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Recent research has unveiled numerous important functions of protein glycosylation in development, homeostasis, and diseases.
A type of glycosylation taking the center stage is protein O-mannosylation, a posttranslational modification conserved in a wide range
of organisms, from yeast to humans. In animals, protein O-mannosylation plays a crucial role in the nervous system, whereas protein
O-mannosylation defects cause severe neurological abnormalities and congenital muscular dystrophies. However, the molecular and
cellular mechanisms underlying protein O-mannosylation functions and biosynthesis remain not well understood. This review outlines
recent studies on protein O-mannosylation while focusing on the functions in the nervous system, summarizes the current knowledge
about protein O-mannosylation biosynthesis, and discusses the pathologies associated with protein O-mannosylation defects. The
evolutionary perspective revealed by studies in the Drosophila model system are also highlighted. Finally, the review touches upon
important knowledge gaps in the field and discusses critical questions for future research on the molecular and cellular mechanisms

associated with protein O-mannosylation functions.
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Introduction

Protein O-mannosylation (POM) is an evolutionarily con-
served posttranslational modification present in a wide range
of organisms, from yeast to mammals (reviewed in (Neubert
and Strahl 2016; Sheikh et al. 2017; Endo 2019; Larsen et al.
2019)). Mammalian O-mannosyl glycans were first discov-
ered on glycoproteins in rat brain lysate about 40 years ago,
which suggested that POM may play an important role in the
nervous system (Finne et al. 1979). This hypothesis was later
confirmed by identifying genetic disorders associated with
defects in the POM pathway that cause pronounced neuro-
logical abnormalities in humans (Yoshida et al. 2001; Beltran-
Valero de Bernabe et al. 2002). One of the most common
types of these disorders is classified as congenital muscular
dystrophies (CMDs), a group of debilitating neuromuscular
abnormalities that are present at birth or in infancy and
rapidly progress with age. CMDs that involve POM defects
are commonly associated with more severe neurological phe-
notypes. The involvement of POM in the regulation of the
nervous system has been documented now by many studies.
New enzymes that mediate POM were recently discovered
and many proteins were found to be O-mannosylated (Vester-
Christensen et al. 2013; Larsen et al. 2017a; Larsen et al.
2023; Monagas-Valentin et al. 2023). However, the mecha-
nisms of POM functions are still not well understood and
significant knowledge gaps are associated with the paucity
of functionally characterized substrates and limited structure—
function information on different O-mannose linked glycans.
In this review, we will discuss the recent studies on POM
while focusing on the known and proposed roles of this
posttranslational modification in the nervous system. We will

summarize the current knowledge about the biosynthesis of
POM, review pathologies associated with POM abnormal-
ities, and emphasize the evolutionary perspectives revealed
by studies in the Drosophila model system. Our review will
also highlight the gaps in understanding POM biosynthesis
and posit important questions about molecular and cellular
mechanisms associated with POM functions.

Biosynthesis of O-mannosyl glycan
modifications of proteins

Enzymes initiating POM

Posttranslational modification of proteins with O-linked
mannose was first described in yeast and later found to
be widespread in other organisms, from fungi to mammals
(Falcone and Nickerson 1956; Sentandreu and Northcote
1968; Finne et al. 1979; Chiba et al. 1997). Three families of
glycosyltransferase enzymes that modify serine and threonine
residues of proteins with O-mannose have been found in
mammalian cells. They all localize to the ER and use dolichol-
phosphate-mannose (Dol-P-Man) as an activated sugar donor
to modify protein substrates, however their molecular targets
are different (see below) (Fig. 1). The initially discovered
family is comprised of two protein O-mannosyltransferases 1
and 2 (POMT1 and 2) that are highly conserved in metazoans
and their origin can be traced in evolution to yeast PMT4
and PMT2 O-mannosyltransferases, respectively (reviewed in
Nakamura et al. 2010a; Neubert and Strahl 2016). POMT1
and POMT2 work together as an obligatory enzymatic
complex (Manya et al. 2004), in a presumed heterodimer
configuration, analogous to the PMTI1-PMT2 complex
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Fig. 1. Three families of enzymes mediating POM in animal cells. POMT1/2 O-mannosylate a-DG, RPTPs, KIAA1549, and some other proteins, whereas
TMTC1-4 specialize in attaching O-mannose to the EC domains of cadherins. TMEM260, a recently discovered O-mannosyltransferase, is responsible for
modifying the IPT domains of plexins and transmembrane receptor tyrosine kinases RON and MET. All these POM-mediating enzymes work in the ER and
use Dol-P-Man as a donor substrate. They have a similar molecular architecture of integral membrane proteins with multiple membrane-spanning helixes,
catalytically important aspartic acid residues in the first luminal loop (blue circles), and include different functional domains that are thought to be involved in
substrate interactions (such as MIR and TPR). The substrate recognition of the enzymes remains not well understood. Modified from Larsen et al. (2019).

mediating POM in yeast (Bai et al. 2019). Several studies
attempted to elucidate the substrate specificity of POMTs,
however, no local consensus sequence recognized by these
enzymes was determined as the substrate recognition appears
to rely on some distant structural elements that remain poorly
understood (as discussed elsewhere; Nakamura et al. 2010a;
Neubert and Strahl 2016; Larsen et al. 2019). The number
of known protein substrates of POMTs remain limited;
they include dystroglycan (DG), receptor protein tyrosine
phosphatases (RPTPs), KIAA1549, and some other proteins
(Manya et al. 2004; Larsen et al. 2017b; Monagas-Valentin
et al. 2023).

More recently, a second family of O-mannosyltransferases
was discovered in human cells. It is represented by four struc-
turally similar proteins originally known under the generic
name transmembrane and tetratricopeptide repeat (TPR)-
containing proteins 1-4 (TMTC1-4) (Larsen et al. 2017a).
Mass-spectrometry (MS)-based glycoproteomic analyses
combined with the SimpleCell technology (allowing efficient
analyses of glycans in genetically modified mammalian
cultured cells with simplified glycosylation) revealed that
these enzymes add O-mannose to the extracellular cadherin
(EC) domains of cadherins and related proteins (Fig. 1). Thus,
to reflect their substrate specificity, TMTCs were renamed as
transmembrane O-mannosyltransferases targeting cadherins.
Remarkably, individual TMTCs can target distinct strands of
the EC domains (Larsen et al. 2017a; Larsen et al. 2017b),
suggesting that these enzymes have the substrate specificities
finely tuned to recognize different structural features of the
same EC fold. TMTCs are thought to interact with their
protein substrates via TPR motifs located at TMTCs> C-
termini, in a way analogous to the substrate recognition
mediated by the TPR motifs of the O-GIcNAc transferase that

carries out nucleocytoplasmic O-GlcNAcylation (Zachara
et al. 2022).

A third type of O-mannosylating enzymes was predicted
to exist because O-mannose was also identified on the IPT
(Ig-like, plexin, and transcription factor) domains of pro-
teins, including plexins and receptor tyrosine kinases MET
(mesenchymal-epithelial transition factor) and RON (receptor
originated from Nantes), however, POMTs and TMTCs could
not modify IPT domains (Larsen et al. 2017a). Combin-
ing bioinformatics, MS-based glycoproteomics, and CRISPR/-
Cas9 genetic engineering of cultured cells, an elegant study by
Halim, Joshi and collaborators recently identified TMEM260
as the gene responsible for IPT O-mannosylation (Larsen et al.
2023) (Fig. 1). Known targets of TMEM260 (transmembrane
protein 260) include multiple plexins and plexin-related pro-
teins, such as two homologous receptor tyrosine kinases,
hepatocyte growth factor receptor MET (also known as c-
MET) and RON (also known as macrophage stimulating one
receptor (Larsen et al. 2023)).

The three families of animal protein O-mannosyltransferases
are evolutionarily related and share the characteristic features
of the GT-C superfamily of glycosyltransferases (Moremen
and Haltiwanger 2019), the integral membrane enzymes that
use isoprenoid-linked carbohydrate donor substrates. This
superfamily also includes tryptophan C-mannosyltransferase,
oligosaccharyltransferase, and ALG transferases working
in the N-glycosylation pathway, and glycosyltransferases
involved in the GPI (glycosylphosphatidylinositol) biosyn-
thesis (Albuquerque et al. 2019; Bloch et al. 2020; Bai and Li
2021; Bloch et al. 2023). Although these glycosyltransferases
do not show significant overall sequence homology, they have
similar molecular architecture, including a conserved GT-C
module with seven membrane-spanning helices and catalytic
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Fig. 2. Biosynthesis of POM. POM is initiated in the ER by three families of O-mannosyltransferases: POMT1/2, TMTC1-4 (transmembrane
O-mannosyltransferases targeting cadherins), and TMEM260. Depending on a protein substrate, the O-mannose attached to a protein can remain
non-elongated (MO structure), or undergo further modification, such as elongation in the Golgi with 1,2-GIcNAc by POMGNT1 (protein O-mannose B1,
2-N-acetylglucosaminyltransferase 1), which creates core M1 structure, and additional modification with 81,6-GIcNAc by MGAT5B
(a1,6-Mannosylglycoprotein 6-8-N-Acetylglucosaminyltransferase B), which creates core M2. M1 and M2 are further modified by enzymes that are not
specific for POM, such as a galactosyltransferase, a sialyltransferase, etc., which results in structures with terminal sialic acid, HNK-1 (human natural
killer 1 carbohydrate HSO3-3GIcAB1-3Galg1-4GIcNAC-), or LewisX (GalB1-4(Fuca 1-3)GIcNAC-) epitopes. As an alternative to M1/M2 biosynthesis, the
O-mannose can be modified in the ER with B1,2-GIcNAc by POMGNT2 (protein O-mannose B1,4-N-acetylglucosaminyltransferase 2), which creates core
M3 and allows for further modification by the enzymes involved in the biosynthesis of matriglycan: B3GALNT2, POMK, FKTN (ribitol-5-phosphate
transferase), FKRP (ribitol-6-phosphate transferase), RXYLT1, B4GAT1 (81,4-glucuronyltransferase 1), and LARGE (81,3-glucuronyltransferase and
a1,3-xylosyltransferase, a bifunctional glycosyltransferase-polymerase that creates a long chain of -3GIcAB1-3Xyla 1- disaccharide repeats).

residues in its first luminal loop, as well as functional domains
interacting with different substrates and regulating enzyme
specificity and mechanism, such as MIR domains and TPR
motifs (Bloch et al. 2020; Chiapparino et al. 2020; Bai and Li
2021). In contrast to POMTs that target unstructured mucin-
like region of a-DG, TMTCs, and TMEM260 recognize
specific folded domains (Endo 2019; Larsen et al. 2019;
Larsen et al. 2023), suggesting distinct mechanisms of
substrate recognition. How these different enzymes recognize
and carry out O-mannosylation of their substrates remains an
important focus of future studies.

Structure of O-mannosyl glycans

Depending on the context of a protein substrate, O-
mannose can undergo further extension with additional sugar
residues, resulting in linear oligo mannose structures in yeast,
or more complex, heterogeneous structures in mammals
(Neubert and Strahl 2016; Sheikh et al. 2017). Extended
O-mannosyl glycans in mammalian cells can be built on
POMTs-modified glycoproteins, whereas, so far, there is

no evidence that O-mannose can be elongated on the EC
and the IPT domains modified by TMTCs and TMEM260,
respectively. The best-studied POMTs’ substrate is DG, a
highly glycosylated cell-surface glycoprotein modified with
complex O-mannose glycans that are crucial for interactions
with the extracellular matrix (ECM; Barresi and Campbell
2006). Extended O-mannose oligosaccharide structures
were originally discovered on the extracellular subunit of
DG (termed a-Dystroglycan) in bovine peripheral nerve, and
since then, a motley of extended O-mannose-linked glycans
have been found on a-DG and some other proteins, such as
RPTP¢/phosphacan (Chiba et al. 1997; Morise et al. 2013;
Dwyer et al. 2015), reviewed in Praissman and Wells (2014)
and Endo (2019), revealing a remarkable complexity of
possible elongation of O-mannose in mammalian cells (Fig. 2).
Core O-mannosyl glycan structures are classified depending
on their type of elongation as MO (unextended O-mannose),
M1 (O-mannose modified with 81,2-GlcNAc, non-branched
structures), M2 (O-mannose modified with 1,2- and 81,6-
linked GIcNAc, branched structures), and M3 (initiated on O-
mannose by the addition of 81,4-GlcNAc). M1 is synthesized
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on O-mannose by POMGNT1 (protein O-mannose 81,2-N-
acetyl-glucosaminyltransferase 1) and can serve as a precursor
for M2 that is built by the addition of 81,6-GlcNAc by the
branching N-acetylglucosaminyltransferase MGATS5B («1,6-
mannosylglycoprotein  6-8-N-acetylglucosaminyltransferase
B, also known as GNT-VB or GNT-IX). M1-2 cores
are usually elongated with short sugar chains built by
enzymes that are not specific for O-mannosyl glycans, thus
creating terminal structures also present on other types of
carbohydrate chains. The termini of M1 and M2 can be
sialylated, carry LewisX, or modified with HNK-1 (Human
Natural Killer-1) carbohydrate epitopes (Fig. 2) (Chiba et al.
1997; Smalheiser et al. 1998; McDearmon et al. 2006).

