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Summary

Glycans are one of the fundamental classes of macromolecules and are involved in a broad range
of biological phenomena. A large variety of glycan structures can be synthesized depending on
tissue or cell types and environmental changes. Here, we developed a comprehensive glycosylation
mapping tool, termed GlycoMaple, to visualize and estimate glycan structures based on gene
expression. We informatically selected 950 genes involved in glycosylation and its regulation.
Expression profiles of these genes were mapped onto global glycan metabolic pathways to predict
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glycan structures, which were confirmed using glycomic analyses. Based on the predictions of N-
glycan processing, we constructed 40 knockout HEK293 cell lines and analyzed the effects of
gene knockout on glycan structures. Finally, the glycan structures of 64 cell lines, 37 tissues, and
primary colon tumor tissues were estimated and compared using publicly available databases. Our
systematic approach can accelerate glycan analyses and engineering in mammalian cells.

eTOC Blurb

Diverse glycan structures are synthesized depending on cell types. Huang et al. have developed a
comprehensive glycosylation mapping tool based on gene expression, named GlycoMaple, for
visualizing glycosylation pathways and estimating glycan structures synthesized in cells. The tool
could contribute to supporting glycan analysis, biomarker development, and glycoengineering.

Graphical Abstract

GlycoMaple 7 ..
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Introduction

Glycans are one of the major macromolecules that make up cells where they exist in free
forms or as glycoconjugates bound to proteins and lipids. They are recognized by intrinsic
and extrinsic glycan-binding proteins and play key roles in both intracellular and
intercellular events that influence multiple biological functions and processes (Ohtsubo and
Marth, 2006; Varki, 2017). Glycans on proteins regulate protein folding, selective transport,
stability, and activity (Helenius and Aebi, 2004; Kamiya et al., 2008). In addition to
physiological functions, glycan structures can affect pathological conditions. Several glycans
on the cell surface act as receptors for toxins and virus infections (Raman et al., 2016;
Thompson et al., 2019). Inherited pathological mutations in genes involved in glycan
synthesis and degradation cause severe developmental disorders (Ng and Freeze, 2018).
Glycosylation also defines the oncogenic stage and metastatic potential during tumor
progression (Munkley and Elliott, 2016; Pinho and Reis, 2015). Therefore, determining the
structures of complex glycans can lead to both the identification of glycan biomarkers and
the development of vaccines and therapeutics in biomedical and biotechnological contexts
(Hutter and Lepenies, 2015; Mereiter et al., 2019).

Glycan structures are synthesized by a series of reactions mediated by glycosyltransferases
or glycoside hydrolases (Bourne and Henrissat, 2001). These enzymes need to be correctly
translated, folded, and localized to become active. In addition, these enzyme activities are
regulated by substrate or product concentrations and environmental conditions. Although
many factors are involved in the glycosylation pathway, glycan structural diversity could be
predicted from gene expression data if a model could be generated (Narimatsu et al., 2019).
So far, a great deal of efforts have been made to construct simulation models to predict
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glycan structures on proteins using Kinetic, transcriptomic, and mass spectrometric
information (Jimenez del Val et al., 2011; Krambeck et al., 2009; Krambeck and
Betenbaugh, 2005; Kremkow and Lee, 2018; Liu et al., 2013; Umafia and Bailey, 1997).
Probabilistic modeling frameworks were untilized to develop a low-parameter approach to
predict the effects of gene engineering (Liang et al., 2020; Spahn et al., 2016). Moreover,
artificial neural networks with minimal parameter estimation are emerging to describe N-
glycosylation (Kotidis and Kontoravdi, 2020). Despite transcription levels do not always
reflect enzyme levels directly, prediction of glycan structures included gene expression data
show strong consistency compared with mass spectra alone (Bennun et al., 2013). However,
all the previous works only focused on a single glycosylation pathway such as the N-
glycosylation. It is desired to show a more bird’s-eye view of glycan metabolic pathways. In
the present study, we constructed a global glycosylation mapping tool, termed GlycoMaple.
Our systematic approach will contribute to supporting glycan analysis, the exploration of
disease biomarkers, and glycan engineering to produce biopharmaceutical proteins.

Construction of a comprehensive glycosylation mapping tool, GlycoMaple

The ability to predictively estimate the profile of glycan structures produced by a cell or
tissue would be highly useful for understanding cellular properties and regulation, as well as
for engineering cells. We developed a comprehensive glycosylation mapping tool, termed
GlycoMaple, based on gene expression profiles. This tool enabled us to visualize
glycosylation pathways and estimate glycan structures in cells of interest. We first generated
a comprehensive list of glycan-related genes, which included genes encoding
glycosyltransferases (GTs), glycoside hydrolases (GHSs), glycan-binding proteins (lectins),
and genes required for substrate synthesis and transport, regulators of activity or localization
of GTs, and Golgi homeostasis. We first added the 200, 78, and 15 human genes encoding
GTs, GHs, and carbohydrate-binding modules, respectively, that are registered in the CAZy
database (Lombard et al., 2014). Subsequently, genes encoding proteins other than GTs or
GHs were also added, such as genes encoding sulfotransferases, regulatory factors, and
sugar nucleotide synthesis and transport, and genes involved in Golgi homeostasis for
glycoconjugate synthesis and degradation. The aim of GlycoMaple is not only to visualize
glycosylation pathways, but also to overview the expression of glycan-related genes by
category. Therefore, 189 genes encoding lectins or glycan-binding proteins were
accumulated from genetic resources for animal lectins (http://www.imperial.ac.uk/research/
animallectins/default.html) or were added manually (Kilpatrick, 2002; Taylor et al., 2015).
For protein modification by a glycosylphosphatidylinositol (GPI) or glycosaminoglycans
(GAGS), genes encoding carrier proteins were added to the list (Esko and Selleck, 2002; Liu
et al., 2018; Mizumoto et al., 2014). We compared our list with published papers that also
collected glycan-related genes (Nairn et al., 2012; Nairn et al., 2008; Schjoldager et al.,
2020), and manually updated our list with the most accurate information. In total, 950 genes
were collected and categorized into 30 groups (Tables S1 and S2). We next drew 19 maps for
the biosynthesis and catabolic pathways of glycans in human. To visualize the glycan
structures, symbol nomenclature for glycans (SNFG) was used (Neelamegham et al., 2019).
The genes required for each reaction were then input into the pathway maps (Table S3). The
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substrate specificities of each GT, GH, or sulfotransferase were curated based on handbooks
and original papers (Taniguchi et al., 2011).

Glycomic analysis of HEK293 cells

To verify the usefulness of GlycoMaple, we used the human embryonic kidney 293
(HEK?293) cell line as a model. The HEK293 cell line is one of the most commonly cultured
cell lines in basic biomedical researches (Stepanenko and Dmitrenko, 2015) as well as in
biotechnological contexts (Thomas and Smart, 2005). We first analyzed N- and O-glycan
structures and GSLs in HEK293 cells using mass spectrometry (Figure 1 and S1A).

In the N-glycan analysis, 38 composition structures were detected (Figures 1A—-C and Table
S4). The percentages of oligomannose, hybrid, and complex N-glycan structures were
84.7%, 1.7%, and 13.7%, respectively (Figure 1D). In the complex N-glycans, tetra-
antennary structures were observed (4.1%), although biantennary structures were the most
abundant (72.7%). N-glycan structures containing LacdiNAc structures were also detected
(Figures 1B, C and S1B). Fucosylated and sialylated N-glycans were detected as 18.0% and
11.4% of total glycan structures, respectively.

In the O-glycan analysis, 14 compositions including 23 structures were observed (Figure
1E). Most were mucin-type O-N-acetylgalactosamine (GalNAc) structures (21 structures),
although O-Man and O-Fuc structures were also detected (Figure S1C and Table S4). The
major structures were disialyl-T and monosialyl-T antigens. Only the structures based on
core 1 and core 2 were detected in mass spectrometry at MS? (i.e., without fragmentation
that increases sensitivity). Core 3 and core 4 structures were only assigned from MS?
signature ions, suggesting that these core structures are present at low abundance or
contaminated from serum (Table S4). O-Glycan structures with a fucose modified to either
Gal or GIcNAc were also detected (Figure S1D).

In the GSL analysis, ceramide structures with 10 different sugar compositions were detected
(Figure 1F). Hexosylceramides that were either glucosylceramides or galactosylceramides
were the most abundant structures. In addition, lactosylceramides, globo-series (Gb3 and
Gb4), and ganglio-series glycosphingolipids were detected. Lacto- or neolacto-series
glycosphingolipids were also observed (Table S4).

Mass spectrometric analysis of glycans has several limitations, including in the analyses of
linkage, branches, isomers, and glycans with high molecular sizes. Thus, to further
characterize glycan signatures on the cell surface, lectin-based analyses were also carried
out. We used 19 fluorescent-conjugated lectins for cell staining (Figure 1G). The staining
with lectins that detect N-glycans suggested the existence of oligomannose structures (ConA
staining), GIcNAc-B1,4-(GIcNAc-p1,2-)Man branches (DSA staining), GIcNAc-B1,6-
(GIcNAc-B1,2-)Man branches (PHA-L4 staining), bisected structures (PHA-E4 staining),
LacdiNAc structures (WFA staining), and core-fucose (LCA staining) structures. Staining
with SSA, MAM, and UEA-1 represented the structures modified by a-2,6-sialic acid, a
-2,3-sialic acid, and a—1,2-Fuc, respectively. CtxB staining suggested that ganglioside
GM1a or fucosylated Lewis structures exist in HEK293 cells (Wands et al., 2018). Together,
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HEK?293 cells can produce various types of glycan structures, which is useful for the
validation of glycosylation pathways using GlycoMaple analysis.

