
filaments, which is essential for activation of caspase-8 (Dickens
et al., 2012; Schleich et al., 2012; Hughes et al., 2016; Yang et al.,
2024). Besides DISC, the activation of caspase-8 upon DR
stimulation might take place at a secondary signaling complex,
termed complex II which contains procaspase-8a/b, c-FLIPL/S/R,
FADD and RIPK1 (Lavrik et al., 2008; Geserick et al., 2009;
Lavrik and Krammer, 2012). Activated caspase-8, in turn, cleaves
procaspase-3 and -7 leading to their activation. This is followed by
the cleavage of multiple cellular substrates leading to apoptosis and
demolition of the cell (Schleich et al., 2012).

Glycosylation refers to the process of covalent modification by
sugar moieties that are added to proteins or lipids through the
catalytic action of glycosyltransferases. Glycosylation may involve

inter- and intramolecular protein interactions that are critical for the
optimal tertiary structure and function of proteins (Caramelo and
Parodi, 2015). The addition of sugar residues to the proteins takes
place in the endoplasmic reticulum (ER) and Golgi apparatus. Based
on the linkage between the amino acid and the sugar, glycosylation is
categorized mainly into two types, N-linked and O-linked (Figures
1A, B). The attachment of N-acetylglucosamine (GlcNAc) to an
amide group of an asparagine side-chain via a glycosidic link is
defined as N-linked glycosylation. Modification through a glycosidic
bond between N-acetylgalactosamine (GalNAc) and a hydroxyl
group of serine or threonine side chain is termed as O-linked
glycosylation (Lehrman, 1991; Hart, 1997; Cheng et al., 2000;
Ferreira et al., 2017). Attachment of N-glycans starts with the
transfer of the common Glc3Man9GlcNAc2 precursor
oligosaccharide onto nascent proteins, which are entering into

FIGURE 1
Schematic illustration of N-glycosylation structures and typical cores of O-glycosylation. (A) The main types of N-glycosylation are introduced.
Addition of N-acetylglucosamine (GlcNAc) to an amide group of an asparagine results in N-linked glycosylation. The N-glycans have a backbone of
N-acetylglucosamine andmannose (left). The highmannose type consists of N-acetylglucosamine andmannose. Modification of high-mannose glycans
results in complex and hybrid-typeN-glycans. Complex and hybrid glycans have the backbone of N-acetylglucosamine andmannose, but also have
galactose and N-acetylneuraminic acid. In addition, fucose can be added to N-acetylglucosamine. (B)O-glycosylation cores are shown and divided into
the two main types with N-acetylgalactosamine, galactose and N-acetylneuraminic acid (left side) or addition of N-acetylglucosamine (right side).
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the lumen of the ER. A fourteen monosaccharides long precursor
oligosaccharide is pre-assembled on a dolichol phosphate
membrane anchor before it is transferred to the nascent protein
(Li et al., 2019). Further processing of high mannose-glycans by the
action of several glycosidases and glycosyltransferases gives rise to
complex- or hybrid-type N-glycans (Moriwaki et al., 2021). The
different linkages generated by further modification via sialic acid
and fucose lead to an immense structural diversity (Moremen et al.,
2012). Contrary to the N-glycans, the initial GalNAc residue of
O-glycans is transferred onto a folded protein in the Golgi followed
by sequential attachment of other monosaccharides including β1,3-
galactose or β1,3-GlcNAc by glycosyltransferases (Moriwaki et al.,
2021). Another reversible form of protein glycosylation is
O-GlcNAcylation (Zeidan and Hart, 2010). O-GlcNAcylation
includes a single transfer of GlcNAc to the hydroxyl group of
threonine or serine. Compared to O/N-Glycosylation this transfer
only includes one single GlcNAc while in O/N-Glycosylation a
complex structure via elongation is formed (Hart, 1997; Comer
and Hart, 2000; Seyrek et al., 2024; Frenkel-Pinter et al., 2017). Even
if it is only one single GlcNAc, it has a great impact on the signaling
in apoptosis induction (Seyrek et al., 2024).

Cell surface glycans are not random polymers of
monosaccharides but rather well-determined distinct glycans.
Sugar moieties on proteins might be altered in several diseases
including cancer (Holmes et al., 1987; Kunzke et al., 2017).
Particularly, terminal monosaccharides substantially influence
the function of proteins. Given that the glycosyltransferase
profile could be different depending on the cell type,
glycosylation pattern can also be dissimilar. DRs can also be
modified with specific sugars, which can affect the signal
transduction. Without the correct sugar modifications DRs
cannot mediate the apoptotic signal properly (Pan et al., 2019;
Lee et al., 2019; Newson et al., 2019). Even a small variation in
subtypes of glycosylation may influence a death signal. It has to
be highlighted that glycans on DRs can be characterized by
strong diversity, which leads to challenges in defining specific
functions of glycosylation in extrinsic apoptosis. Given that
receptor-bound glycans are involved in the binding of the
cognate DL and folding of the receptor to achieve an optimal
tertiary structure, it is not surprising that glycosylation of DRs
alters DR-mediated cell signaling (Wagner et al., 2007).