Much attention has been drawn to a particularly unique and
functionally important structure called matriglycan, the phos-
phorylated M3 glycans carrying a long glycosaminoglycan-
like polysaccharide chain composed of (-3GlcAB1-3Xyla1-)
disaccharide repeats (Inamori et al. 2012). Matriglycan is
one of the most complex, elaborately built glycan structures
found in mammalian cells. The enzymatic steps of its
biosynthesis were elucidated by a combination of advanced
MS, biochemical, and genetic approaches (Yoshida-Moriguchi
et al. 2010; Kanagawa et al. 2016; Praissman et al. 2016),
reviewed in (Yoshida-Moriguchi and Campbell 20135; Sheikh
et al. 2017; Endo 2019). Unlike M1 and M2 that are
synthesized on O-mannosylated glycoproteins after they
are transferred from the ER to the Golgi, the M3 core is
built in the ER by the addition of B1,4-linked GlcNAc
mediated by POMGNT2 (protein O-mannose B1,4-N-
acetylglucosaminyltransferase 2). This is the commitment step
in M3 biosynthesis, thus POMGNT?2 serves as a gatekeeper
enzyme for building matriglycan (Yoshida-Moriguchi et al.
2013; Halmo et al. 2017). The B1,4GIcNAc of the M3
core is further elongated in the ER with B1,3-GalNAc
by B3GALNT2 (B1,3-N-acetylgalactosaminyltransferase
2), and then the glycan undergoes phosphorylation of
O-mannose at the C6 position, which is carried out by
POMK (protein-O-mannose kinase). The following steps of
matriglycan biosynthesis are mediated in the Golgi, first, by
the orchestrated work of another three glycosyltransferases,
Fukutin (FKTN), Fukutin-related protein (FKRP), and
RXYLT1 (ribitol-5-phosphate B1,4-xylosyltransferase 1,
also known as TMEMS). They build a substrate struc-
ture for LARGE (B1,3-glucuronyltransferase and «1,3-
xylosyltransferase-polymerase, also known as “like-acetyl-
glucosaminyltransferase”), a bifunctional glycosyltransferase-
polymerase that synthesizes a long chain of (-3GlcAB1-
3Xyla1-) disaccharide repeats (Fig.2). The mechanism of
chain length regulation is not fully understood; however,
recent studies suggested that several factors can play roles
in this process. They include the modulation of LARGE
activity by POMK-mediated phosphorylation of O-mannose,
the regulation involving the N-terminal domain of «-DG,
as well as the competition of LARGE for the GlcA termini
of matriglycan with HNK-1 sulfotransferase that is known
to target matriglycan termini in the nervous system (Sheikh
et al. 2020; Walimbe et al. 2020; Okuma et al. 2023).
An additional layer of regulation is possibly mediated by
factors that affect activities of the enzymes involved in
matriglycan biosynthesis, such as CDP-glycerol that inhibits
Fukutin and FKRP (Imae et al. 2018), however, so far
little is known about these mechanisms and how they can
operate in vivo.

M Koff et al.

Function of O-mannosyl glycans and disorders
associated with their defects

Matriglycan

So far, matriglycan has only been detected on «-DG,
and it remains the best functionally studied O-mannosyl
glycan. Defects in matriglycan biosynthesis are associated
with severe muscular dystrophies, collectively termed
dystroglycanopathies (Table 1), which emphasizes the impor-
tance of this carbohydrate structure for neuromuscular
development and homeostasis.

Matriglycan is essential for binding between «-DG
and LG (laminin-globular) domains of extracellular ligands
that are usually embedded in the ECM, such as laminin,
agrin, perlecan, neurexin, and pikachurin (Hohenester 2019).
DG (encoded by the Dagl gene) is a central component
of the dystrophin-associated glycoprotein complex (DGC)
that provides an essential bridge between the ECM and
the cytoskeleton via interactions with dystrophin and other
DGC-associated proteins inside the cell (Fig.3; Ibraghi-
mov-Beskrovnaya et al. 1992; Ervasti and Campbell 1993),
reviewed in Barresi and Campbell (2006). The size of LARGE-
synthesized matriglycan correlates with the ability of «-DG to
bind ECM ligands, which inversely correlates with the clinical
severity of associated dystroglycanopathies (Goddeeris et al.
2013; Walimbe et al. 2020; Okuma et al. 2023).

Animal models of dystroglycanopathies significantly
elucidated the relationship between pathomechanisms of
these disorders and defects in matriglycan biosynthesis
(Yoshida-Moriguchi and Campbell 2015; Nickolls and
Bonnemann 2018; Endo 2019; Kanagawa 2021). Functional
matriglycan structures can be detected on «-Dg using ITH6
antibody or ligand binding assays on western blots (e.g. a
Laminin overlay assay; Ervasti and Campbell 1993; Michele
et al. 2002). The size of a functional fully glycosylated -
DG is cell-specific: «-DG form corresponding to an ~ 150-
250 kDa band is present in skeletal muscles, a shorter
~120 kDa form is more prevalent in the brain, whereas
an intermediate size form (~180 kDa) is produced by some
neurons in the cerebellum (such as Purkinje cells; Smalheiser
and Schwartz 1987; McDearmon et al. 2006; Satz et al.
2010). These differences in the size probably reflect the
function of matriglycan in cell-specific fine tuning of cell
adhesion. Without proper interactions with N-terminal part
of a-DG, LARGE synthesizes a short form of matriglycan
(~100-120 kDa) that can still bind laminin and maintain
the specific force of muscles; however, this causes a force
deficit induced by lengthening contractions, which is also
associated with dystrophic changes in muscles (Okuma
et al. 2023). The size of matriglycan is important for the
proper morphology of neuromuscular junctions (NM]J) and
normal distribution of AChRs (acetylcholine receptors) at
NM]J synapses, indicating that NM]J synaptic maturation
requires a fully extended matriglycan (Nishimune et al. 2008;
Okuma et al. 2023). Synaptic functions in the hippocampus
are also affected by LARGE deficiency, as it is evident
from reduced long-term potentiation of CA3-CA1 synapses
in LARGE™4 mutant mice with a spontaneous mutation
inactivating the gene (Lane et al. 1976; Satz et al. 2010). Severe
dystroglycanopathies, such as Walker-Warburg Syndrome and
Muscle-Eye-Brain (MEB) disease caused by defects in LARGE
and other enzymes required for matriglycan biosynthesis, are
usually associated with pronounced brain defects, including
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Fig. 3. Modification of «-DG with matriglycan is essential for interaction of the DGC complex with extracellular ligands. Left panel: @-DG ligands
imbedded in the ECM, such as Laminin, Agrin, etc., bind to matriglycan-modified O-mannosyl glycans. Inside the cell, DGC interacts with actin filaments
via dystrophin, which creates a DGC-mediated bridge between the basal lamina outside the cell and the cytoskeleton inside the cell. Note that
matriglycan is also specifically recognized by [IH6 IgM antibody in vitro and by some viruses (e.g. Lassa virus) that use binding to matriglycan as a
mechanism for cell infection. In POMT mutants (right panel), the O-mannosylation of «-DG is abolished, which disrupts «-DG interactions with the ECM

ligands, leading to muscular dystrophy phenotypes (dystroglycanopathy).

cobblestone lissencephaly, hydrocephalus, cortical and
cerebellar dysplasia, ocular defects, cognitive disability, and
other neurological abnormalities (Table 1; Godfrey et al.
2007; Clement et al. 2008; Devisme et al. 2012).

The function of DG is particularly important for the
integrity of the pial basement membrane, and O-mannosylation
required for DG-laminin binding plays a central role in
this process (Moore et al. 2002; Myshrall et al. 2012).
Ruptures in the pial basement membrane, mislocalization
of glial cells, and associated abnormal neuronal migration are
common phenotypes of dystroglycanopathies, and they are
recapitulated in mouse KO models with mutations in LARGE,
POMT1/2, POMGNT1, POMGNT2, and FKRP (Michele
et al. 2002; Hu et al. 2007; Li et al. 2008, 2011; Ackroyd
et al. 2009; Chan et al. 2010; Hu et al. 2011; Nakagawa et al.
2015). Axon guidance defects in longitudinal axonal tracts
in the hindbrain and the spinal cord are caused by mutations
in genes encoding CRPPA (CDP-L-ribitol pyrophosphorylase
A, also known as ISPD, an enzyme producing CDP-ribitol,
the sugar donor for FKTN and FKRP (Fig. 2)) and B4GAT1,
whereas CRPPA mutants also have disorganized optic chiasm
axons, which largely phenocopies axon defects in Dagl
conditional KO mutants (Wright et al. 2012; Clements and
Wright 2018).

Unexpectedly, mutations in POMGNT1 were also found
to be associated with MEB syndrome and a defect in
matriglycan, even though this gene encodes B-1,2-N-
acetylglucosaminyltransferase that works in the biosynthesis
of M1 structures and does not enzymatically participate
in making matriglycan (Fig.2; Yoshida et al. 2001). This
paradox was explained by unveiling a non-enzymatic role of
POMGNTT1 in the recruitment of Fukutin to non-extended
M3 structures via a direct protein complex formation and
protein-carbohydrate interactions with M1 structures nearby,
which potentiates further maturation of M3 (Kuwabara et al.
2016).

Taken together, these studies suggest that all known major
functions of DG require its proper O-mannosylation. This
notion was further supported by a recent elegant research that
used enzymatic glycoengineering to synthesize matriglycan on
an irrelevant carrier in the cells that lack DG, which restored
Laminin binding, induced the IIH6 reactivity, and was able to
support a Lassa-pseudovirus infection, (Sheikh et al. 2022),
the key molecular/cell properties that normally require a
functional DG (Fig. 3). This and other studies underscored
the importance of thorough understanding of the biosynthesis
and functions of O-mannosyl glycans for translational
research. Recent progress in this area stimulated studies on
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gene therapy and pharmacological approaches, which showed
promising results. Mouse models of dystroglycanopathies,
for example, demonstrated that even a partial restoration of
DG glycosylation during fetal development can significantly
ameliorate neurological phenotypes (Sudo et al. 2018), that
LARGE gene transfer in older LARGE”? mutant mice
with severe muscular dystrophy restores skeletal muscle
function, normalizes systemic metabolism, and greatly
improves survival (Yonekawa et al. 2022), and that a CDP-
ribitol prodrug can be an effective treatment for conditions
with a defect in the biosynthesis of CDP-ribitol, the sugar
donor required for FKTN and FKRP (Tokuoka et al. 2022).
These proof-of-principle studies pave the way for future
development of therapies for dystroglycanopathies.

