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Abstract

The post-translational glycosylation of select proteins by O-linked mannose (O-mannose or O-

man) is a conserved modification from yeast to humans and has been shown to be necessary for

proper development and growth. The most well studied O-mannosylated mammalian protein is α-
dystroglycan (α-DG). Hypoglycosylation of α-DG results in varying severities of congenital muscu-

lar dystrophies, cancer progression and metastasis, and inhibited entry and infection of certain

arenaviruses. Defects in the gene products responsible for post-translational modification of α-DG,

primarily glycosyltransferases, are the basis for these diseases. The multitude of clinical pheno-

types resulting from defective O-mannosylation highlights the biomedical significance of this

unique modification. Elucidation of the various O-mannose biosynthetic pathways is imperative to

understanding a broad range of human diseases and for the development of novel therapeutics.

In this review, we will focus on recent discoveries delineating the various enzymes, structures and

functions associated with O-mannose-initiated glycoproteins. Additionally, we discuss current

gaps in our knowledge of mammalian O-mannosylation, discuss the evolution of this pathway,

and illustrate the utility and limitations of model systems to study functions of O-mannosylation.
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Introduction

Oxygen-linked alpha-mannose (hereinafter referred to as either
O-mannose or O-man) covalently attached to serine or threonine
residues was discovered nearly 50 years ago in yeast (Sentandreu
and Northcote 1968) and nearly 40 years ago in rat brain (Finne
et al. 1979). This post-translational modification is conserved
from fungi to humans and plays a role in a wide variety of human
diseases, such as congenital muscular dystrophy (CMD), cancer
metastasis and viral entry (Dobson et al. 2013; Panin and Wells
2014). Almost 20 years ago, it was discovered that the causative
genes for CMD were primarily glycosyltransferase (GT) genes that
specifically modify the most well studied O-mannosylated protein,
α-dystroglycan (α-DG) (Michele et al. 2002; Moore et al. 2002;
Muntoni et al. 2002; Yoshida et al. 2001). The human DAG1 gene

(dystrophin-associated glycoprotein 1) encodes the 895-residue dys-
troglycan precursor protein, which is post-translationally cleaved
into the peripheral membrane subunit (α-DG, residues 1–653) and
the transmembrane subunit (β-DG, residues 654–895) (Holt et al.
2000). α-DG is post-translationally processed in the secretory path-
way by furin to generate the mature α-DG (313–653). In addition to
being modified by N-linked glycans (Ervasti and Campbell 1991),
α-DG is highly O-glycosylated (serine- or threonine-linked) within its
mucin-like domain (residues 316–485) which includes mucin-type,
O-GalNAc (N-acetylgalactosamine)-initiated structures as well as
O-mannose-initiated structures (Barresi and Campbell 2006; Chiba
et al. 1997; Praissman and Wells 2014; Sasaki et al. 1998; Smalheiser
et al. 1998; Wells 2013). The best-characterized function of α-DG is
its role in the dystrophin-glycoprotein complex (DGC), in which
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α-DG contributes a glycan-dependent link between the actin cytoskel-
eton and extracellular matrix (ECM) (Ervasti and Campbell 1993)
(Figure 1A).

The biosynthesis of O-mannose-initiated glycans begins on the
cytosolic face of the endoplasmic reticulum (ER) with the gener-
ation of the lipid-linked mannosyl donor molecule dolichol-
phosphate mannose (Dol-P-Man or DPM). The enzymatic activity
of the DPM synthase complex (DPMS, comprised of DPM1, DPM2
and DPM3) catalyzes the transfer of mannose from guanidine
diphosphate mannose (GDP-Man) to dolichol-phosphate (Maeda et al.
2000). In addition to O-mannosylation, various mannosyltransferases
involved in asparagine-linked (N-linked) glycosylation (Aebi 2013),

tryptophan-linked C-mannosylation (Doucey et al. 1998) and
glycosylphosphatidylinositol-anchor biosynthesis (Kang et al. 2005;
Orlean 1990) are dependent on Dol-P-Man as a donor substrate.

Four major classifications of core O-mannose-initiated glycans
are proposed in Figure 1B, where the last three have been exten-
sively reviewed by Praissman and Wells (2014) and Yoshida-
Moriguchi et al. (2013). Hereinafter, we will refer to core O-man-
nose substructures consistent with the nomenclature proposed by
Praissman and Wells (2014). O-mannose glycan biosynthesis is
initiated in the ER by the Protein O-mannosyltransferase 1
(POMT1) and Protein O-mannosyltransferase 2 (POMT2) enzyme
complex which catalyzes the transfer of mannose from Dol-P-Man
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Fig. 1. The DGC and core O-mannose structures. (A) The DGC consists of the cytosolic dystrophin protein which connects the actin cytoskeleton to other intracellu-

lar and extracellular proteins. The heavily glycosylated peripheral membrane protein α-DG participates in the DGC and mediates interactions with ECM proteins

through the GAG-like repeating disaccharide, matriglycan. In addition to binding to LG-domain-containing proteins, matriglycan has been implicated in interac-

tions with certain arenaviruses which utilize α-DG as their primary cell-surface receptor. (B) Four classifications of core O-mannose structures are presented here.

Enzymes that catalyze the sugar transfer are indicated. (C) Summary of the fully elaborated core M3 functional glycan. Previously unknown region of this structure

(“X”) is indicated in red. The phospho-trisaccharide, as well as the enzymes that catalyze the indicated sugar or phosphate transfer for this region, are highlighted

in green. The linker and priming region as well as the linker and priming enzymes are indicated in blue, while matriglycan is highlighted in orange. Glycan symbol

representation is adapted from Varki et al. (2015).
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to the hydroxyl oxygen of serine or threonine side chains (Manya
et al. 2004). We refer to a serine or threonine residue linked with a
single α-mannose as core M0. Core M0 can be modified with β1,2-
linked N-Acetylglucosamine (GlcNAc) by Protein O-Linked
Mannose N-Acetyl-glucosaminyltransferase 1 (POMGNT1), result-
ing in the core M1 structure. The core M1 structure can be modified
with β1,6-linked GlcNAc by the activity of Mannosyl (α1,6)-
Glycoprotein β1,6-N-Acetyl-Glucosaminyltransferase (MGAT5B),
yielding the core M2 structure. Core M3 glycans are generated by
the addition of β1,4-linked GlcNAc to core M0 that is catalyzed by
Protein O-Linked Mannose N-Acetyl-glucosaminyltransferase 2
(POMGNT2).