The majority of human cells were shown to express DRs,
however not all the cells are susceptible to DR-mediated cell
death, suggesting the existence of additional mechanisms
diverting the death signal into alternative signaling pathways
(Ivanisenko et al., 2022; Irmler et al., 1997). Indeed, the
sensitivity of cells toward DR-mediated apoptotic cell death is
regulated by multiple checkpoints in order to prevent the
triggering of spontaneous apoptosis. Extensive work has revealed
that glycosylation presents one of these checkpoints and plays a
pivotal role in the modulation of DR signaling by allowing or
sterically hindering the binding of their respective ligands.
Moreover, depending on the cellular context or on the strength
of the activation signal, stimulation of DRs may lead to apoptosis,
regulated necrosis or even to cell survival (Lafont et al., 2017; Voigt
et al., 2014). Glycosylation of DRsmay play the key regulatory role in
these decisions. In this context, this review focuses on the
modulation of cell signaling via glycosylation of DRs.

2 Glycosylation of CD95 in signal
transduction

The mature human CD95 has the molecular weight ranging
from 45 to 54 kDa due to post-translational glycosylation
(Shatnyeva et al., 2011; Seyrek et al., 2019; García-Fuster et al.,
2004; Neumann et al., 2010; Bodmer et al., 2002; Seyrek et al., 2022).
Activated by a binding of CD95L, CD95 undergoes conformational
changes, which are essential for an optimal CD95 DISC and DED
filament formation (Lavrik and Krammer, 2012) (Figure 2A).
CD95 DED filament assembly leads to caspase-8 activation,
which triggers the apoptotic cascade. Downstream of the DISC,
activation of caspase cascade might lead to apoptosis via type I or
type II signaling. In the latter case, i.e., for type II cells, apoptosis
execution requires activation of the so-called mitochondrial
amplification loop, which involves mitochondrial pore formation
and release of cytochrome C from mitochondria leading to
apoptosome formation with subsequent activation of caspase-3
(Figure 2A). Despite the fact that the DISC is the main site of
action in the regulation of apoptosis, the molecular mechanisms that
determine whether cells after activation of CD95 induce apoptotic,
necroptotic or cell-survival signals are not yet fully understood.
Extensive work on CD95 indicates that glycosylation can affect the
localization as well as association of CD95 with other DISC
components (Shatnyeva et al., 2011; Li et al., 2007). A series of
elegant experiments showed that the extracellular domain of
CD95 contains two N-glycosylation sites at N118 and N136
(Shatnyeva et al., 2011; Seyrek et al., 2019; Lichtenstein and
Rabinovich, 2013) (Figure 2B). In addition, further potential
glycosylation sites were identified by in silico predictions at
N233 and T214, located in the intracellular DD of CD95
(Figure 2B) (Shatnyeva et al., 2011). The significant decrease in
CD95-mediated apoptosis in K562 leukemia cells with
CD95 N118A/N136A double mutant indicates that glycosylation
at these sites is important for the induction of apoptosis (Wu et al.,
2021). Further, N-glycosylation of CD95 was shown to be crucial for
the CD95 ligand (CD95L) recognition and binding (Shatnyeva et al.,
2011; Lichtenstein and Rabinovich, 2013).