Evaluation of GlycoMaple using O-glycomics data in HEK293 cells

We next analyzed gene expression profiles in HEK293 cells using RNA-seq to predict
glycosylation pathways in GlycoMaple. Each gene expression value was calculated as
transcripts per million (TPM) (Wagner et al., 2012). We detected the expression of 950
glycan-related genes (Table S5) to integrate the information with the pathway maps. To
evaluate GlycoMaple, we focused on mucin-type O-glycan structures. Among the 53 mucin-
type O-glycan structures in the GlycoMaple pathway map, 21 glycan structures detected in
our glycomics data and previous reports (O-glycan structures on MUC-1 (Razawi et al.,
2013) expressed in HEK293 cells) were used as the actual detected structures (Figure 2A).

We then mapped the gene expression profile of HEK293 cells onto the mucin-type O-glycan
biosynthesis pathway. The predicted glycan structures were estimated at various TPM
threshold values (0 to 10). We collected the number of true-positive, false-positive, true-
negative, and false-negative predictions, in order to calculate the accuracy, precision,
sensitivity (recall), and specificity under the different thresholds (Figure S2A). Based on the
calculated values, we plotted the receiver operating characteristic (ROC) curve, and
measured the area under the curve (AUC), which gave a performance measurement for our
classification model at various threshold settings (Figure 2B). If AUC is greater than 0.7, the
model generally shows acceptable discrimination (Mandrekar, 2010). When we used the
predicted O-glycan structures by GlycoMaple and the detected O-glycan structures, the
AUC was 0.90, indicating that the GlycoMaple analysis shows high performance and
provides excellent discrimination.

We next validated GlycoMaple with other cell types using published data. For detected O-
glycan structures, data in a published paper were utilized (Fujitani et al., 2013), which
reported glycomic analyses in various human cell lines. Among these, RNA-seq data in 6
cell lines (A549, Caco2, HeLa, HEK293, HepG2, and HL60) were available in the Human
Protein Atlas. Using these data, the ROC curve and AUC were measured (Figure S2B). The
AUC values in A549, Caco2, HeLa, HEK293, HepG2, and HL60 cells were 0.78, 0.74, 0.82,
0.80, 0.89, and 0.85, respectively. The lower AUC values compared with our HEK293 data
would be due to the different culture condition and limitations in O-glycan analysis (Zaia,
2010). Nevertheless, these positive results indicate that, using the expression profile of
glycan-related genes, GlycoMaple can be employed for the estimation of glycan
biosynthesis.

Threshold setting of the TPM value to estimate glycosylation pathways

We next evaluated the TPM threshold in the reaction pathways of GlycoMaple using mucin-
type O-glycan structures in HEK293 cells. We measured the Youden’s J statistic which
determines the cut-off values for prediction (Figure 2C). The highest score of this statistic
corresponded to TPM values from 0.5-1.6. The F1-score, which is the harmonic means of
sensitivity and precision, also showed TPM values from 0.5-1.6 having the best
performance (Figure 2D). We next analyzed the 6 human cell lines used in the above to
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determine the optimal TPM threshold (Figure S2C). Since the public glycomics data have
restrictions as described above, false-positive rate was increased at low TPM threshold in
some cell lines. Nevertheless, the average F1-score of the 6 cell lines were highest at TPM =
1. Therefore, we set the threshold of the TPM value as 1. When the TPM value was < 1, we
defined the gene as not expressed or rarely expressed in the cells. When the TPM value was
> 1, the gene was considered to be expressed (Figure 2A).

Based on the TPM threshold (TPM = 1), we estimated the mucin-type O-glycan structures in
HEK293 (Figure 2A). Core 1 and core 2 should be expressed as a result of the expression of
CIGALTIand CIGALTICI (step 3) and GCNT1, 3 and 4 (step 9), respectively, but
HEK?293 cells could not form core 3 and core 4 because of the lack of B3GNT6 expression
(step 12) (Iwai et al., 2002). Furthermore, because there was a very limited expression of
A4GNT (step 6), BAGNT3 (step 8), GCNT3 (step 14), and ABO (step 16), the glycan
structures formed by these reactions would rarely occur in HEK293 cells. These estimations
matched the glycomics data (Figure 1E and Table S4). On the other hand, a tri-sialylated
core 1 structure (Sia-Sia-Gal-(Sia-)GalNAc), which was detected by mass spectrometry
(Figure 1E), was not estimated in GlycoMaple. The pathways in GlycoMaple are drawn
based on the reported knowledge. So far, only ST8SIAG has been reported to mediate the
synthesis of the tri-sialylated core 1 from the Sia-Gal-(Sia-)GalNAc structure (Teintenier-
Leliévre et al., 2005). Because of the low expression of S7T85/A6 (TPM = 0.09) in HEK293
cells, it was estimated that this structure would not be synthesized by GlycoMaple. Although
this could be viewed as a false negative judgement, this result also suggests that enzymes
other than ST8SIA6 might contribute to the synthesis of this structure.

Visualization of glycosylation pathways and estimation of glycan structures in HEK293

cells

We input gene expression information to all the 19 pathways for glycan synthesis and
degradation (Figure S3). GlycoMaple could visualize the target glycan synthetic pathway
and estimate the structures based on the expression levels of genes. After the core structures
of N- and O-glycans and GSLs are synthesized, for example, GIcNAc residues on the core
structures are modified to form more complex capping structures, such as polysialic acid,
LacdiNAc, ABO-type antigens, Lewis-type antigens, and polylactosamine (Morise et al.,
2017; Stowell and Stowell, 2019; Ujita et al., 1999). Mapping the gene expression profiles of
HEK?293 cells estimated that glycans such as ABO- and Lewis a- and b-type antigens would
not be formed in HEK293 cells (Figure 3A). Among the capping structures, we picked up
glycan structures including the human natural killer-1 (HNK-1) epitope, polysialic acid, and
branched polylactosamine structures, which were expected to be low because of the limited
expression of one or more genes responsible for these reactions. The HNK-1 epitope is a
unique trisaccharide that possesses sulfated glucuronic acid (GIcA) at the non-reducing
terminus (SO3™-3-GIcA-p1,3-Gal-p1,4-GIcNAc-) (Morise et al., 2017). The biosynthesis of
the HNK-1 epitope requires the expression of genes encoding p1,4-galactosyltransferases
(the first step), B1,3-glucuronyltransferases (the second step), and carbohydrate
sulfotransferases (the third step). Although the genes responsible for the first and third steps
were well-expressed, the expressions of B3GAT1 (TPM: 0.82 £ 0.07) and B3GATZ2 (TPM:
2.58 + 0.24), which are responsible for the second step, were low (Figure 3B). In particular,
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B3GAT1 encodes the major GIcA transferase for HNK-1 synthesis (Morise et al., 2017).
Consistent with our estimation, the HNK-1 epitope was only weakly expressed in HEK293
cells. When B3GAT1 was overexpressed, HEK293 cells began to produce glycans with
HNK-1 (Figure 3B). Polysialic acid is found predominantly on neuronal cell adhesion
molecules (NCAMS) of neurons and immune cells (Colley et al., 2014). To generate
polysialic acid-containing glycans, ST85/A2 or ST85/A4 is required (Kanehisa et al., 2017).
In HEK?293 cells, NCAM1 was expressed (TPM: 12.90 + 0.22; Table S5), but the expression
of both S785/A2and ST85/A4 was limited (Figure 3C). Therefore, the cells cannot produce
polysialic acid structures. By overexpressing ST85/A2or 4in HEK293 cells, polysialic acid
structures were able to be generated (Figure 3C). In the polylactosamine synthesis, we found
that the expression of GCNT2, which encodes an enzyme required for I-branched
polylactosamine structure formation, was low. When GCNT2was overexpressed, LEL
staining was increased (Figure 3D), suggesting that its expression is the limiting step for
polylactosamine formation in HEK293 cells. In contrast, LacdiNAC structures were
observed in HEK293 cells (Figure 1C and S1B). B4GALNT3and 4, which are responsible
for LacdiNAc formation (Figure 3E), were expressed in HEK293 cells. By knocking out
these two genes, we were able to eliminate LacdiNAc structures. These results indicate that
the GlycoMaple contributes to finding the limiting or critical steps in glycosylation
pathways, and can predict changes in glycans by genetic manipulations.

Construction of a cell library deficient in genes related to the N-glycosylation pathway

We next selected genes involved in N-linked glycan processing and capping, based on the
gene expression profiles measured in HEK293 cells, and generated a HEK293 cell library in
which genes related to N-linked glycosylation were knocked out (Figure 4A). Forty different
kinds of KO cells were established (Table S6), and we characterized the glycan changes in
these cells using 19 different lectins (Figure 4B). The KO cells deficient in various
mannosidase-I genes clustered together in the heatmap, since their N-glycan structures were
unable to be processed beyond oligomannoses (Jin et al., 2018; Ren et al., 2019). Consistent
with this expectation, staining with a Man-binding lectin, ConA, was increased, whereas
staining with lectins that bind to complex N-glycans, such as PHA-L4, PHA-E4, and DSA,
was decreased (Figure 4B). MGATI-KO, MGAT2-KO, and MAN2A1- and AZ-double-KO
cells showed similar staining patterns to those of the multiple mannosidase-1-KO cells. In
MGAT5KO cells, PHA-E4 staining was increased, suggesting that N-glycans containing
bisecting GIcNAc were upregulated, which was confirmed by mass spectrometric analysis
(Figure S4A).