While M1 and M2 cores can be further elaborated, most of the
recent research focus has been on the M3 core that can become func-
tionally modified to bind laminin globular (LG)-domain-containing
proteins. The core M3 structure is extended with β1,3-linked GalNAc
by β-1,3-N-Acetylgalactosaminyltransferase 2 (B3GALNT2). After
assembly of this trisaccharide, the six-position of mannose is subject
to phosphorylation by Protein O-Mannose Kinase (POMK, formerly
SGK196) in the ER, in which this reaction product will be referred to
as the “phospho-trisaccharide” throughout this review (Yoshida-
Moriguchi et al. 2013). Once formed, the phospho-trisaccharide is
further elaborated by the activities of the recently discovered
phospho-ribitol transferases and the priming enzymes, which
will be discussed later. Finally, the synthesis of matriglycan, a glycosa-
minoglycan (GAG)-like repeating disaccharide of xylose (Xyl) and
glucuronic acid (GlcA) ([-Xyl-α3-GlcA-β3-]n), is polymerized on the
primed structure by the activities of the bifunctional GTs LARGE1
(formerly LARGE) and/or its paralog LARGE2 (formerly GYLTL1B)
in the Golgi apparatus (Ashikov et al. 2013; Inamori et al. 2012,
2013) (Figure 1C). Matriglycan is the functional epitope that binds
the LG-domain-containing proteins in the ECM. This linkage appears
to be critical for the structural integrity of skeletal muscle and proper
brain development (Yoshida-Moriguchi and Campbell 2015).

A disruption of this link between α-DG and the ECM results in a
subset of CMDs. When mutations in specific genes result in hypogly-
cosylation or loss of α-DG, these diseases are referred to as dystro-
glycanopathies. The evolving nomenclature of dystroglycanopathies
is chiefly classified by the origin of the genetic defect, where primary
dystroglycanopathies result from mutation in the DAG1 gene (Geis
et al. 2013; Hara, Balci-Hayta et al. 2011), while secondary dystro-
glycanopathies result from defects in any of the genes encoding
enzymes directly modifying of α-DG (Beedle et al. 2012;
Brockington et al. 2010) (Table I). Secondary dystroglycanopathies
include a wide range of muscular dystrophic phenotypes including
the most severe case of Walker–Warburg syndrome (WWS) to the
less severe limb-girdle muscular dystrophies (LGMDs). Recently, ter-
tiary dystroglycanopathies have been described as originating from
defects in genes required for the proper biosynthesis of donor sub-
strate molecules, such as Dol-P-Man or CDP-ribitol, used by the α-
DG modifying enzymes and will be discussed further in this review
(Figure 2) (Barone et al. 2012; Lefeber et al. 2009, 2011; Riemersma,
Froese et al. 2015; Yang et al. 2013).

An astonishing amount of progress has been made by multiple
laboratories over the past 4 years in order to elucidate the central
link between the core M3 phospho-trisaccharide and matriglycan.
Until 2016; the linker region (which has been frequently named “X”

in the literature) was unknown (Figure 1C). The identification of pre-
viously unknown activities of multiple causal gene products including
B4GAT1 (formerly B3GNT1), TMEM5, ISPD, FKTN, and FKRP
further assisted in the complete assignment of the unknown linker

region. Structural determination of both POMGNT1 and POMK
and mechanistic studies on POMGNT1 and POMGNT2 provided
insight into substrate specificity and regulation. This review focuses
on recently published work, expands on the current gaps in the field,
and highlights future directions.

Phosphodiester linkages connecting matriglycan

to α-DG
In 2010, it was inferred that the functional glycan, matriglycan was
connected to core M3 substructures by an unknown moiety known
as “X” (Figure 1C), presumably via a phosphate group linked to
position 6 of α-mannose of the core M3 phospho-trisaccharide
[GalNAc-β1,3-GlcNAc-β1,4(6-phospho)-Man] (Yoshida-Moriguchi
et al. 2010). These conclusions were made from experiments demon-
strating that reactivity with an α-DG glyco-specific antibody, IIH6,
was abolished upon treatment of α-DG with aqueous hydrofluoric
acid (HFaq) which chemically cleaves phosphodiester bonds (Ilg
et al. 1996). Interestingly, phosphate analysis of native α-DG puri-
fied from rabbit skeletal muscle revealed 4–5 moles of phosphate
per mole of protein (Yoshida-Moriguchi et al. 2010), which could
either be attributed to multiple sites of core M3-type modification or
additional phosphates within the functional glycan. In 2016, our
group (Praissman et al. 2016) and others (Kanagawa et al. 2016)
identified ribitol-phosphate (RboP)-containing species within the
functional glycan on α-DG by mass spectrometry. Kanagawa et al.
demonstrated that the RboP incorporation occurred in tandem and
was linked to carbon-3 of GalNAc, instead of the previously
hypothesized mannose-6-phosphate of the core M3 glycan (Kanagawa
et al. 2016) (Figure 1C). Interestingly, the Kato and Khoo laboratories
detected a novel, lower abundance modification of a single glycerol-
phosphate (GroP) moiety linked to the core M3 phospho-trisaccharide
on truncated, recombinant α-DG (Yagi et al. 2016). In this study, no
tandem GroP or GroP-RboP modifications were detected, nor was the
GroP modification extended with Xyl-GlcA repeats, which sug-
gests that GroP might serve as a molecular brake for core M3
functional glycan synthesis under certain physiological condi-
tions. The discovery of tandem ribitol-phosphate moieties within the
α-DG functional glycan identifies a gap in the symbol representation
(Varki et al. 2015). Therefore, we suggest to represent the linear ribi-
tol (reduced ribose) as a pink zigzag line containing five points, as
shown in Figure 1.

