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Glycosylation is an intricate process requiring the coordinated action of multiple proteins, including gly-
cosyltransferases, glycosidases, sugar nucleotide transporters and trafficking proteins. Work by several
groups points to a role for microRNA (miRNA) in controlling the levels of specific glycosyltransferases
involved in cancer, neural migration and osteoblast formation. Recent work in our laboratory suggests
that miRNA are a principal regulator of the glycome, translating genomic information into the glycocode
through tuning of enzyme levels. Herein we overlay predicted miRNA regulation of glycosylation related
genes (glycogenes) onto maps of the common N-linked and O-linked glycan biosynthetic pathways to
identify key regulatory nodes of the glycome. Our analysis provides insights into glycan regulation and
suggests that at the regulatory level, glycogenes are non-redundant.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The cell surface is coated with glycans, complex biopolymers
that form a critical interface with the extracellular world and in-
form diverse processes from immune recognition to cancer metas-
tasis. Glycosylation is an intricate process requiring the integrated
action of multiple proteins, including glycosylation enzymes
(glycosyltransferases and glycosidases), sugar nucleotide trans-
porters and trafficking proteins, to synthesize discrete structures
appended onto serines and threonines (O-linked) or asparagines
(N-linked) on proteins or onto lipids. The glycome is highly regu-
lated during embryogenesis [1,2] and defects in glycan biosynthe-
sis cause congenital disorders, 64 of which have been identified to
date [3]. Despite the importance of glycosylation, there is currently
little understanding of how glycan biosynthesis is controlled.
Alteration of mRNA levels of glycosylation-related genes (glycoge-
nes) maps onto concomitant alterations in the glycome, arguing
that regulation of glycogene transcripts is important, although a
direct relationship is not always observed [1] .

MicroRNA (miRNA) are short endogenous noncoding RNAs
~22 nts in length that can either promote mRNA degradation or in-
hibit translation, downregulating associated protein levels [4].
Recently, work by several groups has pointed to a role for microR-
NA in controlling glycosylation [5-9]. To date, seven human
glycogenes (C1GALT1[6], MANEA [10], FUT4 [9], FUT8 [11],
GALNTT1 [8], GALNT7 [7,8] and NDST1 [5]) have been validated as
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miRNA targets. A role for miRNA as a major regulator of glycan
biosynthesis has been suggested by work in Caenorhabditis elegans
[12] and by unpublished results in human cell lines from our lab-
oratory. Analysis of miRISC complexes during the developmental
stages of C. elegans showed robust enrichment of glycogene
transcripts associated with miRNA. Work in our laboratory using
the NCI-60 cancer cell set found strong correlations between the
glycome and miRNA expression levels and identified seven new
glycogene/miRNA interactions [13]. Taken together, the data
suggests that miRNA are a principal regulator of the glycome.
Identifying the regulatory relationship between miRNA and a
target gene currently relies on target prediction analysis. Although
miRNA can bind anywhere within an mRNA (5’-UTR, coding region
or 3'-UTR), the majority of prediction analysis focuses on the
3’-UTR, which is widely regarded as the main site of miRNA action
[4]. Algorithms such as miRanda, PicTar and TargetScan rely on a
combination of the thermodynamic stability of the miRNA/gene
interaction and factors such as target site conservation between
species to identify and prioritize miRNA interaction partners
[14,15]. A single miRNA can have hundreds of predicted targets
and predictions have been used to identify regulatory networks
for systems as diverse as cancer [16] and schizophrenia [17]. Genes
with higher numbers of predicted miRNA binding sites show in-
creased levels of repression, faster mRNA decay rates and increased
evolutionary conservation [18-20]. Herein we overlay predicted
miRNA regulation of glycogenes onto maps of the common glycan
biosynthetic pathways to identify key regulatory nodes of the gly-
come. Our analysis provides insights into glycan regulation and
shows that at the regulatory level, glycogenes are non-redundant.
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2. Materials and methods
2.1. Glycogene target analysis and pathway annotation

