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Abstract

Heparan sulfate (HS) is a polysaccharide fundamentally important for biologically activities. T/Tn

antigens are universal carbohydrate cancer markers. Here, we report the specific imaging of these

carbohydrates using a mesenchymal stem cell line and human umbilical vein endothelial cells

(HUVEC). The staining specificities were demonstrated by comparing imaging of different glycans

and validated by either removal of target glycans, which results in loss of signal, or installation of

target glycans, which results in gain of signal. As controls, representative key glycans including

O-GlcNAc, lactosaminyl glycans and hyaluronan were also imaged. HS staining revealed novel

architectural features of the extracellular matrix (ECM) of HUVEC cells. Results from T/Tn antigen

staining suggest that O-GalNAcylation is a rate-limiting step for O-glycan synthesis. Overall, these

highly specific approaches for HS and T/Tn antigen imaging should greatly facilitate the detection

and functional characterization of these biologically important glycans.
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Introduction

Glycosylation is the most common type of posttranslational protein
modification (Khoury et al. 2011). Glycans are assembled by various
glycosyltransferases along a pathway starting at the endoplasmic
reticulum continuing to the Golgi apparatus, and these structures are
expressed on the membrane, or as secreted extracellular matrix ele-
ments or soluble glycoproteins (Lairson et al. 2008). Glycan modifica-
tions play various biological roles from protein folding and quality
control to a large number of biological recognition events (Moremen
et al. 2012). For instance, they act as ligands for numerous glycan-
binding lectins (Pang et al. 2011), growth factors and cytokines

(Dalziel et al. 2014; Xu and Esko 2014). One well-known glycan struc-
ture is sialyl Lewis X (sLeX), the canonical binding determinant for
selectins, important mediators of cell migration (Somers et al. 2000).

Glycans usually are displayed on the cell surface and in the extra-
cellular matrix (ECM) in the forms of glycoproteins (O-glycans and
N-glycans), glycolipids (O-glycans) and proteoglycans (glycosamino-
glycans) (Bertozzi et al. 2009). A representative O-glycan is the “core-1”
glycan (Galβ1-3GalNAc-R), also known as “T antigen” that is com-
monly displayed on various cancer cells (Brockhausen et al. 2009).
Core-1O-glycan synthesis starts by addition of a GalNAc residue to ser-
ine and threonine residues of a protein by a polypeptide GalNAc
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transferase (GALNT), and is completed by addition of a Gal residue
by the β-3 galactosyltransferase C1GalT1. Loss of the activity of
C1GalT1 in cancer cells results in intermediate product O-GalNAc,
also known as “Tn antigen” (Ju and Cummings 2005). T and Tn anti-
gens are hallmarks of cancer (Fuster and Esko 2005; Gilgunn et al.
2013; Pinho and Reis 2015). Heparan sulfate (HS), a linear polysac-
charide that has repetitive disaccharide units of HexA-GlcNAc, is a
representative glycosaminoglycan found on the cell surface and in
ECM (Iozzo 2005; Sarrazin et al. 2011), with the HexA residue being
either a GlcA or IdoA. HS is synthesized by exostosins (EXTs), dual
enzymes that have both GlcA and GlcNAc transferase activities (Senay
et al. 2000). HS is degraded by heparanase (HPSE), an endoglucuroni-
dase that specifically hydrolyzes the βGlcA-1,4-GlcNAc bond in highly
sulfated HS domains (Vlodavsky et al. 1999; Mao et al. 2014). HS can
also be digested with bacterial lyases such as heparinase III, which
leaves an unsaturated GlcA residue (ΔGlcA) at its non-reducing end
(Hovingh and Linker 1970). Apart from membrane and extracellular
matrix display, proteins within the cytoplasm and nucleus can be
modified by O-GlcNAc that plays important regulatory roles in meta-
bolism, diabetes and cancer (Slawson and Hart 2011; Bond and
Hanover 2013). O-GlcNAc can be extended with a GalNAc residue by
a mutant enzyme B4GalT1Y285L (Ramakrishnan and Qasba 2002).