CDP-L-ribitol—A Novel “Nucleotide-Sugar Alcohol”

In Mammals

Having determined that RboP is a part of the functional M3 glycan
brought up the question of the donor for the FKTN and FKRP
enzymes. One hint came from an effort to identify host factors
required for Lassa virus (LASV) cellular entry, which is known to util-
ize α-DG as its primary cellular receptor (Cao et al. 1998; Oldstone
and Campbell 2011). Using a gene trap–insertion screen in the near-
haploid HAP1 human cell line (Carette et al. 2011) the dystroglycan
gene DAG1, in addition to other genes known to be causal for CMD
and involved with α-DG modification were identified (Table I) (Jae
et al. 2013). Among these genes, ISPD (isoprenoid synthase domain-
containing) was of unknown function and not predicted to have any
GT domains. ISPD was of particular interest due to reports of WWS
patients harboring mutations in this gene (Roscioli et al. 2012; Willer
et al. 2012). Near the end of 2015, four independent research groups
demonstrated that recombinant ISPD was able to utilize CTP and D-
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Table I. Proteins involved with functional glycosylation of α-DG

Gene product name
(former name)

UniProt
ID

Function Core glycan Subcellular localization Dystroglycanopathy
classification based
on mutation

DAG1 Q14118 Extracellular glycoprotein that acts as a receptor for LG-domain-containing ECM proteins Plasma membrane/
extracellular space

Primary

POMT1 Q9Y6A1 Transfers α-mannose from DPM to serine or threonine residues in a complex with POMT2 M0, M1, M2, M3 ER Secondary
POMT2 Q9UKY4 Transfers α-mannose from DPM to serine or threonine residues in a complex with POMT1 M0, M1, M2, M3 ER Secondary
POMGNT1 Q8WZA1 Transfers β1,2-GlcNAc to O-mannose on serine or threonine residues M1, M2 Golgi Secondary
POMGNT2 (AGO61, GTDC2) Q8NAT1 Transfers β1,4-GlcNAc to O-mannose on serine or threonine residues M3 ER Secondary
MGAT5B (GNT-VB, GNT-IX) Q3V5L5 Transfers β1,6-GlcNAc to O-mannose on serine or threonine residues M2 Golgi Not Observed
B3GALNT2 Q8NCR0 Transfers β1,3-GalNAc to core M3 M3 ER Secondary
POMK (SGK196) Q9H5K3 Carbohydrate kinase that phosphorylates 6 position of O-mannose M3 ER Secondary
FKTN (FCMD) O75072 Transfers L-ribitol-1-phosphate to the core M3 trisaccharide at the 3 position of GalNAc in a

phosphodiester linkage
M3 Golgi Secondary

FKRP Q9H9S5 Transfers L-ribitol-1-phosphate to the RboP product of FKTN in a phosphodiester linkage M3 Golgi Secondary
RXYLT1 (TMEM5) Q9Y2B1 Transfers β1,2-Xyl to ribitol M3 Golgi Secondary
B4GAT1 (B3GNT1) O43505 Transfers a β1,4-GlcA to an underlying Xyl M3 Golgi Secondary
LARGE1 (LARGE) O95461 Polymerizes an α1,3-Xyl-β1,3-GlcA repeat M3 Golgi Secondary
LARGE2 (GYLTL1B) Q8N3Y3 Polymerizes an α1,3-Xyl-β1,3-GlcA repeat M3 Golgi Not observed
HNK-1ST (CHST10) O43529 Presumably sulfates terminal GlcA of matriglycan M3 Golgi Not observed
DPM1 O60762 Transfers mannose from GDP-mannose to dolichol monophosphate to form dolichol-phosphate

mannose (Dol-P-Man)
M1, M2, M3 ER Tertiary

DPM2 O94777 Regulatory subunit of the DPM synthase complex M1, M2, M3 ER Tertiary
DPM3 Q9P2X0 Tethers catalytic subunit DPM1 to the ER M1, M2, M3 ER Tertiary
DOLK Q9UPQ8 Phosphorylates dolichol to produce dolichol-phosphate M1, M2, M3 ER Tertiary
CRPPA (ISPD) A4D126 Catalyzes the transfer of a pyrophosphate group from CTP to synthesize CDP-L-ribitol M3 Cytosolic Tertiary
HK P19367 Phosphorylates mannose to Produce mannose-6-phosphate M1, M2, M3 Mitochondrial/Cytosolic Not observed

P52790
P52789

MPI P34949 Catalyzes the isomerization of mannose-6-phosphate and fructose-6-phosphate M1, M2, M3 Cytosolic Tertiaryab

PMM2 O15305 Catalyzes the isomerization of mannose-6-phosphate to mannose-1-phosphate M1, M2, M3 Cytosolic Tertiaryab

GMPPB Q9Y5P6 Synthesizes GDP-mannose from GTP and mannose-1-phosphate M1, M2, M3 Cytosolic Tertiarya

aIndicates CDG.
bIndicates Putative Dystroglycanopathy.
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ribitol-5-phosphate (as well as ribose-5-phosphate or ribulose-5-phos-
phate) to generate CDP-L-ribitol (or CDP-ribose or CDP-ribulose,
respectively, Figure 2B) (Gerin et al. 2016; Kanagawa et al. 2016;
Praissman et al. 2016; Riemersma, Froese et al. 2015). Note that by
IUPAC convention as well as stereospecific numbering nomenclature
D-ribitol-5-phosphate is the preferred name but identical to L-ribitol-1-
phosphate and only CDP-L-ribitol (alternatively referred to as CDP 5-
ester of D-ribitol) exists for this polyol nucleotide where the carbon in
ribitol nearest the phosphate is the 1 carbon (Korte et al. 1976).
While all groups converged on demonstrating ISPD’s enzymatic activ-
ity and requirement for α-DG glycosylation, three of these studies pro-
vided unique contributions to understanding the function of ISPD.
Riemersma et al. solved the 2.4Å crystal structure of human ISPD
(residues 43–451) and mapped disease causing mutations to the N-
terminal cytidyltransferase domain (Riemersma, Froese et al. 2015),
while the Bommer laboratory successfully detected a CDP-pentitol,
likely CDP-L-ribitol (CDP-Rbo), in rat muscle and mouse myotubes
(Gerin et al. 2016). Furthermore, Kanagawa et al. demonstrated that
supplementation of CDP-Rbo to cells deficient in ISPD can restore
functional glycosylation of α-DG, and that further investigation of
CDP-Rbo supplementation therapy using animal models should be
considered as a potential therapeutic (Kanagawa et al. 2016).