The human miRNA target site miRSVR-miRanda prediction
datasets for both conserved and non-conserved miRNAs with
“good” miRSVR scores (miRSVR < —0.1) were downloaded from
the latest release of microRNA.org (2010 August release) and com-
bined to make a “total” dataset [21,22]. This dataset was then
checked for duplicative entries using the built in unique function
in R and checked against the original datasets. No duplications
were observed. A comprehensive list of glycosylation related genes
(glycogenes, 538 genes, 913 transcripts) was created based on
Maupin et al. [23], the Kyoto Encylopedia of Genes and Genomes
(KEGG) [24] and Nairn et al. [1]. This list includes trafficking pro-
teins, glycosyltransferases, glycosidases, nucleotide sugar trans-
porters and highly glycosylated proteins (mucins, cadherins, etc.)
but excludes lectins (see Supplemental Table 1). For reference,
3’-UTR lengths were obtained from the UCSC genome browser
(Build GRCh37/hg19) using the unique known gene ids for the
transcripts [25]. The miRNA/glycogene target prediction data was
extracted from the combined miRNA prediction dataset.

To obtain the number of total and unique miRNA/glycogene
interactions we determined the frequency of each mirna/transcript
interaction using the table function in R. Summing the counts for
all miRNA sites on a given transcript gave us the total hits for that
glycogene (Total). We used the Kruskal-Wallis test in R (version
3.0.2) to analyze the distribution of the Total hits for glycogenes
versus all other genes. For unique hits (Unique), we summed the
number of unique miRNAs that interacted with a given transcript.
The Total and Unique hit levels were then mapped in Cytoscape
3.0.1 [26] and overlaid onto the glycosylation pathways. For our
analysis, we considered only validated mRNA sequences from the
RefSeq database (designated by NM). Where no such transcript
existed for the gene, the largest known transcript was used. Where
more than one NM designated transcript existed for a single glyc-
ogene, the data for the transcript with the highest total number of
miRNA sites were used in our pathway map. To identify highly tar-
geted glycogenes, we first determined the average and standard
deviation for the number of total hits of all genes in the dataset
(average = 131.8, S.D.=103.1). Glycogenes were then defined as
“highly targeted” if their total hits were >235 (i.e. 1 standard
deviation above the mean) [19,27].

2.2. Comparison of decay rates for “highly targeted glycogenes”

Decay data for glycogene probes were obtained from [28]. Only
133 of the 534 in the glycogene list were represented in the
Affymetrix-microarray chip based dataset no transcript specificity
data was retained. Density maps of the half-life values for glycog-
enes versus all genes and for “highly regulated” versus all other
glycogenes were generated. The Kruskal Wallis test was applied
in R to determine significance (defined as p < 0.05).

3. Results and discussion
3.1. General analysis of glycogene regulation

Glycosylation patterns are known to be highly variable between
species [29,30]. In contrast, there is high conservation among en-
zymes in glycosylation pathways, possibly driven by strong func-
tional constraints [31]. This argues that the regulation of
glycogenes by factors such as miRNA may be species specific,
accounting for the variation in observed carbohydrate epitopes.
Conservation of miRNA target sites across species is an important

aspect of most target prediction algorithms. Mammalian-specific
miRNA have fewer predicted conserved targets than do broadly
conserved miRNA [32], arguing that species-specific regulation is
not well represented in the subset of conserved target sites.
However, when non-conserved sites are included in miRNA target
prediction analysis, decreases in sensitivity and precision are
observed, thus many analysis programs use a conservation filter
[15]. In recent work, Betel et al. introduced miRSVR, a new filter
for miRanda predictions based on supervised learning from miRNA
transfection datasets [22]. The use of miRSVR-miRanda identifies
both conserved and non-conserved miRNA binding sites with
improved accuracy. Thresholding miRanda predictions using a
miRSVR score of —0.1 or better gives a prediction set with a reason-
able probability of downregulation [22]. To study glycogene
regulation, we utilized a combined dataset containing both the
conserved and the non-conserved miRSVR-miRanda miRNA/target
prediction sets with a miRSVR score of —0.1 or below. We then
determined the total predicted number of miRNA binding sites
within the 3’-UTR of an mRNA as a metric for probability of miR-
NA-mediated gene regulation [18,19]. Genes can be cooperatively
regulated by multiple miRNAs [33,34]. The total number of pre-
dicted binding sites strongly correlates with repression levels and
mRNA decay rates, irrespective of the prediction algorithm used
and independent of the length of the 3’-UTR [18,19]. Based on
the literature total binding sites, not site density, is the appropriate
metric to identify probability of gene regulation [18,19]. We ob-
served no significant differences in the distribution of total binding
sites for glycogenes compared to the entire gene set as determined
by the Kruskal-Wallis test (Supplemental Fig. 1).

