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Abstract
Zebrafish (Danio rerio) remains a versatile model organism for the investigation of early
development and organogenesis, and has emerged as a valuable platform for drug discovery and
toxicity evaluation [1–6]. Harnessing the genetic power and experimental accessibility of this
system, three decades of research have identified key genes and pathways that control the
development of multiple organ systems and tissues, including the heart, kidney, and craniofacial
cartilage, as well as the hematopoietic, vascular, and central and peripheral nervous systems [7–
31]. In addition to their application in large mutagenic screens, zebrafish has been used to model a
variety of diseases such as diabetes, polycystic kidney disease, muscular dystrophy and cancer
[32–36]. As this work continues to intersect with cellular pathways and processes such as lipid
metabolism, glycosylation and vesicle trafficking, investigators are often faced with the challenge
of determining the degree to which these pathways are functionally conserved in zebrafish. While
they share a high degree of genetic homology with mouse and human, the manner in which
cellular pathways are regulated in zebrafish during early development, and the differences in the
organ physiology, warrant consideration before functional studies can be effectively interpreted
and compared with other vertebrate systems. This point is particularly relevant for glycosylation
since an understanding of the glycan diversity and the mechanisms that control glycan
biosynthesis during zebrafish embryogenesis (as in many organisms) is still developing.

Nonetheless, a growing number of studies in zebrafish have begun to cast light on the functional
roles of specific classes of glycans during organ and tissue development. While many of the initial
efforts involved characterizing identified mutants in a number of glycosylation pathways, the use
of reverse genetic approaches to directly model glycosylation-related disorders is now increasingly
popular. In this review, the glycomics of zebrafish and the developmental expression of their
glycans will be briefly summarized along with recent chemical biology approaches to visualize
certain classes of glycans within developing embryos. Work regarding the role of protein-bound
glycans and glycosaminoglycans (GAG) in zebrafish development and organogenesis will also be
highlighted. Lastly, future opportunities and challenges in the expanding field of zebrafish
glycobiology are discussed.

Keywords
Zebrafish; Glycosylation; Development; Sialylation; Glycosaminoglycans; N-glycans; Mucins;
Cartilage

© Springer Science+Business Media, LLC 2012

Correspondence to: Richard Steet.

NIH Public Access
Author Manuscript
Glycoconj J. Author manuscript; available in PMC 2013 July 22.

Published in final edited form as:
Glycoconj J. 2013 January ; 30(1): 33–40. doi:10.1007/s10719-012-9390-5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Structural diversity and developmental expression of glycans in zebrafish
While the earliest functional studies focused on the role of individual enzymes and
structures, more recent MS-based analyses of zebrafish glycoconjugates have yielded a
better appreciation of the glycan diversity in the organism. Leading the way, Khoo and
colleagues described the major protein- and lipid-bound zebrafish glycans present in
fertilized eggs and early (<48 h post-fertilization; hpf) embryos [37]. These analyses
demonstrated that zebrafish embryos exhibit surprising structural diversity, particularly with
regard to sialylation profiles. Complex and oligomannose N-glycans, which are abundant in
embryos at all developmental stages, bear a wide range of monosialylated and
oligosialylated termini that include Neu5Ac and Neu5Gc. This high degree of sialylation in
zebrafish embryos was exemplified by the fact that the only non-sialylated structures
detected were high mannose type N-glycans. The most common complex N-glycans were
those terminating in the unusual motif, Galß1–4(Neu5Ac/Gc)Galß1–4(Fucα1–3) GlcNAc
(Fig. 1). Along with core 1 and core 2 O-glycan structures common to mammalian tissues,
abundant and unusual fucosylated mucin-type O-glycans were also observed (Fig. 1).
Oligosialylation of this unusual core structure was noted but appeared to be restricted to the
earliest development stages (<24hpf). Analyses of glycolipids in this study also led to the
identification of a heterogeneous family of oligosialylated lactosylceramide compounds that
appear only at later development stages (>24hpf). Together, these studies suggest a complex
pattern of sialylation of both proteins and lipids during zebrafish embryogenesis and
provided a starting point to explore the activity and expression of specific sialyltransferase
families [38–42]. The recent glycomic profiling of a zebrafish liver cell line revealed a
relatively simple panel of glycans, highlighted by the presence of multisialylated N- and O-
glycans with the same unusual epitopes described above as well as sialylated gangliosides
[43]. Characterization of the glycosyltransferases in this cell system showed that these
glycan profiles correlated well with the expression patterns of all putative sialyl- and
fucosyltransferases. This cell system will provide a valuable tool to study the regulation of
glycosylation and the function of glycans in zebrafish.