New insights into glycan regulation revealed by combining GlycoMaple and glycomic

analysis

During the lectin analysis of our KO cell library, we found that LEL staining was increased
in cells deficient in multiple mannosidase-I genes as well as MGATI1 or MGATZ2 (Figure
4B). We expected that LEL staining would be decreased if N-glycan structures were
changed to oligomannoses. However, we observed the opposite result. To understand why
LEL staining increased, seven representative KO cells (MAN1A1-, A2, and BI-triple-KO
(T-KO); MGATI-KO; MGATZ2-KO; MGAT4-KO; MGAT5KO; SLC35CI1-KO; and
B4GALNT3 and 4-double-KO) were subjected to comparative glycomic analysis by mass
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spectrometry. As we expected, the N-glycan structures were changed in these KO cells
compared with the HEK293 parental wild-type (WT) cells (Figures S4B and S4C). In
addition, the KO of genes related to N-glycan processing also affected the structures of O-
glycans and GSLs, suggesting that disruption of a glycan-related gene in one pathway
causes global changes in glycan structures (Figures S4B, 5A and S4D).

In glycomic analysis using mass spectrometry, several GSLs were elevated in
MAN1A1&AZ& B1-triple-KO (T-KO) cells; GM2 and (neo)lacto-series GSLs, such as L¢3
and polylactosamine-containing GSLs, were particularly elevated (Figures 5B, S5A and
S5B). We compared the gene expression profiles of T-KO and

MAN1AI& A2& B1& C1& MGATI-quintuple-KO (QT-KO) cells with WT cells. Among the
glycan-related genes, the TPM value of CERSI, which encodes ceramide synthase 1, was
3.48 and 3.09 times upregulated in the T-KO and QT-KO cells, respectively (Figures 5C,
S5C and S5D). This increase was confirmed by quantitative PCR (Figure 5D) and correlates
closely with upregulated ceramide species (Figure S5E). In addition, the KDSR, CERS4,
B4GALTS6, and B4GALT4 genes, whose encoded enzymes are required for the GSL
biosynthesis, were significantly upregulated in both T-KO and QT-KO cells (Figure S5D).
To analyze whether the increased LEL staining was caused by polylactosamine extension on
GSLs, we disrupted B3GNT5, which encodes Lc3 synthase, required for synthesizing lacto-
and neolacto-series GSLs (Kuan et al., 2010). When B3GNT5 was knocked out in the WT
cells, LEL staining decreased by 56%, which was presumed to be the contribution of GSLs
to polylactosamine structures under normal conditions (Figure 5E). In the T-KO cells, LEL
staining was increased by 203%, compared with WT cells. In contrast, LEL staining was
decreased by 93%, when B3GNT5 was knocked out in the T-KO cells (Figure 5E). Because
there were almost no polylactosamine structures on N-glycans in the T-KO cells, these
decreases indicate that polylactosamine-containing GSLs are increased in T-KO cells. A
similar phenotype was observed in cells treated with a mannosidase-1 inhibitor, kifunensine,
suggesting that N-glycan changes to oligomannose structures generally affect GSLs (Figure
S5F). It is possible that polylactosamine-containing GSLs may compensate for the lack of
polylactosamines on N-glycan structures in T-KO cells.

The gene expression profiles revealed that, in addition to CERSZ, the expression of HASZ2
and RENBPwere highly upregulated in T-KO and QT-KO cells (Figures 5C, 5D, and S5C).
HASZencodes hyaluronan synthase 2. Hyaluronan is a GAG consisting of GIcA and
GIcNACc (Figure S5G) (Weigel and DeAngelis, 2007). Compared with WT cells, T-KO and
QT-KO cells produced 24.8-fold and 24.0-fold more hyaluronan, respectively (Figure 5F).
The increase was eliminated by knocking out HASZin T-KO cells. RENBP encodes
GIcNAc-2-epimerase, which converts GIcNAc to A-acetylmannosamine for neuraminic acid
synthesis (Figure S5H). Both upregulated genes, HASZ, RENBP, and CERSI, contribute to
the consumption of GIcNAc as UDP-GIcNAc. When nucleotide sugar levels were analyzed,
UDP-GIcNAc and GDP-Man levels were slightly increased in the T-KO cells (Figures 5G
and S51). Knocking out HAS2in T-KO cells further elevated the UDP-GIcNAc and GDP-
Man levels. Because UDP-GIcNAc was not used for N-glycan processing in the T-KO cells,
these cells might adapt to reduce GIcNAc or UDP-GIcNAC levels by overexpressing HASZ,
RENBP, and CERSI1. These unexpected impacts on orthogonal biosynthetic pathways
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demonstrate the capability of GlycoMaple, when combined with glycomic analysis, to
provide new insights into the cross-cutting mechanisms that regulate glycan synthesis.

Automatic mapping and visualization of glycosylation pathways

To expand the utility of GlycoMaple, we developed a web-based automatic mapping tool.
When RNA-seq data are uploaded, the web-based tool automatically maps the gene
expression information onto 19 glycosylation pathways. In addition, the expressions of 950
glycan-related genes can be displayed as bar plots categorized by function. We used RNA-
seq data from the Human Protein Atlas, which contains RNA-seq data from 64 human cell
lines and 37 tissue types (Colwill and Graslund, 2011). We then visualized glycan pathways
based on gene expression profiles (See GlycoMaple website). As an example, we focused on
mucin-type O-glycans. In the liver, some genes involved in mucin-type O-glycan
biosynthesis were not expressed, resulting in the formation of only simple structures (Figure
6A). In contrast, many genes involved in mucin-type O-glycan biosynthesis were expressed
in the small intestine, and a variety of O-glycan structures could be synthesized (Figure 6B).
In the mucin-type O-glycan biosynthesis pathway, 48 genes were categorized. We detected
these genes in 37 tissue types and compared gene expression profiles. The tissues and genes
were clustered using heatmap analysis (Figure 6C). Digestive organs, including the stomach,
duodenum, small intestine, colon, and rectum were clustered in the same tree. In these
tissues, some genes were highly expressed compared with other tissue types, such as
B3GNT6, GCNT3, STEGALNCI, B3GNT3, and FUTZ. This finding is consistent with the
fact that digestive organs express high levels of mucin characterized by branching,
sialylation, and fucosylation (Jin et al., 2017; Robbe et al., 2004).

Prediction of changed glycan structures in colon cancer cells using GlycoMaple

GlycoMaple enabled us to compare glycan structures between normal and diseased tissues.
Using RNA-seq data of 288 colon primary tumor samples and 304 normal colon tissue
samples from two public databases, TCGA and GTEXx (Table S7), we analyzed glycosylation
pathways using GlycoMaple, which predicted glycan changes during carcinogenesis (Figure
S6). In the N-glycan processing pathways, upregulation of core fucose (Figure 6D, step 17),
B—1,4-GIcNAc on a-1,3-Man branch (step 19), and p—1,6-GIcNAc on a—1,6-Man branch
(step 20) were predicted in the cancer tissues. In addition, bisecting GICNAc N-glycans were
predicted to be decreased in the cancer tissues because of competition between MGATS5 and
MGAT3 in the pathway (Bubka et al., 2014; Nagae et al., 2018). The expression of MGATS5,
which transfers p—1,6-GIcNAc, was increased in the cancer tissues, whereas MGAT3
expression, which adds bisecting GICNAc, was unchanged (Figure 6F). The predicted glycan
structures matched the reported structures that are upregulated in colorectal cancer (Balog et
al., 2012).

For the structures that cap glycans, a clear competition was observed between the Sd? and
Lewis antigens (Figure 6E). It is well known that Sd? antigens are decreased and Lewis
antigens are increased in colorectal cancer (Malagolini et al., 2007). The gene expression
levels of FUT3and FUTS, which encode enzymes responsible for producing Lewis x, were
upregulated (Figure 6F), whereas B4GALNTZ, which encodes p1,4-GalNAc transferase
responsible for the construction of Sd?, remained at low levels, resulting in increased cancer-
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associated Lewis x or sialyl-Lewis x antigens. In addition, the GlycoMaple analysis
predicted that LacdiNAc (Figure 6E, step 1), I-branched polylactosamine (steps 15 and 17),
a—2,6-sialic acid (step 7), type-1 lactosamine structures (step 16), and a—1,2-fucose
structures were increased, whereas HNK-1 (step 19) and a—2,3-sialic acid (step 3) structures
were decreased. The prediction was consistent with the results of actual glycan analysis
(Fernandez-Rodriguez et al., 2000; Holst et al., 2015; Muinelo-Romay et al., 2010),
indicating that the GlycoMaple analysis has the potential to explore and provide leads for
identifying glycan-based biomarkers for disease progression, including tumorigenesis and
metastasis.