Interestingly, all groups have defined the enzymatic activity of
ISPD in similar, yet alternative ways. For instance, Kanagawa et al.

use the broadest classification of ISPD as a CDP-ribitol synthase (i.e.
an enzyme that catalyzes the linking together of two molecules).
Riemersma et al. classify ISPD as a cytidyltransferase, where a trans-
ferase is an enzyme that catalyzes the transfer of a particular moiety
from one molecule to another, consistent with the classification used
in defining homologous enzymes, such as TarI, in bacterial systems
(Baur et al. 2009). However, following mammalian enzyme nomen-
clature, ISPD is most appropriately defined as a pyrophosphorylase
(i.e. an enzyme that catalyzes the transfer of a pyrophosphate group
from one molecule to another). Praissman et al. and Gerin et al.
define ISPD as a CDP-ribitol pyrophosphorylase (Gerin et al. 2016;
Praissman et al. 2016). This terminology is more specific than syn-
thase and is most consistent with the naming schemes of other mam-
malian sugar-nucleotide biosynthetic enzymes, like GDP-Mannose
Pyrophosphorylase B (GMPPB). Accordingly, we propose to rename
ISPD to CDP-L-ribitol (ribose, ribulose) pyrophosphorylase A, or
CRPPA.

It is puzzling why this cytidine-containing nucleotide-sugar was
not previously identified in mammals. However, it may be due to
the coelution of CDP-glucose during sugar-nucleotide analysis by
HPLC (Gerin et al. 2016). Outstanding areas of research include
identification of the pentose reductase and the location of this activ-
ity in the CDP-Rbo biosynthetic pathway in mammals (i.e. does the
reductase act on ribose-5-phosphate and then CRPPA acts or does
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CRPPA convert ribose-5-phosphate to CDP-ribose and then is it
reduced to CDP-ribitol?). Upon identification of a pentose reductase
involved in this pathway, it would be intriguing to determine if any
mutations in the reductase are causal for aberrant α-DG glycosyla-
tion as multiple dystroglycanopathies are still of unknown genetic
etiology.

Another gene identified in the gene trap–insertion screen (Carette
et al. 2011) was SLC35A1 (Solute Carrier Family 35 Member A1),
a CMP-sialic acid transporter (Patnaik and Stanley 2006). SLC35A1
mutations are causal for CMD and result in defective α-DG glycosy-
lation (Riemersma, Sandrock et al. 2015). While it has yet to be
demonstrated, it is enticing to hypothesize that SLC35A1 is also a
CDP-Rbo transporter as SLC35A1-deficient HAP1 cells lack the
functional glycan as detected by IIH6 staining, independent of sialic
acid (Riemersma, Sandrock et al. 2015).

Fukutin and FKRP—enzymes that utilize CDP-L-ribitol

LARGE1/2-mediated matriglycan synthesis on core M3 glycans
requires extension of the phospho-trisaccharide by several recently
characterized phosphoglycosyltransferases (Figure 1C). The genes
FKTN (Fukutin) and FKRP (Fukutin related protein) were initially
predicted to encode phosphoryl-ligand transferases based on
sequence analysis (Aravind and Koonin 1999) and were established
to be medial-Golgi-resident proteins (Esapa et al. 2002; Lynch et al.
2012). Mutations in FKTN and FKRP result in α-DG hypoglycosy-
lation (Brockington et al. 2001; Kobayashi et al. 1998) and are
causative for Fukuyama-type CMD (FCMD), LGMD and WWS
(Taniguchi-Ikeda et al. 2016). Recently, recombinantly expressed
FKTN, lacking the transmembrane domain, was shown to transfer
RboP from CDP-Rbo to a phospho-trisaccharide peptide or purified
fragments of rabbit α-DG, and once this transfer has occurred,
FKRP can then transfer the second RboP group (Gerin et al. 2016;
Kanagawa et al. 2016). Nuclear magnetic resonance (NMR) ana-
lyses of the reaction products revealed that FKTN transfers alditol-
1-P to the C3 position of GalNAc through a phosphodiester linkage
and FKRP transfers the second RboP to the C5 (note: we refer to
this as C5 using IUPAC nomenclature) position of the underlying
RboP by a phosphodiester linkage (Kanagawa et al. 2016)
(Figure 1C). Thus, this tandem RboP addition mediated by the
sequential phosphoglycosyltransferase activities of FKTN and
FKRP, respectively, occurs in the Golgi after addition of the phos-
phate to the 6-position of the M3 trisaccharide by POMK in the ER
(Yoshida-Moriguchi et al. 2013).

Despite understanding of the enzymatic activities of FKTN and
FKRP, further studies are warranted in order to establish their
unique donor and acceptor substrate specificities. Comparative
structural analyses of FKTN and FKRP will aid in understanding
the acceptor substrate requirements and processive nature of this
enzyme pair. It is unclear if GTs that extend the phospho-
trisaccharide can recognize the distal 6-phosphate on the core M3
mannose (transferred by POMK) as a part of their functional specifi-
city. In regard to the GroP modification mentioned above (Yagi
et al. 2016), it is unknown if human ISPD can synthesize CDP-
glycerol using CTP and glycerol-3-phosphate, however, the homolo-
gous bacterial IspD enzyme has been shown to catalyze such a reac-
tion (Majumdar et al. 2009). Regardless of the source of CDP-
glycerol, it has yet to be determined if FKTN or FKRP can transfer
GroP from CDP-glycerol. Given that only GroP modifications on
the phospho-trisaccharide were identified and that no tandem GroP
or GroP-RboP modifications were detected, one hypothesis is that

FKTN (and not FKRP) might be able to transfer the initial GroP
from CDP-glycerol and that the stringency of FKRP’s acceptor sub-
strate specificity prohibits priming.