Phylogenetic and expression studies aimed at defining the sialyltransferase families have
now been reported, lending some insight into the origin of the unique sialylation profile in
zebrafish. All six ST8Sia, which are temporally regulated, exhibit distinct and overlapping
patterns of expression in the embryonic central nervous system, suggesting an important role
for the α2–8-sialylated compounds in its development [39]. Glycoproteins and glycolipids
also differ by the extent and the nature of their substituting oligosialylated sequences,
demonstrating that α2–8-linked sialylation was differentially regulated in these glycan
classes during development [38]. The duplicated paralogs, ncam1a and ncam1b, appear to be
major carriers of polysialic acid in zebrafish. Moreover, the distinct expression patterns of
these paralogs within the embryo suggest diverse functions within the central and peripheral
nervous system [44]. Surprisingly, two functional CMP-sialic acid synthetases (cmas1 and
cmas2) have also been identified in zebrafish, one of which is exclusively localized to the
cytosol [45]. These enzymes exhibit different substrate specificities as cmas1 binds to
Neu5Ac with high affinity and cmas2 favors 5-deamino-neuraminic acid (Kdn). Further
investigation will no doubt identify other examples of subfunctionalization within the
glycosylation machinery of zebrafish.

The regulation of fucosylation in zebrafish embryos has also been characterized. This
modification appears to correspond with the increase in the formation of complex type
glycans by 12 hpf [46]. Seminal work by Hase and colleagues demonstrated activity of two
α1,3-fucosyltransferases in zebrafish capable of generating Lewis × fucosylation [47]. The
expression of these enzymes is tightly regulated and is restricted to the segmentation period
of embryogenesis. Interestingly, the Lewis × epitope produced by zebrafish
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fucosyltransferases was found in abundance on free oligosaccharides, generated by the
hydrolysis of glycoproteins by endogenous glycosidases [48].

Mass spectrometric studies have begun to elucidate the structural diversity of GAGs in
zebrafish. Despite early reports suggesting that zebrafish lack heparan sulfate-containing
proteoglycans [49], subsequent analysis demonstrated that developing embryos contain both
chondroitin and heparan sulfate, and that expression of these GAGs is temporally and
spatially regulated [50]. Chitin oligosaccharides have also been detected in zebrafish. The
synthesis of these Nod-like structures was shown to be restricted to very early stages of
development and was tied to the presence of a zebrafish homolog of the Xenopus
developmental gene DG42 [51]. These oligosaccharides appear to have roles in early
development as disruption of their synthesis leads to gastrulation defects [52, 53]. At least
some of these effects appear to be due to the ability of the chitin oligosaccharides to activate
ERK pathways [54].

