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Mucin-type O-glycosylation is an evolutionarily conserved
protein modification present on membrane-bound and secreted
proteins. Aberrations in O-glycosylation are responsible for cer-
tain human diseases and are associated with disease risk factors.
Recent studies have demonstrated essential roles for mucin-
type O-glycosylation in protein secretion, stability, processing,
and function. Here, we summarize our current understanding of
the diverse roles of mucin-type O-glycosylation during eukary-
otic development. Appreciating how this conserved modifica-
tion operates in developmental processes will provide insight
into its roles in human disease and disease susceptibilities.

Glycosylation, or the addition of sugar chains to proteins, is a
ubiquitous and highly conserved type of protein modification.
Two of the most abundant forms of glycosylation occurring on
proteins destined to be secreted or membrane-bound are
N-linked (to asparagine) and mucin-type O-linked (to serine or
threonine). (Other types of O-linked glycosylation exist but will
not be covered in this minireview). Mucin-type O-glycosylation
(hereafter referred to as O-glycosylation) is an evolutionarily
conserved protein modification found in mammals, echino-
derms, worms, insects, protozoa, and certain types of fungi.
This modification is characterized by the initial addition of a
GalNAc sugar to the hydroxyl group of serine or threonine
residues. These glycans are abundant on mucins, proteins typ-
ified by repeating domains rich in proline, threonine, and serine
(PTS domains). The extensive O-glycosylation present within
these repeating domains serves to extend the protein backbone
of mucins, transforming it from a globular structure to an
extended rod-like structure (1). Additionally, these clustered
regions of O-glycosylation confer both protection from prote-
olysis and unique rheological properties to the mucin protein
core (2). Mucin-type O-glycans are also found on many other
cell surface and secreted proteins and thus are uniquely posi-
tioned to modulate recognition, adhesion, and communication
events occurring between cells and their surrounding environ-
ments. Indeed, roles for mucin-type O-glycans in selectin-car-
bohydrate-mediated cell adhesion events are well documented
within the immune system (3-7). However, deciphering the
developmental role of these glycans has been difficult due to the
complexity associated with their synthesis. Because a large fam-
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ily of enzymes is responsible for catalyzing the initial addition of
the GalNAc sugar, functional redundancy built into O-glycan
biosynthesis has made single gene knock-outs in mammals
challenging to analyze. Additionally, prediction, identification,
and characterization of O-glycosylated substrates have been
arduous given that there is no consensus sequence for O-
GalNAc addition, no single reagent that will detect all O-gly-
cans, and no enzyme that will efficiently remove all O-glycans
regardless of their length or complexity. However, recent ana-
lytical advances have facilitated the identification of O-glycosy-
lated proteins, and studies in model organisms have demon-
strated essential roles for O-glycans in embryonic development,
organogenesis, and tissue homeostasis. This minireview sum-
marizes our current understanding of the roles of mucin-type
O-glycosylation during development.

Mucin-type O-Glycosylation Is Initiated by a Family of
Enzymes

Mucin-type O-glycosylation is unique among various types
of glycosylation in that it is initiated by a large family of
enzymes (UDP-GalNAc:polypeptide N-acetylgalactosaminyl-
transferases (ppGalNAc-Ts)? or GalNAc transferases in mam-
mals and PGANTSs in Drosophila; EC 2.4.1.41). Each member of
this family is capable of catalyzing the addition of GalNAc (via
an O-glycosidic linkage) to the hydroxyl groups of serines or
threonines in protein substrates (Fig. 1) (reviewed in Refs.
8-10). There are 20 ppGalNAc-Ts in humans (11), 19 in mice, and
as many as 12 in Drosophila. All family members are type II trans-
membrane proteins, having a short N-terminal cytoplasmic tail, a
hydrophobic region that spans the Golgi membrane, and a con-
served catalytic region that lies within the Golgi lumen.