Despite the abundance of glycans and their important biological
functions, glycans are notoriously difficult to image due to lack of high
affinity and highly specific binding reagents (Sterner et al. 2016). In the
past decade, metabolic labeling using clickable carbohydrate (Hsu
et al. 2007; Codelli et al. 2008; Baskin et al. 2010, Kizuka et al. 2016)
has revolutionized glycan imaging, as it eliminates the problems asso-
ciated with low binding affinity via covalent bonding. Subsequently,
enzymatic glycan labeling using clickable sugars have been reported
(Griffin and Hsieh-Wilson 2016): (1) O-GlcNAc has been imaged by
further modification using the mutant galactosyltransferase B4GalT1Y285L
(Clark et al. 2008); (2) the Fucα(1–2)Gal epitope has been imaged by a
bacterial glycosyltransferases BgtA (Chaubard et al. 2012); (3) LacNAc
has been imaged by an H. pylori fucosyltransferase (Zheng et al.
2011); and (4) N-glycans have been imaged by recombinant sialyl-
transferase ST6Gal1 (Mbua et al. 2013). These methods have shown
the promise of specific glycan imaging due to the high specificities of
labeling glycosyltransferases. However, the challenge to validate the
specificities of these methods still remains.

Previously, GlcNAc transferases GCNT1, B3GNT6 and EXT1/
EXT2 have been found to be permissible to azido-GlcNAc (Wu
et al. 2016, 2017), and polypeptide GalNAc transferases GALNT1/
2/3 have been found to be permissible to azido-GalNAc (Pratt et al.
2004; Wu et al. 2015). Here, we report the imaging of HS and T/Tn
antigens along with other related glycans on mammalian cells by
in vitro incorporation of azido-sugars using these glycosyltrans-
ferases. The incorporated sugars are linked to fluorescent tags via
azide-alkyne cycloaddition (Rostovtsev et al. 2002). Using O-
GlcNAc as a control, and, HS and T/Tn antigens as examples, the
specificities of these methods are systematically investigated through
comparing imaging of different glycans, and, imaging before and
after removal or installation of the glycans of interests. Leveraging
the specificity of these enzymes, the resulting incorporated clickable
sugars enable precise detection of the interested glycan motifs and
provide key information on the cellular topography of these glycans.

Results

Glycan imaging on transformed mesenchymal stem cells

C3H10T1/2 cells were originally established from cells extracted from
C3H mouse embryos and are an established transformed mesenchymal

stem cell model as they can be differentiated into downstream mesen-
chymal cell lineages (Reznikoff et al. 1973). As a proof of concept, we
imaged O-GlcNAc, O-GalNAc (Tn antigen), terminal sialyllactosamine
(sLN), and core-1O-glycan (T antigen) using B4GalT1Y285L, B3GNT6,
FUT7 and GCNT1, respectively, on C3H10T1/2 cells (Table I).
B4GalT1Y285L is a mutant enzyme that can transfer a GalNAc resi-
due to a terminal GlcNAc residue (Ramakrishnan and Qasba 2002),
and therefore be used for O-GlcNAc detection in the presence of the
donor substrate UDP-N3-GalNAc. B3GNT6 specifically recognizes
O-GalNAc and synthesizes the “core-3” O-glycan (GlcNAcβ1-
3GalNAcα1-S/T) (Iwai et al. 2002), and is therefore useful for
O-GalNAc detection in the presence of UDP-N3-GlcNAc. The α(1,3)-
fucosyltransferase FUT7 recognizes sialylated type 2 lactosamine
(sLN) and synthesizes sLeX structure (Natsuka et al. 1994), and is
thus useful for sLN detection in the presence of GDP-N3-fucose.
GCNT1 transfers a GlcNAc residue to core-1O-glycan and synthe-
sizes “core-2” O-glycans (Yeh et al. 1999), and can thereby be used
to detect core-1O-glycan in the presence of UDP-N3-GlcNAc.