Visualizing glycans in zebrafish
The use of lectins, such as Maclura pomifera, peanut agglutinin, and wheat germ agglutinin,
to mark specific developmental stages or processes ranging from oogenesis to
chondrogenesis and neurogenesis is well established and provided the earliest indications
that glycan expression is dynamic during zebrafish embryogenesis [55–57]. More recently,
advances in chemical biology methods have enabled specific classes of glycans to be
visualized in living zebrafish embryos. Utilizing a powerful combination of metabolic
labeling, click chemistry and confocal microscopy, Bertozzi and colleagues demonstrated
that the biosynthesis of GalNAc-containing glycans, primarily mucin-type O-glycans, during
zebrafish development is a highly dynamic and tissue-specific process [58]. Increases in de
novo glycan biosynthesis at discrete stages were detected in the craniofacial region, pectoral
fins, and olfactory organs. Furthermore, differential rates of glycan endocytosis were
observed within certain embryonic tissues, providing novel insights into the tissue-specific
expression and trafficking of glycans. Subsequent work showed that mucin-type O-glycans
could be detected as early as 7hpf, during the gastrula stage of development. Live analysis of
glycan trafficking revealed dramatic reorganization of glycans, including their rapid
migration toward the cleavage furrow of mitotic cells [59]. Related studies have employed
analogous approaches with different azide-modified monosaccharides to visualize
fucosylated, sialylated and polylactosamine glycans in zebrafish [60–64]. We envision that
this methodology will find highly useful applications in the context of the glycosylation-
related zebrafish mutants and models discussed below.

Role of glycans in zebrafish development
A role for specific protein and lipid-bound glycans during zebrafish development has been
uncovered by work using transient morpholino (MO)-driven knockdown and stable genetic
mutants of the glycosyltransferases and the nucleotide-sugar transporters involved in their
synthesis (Table 1). Among these, the slytherin (srn) mutant, which bears a missense
mutation in the rate-limiting enzyme of GDP-fucose biosynthesis (GDP-mannose 4,6-
dehydratase or gmds), demonstrated that defective protein fucosylation causes several
neuronal phenotypes [65]. These phenotypes included alterations in neurogenesis and
gliogenesis, defects in axonal path finding and arborization, and abnormal formation of both
neuromuscular and central nervous system synapses [66]. Analogous to Drosophila mutants
within the same pathway, several of these phenotypes were shown to be dependent on
decreased Notch signaling. Importantly, the Notch receptor bears both N- and O-linked
fucosylated glycans, and manipulation of these glycans has been shown to alter propagation
of downstream signals [67–70]. Some of the srn phenotypes, in particular those affecting
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retinotectal connectivity, appear to be Notch-independent. Analysis of another mutant allele
of gmds, towhead (twd), showed that fucosylated glycans expressed in neuroepithelial cells
are required to guide the migration of vagus motor neuron progenitors [71]. As with the srn
retinotectal defects, these phenotypes were also independent of changes in Notch signaling.
In an effort to assign twd phenotypes to the generation of a particular type of fucosylated
glycan, the authors also used MOs to knockdown expression of several fucosyltransferases,
including pofut1, pofut2, ft1, ft2, fut7–9, and fut10; among these only fut10 (which itself did
not fully phenocopy twd) affected vagus motor neuron development. A role for core
fucosylation during midline patterning and retinal and motor neuron development has also
been demonstrated. Knockdown of fut8, as well as one of the principal fut8 substrates,
apolipoprotein B (ApoB), phenocopies defects noted in mutants of Sonic Hedgehog (Shh)
signaling (smu, syu, yot) [72]. As had previously been demonstrated in Drosophila, these
results indicate that altered core fucosylation of ApoB impacts Shh signaling, possibly by
affecting its transport.

Depletion of other glycosyltransferases, including two ß1,4-galactosyltransferases (ß4Galt1,
ß4Galt5) has provided insight into the functional relevance of galactosylation during early
aspects of zebrafish development. Morpholino knockdown of ß4Galt1 resulted in aberrant
convergent extension movements during gastrulation [73], and similar reductions in
ß4GalT5 affected dorsoventral patterning of embryos by a Bmp2-dependent mechanism
[74]. In the latter case, the authors suggest that aberrant galactosylation of proteoglycans,
and not N-glycans or glycolipids, is responsible for the altered Bmp2-dependent signaling.
Work by Vasta and colleagues have highlighted a role for galactose-binding galectins during
zebrafish embryogenesis. The expression of this family of lectins is developmentally
regulated and functional studies indicate important functions for galectins during
gliogenesis, skeletal muscle development and the regeneration of rod photoreceptors [75–
79]. The presence and abundance of the unusual terminal galactose-bearing N-glycans in
zebrafish embryos may therefore be important with regard to the function of these galectins.