The oligosaccharide chains of glycoproteins are often
terminated with sialic acids, a family of sugars with nine
carbons mediating important biological roles (Harduin-Lepers
et al., 2012). However, hypersialylation of CD95, which can
account for up to 8 kDa increase of its molecular weight
(Keppler et al., 1999), was shown to prevent its oligomerization
and DISC formation (Charlier et al., 2010). In fact, N-Glycans on
human CD95 were shown to be the substrates for β-galactoside
α2,6-sialyltransferase I (ST6Gal1), which is located in the Golgi to
catalyze the addition of α2,6-linked sialic acid onto subterminal
galactose residues of N-glycans (Keppler et al., 1999; Swindall and
Bellis, 2011; Peter et al., 1995). Importantly, increased
ST6Gal1 activity was shown to suppress CD95-mediated
apoptosis (Swindall and Bellis, 2011; Peter et al., 1995). In
support with this, desialylation of CD95 glycans by
neuraminidases in B-lymphocytic cells increased the sensitivity
to CD95-mediated apoptosis (Keppler et al., 1999). In parallel, the
expression of sialylated glycans is often augmented in cancer. It
might be suggested that the negative charge of sialic acid would
prevent receptor-ligand interaction and thereby reduce CD95-
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FIGURE 2
Major aspects of influence of glycosylation on the CD95L-induced signaling pathway. (A) CD95L binding leads to DISC (death-inducing signaling
complex) formation. DISC comprises CD95, FADD, procaspase-8 and c-FLIPL/S/R. DISC assembly leads to autocatalytic activation of procaspase-8 at the
DED filaments and subsequent cleavage to caspase-8 p182/p102 heterotetramers, which results in cleavage of procaspase-3 followed by its activation
and apoptosis induction (Type I cells). In Type II cells, activated caspase-8 cleaves Bid to tBid, which supports mitochondrial pore formation by Bax
and Bak. This leads to release of pro-apoptotic proteins from the mitochondria and apoptosome formation, which results in caspase-9 and caspase-3
activation. Sites of CD95 glycosylation are shown. An increase in sTn leads to accumulation of intracellular galectin-3 and its inhibitory effects on cell
death pathways via inhibition of Bax oligomerization and subsequent Bax/Bak pore formation. Red outlines represent glycosylation of DR at N118 and
N136 as well as the in silico predicted glycosylation at N223 and T214. Further red outlines are O-GlcNAc (O-linked β-N-acetylglucosamine) via NleB at

(Continued )
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induced apoptosis, however the detailed molecular mechanisms of
these events still have to be uncovered. Within this line, malignant
cells are reported to use a distinct glycosylation machinery to
decorate DRs with unique oligosaccharides to increase the
resistance to apoptosis. In line with this, oncogenic Ras was
shown to increase ST6Gal1 expression, which in turn
downmodulates cell death (Bellis, 2004).

CD95 signaling network can be effected by glycosylation at the
different regulatory stages. Specifically, it was shown that galectin-
3 might play an important role in CD95 signaling. In particular, it
was demonstrated that exogenously added galectin-3, a galactose-
specific lectin, potentiates the chemotherapeutics-induced
cytotoxicity, but not in cells overexpressing truncated sTn
(Siaα2-6 GalNAcα1-Ser/Thr, sialyl-Tn) (Santos et al., 2016).
Remarkably, the expression of sTn was shown to be associated
with a reduction in galectin-3 in human gastric cancer cells
(Santos et al., 2016). By contrast, knockdown of ST6GalNAc-I,
a sialyltransferase responsible for sTn synthesis, restored the
binding sites of galectin-3 on the cell surface and thereby
increased the sensitivity of malignant cells to chemotherapeutic
drugs (Santos et al., 2016). Strikingly, impairment of the binding
of galectin-3 to glycoproteins through sTn overexpression leads to
intracellular accumulation of galectin-3, which has a unique
aspartate-tryptophane-glycine-arginine (NWGR) motif, which
was shown to be essential for binding of key pro-apoptotic Bcl-
2 family member Bax (Harazono et al., 2014). In this way, the
interaction with galectin-3 inhibits Bax oligomerization via its
NWGRmotif, which prevents Bax-mediated pore formation at the
mitochondria and subsequent apoptosis (Figure 2A).
Subsequently, galectin-3 could strongly affect CD95-induced
apoptosis induction in type II cells via targeting Bax as well as
inhibit the intrinsic apoptosis pathway (Figure 2A). Accordingly,
intracellular accumulation of galectin-3 is suggested to be
responsible for the increased drug resistance in gastric
carcinoma cells expressing aberrant sTn (Santos et al., 2016).
From another side, as highlighted above, the extracellular galectin-
3 has a pro-apoptotic role. Although numerous studies reported
that extracellular galectin-3 promotes apoptosis in colon cancer
cells (Zhuo et al., 2008), leukemia T cells (Xue et al., 2013) and in
human B cell lymphoma (Suzuki and Abe, 2008), the detailed
molecular mechanisms are still unknown. It is tempting to assume
that extracellular galectin-3 might also directly influence
sensitivity towards CD95-mediated apoptosis or the other DR-
induced pathways via stabilization of receptor oligomers at the
membrane. Taken together, the degree of sialylation of
CD95 appears to be a checkpoint in the regulation of CD95-
mediated apoptosis. Nevertheless, the specific regulation of CD95-
induced apoptosis by sialylation and the involvement of galectin-3
remains to be fully investigated.