Why are there so many enzymes responsible for the initiation
of O-glycosylation? Studies examining the expression of each
ppGalNAc-T family member during both mammalian and Dro-
sophila development have demonstrated that many members
have unique tissue- and stage-specific expression patterns (12—
14). Although some members are expressed widely across many
developing tissues, others have very restricted expression in
both space and time, suggesting that they may be performing
unique functional roles (13, 15). In support of this, in vitro stud-
ies have demonstrated that certain members of this family have
unique protein substrate preferences as well as specific sites of
GalNAc addition within those substrates (14, 16 —25). Interest-
ingly, the substrate specificities of individual isoforms appear to
be evolutionarily conserved, as mammalian and Drosophila
orthologs display similar substrate preferences and preferred
sites of GalNAc addition in vitro (12, 25). This conservation of
enzyme specificity further suggests that individual family mem-
bers may be performing conserved enzymatic and biological
functions. Finally, biochemical studies have revealed that a
hierarchy of activity exists within this enzyme family; certain

2The abbreviations used are: ppGalNAc-T, UDP-GalNAc:polypeptide
N-acetylgalactosaminyltransferase; ER, endoplasmic reticulum; ECM,
extracellular matrix; SMG, submandibular gland; BM, basement mem-
brane; LR, left-right; iFGF23, intact FGF23; cFGF23, cleaved FGF23.
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FIGURE 1. Biosynthesis of mucin-type O-glycans. The initiation of mucin-type O-glycosylation is catalyzed by the addition of GalNAc to the hydroxyl groups
of serine or threonine in protein substrates destined to be membrane-bound or secreted, forming the Tn antigen (Tn Ag). The addition of other sugars results
in the formation of the core structures. Enzymes responsible for the synthesis of the Tn antigen, core 1 (T antigen (T Ag)), core 2, core 3, core 4, and sialylated
core 1 structures are shown. The number of isoforms present in mammals is shown in parentheses. Additional extensions of O-glycans are not shown. C1GalT1
or T-syn, core 1 B1,3-galactosyltransferase; B3Gn-T6, B1,3-N-acetylglucosaminyltransferase 6; B6GIcNAc-T, B1,6-N-acetylglucosaminyltransferase; ST3Gal-l,

«2,3-sialyltransferase I.

enzymes perform the initial addition of GalNAc to unmodified
substrates (initiating or peptide transferases), and others glyco-
sylate only substrates that contain a pre-existing GalNAc (gly-
copeptide transferases), in many cases adding GalNAc vicinal
to the site of the extant GalNAc (12, 14, 16 —20, 22, 26, 27). These
results suggest that an elaborate network of ppGalNAc-
T activity exists to ensure the appropriate glycosylation of
endogenous substrates.

After the initial addition of GalNAc, extension of the sugar
chain occurs in a stepwise manner, yielding several higher order
glycan structures (Fig. 1). The most common extension is
known as the core 1 or T antigen structure. This structure is
catalyzed by the core 1 1,3-galactosyltransferase (T-synthase
or C1GalT1), which adds galactose in a 1,3-linkage to the
extant GalNAc (28, 29). The gene encoding the C1GalT1
enzyme in mammals is evolutionarily conserved; one is present
in Caenorhabditis elegans (30), and as many as nine are present
in Drosophila (31, 32). Although the single Clgaltl gene (in
mammals and C. elegans) is widely expressed across many tis-
sues and stages of development (28 —-30), the C1GalT genes in
Drosophila have specific temporal and spatial patterns of
expression, suggesting unique developmental roles for individ-
ual members of this family (31, 32). Interestingly, the proper

6922 JOURNAL OF BIOLOGICAL CHEMISTRY

folding and activity of the mammalian C1GalT1 enzyme are
dependent upon an endoplasmic reticulum (ER) chaperone
known as Cosmc (33). The chaperoning activity of Cosmc
appears to be specific to the C1GalT1 enzyme, as loss of Cosmc
affects only the synthesis of core 1 O-glycans in mammals (33—
35). In contrast, the C. elegans and Drosophila C1GalT enzymes
do not require such a chaperone for activity (30, 32).

The core 3 structure is catalyzed by $1,3-N-acetylglucosami-
nyltransferase 6, which adds a GIcNAc in a 31,3-linkage to the
extant GalNAc (Fig. 1). One 1,3-N-acetylglucosaminyltrans-
ferase 6 isoform is present in mammals and expressed most
abundantly in the digestive tract. Core 1 and core 3 structures
can be further modified to form core 2 and core 4 structures,
respectively. These structures are catalyzed by the B1,6-N-
acetylglucosaminyltransferases. There are three 31,6-N-acetyl-
glucosaminyltransferases in mammals, two of which catalyze
the formation of the core 2 structure and one that can catalyze
either the core 2 or core 4 structure (Fig. 1). In addition to the
core structures described above, other less common core struc-
tures exist but will not be discussed in this minireview.