The priming enzymes

Collectively, we refer to B4GAT1 and TMEM5 as the priming
enzymes. The β1,4-glucuronyltransferase B4GAT1 (formerly
B3GNT1) was identified in 2014 as the enzyme responsible for add-
ing β1,4-linked GlcA to an underlying β-linked Xyl which serves as
a primer for extension by LARGE1 (Praissman et al. 2014; Willer
et al. 2014). Among other α-DG-related gene products of unknown
function, the Wells and Campbell groups showed that recombinant
TMEM5 can hydrolyze UDP-Xyl in the absence of any acceptor
substrate and could transfer 14C-labeled Xyl to a truncated α-DG
construct (α-DG-Fc340) that was expressed in a TMEM5-deficient
patient cell line, demonstrating that TMEM5 is a xylosyltransferase
(Praissman et al. 2016). Subsequently, Manya et al. established that
TMEM5 transfers Xyl in a β-linkage to the ribitol moiety of the
FKRP reaction product based on NMR studies, and this TMEM5
reaction product is an acceptor substrate for B4GAT1 (Manya et al.
2016). The anomeric configuration of Xyl, as predicted by
Praissman et al. (2014) and Willer et al. (2014), is in complete agree-
ment with the substrate specificity of B4GAT1, which can complete
priming of the β-linked Xyl via transfer of β1,4-linked GlcA and
allow for LARGE1/2 to synthesize matriglycan (Figure 1C).

Manya et al. identified the Xyl-linkage position of the TMEM5
reaction product using NMR spectroscopy and refer to TMEM5
as a ribitol β-1,4 Xylosyltransferase (Manya et al. 2016). This car-
bon numbering is based on the fact that D-ribitol-5-phosphate is
derived from D-ribose-5-phosphate and CDP-ribitol is synthesized
from CTP and D-ribitol-5-phosphate. The IUPAC name, however,
for CDP-ribitol is {[[(2 R,3 S,4 R,5 R)-5-(4-amino-2-oxopyrimidin-
1-yl)-3,4-dihydroxyoxolan-2-yl]methoxy-hydroxyphosphoryl] [(2
R,3 S,4 S)-2,3,4,5-tetrahyroxypentyl] hydrogen phosphate} that is
more commonly referred to as CDP-L-ribitol or the CDP 5-ester of D-
ribitol. Manya et al. maintained the carbohydrate nomenclature and
thus referred to the carbon on ribitol as the 4-carbon that TMEM5
acts on. However, in CDP-L-ribitol, carbon-1 of ribitol is directly
linked to the β-phosphate of the nucleotide phosphate (Figure 2B).
FKTN and FKRP thus transfer alditol-1-phosphate moieties, in nomen-
clature agreement with the teichoic acid synthesis enzymes in bacteria
(Figure 1C) (Korte et al. 1976). Therefore, based on the NMR analyses
by Manya et al. and following IUPAC nomenclature, we refer to
TMEM5 as a ribitol β-1,2 Xylosyltransferase (Figure 1C). We propose
renaming TMEM5 to RXYLT1 consistent with its defined activity and
the naming convention used for the CAZy (Carbohydrate-Active
enZYmes Database) GT8 family.

Functional relevance of core M1 and M2 structures

on α-DG and other proteins

While progress has been made in elucidating the link between the
core M3 O-man glycan structure and matriglycan (Gerin et al.
2016; Kanagawa et al. 2016; Praissman et al. 2014, 2016; Willer
et al. 2014), little is known about the functional relevance of core
M1 and M2 structures. Core M1 structures are formed by the
POMGNT1-dependent extension of the initial mannose residue with
β1,2-linked GlcNAc (Figure 1B) and can be further extended to
form the classical tetrasaccharide (Neu5Ac-α2,3-Gal-β1,4-GlcNAc-β1,2-
Man), a Lewis X epitope (Gal-β1,4-(Fuc-α1,3)-GlcNAc-β1,2-Man) or
a Human Natural Killer-1 epitope (HNK-1; 3S-GlcA-β1,3-Gal-β1,
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4-GlcNAc-β1,2-Man), among others (Praissman and Wells 2014)
using GTs and modifying enzymes that are involved in multiple
glycan pathways. Core M1 structures account for over 15% of
brain O-glycans (Stalnaker et al. 2011) and are far more abundant
in the mucin-like domain of α-DG than core M3 structures
(Harrison et al. 2012; Nilsson et al. 2010; Stalnaker et al. 2010).
Mutations in POMGNT1 leading to loss of core M1 glycans are
causal for various forms of CMDs (Falsaperla et al. 2016), and
core M1 structures are necessary for functional glycosylation of α-
DG (Liu et al. 2006). One hypothesis is that these structures serve
as a scaf-fold for the core M3 GTs (Kuwabara et al. 2016; Xiong
et al. 2006). Evidence that overexpressed POMGNT1 co-precipitates
with overexpressed FKTN and forms a complex (Xiong et al. 2006)
suggests one potential model to be tested for the role of POMGNT1
in the generation of functional M3 glycan structures. Further support
for this model comes from a POMGNT1 crystal structure showing a
lectin-like stem domain capable of binding the enzyme’s reaction
product (Figure 1B) (Kuwabara et al. 2016). Thus, POMGNT1’s
binding to M1 sites may assist in the recruitment of core M3 GTs
through protein–protein associations to facilitate elaboration of
nearby core M3 sites.

Core M1 structures also serve as a precursor for core M2 struc-
tures (Figure 1B). Multiple core M2 structures exist, including
HNK-1 and Lewis X epitope-containing structures (Praissman and
Wells 2014; Stalnaker et al. 2010). Core M2 structures account for
~5% of brain O-glycans (Stalnaker et al. 2011). Altering core M2
levels changes integrin-dependent cell adhesion and migration
in vitro (Abbott et al. 2006, 2008), however, a mouse model lacking
core M2 shows no neuronal development problems and does not
impede functional glycosylation of α-DG (Kanekiyo et al. 2013; Lee
et al. 2012). While clear biological roles of the core M1 and M2 gly-
can structures are not fully understood, their functional relevance
may become more apparent as research into α-DG and other
O-mannosylated proteins continues.