Consistent with results of others (Hart and Akimoto 2009; Wu
et al. 2014), B4GalT1Y285L stained strongly in the nuclei and
weakly in regions surrounding the nuclei (Figure 1A). Direct staining
for O-GalNAc (Tn antigen) using B3GNT6 resulted in no signal. To
assess whether Tn antigen can be detected, it was first installed on
cells by GALNT2, a polypeptide GalNAc transferase that transfers a
GalNAc residue to serine/threonine residues on nascent polypeptides
(Sorensen et al. 1995), and then probed using B3GNT6. The installed
O-GalNAc was mainly found in the cytoplasm (Figure 1B), which is
reasonable because the labeled proteins are likely to be nascent poly-
peptides that contained unmodified Ser/Thr residues. In sharp con-
trast, FUT7 and GCNT1 labeling appeared to be largely on the cell
membrane and the ECM (Figure 1C and D, respectively). The result-
ant staining using FUT7 indicates that there are sLN on C3H10T1/2
cells, which is consistent with previous findings that both mouse and
human mesenchymal stem cells can be α(1,3)-exofucosylated to
enforce sLeX expression (Abdi et al. 2015; Dykstra et al. 2016). The
staining observed using GCNT1 indicates that C3H10T1/2 cells
express core-1O-glycan or T antigen.

Glycan imaging on human umbilical vein endothelial

cells

Human umbilical vein endothelial cells (HUVEC) are primary endothe-
lial cells commonly used to study the mechanisms of angiogenesis
in vitro (Crampton et al. 2007). HUVEC cells were grown in a 24-well
plate to confluence and then stained for O-GlcNAc, O-GalNAc, sLN,
HS and HA determinants using recombinant human B4GalT1Y285L,
B3GNT6, FUT7 and EXT1/2, and recombinant Pasteurella multocida
HA synthase (HAS) respectively (Table I). EXT1/2 is a hetero-dimeric
HS polymerase of EXT1 and EXT2, which alternatively utilizes UDP-
GlcA and UDP-GlcNAc to extend the HS chain in vivo. Previously, we
reported that EXT1/2 can incorporate azido-GlcNAc to the non-
reducing ends of HS (Wu et al. 2017). HAS is a polymerase that alter-
natively utilizes UDP-GlcA and UDP-GlcNAc to extend an HA chain
at its non-reducing end (DeAngelis et al. 2003).

Similar to C3H10T1/2 cells, O-GlcNAc staining was primarily
found in the nuclei and secondarily found in regions close to the nuclei
(Figure 2A). Again, “free” O-GalNAc (Tn antigen) was not identifiable
in HUVEC cells so it was installed by GALNT2 prior to B3GNT6
staining, and similar to the C3H10T1/2 cells, the incorporated
O-GalNAc was primarily located in the cytoplasm (Figure 2B). FUT7
staining yielded strong signal on the cell body and weak signal within
the ECM (Figure 2C); suggesting a higher density of sLN on the cell
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surface than in the ECM. In contrast, EXT1/2 yielded strong staining
of the ECM but weak staining of the cell surface (Figure 2D, see also
Supplemental Figure S1). In fact, the staining of cell body by EXT1/2
was so weak that the cell bodies were only revealed by GALNT2 stain-
ing in the presence of UDP-N3-GalNAc in Figure 2D.

HUVEC cells were also stained for HA (Supplemental Figure S2).
While HS was located mainly in ECM and weakly detected on cell body,
HA was strictly found on cell body and particularly enriched in nucleus.
The HA detected on cell body and nucleus could be those molecules that
were bound to their receptors such as CD44 (Aruffo et al. 1990).

Table I. Target glycans and the enzymes and clickable donor substrates used for imaging.