RPTPs and M1/M2 glycans

RPTP¢ (also known as phosphacan) represents the first target
of POM discovered in metazoans (Krusius et al. 1986; Maurel
et al. 1994; Dwyer et al. 2012). This RPTP belongs to the
RS subgroup of the big evolutionarily conserved family of
transmembrane receptor-type protein phosphatases involved
in the regulation of a wide spectrum of cell-adhesion and cell-
signaling interactions (reviewed in Tonks 20065 Xu and Fisher
2012). RPTP¢ is highly expressed in the mammalian brain
and required for the development of perineuronal nets (Eill
et al. 2020), the prominent aggregated ECM structures that
surround the cell body and proximal neurites and are involved
in brain plasticity and memory modulation (Fawcett et al.
2022). Earlier studies indicated that RPTP¢ is modified with
chondroitin sulfate chains and O-mannosyl glycans bearing
keratan-sulfate (Maurel et al. 1994); however, these glycans
were not well characterized and their detailed analysis awaits
modern glycoproteomics approaches. More recent MS-based
glycomics approaches revealed that RPTP¢ is extensively
modified with O-mannosyl glycans in the developing brain
in a cell-specific manner. An array of different O-mannosyl
glycans, including MO, M1, and M2 structures, was identified
on RPTP¢ (Pacharra et al. 2013; Trinidad et al. 2013; Dwyer
et al. 2015; Bartels et al. 2016). M1 and M2 glycans were
found with a variety of terminal modifications, including
sialylated termini, LewisX and HNK-1 epitopes, and sulfo-
LacNAc modifications; however, M3 structures were never
detected on this glycoprotein (Dwyer et al. 2015).

Remarkably, RPTP¢ is the major carrier of LewisX and
HNK-1 epitopes in the developing brain (Stalnaker et al.
2011; Morise et al. 2014; Dwyer et al. 2015; Yaji et al.
2015). Considering that HNK-1 and LewisX structures are
important for memory and learning, synaptic plasticity and
brain development (Yamamoto et al. 2002; Yoshihara et al.
2009; Yaji et al. 2015), the modification of RPTP¢ with O-
mannosyl glycans are thought to play prominent parts in
these processes; however, their underlying mechanisms remain
not well understood. RPTP¢ is notably hypoglycosylated in
POMGNT1 mutants, indicating that it is modified with a
significant number of M1 and M2 O-mannosyl glycans that
require POMGNT1 for biosynthesis (Dwyer et al. 2012)
(Fig. 2). This result also suggested that the phenotypes caused
by defects in RPTP; O-mannosylation (abnormal biosynthesis
of M0-M2 glycans) may contribute to the neurological phe-
notypes of dystroglycanopathies associated with POMT and
POMGNT]1 mutations.

The function of M2 structures is particularly interesting
because they are thought to be strictly brain-specific as their
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biosynthesis depends on MGATSB that shows a brain-limited
expression (Inamori et al. 2003; Kaneko et al. 2003). Cell
culture assays demonstrated that MGAT5B-mediated branch-
ing of O-mannosyl glycans promoted RPTP¢ interactions
with galectin-1 and the receptor dimerization, which inhib-
ited its phosphatase activity and enhanced phosphorylation
of B-catenin. These events are accompanied by decreased
cell adhesion and increased cell migration, together suggest-
ing a mechanism of O-mannosylation-mediated regulation
of RPTP¢ signaling and its effect on cell-cell and celFECM
interactions (Abbott et al. 2008). However, MGATS5B knock-
out mice show no conspicuous neurological defects besides
impaired astrocyte activation and abnormal axon remyeli-
nation in an induced demyelinating model (Lee et al. 2012;
Kanekiyo et al. 2013), suggesting that M2 modifications func-
tion mainly in responses to neural insult and injury, whereas
the involvement M2 structures in general regulation of neural
cell adhesion is probably redundant iz vivo.

RPTP¢ remains an orphan substrate of O-mannosylation
as so far there is no direct experimental evidence indicating
what enzyme(s) is(are) responsible for its O-mannosylation.
However, the presence of M1 and M2 structures suggests that
RPTP¢ is probably O-mannosylated by POMTs. This notion
was recently reinforced by experiments using the Drosophila
model that revealed that Drosophila RPTP 69D (PTP69D), a
homolog of mammalian RPTP¢, is a substrate of POMT1-2
(Monagas-Valentin et al. 2023). Interestingly, the molecular
architecture of PTP69D, including several Immunoglobulin-
like (Ig) and Fibronectin type 3 (FN3) domains in its extra-
cellular part, closely resembles that of LAR and other R2A-
type RPTPs, such as PTPo and PTPS (Johnson and Van Vactor
2003; Coles et al. 2015), suggesting that these mammalian
counterparts might also be substrates of POMTs. R2A-type
RPTPs are involved in synaptogenesis, axon guidance and
nerve regeneration, which indicates an intriguing possibility
that these functions may be regulated by POMT-mediated O-
mannosylation of the R2A receptors. Further biochemical and
in vivo studies are required to understand the function of O-
mannosyl glycan modification of RPTPs in greater detail.

Cadherins and TMTCs

The cadherin superfamily in mammals encompasses more
than 100 cell surface receptor-type molecules that mediate
cell adhesion and signaling and regulate a wide spectrum of
processes, from separation of embryonic cell layers to synapse
formation in the nervous system and to tissue homeostasis
at the adult stage (Halbleib and Nelson 2006). Extracellular
parts of cadherins include EC domains with a characteristic
structure of a B-sandwich fold including ~110 amino acids,
the functional units that mediate homophilic interactions
and clustering of cadherins extending from apposed cells
(Brasch et al. 2012; Troyanovsky 2023). Cadherins represent
the largest group of known substrates of O-mannosylation
in animals, with TMTCs being the enzymes that are dedi-
cated to attaching O-mannose to their EC domains (Vester-
Christensen et al. 2013; Larsen et al. 2017a; Larsen et al.
2017b). O-mannose on cadherins is not elongated (Lommel
et al. 2013; Winterhalter et al. 2013; Larsen et al. 2017b),
and different TMTCs are responsible for O-mannosylation
of B- and G-strands located on opposite sides of the B-fold
structure, suggesting that O-mannosylation of cadherins is a
highly regulated process, and that O-mannose on distinct EC
strands may have different functions ((Larsen et al. 2017a,
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Larsen et al. 2017b), reviewed in Larsen et al. (2019). How-
ever, it remains unknown how O-mannose on cadherins can
affect molecular interactions.

Mutations in TMTC genes are associated with severe neu-
rological disorders, such as intellectual disability, epilepsy,
brain malformations due to defects in neuronal migration,
and microcephaly (TMTC3), sensorineural hearing loss and
auditory neuropathy (TMTC2), and schizophrenia (TMTC1;
Schizophrenia Working Group of the Psychiatric Genomics
Consortium 2014; Runge et al. 2016; Farhan et al. 2017;
Guillen-Ahlers et al. 2018; Hana et al. 2020) (Table 1). Knock-
out of TMTC4 in mice results in acquired hearing loss,
the condition analogous to noise-induced hearing loss in
humans (Li et al. 2018), which is consistent with proposed
involvement of TMTC defects in sensorineural hearing loss
disorders (Guillen-Ahlers et al. 2018). Interestingly, defects
in TMTC3 were found to be associated with cobblestone
lissencephaly and periventricular nodular heterotopia, the
conditions known to result from abnormal neuronal migra-
tion (Jerber et al. 2016; Farhan et al. 2017; Liu et al. 2020).
The defects in cell migration are consistent with the proposed
role of TMTGC:s in regulation of cadherins that function in cell
adhesion and migration, and these neurological phenotypes
are hypothesized to result from defects in cadherin functions
(Graham et al. 20205 Liu et al. 2020). Genetic manipulation
of TMTCs and E-cadherin in human cultured cells indicated
that TMTC3 can potentiate E-cadherin-mediated cell adhe-
sion, which further supported the hypothesis that TMTC3
is required for proper cadherin-mediated cell interactions
(Graham et al. 2020). However, the effect of TMTCs on
cadherin functions has not been analyzed in vivo and the
function of TMTC-mediated O-mannosylation remain not
well understood. Furthermore, the phenotypes not directly
linked to cadherins were also found to be associated with
abnormalities in TMTCs, such as activation of the unfolded
protein response in TMTC4 mutants, abnormal ER calcium
homeostasis associated with deregulation of TMTCI and 2,
and the involvement of possible non-cadherin substrates of
TMTCI1 in ovarian cancer malignancy (Sunryd et al. 2014;
Li et al. 2018; Yeh et al. 2023), which further complicates
the dissection of pathological mechanisms caused by defects
in TMTCs. Studies in model organisms and tissue culture
systems are expected to accelerate research in this area, shed-
ding more light on the mechanism of O-mannose-mediated
regulation of cadherin functions.

IPT-containing substrates

Mammalian plexins represent a family of nine cell surface
signaling molecules that serve as major receptors for
semaphorins and play essential roles in cell—cell interactions,
affecting a broad spectrum of processes, such as axon
guidance, neuronal migration, macrophage activation, the
development of cardiovascular system and bone morphogen-
esis (reviewed in (Worzfeld and Offermanns 2014)). Plexins
have been also implicated in different pathologies, including
cancer (Gurrapu and Tamagnone 2019). IPT domains play an
important part in plexin activation (Kong et al. 2016), suggest-
ing an intriguing possibility that O-mannose may affect this
process; however, the role of O-mannosylation in plexin regu-
lations remains unknown. Mutations in TMEM260, the gene
encoding the O-mannosyltransferase responsible for modifi-
cation of IPT domains, were recently found to be associated
with SHDRA (structural heart defects and renal anomalies)

M Koff et al.

syndrome, a genetic disorder characterized by developmental
heart defects, kidney abnormalities, neurological defects, and
perinatal death (Ta-Shma et al. 2017; Pagnamenta et al.
2022). A recent study analyzed the effect of O-mannosylation
on TMEM260 substrates in cultured cells, which revealed
that TMEM260 is required for proteolytic maturation
and ER exit of Plexin-B2 and RON (Larsen et al. 2023).
However, no effect on MET was detected in similar experi-
ments, suggesting that O-mannose may impact the function
of IPT-containing substrates by different mechanisms. It
is tempting to draw parallels between the promotion of
maturation of RON and Plexin-B2 by O-mannose and the
effect of O-fucose on the secretion of substrates with EGF
(epidermal growth factor) and TSR (thrombospondin type 1)
repeats, which is mediated via stabilization and acceleration
of the substrate folding (Holdener and Haltiwanger 2019).
However, whether the molecular mechanisms underlying
functions of these different types of O-glycosylation are
indeed similar remains to be elucidated.