3 Glycosylation of DR4 and DR5 in
signal transduction

TRAIL eliminates transformed cells by inducing apoptosis
without significant toxicity towards normal cells in most tissues.
Thus, TRAIL-induced cell signaling has attracted considerable
attention in cancer therapy (Lemke et al., 2014). Although
TRAIL is cytotoxic in various cancer cells, certain cancer cells are
resistant to TRAIL-induced apoptosis (Deng and Shah, 2020). The
reason why TRAIL triggers apoptosis in certain malignant cells
while some other malignant or healthy cells are resistant to TRAIL-
treatment is not fully understood. Further, certain cancer cells
induce cell death via DR4, while some others undergo solely
DR5-mediated apoptosis. ER stress has been reported to sensitise
human cells to the TRAIL-induced apoptosis, suggesting that the ER
stress might disturb checkpoints, which normally protect cells from
cytotoxic effects of TRAIL (Martin-Perez et al., 2012). It is also
suggested that glycosylation of DRs may be one of the checkpoints
and distinct glycosylation patterns of DR4 versus DR5 may be the
leading cause in the selectivity towards a particular TRAIL-R in
different cells. Within this line, human DR4 was shown to be
N-glycosylated at N156, whereas no consensus sequence for
N-glycosylation on DR5 was revealed (Moriwaki et al., 2021;
Yoshida et al., 2007; Dufour et al., 2017). Interestingly,
modification at N156 by sugar moieties is reported to be not
essential for DR4 cell surface distribution and ligand binding.
However, when taken into consideration that the cytomegalovirus
(CMV) UL141 protein restricts cell-surface expression of DR4 by
promoting its intracellular retention and UL141 shows higher
affinity for non-glycosylated DR4 (Smith et al., 2013), the role of
N-glycans in DR4 translocation to the cell membrane, can not be
excluded. DR4 glycosylation was shown to enhance TRAIL-induced
apoptosis by promoting receptor clustering that leads to an
increased DISC formation and caspase-8 activation (Dufour
et al., 2017). Furthermore, mouse TRAIL-R was shown also to be
N-glycosylated at N99, N122, and N150. Modification of mouse
TRAIL-R promotes TRAIL-induced apoptosis in B16 melanoma
cells (Dufour et al., 2017). On the other side, cells expressing the
N-glycosylation-defective N156A mutant of DR4 and the N99A/
N122A/N150A mutant mouse TRAIL-R were less sensitive to
TRAIL-induced apoptosis than that of their wild-type
counterparts (Dufour et al., 2017). By contrast, another study
showed that mouse embryonic fibroblast cells with
unglycosylated TRAIL-R mutant are more sensitive to TRAIL-
induced apoptosis (Estornes et al., 2018). As the amount and
profile of glycosyltransferases could be different depending on
the cell type, the possibility of differences in linkage,
monosaccharide composition, branching and terminal
modifications of the glycan structures on TRAIL-Rs can not be
excluded in these different experimental models. Hence, it is no

FIGURE 2 (Continued)

FADD or at procaspase-8 viaOGT (O-GlcNAc transferase). (B) Glycosylation sites on CD95. The receptor can be N-glycosylated at N118 and N136,
which was shown experimentally The in silico predicted glycosylation sites: O-GlcNAcylation or O-glycosylation site at T214 and N-glycosylation site at
N233 are shown. TheN118 andN136 glycosylation sites are located in the extracellular part of the receptor. The in silico predicted N223 and T214 sites are
located in the intracellular DD of the receptor.
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surprise then that emergence of discrepancies between these studies
results from using different cell lines.

Deficiency of a single monosaccharide may impair TRAIL-
induced apoptosis and thereby facilitating cancer progression
(Moriwaki et al., 2009). For example, fucosylation, a common
oligosaccharide modification, was shown to influence the ligand-
independent receptor association that leads to enhanced DISC
formation (Zhang et al., 2019). By contrast, deficiency of fucose
residues leads to acquisition of resistance to TRAIL-induced
apoptosis and thereby cells escape from NK cell-mediated tumor
surveillance (Moriwaki et al., 2009; Moriwaki et al., 2011). Further,
colon cancer cell lines highly expressing α3/4-Fuc-transferease
(FUT3) and α3-Fuc-transferase (FUT6) were shown to be
TRAIL-sensitive, while knockdown of fucosyltransferases in
several cancer lines reduced sensitivity of cells to TRAIL
(Wagner et al., 2007; Zhang et al., 2019). Moreover, introduction
of mutant GDP-mannose-4,6-dehydratase (GMD), an enzyme
required for GDP-Fuc biosynthesis into HCT116 colon cancer
cells, resulted in tumor progression and metastasis (Moriwaki
et al., 2009). However, in GMD-rescued HCT116 cells
fucosylation was restored and tumor growth decreased
dramatically (Moriwaki et al., 2009). Fucosylation of DR4 in
GMD-rescued cells disappeared upon PNGase F treatment, which
removes all N-linked oligosaccharides from glycoproteins
(Moriwaki et al., 2011), indicating that fucose residues are added
to N-glycans, but not O-glycans. Accordingly, no fucosylation was
observed on DR5, which was not reported to undergo
N-glycosylation (Fukuoka et al., 2022). Although fucosylation of
DR4 is revealed, the molecular architecture of fucosylation linkage
and the exact glycan structure still remain unknown. Hence, this
issue has to be addressed in future studies.