Epitope Enzyme Donor substrate Diagrams for labeling

Terminal GlcNAc, O-GlcNAc B4GalT1Y285L UDP-N3-GalNAc

O-GalNAc (Tn antigen) B3GNT6 UDP-N3-GlcNAc

Sialyllactosamine (sLN) FUT7 GDP-N3-Fuc

Core-1 O-glycan (T antigen) GCNT1 UDP-N3-GlcNAc

Ser/Thr residues of
O-glycosylation sites

GALNT2 UDP-N3-GalNAc

Heparan sulfate EXT1/2 UDP-N3-GlcNAc

and
UDP-GlcA

Hyaluronan P. multocida HA
synthase (HAS)

UDP-N3-GlcNAc

and
UDP-GlcA
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20 µm

O-GlcNAc + DAPI O-GalNAc + DAPI sLN + DAPI T antigen + DAPI BK+ DAPI

O-GlcNAc O-GalNAc sLNA B C D E

A B C D E

T antigen BK

Fig. 1. Visualizing glycans on mesenchymal C3H10T1/2 cells. The cells grown to confluence were imaged for the indicated glycans using corresponding glyco-

syltransferases. The glycans were revealed with Alexa-Fluor 555 (red). Nuclei were revealed with DAPI (blue). All images were normalized to their highest pixel

value without change of gamma rating. Labeling strategies are indicted above the pictures. (A) O-GlcNAc imaging. (B) O-GalNAc imaging. O-GalNAc was

installed by GALNT2 in the presence of UDP-GalNAc. (C) Sialyllactosamine (sLN) imaging. (D) Core-1 O-glycan imaging. (E) Background (BK) staining with no

enzymatic labeling.

A O-GlcNAc O-GalNAc sLN HS

20 µm

A

B

B

C

CO-GlcNAc+ DAPI O-GalNAc+ DAPI sLN+ DAPI HS+ GALNT2

BK

BK+ DAPI

D

D

E

E

Fig. 2. Visualizing glycans on HUVEC cells. HUVEC cells were grown in a 24-well plate to sub-confluence. The indicated glycans were then imaged using corre-

sponding enzymes. The glycans were revealed with Alexa-Fluor 555 (red). Nuclei were revealed with DAPI (blue). All images were normalized to their highest

pixel value without change of gamma rating. (A) O-GlcNAc imaging. (B) O-GalNAc imaging. O-GalNAc was installed by GALNT2 in the presence of UDP-

GalNAc. (C) Sialyllactosamine (sLN) imaging. (D) HS imaging. To increase HS staining, cells were pretreated with HPSE. In the lower panel of D, cells were also

imaged using GALNT2/UDP-N3-GalNAc in the presence of 0.5% Triton® X-100 (to permeate the cell) and Alexa-Fluor 488 (green). (E) Background (BK) staining

with no enzymatic labeling.
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In a separate experiment, prior treatment of HUVEC cells with HA
lyase abolished HA staining (Supplemental Figure S3), confirming
the identity of HA that was detected.

Further confirmation of the specificity of glycan

imaging

From the above examples of cell staining, it is clear that different
enzymes stained different features on cells, indicating that this
glycosyltransferase-mediated staining is specific. To further assess
whether staining was indeed on the target glycans that are recog-
nized by the enzymes, we utilized two strategies. The first involved
abolishing staining by removal of target glycans using specific glyco-
sidases, which is already shown in HA staining (Supplemental
Figure S3). The second involved increased staining by installation of
target glycans using glycosyltransferases. In some cases, the results
of cell staining were further supported by results obtained from
labeling of cellular extracts detected by the GLCC method previ-
ously described (Wu et al. 2015).