Using this dataset, we defined a “highly regulated” glycogene
subset, i.e. genes for which the total number of predicted miRNA
binding sites is =235 (1 S.D. above the average for all genes, see
Section 2) [19,27]. Preliminary analysis of the published half-lives
for the “highly regulated” glycogenes shows a trend towards short-
er half-lives (i.e. faster decay rates, Supplemental Fig. 2) [18]. How-
ever, the half-life dataset had only 133 of the 534 glycogenes and
was gathered using microarrays [28], which are often inaccurate
for the low abundance glycogene transcripts [1,35], potentially
explaining why, although a trend can be observed, the difference
is not considered significant. A list of the top 10 most “highly reg-
ulated” glycogenes is given in Table 1. At the top of the list was
CHSY3, a chondroitin sulfate synthase with an average length
3’-UTR (843 bp, average = 1265 bp for all genes, S.D. = 1367). Chon-
droitin sulfate is a proteoglycan important in brain development
[36] and recent work has shown that miRNA modulation of related
chondroitin synthetase sqv-5, the C. elegans homologue of CHSY1
(another “highly regulated” gene, see Supplemental Table 1), is a
critical regulator of neurodevelopment in worms. More than 70%
of all miRNA are expressed in the brain and miRNA have a strong
impact on brain development, suggesting a potential role for miR-
NA regulation of CHSY3 in this highly coordinated process [37].

To gain greater insight into regulatory hubs in glycan biosyn-
thesis, we mapped our analysis of glycogene regulation onto the

Table 1

List of top 10 most “highly regulated” glycogenes.
Glycogene Ref. Seq. ID Total hits  Function
CHSY3 NM_175856 455 Chondroitin sulfate synthetase
CDH11 NM_001797 437 Cadherin
GALNT1 NM_020474 437 Polypeptide-GalNAc transferase
HAS2 NM_005328 426 Hyaluronan synthase
SPOCK3 NM_016950 399 Proteoglycan
GALNT7 NM_017423 396 Polypeptide-GalNAc transferase
ITGAV NM_002210 393 Integrin
HS6ST2 NM_001077188 386 Heparin 6-O-sulfotransferase
GALNT3 NM_004482 381 Polypeptide-GalNAc transferase
GLCE NM_015554 380 Glucuronic acid epimerase
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canonical N-linked, O-linked and terminal glycan biosynthetic
routes. The results of this analysis are discussed in more detail in
the following sections.

3.2. Predicted regulatory hubs in N-linked glycosylation pathway

In N-linked glycosylation, a core GlcsMangGlcNAc,-oligosaccha-
ride is transferred onto select asparagines in a nascent polypeptide
from a dolichol precursor by oligosaccharyltransferases (STT3A/B:
catalytic subunits). This glycan is trimmed to Mang and then elab-
orated by glycosidases and glycosyltransferases, giving rise to high
mannose, hybrid and complex structures as shown in Fig. 1. Glyc-
ogenes at several key points in the N-linked pathway are predicted
as “highly regulated” hubs, including MAN1 genes, select MGAT
genes and FUTS (red asterisks, Fig. 1). Similar results are observed
when only “Unique” hits are considered (Supplemental Fig. 3). The
MANT1 gene family (MAN1A1, MAN1A2) encodes mannosidases
that control trimming of high mannose structures to Mans, a
required prerequisite for hybrid and complex epitopes. High man-
nose sugars are the dominant N-linked epitope on both embryonic
and pluripotent human stem cells [38,39] and differentiating
mouse stem cells show a loss of high mannose concomitant with
increased levels of MANT1 transcripts [1], suggesting that their
regulation is important in early embryogenesis. Work in our
laboratory has validated MAN1A2 as a target of at least three
miRNA, arguing that MANT1 transcripts are a hub for miRNA based
regulation [13].