Discussion

Currently, several webtools are available to analyze cellular metabolic pathways, such as
KEGG (Kanehisa et al., 2017) and Recon (Noronha et al., 2017). These are very useful tools
for displaying comprehensive metabolic pathways in various species. However, because
these tools cover all metabolic pathways, they cannot describe the glycosylation pathways in
all of their rich and cross-interacting detail. In some pathways, the precise substrate
specificities of glycosyltransferases are not reflected or the most recent data has not yet been
deposited in appropriate repositories. Moreover, because character strings or complicated
chemical structures are used to represent glycan structures, it can be difficult to develop an
intuitive understanding of the visualized pathways. We focused on creating glycan metabolic
pathways that incorporate the latest knowledge and enzyme substrate properties. To facilitate
intuitive browsing by glycobiology researchers and by the broader biomedical community,
we have adopted the SNFG representations of glycans (Neelamegham et al., 2019). It covers
almost 1000 genes involved in glycosylation and its regulation; no other pathway database
contains the same level of detailed information about glycosylation. We believe that
GlycoMaple combining glycosylation pathways with gene expression data would contribute
to Glycobiology from a wide range of research fields.

GlycoMaple potentially informs conventional glycan analyses. Compared with glycan
analyses using mass spectrometry or high-performance liquid chromatography, GlycoMaple
analysis using RNA-seq can be performed with a small amount of starting material. In
addition, conventional analyses sometimes have difficulties distinguishing glycan isomer
structures. Because GlycoMaple allows the estimation of glycan structures based on gene
expression, it also supports the annotation of glycan isomers detected in a glycomic analysis
based on known enzyme specificities. Conversly, when GlycoMaple analysis predicts that a
unique glycan structure exists in the cell of interest, its existence can be confirmed by
targeted mass spectrometry.

In the present study, we constructed a glycogene KO cell library consisting of 40 different
KO cells. We unepectively found the compensatory mechanisms between glycan
biosynthetic pathways in HEK293 cells. In multiple a1,2-mannosidase-1-KO cells, which
synthesize only oligomannose N-glycans, the expressions of CERS1, RENBP, and HAS2?
were significantly increased. All of these genes are thought to contribute to the reduction of
cytoplasmic GIcNAc or UDP-GIcNACc levels. The amount of glycolipids containing
polylactosamine was increased, as were hyaluronan levels. Whereas our finding in HEK293
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cells might be dependent upon cell lines, it may connect the two independent glycan changes
in other cell-types. Interestingly, it is reported that both oligomannose N-glycans and
hyaluronan are increased in some cancer cells (McCarthy et al., 2018; Park et al., 2020).
Changes in N-glycan structures affect the synthesis of other glycans, which could be
regulated by both gene expression and accumulated substrate levels. Since it is possible to
see glycan metabolic pathways comprehensively, GlycoMaple could find unexpected and
novel cross-talk between mechanisms.

GlycoMaple can contribute to the discovery of novel glycan biomarkers and therapeutic
targets by identifying differences in glycan structures between normal and diseased tissues.
Because the expression of glycosyltransferases is generally low, they are often overlooked
when all gene expression levels are compared between samples. However, by narrowing the
genes to be analyzed down to 950 glycan-related genes, sensitivity for detecting altered
expression levels is increased. We used public datasets to estimate the glycans that were
elevated or decreased in colon cancer tissues compared with normal tissues. The glycan
structures that were estimated to be upregulated or downregulated were consistent with
actual glycomic data.

Although GlycoMaple analysis can be used to estimate the presence or absence of glycan
structures, it has limitations. This is an “estimation” of the glycosylation pathways using
RNA-seq. After the initial clues of glycan structural information were obtained in
GlycoMaple, it is necessary to confirm and determine the structures using conventional
glycan analyses. Besides, the estimation of glycans from GlycoMaple is not quantitative.
Although we could estimate whether the target glycan structures could be synthesized or not
(exists or not), the amounts of the glycan structures are not reflected in the pathways.
Whereas the validation of GlycoMaple showed that gene expression is an important factor to
correlate with the synthesized glycan structures, gene expression level and glycosylation
activity of the gene product are not linearly related. In the mucin O-glycan biosynthesis
pathway in HEK293 cells, 9 false positive glycan structures were predicted in GlycoMaple.
Seven of the 9 glycan structures have been confirmed by MS2. Two predicted glycan
structures including a sulfated O-glycan were not detected in our MS analysis. Sulfated
glycans were technically difficult to detect under the conditions of the measured glycomics.
It is thought that false positive predictions result primarily from the limitation of MS-based
glycomics data. On the other hand, GlycoMaple analysis does not consider the localization
of enzymes within the Golgi compartment, limitation of donor and accepter substrates, and
the Golgi environment, which might lead to false positive predictions. To predict the
quantities of glycans with high accuracy, the development of a simulation of glycosylation
pathways, which considers many parameters including substrate concentration, enzyme
kinetics, and localization, will be required. Second, the analysis can only provide
information about glycans in the whole cell, but not glycan structures added onto specific
proteins. If it becomes possible to broadly understand the mechanism by which specific
glycans are found on specific sites of specific proteins, it would be of extreme usefulness for
the production of pharmaceutical glycoproteins. However, significantly larger glycoprotein-
specific glycosylation datasets will be required to build this knowledge. Nonetheless, the
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ability of GlycoMaple to simulate whole cell glycan expression provides a platform upon
which future tools, that simulate individual protein glycosylation, can be assembled.

STAR Methods

Resource availability

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Morihisa Fujita
(fujita@jiangnan.edu.cn).

Materials availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—The published article includes all datasets generated or
analyzed during this study. The code generated during this study are available at the
GlycoMaple website (https://glycosmos.org/glycomaples/index).

Experimental model and subject details

Cell culture—HEK293 cells (ATCC, CRL-1573), and their derivative HEK293FF6 cells
(Hirata et al., 2015), were cultured in Dulbecco’s modified Eagle medium (DMEM;
Biological Industries, Kibbutz Beit Haemek, Israel) containing 10% fetal bovine serum
(FBS; Biological Industries) in a humidified 37°C incubator with 5% CO,. Appropriate
antibiotic concentrations were used when necessary: hygromycin (400 mg/mL), puromycin
(1 pg/mL), and streptomycin (100 U/mL)/penicillin (100 pg/mL).

Method Details

Establishment of gene KO cell lines—Genes for the KO cell library were deleted
using the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system.
For each gene, a pair of single-guide RNA targets were designed using the E-CRISP website
(Heigwer et al., 2014) (http://www.e-crisp.org/E-CRISP/) and were ligated into the KO
vector pX330-EGFP (Hirata et al., 2015) digested with Bpil (Thermo Fisher Scientific,
Waltham, MA, USA). All oligonucleotides used for gene KOs in this study are listed in
Table S8. A pair of KO pX330-EGFP plasmids were transfected into HEK293 cells using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions.
The GFP-positive cells were sorted using an S3e Cell Sorter (BioRad, Hercules, CA, USA)
at 2.5 days after transfection. The sorted cells were cultured for > 10 days and further
subjected to limiting dilution to obtain clonal KO cells. The genes of the clonal KO cells
were confirmed by PCR and sequencing. A clone with no WT allele was selected. The DNA
sequence of each KO cell line are listed in Table S8.

Establishment of cells stably expressing genes—To establish cell lines stably
expressing genes, cONAs amplified by PCR were ligated into pME-hyg or pME-puro vector
vectors (Ohishi et al., 2003). B3GNT1 was ligated into the EcoRI and Notl sites of pME-
hyg; GCNTZ, ST85IAZ, and ST85/A4 were ligated into the Xhol and Notl sites of pME-
hyg; and S785/A1 was ligated into a Xhol site of pME-puro. All restriction enzymes and the
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In-Fusion HD Cloning Kit were purchased from Takara (Shiga, Japan). Approximately 7
days after transfecting the plasmids, culture media were changed to DMEM with 10% FBS
containing antibiotics (hygromycin or puromycin). Cells were selected for 2 weeks, and
surviving cells were used for the analysis.

Preparation of GSLs and enrichment of glycoproteins from cells—Method for
glycan preparation and condition for mass spectrometry were as previously described (Aoki
etal., 2007; Aoki et al., 2008; Boccuto et al., 2014). Cells (~1x107 cells) were resuspended
in 50% methanol, disrupted with tissue homogenizer on ice. The solvent composition was
adjusted to chloroform/methanol/water (30:60:8, v/v/v) and agitated for at least 2 hours at
room temperature. The homogenates were then centrifuged to collect precipitated proteins,
and the supernatant was kept as lipid extract. The precipitated proteins were re-extracted
three times with the same solvent mix, and the original and all three re-extractions were
combined and dried under nitrogen gas. Contaminating glycerophospholipids were removed
from the dried lipid extract by saponification. Briefly, 0.5 M potassium hydroxide in
methanol/water (95:5, v/v) was incubated with the dried extract for at least 6 h at 37°C. The
saponification reaction was terminated with an equal volume of 5% acetic acid to make the
final solution 50% aqueous in methanol. GSLs were desalted and separated from released
fatty acids on tC18 Sep-Pak cartridges (Waters) pre-equilibrated with methanol and 1%
acetic acid. GSLs were analyzed by separation on HPTLC silica gel 60 plates (EMD
Millipore) using a mobile phase of chloroform/methanol/water (60:35:8 or 60:40:10, v/v/v)
and visualized by spraying with 0.25% orcinol (Sigma) in 3 M aqueous H,SO4/ethanol (1:1,
v/v). Standards of neutral GSLs and gangliosides were obtained from Matreya LLC. GSL
abundance was normalized to cell numbers.