It might be expected that DR4 alone would contribute to TRAIL-
induced apoptosis, given that only DR4, but not DR5, is fucosylated.
However, it is well established that both DR4 and DR5 can transduce
apoptotic signal (von Karstedt et al., 2017). Importantly, considering
the glycosylation-regulated activity of DR4 and DR5, GMD
deficiency inhibits not only DR4-but also DR5-mediated
apoptosis (Moriwaki et al., 2009). This suggests the existence of
other molecular mechanisms, including glycosylation, that influence
TRAIL signaling. Indeed, certain other fucosylated glycan structures,
known as Lewis glycans (Lea, Leb, Lex, Ley and sialylated version sLex

and sLea) attached to lacto/neolacto glycosphingolipids, but not to
DR4 or DR5, were shown to increase TRAIL-induced apoptosis. In
fact, sLea, Lex, and sLex on lacto/neolacto glycosphingolipids
enhanced TRAIL-induced complex II formation without affecting
the oligomerization of DR4 or DR5, and DISC formation (Fukuoka
et al., 2022). Accordingly, the downmodulation of the level of Lewis
glycans in DLD1 and SW480 colon cancer cell lines significantly
decreases TRAIL-induced caspase-8 activation (Fukuoka et al.,
2022). Interestingly, reintroduction of FUT3, which rescues the
expression of sLea, Lex, and sLex, increased caspase-8 activation
and apoptosis (Fukuoka et al., 2022). Similarly, introduction of
FUT6, which rescues Lex and sLex, also enhanced TRAIL-induced
apoptosis (Fukuoka et al., 2022). Interestingly, activation of intrinsic
apoptosis by staurosporine or ABT-737 is unaffected in the absence
of Lewis glycans. Overall, the increase in the amount of Lewis
glycans on lacto/neolacto glycosphingolipids was shown to
promote TRAIL-induced apoptotic cell death. Remarkably, Lewis

glycans are shown to be increased during cancer progression and
their expression level has shown a correlation with cancer
malignancy. Therefore, sLea and sLex have been used as tumor
markers for several cancers in the clinics (Fukuoka et al., 2022;
Miyoshi et al., 2008). Furthermore, elevated glycosylation of
ceramide, the building block of sphingolipids, was observed in
multidrug resistant cancer cells (Morad et al., 2017). Hence, the
dual function of Lewis glycans can be attributed to the distinct
carriers or different binding sites of Lewis glycans within the same
carrier. Furthermore, the further analysis of their influence on
TRAIL-induced apoptosis is highly necessary.