Specificity of O-GlcNAc staining

Since O-GlcNAc is well known for its cellular localization (Hart and
Akimoto 2009), it was chosen for testing the specificity of the cur-
rent method of imaging. For this purpose, we treated HUVEC cells
with O-GlcNAcase (OGA), a glycosidase that specifically removes

O-GlcNAc (Dennis et al. 2006) but not terminal GlcNAc, prior to
the staining with B4GalT1Y285L (Figure 3). As expected, the
nuclear staining was abolished after the treatment, which confirms
that the staining in the nuclei is on O-GlcNAc. The remaining stain-
ing in the regions surrounding the nuclei is likely on terminal
GlcNAc residues other than O-GlcNAc, as it is known that the
mutant B4GalT1 also uses terminal GlcNAc residues on N-glycans
and O-glycans as acceptor substrates (Boeggeman et al. 2007).

In a parallel experiment, cytoplasmic and nuclear extracts pre-
pared from HUVEC and HEK 293 cells were treated with OGA first
and then labeled with B4GalT1Y285L (Figure 3C). Both cytoplas-
mic and nuclear extracts were labeled in the absence of OGA treat-
ment. In contrast, OGA abolished the labeling of nuclear extracts
only, again confirming that the labeling in the nuclear extracts was
exclusively on O-GlcNAc.

Strict specificity of HS staining

To test the specificity of HS staining, we treated HUVEC cells with
heparinase III (Hep III) and heparanse (HPSE), prior to the staining
by EXT1/2 (Figure 4). Hep III digestion on HS results in HS chains
ending with Δ4,5-glucuronic acid (ΔGlcA) residues that lacks a C4
–OH group that is needed for HS chain extension by EXT1/2.
Indeed, Hep III digestion abolished the labeling by EXT1/2
(Figure 4B), confirming that the staining is indeed on HS. On the

20 µm

A B

A B

A B

No treat + OGA

overlay

DAPI

+ OGA, overlay

+ OGA, DAPI

C

Fig. 3. Specificity of O-GlcNAc imaging. HUVEC cells were grown in a 24-well plate to sub-confluence and then imaged directly using B4GalT1Y285L (A), or

imaged after the pretreatment of OGA (B). O-GlcNAc was stained in red and nuclei were in blue. All images of O-GlcNAc staining were normalized to the highest

pixel value without changing the gamma setting. (C) Detection of O-GlcNAc in cytoplasmic and nuclear extracts of HUVEC and HEK 293 cells. The extracts were

labeled for O-GlcNAc by B4GalT1Y285L either directly or after pretreatment of OGA. All samples were subject to click chemistry (CC) reaction. Upper panel,

SDS-PAGE of the samples. Lower panel, blotting of the upper panel with Streptavidin-HRP. a, cytoplasmic extract from HUVEC cell; b, cytoplasmic extract from

HEK 293 cells; c, nuclear extract from HUVEC cells; d, nuclear extract from HEK cells; m, prestained molecular weight marker.
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other hand, HPSE digestion on HS results in uniform N-sulfated
GlcNAc residue (GlcNS) at the ends of HS chains (Mao et al.
2014). As a result, pretreatment with HPSE significantly increased
the labeling (Figure 4C), suggesting that GlcNS can be extended by
EXT1/2 and that a significant portion of native HS chains could not
be labeled by EXT1/2. Finally, we attempted to label HPSE treated
cells without the donor substrate UDP-GlcA. This experiment resulted
in almost no labeling in the ECM (Figure 4D), again confirming that
the labeling was on HS, because HS digested by HPSE ends with a
GlcNS residue (Mao et al. 2014) that requires the incorporation of a
GlcA residue prior to the incorporation of an azido-GlcNAc for HS
detection.