Protein-linked glycan analysis—N-glycans released from glycoproteins by PNGaseF
were permethylated and quantified as described previously (Aoki et al., 2007). Briefly,
glycoproteins were digested with trypsin and chymotrypsin (Sigma), and glycopeptides were
enriched from the digests by Sep-Pak C18 cartridge chromatography (Waters). N-glycans
were released by PNGaseF (NEB) and recovered by passing through Sep-Pak C18.
Glycopeptides carrying O-glycans were recovered from the C18 Sep-Pak and used for O-
glycan analysis (Kumagai et al., 2013; Morelle et al., 2009). For reductive p-elimination, O-
linked glycopeptides was resuspended in a solution of 100 mM sodium hydroxide and 1 M
sodium borohydride, and incubated for 18 hrs at 45°C in a glass tube sealed with a Teflon-
lined screw top. The tube was transferred to ice and acetic acid added to 10% to neutralize
the reaction. The sample was then loaded onto a column of AG 50W-X8 cation exchange
resin (Bio-Rad) to desalt. Released oligosaccharide were eluted from the resin with three
bed-volumes 5% acetic acid and lyophilized to dryness. To remove borate from the sample, a
solution of 10% acetic acid in methanol was added and the sample then dried under a stream
of nitrogen gas at 37°; this was repeated for a total of five times. The sample was then
resuspended in 5% acetic acid and loaded onto a C18 cartridge column (Waters) that was
previously washed with acetonitrile and pre-quilibrated with 5% acetic acid. Run-through
from the column was collected after loading; the column was then washed a total of five
times with 5% acetic acid. The run-through and washes were combined and evaporated to
dryness.

Dev Cell. Author manuscript; available in PMC 2022 April 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 14

Mass spectrometry of GSLs and glycoprotein glycans—The preparation of GSLs
and glycoprotein glycans for quantitative mass spectrometry was performed as described
previously (Boccuto et al., 2014; Ferreira et al., 2018; Kumagai et al., 2013). Briefly, intact
GSLs and released glycoprotein glycans were permethylated with 12C-methyliodide prior to
MS analysis according to the method of Anumula and Taylor (Anumula and Taylor, 1992).
Known amounts of a maltotetraose oligosaccharide (Dp4) were permethylated with 13C-
methyliodide for use as reference standards for GSL and glycoprotein glycan quantification
(Rohrer et al., 2016). N-glycans, O-glycans and GSLs were permethylated and analyzed
from two biological replicates for HEK293 cell lines. Glycan analysis was carried out by
nanospray ionization (NSI)-MS in positive ion mode and quantified relative to a known
amount of external standard (Dp4, permethylated with heavy methyliodide) supplemented
into the sample prior to injection (Aoki et al., 2019). Relative abundance of each glycan
componets were also obtained. Glycan structures carrying unique oligosaccharide sequence,
e.g., polylactosamine chain, bisecting GIcNAc, etc, were further subjected to manual MS"
analysis for complete structural determination (Nairn et al., 2012; Nairn et al., 2008). The
MS-based glycomics data generated in these analyses and the associated annotations are
presented in accordance with the MIRAGE standards and the Athens Guidelines, which
include explicit descriptions of instrument settings, fragmentation strategies, and
quantification parameters (MIRAGE).

Analysis of nucleotide sugars by HPAEC-PAD HPLC—Nucleotide sugars were
extracted and analyzed using HPLC system equipped with high-performance anion-
exchange chromatography with pulsed amperometric detection (HPAEC-PAD) as decribed
previously (Kamiya et al., 2008; Tomiya et al., 2001). Nucleotide sugars were separated on a
CarboPac PA-1 column equipped with a PA-1 guard column, BorateTrap column and
detected by absorbance at 260 nm. Nucleotide sugar standrads were obtained from Sigma-
Aldrich.

Construction of the GlycoMaple web tool—The GlycoMaple web tool consists of
data files, pathway images in Scalable Vector Graphics (SVG) format and a python script to
process input and output data. Data files consist of gene information that map to the pathway
images; each arrow in the pathway image is assigned to an enzyme(s) so that expression
values for each gene name are mapped to arrows in the SVG pathway image. The python
script thus reads in expression values from either the user’s upload file or from predefined
files based on the RNA-seq data available from the Human Protein Atlas (HPA) web site
(Pontén et al., 2008), then adjusts the width of the arrows in the SVG pathway images to
reflect the expression value. Pathway images were generated by first drawing the pathways
in Microsoft Powerpoint and exporting them into pdf files. These pdf files were then
converted to SVG vector images using the Inkscape software (Bah, 2007). Then, the SVG
files were edited using Inkscape so that each arrow that corresponds to an enzyme could be
assigned an ID value. These IDs were mapped to enzyme names in one of the data files.
Finally, a Flask server was set up in a Docker container so that the web server, data files,
python script and SVG images could be packaged together and easily distributed. The
GlycoMaple is available at https://glycosmos.org/glycomaples/index. A tutorial video and an
instruction for GlycoMaple are deposited as Movie S1 and Methods S1, respectively.
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RNA sequencing of HEK293 cells—Total RNA was extracted using the mirVana
miRNA Isolation Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, California, USA). Samples with RNA integrity number (RIN) =
7 were considered to be of high quality, and were processed further and subjected to the
subsequent analysis. Total RNA-seq libraries were generated using 4 ug of total RNA, which
was analyzed using the TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San Diego,
CA, USA). These libraries were then sequenced using the Illumina sequencing platform
(HiSeqTM 2500 or Illumina HiSeq X Ten), and 125 bp/150 bp paired-end reads were
generated. The raw reads containing adaptors and the low-quality reads from the raw data
were removed using Trimmomatic, to obtain the clean reads. The transcriptome sequencing
was conducted by OE Biotech Co., Ltd. (Shanghai, China), and the clean reads were
provided. The clean reads were mapped to the hg38 reference genome using hisat2 (version
2.1.0) (Kim et al., 2015). The output BAM files were converted to SAM files using
SAMtools 1.9 (Li et al., 2009). The final TPM values were obtained using Stringtie 1.3.5
(Pertea et al., 2016; Pertea et al., 2015).

Validation of GlycoMaple using the mucin-type O-glycan biosynthetic pathway
—To validate the GlycoMaple tool, statistical analysis was performed using the mucin-type
O-glycan biosynthetic pathway, in which the glycan structures estimated by GlycoMaple
were compared against those detected from mass spectrometry. Among the 53 mucin-type
O-glycan structures in the GlycoMaple pathway map, 21 glycan structures detected in the
glycomics data and previous reports (Razawi et al., 2013) were used as the actual detected
structures in HEK293 cells. Then, the gene expression (TPM) values obtained using RNA-
seq analysis in HEK293 cells were input into the mucin-type O-glycan pathway. By
changing the threshold of TPM values (0 to 10), the predicted glycan structures were
estimated. If there is a reaction called A -> B -> C -> D and the TPM value of a gene
involved in the reaction B -> C is lower than the threshold value, it is assumed that the
products C and D will not be synthesized regardless of whether the TPM value of the genes
involved in the C -> D reaction is higher than the threshold. True-positive, false-positive,
true-negative, and false-negative predictions were collected, and the accuracy, precision,
sensitivity (recall), and specificity under the different thresholds were calculated. Based on
the calculated values, the receiver operating characteristic (ROC) curve was calculated, and
the area under the curve (AUC) was measured. To set the threshold of the TPM value, the
Youden’s J statistic and the F1-score were used. The same approach was applied to another
cell types (A549, Caco2, Hela, HEK293, HepG2, and HL60 cells). MS data for O-glycan
structures (Fujitani et al., 2013) and RNA-seq data available in the human protein atlas
(HPA) were used for the analysis.

Gene expression analysis of colon tissue using public databases—The Xena
Browser from the University of California, Santa Cruz, was used to compare the gene
expression levels between colon primary tumor and normal tissues. The datasets of TPM
values from colon primary tumor (A= 288) and normal (/= 304)) tissues were obtained
from the TCGA and databases, respectively.
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Hyaluronan ELISA Assay—To measure hyaluronan levels, the Hyaluronan Quantikine
ELISA Kit from (R&D Systems, DHYALO) was used according to the manufacturer’s
instructions. Briefly, Cells (5 x 105) were cultured with 1 mL DMEM medium containing
10% FBS in a 24-well plate 3 d before analysis. 190 pL dilution buffer was used to dilute 10
KL medium to 200 pL samples, 50 of which was used for the assay.

Lectins and antibodies—ABA (Agaricus bisporus)-fluorescein isothiocyanate (FITC),
ConA (Canavalia ensiformis)-biotin, DBA (Dolichos biflorus)-FITC, DSA (Datura
stramonium)-FITC/biotin, ECA (Erythrina crista-galli)-FITC, LCA (Lens culinaris)-biotin,
Lotus (Lotus tetragonolobus)-FITC, MAM (Maackia amurensis)-FITC, PHA-E4 (Phaseolus
vulgaris)-FITC, PHA-L4 (Phaseolus vulgaris)-FITC, PNA (Arachis hypogaea)-FITC, SBA
(Glycine max)-FITC, SSA (Sambucus sieboldiana)-biotin, UEA-I (Ulex europaeus)-FITC,
and WGA ( Triticum vulgaris)-FITC were purchased from J-Chemical (Tokyo, Japan). CtxB
(cholera toxin B)-Alexa Fluor 488 and GSII (Griffonia simplicifolid)-FITC were purchased
from Thermo Fisher Scientific. DyLight 488-labeled LEL (Lycopersicon esculentum) and
fluorescein-labeled WFA (Wisteria floribunda) were purchased from Vector Laboratories
(Burlingame, CA, USA). The anti-CD57 monoclonal antibody, FITC, and streptavidin PE
conjugate were purchased from Thermo Fisher Scientific.