As illustrated in Fig. 1, the core O-glycan structures can be
further modified or extended with the addition of other sugars
such as galactose, GIcNAc, fucose, and sialic acid, creating
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FIGURE 2. Mucin-type O-glycan expression during development. A, Tn antigen (GalNAca1-Ser/Thr) expression during Drosophila embryonic development
(as detected by the anti-Tn antibody, green). The upper panels show whole embryos at different stages of development (stages 11-13 and 17), with the salivary
glands (sg), hindgut (hg), tracheal placodes (tp), tracheal system (ts), Malpighian tubules (mp), and posterior spiracles (ps) indicated. The lower panels show
magnified views of the Malpighian tubules, salivary glands, tracheal placodes, and foregut (fg). The dashed white lines outline the outer edges of specific organs.
This figure is adapted from Ref. 38. B, Tn antigen expression in Drosophila pupal wings at 6 -8 and 34-36 h after puparium formation (APF). X-Z optical sections
are shown and demonstrate expression of Tn antigen structures at the interface (white arrows) of the dorsal and ventral cell layers of the developing wing. This
figure is adapted from Ref. 40. C, expression of core 1 structures along the basement membrane during mouse embryonic SMG development. The phase-
contrastimage of an embryonic day 12 SMG (panel I) indicates the region (dashed white box) of higher magnification shown below (panel Il). Arachis hypogaea
(PNA) lectin staining (red) shows abundant core 1 structures present within the basement membrane of the developing SMG (panel Il). E-cadherin (Ecad)

staining of epithelial cells of the gland is shown in green. This figure is adapted from Ref. 43. DIC, differential interference contrast.

extended linear or branched structures. Such branched struc-
tures are typically seen in mammals and often terminate with
the negatively charged sugar sialic acid. However, O-glycans in
Drosophila tend to be shorter, consisting primarily of Tn anti-
gen and T antigen (36, 37). Additionally, Drosophila O-glycans
have not been found to contain sialic acid but rather contain
glucuronic acid as a terminal negatively charged sugar (36).

Mucin-type O-Glycans Are Present in Many Developing
Tissues and Organs

Antibodies and sugar-binding proteins (lectins) specific for
mucin-type O-linked glycans have been used to examine the
presence of O-glycoproteins in situ during both mammalian
and Drosophila development. Mucin-type O-glycans are pres-
ent in most developing Drosophila embryonic tissues and larval
imaginal discs (38). Within those tissues, O-linked glycopro-
teins are located in very specific regions (Fig. 2) (38-41). In
epithelial tubes such as the respiratory system, the salivary
glands, and the digestive tract, O-glycans are found predomi-
nantly along the apical and luminal surfaces. In other tissues,
O-glycans are clustered within the basement membrane, where
many extracellular matrix (ECM) proteins that mediate cell
adhesion and signaling are present (Fig. 2) (40, 41). Similarly, in
mammalian organs, O-linked glycans are found in distinct
regions of developing organs and tissues (Fig. 2) (42, 43). Stud-
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ies examining O-glycan structures present during development
have further demonstrated stage-specific changes in the types
and extent of O-glycan branching. Additionally, different
regions of developing tissues can also express very different
subsets of O-glycans, suggesting unique roles for different gly-
can structures as well as unique regulation of glycan synthesis in
particular cells (36).

Roles for Mucin-type O-Glycosylation during
Development

The first evidence that O-linked glycans are essential came
from studies in the model organism Drosophila melanogaster.
Mutations in one pgant family member (pgant35A) resulted in
lethality (Table 1) (18, 21), and loss of both maternal and zygotic
pgant35A resulted in defective respiratory system develop-
ment, characterized by loss of apical-basal polarity and com-
promised diffusion barrier formation (39). These studies dem-
onstrated an essential role for this modification during
development as well as a more specific role in the establishment
of polarity and tight junction formation within the epithelial
tubes of the fly respiratory tract.

Recent work in Drosophila has identified four additional
pgant genes that are essential for viability (44). RNAi studies
identified pgant4, pgant5, pgant7, and CG30463 as essential
genes during Drosophila development (Table 1) (44). More-
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TABLE 1

Developmental phenotypes associated with mutation or knockdown of genes directly involved in mucin-type O-glycan biosynthesis

Structure

Gene Protein Species formed

Mutant phenotypes Refs.