To further confirm the staining of HS, wild type of CHO (CHO-
K1) and mutant type CHO cells (pgs-745) (Bai et al. 1999) that do
not synthesize HS were imaged with EXT1/2. As results, CHO-K1
cells were stained weakly but clearly more intense than the mutant
pgsA-745 cells (Supplemental Figure S4). The relative weak staining
on CHO-K1 is consistent to HUVEC cell staining in Supplemental
Figure S1 and S2. In contrast, no staining was found to be deposited
to ECM by CHO-K1. To this end, we suspected that the majority of
HS of CHO-K1 cells were secreted to conditioned medium, which
was confirmed in a blotting assay (Supplemental Figure S5). Enzyme
kinetic assay using a universal glycosyltransferases assay method
(Wu et al. 2011) also suggested that EXT1/2 can extend the non-
reducing ends on HS created by HPSE digestion (Supplemental
Figure S6). To investigate whether there is any preference on pro-
teolgycans for EXT1/2 staining, we labeled various purified proteo-
glycans (Supplemental Figure S7). As results, syndecan 4, testican 2
and 3, and glypican 1 to 6 were found to be labeled by EXT1/2, sug-
gesting that not all HS proteoglycans are equally recognized by
EXT1/2.

ECM morphology revealed by HS staining

While labeled HS was found mainly in the ECM of confluent HUVEC
cells (Figure 2D), it was also found on cells (Supplemental Figure S1
and S2), which is consistent with the literature (Sarrazin et al. 2011).
HS staining also revealed some unique morphology of the ECM of
HUVEC cells. In one case, the ECM resembled an entangled mesh
(Figure 5A). In another case, the ECM resembled a lush lawn
(Figure 5B). In a third case, the ECM resembled a plain carpet
(Figure 5C), suggesting the cells that had laid out the HS had migrated
away from sites of deposition. The unique morphology revealed by
HS staining in each case suggests that dynamic alterations in HS top-
ography may dictate cellular distribution in discrete tissue microenvir-
onments. When HS of non-confluent young HUVEC cells was stained,
some intermediate structures of ECM were captured (Supplemental
Figure S8), revealing the unique process of ECM formation.

Enzymatic synthesis of T and Tn antigens and their

specific staining

To assess whether GCNT1 staining observed in Figure 1D is indeed on
T antigen (or core-1O-glycan), we installed T antigen to HUVEC cells
that natively do not express the glycan using GALNT2 and C1GalT1.
GALNT2 attaches a GalNAc residue to serine or threonine residue on
the protein backbone to generate O-GalNAc (Sorensen et al. 1995),
and C1GalT1 further adds a Gal residue to the O-GalNAc to complete
the core-1O-glycan (T antigen) synthesis (Ju et al. 2002) (Figure 6A).
When the T antigen was fully installed, the staining with GCNT1 was
positive (Figure 6B); while when only Tn antigen was installed, the cell
staining by GCNT1 was negative (Figure 6C). The installation of Tn
antigen was confirmed by B3GNT6 staining in Figure 6D. In contrast,
only weak background was seen on untreated cells by B3GNT6

no treat + HepIII + HPSE BKEA B C

20 µm

+ HPSE 

 -UDP-GlcA

GlcA

GlcNAc

Δ4,5-uronic acid (ΔUA)

Blocked end

No labeling

Hep III

EXT1/2
UDP N3

core
core

UDP -

HPSE

N3

N3

EXT1/2
UDP N3

UDP -

core
core

core

No labeling

HPSE

EXT1/2UDP N3

core
core

N3

EXT1/2

UDP N3

core
core

UDP -

D

Fig. 4. Specificity of heparan sulfate imaging. HUVEC cells were grown in a 24-well plate to confluence and then HS was imaged directly using EXT1/2 (A),

imaged after the pretreatment of Hep III (B), imaged after the pretreatment of HPSE with both UDP-N3-GlcNAc and UDP-GlcA (C), imaged after the pretreatment

of HPSE with UDP-N3-GlcNAc only (D). Background (BK) with no EXT1/2 staining (E). HS was stained in red and nuclei were revealed with DAPI (blue). For com-

parison, exposure time, contrast and gamma setting were kept the same for all the pictures. Schemes for the labeling strategies are showing below each panel.