Expanding the O-mannosylated proteome beyond

α-DG
Hypoglycosylation of α-DG that results from mutations in GTs
explains the CMD phenotypes observed in skeletal muscle, but it
does not fully explain the associated spectrum of neurological phe-
notypes seen in patients. While hypoglycosylation of α-DG and loss-
of-function mutations in dystrophin (see Figure 1) both disrupt the
DGC and lead to muscle disease (CMDs and Duchenne’s muscular
dystrophy, respectively), critical neurological complications are only
observed in the severe forms of CMD (Falsaperla et al. 2016; Yiu
and Kornberg 2015). In line with this observation, similar levels of
O-man initiated structures were found to be present in the brain of
DAG1 knockout mice compared to WT mice, suggesting that there
must be O-mannosylated proteins other than α-DG (Stalnaker et al.
2011). This begged the question: Other than α-DG, are there add-
itional proteins that are functionally modified by O-mannose-
initiated glycans?

Recently, two groups (Lommel et al. 2013; Vester-Christensen
et al. 2013) identified E-cadherin as an O-mannosylated protein in
mammals (Baenziger 2013). Cadherins are a class of cell-surface
membrane glycoproteins that have multiple extracellular cadherin
(ECs) domains. Clausen et al. identified O-mannose sites in EC2-5
of classical Types 1 and 2 cadherins, EC2-3 of the clustered proto-
cadherins, and plexins, as well as all known O-mannose sites on α-
DG (Vester-Christensen et al. 2013). Additionally, Strahl et al.

demonstrated that O-mannosylation is essential for E-cadherin
mediated cell adhesion in mouse embryos (Lommel et al. 2013). In
order to simplify the O-glycoproteome, Clausen’s group used their
“SimpleCell” breast cancer line that contains a genetic inactivation
of POMGNT1. Lectin-weak affinity chromatography (LWAC) fol-
lowed by identification using mass spectrometry was used to eluci-
date the O-mannose glycoproteome. While the data strongly suggest
that cadherin/plexin-derived peptides are O-glycosylated, the lectin
(Concanavalin A; ConA) used for LWAC enrichment of α-mannose
also has known affinity for other hexose sugars, including α-glucose
(Goldstein and Poretz 2012; Goldstein et al. 1973). Hexoses are
indistinguishable in mass spectrometric analysis of glycopeptides,
therefore, experiments to eliminate alternative possibilities, such as
O-glucosyl modification of cadherins/plexins, should be performed.
For example, it is imperative to determine if these presumed O-man-
nosyl modified proteins are sensitive to α-mannosidase treatment.
Further efforts should be put forth to understand how those putative
mannose residues on cadherins/plexins either remain unextended as
core M0, or are extended into core M1, M2 or M3 structures in bio-
logically pertinent cell lines and tissues, such as muscle and brain.

Two other groups (Dwyer et al. 2012; Yaji et al. 2015) found
that receptor protein tyrosine phosphatase ζ (RPTPζ)/phosphacan is
also O-mannosylated in mouse brain. More specifically, Dwyer
et al. found that RPTPζ/phosphacan is O-mannosylated and hypo-
glycosylated in brains of POMGNT1-knockout mice, a model of
Muscle-Eye-Brain disease (Dwyer et al. 2012). In this study, they
also demonstrate that RPTPζ/phosphacan is not modified by
LARGE1 in the mouse brain, suggesting that there are only core M1
and core M2 structures present on this protein. In fact, Morise et al.
found that RPTPζ/phosphacan in mouse brain has the O-mannose-
linked HNK-1 glycan epitope that is an elaboration of the core M1/
M2 structure (Morise et al. 2014). In a similar vein, the Lewis X epi-
tope was found to be mainly expressed on RPTPζ/phosphacan in the
developing mouse brain (Yaji et al. 2015). Since the Lewis X epitope
almost disappeared in POMGNT1-knockout mouse brains, it was
suggested that the O-man glycan is responsible for presenting the
Lewis X epitope as well. Taken together, the abnormal glycosylation
of RPTPζ/phosphacan in POMGNT1-knockout mice brains may
contribute to the spectrum of neurological phenotypes seen in
mutant-POMGNT1, POMT1 and POMT2 CMDs (Dwyer et al.
2012). A summary of currently known and putative O-mannosy-
lated proteins is presented in Supplemental Table I (Abbott et al.
2008; Bartels et al. 2016; Bleckmann et al. 2009; Pacharra et al.
2012, 2013; Vester-Christensen et al. 2013; Winterhalter et al.
2013).

Evolutionary perspectives of O-mannosylation and

model organisms

O-mannosylation of α-DG is evolutionarily conserved, and has been
extensively studied in mammals (Yoshida-Moriguchi and Campbell
2015). α-DG has also been studied in the powerful model organism
Drosophila melanogaster (Nakamura et al. 2010). All subunits of
the DGC are present in Drosophila, however, only one isoform
from DAG1 splicing has a glycosylated mucin-like domain similar
to human α-DG. Unlike human α-DG, all DAG1 isoforms in flies
are a single polypeptide and are not cleaved into α and β subunits
(Sciandra et al. 2015). It is unclear if α-DG in flies plays a similar
biological role to α-DG in humans. Interestingly, in Drosophila there
are no identified elaborated O-Man structures (Aoki et al. 2008)
nor obvious homologs for most of the enzymes needed to make and
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elaborate the core M3 glycan [(Grewal et al. 2005), Figure 3].
However, there are homologs for POMT1/2, rotated (rt) and
twisted (tw) (Ichimiya et al. 2004; Nakamura et al. 2010), indicating
there are O-mannosylated proteins present in this organism that is
relatively distant from mammals on the evolutionary tree.
Phylogenetic analysis of human LARGE1, in addition to other genes
involved with functional glycosylation of α-DG, indicates ortholo-
gues are present in most metazoans, especially vertebrates.
Divergence begins in insects followed by complete absence of most
of the genes in fungi and lower organisms. This suggests higher
organisms have evolved a uniquely multifaceted functional glycosy-
lation, presumably to accommodate increasing complexity in tissue
structure and function (Figure 3) (Sadreyev et al. 2015). However,
due to the evolutionary conservation of O-mannosyl modification of
proteins, reduced heterogeneity of structures outside of the mamma-
lian clade, and the lower costs associated with research, using model
organisms, like Drosophila, presents unique advantages for studying
the first step of protein O-mannosylation.