Flow cytometry—Cells (5 x 10°) were cultured in a 12-well plate 1 day before analysis
and harvested with 300 uL FACS buffer (phosphate-buffered saline containing 1% bovine
serum albumin and 0.1% NaN3). After washing with phosphate-buffered saline, cells were
stained with 10 pug/mL lectins or 10 pg/mL antibodies on ice for 15 or 30 min, respectively.
For biotinylated lectins and primary antibodies, cells were stained with fluorescent-
conjugated streptavidin and secondary antibodies, respectively. After staining, cells were
washed twice with 100 uL. FACS buffer and analyzed using Accuri C6 (BD, Franklin Lakes,
NJ, USA). The resulting data were analyzed using FlowJo software (BD). For kifunensine
treatment, cells (5 x 10°) were cultured in a 6-well plate with DMEM medium containing
10% FBS and 1 mg/ml Kifunensine or DMSO. After 3 days of treatment, cells were stained
with fluorescent-conjugated LEL, and subjected to flow cytometric analysis.

Quantitative real-time (RT)-PCR analysis—Cells (1 x 10° cells) were prepared 1 day
before RNA extraction. RNA was extracted according to the manufacturer’s protocol
(Promega, Madison, WI, USA) and resuspended in 100 uL RNase-free water. The cDNA
was synthesized from 500 ng RNA using PrimeScript RT Master Mix for quantitative RT-
PCR (Takara). RT-PCR was performed according to the manufacturer’s instructions, using
standard parameters, in a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific).
Triplicate reactions were run for each cDNA and primer pair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
A comprehensive glycosylation mapping tool, termed GlycoMaple, was developed.
GlycoMaple could visualize and estimate glycan structures based on gene expression.
A cell library knocked out genes related to N-linked glycosylation was constructed.

Glycan changes between normal and diseased tissues were estimated using GlycoMaple.
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Figure 1. Glycomic analysis of HEK293 cells
A-D, Relative abundance of N-glycans in HEK293 cells. Permethylated N-glycan structures

in HEK?293 cells were analyzed using NSI-MS. The relative abundances of oligomannose
(A), hybrid (B), and complex (C) N-glycan structures are shown. The symbol of each sugar
follows the SNFG (Neelamegham et al., 2019). Fucoses represented on the N-glycan
structures are attached to either the core or branches on N-glycans. Those fucosylated
structures were mixtures of both structures (See Figure S1B). The distribution of N-glycan-
type structures and the branch number of complex structures are shown, as well as the
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number of fucoses and sialic acids on N-glycans (D). The data represent the means + errors
from two independent experiments.

E, F, Relative abundance of O-glycans (E) and GSLs (F) in HEK293 cells. The symbol of
each sugar follows the SNFG. The blank circles and squares represent hexoses (Hex) and A-
acetyl-hexosamines (HexNAc), respectively. The sugars such as fucose and sialic acid
depicted at the top of each structure have multiple binding sites, which are represented as
compositions (See Figure S1C, S1D, and Table S4). The data represent the means * errors
from two independent experiments.

G, Lectin staining of glycan structures on the cell surface. HEK293 cells were incubated
with 19 lectins conjugated with fluorescein or biotin and analyzed by flow cytometry. The
data show representative results from at least three independent experiments.
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Figure 2. Validation of GlycoMaple using mucin-type O-glycan structures in HEK293 cells
A, Mucin-type O-glycans were compared between GlycoMaple estimation and MS analysis.

Gene expression in HEK293 cells was analyzed using RNA-seq. Based on the gene
expression profile (TPM values), the mucin-type O-glycan biosynthetic pathways were
visualized. Each arrow represents the expression of genes responsible for the reaction. Thin
pink arrows (TPM < 0.1) or red arrows (0.1 < TPM < 1) indicate that the responsible genes
for the pathways are not expressed or rarely expressed in the cells, respectively. The black
arrows (1 < TPM) indicate that the genes in the pathways are considered to be expressed in
the cells. The thickness of these arrows shows the expression levels of the genes: thin black
arrows, 1 < TPM < 4; normal black arrows, 4 < TPM < 20; thick black arrows, 20 < TPM <
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100; very thick black arrows, 100 < TPM. If several genes overlapped in a reaction, the
maximum TPM value among the values of overlapped genes was used. When several gene
products make a complex for a reaction, the minimum TPM value of the subunit genes was
used. Blue arrows indicate the reactions for which the responsible genes are not clear. The
O-glycans identified by MS glycomic analyses in HEK293 cells (Table S4) or on MUC-1
from HEK?293 (Razawi et al., 2013) are shaded blue and/or outlined in red, respectively.
Those not predicted by GlycoMaple are rendered opaque. Each numbered reaction and the
responsible genes are listed in Table S3 and S5, respectively.

B, Relationship between False Positive Rate (FPR) and True Positive Rate (TPR) obtained in
Figure S2A was plotted as a ROC curve. The AUC value was calculated.

C, D, Youden’s J statistic (C) and F1-score (D) at various TPM thresholds were plotted. The
highest score of the Youden’s J statistic (highlighted as a red dot) was corresponding to the
TPM thresholds from 0.5-1.6. F1-score also showed that TPM values at 0.5-1.6 were the
best.
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Figure 3. Visualization and estimation of capping structures in HEK293 cells
A, Visualization of the biosynthetic pathway for capping structures in HEK293 cells. The

setting of arrows was described in Figure 2A. The TPM values of each gene are presented in
Table S5.

B, The biosynthesis pathway of the HNK-1 epitope. The expression of genes involved in
HNK-1 epitope synthesis is shown. The TPM values (means from triplicated RNA-seq data)
were used. HEK?293 cells and HEK?293 cells stably expressing B3GAT1 were stained with
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anti-CD57 (HNK-1) antibody followed by Alexa488-conjugated anti-mouse IgM. Cells were
analyzed using flow cytometry. Background, without primary antibody.

C, The biosynthesis pathway of polysialic acid. The expression of the genes involved in
polysialic acid synthesis is shown. HEK293 cells and HEK293 cells stably expressing
ST8SIAZ or STE8SIA4 were stained with anti-polysialic acid antibodies followed by PE-
conjugated anti-mouse antibodies.

D, The biosynthesis pathway of polylactosamine. The expression of genes required for
polylactosamine structure synthesis is shown. HEK293 cells and HEK293 cells stably
expressing GCNT2were stained with FITC-conjugated LEL lectin and analyzed using flow
cytometry.

E, The biosynthesis pathway of LacdiNAc. The gene expression of B4GALNT3and 4in
HEK?293 cells is shown. HEK293 B4GALNT3and 4 double-KO cells were stained with
WFA lectin and analyzed using flow cytometry.
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Figure 4. Construction of the KO cell library for the N-glycosylation pathway
A, Processing of the N-glycosylation pathway. Genes required for the N-glycosylation

pathway are illustrated. Arrow thicknesses represent expression values as described in
Figure 2A. The gene products highlighted in blue were knocked out in HEK293 cells.

B, Lectin staining profiles of the KO cell library. Forty different KO cells were constructed
in HEK293 cells and analyzed by staining with 19 lectins. The staining of HEK293 cells by
each lectin was set as 1. The staining intensities of each lectin in the cells were compared
with those of the HEK?293 cells, and were calculated as relative intensities. The logs values
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of the data are visualized as a clustered heatmap. The data used the mean value from two
independent experiments.
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Figure 5. Increase of LacNAc-containing GSLs and hyaluronan in MAN1A1& A2& B1-T-KO cells
A, Comparative GSL analysis of seven KO cells. Relative abundance of GSLs in HEK293

MANI1AI-, A2-, and BI-triple-KO (T-KO), MGAT1-KO, MGAT2-KO, MGAT4A&4B-KO,
MGAT5KO, B4GALNT3 and 4-KO, and SLC35C1-KO cells. The data are visualized as
clustered heatmaps. The relative amounts of glycan structures in each cell type were
calculated, and were compared with those of HEK293 cells. The log, values of the data are
visualized as heatmaps. The data used the mean value from two independent experiments.
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B, Relative abundance of GSL species in HEK293 WT and T-KO cells. The data represent
the means + errors from two independent experiments.

C, Comparison of the expression of glycan-related genes in WT versus T-KO cells. TPM
values (averages of triplicated data) were calculated and plotted as log>(TPM + 1) values.
The yellow area represents the predicted interval expression in WT or T-KO cells.
Representative examples of genes with higher expressions in WT or T-KO cells are indicated
by blue or red text, respectively. It is noted that expression levels of genes MAN1A1 (0.16
fold), MAN1AZ2 (0.50 fold), and MAN1B1 (0.43 fold) were significantly down-regulated in
T-KO cells, probably as results of nonsense-mediated mRNA decay.

D, Quantitative RT-PCR analysis of CERS1, HASZ, and RENBP mRNA levels mRNA
levels in HEK293 WT, T-KO, and QT-KO cells. HPRT (hypoxanthine
phosphoribosyltransferase) was used to normalize the data. The bars represent RQ (relative
quantification) values + RQmax and RQmin (error bars), from triplicate samples.