Similar to the role of N-glycans in DR-mediated apoptosis,
O-glycans on DR5 were shown to promote TRAIL-induced
receptor clustering, DISC formation and caspase-8 activation
(Wagner et al., 2007). In parallel,
N-acetylgalactosaminyltransferase 14 (GALNT14), which is
transferring an initial GalNAc (T-antigen) residue on serine or
threonine residues, was reported to be critical for ligand-
dependent clustering of DR5 (Wagner et al., 2007). The
abnormal expression of GALNT14 was shown to be associated
with tumorigenesis and progression of cancer (Huanna et al.,
2015; Chu et al., 2022). Of note is that T-synthase requires a
chaperone called Cosmc for its correct folding and optimal
activation (Ju and Cummings, 2002). Mutations in Cosmc and
methylation of its promoter are reported to play a role in the
expression of Tn in pancreatic and cervical cancer (Ju et al.,
2008; Radhakrishnan et al., 2014). In addition, the initial
monosaccharide GalNAc may be modified by T-synthase, which
transfers galactose residues from a donor (UDP-gal) to GalNAc to
form Galβ1-3GalNAc-Ser/Thr (T antigen, core 1). T antigen
structures can be further modified by addition of other
monosaccharides including sialic acid (Ding et al., 2021). One to
four Galβ1-3GalNAc structures with up to two sialic acid residues
were detected on DR5 in Chinese hamster ovary cells (Wagner et al.,
2007). Galβ1-3GalNAc chains on DR5 has been shown to induce the
DR5 clustering and apoptosis (Gao et al., 2021; Jiang et al., 2020). By
contrast, truncated O-glycans, Tn (GalNAcα1-Ser/Thr), and sTn,
have been reported to impair homo-oligomerization and stability of
DRs (Jiang et al., 2020). On the other hand, modulation of DR4-
mediated apoptosis is not limited to the presence of N-glycans. In
fact, fully N-glycosylated DR4 is also O-glycosylated, which
contributes to the stability of DR4 (Jiang et al., 2020). In a
similar manner, the presence of truncated O-glycans
compromises DR4 stability (Jiang et al., 2020). In support with
this, high expression of Tn and Sialyl-Tn is reported to be often
expressed in human carcinoma cells (Radhakrishnan et al., 2014; Ju
and Cummings, 2005; Sun et al., 2018). Further, they can also
promote hetero-oligomerization between DR5 and decoy receptor
2 (DcR2), thereby reducing the death signal of DR5 (Jiang et al.,
2020). Taken together, Tn/sTn antigens could confer a survival
advantage to tumor cells.

Apart from classical O- and N-linked glycosylation,
modification of DR4 by a single O-GlcNAcylation, a dynamic
and reversible post-translational modification, was shown to be
critical in DR4-mediated signal transduction (Lee et al., 2019). In
fact, upon activation, DR4 is O-GlcNAcylated at S424 in its DD that
leads to DR4 translocation into lipid rafts, which was reported to be
required for more efficient DISC formation (Lee et al., 2019).
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Interestingly, TRAIL-resistant cancer cells were found to undergo
apoptosis upon the modification of DR4 by O-linked GlcNAc (Lee
et al., 2019). Moreover, in cells with non- O-GlcNAcylated DR4,
probably due to impaired conformation of the receptor or lack of
DR4 oligomerization, the assembly of the DISC was blocked, leading
to the inhibitory effects on apoptosis induction (Lee et al., 2019).
Interestingly, an elevated O-GlcNAcylation was also linked to
resistance towards TRAIL treatment in pancreatic cancer cells.
Specifically, DR5 was shown to be O-GlcNAcylated, which
regulates its oligomerization, an essential step in the initiation of
apoptosis (Pan et al., 2019; Yang et al., 2020; Lee et al., 2021).
O-GlcNAcylated DR5 was shown to lack its oligomerization while
the inhibition of O-GlcNAcylation of DR5 promoted
oligomerization of DR5 (Yang et al., 2020). In this way,
O-GlcNAcylation seems to differently act on DR4 versus DR5,
which has to be investigated in the future studies. Moreover,
O-GlcNAcylation also controls TRAIL-induced as well as
CD95L-induced apoptosis downstream from DR. In particular,
FADD has been reported to undergo O-GlcNAcylation. In the
course of C. rodentium infection, FADD can be O-GlcNAcylated
by the bacterial arginine glycosyltransferase effector NleB (Scott
et al., 2017). NleB O-GlcNAcylates FADD in the DD at Arg117
(Figure 2B) (Scott et al., 2017; Pearson et al., 2013). This
O-GlcNAcylation blocks the recruitment of caspase-8 to FADD
which impairs the dimerization and subsequent activation of
caspase-8 leading to a blockage of apoptosis (Scott et al., 2017).
Besides FADD also other DD containing proteins like TRADD and
RIPK1 are known to be O-GlcNAcylated leading to impaired
apoptosis (Scott et al., 2017; Pearson et al., 2013; Li et al., 2013;
Xue et al., 2020). Furthermore, caspases can also be
O-GlcNAcylated. In particular caspase-8, -3 and -9 were reported
to be O-GlcNAcylated which was shown by using a chemical
reporter 6-Alkynyl-6-deoxy-GlcNAc (6AlkGlcNAc) (Chuh et al.,
2017). Caspase-8 is O-GlcNAcylated near its cleavage sites D374 and
D384, which was shown to inhibit its cleavage upon TNFα
treatment. Similar mechanisms can be suggested to take place
upon TRAIL or CD95L stimulation since caspase-8 activation
plays a pivotal role in these pathways (Figure 2B). Thus, besides
classical O- and N-linked glycosylation, modification of TRAIL
signaling network by GlcNAc acts as an additional checkpoint in
the regulation of TRAIL -mediated signal transduction.