Substantial work has also been done to study the expression and function of polysialylation
in zebrafish. Differential expression of multiple polysialyltransferases (stx/St8sia2 and pst/
St8sia4) has been linked to neuronal migration and plasticity in the brains of developing and
adult zebrafish, respectively [42]. Further, enzymatic removal of polysialylation adversely
affects pathfinding of a subset of commissural axons within the developing midbrain and
hindbrain [80]. Interestingly, morpholino knockdown of the single St8sia3 gene, which was
heavily expressed in somitic musculature, led to anomalous myotomal morphologies,
including defects in the architecture of the segment boundaries and integrity of the
myotendonous-junction [41]. These myotomal defects were accompanied by altered
projection of innervating motor axons. Although St8sia3 is clearly expressed in the
musculature and the phenotypic data provide compelling evidence of a novel non-neuronal
role for St8Sia3, it is currently unclear whether the somitic phenotypes are independent of
the axonal defects.

Cytosolic glycosyltransferases, such as O-GlcNAc transferase (ogt), have also been studied
in zebrafish [81]. Overexpression of Ogt or O-GlcNAcase (oga) resulted in embryos with
shortened body axes, reduced brain size and increased rates of cell death. Ogt/Oga
overexpression also delayed epiboly and caused disorganization of the cytoskeleton within
the yolk syncytial layer. Lastly, enzymes that indirectly affect glycosylation have also been
characterized in zebrafish mutants. The perplexed mutant harbors a mutation in the
metabolic enzyme carbamoyl-phosphate synthetase2-asparate transcarbamylase-
dihydroorotase (cad) gene [82]. This enzyme is required for de novo synthesis of
pyrimidines used for UDP-dependent protein glycosylation. Although overall pyrimidine
metabolism is likely affected in the perplexed mutant, the craniofacial phenotypes noted

Flanagan-Steet and Steet Page 4

Glycoconj J. Author manuscript; available in PMC 2013 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were highly similar to the UDP-glucuronic acid/UDP-N-acetylgalactosamine dual
transporter mutant (hi3378), suggesting that deficient glycosylation is a contributing factor
in the onset of these phenotypes.