For clarity, iduronic acid and sulfation are not depicted in these schemes.
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staining (Figure 6E). These experiments demonstrate the strict specifici-
ties of GCNT1 and B3GNT6, for T and Tn antigens, respectively. It
should be noted that some staining in the ECM by GCNT1 was
observed regardless of T antigen installation (indicated with arrows in
Figure 6B and C), probably due to mis-folded and incompletely glyco-
sylated protein aggregates. To validate this method for Tn antigen
detection, Jurkat cells that are known to express Tn antigen was also

imaged (Supplemental Figure S9). Indeed, Jurkat cells were stained,
with some cells stained much more intensely than others.

Using the same strategy of Figure 6A, cytoplasmic and nuclear
extracts of HUVEC cells and HEK293 cells were installed with Tn and
T antigens and then labeled with B3GNT6 and GCNT1. As expected,
only Tn antigen was detected by B3GNT6 (Supplemental Figure S10A)
and only T antigen was detected by GCNT1 (Supplemental

20 µm

HS A

HS + DAPI HS + DAPI

HS + DAPIHS

HS + DAPI

B C

A B D

Fig. 5. Morphology of ECM of HUVEC revealed by HS staining. HUVEC cells grown in a 24-well plate to confluence were treated with HPSE and followed by HS

imaging using EXT1/2 with UDP-N3-GlcNAc and UDP-GlcA. HS imaging was revealed by Alexa-Fluor 555 (red) and nuclei were revealed with DAPI (blue). The

staining on ECM was so strong that the staining on the cell body was not visible. (A) The ECM resembles a tangled mesh. (B) The ECM resembles a lush lawn.

(C) and (D) The ECM resembles a plain carpet.

A
B T / GCNT1

D Tn / B3GNT6

C

E

Tn / GCNT1 

B3GNT6 alone

20 µm

GALNT2

C1GalT1

S/T

S/T

UDP-GalNAc

UDP-Gal
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Fig. 6. Specificity of T and Tn antigens imaging. (A) Schematic view of the synthesis of T and Tn antigens and their detection. The antigens are installed to pro-

teins using GALNT2 and C1GalT1 in the presence of donor substrates UDP-GalNAc and UDP-Gal. T antigen is detected by GCNT1. Tn antigen is detected by

B3GNT6. (B) Fully installed T antigen (core-1 O-glycan) on HUVEC cells imaged by GCNT1. (C) In the absence of UDP-Gal, only Tn antigen was synthesized,

which resulted in negative cell staining by GCNT1. (D) In the absence of UDP-Gal, only Tn antigen was synthesized, which resulted in positive cell staining by

B3GNT6. (E) Fixed HUVEC cells were directly stained by B3GNT6. Staining in B and C indicated by the yellow arrows may due to mis-folded and incompletely

glycosylated protein aggregates. Antigen staining was revealed by Alexa-Fluor 555 (red) and nuclei were revealed by DAPI (blue).
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Figure S10B). Also, in sharp contrast to B4GalT1Y285L that can
label the unmodified cellular extracts (Figure 3C), no labeling was
observed with either GCNT1 or B3GNT6 on unmodified cellular
extracts, suggesting that these cellular extracts were devoid of T and Tn
antigens. These results further provided evidence of the strict specificities
GCNT1 and B3GNT6. The lack of T and Tn antigens on HUVEC cells
and the fact that O-GalNAc can be installed onto fixed HUVEC cells
by GALNT2 also suggest that O-GalNAcylation is a rate-limiting step
for O-glycan synthesis.

Since there are about 20 GALNTs that can perform O-GalNAcylation
(Gerken et al. 2011), the substrate specificities and kinetics of these
enzymes will be crucial for the synthesis of O-glycans. To this end,
we labeled the cellular extracts of HUVEC cells using GALNT1, 2, 3
with UDP-N3-GalNAc (Supplemental Figure S11). The three enzymes
exhibited different labeling patterns, confirming their different substrate
specificities (Pratt et al. 2004). Moreover, the three enzymes showed
synergistic effects on O-GalNAcylation. This experiment suggests that
for the synthesis of T and Tn antigen on a particular polypeptide scaf-
fold, the selection of GALNT is critical.