4 Glycosylation of TNFR1 in signal
transduction

The mechanisms through which TNFR1 signaling is regulated
are not entirely defined, however it is well-established that
depending on cellular context or downstream signaling events,
stimulation of TNFR1 may lead to NF-κB activation, apoptosis
or necroptosis. TNFR1 mediates the formation of two distinct
signaling complexes, i.e., complex I and complex II. In detail,
upon the acquisition of stimulatory signals from TNFα, the
complex I is assembled at TNFR1. The complex I comprises the
DD-containing proteins TRADD and RIPK1 (Chen and Goeddel,
2002). TNF receptor associated protein 2 (TRAF2) is subsequently
bound to TRADD (Park et al., 2000; Hsu et al., 1996).
TRAF2 recruitment is accompanied by cellular inhibitor of

apoptosis protein 1 (cIAP1; also known as BIRC2) and cIAP2
(also known as BIRC3), translocation to the TNFR1 signaling
core, which accomplishes the complex I formation, which is
essential for the induction of anti-apoptotic signals (Chen and
Goeddel, 2002; Wajant and Scheurich, 2011; Karin, 2006;
Muppidi et al., 2004). On the other hand, depletion of cIAP1 and
cIAP2 or removal of K63- and M1-linked ubiquitin chains from
RIPK1 induces the formation of complex IIa consisting of RIPK1,
TRADD, FADD, procaspase-8 and c-FLIPL (Micheau and Tschopp,
2003; Brenner et al., 2015). Complex II in the presence of RIPK3 and
caspase inhibition can drive necroptosis induction and is named
complex IIb or necrosome (Wang et al., 2008; Tenev et al., 2011). As
the nucleation of complex IIa formation relies on RIPK1, complex
IIa is also called the ripoptosome (Brenner et al., 2015; Tenev et al.,
2011). Thus, complex I is associated with survival signals, whereas
complex II promotes cell death.

The emerging evidence has been obtained that glycosylation is
also one of the crucial checkpoints in TNFR signaling. In this regard,
the major role in regulation of TNFR networks belongs to
O-GlcNAcylation. Specifically, TRADD was shown to be
O-GlcNAcylated at Arg235 (Li et al., 2013; Xue et al., 2020).
Arg235 is located at the position in the DD, which is well
conserved in many DD proteins (Xue et al., 2020).
O-GlcNAcylation by NleB completely alters the DD of TRADD
and other DD-proteins, which blocks subsequent signal
transduction (Li et al., 2013). TRADD can also be
O-GlcNAcylated by SseK1 at Arg235 as well as Arg245 (Newson
et al., 2019; Xue et al., 2020). These O-GlcNAcylation events inhibit
apoptosis as well as NF-κB signaling (Xue et al., 2020). RIPK1 was
also shown to be O-GlcNAcylated at Ser331, Ser440 and Ser669,
which regulates its ubiquitination and binding to macromolecular
complexes activating caspase-8 (Zeng et al., 2024). In this way, it was
shown that O-GlcNAcylation of RIPK1 blocks apoptosis (Zeng et al.,
2024). RIPK1 phosphorylation is a key step in induction of
necroptosis (Laurien et al., 2020; Zhang et al., 2017). The
O-GlcNAcylation of RIPK1 at Ser331 subsequently blocks its
phosphorylation at Ser166 and necroptosis induction (Seo et al.,
2023). Finally, SseK3 was reported to O-GlcNAcylate the DD of
mTNFR1 and mTRAIL-R at Arg376 and Arg293, which
corresponds to O-GlcNAcylation hTRAIL-R at Arg359 (Seyrek
et al., 2024; Newson et al., 2019). These events also block DR-
mediated signal transduction. Taken together, O-GlcNAcylation has
an important regulatory role in TNFR-mediated pro- and anti-
apoptotic branches of the pathway via acting on TNFR itself as well
as on the core components of the network.