Role of GAGs in zebrafish development
Arguably the largest body of work to date on the role of glycoconjugates during zebrafish
development encompasses defects in the synthesis and modification of GAGs. The vast
number of identified zebrafish mutants affecting synthesis of heparan sulfate (HS),
chondroitin sulfate (CS) and hyaluronic acid (HA) underscores the importance of these
carbohydrates during development [83]. The role of this class of glycans in embryogenesis
was initially revealed following enzymatic removal of specific GAGs in developing
embryos [84, 85]. Functional roles for several proteoglycan core proteins in zebrafish
development have also been described but will not be covered in detail here [86–89]. The
repertoire of existing mutations affect all aspects of GAG synthesis, including the
production the sugar nucleotide precursors (uxs1, udgh/jek) [90, 91], the
glycosyltransferases responsible for GAG synthesis (ext2/dak, extl3/box, xylt1) [92–94],
and the proteins involved in their sulfation or phosphorylation (papst1/pic, C4ST-1, fam20b)
[92, 94, 95]. Loss of these enzymes results in defects affecting a number of processes
including craniofacial chondrogenesis, skeletogenesis, cardiac valve formation, and multiple
aspects of axon guidance. In several cases, including uxs1, udgh/jek, xylt1, fam20b, ext2/
dak, and pic, altered synthesis or modification of GAGs has been shown to affect
morphogenesis and/or maturation of the craniofacial chondrocytes. In addition to altered
chondrogenesis, several of these mutants also exhibit defects in bone formation, as
evidenced by changes in the expression of bone markers, such as runx2b and osterix, or
Alizarin red staining. In the cases of uxs1, dak, and pic, loss of GAG expression decreased
osteogenic processes. In contrast, chondrocyte maturation, osteoblast differentiation and
bone formation were actually accelerated in the xytl1 and fam20b mutants [92]. Reduced
GAG synthesis also adversely affects cardiac valve formation. In the udgh mutant jek
(defective in CS, HS and HA production), cells at the border of the atrial and ventricular
chambers do not differentiate from their endocardial neighbors, and as such cardiac cushion
and ultimately valve formation fail. Similarly, Peal et al. demonstrated that chemical or
genetic inhibition of CS biosynthesis also perturbed these processes [83]. In this case, the
authors demonstrate that in zebrafish the gelatinous matrix, or cardiac jelly, required for
atrioventricular valve formation is rich in chondroitin sulfate GAGs, and their depletion
impairs valve cell migration and cushion formation. Decreased expression of an accessory
component, the dfna5 deafness gene, which was shown to regulate the expression of udgh,
also resulted in craniofacial and ear defects that phenocopy the jek mutant [96].

Importantly, most of the discussed GAG-dependent embryonic defects occur at times when
cells secrete an abundance of extracellular matrix (ECM). For some of these mutants,
individual phenotypes have been linked to alterations in growth factor signaling; in
particular loss of ext2/dak reduced Fgf and Wnt signaling as assessed by expression of
downstream targets [97]. In addition, a recent study by Yost and co-workers, showed that
reducing 2-O sulfation of HS GAGs following depletion of zebrafish 2-O sulfotransferase
diminished Wnt signaling and Wnt-dependent initiation of epiboly. Reactivation of ß-
catenin, an intracellular component of canonical Wnt-signaling, rescued this defect [98]. In
other mutants, including those affecting heart valve development, it is unclear to what
degree the phenotypes are due to downstream effects on signal transduction or alterations in
the physiochemical properties of the ECM that result when the GAGs or the protein cores
are depleted.
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Modeling glycosylation disorders in zebrafish
Several groups have also now employed reverse genetic approaches both to directly
ascertain the functional roles of glycans in zebrafish and to model glycosylation-related
disorders. Congenital muscular dystrophies (CMDs) that arise due to defective glycosylation
of α-dystroglycan are attractive targets for study since their primary phenotypes in muscle
and brain can be readily investigated using the zebrafish system. Genomic studies
demonstrated that the genes required for functional glycosylation of dystroglycan are
conserved in zebrafish [99, 100]. Furthermore, morpholino-based reduction of the Large2
protein in embryos results in a loss of IIH6 reactivity, suggesting that the O-mannosylation
of dystroglycan is altered [100]. Similar results were noted in fukutin-knockdown embryos.
Fkrp knockdown results in muscle defects as well as neuronal and eye abnormalities, which
are accompanied by a reduction in DG glycosylation and laminin binding [101, 102].
Interestingly, involvement of the unfolded protein response was also reported in fkrp
morphants [103]. Injection of antisense morpholino oligonucleotides of pomt1 and pomt2
resulted in several severe phenotypes-including bent body, edematous pericaridium and
abnormal eye pigmentation [104].