E, Enhanced LEL staining in MAN1AI&A2&BI-T-KO (T-KO) cells was due to an increase
of GSLs. Flow cytometric analysis of cells stained by fluorescent-conjugated LEL. HEK293
wild-type (WT), T-KO, B3GNT5KO, and T-KO+B3GNT5KO cells were stained by
fluorescent-conjugated LEL, and analyzed by flow cytometry. Background, without lectin
staining.

F, The levels of hyaluronan in the culture media of WT, T-KO, and QT-KO cells were
quantified. The bars represent the means + SD from triplicate samples. P-values (two-tailed,
student’s t-test) are shown.

G, Levels of UDP-GIcNAc and GDP-Man were analyzed using high-performance anion-
exchange chromatography. The bars represent the means + SD from triplicate samples. ~-
values (two-tailed, student’s t-test) are shown.

Dev Cell. Author manuscript; available in PMC 2022 April 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Huang et al.
A ) . Liver
¢ o2 ¥t Lo b
e Emm o T S 7

g 5a”
z
i
_m> s
R
s o
e
PR
-
oo e

|
|

S jad
=

2 1 , Cowt " .1
2 5 Sl
ok é s ./_i'_. Re R
= o - PR
'u s . 1 X 19/‘“ 8
ie 4 “3‘:-: 22"“3‘:-'- QE;. 5 QUSV_a.-:“;guﬁ ﬂ=803<

2
Ul
5o
<%

o0e?
T,
y
aone

oo 1t
!i —’!q‘

g:é”
/
g ¥

1

?
\l“ .
g !d&
g

I G T T T G
12 18 pcoet %%
2
R e 1 T TR,
LTSI | » 8" 18 s P38 19.*C A 1
U"‘«“’E, § “_U-" Sy U m—p T 4

n
.

:
agee 3 ¥
m/l
3
N

o
Y

Ty &Y L Y o~
"y o . NS
R S TR 0N Sl T R e i S 1

Lewis ’fzgf. 7‘,':'3’-3‘ i iglacl

Page 33

Value (z-score)

i°

R W
] ST3GAL3
B4GALT2
GALNTL6
GALNTL5
'] B3GNT4
GALNT9
GALNT13
] ] GALNT15
GALNT16
GAL3ST4
E B STEGALNACZ
] ST3GAL6
GALNT10
E N GALNT2
[ | ST3GAL4
GALNTT1
GALNT14
CIGALTIC1
] B4GALT1
] GALNT18
ST6GALNAC3
ST3GAL1
GAL3ST2
— B GALNTS
I B3GNT6
| | B GALNTS
| GALNT12
| GALNT4
GALNT3
| " GALNT7
FUT2
a8 | | B3GNT3
ST6GALNACT
| | GCNT3
B3GALT5
B3GNT8
=
| I GALNT1
= . | | GCNT2
B FUTT
‘E | | GALNT6
A4GNT
C1GALT1
_E GCNT1
m GCNT4
ST8SIA6
= i
u | ST6GALNAC4
FLTVLZOOOFNPEC VDX FELT DY °
£858Epo2Esa8p5085gnas 5
SEOC0E220 D0 PSOLRP2OcE hesc
S>EEEE> 8 "o -S5QESES P
ESSeSSE 8 £5°28E 48 g
% 832E g3 252 £
@ 9g<H 8c S0E ®
% 3 55 g
g
F Colon Primary Tumor vs Colon Normal Tissue
FUT8 MGAT4A MGAT4B MGATS MGAT3
100 3 60 - T 1504 T 50 T
i bojaod . 400 1004 ES 2
201
E o [ e 5L
R =, o * o ] 0 l_=! 3 J_-L
FUT3 FUT6 FUTT FUT2 B4GALNT2
2 : 12 : | 150 §
B R - R
520 e |2 | 0[] Lk [0
éo_ﬁ,io_._o-l- 0l mm™ | 0| edw L
=
3 B4GALNT3 B3GNT2 B3GNT8 GCNT3 ST6GAL1
- * 40 H 60 3 800 1 +
150 30 6001 =—] 130 |
100 20] 4 x 400 s | 100
50 10 L 2004 50
2] et |51 T | %] e 0] Y[ ]
B3GNT3 CHST10 ST3GAL3 ST3GAL6 Group
T 30 v
200 . g ﬁ ' 20 204 ¢ : Normal
SR IS5 MR
ol sim : oWy | ] ==l
Gene
® Man <Fuc @ Neu5Ac © Sulfate TPM value of genes TPM change of genes
. x<0.1 45x<20 —> 0.5<fold <2—>
WGalNAc © Glck: | ClcAc 01sx<1 —> 20sx<100=b  fold22=>

modification

® GIcNAc e Phosphate

1Sx<4 —100sx = 05>fold =

Figure 6. Comparison of glycosylation pathways among various tissues
A and B, Mucin-type O-glycosylation pathways in the liver (A) and small intestine (B) were

visualized using GlycoMaple, based on gene expression profiles in the Human Protein Atlas
(HPA). Each numbered reaction is listed in Table S3.

C, Expression profiles of genes involved in mucin-type O-glycosylation in tissues. The TPM
values of 48 genes required for mucin-type O-glycosylation in 37 human tissues deposited in
the HPA were normalized (z-score) and are visualized as a clustered heatmap.
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D and E, Comparison of pathways using GlycoMaple. Gene expression profiles (median
TPM values) in primary tumor (N = 288) and normal (N = 304) colon tissues were used to
show the pathways. Fold changes that were > 2 and < 0.5 are shown as pink and green
arrows, respectively. Each numbered reaction is listed in Table S3.

F, Different expressions of glycan-related genes that were upregulated or downregulated in
colon tumor tissue. N = 288 for primary tumor and N = 304 for normal tissues.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
CD57 Monoclonal Antibody (TBO1 (TBO1)), FITC eBioscience Cat# 11-0577-42,
RRID:AB_1311193
F(ab’)2-Goat anti-Mouse 1gG (H+L) Secondary Antibody, PE eBioscience Cat# 12-4010-82,
RRID:AB_11063706
1gM Monoclonal Antibody (eB121-15F9), FITC eBioscience Cat# 11-5890-81,
RRID:AB_465291
Streptavidin PE Conjugate eBioscience Cat# 12-4317-87
Biological Samples
Cholera Toxin Subunit B (CtxB) (Recombinant), Alexa Fluor 488 Invitrogen Cat# C34775
Conjugate
Lectin GS-11 From Griffonia simplicifolia, Alexa Fluor 488 Invitrogen Cat# L21415
Conjugate
ABA (Agaricus bisporus)-FITC (fluorescein isothiocyanate) J-Chemical Cat# 10601C
ConA (Canavalia ensiformis)-Biotin J-Chemical Cat# 03102C
DBA (Dolichos biflorus)-FITC J-Chemical Cat# 42204C
DSA (Datura stramonium)-FITC/Biotin J-Chemical Cat# 31211C
ECA (Erythrina cristagalli)-FITC J-Chemical Cat# 12204C
LCA (Lens culinaris)-Biotin J-Chemical Cat# 41213C
Lotus (Lotus tetragonolobus)-FITC J-Chemical Cat# 52500C
MAM (Maackia amurensis)-FITC J-Chemical Cat# 92600C
PHA-E4 (Phaseolus vulgaris)-FITC J-Chemical Cat# 81503C
PHA-L4 (Phaseolus vulgaris)-FITC J-Chemical Cat# 61210C
PNA (Arachis hypogaea)-FITC J-Chemical Cat# 61213C
SBA (Glycine max)-FITC J-Chemical Cat# 71600C
SSA (Sambucus sieboldiana)-Biotin J-Chemical Cat# 51213C
UEA-I (Ulex europaeus)-FITC J-Chemical Cat# 21503C
WGA (Triticum vulgaris)-FITC J-Chemical Cat# 02101C

Lycopersicon Esculentum (Tomato) Lectin (LEL, TL), DyLight
488

Vector Laboratories

Cat# DL-1174,
RRID:AB_2336404

Wisteria Floribunda Lectin (WFA, WFL), Fluorescein

Vector Laboratories

Cat# FL-1351,
RRID:AB_2336875

Chemicals, Peptides, and Recombinant Proteins

Certified Fetal Bovine Serum (FBS)

Biological Industries

Cat# 04-001-1ACS

DMEM, high glucose

Biological Industries

Cat# 01-052-1A

Kifunensine Cayman Chemical Cat#10009437
Opti-MEM Reduced Serum Medium Gibco Cat# 31985062
Lipofectamine™ 2000 Transfection Reagent Invitrogen Cat# 11668-019
Hygromycin B Gold Invitrogen Cat# ant-hg-5
Puromycin Invitrogen Cat# ant-pr-5
Blasticidin Invitrogen Cat# ant-bl-5
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REAGENT or RESOURCE SOURCE IDENTIFIER

PElI MAX - Transfection Grade Linear Polyethylenimine Polysciences Cat# 24765
Hydrochloride (MW 40,000)