TNFR1 was shown to be N-glycosylated in the extracellular
domain at N151 and N202 in mouse microglia cells (Han et al.,
2015). The N-glycosylation of TNFR1 has been suggested to
facilitate TNFα binding without affecting its surface localization.
In line with this, the decrease in p65 translocation to the nucleus,
which is a hallmark of NF-κB activation, was observed in cells with
N151/N202Q mutant of TNFR1 (Han et al., 2015). Thus,
N-glycosylation of TNFR1 is suggested to promote NF-κB
signaling. Supportingly, upon TNFα stimulation, excessive
microglia activation and increased central nervous system (CNS)
inflammation was observed, whereas in cells with glycomutant of
TNFR1 these signals were inhibited. N-glycosylation at N151 and
N202 is suggested to enhance NF-κB signaling by promoting the
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inflammatory TNFα autocrine loop (Han et al., 2015). Importantly,
no difference in cell surface expression between wild type and
mutant TNFR1 was observed, which indicates that glycosylation
at N151 and N202 is not a prerequisite for a proper intracellular
trafficking of TNFR1 and the major role in the signaling outcome
upon perturbation of these glycosylation sites belongs to interactions
of TNFα with TNF-R1 (Han et al., 2015). Further studies have
reported that human TNFR1 has three potential N-glycosylation
sites at N54, N145 and N151 (Köhne et al., 1999). Although the
functional significance of protein glycosylation in TNFR1 signaling
is revealed, at least in part, further experiments are needed to
investigate how glycosylation at these sites promotes TNFα
binding and molecular mechanisms by which glycosylation
modulates TNFR1 conformation.

In spite of the fact that N-glycosylation of TNFR1 at
N151 and N202 promotes TNFα binding, excessive terminal
modification of N-glycans by α2,6-bound sialic acid has been
reported to protect cells from TNFα-induced apoptosis
(Moriwaki et al., 2021; Liu et al., 2011; Holdbrooks et al.,
2018; Alexander et al., 2020). Within these lines, removing of
sialic acid residues by sialidase treatment enhanced sensitivity to
TNFR1-induced apoptosis (Liu et al., 2011). It is important to
highlight that increased expression of ST6Gal1 affects TNFR1-as
well as CD95-mediated apoptosis, but not TRAIL-induced
apoptosis (Swindall and Bellis, 2011). The α2,6-sialylation of
TNFR1 reportedly does not influence ligand binding or
subsequently initial receptor activation, and recruitment of
complex I proteins. In contrary, excessive α2,6-sialylation
prevents TNFR1 internalization, which is essential for
TNFR1-induced apoptosis induction, but not for the
activation of survival signaling (Micheau and Tschopp, 2003;
Holdbrooks et al., 2018). Considering that extracellular galectin-
3 promotes apoptosis and inactivates Akt (Leffler et al., 2002;
Mazurek et al., 2007), this process might be impaired through
increased α2,6-sialylation. This might be due to the inhibitory
effects on the binding of galectin-3 to the cell surface
oligosaccharides. Subsequently, it is not surprising that
downregulation of TNFR1-mediated apoptosis in
oversialylated cells may be associated to the decreased
galectin-3 binding affinity to TNFR1, at least in part (Liu
et al., 2011). Overall, upon α2,6-sialylation of TNFR1 NF-κB-
signaling seems to be unchanged, while sialylation blocks the
apoptotic TNFR1-signaling (Holdbrooks et al., 2018). Hence,
α2,6-sialylation may contribute to the evasion of cancer cells
from apoptosis. In line with this statement, ST6Gal1 expression
was reported to be overexpressed in pancreatic, ovarian, and
colon cancer, whereas its levels are low in healthy tissues of these
organs (Swindall and Bellis, 2011; Schultz et al., 2016).

5 Future perspectives

The DR-mediated induction of life and death signals requires an
intricate regulation of the macromolecular complexes assembled at
the DRs. At the stage of initiation of the apoptotic signaling the
proper tertiary structure of DRs is a prerequisite for optimal DR
function and correct DISC formation. Without the correct sugar
modifications, DRs can not trigger an efficient death signaling.

Comparing the glycosylation network of CD95 with DR4/5 and
TNFR1 similar features can be found as well as some differences
such as different core proteins of the network undergo distinct types
of glycosylation. All four receptors undergo glycosylation, which is
proven to be one of the important regulatory checkpoints in DR
signaling. In fact, glycans attached to the DRs can promote or
restrain apoptotic signals and changes of their glycosylation status
modulate the sensitivity of cells toward DR-mediated apoptosis.
However, so far the role of the particular glycosylation site in the
function of the particular receptor has revealed distinct mechanisms
in the regulation of DR signaling by glycosylation, which reflects the
certain diversity in the function of glycosylation sites. In the future
studies, it is highly necessary to determine the precise glycan
structures on DRs and characterize the influence of these
structures on the binding of DL to the corresponding DR.
Moreover, of a major importance is to understand their tissue-
and cell type-specific variations, especially in the normal versus
malignant cells. This would allow to get more specific insights into
the DR-mediated network and develop new therapeutic approaches
against diseases associated with deregulation of the DR network.
Another important aspect in the future research belongs to
unraveling more details in the intracellular glycosylation of DD
that controls DR-mediated cell death and inflammation networks
and thereby uncovering new targets for therapeutic intervention.
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