Galntl ppGalNACcT-1 Mouse Tn Ag”

Galnt3 ppGalNAcT-3 Mouse Tn Ag

pgant3 PGANT3 Drosophila  Tn Ag

PGANT4
PGANTS5
PGANT7?7
PGANT35A

pgantd
pgant5
pgant7
pgant35A

Drosophila
Drosophila
Drosophila
Drosophila

TnAg
Tn Ag
TnAg
TnAg

CG30463
xGalntl-1
galntll

Clgaltl or T-syn

CG30463

xGalntl-1

galntll

C1GalT1 or T-synthase

Drosophila
Xenopus
Xenopus
Mouse

Tn Ag
TnAg
TnAg
Core 1

Cosmc Cosmc Mouse Core 1

C1GalTA C1GalTA Drosophila  Core 1

Gne GNE/MNK Mouse

Sialylated glycans

Altered salivary gland morphogenesis due to 43, 46
decreased secretion of ECM components and
reduced FGF signaling; induction of ER stress;
lymphocyte homing and bleeding disorders

Growth retardation in males; infertility in males;
decreased circulating intact FGF23;
hyperphosphatemia; increased bone density

Decreased secretion of ECM components; loss of
integrin-mediated cell adhesion during
development

Lethal during development 44

Lethal during development; loss of gut acidification 44

Lethal during development 44

Lethal during development; irregular formation of 18,21, 39
embryonic respiratory system; loss of cell
polarity and diffusion barrier in respiratory
system

Lethal during development 44

Smaller brain and spinal cord 47

LR patterning defects 48

Systemic deficiency is lethal by E14 with defective 59, 60, 62, 64
angiogenesis and brain hemorrhages;
hypomorphic mutants die by day 200 and display
thrombocytopenia and kidney failure with
distorted glomeruli and proximal tubules;
targeted disruption in endothelial cells causes
embryonic/neonatal lethality with
blood/lymphatic misconnections; targeted
disruption in intestinal epithelium causes
spontaneous colitis

Systemic deficiency is lethal by E12.5 with brain
and spinal cord hemorrhages; targeted
disruption in endothelial cells causes perinatal
lethality with hemorrhages and defects in platelet
biogenesis

Elongated ventral nerve cord; distorted brain
hemispheres; decreased number of circulating
hemocytes

GneM72TM7I2T mytant displays loss of sialylated 42
O-glycans in developing kidney along with
glomerulopathy and podocyte effacement

56-58

40,41

35,63

31,76

“ Ag, antigen; E, embryonic day.

over, tissue-specific RNAi demonstrated essential roles for each
gene in various developing organ systems. One essential gene
(pgant5) is required in specialized cells of the digestive system
that regulate proper gut acidification (44). Additionally, specific
tissues (the mesoderm, digestive system, and respiratory sys-
tem) require more than one pgant gene, suggesting a collabor-
ative or hierarchical network of PGANT activity in vivo.

Specific roles for O-glycosylation in cell-cell interactions
occurring during development have also been documented (40,
41). Loss of pgant3 resulted in loss of proper integrin-mediated
cell adhesion during wing development in Drosophila (Table 1)
(40). PGANT3 was found to glycosylate an integrin-binding
ECM protein that is normally secreted to the basement mem-
brane, where it coordinates cell adhesion. In the absence of
PGANT3, this matrix protein was not secreted, resulting in
disrupted cell adhesion. The role of O-glycosylation in secre-
tion was further supported by cell culture studies showing that
the loss of PGANT3 resulted in decreased secretion of a
reporter protein and changes in the organization of the Golgi
apparatus (45). Taken together, these results support a model in
which O-glycosylation is required for the proper secretion of
components of the ECM responsible for mediating cell-cell
interactions during development.
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Mice deficient in a number of ppGalNAc-T family members
have been created, but many show no obvious phenotypes,
likely due to the functional redundancy present among the 19
murine isoforms (reviewed in Refs. 8 and 9). However, mice
deficient for Galntl (which have defects in lymphocyte homing
and blood coagulation) were underrepresented in Mendelian
ratios from crosses of heterozygotes, suggesting non-redun-
dant developmental roles for this glycosyltransferase (46).
Recent studies examining the role of GalntI in organs in which
it is abundantly expressed during early development demon-
strated specific defects in the growth and development of the
embryonic heart® and submandibular glands (SMGs) (Table 1)
(43). Loss of GalntI resulted in defects in the secretion of base-
ment membrane (BM) proteins normally present during early
stages of SMG development (43). Loss of these proteins along
the BM region resulted in decreased FGF and integrin signaling,
decreased AKT and MAPK phosphorylation, and decreased
epithelial cell proliferation within the SMGs. SMGs from
Galntl-deficient mice grew at a slower rate and remained
smaller into adulthood. SMG growth and FGF signaling could
be rescued by the addition of exogenous BM components.