D-PBS Sangon Biotech Cat# E607009-0500

Trypsin-EDTA Solution, With Phenol Red

Sangon Biotech

Cat# E607002-0100

Critical Commercial Assays

SV Total RNA lIsolation System Promega Cat# 23100
Hyaluronan Quantikine ELISA Kit R&D Systems Cat# DHYALO
SanPrep Column DNA Gel Extraction Kit Sangon Biotech Cat# B518131
SanPrep Column PCR Product Purification Kit Sangon Biotech Cat# B518141
SanPrep Column Plasmid Mini-Preps Kit Sangon Biotech Cat# B518191
PrimeSTAR® GXL DNA Polymerase Takara Cat# RO50A
DNA Ligation Kit <Mighty Mix> Takara Cat# 6023
PrimeScript™ RT Master Mix (Perfect Real Time) Takara Cat# RRO36A
TB Green® Premix Ex Tag™ Il (Tli RNaseH Plus), Bulk Takara Cat# RR820L
EcoRI Takara Cat# 1040S
Notl Takara Cati# 1166S
Xhol Takara Cat# 1094A
In-Fusion HD Cloning Kit Takara Cat# 639649
FastDigest Bpil (lls class) Thermo Fisher Scientific Cat# FD1014

KOD FX Neo

TOYOBO

Cat# KFX-201

Deposited Data

RNA seq of HEK293 cells

This study

SRA:
SRR12213061,
SRR12213062;
SRR12213063

RNA seq of T-KO cells

This study

SRA:

SRR12213058;
SRR12213059;
SRR12213060

RNA seq of QT-KO cells

This study

SRA:

SRR12213055;
SRR12213056;
SRR12213057

Glycomics MS raw data

This study

https://glycopost.gly cosmos.org (ID:
GPST000125)

RNA seq of 288 colon primary tumor samples and 304 normal
colon tissue samples

Chang et al., 2019/ UCSC
Xena platform

https://xenabrowser. net/

Experimental Models: Cell Lines

HEK?293 cells (parental HEK293) Jinetal., 2018 N/A
HEK293 FF6 cells Hirata et al., 2015 N/A
DPM1I-KO cells This paper N/A

STT3A-KO cells

Toshihiko Kitajima et., 2018

STT3A-knockout cell lines

STT3B-KO cells

Toshihiko Kitajima et., 2019

STT3B-knockout cell lines

MOGS-KO cells

Liuetal. 2018

MOGS-KO cells

GANAB-KO cells

Liuetal., 2018

GANAB-KO cells
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REAGENT or RESOURCE SOURCE IDENTIFIER
CANX-KO cells Liuetal., 2018 CANX-KO cells
CALR-KO cells Liuetal., 2018 CALR-KO cells
CANX&CALR-KO cells Liuetal., 2018 CANX/CALR double-KO
MANIAI-KO cells Jinetal., 2018 Al1-KO24
MANIAZ-KO cells Jinetal., 2018 A2-KO37
MANIAI&AZ-KO cells Jinetal., 2018 D-KO35
T-KO (MAN1A1&A2&B]I) cells Jinetal., 2018 T-KO
MANIAI&A2&CI-KO cells Jinetal., 2018 N/A
MANIAI&A2&B1&CI-KO cells Ren et al., 2019 QD-KO
QT-KO (MAN1A1&A2&B1&CI&MGATI) cells Renetal., 2019 QT-KO
MANZAI-KO cells This study N/A
MAN2AZ-KO cells This study N/A
MAN2ZA1&A2-KO cells This study N/A
MGATI-KO cells This study N/A
MGAT2-KO cells This study N/A
MGAT3-KO cells This study N/A
MGAT4A-KO cells This study N/A
MGAT4B-KO cells This study N/A
MGAT4A&4B-KO cells This study N/A
MGAT5KO cells This study N/A
MGAT5B-KO cells This study N/A
MGAT5&5B-KO cells This study N/A
FUT&KO cells This study N/A
MGAT4A&4B&3&5&FUTEKO cells This study N/A
B4GALTI-KO cells This study N/A
B4GALTZ-KO cells This study N/A
B4GALT3-KO cells This study N/A
B3GNTEKO cells This study N/A
ST6GAL1-KO cells This study N/A
B4GALNT3%&4-KO cells This study N/A
CHST8&9KO cells This study N/A
B4GALNTZ2KO cells This study N/A
SLC35A1-KO cells This study N/A
SLC35A2-KO cells This study N/A
SLC35C1-KO cells This study N/A
B3GNT5KO This study N/A
Oligonucleotides

gPCR Primers for the HPRT gene: Liuetal., 2018 N/A

5 -TGGCGTCGTGATTAGTGATG-3’
5 -TCCAGCAGGTCAGCAAAGAA-3’
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REAGENT or RESOURCE SOURCE IDENTIFIER

qE’CR Primers for the CERS1 gene: , PrimerBank 11641421a2

5/-TCCATCTACGCTACGCTATACA-/S

5"-GCACAAGGATGCCCACATTG-3

gPCR Primers for the HAS2 gene: PrimerBank 169791020c1

5'-CTCTTTTGGACTGTATGGTGCC-3"

5"-AGGGTAGGTTAGCCTTTTCACA-3

qE’CR Primers for the RENBP gene: , PrimerBank 213417819c3

5/—CTGCTCCGTCATTGCATTCG—3 ,

5"-AGGGCAACAATAGGAACTTGTC-3

sgRNA sequence of KO cells This study Table SX

DNA and Plasmids

pME-hyg Ohishi et al., 2003 pMEhyg

pME-hyg-B3GAT1 This study N/A

pME-hyg-GCNT2 Thermo Fisher Scientific Cat# A11613

pME-hyg-ST8SIA2 Thermo Fisher Scientific Cat# A11613

pME-hyg-ST8SIA4 Thermo Fisher Scientific Cat# A11613

pME-hyg-B3GAT1 This study N/A

pME-hyg-ST8SIA2 This study N/A

pME-hyg-ST8SIA4 This study N/A

pME-hyg-GCNT2 This study N/A

pME-puro Ohishi et al., 2003 pMEpuro

pPME-puro-ST8SIAL Tashima et al,. 2006 N/A

pME-puro-ST8SIAL This study N/A

pX330-mEGFP Hirata et al., 2015 N/A

Software and Algorithms

FlowJo software https://www.flowjo.com/ Version 7.6

R https://www.r-project.org/ Version 3.6.2

HISAT2 http://ccb.jhu.edu/software/ Version 2.1.0
hisat2/manual.shtml

SAMtools http:// Version 1.9
samtools.sourceforge.net/

Stringtie http://cch.jhu.edu/software/ Version 1.3.5

stringtie/

BD Accuri C6 software

http://
www.bdbiosciences.com/
accuri/

Version 1.0.264.21

Bio-Rad S3e cell Sorter & ProSort Software

https://www.bio-rad.com/

Version 1.4

Inkscape https://inkscape.org/ Version 0.92.5
Other

MicroAmp™ Fast Optical 96-Well Reaction Plate with Barcode, Applied Biosystems 4346906

0.1 mL

StepOnePlus Real-Time PCR system Applied Biosystems 4376692
Flow Cytometry BD biosciences C6

Cell sorter Bio-Rad S3e

T100 Thermal Cycler Bio-Rad T100
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REAGENT or RESOURCE SOURCE IDENTIFIER
iMark Microplate Absorbance Reader Bio-Rad N/A
PNGaseF Promega Cat#\V4831
Sep-Pak Vac C18 1cc, 100mg Waters WAT023590
Sep-Pak Plus Light tC18 Waters WAT036805
Supelclean ENVI-Carb spe Spelco 57109-U

LTQ XL, Orbitrap Discovery

Thermo Fisher Scientific

lodomethane Sigma-Aldrich 289566-100G
Sodium hydroxide solution, 50% w/w Fisher SS254-1
Anyhydrous DMSO Sigma-Aldrich

Oligosaccharides Kit Supelco 47265
Dowex® 50WX8 hydrogen form 100-200 mesh Sigma-Aldrich 217506-500G
Sodium borohydride Sigma-Aldrich 213462-25G
Xcalibur software Thermo Fisher Scientific Ver 3.0.63

Dev Cell. Author manuscript; available in PMC 2022 April 19.



	Summary
	eTOC Blurb
	Graphical Abstract
	Introduction
	Results
	Construction of a comprehensive glycosylation mapping tool, GlycoMaple
	Glycomic analysis of HEK293 cells
	Evaluation of GlycoMaple using O-glycomics data in HEK293 cells
	Threshold setting of the TPM value to estimate glycosylation pathways
	Visualization of glycosylation pathways and estimation of glycan structures in HEK293 cells
	Construction of a cell library deficient in genes related to the N-glycosylation pathway
	New insights into glycan regulation revealed by combining GlycoMaple and glycomic analysis
	Automatic mapping and visualization of glycosylation pathways
	Prediction of changed glycan structures in colon cancer cells using GlycoMaple

	Discussion
	Limitations

	STAR Methods
	Resource availability
	Lead contact
	Materials availability
	Data and Code Availability

	Experimental model and subject details
	Cell culture

	Method Details
	Establishment of gene KO cell lines
	Establishment of cells stably expressing genes
	Preparation of GSLs and enrichment of glycoproteins from cells
	Protein-linked glycan analysis
	Mass spectrometry of GSLs and glycoprotein glycans
	Analysis of nucleotide sugars by HPAEC-PAD HPLC
	Construction of the GlycoMaple web tool
	RNA sequencing of HEK293 cells
	Validation of GlycoMaple using the mucin-type O-glycan biosynthetic pathway
	Gene expression analysis of colon tissue using public databases
	Hyaluronan ELISA Assay
	Lectins and antibodies
	Flow cytometry
	Quantitative real-time (RT)-PCR analysis


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table T1