The zebrafish (Danio rerio) has also emerged as a powerful ver-
tebrate model organism to study dystroglycanopathies and other
neuromuscular disorders (Pappalardo et al. 2013; Steffen et al.
2007). Genetic manipulation of zebrafish embryos is fast, effective
and inexpensive, and all of the human dystroglycanopathy-related
genes have been identified in zebrafish (Moore et al. 2008; Wood
and Currie 2014). While homozygous dystroglycan mutations in
mice are embryonic lethal (Williamson et al. 1997), morpholino-
mediated knockdown of dystroglycan results in viable zebrafish,
however, with disorganized muscle and disruption of the DGC
(Parsons et al. 2002).

Recent zebrafish studies knocking down genes implicated in sec-
ondary dystroglycanopathies, such as those described in Table I, have
recapitulated the muscle, eye and brain phenotypes typically observed
in CMD patients, such as hydrocephaly, reduced eye size, impaired

muscle development and reduced α-DG glycosylation (Avsar-Ban et al.
2010; Buysse et al. 2013; Di Costanzo et al. 2014; Manzini et al.
2012; Praissman et al. 2016; Stevens et al. 2013). Interestingly, while
FKTN and FKRP knockdown in zebrafish results in hypoglycosylated
α-DG and reduced laminin binding (Kawahara et al. 2010; Thornhill
et al. 2008), other studies suggest that FKTN and FKRP may also play
roles in protein secretion, the unfolded protein response, and angio-
genesis (Lin et al. 2011; Wood et al. 2011). For tertiary dystroglycano-
pathies (Table I and Figure 2), morpholino-mediated knockdown of
the zebrafish DPMS complex and ISPD resulted in anticipated hypo-
glycosylation of α-DG and a dystrophic muscle phenotype (Marchese
et al. 2016; Roscioli et al. 2012).

Other aspects of O-mannosylation

The loss of α-DG expression and hypoglycosylation has also been
documented in many types of epithelial and neuronal cancers, with
aberrant glycosylation of α-DG being implicated in cancer progres-
sion and metastasis (de Bernabe et al. 2009; Martin et al. 2007;
Muschler et al. 2002; Sgambato et al. 2003; Shen et al. 2012). It has
been shown that maturation of Core M3-type glycans on α-DG is
critical for binding of lymphocytic choriomeningitis virus (LCMV)
and LASV, in addition to other arenaviruses, Mobala and Oliveros
(Kunz, Rojek, Kanagawa et al. 2005). Furthermore, LCMV and
LASV compete with laminin for binding α-DG glycans (Kunz,
Rojek, Perez et al. 2005; Kunz et al. 2001). Ubiquitous expression
of α-DG in various tissues and the competitive binding nature of
LCMV and LASV with LG-domain-containing proteins indicate
these viruses have evolved to infect a broad range of cell types and
the potential disruption of cell-ECM homeostasis likely contributes
to pathogenesis.

Further insights into the mechanism of ECM receptor binding to
the functional glycan on α-DG have come out of the Hohenester
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Fig. 3. Phylogenetic profile of genes involved with functional glycosylation of α-DG. A phylogenetic profile heatmap of human genes (left) involved with func-

tional glycosylation of α-DG (from Table I) was generated using PhyloGene (Sadreyev et al. 2015). Species analyzed are indicated at the bottom, and the heat-

map is categorized according to indicated taxa (top and vertical black lines) and subtaxa (additional colored vertical line separators). Model organisms that have

been described in this review or used in dystroglycan studies (not mentioned in this review) are labeled in orange, and Homo sapiens is labeled in red. Protein

sequence similarity values range from 0 (white, no homology) to 1 (blue, high homology relative to H. sapiens).
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and Campbell laboratories with a high-resolution (1.4 Å) crystal
structure of matriglycan bound to the LG4 and LG5 domains of
laminin-α2 (Briggs et al. 2016). Structural analysis of this complex
show the coordination of a single Ca2 + ion by a single [-GlcA-
β3-Xyl-α3-] repeat, providing a snapshot of this high affinity
Ca2+-dependent protein-carbohydrate interaction. Precise regulation
of the control of matriglycan chain length is currently unknown,
however expression levels of human natural killer-1 sulfotransferase
(HNK-1ST) and LARGE1 have been implicated in the regulatory
mechanism (Nakagawa et al. 2012, 2013). Overexpression of
LARGE1 results in increased levels of α-DG glycosylation (Barresi
et al. 2004; Patnaik and Stanley 2005), whereas sulfation of the
functional glycan, likely on a non-reducing end GlcA residue, by
HNK-1ST reduces levels of LARGE-mediated α-DG glycosylation
(Nakagawa et al. 2012, 2013) (Figure 1C). While the sulfation has
been determined to be within the functional moiety on core M3 gly-
cans (Nakagawa et al. 2013), the exact site of HNK-1ST-mediated
sulfation has yet to be formally demonstrated. Although the precise
range of matriglycan GlcA-Xyl repeats is unknown, the large shifts
in electrophoretic mobility of α-DG in SDS-PAGE (>60 kDa which
is approximately >200 repeats) suggests that the LARGE1-
dependent modification might serve as a long scaf-fold potentially
allowing multiple LG-domain-containing ECM proteins to bind and
tether to the cell-surface. However, LG-domain-containing ligand
proteins have been shown to competitively bind to α-DG (Kanagawa
et al. 2004). Thus, it remains to be determined whether a single
matriglycan chain can bind multiple LG-domain-containing proteins
concurrently. Complete structural determination of the fully elabo-
rated core M3 glycan built in vitro by chemoenzymatic synthesis
using recombinant enzymes is necessary to define the comprehensive
three dimensional structure and will allow for direct testing of the
impact of repeat length and binding to other proteins of interest, in
addition to being used as a tool to identify other proteins that may
participate in the DGC.