Evolutionary perspective from the Drosophila
model

The functions of DG and POMTs are conserved in
Drosophila

Drosophila genome encodes all essential protein components
of the DGC complex, but they are represented by fewer
homologs and DGC is predicted to show reduced complexity
(Nakamura et al. 2010a). Unlike mammals that have a sole
DG, Drosophila produces three different DG isoforms that are
generated by the same Dg gene via alternative splicing (Deng
et al. 2003). One of these isoforms includes a mucin-like
region, the structural feature important for O-mannosylation
of the mammalian counterparts (Deng et al. 2003; Nakamura
etal.2010b). Although POMT1 and POMT?2 are conserved in
flies (see below), Drosophila does not have close homologs of
mammalian enzymes mediating the biosynthesis of extended
O-mannosyl glycans, which is consistent with the fact
that only non-elongated O-mannose has been identified in
Drosophila (Aoki et al. 2008; Nakamura et al. 2010b; Sheikh
et al. 2017; Monagas-Valentin et al. 2023). Dg was shown
to regulate several developmental processes in flies, such as
planar polarity of the basal actin stress fibers and oriented
basement membrane fibrils in the ovarian follicle, as well
as wing vein development (Deng et al. 2003; Christoforou
et al. 2008; Mirouse et al. 2009; Cerqueira et al. 2020).
Dg mutants have muscle defects during larval stages, and
decreased mobility and age-dependent muscle degeneration
as adult flies, thus showing the phenotypes reminiscent
of dystroglycanopathies, which highlights the evolutionary
conservation of DG function between Drosophila and
mammals (Haines et al. 2007; Shcherbata et al. 2007). In
the nervous system, Dg is required for photoreceptor axon
pathfinding and normal synaptic transmission at larval NM]Js
where Dg affects glutamate receptor subunit composition
and is required to maintain the normal level of Laminin and
Dystrophin (Dys) (Shcherbata et al. 2007; Bogdanik et al.
2008; Wairkar et al. 2008). Dg and Dys show strong genetic
interactions, affect similar functions, and usually have similar
mutant phenotypes, further supporting the notion that the
DGC function is conserved in flies (Shcherbata et al. 2007;
van der Plas et al. 2007; Bogdanik et al. 2008; Christoforou
et al. 2008; Wairkar et al. 2008; Marrone et al. 2011).
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Drosophila orthologues of mammalian POMT1 and
POMT?2 are encoded by the rotated abdomen (rt) and
twisted (tw) genes that were discovered due to the same
conspicuous mutant phenotype of misalignment of abdominal
segments (“abdomen rotation”) in adult flies (Bridges and
Morgan 1923; Martin-Blanco and Garcia-Bellido 1996;
Ichimiya et al. 2004; Lyalin et al. 2006). RT and TW
are structurally and functionally similar to mammalian
counterparts (Fig. 4A); they have non-redundant functions
and work together in the ER as an enzymatic heterocomplex
that modifies Drosophila DG with O-mannose (Ichimiya et al.
2004; Lyalin et al. 2006; Nakamura et al. 2010b). Drosophila
POMT mutants have abnormal synaptic transmission
at larval NMJs and defects of muscle morphology, the
phenotypes that they share with Dg mutants (Martin-Blanco
and Garcia-Bellido 1996; Haines et al. 2007; Wairkar et al.
2008). In vivo expression experiments unveiled several
interesting features of RT-TW activity: (i) they produce O-
mannose that is apparently not extended but nevertheless can
modulate DG function; (ii) they add numerous O-mannose
residues to the mucin-like domain of DG in a processive
manner; (iii) they generate O-mannose modifications that
can compete with O-GalNAc addition to the same serine
or threonine residues; and (iv) RT-TW complex can modify
sites outside of the unstructured mucin-like region, at the
locations with a defined predicted structure (Ichimiya et al.
2004; Nakamura et al. 2010a; Nakamura et al. 2010b).
These results have important implications for understanding
POMT1/2 function, suggesting, for example, that POMT
mutations may cause phenotypes due to abnormal modifi-
cation of O-mannosylation substrates with O-GalNAc (O-
mannose potentially competes with O-GalNAc addition to
serine/threonine residues), which may result in an aberrant
conformation and ectopic molecular interactions (Nakamura
et al. 2010a, 2010b; Tran et al. 2012; Borgert et al. 2021).
The processive activity of RT-TW toward DG is consistent
with structural studies of yeast homologs that proposed a
carbohydrate-binding role of MIR domains that may underlie
the processivity of the POMT1-2 complex (Chiapparino et al.
2020).

PTP69D as a new type of POMT1-2 substrates

Although Drosophila POMTs and Dg have several similar
mutant phenotypes, POMT mutants also show phenotypes
that cannot be explained by abnormalities in Dg function.
POMT mutants have prominent defects in sensory axon
wiring, the neurological phenotype leading to abnormal mus-
cle contractions and body torsion during embryonic and larval
stages (Baker et al. 2018); however, these phenotypes are not
observed in Dg mutants. Furthermore, Dg is not epistatic to ¢
and tw in producing the rotation phenotype, and Dg functions
at NM]Js postsynaptically, whereas r¢ is required on both
sides of the synapses (Wairkar et al. 2008; Nakamura et al.
2010a; Baker et al. 2018). Taken together, these data indicate
that, besides DG, POMTs have other important targets in the
nervous system (Nakamura et al. 2010a). Indeed, we recently
found that PTP69D, one of Drosophila receptor-type protein
phosphatases, is a functional substrate of POMTs (Monagas—
Valentin et al. 2023). POMT1/2 and Ptp69D mutants have
similar wiring defects of sensory axons in the larval ventral
ganglion, whereas mutant alleles of POMTs and Ptp69D
show prominent genetic interactions in producing the wiring
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phenotype, as well as abdomen rotation (Monagas-Valentin
et al. 2023). Ptp69D is known to regulate axon guidance and
connectivity of different types of neurons, including motoneu-
rons, photoreceptors, and neurons of the giant fiber (Desai
et al. 1996; Garrity et al. 1999; Lee and Godenschwege 2015),
suggesting that O-mannosylation may also affect PTP69D
function in these contexts; however, the role of POMTs in
these processes has not been analyzed. Ptp69D is structurally
and functionally related to the R2A subfamily of mammalian
RPTPs (Tonks 2006; Hatzihristidis et al. 2015; Fukai and
Yoshida 2021). Structural and functional similarities between
PTP69D and R2A-type RPTPs (characterized by a large extra-
cellular part including N-terminal Ig domains followed by
FN3 domains) suggest an intriguing possibility that other
members of this subfamily may be modified and regulated by
O-mannosylation. Numerous different O-mannosyl glycans
were found on RPTP¢, a more distant mammalian homolog
of PTP69D, however, their attachment sites were not well
characterized and their in vivo function remain to be elu-
cidated (Dwyer et al. 2015). Drosophila experiments rein-
forced the hypothesis that these glycans play important role in
RPTP¢ regulation. Remarkably, O-mannose was found in the
membrane-proximal region (MPR), as well as on Ig and FN3
domains of PTP69D, the structural folds that are very different
from the mucin-like region modified in DG, which highlights
that POMTs have a complex, not well-understood mech-
anism of protein substrate recognition (Monagas-Valentin
et al. 2023). Thus, the Drosophila studies shed new light on
POMTS’ functions and raised a number of important research
questions, which warrants further investigation in flies and
mammals and is expected to unveil novel conserved functions
of POM in the nervous system.

POMT1/2 - independent O-mannosylation

TMTCs and their cadherin substrates are well-conserved in
Drosophila. Functional and bioinformatic analyses identified
17 cadherin genes in Drosophila ((Hynes and Zhao 2000;
Hill et al. 2001; Li et al. 2022), and FlyBase information
(Gramates et al. 2022)). A number of them are known to
play essential conserved roles in cell interactions, including
important functions in the nervous system, such as control
of targeting choices of photoreceptor axon (N-cadherin and
atypical cadherin Flamingo; Schwabe et al. 2013), protec-
tion of photoreceptors from neurodegeneration (atypical
cadherin Fat; Napoletano et al. 2011), neuroblast niche
positioning (DE-cadherin; Doyle et al. 2017). So far, however,
O-mannosylation of cadherins has not been analyzed
in Drosophila.

Like mammals, flies have four TMTC genes, TMTC1-4.
Interestingly, Drosophila apparently does not have a true
orthologue of mammalian TMTCI1 that was probably lost in
evolution. Drosophila TMTC1 and TMTC2 appear to be par-
alogues that arose from a gene duplication of an ancestral gene
related to mammalian TMTC2 (Fig. 4B). It will be important
to elucidate the functional relationship between Drosophila
and mammalian TMTCs, which will shed light on the evolu-
tion of the TMTC family of transferases in animals. So far,
only TMTC3 has been studied in flies, which indicated that
its function is conserved in Drosophila (Farhan et al. 2017).
The neuronal knockdown of Drosophila TMTC3 resulted in
susceptibility to induced seizures, the phenotype analogous to
epilepsy caused by TMTC3 mutations in humans, whereas
the transgenic expression of the human counterpart in flies
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I— Human TMTC2

Drosophila TMTC3

Mouse POMT2

0.05 Human POMT2

Mouse TMTC3

Human TMTC3
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Mouse TMTC4

0.04

]

Human TMTC4

Fig. 4. Phylogenetic trees of animal POMT1-2 and TMTC1-4 enzymes. A, Phylogenetic tree of Drosophila, mouse, and human POMTs. RT (Rotated
Abdomen), Drosophila POMT1; TW (Twisted), Drosophila POMT2 (modified from Nakamura et al. 2010a). (B) Phylogenetic tree of Drosophila, mouse,
and human TMTCs. The trees were built based on multiple sequence alignments performed using the EMBIL-EBI Clustal Omega server, followed by
distance-based construction of phylogenic trees using a neighbor joining algorithm ((https://www.ebi.ac.uk/Tools/msa/clustalo/). The trees were
visualized using the FigTree software (http://tree.bio.ed.ac.uk/software/figtree/). Scale bars, phylogenetic distance expressed as substitutions per site.

could rescue the seizure phenotype (Farhan et al. 2017).
Considering these intriguing results, Drosophila is expected
to be a useful model system to unveil the function and mecha-
nisms of TMTC-mediated O-mannosylation and shed light on
analogous mechanisms in mammals. However, how cadherin
functions are affected by TMTCs in Drosophila remains an
important open question.

Drosophila possesses two homologs of mammalian
plexins, Plexin A and B, which play conserved roles in
axon guidance as receptors for semaphorins (Zlatic et al.
2009). They participate in creating positional cues for
axons in the developing ventral nerve cord along the dorso-
ventral axis and mediate trans-synaptic signaling to control
presynaptic homeostatic plasticity (Zlatic et al. 2009; Orr
et al. 2022). However, whether fly plexins are substrates for
O-mannosylation is not known, and functional homologs of
TMEM260 have not been identified in protostomes, including
Drosopbhila.

Concluding remarks

Recent research highlighted the importance of POM for
crucial biological functions and elucidated several key steps
in the biosynthesis of O-mannosyl glycans in animals. The
studies revealed numerous new substrates and discovered
novel enzymes involved in the pathway. This progress
has been driven in no small part by advances in MS-
based glycomics and glycoproteomics, as well as genetic
engineering approaches using cultured cells, such as the
SimpleCell technology. However, the mechanisms of substrate
recognition of different POM enzymes are not well under-
stood, whereas non-enzymatic functions of these proteins
were also suggested. Furthermore, the functions of different

O-mannosyl glycans besides matriglycan remain largely
unstudied, particularly i vivo. Various core M1 and M2
structures are present on o-DG, and they were also identified
on several other glycoproteins with important functions in the
nervous system, including CD24, neurofascin, and lecticans
(Bleckmann et al. 2009; Stalnaker et al. 2011; Pacharra
et al. 2012; Pacharra et al. 2013); however, the role of these
modifications remains to be investigated. Yet, other important
open questions are about the crosstalk between POM
and other glycosylation pathways, and the cooperation of
different enzymes involved in POM biosynthesis. Considering
significant advantages of model systems due to experimental
amenability, simplified glycosylation, and powerful genetic
approaches, studies in Drosophila and other models are
expected to help fill these knowledge gaps. The evolutionary
conservation of POM and its substrates suggests that O-
mannose modifications play similar roles in a wide range of
animal organisms, from Drosopbila to humans. Remarkably,
all types of POM substrates are known to play prominent
roles in the nervous system, which is consistent with the
facts that O-mannosyl glycans are abundant in the brain,
and that defects in the POM pathway are associated with
severe neurological abnormalities. Thus, POM appears to
be especially important for the function of the nervous
system, and more neurological disorders associated with POM
defects are expected to be identified. Modeling these human
pathologies in simplified, genetically tractable systems, such
as Drosophila, can help overcome obstacles encountered by
research dealing with exceedingly complex nervous system
and intricate glycosylation pathways in mammalian organ-
isms. When applied together, different models can efficiently
unveil pathomechanisms, test therapeutic strategies, and
provide guidance for translational and clinical research in
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developing treatments for debilitating POM disorders that
currently have no available cure.
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proteins) 1-4; TPR, tetratricopeptide repeats (domain); TSR,
thrombospondin type 1 repeat; fw, twisted.

Acknowledgements

We are grateful to Agustin Guerrero Herndndez for valuable discussion
and to Daria Panina for comments on the manuscript.

Author contributions

Melissa Koff (Conceptualization-Supporting, Formal analysis-
Supporting, Investigation-Lead, Methodology-Supporting, Supervision-
Supporting, Validation-Supporting, Visualization-Supporting, Writ-
ing—original draft-Lead, Writing—review and editing-Lead), Pedro
Monagas-Valentin  (Conceptualization-Supporting, Data curation-
Supporting, ~ Formal  analysis-Supporting,  Investigation-Lead,
Methodology-Supporting, Supervision-Supporting, Validation-Lead,
Visualization-Supporting, Writing—original draft-Supporting, Writ-
ing—review and editing-Lead), Boris Novikov (Conceptualization-
Supporting, Data curation-Lead, Formal analysis-Lead, Investigation-
Lead, Methodology-Lead, Project administration-Supporting,
Resources-Supporting, ~ Supervision-Supporting,  Validation-Lead,
Visualization-Lead, Writing—original draft-Supporting, Writing—
review and editing-Lead), Ishita Chandel (Conceptualization-
Supporting, Formal analysis-Supporting, Investigation-Supporting,
Methodology-Supporting,  Validation-Supporting,  Visualization-
Supporting, Writing—original draft-Supporting, Writing—review

921

and editing-Supporting), Vlad Panin (Conceptualization-Lead, Data
curation-Lead, Formal analysis-Lead, Funding acquisition-Lead,
Investigation-Lead, Methodology-Lead, Project administration-Lead,
Resources-Lead, Supervision-Lead, Validation-Supporting, Visualization-
Lead, Writing—original draft-Lead, Writing—review and editing-Lead).