In addition to CMDs, the human disorder, mucolipidosis II (ML-II), which results from
impaired mannose 6-phosphate (Man-6-P) biosynthesis, has also been studied in zebrafish.
While zebrafish express all the components of this carbohydrate-based lysosomal targeting
pathway, some intriguing differences with regard to the substrate specificity of the initiating
enzyme in Man-6-P biosynthesis, GlcNAc-1-phosphotransferase (gnptab), have been noted.
In particular, some of the acid hydrolases that bear Man-6-P modified glycans in mammals
(ex. acid-α-glucosidase) do not appear to be Man-6-P modified in zebrafish [105].
Morpholino-based depletion of GlcNAc-1-phosphotransferase resulted in several
phenotypes consistent with the human disorder including cardiac and craniofacial defects
[106]. These phenotypes were associated with altered TGF-ß signaling and excessive
deposition of type II collagen. Altered TGF-beta signaling has also been noted in zebrafish
embryos with reduced expression of the lysosomal hydrolase, iduronate 2-sulfatase [107].
More recently, sustained and increased activity of one Man-6-P modified hydrolase,
cathepsin K, was shown to play a central role in the cartilage phenotypes of ML-II morphant
embryos [108]. Zebrafish models of lysosomal diseases and other inherited disorders such as
the congenital disorders of glycosylation (CDG) will represent a valuable new tool to
explore their pathogenesis.

Conclusion
The function of glycans during embryogenesis will continue to be revealed as more
zebrafish mutants are identified and characterized, and researchers in the areas of
glycobiology and zebrafish development find common ground. We also anticipate an
increased use of zebrafish to model glycosylation-related disorders in the years to come.
This effort will likely be aided by the isolation of additional mutants, generated by
TILLING-based screens and other comprehensive forward and reverse mutagenic efforts.
Caution in interpreting initially negative results or cases where phenotypes do not correlate
with loss of enzymatic function is warranted since the genome wide duplications that have
occurred in zebrafish may have created significant functional redundancy of many
glycosylation-related genes. Moreover, because many glycosylation disorders arise due to
point mutations that alter the function (but not expression) of enzymes, methods that reduce
or eliminate wild type enzymes, such as morpholino knockdown, may not be effective at
faithfully recapitulating the disease phenotypes noted in patients or “knock-in” mouse
models. In these cases, transgenic reintroduction of altered gene sequences may prove more
useful. Parallel efforts to understand how substrate biosynthesis and glycan expression is
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regulated in the zebrafish are also needed. This is particularly true in light of the dynamic
nature of monosaccharide and lipid metabolism during early embryonic development and
the influence of yolk-derived metabolites. As the range of glycan structures in zebrafish
become more clearly elucidated, this system will represent an ideal platform to study the
functional relevance of rare and unusual glycans.
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Fig. 1.
The structures of the abundant and unusual O-glycans (top) and N-glycans (bottom) isolated
from zebrafish embryos

Flanagan-Steet and Steet Page 12

Glycoconj J. Author manuscript; available in PMC 2013 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Flanagan-Steet and Steet Page 13

Table 1

Known zebrafish glycosylation mutants

Glycan Type/Modification Mutant Name Gene Primary Phenotypes

Fucosylation slytherin (srn) gmds Defects in neurogenesis, gliogenesis, axonal pathfinding, and synapse
formation [ref 65, 66]

towhead (twd) gmds Altered migration of vagus motor neuron progenitors [ref 71]

GAG biosynthesis dackel (dak) ext2 Altered cartilage development, reduced osteoblast differentiation, optic tract
missorting [ref 93, 94]

boxer (box) extl3 Optic tract missorting [93]

xylt1 xylt1 Altered craniofacial chondrogenesis and accelerated osteogenesis [ref 92]

Nucleotide-sugar biosynthesis jekell (jek) udgh Defects in craniofacial and cardiac valve formation [ref 91]

perplexed (per) cad Abnormal craniofacial formation [ref 82]

man 'o war (mow) uxs1 Defects in craniofacial and cardiac valve formation, decreased osteogenesis
[ref 90]

GAG modifying enzymes fam20b fam20b Altered chondrogenesis and accelerated osteogenesis [ref 92]

pinscher (pic) papst1 Altered chondrogenesis and osteogenesis [ref 94]
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