3Y.Guan and L. A. Tabak, personal communication.
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Additionally, the loss of GalntI resulted in induction of an ER
stress response, suggesting that O-glycosylation may be
required for efficient secretory apparatus function during cer-
tain stages of development. This study demonstrated that
O-glycosylation influences the composition of the ECM during
mammalian development, similar to what was found in Dro-
sophila. In this instance, changes in the ECM affected con-
served signaling events involved in cell proliferation and
organogenesis (43). Additionally, this study provided evidence
that loss of O-glycosylation, like N-glycosylation, can result in
an ER stress response, suggesting a role for O-glycosylation in
the maintenance and regulation of the proteostasis network.

Studies in Xenopus have suggested roles for O-glycosylation
in TGF-f signaling during vertebrate development. Overex-
pression of xGalntl-1 (the ortholog of human GALNTI6)
resulted in inhibition of Nodal/activin and BMP signaling dur-
ing Xenopus development (47). Morpholino knockdown of
xGalntl-1 expression was less dramatic but did result in
reduced brain and spinal cord size, indicative of changes in
TGEF-p signaling (Table 1) (47). It was proposed that O-glyco-
sylation of the TGF-B receptor ActR-1IB may be responsible for
the effects observed. However, the identification of the
xGalntl-1 substrate(s) remains to be determined.

Studies implicating O-glycosylation in human development
arose from high-resolution genotyping of patients with hetero-
taxy, a congenital heart defect resulting from abnormalities in
left-right (LR) body patterning (48). GALNT11 was identified as
one of the gene copy number variants seen in heterotaxy
patients. Evidence for a causal role for GALNT11 in heterotaxy
was obtained by morpholino knockdown of the GALNT11
ortholog in Xenopus, which resulted in striking disruption of LR
patterning (Table 1). Although the exact mechanism by which the
loss of GALNT11 affects LR patterning is not known, it was spec-
ulated that it may also involve changes in TGF- signaling (48).

The importance of O-glycosylation in mammalian develop-
ment and disease was further demonstrated by mutations in
another member of the ppGalNAc-T family. Previous studies
identified inactivating mutations in either GALNT3 or FGF23
as the cause of the human disease familial tumoral calcinosis, a
metabolic disorder characterized by ectopic calcifications in
soft tissues, bone density changes, and hyperphosphatemia
(Table 1) (49-52). FGF23, a hormone responsible for regulat-
ing phosphate reabsorption in the proximal tubules of the kid-
ney, exists as an intact active form (iFGF23) as well as an inac-
tive cleaved form (cFGF23) (53). In the case of GALNT3
mutations, patients presented with low ratios of iFGF23/
cFGF23, increased circulating phosphate levels, increased bone
density, and ectopic calcifications (52). In vitro studies suggest
that glycosylation of FGF23 by GALNT3 (ppGalNAc-T3) may
block furin-mediated cleavage and thus alter the iFGF23/
cFGF23 ratios (54). Additional studies have provided evidence
that GALNT3 transcription may itself be regulated by phos-
phate levels, thus potentially establishing a feedback loop
involving the activity of this glycosyltransferase to maintain
proper phosphate homeostasis and bone density during normal
growth and development (55). In support of this, recent
genome-wide association studies have identified GALNT3 as
one gene associated with changes in bone mineral density and
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fracture risk in human populations (56). Mice deficient for
Galnt3 have confirmed its effect on iFGF23/cFGF23 ratios,
phosphate levels, and bone mineral density (56, 57), supporting
arole for O-glycosylation in regulating the proteolytic process-
ing and bioactivity of FGF23. Moreover, Galnt3-deficient male
mice also displayed growth retardation and infertility (the
result of defective acrosome formation in spermatids), indicat-
ing additional roles for Galnt3 in normal growth/development
and spermatogenesis, respectively (Table 1) (57, 58).