Funding

The review project was supported in part by National Institutes of
Health (NIH) and Texas A&M University (Grants NS099409 and
TAMU CONACYT 2012-037(S) to V.P., respectively).

Conflict of interest statement: None declared.

Data availability statement

No new data were generated.

References

Abbott KL, Matthews RT, Pierce M. Receptor tyrosine phosphatase
beta (RPTPbeta) activity and signaling are attenuated by glycosy-
lation and subsequent cell surface galectin-1 binding. | Biol Chem.
2008:283(48):33026-33035.

Ackroyd MR, Skordis L, Kaluarachchi M, Godwin ], Prior S, Fidan-
boylu M, Piercy RJ, Muntoni F, Brown SC. Reduced expression of
fukutin related protein in mice results in a model for fukutin related
protein associated muscular dystrophies. Brain. 2009:132:439-451.

Albuquerque-Wendt A, Hutte HJ, Buettner FFR, Routier FH, Bakker
H. Membrane topological model of glycosyltransferases of the GT-
C superfamily. Int ] Mol Sci. 2019:20:4842.

Aoki K, Porterfield M, Lee SS, Dong B, Nguyen K, McGlamry KH,
Tiemeyer M. The diversity of O-linked glycans expressed during
Drosophila melanogaster development reflects stage- and tissue-
specific requirements for cell signaling. | Biol Chem. 2008:283:
30385-30400.

Bai L, Li H. Protein N-glycosylation and O-mannosylation are catalyzed
by two evolutionarily related GT-C glycosyltransferases. Curr Opin
Struct Biol. 2021:68:66-73.

Bai L, Kovach A, You Q, Kenny A, Li H. Structure of the eukaryotic
protein O-mannosyltransferase Pmt1—Pmt2 complex. Nat Struct
Mol Biol. 2019:26:704-711.

Baker R, Nakamura N, Chandel I, Howell B, Lyalin D, Panin VM.
Protein O-mannosyltransferases affect sensory axon wiring and
dynamic chirality of body posture in the drosophila embryo. J
Neurosci. 2018:38:1850-1865.

Barone R, Aiello C, Race V, Morava E, Foulquier F, Riemersma M,
Passarelli C, Concolino D, Carella M, Santorelli F, et al. DPM2-
CDG: a muscular dystrophy-dystroglycanopathy syndrome with
severe epilepsy. Ann Neurol. 2012:72:550-558.

Barresi R, Campbell KP. Dystroglycan: from biosynthesis to pathogen-
esis of human disease. | Cell Sci. 2006:119:199-207.

Bartels MF, Winterhalter PR, Yu ], Liu Y, Lommel M, Mohrlen F, Hu
H, Feizi T, Westerlind U, Ruppert T, et al. Protein O-mannosylation
in the murine brain: occurrence of mono-O-mannosyl glycans and
identification of new substrates. PLoS One. 2016:11:¢0166119.

Beltran-Valero de Bernabe D, Voit T, Longman C, Steinbrecher A,
Straub V, Yuva Y, Herrmann R, Sperner ], Korenke C, Diesen C,
et al. Mutations in the FKRP gene can cause Muscle-Eye-Brain
disease and Walker-Warburg Syndrome. | Med Genet. 2004:41:e61.

Beltran-Valero de Bernabe D, Currier S, Steinbrecher A, Celli J, van
Beusekom E, van der Zwaag B, Kayserili H, Merlini L, Chitayat D,
Dobyns WB, et al. Mutations in the O-mannosyltransferase gene
POMT1 give rise to the severe neuronal migration disorder Walker-
Warburg syndrome. Am | Hum Genet. 2002:71:1033-1043.

Bleckmann C, Geyer H, Lieberoth A, Splittstoesser F, Liu Y, Feizi
T, Schachner M, Kleene R, Reinhold V, Geyer R. O-glycosylation
pattern of CD24 from mouse brain. Biol Chem.2009:390:627-645.



922

Bloch JS, Pesciullesi G, Boilevin J, Nosol K, Irobalieva RN, Darbre
T, Aebi M, Kossiakoff AA, Reymond JL, Locher KP. Structure
and mechanism of the ER-based glucosyltransferase ALG6. Nature.
2020:579:443-447.

Bloch JS, John A, Mao R, Mukherjee S, Boilevin ], Irobalieva
RN, Darbre T, Scott NE, Reymond JL, Kossiakoff AA, et al.
Structure, sequon recognition and mechanism of tryptophan C-
mannosyltransferase. Nat Chem Biol. 2023:19:575-584.

Bogdanik L, Framery B, Frolich A, Franco B, Mornet D, Bockaert
J, Sigrist SJ, Grau Y, Parmentier ML. Muscle dystroglycan orga-
nizes the postsynapse and regulates presynaptic neurotransmit-
ter release at the Drosophila neuromuscular junction. PLoS One.
2008:3:e2084.

Borgert A, Foley BL, Live D. Contrasting the conformational effects
of alpha-O-GalNAc and alpha-O-man glycan protein modifications
and their impact on the mucin-like region of alpha-dystroglycan.
Glycobiology. 2021:31:649-661.

Brasch J, Harrison OJ, Honig B, Shapiro L. Thinking outside the cell:
how cadherins drive adhesion. Trends Cell Biol. 2012:22:299-310.

Bridges CB, Morgan TH. The third-chromosome group of mutant
characters of Drosophila melanogaster. Carnegie Inst Wash Publ.
1923:327:1-251.

Buysse K, Riemersma M, Powell G, van Reeuwijk J, Chitayat D, Roscioli
T, Kamsteeg EJ, van den Elzen C, van Beusekom E, Blaser S, et al.
Missense mutations in beta-1,3-N-acetylglucosaminyltransferase 1
(B3GNT1) cause Walker-Warburg syndrome. Hum Mol Genet.
2013:22:1746-1754.

Cerqueira Campos F, Dennis C, Alegot H, Fritsch C, Isabella A, Pouchin
P, Bardot O, Horne-Badovinac S, Mirouse V. Oriented basement
membrane fibrils provide a memory for F-actin planar polarization
via the dystrophin-dystroglycan complex during tissue elongation.
Development. 2020:147:dev186957.

Chan YM, Keramaris-Vrantsis E, Lidov HG, Norton JH, Zinchenko
N, Gruber HE, Thresher R, Blake D], Ashar J, Rosenfeld ], et al.
Fukutin-related protein is essential for mouse muscle, brain and eye
development and mutation recapitulates the wide clinical spectrums
of dystroglycanopathies. Hum Mol Genet. 2010:19:3995-4006.

Chiapparino A, Grbavac A, Jonker HR, Hackmann Y, Mortensen S,
Zatorska E, Schott A, Stier G, Saxena K, Wild K, et al. Functional
implications of MIR domains in protein O-mannosylation. elife.
2020:9:e61189.

Chiba A, Matsumura K, Yamada H, Inazu T, Shimizu T, Kusunoki S,
Kanazawa I, Kobata A, Endo T. Structures of sialylated O-linked
oligosaccharides of bovine peripheral nerve a-dystroglycan. | Biol
Chem. 1997:272:2156-2162.

Christoforou CP, Greer CE, Challoner BR, Charizanos D, Ray RP.
The detached locus encodes Drosophila dystrophin, which acts with
other components of the dystrophin associated protein complex to
influence intercellular signalling in developing wing veins. Dev Biol.
2008:313:519-532.

Clarke NF, Maugenre S, Vandebrouck A, Urtizberea JA, Willer T, Peat
RA, Gray F, Bouchet C, Manya H, Vuillaumier-Barrot S, et al.
Congenital muscular dystrophy type 1D (MDC1D) due to a large
intragenic insertion/deletion, involving intron 10 of the LARGE
gene. Eur | Hum Genet. 2011:19:452-457.

Clement E, Mercuri E, Godfrey C, Smith ], Robb S, Kinali M, Straub
V, Bushby K, Manzur A, Talim B. Brain involvement in muscular
dystrophies with defective dystroglycan glycosylation. Ann Neurol.
2008:64:573-582.

Clements R, Wright KM. Retinal ganglion cell axon sorting at the optic
chiasm requires dystroglycan. Dev Biol. 2018:442:210-219.

Coles CH, Jones EY, Aricescu AR. Extracellular regulation of type Ila
receptor protein tyrosine phosphatases: mechanistic insights from
structural analyses. Semin Cell Dev Biol. 2015:37:98-107.

Deng WM, Schneider M, Frock R, Castillejo-Lopez C, Gaman EA,
Baumgartner S, Ruohola-Baker H. Dystroglycan is required for
polarizing the epithelial cells and the oocyte in Drosophila. Devel-
opment. 2003:130:173-184.

M Koff et al.

Desai CJ, Gindhart JG Jr, Goldstein LS, Zinn K. Receptor tyrosine phos-
phatases are required for motor axon guidance in the Drosophila
embryo. Cell. 1996:84:599-609.

Devisme L, Bouchet C, Gonzales M, Alanio E, Bazin A, Bessieres B,
Bigi N, Blanchet P, Bonneau D, Bonnieres M, et al. Cobblestone
lissencephaly: neuropathological subtypes and correlations with
genes of dystroglycanopathies. Brain. 2012:135:469-482.

Doyle SE, Pahl MC, Siller KH, Ardiff L, Siegrist SE. Neuroblast niche
position is controlled by phosphoinositide 3-kinase-dependent DE-
Cadherin adhesion. Development. 2017:144:820-829.

Dwyer CA, Baker E, Hu H, Matthews RT. RPTP¢/phosphacan is
abnormally glycosylated in a model of muscle—eye-brain dis-
ease lacking functional POMGnT1. Neuroscience. 2012:220:
47-61.

Dwyer CA, Katoh T, Tiemeyer M, Matthews RT. Neurons
and glia modify receptor protein-tyrosine phosphatase zeta
(RPTPzeta)/phosphacan with cell-specific O-mannosyl glycans in
the developing brain. | Biol Chem. 2015:290:10256-10273.

Eill GJ, Sinha A, Morawski M, Viapiano MS, Matthews RT. The
protein tyrosine phosphatase RPTPzeta/phosphacan is critical for
perineuronal net structure. | Biol Chem. 2020:295:955-968.

Endo T. Mammalian O-mannosyl glycans: biochemistry and glyco-
pathology. Proc Jpn Acad Ser B Phys Biol Sci. 2019:95:39-51.

Ervasti JM, Campbell KP. A role for the dystrophin-glycoprotein com-
plex as a transmembrane linker between laminin and actin. J Cell
Biol. 1993:122:809-823.

Falcone G, Nickerson WJ. Cell-wall mannan-protein of baker’s yeast.
Science. 1956:124:272-273.

Farhan SMK, Nixon KC]J, Everest M, Edwards TN, Long S, Segal D,
Knip MJ, Arts HH, Chakrabarti R, Wang ], et al. Identification
of a novel synaptic protein, TMTC3, involved in periventricular
nodular heterotopia with intellectual disability and epilepsy. Hum
Mol Genet. 2017:26:4278-4289.

Fawcett JW, Fyhn M, Jendelova P, Kwok JCF, Ruzicka ], Sorg BA.
The extracellular matrix and perineuronal nets in memory. Mol
Psychiatry. 2022:27:3192-3203.

Finne ], Krusius T, Margolis RK, Margolis RU. Novel mannitol-
containing oligosaccharides obtained by mild alkaline borohydride
treatment of a chondroitin sulfate proteoglycan from brain. | Biol
Chem. 1979:254:10295-10300.