Using Chinese Hamster ovary cell mutants that lacks both O-
mannose and complex N-glycans, work from the Stanley laboratory
suggests that when overexpressed in these systems, LARGE1 can
modify substrates other than O-mannose, such as N-glycans and
mucin-type O-glycans on α-DG (Aguilan et al. 2009; Patnaik and
Stanley 2005). Additionally, LARGE1 overexpression in neural
stems cells deficient in POMT2 or both POMT2 and α-DG resulted
in the reporting of IIH6-reactive proteins and laminin-binding epi-
topes that were PNGaseF-sensitive (which removes N-glycans), sug-
gesting that LARGE1 could potentially modify N-glycans on
proteins other than α-DG (Zhang and Hu 2012; Zhang et al. 2011).
However, it was recently shown that LARGE2, and not LARGE1, is
capable of modifying proteoglycans, such as Glypican-4, presum-
ably by extending the non-reducing end GlcA on a common core
GAG tetrasaccharide linker, GlcAβ1-3-Galβ1-3-Galβ1-4Xylβ-, with
matriglycan when overexpressed in dystroglycan-deficient mouse
embryonic stem cells (Inamori et al. 2016). While LARGE1 and
LARGE2 catalyze the same bifunctional GT reaction (Inamori et al.
2012, 2013), LARGE1 is highly expressed in skeletal muscle, heart
and brain, whereas LARGE2 is highly expressed in kidneys and tes-
tis (Grewal et al. 2005; Peyrard et al. 1999). This differential tissue
expression, different pH optima for GT activities (Inamori et al.
2013), and different substrate specificities (Inamori et al. 2016)
suggests that LARGE1 and LARGE2 may not have overlapping
functions. Thus, in a tissue-specific manner, LARGE1- and/or LARGE2-
mediated hyperglycosylation of non-native structures (other than
O-mannose, such as proteoglycans) may serve as a compensatory

mechanism, and potential therapeutic approach, for dystroglyca-
nopathies where there are no O-mannose structures present.

Recent progress has been made in understanding the structural
aspects of enzymes in the O-mannosylation pathway. Specifically,
elucidation of the POMGNT1 structure revealed a carbohydrate-
binding stem domain and further support for the promiscuity of this
enzyme towards various glycopeptides substrates (Kuwabara et al.
2016). Additionally, POMK is an unusual pseudokinase that lacks
certain primary sequence elements thought to be required for kinase
activity (Yoshida-Moriguchi and Campbell 2015), however, a crys-
tal structure of zebrafish POMK reveals the mechanism in which the
enzyme recognizes the GalNAc-β3-GlcNAc-β4-Man trisaccharide
acceptor substrate and catalyzes the phosphate transfer from ATP
(Zhu et al. 2016).

Given that the POMGNTs dictate the core structure to be
synthesized, an understanding of substrate specificity for these
enzymes needs to be elucidated. Our group recently investigated the
substrate specificities of POMGNT1 and POMGNT2 and found
POMGNT1 to be promiscuous while an identified amino acid motif,
R-X-R-X-X-I-X-X-T(O-Man)-P-T, that appears to only be present
and conserved in vertebrate α-DGs is the preferred substrate for
POMGNT2 (Halmo et al. 2017). Thus, POMGNT2 appears to be
the “gatekeeper” enzyme for the generation of functional M3 gly-
cans. Elucidation of POMGNT2 structure, to complement
POMGNT1’s, will greatly facilitate our understanding of what sites
of O-man can be elaborated into full-length M3 glycans capable of
binding LG-domain-containing ECM proteins.

Concluding remarks

Although major accomplishments have been made in understanding
the uniquely complex functional modification of α-DG, there are still
many unknowns in the field. These questions include: 1. What are
the mechanisms behind the unique specificities of the pathway
enzymes?, 2. What are the origins and significance of the GroP
modification?, 3. What is the functional relevance of core M1 and
M2 glycans?, 4. What is the role of the furin-cleaved N-terminus of
α-DG? and 5. Are newly identified proteins that contain O-mannose
further extended and functional?. Many of these studies could take
advantage of the aforementioned model organisms established for
the study of CMDs. Now that the vast majority of enzyme functions
involved with core M3 elaboration have been identified, structural
analyses can be undertaken to establish catalytic mechanisms, iden-
tify how CMD patient mutations affect enzymatic functions, and
propose testable mechanisms to ameliorate these defects. It should
also be noted that there are still CMD and cobblestone lissencephaly
patients with unknown genetic etiology or known etiology where
the functional link to O-mannosylation has not been established
such as mutations in TMTC3 (Jerber et al. 2016). In conclusion,
while it would seem inconceivable, from an evolutionary point of
view, that such an elaborate modification that requires multiple gene
products and at least one novel donor substrate is targeted to only a
single cell-surface protein, α-DG, on two sites (T317 and T379), no
other proteins have yet to be identified with M3 glycans (Hara,
Kanagawa et al. 2011; Yagi et al. 2013). With the aid of the
research findings described here in the last few years and the
advancements in the tools used to study these biological molecules
and processes (Porterfield et al. 2014; Steentoft et al. 2011; Sun
et al. 2016; Zhao et al. 2013), continued research will help us
understand the evolutionary perspective of O-mannosylation and
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achieve the ultimate goal of discovering novel therapeutics relevant
to the associated human diseases.
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glucosaminyltransferase 1; LARGE2, Like-acetyl-glucosaminyltransferase
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POMK, Protein O-Mannose Kinase; POMT1, Protein O-Mannosyltransferase
1; POMT2, Protein O-Mannosyltransferase 2; RPTPζ, receptor protein tyro-
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35 Member A1; TMEM5, Transmembrane Protein 5; WWS, Walker–Warburg
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