The developmental importance of mucin-type O-glycan
chain extensions was first discovered in mice deficient for
Clgaltl (or T-syn), the gene encoding the enzyme responsible
for synthesis of the core 1 structure (Fig. 1 and Table 1).
Homozygous Clgaltl-deficient mice died by embryonic day 14
and suffered fatal brain hemorrhages (59) due to irregular vas-
culature formation. Specifically, vessels had irregular lumens,
and endothelial cells displayed defects in cell adhesion, failing
to properly attach to pericytes and the ECM. Mice deficient for
the C1GalT1 chaperone Cosmic displayed similar hemorrhages,
although Cosmic null mice died 1-2 days earlier than Clgaltl
null mice (35). Mice mosaic for loss of Cosmc displayed a variety
of additional phenotypes, including growth retardation and
splenomegaly (35). Altogether, these studies indicate essential
roles for the core 1 structure of O-glycans during mammalian
development.

Additional studies have examined the effects of the core 1
structure in specific tissues. Hypomorphic mutations in
Clgaltl did not cause embryonic lethality but did result in mice
that were smaller than wild-type mice and had thrombocytope-
nia and kidney disease (60). Specifically, the kidneys in these
mice had distorted glomeruli and proximal tubules, resulting in
eventual renal failure and death by 200 days of age (60). It was
proposed that O-glycosylation of podocalyxin, a sialylated
O-glycoprotein present on the renal podocyte foot process, may
be necessary for proper filtration slit formation and renal func-
tion, as mice deficient for podocalyxin (podxI~'~) also dis-
played similar kidney defects (61). This hypothesis was further
supported by recent studies examining mice mutant for an
enzyme involved in sialic acid biosynthesis, N-acetylgluco-
samine 2-epimerase/N-acetylmannosamine kinase (GNE/
MNK), which is encoded by the Gne gene (42). Mice homozy-
gous for the GueM”2TM712T mytation displayed loss of
sialylated O-glycans in the developing kidneys, podocyte efface-
ment, and death from renal failure by postnatal day 3 (Table 1).
Hyposialylated O-glycoproteins present in the developing kid-
neys of these mice included podocalyxin and nephrin. Interest-
ingly, dietary supplementation with N-acetylmannosamine, a
sialic acid precursor that bypasses the Gne*”’*” mutation, par-
tially restored O-glycan sialylation, podocyte structure, and
renal function (42). Taken together, these findings support the
proposal that negatively charged sialic acids on O-linked glyco-
proteins (such as podocalyxin) in the developing kidneys are
necessary for proper repulsion of adjacent podocyte foot pro-
cesses to form functional filtration slits. This study also high-
lights the potential for therapeutic interventions in certain dis-
orders of O-glycan biosynthesis.

Endothelial cell-specific deletion of CigaltI resulted in mis-
connections between the blood and lymphatic systems. These
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mice died during embryogenesis and neonatal development
and displayed vascular abnormalities similar to (but less severe
than) those seen in the systemic CIgalt1 deficiency (62). Endo-
thelial cell-specific deletion of the Clgaltl chaperone Cosmc
also resulted in perinatal lethality with similar venous system
abnormalities (63). Interestingly, inducible loss of Cigaltl dur-
ing postnatal development also resulted in the development of
misconnections between venous and lymphatic vessels, espe-
cially in tissues wherein vessel remodeling was actively taking
place (62). Pdpn (podoplanin), an endothelial O-glycoprotein,
was partially degraded and dramatically reduced on the endo-
thelial cell surface of Clgalti-deficient mice. Additionally,
pdpn-deficient mice displayed similar vascular misconnections
(62). It was proposed that core 1 O-glycans regulate the stabil-
ity/cell surface expression of podoplanin, which then serves to
maintain lymphatic cell identity during both embryonic and
postnatal development (62).

Core 1 O-glycans also play roles in the integrity and mainte-
nance of the colonic epithelium. Loss of Clgaltl specifically
within the developing intestinal epithelium resulted in sponta-
neous colitis shortly after birth (64). Clgalti-deficient mice
produced less intestinal mucin (Muc2) and had impaired
mucosal barrier formation and integrity. Interestingly, induced
loss of Clgaltl in adults also resulted in spontaneous colitis.
Additionally, loss of the 1,3-N-acetylglucosaminyltransferase
6 gene (responsible for formation of the core 3 structure)
caused decreased mucosal integrity and increased susceptibil-
ity to induced colitis and colon cancer (65). These studies reveal
a role for O-glycans in the formation and maintenance of the
protective intestinal mucosal barrier throughout the life of the
animal.