Fukai S, Yoshida T. Roles of type Ila receptor protein tyrosine phos-
phatases as synaptic organizers. FEBS J. 2021:288:6913-6926.
Garrity PA, Lee CH, Salecker I, Robertson HC, Desai CJ, Zinn K,
Zipursky SL. Retinal axon target selection in Drosophila is regu-
lated by a receptor protein tyrosine phosphatase. Neuron. 1999:22:

707-717.

Goddeeris MM, Wu B, Venzke D, Yoshida-Moriguchi T, Saito F,
Matsumura K, Moore SA, Campbell KP. LARGE glycans on dystro-
glycan function as a tunable matrix scaffold to prevent dystrophy.
Nature. 2013:503:136-140.

Godfrey C, Clement E, Mein R, Brockington M, Smith J, Talim B, Straub
V, Robb S, Quinlivan R, Feng L, et al. Refining genotype phenotype
correlations in muscular dystrophies with defective glycosylation of
dystroglycan. Brain. 2007:130:2725-2735.

Graham JB, Sunryd JC, Mathavan K, Weir E, Larsen ISB, Halim
A, Clausen H, Cousin H, Alfandari D, Hebert DN. Endoplas-
mic reticulum transmembrane protein TMTC3 contributes to O-
mannosylation of E-cadherin, cellular adherence, and embryonic
gastrulation. Mol Biol Cell. 2020:31:167-183.

Gramates LS, Agapite ], Attrill H, Calvi BR, Crosby MA, Dos San-
tos G, Goodman JL, Goutte-Gattat D, Jenkins VK, Kaufman T,
et al. FlyBase: a guided tour of highlighted features. Genetics.
2022:220(4):1yac035.

Guillen-Ahlers H, Erbe CB, Chevalier FD, Montoya M], Zimmerman
KD, Langefeld CD, Olivier M, Runge CL. TMTC2 variant asso-
ciated with sensorineural hearing loss and auditory neuropathy
spectrum disorder in a family dyad. Mol Genet Genomic Med.
2018:6:653-659.



Protein O-mannosylation

Gurrapu S, Tamagnone L. Semaphorins as regulators of phenotypic
plasticity and functional reprogramming of cancer cells. Trends Mol
Med. 2019:25:303-314.

Haines N, Seabrooke S, Stewart BA. Dystroglycan and protein O-
mannosyltransferases 1 and 2 are required to maintain integrity of
Drosophila larval muscles. Mol Biol Cell. 2007:18:4721-4730.

Halbleib JM, Nelson WJ. Cadherins in development: cell adhe-
sion, sorting, and tissue morphogenesis. Genes Dev. 2006:20:
3199-3214.

Halmo SM, Singh D, Patel S, Wang S, Edlin M, Boons GJ, More-
men KW, Live D, Wells L. Protein O-linked mannose beta-1,4-
N-acetylglucosaminyl-transferase 2 (POMGNT2) is a gatekeeper
enzyme for functional glycosylation of alpha-dystroglycan. J Biol
Chem. 2017:292:2101-2109.

Hana S, Karthik D, Shan J, El Hayek S, Chouchane L, Megarbane A. A
report on a family with TMTC3-related syndrome and review. Case
Rep Med. 2020:2020:1-6.

Hara Y, Balci-Hayta B, Yoshida-Moriguchi T, Kanagawa M, Beltran-
Valero de Bernabe D, Gundesli H, Willer T, Satz JS, Craw-
ford RW, Burden SJ, et al. A dystroglycan mutation associated
with limb-girdle muscular dystrophy. N Engl | Med. 2011:364:
939-946.

Hatzihristidis T, Desai N, Hutchins AP, Meng TC, Tremblay ML,
Miranda-Saavedra D. A Drosophila-centric view of protein tyrosine
phosphatases. FEBS Lett. 2015:589:951-966.

Hill E, Broadbent ID, Chothia C, Pettitt J. Cadherin superfamily pro-
teins in Caenorbabditis elegans and Drosophila melanogaster. ] Mol
Biol. 2001:305:1011-1024.

Hohenester E. Laminin G-like domains: dystroglycan-specific lectins.
Curr Opin Struct Biol. 2019:56:56—63.

Holdener BC, Haltiwanger RS. Protein O-fucosylation: structure and
tunction. Curr Opin Struct Biol. 2019:56:78-86.

Hu H, Yang Y, Eade A, Xiong Y, Qi Y. Breaches of the pial basement
membrane and disappearance of the glia limitans during develop-
ment underlie the cortical lamination defect in the mouse model of
Muscle-Eye-Brain disease. ] Comp Neurol. 2007:502:168-183.

Hu H, Li ], Gagen CS, Gray NW, Zhang Z, Qi Y, Zhang P. Conditional
knockout of protein O-mannosyltransferase 2 reveals tissue-specific
roles of O-mannosyl glycosylation in brain development. | Comp
Neurol. 2011:519:1320-1337.

Hynes RO, Zhao Q. The evolution of cell adhesion. J Cell Biol.
2000:150:F89-F9%6.

Ibraghimov-Beskrovnaya O, Ervasti JM, Leveille CJ, Slaughter CA, Ser-
nett SW, Campbell KP. Primary structure of dystrophin-associated
glycoproteins linking dystrophin to the extracellular matrix. Nature.
1992:355:696-702.

Ichimiya T, Manya H, Ohmae Y, Yoshida H, Takahashi K, Ueda R,
Endo T, Nishihara S. The twisted abdomen phenotype of Drosophila
POMT1 and POMT2 mutants coincides with their heterophilic
protein O-mannosyltransferase activity. | Biol Chem. 2004:279:
42638-42647.

Imae R, Manya H, Tsumoto H, Osumi K, Tanaka T, Mizuno M,
Kanagawa M, Kobayashi K, Toda T, Endo T. CDP-glycerol inhibits
the synthesis of the functional O-mannosyl glycan of alpha-
dystroglycan. | Biol Chem. 2018:293:12186-12198.

Imbach T, Schenk B, Schollen E, Burda P, Stutz A, Grunewald S,
Bailie NM, King MD, Jaeken ], Matthijs G, et al. Deficiency of
dolichol-phosphate-mannose synthase-1 causes congenital disorder
of glycosylation type Ie. | Clin Invest. 2000:105:233-239.

Inamori K, Endo T, Ide Y, Fujii S, Gu J, Honke K, Taniguchi N. Molecu-
lar cloning and characterization of human GnT-IX, a novel betal,6-
N-acetylglucosaminyltransferase that is specifically expressed in the
brain. ] Biol Chem. 2003:278:43102-43109.

Inamori K-I, Yoshida-Moriguchi T, Hara Y, Anderson ME, Yu L,
Campbell KP. Dystroglycan function requires xylosyl- and glu-
curonyltransferase activities of LARGE. Science. 2012:335:93-96.

Jerber J, Zaki MS, Al-Aama JY, Rosti RO, Ben-Omran T, Dikoglu E,
Silhavy JL, Caglar C, Musaev D, Albrecht B, et al. Biallelic mutations
in TMTC3, encoding a transmembrane and TPR-containing protein,

923

lead to cobblestone lissencephaly. Am | Hum Genet. 2016:99:
1181-1189.

Johnson KG, Van Vactor D. Receptor protein tyrosine phosphatases in
nervous system development. Physiol Rev. 2003:83:1-24.

Kanagawa M. Dystroglycanopathy: from elucidation of molecular and
pathological mechanisms to development of treatment methods. Int
J Mol Sci. 2021:22(23):13162.

Kanagawa M, Kobayashi K, Tajiri M, Manya H, Kuga A, Yamaguchi
Y, Akasaka-Manya K, Furukawa JI, Mizuno M, Kawakami H,
et al. Identification of a post-translational modification with ribitol-
phosphate and its defect in muscular dystrophy. Cell Rep. 2016:14:
2209-2223.

Kanekiyo K, Inamori K-1, Kitazume S, Sato K, Maeda J, Higuchi M,
Kizuka Y, Korekane H, Matsuo I, Honke K. Loss of branched
O-mannosyl glycans in astrocytes accelerates remyelination. |
Neurosci. 2013:33:10037-10047.

Kaneko M, Alvarez-Manilla G, Kamar M, Lee I, Lee JK, Troupe
K, Zhang W, Osawa M, Pierce M. A novel beta(1,6)-N-
acetylglucosaminyltransferase V (GnT-VB)(1). FEBS Lett. 2003:
554:515-519.

Kano H, Kobayashi K, Herrmann R, Tachikawa M, Manya H, Nishino
I, Nonaka I, Straub V, Talim B, Voit T, et al. Deficiency of
alpha-dystroglycan in Muscle-Eye-Brain disease. Biochem Biophys
Res Commun. 2002:291:1283-1286.

Kim S, Westphal V, Srikrishna G, Mehta DP, Peterson S, Filiano ],
Karnes PS, Patterson MC, Freeze HH. Dolichol phosphate mannose
synthase (DPM1) mutations define congenital disorder of glycosy-
lation Ie (CDG-le). J Clin Invest. 2000:105:191-198.

Kong Y, Janssen BJ, Malinauskas T, Vangoor VR, Coles CH, Kaufmann
R, Ni T, Gilbert R], Padilla-Parra S, Pasterkamp R]J, et al. Struc-
tural basis for plexin activation and regulation. Neuron. 2016:91:
548-560.

Krusius T, Finne J, Margolis RK, Margolis RU. Identification of an
O-glycosidic mannose-linked sialylated tetrasaccharide and keratan
sulfate oligosaccharides in the chondroitin sulfate proteoglycan of
brain. | Biol Chem. 1986:261:8237-8242.

Kuwabara N, Manya H, Yamada T, Tateno H, Kanagawa M, Kobayashi
K, Akasaka-Manya K, Hirose Y, Mizuno M, Ikeguchi M, et al.
Carbohydrate-binding domain of the POMGnT1 stem region mod-
ulates O-mannosylation sites of alpha-dystroglycan. Proc Natl Acad
Sci US A.2016:113:9280-9285.

Lane PW, Beamer TC, Myers DD. Myodystrophy, a new myopathy on
chromosome 8 of the mouse. | Hered. 1976:67:135-138.

Larsen ISB, Narimatsu Y, Joshi HJ, Siukstaite L, Harrison O], Brasch
J, Goodman KM, Hansen L, Shapiro L, Honig B, et al. Dis-
covery of an O-mannosylation pathway selectively serving cad-
herins and protocadherins. Proc Natl Acad Sci U S A. 2017a:114:
11163-11168.

Larsen ISB, Narimatsu Y, Joshi HJ, Yang Z, Harrison O], Brasch ],
Shapiro L, Honig B, Vakhrushev SY, Clausen H, et al. Mammalian
O-mannosylation of cadherins and plexins is independent of pro-
tein O-mannosyltransferases 1 and 2. J Biol Chem. 2017b:292:
11586-11598.

Larsen ISB, Narimatsu Y, Clausen H, Joshi HJ, Halim A. Multiple
distinct O-mannosylation pathways in eukaryotes. Curr Opin Struct
Biol.2019:56:171-178.

Larsen ISB, Povolo L, Zhou L, Tian W, Mygind K], Hintze
J, Jiang C, Hartill V, Prescott K, Johnson CA, et al. The
SHDRA syndrome-associated gene TMEM260 encodes a protein-
specific O-mannosyltransferase. Proc Natl Acad Sci U S A. 2023:
120:€2302584120.

Lee LH, Godenschwege TA. Structure-function analyses of tyrosine
phosphatase PTP69D in giant fiber synapse formation of drosophila.
Mol Cell Neurosci. 2015:64:24-31.

Lee JK, Matthews RT, Lim JM, Swanier K, Wells L, Pierce
JM. Developmental expression of the neuron-specific N-
acetylglucosaminyltransferase Vb (GnT-Vb/IX) and identification
of its in vivo glycan products in comparison with those of its
paralog, GnT-V. | Biol Chem.2012:287:28526-28536.



924

Levinson DF, Shi J, Wang K, Oh S, Riley B, Pulver AE, Wildenauer
DB, Laurent C, Mowry BJ, Gejman PV, et al. Genome-wide associ-
ation study of multiplex schizophrenia pedigrees. Am ] Psychiatry.
2012:169:963-973.