The MGAT genes encode a series of enzymes responsible for
transferring N-acetylglucosamine (GIcNAc) onto core mannose res-
idues to create complex branched structures. The branching pat-
terns of N-glycans play a crucial role in cellular differentiation
and altered branching patterns are associated with immune recog-
nition and cancer [40,41]. The predicted miRNA regulation across
the MGAT family is highly variable. MGAT2 and MGAT4A, which
catalyze formation of biantennary and triantennary branched
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glycans, respectively, are “highly regulated” hubs. In contrast,
MGATS5, which creates tetraantennary glycans essential in immu-
nity, is not a major target of miRNA regulation despite an average
3’-UTR length (1550 bp). MGATS5 activity is exquisitely regulated
by available UDP-GIcNAc levels, which can be tuned by the expres-
sion levels of upstream MGAT enzymes with higher affinity for the
sugar nucleotide including MGAT2 [40]. This may negate the need
to regulate MGAT5 through miRNA-mediated mechanisms.

The FUT8 gene encodes the fucosyltransferase which adds a-1,6
fucose onto the core GlcNAc of N-linked glycans. Alterations in core
fucosylation have been linked to cancer and emphysema [11,42,43]
and recent data points to a role in controlling TGFp signaling [44].
Our analysis predicts that FUT8 is “highly regulated” by miRNA.
Recently, FUT8 was shown to be a target of two miRNAs downreg-
ulated in hepatocarcinoma, a cancer associated with high levels of
core fucose [11]. Taken together, the data suggest that miRNA
regulation of FUTS8 is a major mechanism for controlling levels of
core fucosylation.

3.3. Predicted regulatory hubs in O-linked glycosylation pathway

In contrast to N-glycans, canonical O-linked glycans have a sin-
gle common sugar, o-linked N-acetylgalactosamine (GalNAc),
which forms the core structure attached to serines or threonines.
This glycan is then elaborated by a host of glycosyltransferases
making more complex epitopes. As shown in Fig. 2, multiple
“highly regulated” genes are predicted by our analysis including
several of the enzymes that initiate O-linked glycosylation
(GALNTs), the core-2 synthesizing enzyme GCNT1, and the
sialyltransferase STEGALNAC3 (which synthesizes a-2,6-sialylGal-
NAc-a-Ser/Thr (sialylTn antigen)). The GALNT family is a large
family of ~20 enzymes that transfer the core GalNAc residue onto
serines and threonines in the polypeptide backbone. They have
distinct but overlapping requirements for peptide sequence [45].
Little is known of the regulatory mechanisms controlling mRNA
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Fig. 1. MiRNA regulatory map for glycogenes in the N-linked glycosylation pathway. A schematic illustration of the N-linked glycan pathway with the relevant glycosylation
enzymes is shown. Synthetic pathways for Glc,MangGlcNAc,-dolichol precursor, high-mannose, hybrid and complex oligosaccharides are indicated. The multicomponent
oligosaccharyltransferase (OST) is represented by STT3A and STT3B (purple), the genes that encode for the catalytic subunits. The size of the circles (nodes) represents the
total number of miRNA binding sites (both conserved and non-conserved) predicted within the 3'UTR of the indicated glycogenes (see Section 2 for details, scale shown in
inset). Color of circle corresponds to the enzyme class (see inset legend). Where multiple isoforms of the same glycogene exist, the isoform is indicated within the circle).
Linkages between the nodes illustrate the various paths of the biosynthetic pathway and the resulting glycan structures are shown in the gray boxes. “Highly regulated”

glycogenes are denoted with an asterisk (x).
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Fig. 2. MiRNA regulatory map for glycogenes in the O-linked glycosylation pathway. A schematic illustration of the O-linked glycan pathway with the relevant glycosylation
enzymes is shown. Pathway is annotated as in Fig. 1. “Highly regulated” glycogenes are denoted with an asterisk (x).