Finally, studies in Drosophila have demonstrated a role for
core 1 O-glycans in proper nervous system formation (31). Null
mutations in one member of the Drosophila core 1 galactosyl-
transferase family, C1GalTA, which is expressed in the devel-
oping central nervous system, resulted in irregular elongation
of the ventral nerve cord and misshapen brain hemispheres
(Table 1). Although substrates for this enzyme have not been
identified, it was proposed that C1GalTA may modify compo-
nents of the ECM that are responsible for proper condensation
of the ventral nerve cord (31).

Summary and Perspectives

Alterations in mucin-type O-linked glycosylation are known
to be responsible for the human diseases familial tumoral cal-
cinosis (51, 52) and Tn syndrome (a disorder characterized by
thrombocytopenia and hemolytic anemia) (66). Additionally,
recent linkage and genome-wide association studies have iden-
tified associations between components of the O-glycosylation
machinery and other human conditions and diseases (48,
67-72). For example, GALNT?2 is among the genes associated
with variations in plasma lipid levels and thus cardiovascular
disease risk (67, 72); GALNT3 is associated with bone density
and fracture risk (56); and GALNT4 is associated with acute
coronary disease risk (73). Changes in O-glycosylation, as well
as inactivating mutations in the genes controlling O-glycosyla-
tion, are also associated with tumor formation and progression
(68-71). These studies show the potential wide-ranging effects
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of this conserved protein modification in human health and
disease and illustrate why a clear functional understanding of
O-glycosylation is paramount.

The studies summarized here highlight essential roles played
by mucin-type O-glycosylation across species and in many
developing systems (Table 1). We have evidence that O-gly-
cosylation impacts the cell surface presentation and function
of proteins, altering the polarity, morphology, and differen-
tiation status of cells and tissues. Additionally, O-glycosyla-
tion modulates proteolytic processing, thus regulating the
bioactivity of proteins involved in developmental and
homeostatic processes. Finally, O-glycosylation influences
the secretion and composition of the ECM in a number of
systems, thereby affecting cell adhesion and conserved sig-
naling pathways during development. These and other stud-
ies have further suggested that O-glycosylation may also be
involved in sensing the status of the secretory apparatus and
regulating ER stress-related processes (43, 74). In support of
this, a number of proteins involved in sensing and respond-
ing to ER stress have recently been shown to be O-glycosy-
lated (75), suggesting that proper glycosylation of these pro-
teins may relay the status of the Golgi apparatus and protein
transport to the proteostasis network during crucial stages of
development. If O-glycosylation acts as a type of sensor dur-
ing times of increased secretory burden, it may play roles
that are more widespread than previously thought.

Future progress in deciphering how O-glycans influence
dynamic developmental processes will require additional
methodologies to predict, detect, characterize, and track O-gly-
cosylated proteins in vivo. In particular, facile tools for identi-
fication and characterization of all O-glycoproteins present
within limited amounts of developing tissues are needed. If we
are to understand how O-glycans work, we must know the total
complement of substrate proteins to which they are attached.
In addition, the sites of glycan addition within those proteins
and the specific glycan structures present will need to be deter-
mined to gain a complete understanding of the role these mod-
ifications play in protein stability, recognition, transport, and
function. Real-time imaging of O-glycans and the proteins to
which they are attached will allow us to investigate dynamic
cellular and subcellular changes occurring during development
as aresult of O-glycosylation. Finally, robust predictive tools are
needed to bioinformatically screen for O-glycosylated sub-
strates and sites of addition to take advantage of the vast
amounts of information present in various model organism
databases. The combination of genetic, cell biological, analyti-
cal, biochemical, and bioinformatic tools should provide mech-
anistic insight into how specific O-glycan structures affect the
dynamic properties of their substrates in developing tissues and
organs.

In summary, studies in model organisms have demonstrated
that mucin-type O-glycosylation is essential for eukaryotic
development. Future work capitalizing on insights gained from
these systems will enable us to decipher the dynamic roles of
O-glycans in many cellular and developmental processes.
Knowing how O-glycosylation functions during development
will afford us a clearer understanding of its dysfunction in
disease.
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