Li X, Zhang P, Yang Y, Xiong Y, Qi Y, Hu H. Differentiation and devel-
opmental origin of cerebellar granule neuron ectopia in protein O-
mannose UDP-N-acetylglucosaminyl transferase 1 knockout mice.
Neuroscience. 2008:152:391-406.

Li J, Yu M, Feng G, Hu H, Li X. Breaches of the pial basement
membrane are associated with defective dentate gyrus development
in mouse models of congenital muscular dystrophies. Neurosci Lett.
2011:505:19-24.

Li J, Akil O, Rouse SL, McLaughlin CW, Matthews IR, Lustig LR, Chan
DK, Sherr EH. Deletion of Tmtc4 activates the unfolded protein
response and causes postnatal hearing loss. | Clin Invest. 2018:128:
5150-5162.

Li Q,Li M, Zhu M, Zhong J, Wen L, Zhang J, Zhang R, Gao Q, Yu XQ,
Lu Y. Genome-wide identification and comparative analysis of cry
toxin receptor families in 7 insect species with a focus on Spodoptera
litura. Insect Sci. 2022:29:783-800.

Liu G, Zhou Q, Lin H, Li N, Ye H, Wang J. Novel compound variants
of the TMTC3 gene cause cobblestone lissencephaly-like syndrome:
a case report. Exp Ther Med. 2020:20:97.

Lommel M, Winterhalter PR, Willer T, Dahlhoff M, Schneider MR,
Bartels MF, Renner-Muller I, Ruppert T, Wolf E, Strahl S. Protein
O-mannosylation is crucial for E-cadherin-mediated cell adhesion.
Proc Natl Acad Sci U S A.2013:110:21024-21029.

Lyalin D, Koles K, Roosendaal SD, Repnikova E, Van Wechel L,
Panin VM. The twisted gene encodes Drosophila protein O-
mannosyltransferase 2 and genetically interacts with the rotated
abdomen gene encoding Drosophila protein O-mannosyltransferase
1. Genetics. 2006:172:343-353.

Manya H, Chiba A, Yoshida A, Wang X, Chiba Y, Jigami Y, Mar-
golis RU, Endo T. Demonstration of mammalian protein O-
mannosyltransferase activity: coexpression of POMT1 and POMT2
required for enzymatic activity. Proc Natl Acad Sci. 2004:101:
500-505.

Manzini MC, Tambunan DE, Hill RS, Yu TW, Maynard TM, Heinzen
EL, Shianna KV, Stevens CR, Partlow JN, Barry BJ, et al. Exome
sequencing and functional validation in zebrafish identify GTDC2
mutations as a cause of Walker-Warburg Syndrome. Am | Hum
Genet.2012:91:541-547.

Marrone AK, Kucherenko MM, Rishko VM, Shcherbata HR. New
dystrophin/dystroglycan interactors control neuron behavior in
Drosophila eye. BMC Neurosci. 2011:12:93.

Martin PT. Congenital muscular dystrophies involving the O-mannose
pathway. Curr Mol Med. 2007:7:417-425.

Martin-Blanco E, Garcia-Bellido A. Mutations in the rotated abdomen
locus affect muscle development and reveal an intrinsic asym-
metry in Drosophila. Proc Natl Acad Sci U S A. 1996:93:
6048-6052.

Maurel P, Rauch U, Flad M, Margolis RK, Margolis RU. Phosphacan,
a chondroitin sulfate proteoglycan of brain that interacts with neu-
rons and neural cell-adhesion molecules, is an extracellular variant
of a receptor-type protein tyrosine phosphatase. Proc Natl Acad Sci
US A.1994:91:2512-2516.

McDearmon EL, Combs AC, Sekiguchi K, Fujiwara H, Ervasti JM.
Brain a-dystroglycan displays unique glycoepitopes and preferential
binding to laminin-10/11. FEBS Lett. 2006:580:3381-3385.

Mealer RG, Williams SE, Daly M], Scolnick EM, Cummings RD,
Smoller JW. Glycobiology and schizophrenia: a biological hypoth-
esis emerging from genomic research. Mol Psychiatry. 2020:25:
3129-3139.

Messina S, Tortorella G, Concolino D, Spano M, D’Amico A, Bruno
C, Santorelli FM, Mercuri E, Bertini E. Congenital muscular dystro-
phy with defective alpha-dystroglycan, cerebellar hypoplasia, and
epilepsy. Neurology. 2009:73:1599-1601.

Michele DE, Barresi R, Kanagawa M, Saito F, Cohn RD, Satz JS, Dollar
J, Nishino I, Kelley RI, Somer H, et al. Post-translational disruption

M Koff et al.

of dystroglycan-ligand interactions in congenital muscular dystro-
phies. Nature. 2002:418:417-422.

Mirouse V, Christoforou CP, Fritsch C, St Johnston D, Ray RP. Dys-
troglycan and perlecan provide a basal cue required for epithelial
polarity during energetic stress. Dev Cell. 2009:16:83-92.

Monagas-Valentin P, Bridger R, Chandel I, Koff M, Novikov B,
Schroeder P, Wells L, Panin V. Protein tyrosine phosphatase 69D is
a substrate of protein O-mannosyltransferases 1-2 that is required
for the wiring of sensory axons in Drosophila. | Biol Chem.
2023:299:102890.

Moore SA, Saito F, Chen J, Michele DE, Henry MD, Messing A, Cohn
RD, Ross-Barta SE, Westra S, Williamson RA, et al. Deletion of brain
dystroglycan recapitulates aspects of congenital muscular dystrophy.
Nature. 2002:418:422-425.

Moremen KW, Haltiwanger RS. Emerging structural insights into
glycosyltransferase-mediated synthesis of glycans. Nat Chem Biol.
2019:15:853-864.

Morise J, Kizuka Y, Yabuno K, Tonoyama Y, Hashii N, Kawasaki N,
Manya H, Miyagoe-Suzuki Y, Si T, Endo T. Structural and biochem-
ical characterization of O-mannose-linked human natural killer-
1 glycan expressed on phosphacan in developing mouse brains.
Glycobiology. 2013:24:314-324.

Morise J, Kizuka Y, Yabuno K, Tonoyama Y, Hashii N, Kawasaki N,
Manya H, Miyagoe-Suzuki Y, Takeda S, Endo T, et al. Structural
and biochemical characterization of O-mannose-linked human nat-
ural killer-1 glycan expressed on phosphacan in developing mouse
brains. Glycobiology. 2014:24:314-324.

Myshrall TD, Moore SA, Ostendorf AP, Satz JS, Kowalczyk T, Nguyen
H, Daza RA, Lau C, Campbell KP, Hevner RF. Dystroglycan on
radial glia end feet is required for pial basement membrane integrity
and columnar organization of the developing cerebral cortex. |
Neuropathol Exp Neurol. 2012:71:1047-1063.

Nakagawa N, Yagi H, Kato K, Takematsu H, Oka S. Ectopic clustering
of Cajal-Retzius and subplate cells is an initial pathological feature
in Pomgnt2-knockout mice, a model of dystroglycanopathy. Sci Rep.
2015:5:11163.

Nakamura N, Lyalin D, Panin VM. Protein O-mannosylation in animal
development and physiology: from human disorders to Drosophila
phenotypes. Semin Cell Dev Biol. 2010a:21:622-630.

Nakamura N, Stalnaker SH, Lyalin D, Lavrova O, Wells L, Panin
VM. Drosophila dystroglycan is a target of O-mannosyltransferase
activity of two protein O-mannosyltransferases, rotated abdomen
and twisted. Glycobiology. 2010b:20:381-394.

Napoletano F, Occhi S, Calamita P, Volpi V, Blanc E, Charroux B, Royet
J, Fanto M. Polyglutamine atrophin provokes neurodegeneration in
Drosophila by repressing fat. EMBO J. 2011:30:945-958.

Neubert P, Strahl S. Protein O-mannosylation in the early secretory
pathway. Curr Opin Cell Biol. 2016:41:100-108.

Nickolls AR, Bonnemann CG. The roles of dystroglycan in the nervous
system: insights from animal models of muscular dystrophy. Dis
Model Mech.2018:11(12):dmm035931.

Nishimune H, Valdez G, Jarad G, Moulson CL, Muller U, Miner
JH, Sanes JR. Laminins promote postsynaptic maturation by an
autocrine mechanism at the neuromuscular junction. J Cell Biol.
2008:182:1201-1215.

Okuma H, Hord JM, Chandel I, Venzke D, Anderson ME, Wal-
imbe AS, Joseph S, Gastel Z, Hara Y, Saito F, et al. N-terminal
domain on dystroglycan enables LARGE1 to extend matrigly-
can on alpha-dystroglycan and prevents muscular dystrophy. elife.
2023:12:e82811.

Orr BO, Fetter RD, Davis GW. Activation and expansion of presynaptic
signaling foci drives presynaptic homeostatic plasticity. Neuron.
2022:110:3743-3759 e3746.

Pacharra S, Hanisch FG, Breloy L. Neurofascin 186 is O-mannosylated
within and outside of the mucin domain. | Proteome Res. 2012:11:
3955-3964.

Pacharra S, Hanisch FG, Muhlenhoff M, Faissner A, Rauch U,
Breloy I. The lecticans of mammalian brain perineural net are O-
mannosylated. ] Proteome Res. 2013:12:1764-1771.



Protein O-mannosylation

Pagnamenta AT, Jackson A, Perveen R, Beaman G, Petts G, Gupta
A, Hyder Z, Chung BH, Kan AS, Cheung KW, et al. Biallelic
TMEM260 variants cause truncus arteriosus, with or without renal
defects. Clin Genet. 2022:101:127-133.

van der Plas MC, Pilgram GS, de Jong AW, Bansraj MR, Fradkin LG,
Noordermeer JN. Drosophila dystrophin is required for integrity of
the musculature. Mech Dev. 2007:124:617-630.

Praissman JL, Wells L. Mammalian O-mannosylation pathway: glycan
structures, enzymes, and protein substrates. Biochemistry. 2014:53:
3066-3078.

Praissman JL, Willer T, Sheikh MO, Toi A, Chitayat D, Lin YY, Lee
H, Stalnaker SH, Wang S, Prabhakar PK, et al. The functional O-
mannose glycan on alpha-dystroglycan contains a phospho-ribitol
primed for matriglycan addition. Elife. 2016:5:¢14473.

Radenkovic S, Fitzpatrick-Schmidt T, Byeon SK, Madugundu AK,
Saraswat M, Lichty A, Wong SYW, McGee S, Kubiak K, Ligezka
A, et al. Expanding the clinical and metabolic phenotype of DPM2
deficient congenital disorders of glycosylation. Mol Genet Metab.
2021:132:27-37.

van Reeuwijk J, Janssen M, van den Elzen C, Beltran-Valero de Bernabe
D, Sabatelli P, Merlini L, Boon M, Scheffer H, Brockington M,
Muntoni F, et al. POMT2 mutations cause alpha-dystroglycan
hypoglycosylation and Walker-Warburg syndrome. | Med Genet.
2005:42:907-912.

van Reeuwijk ], Maugenre S, van den Elzen C, Verrips A, Bertini
E, Muntoni F, Merlini L, Scheffer H, Brunner HG, Guicheney P,
et al. The expanding phenotype of POMT1 mutations: from Walker-
Warburg syndrome to congenital muscular dystrophy, microcephaly,
and mental retardation. Hum Mutat. 2006:27:453-459.

van Reeuwijk J, Grewal PK, Salih MA, Beltran-Valero de Bernabe D,
McLaughlan JM, Michielse CB, Herrmann R, Hewitt JE, Stein-
brecher A, Seidahmed MZ, et al. Intragenic deletion in the LARGE
gene causes Walker-Warburg syndrome. Hum Genet. 2007:121:
685-690.

Riemersma M, Mandel H, van Beusekom E, Gazzoli I, Roscioli T, Eran
A, Gershoni-Baruch R, Gershoni M, Pietrokovski S, Vissers LE, et al.
Absence of alpha- and beta-dystroglycan is associated with Walker-
Warburg syndrome. Neurology. 2015:84:2177-2182.

Roscioli T, Kamsteeg EJ, Buysse K, Maystadt I, van Reeuwijk ], van
den Elzen C, van Beusekom E, Riemersma M, Pfundt R, Vissers
LE, et al. Mutations in ISPD cause Walker-Warburg syndrome and
defective glycosylation of alpha-dystroglycan. Nat Genet. 2012:44:
581-585.