and protein levels of these enzymes, although dynamic changes in
both have been observed. Based on our analysis, GALNTs display
isoform dependent miRNA regulation. Several GALNT’s are among
the top 10 most “highly regulated” glycogenes, which is not due to
a significantly larger 3'-UTR for these genes (GALNTs 1, 3 and 7,
Table 1, Fig. 2). Gaziel-Sovran et al. identified both GALNT1 and
GALNT7 as targets of miR-30b/d, miRNA associated with metasta-
sis in melanoma [8]. GALNT7 was also found to be a target of
miR-378, with a role in osteoblast differentiation [7], showing that
multiple miRNA target GALNT?7 in line with our analysis. Although
no miRNA targeting GALNT3 have yet been identified, levels of this
gene alter in response to inorganic phosphate, calcium and vitamin
D, in line with the type of dynamic regulation that miRNA provide
[45]. In contrast to the highly regulated GALNTS, there are multiple
family members that are predicted to have very low levels of
regulation (<60 predicted hits, GALNTs 5, 8, 9 and 14, Fig. 2). This
may be due to the length of the gene transcripts, which are all
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below the average (range 52-734 bases). The disparity in predicted
miRNA-based regulation of these genes belies their presumed
redundancy. Knockouts of GALNTSs, including GALNT3, cause subtle
phenotypes in mice, attributed to functional redundancy [2,45].
The presence of subtle phenotypes however argues that the redun-
dancy is not total, this is primarily attributed at present to
substrate specificity differences however differences in miRNA
regulation of transcripts, such as those predicted by our analysis,
may also play a role.

3.4. Predicted regulatory hubs affecting terminal glycan epitopes
on both N- and O-linked glycans

Both N- and O-linked glycans are elaborated with common ter-
minal modifications. These include poly-N-acetyl lactosamine
chains (poly-LacNAc) which can be Type I (B-1,3 linked) or Type
I (B-1,4 linked, Fig. 3A), sialic acids (Fig. 3), blood groups and Lewis
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Antigens (Fig. 4). Our analysis identifies isoform specific regulation
of the genes involved in these complex biosynthetic pathways.
Isoforms involved in both Type I and Type 2 polyLacNAc synthesis
pathways that are “highly regulated” genes include the initiating
galactosyltransferases B3GALT2 (Type 1), B4AGALT4 and B4GALT6
(Type 2) and elaborating GIcNAc transferases (Type 2: B3GNT2,
B3GNT5, Fig. 3A). Only three sialyltransferases, ST6GALNAC3,
ST6GAL2 (Fig. 3A) and ST8SIA4 (Fig. 3B) are predicted to be “highly
regulated”. Of these, ST8SIA4 (PST) is particularly interesting
because it is one of two sialyltranferases that synthesize polysialic
acid, a critical modification of the neural cell adhesion molecule
(NCAM) in the brain. ST8SIA4 is expressed in adult brain and has
recently been shown to play a role in dendritic cell maturation,
while the other polysialic acid enzyme ST8SIA2 (STX) is only ex-
pressed in early stages of embryogenesis. The need to constantly
modulate ST8SIA4 levels in maturing dendritic cells may explain
why this gene is more regulated than the ST8SIA2 isoform [46].
Few of the genes involved in Lewis structure and blood group
formation are predicted to be “highly regulated”, with the excep-
tion of FUT4, an enzyme involved in Lewis x and Lewis y formation.
FUT4, also known as CD15, is again one of the few known glyco-
gene targets of miRNA [9].

4. Summary

MiRNA are relatively unexplored as regulators of the glycome.
Our recent work has shown that these non-coding RNA play a crit-
ical role in controlling glycosylation. Overlaying our predicted miR-
NA/glycogene interaction levels onto the glycan biosynthetic
pathways points to major regulatory hubs, including the early
steps of both the N-linked (MAN1A1, MAN1A2) and O-linked (GAL-
NTs) pathways. In line with our analysis, five of the seven glycog-
enes identified as miRNA targets to date are predicted to be “highly
regulated” genes (GALNT1, GALNT7, FUT4, FUT8, MANEA). We
found glycogene regulation to be isoform specific, with only some
isoforms designated as “highly regulated” genes. This type of iso-
form-specific regulation may explain why, even when functionally
redundant enzymes are present, knockouts show subtle pheno-
types often in the brain (behavior) or the immune system, where
miRNA play important roles. Changes in miRNA may underlie the
altered glycosylation observed in dynamic processes such as

cancer metastasis and embryogenesis, opening new opportunities
to unravel the glycocode.
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