Runge CL, Indap A, Zhou Y, Kent JW Jr, King E, Erbe CB, Cole R, Lit-
trell J, Merath K, James R, et al. Association of TMTC2 with human
nonsyndromic sensorineural hearing loss. JAMA Otolaryngol Head
Neck Surg. 2016:142:866-872.

Satz JS, Ostendorf AP, Hou S, Turner A, Kusano H, Lee JC, Turk R,
Nguyen H, Ross-Barta SE, Westra S, et al. Distinct functions of glial
and neuronal dystroglycan in the developing and adult mouse brain.
J Neurosci. 2010:30:14560-14572.

Schizophrenia Working Group of the Psychiatric Genomics Consor-
tium. Biological insights from 108 schizophrenia-associated genetic
loci. Nature. 2014:511:421-427.

Schwabe T, Neuert H, Clandinin TR. A network of cadherin-mediated
interactions polarizes growth cones to determine targeting speci-
ficity. Cell. 2013:154:351-364.

Sentandreu R, Northcote DH. The structure of a glycopeptide isolated
from the yeast cell wall. Biochem J. 1968:109:419-432.

Shcherbata HR, Yatsenko AS, Patterson L, Sood VD, Nudel U, Yaffe
D, Baker D, Ruohola-Baker H. Dissecting muscle and neuronal
disorders in a Drosophila model of muscular dystrophy. EMBO ].
2007:26:481-493.

Sheikh MO, Halmo SM, Wells L. Recent advancements in under-
standing mammalian O-mannosylation. Glycobiology. 2017:27:
806-819.

Sheikh MO, Venzke D, Anderson ME, Yoshida-Moriguchi T, Glushka
JN, Nairn AV, Galizzi M, Moremen KW, Campbell KP, Wells L.

925

HNK-1 sulfotransferase modulates alpha-dystroglycan glycosyla-
tion by 3-O-sulfation of glucuronic acid on matriglycan. Glycobi-
ology. 2020:30:817-829.

Sheikh MO, Capicciotti CJ, Liu L, Praissman ], Ding D, Mead
DG, Brindley MA, Willer T, Campbell KP, Moremen KW, et al.
Cell surface glycan engineering reveals that matriglycan alone can
recapitulate dystroglycan binding and function. Nat Commun.
2022:13:3617.

Smalheiser NR, Schwartz NB. Cranin: a laminin-binding protein of cell
membranes. Proc Natl Acad Sci U S A. 1987:84:6457-6461.

Smalheiser NR, Haslam SM, Sutton-Smith M, Morris HR, Dell A.
Structural analysis of sequences O-linked to mannose reveals a
novel Lewis X structure in cranin (dystroglycan) purified from sheep
brain. | Biol Chem. 1998:273:23698-23703.

Stalnaker SH, Aoki K, Lim JM, Porterfield M, Liu M, Satz S, Buskirk S,
Xiong Y, Zhang P, Campbell KP, et al. Glycomic analyses of mouse
models of congenital muscular dystrophy. J Biol Chem. 2011:286:
21180-21190.

Stevens E, Carss KJ, Cirak S, Foley AR, Torelli S, Willer T, Tambunan
DE, Yau S, Brodd L, Sewry CA, et al. Mutations in BBGALNT2 cause
congenital muscular dystrophy and hypoglycosylation of alpha-
dystroglycan. Am | Hum Genet. 2013:92:354-365.

Sudo A, Kanagawa M, Kondo M, Ito C, Kobayashi K, Endo M,
Minami Y, Aiba A, Toda T. Temporal requirement of dystroglycan
glycosylation during brain development and rescue of severe cortical
dysplasia via gene delivery in the fetal stage. Hum Mol Genet.
2018:27:1174-1185.

Sunryd JC, Cheon B, Graham ]B, Giorda KM, Fissore RA, Hebert
DN. TMTC1 and TMTC2 are novel endoplasmic reticulum tetra-
tricopeptide repeat-containing adapter proteins involved in calcium
homeostasis. | Biol Chem. 2014:289:16085-16099.

Taniguchi K, Kobayashi K, Saito K, Yamanouchi H, Ohnuma A,
Hayashi YK, Manya H, Jin DK, Lee M, Parano E, et al. Worldwide
distribution and broader clinical spectrum of Muscle-Eye-Brain
disease. Hum Mol Genet. 2003:12:527-534.

Ta-Shma A, Khan TN, Vivante A, Willer JR, Matak P, Jalas C, Pode-
Shakked B, Salem Y, Anikster Y, Hildebrandt F, et al. Mutations
in TMEM260 cause a pediatric neurodevelopmental, cardiac, and
renal syndrome. Am | Hum Genet. 2017:100:666-675.

Tokuoka H, Imae R, Nakashima H, Manya H, Masuda C, Hoshino S,
Kobayashi K, Lefeber DJ, Matsumoto R, Okada T, et al. CDP-ribitol
prodrug treatment ameliorates ISPD-deficient muscular dystrophy
mouse model. Nat Commun. 2022:13:1847.

Tonks NK. Protein tyrosine phosphatases: from genes, to function, to
disease. Nat Rev Mol Cell Biol. 2006:7:833-846.

Tran DT, Lim JM, Liu M, Stalnaker SH, Wells L, Ten Hagen KG, Live D.
Glycosylation of alpha-dystroglycan: O-mannosylation influences
the subsequent addition of GalNAc by UDP-GalNAc polypep-
tide N-acetylgalactosaminyltransferases. | Biol Chem. 2012:287:
20967-20974.

Trinidad JC, Schoepfer R, Burlingame AL, Medzihradszky KF. N-and
O-glycosylation in the murine synaptosome. Mol Cell Proteomics.
2013:12:3474-3488.

Troyanovsky SM. Adherens junction: the ensemble of specialized cad-
herin clusters. Trends Cell Biol. 2023:33:374-387.

Vester-Christensen MB, Halim A, Joshi H]J, Steentoft C, Bennett EP,
Levery SB, Vakhrushev SY, Clausen H. Mining the O-mannose
glycoproteome reveals cadherins as major O-mannosylated glyco-
proteins. Proc Natl Acad Sci U S A.2013:110:21018-21023.

Vuillaumier-Barrot S, Quijano-Roy S, Bouchet-Seraphin C, Maugenre
S, Peudenier S, Van den Bergh P, Marcorelles P, Avila-Smirnow
D, Chelbi M, Romero NB, et al. Four Caucasian patients with
mutations in the fukutin gene and variable clinical phenotype.
Neuromuscul Disord. 2009:19:182-188.

Vuillaumier-Barrot S, Bouchet-Séraphin C, Chelbi M, Devisme L,
Quentin S, Gazal S, Laquerriére A, Fallet-Bianco C, Loget P, Odent S.
Identification of mutations in TMEMS and ISPD as a cause of severe
cobblestone lissencephaly. Am | Hum Genet. 2012:91:1135-1143.



926

Wairkar YP, Fradkin LG, Noordermeer JN, DiAntonio A. Synaptic
defects in a Drosophila model of congenital muscular dystrophy.
J Neurosci. 2008:28:3781-3789.

Walimbe AS, Okuma H, Joseph S, Yang T, Yonekawa T, Hord JM,
Venzke D, Anderson ME, Torelli S, Manzur A, et al. POMK reg-
ulates dystroglycan function via LARGE1-mediated elongation of
matriglycan. Elife. 2020:9:¢61388.

Willer T, Lee H, Lommel M, Yoshida-Moriguchi T, de Bernabe DB,
Venzke D, Cirak S, Schachter H, Vajsar ], Voit T, et al. ISPD
loss-of-function mutations disrupt dystroglycan O-mannosylation
and cause Walker-Warburg syndrome. Nat Genet. 2012:44:
575-580.

Winterhalter PR, Lommel M, Ruppert T, Strahl S. O-glycosylation of
the non-canonical T-cadherin from rabbit skeletal muscle by single
mannose residues. FEBS Lezt. 2013:587:3715-3721.

Worzfeld T, Offermanns S. Semaphorins and plexins as therapeutic
targets. Nat Rev Drug Discov. 2014:13:603-621.

Wright KM, Lyon KA, Leung H, Leahy DJ, Ma L, Ginty DD. Dys-
troglycan organizes axon guidance cue localization and axonal
pathfinding. Neuron. 2012:76:931-944.

Xu Y, Fisher GJ. Receptor type protein tyrosine phosphatases (RPTPs)
- roles in signal transduction and human disease. | Cell Commun
Signal. 2012:6:125-138.

Yaji S, Manya H, Nakagawa N, Takematsu H, Endo T, Kannagi R,
Yoshihara T, Asano M, Oka S. Major glycan structure underly-
ing expression of the Lewis X epitope in the developing brain is
O-mannose-linked glycans on phosphacan/RPTPbeta. Glycobiol-
ogy. 2015:25:376-385.

Yamamoto S, Oka S, Inoue M, Shimuta M, Manabe T, Takahashi H,
Miyamoto M, Asano M, Sakagami J, Sudo K, et al. Mice deficient
in nervous system-specific carbohydrate epitope HNK-1 exhibit
impaired synaptic plasticity and spatial learning. | Biol Chem.
2002:277:27227-27231.

Yeh TC, Lin NY, Chiu CY, Hsu TW, Wu HY, Lin HY, Chen CH,
Huang MC. TMTC1 promotes invasiveness of ovarian cancer cells

M Koff et al.

through integrins betal and beta4. Cancer Gene Ther. 2023:30(8):
1134-1143.

Yonekawa T, Rauckhorst AJ, El-Hattab S, Cuellar MA, Venzke D,
Anderson ME, Okuma H, Pewa AD, Taylor EB, Campbell KP.
Largel gene transfer in older myd mice with severe muscular dys-
trophy restores muscle function and greatly improves survival. Sci
Adv. 2022:8:eabn0379.

Yoshida A, Kobayashi K, Manya H, Taniguchi K, Kano H, Mizuno
M, Inazu T, Mitsuhashi H, Takahashi S, Takeuchi M, et al.
Muscular dystrophy and neuronal migration disorder caused by
mutations in a glycosyltransferase, POMGnT1. Dev Cell. 2001:1:
717-724.

Yoshida-Moriguchi T, Campbell KP. Matriglycan: a novel polysaccha-
ride that links dystroglycan to the basement membrane. Glycobiol-
ogy. 2015:25:702-713.

Yoshida-Moriguchi T, Yu L, Stalnaker SH, Davis S, Kunz S, Madson
M, Oldstone MB, Schachter H, Wells L, Campbell KP. O-mannosyl
phosphorylation of alpha-dystroglycan is required for laminin bind-
ing. Science. 2010:327:88-92.

Yoshida-Moriguchi T, Willer T, Anderson ME, Venzke D, Whyte T,
Muntoni F, Lee H, Nelson SF, Yu L, Campbell KP. SGK196 is a
glycosylation-specific O-mannose kinase required for dystroglycan
function. Science. 2013:341:896-899.

Yoshihara T, Sugihara K, Kizuka Y, Oka S, Asano M. Learning/mem-
ory impairment and reduced expression of the HNK-1 carbohy-
drate in beta4-galactosyltransferase-II-deficient mice. | Biol Chem.
2009:284:12550-12561.

Zachara NE, Akimoto Y, Boyce M, Hart GW. The O-GlcNAc modifi-
cation. In: Varki A, Cummings RD, Esko JD, Stanley P, Hart GW,
Aebi M, Mohnen D, Kinoshita T, Packer NH, Prestegard JH, et al.,
editors. Essentials of glycobiology. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press; 2022. pp. 251-264.

Zlatic M, Li F, Strigini M, Grueber W, Bate M. Positional cues in the
Drosophila nerve cord: semaphorins pattern the dorso-ventral axis.
PLoS Biol. 2009:7:¢1000135.



	 Protein O-mannosylation: one sugar, several pathways, many functions
	Introduction
	Biosynthesis of O-mannosyl glycan modifications of proteins
	Function of O-mannosyl glycans and disorders associated with their defects  
	Evolutionary perspective from the Drosophila model
	Concluding remarks
	Abbreviations
	 Acknowledgements
	Author contributions
	Funding
	Data availability statement