Mass spectrometry analysis of azido-sugar labeled

glycoprotein

In addition to the glycan epitopes, it is also imperative to know what
host glycans and glycoproteins are tagged using our methods. To this
regard, a sample of fetal bovine fetuin that was labeled with azido-
sialic acid using ST6Gal1 was analyzed by mass spectrometry
(Supplemental Figures S12 and S13). The results demonstrated that
azido-sugar labeled samples are compatible to mass spectrometry ana-
lysis to identify the target glycans and glycoproteins.

Discussion

Currently, antibodies and plant lectins are the most commonly used
reagents to detect glycans (Cummings and Etzler 2009). However,
there are relatively few anti-glycan antibodies and their specificities
are generally not absolute (Sterner et al. 2016). Though many lectins
are characterized, these reagents bind with low affinity to their glycan
targets and, thus, generally lack both sensitivity and specificity
(Ambrosi et al. 2005). Here, we describe imaging methods especially
for heparan sulfate and T/Tn antigen detection by in vitro enzymatic
incorporation of clickable monosaccharides. The specificity of our
methods is achieved through glycosyltransferases that are known to
be highly selective for their substrate glycans. By covalent conjugating
reporter molecules to target molecules, the sensitivity of the current
methods is maximized in theory. The strict specificity of these meth-
ods was further confirmed by either removal of target glycans, which
resulted in loss of signal, or by installation of a target glycan, which
resulted in gain of signal. The images obtained with the described
methods either confirm what we already know about a particular gly-
can or stimulate new questions about the biology of these glycans. In
particular, HS staining revealed striking images of the ECM of
HUVEC cells, suggesting unique mechanism for HS secretion. T/Tn
antigen staining on HUVEC suggested that O-GalNAcylation is a
rate-limiting step for O-glycan synthesis. We believe that these new
tools for glycan imaging will greatly facilitate us to understand the
biological roles of various glycans and glycoconjugates.

T and Tn antigens are hallmarks of many types of cancer and they
become the targets for cancer immunotherapy (Posey et al. 2016).
Here we have provided pure enzymatic ways for their synthesis on cel-
lular scaffolds as well as methods for their detection. This enzymatic
synthetic approach provides an alternative way for enforcing T and Tn

antigens, which may allow for further elucidation of the roles of these
glycans in cancer biology. It is also foreseeable that the unprecedented
specificities of the labeling enzymes for T/Tn antigen maybe exploited
for therapeutic interventions such as for linking various bioactive mole-
cules to target cells. Further studies using these reagents should help
unveil how dynamic changes in glycan display mediate cellular pro-
cesses, such as cell-cell and cell-matrix interactions.

Materials and methods

GDP-N3-Fucose, CMP-N3-sialic acid, UDP-N3-GalNAc, UDP-
N3-GlcNAc, Biotinylated Alkyne and 4’,6-diamidino-2-phenylindole
(DAPI) were from R&D Systems/Bio-techne. Recombinant human
B4GalT1Y285L, GALNT2, FUT7, GCNT1, B3GNT6, EXT1/2,
ST6Gal1, C1GalT1 and HPSE, and recombinant B. thetaiotaomicron
O-GlcNAcase (OGA), P. heparinus heparinase III (Hep III), P. multoci-
da hyaluronan synthase (HAS) and S. agalactiae hyaluronan lyase were
also from R&D System/Bio-techne. Streptavidin-Alexa Fuor 555 and
streptavidin-Alexa Fluor 488 were from ThermoFisher Scientific.
Cy5-Alkyne, UDP-Gal and UDP-GlcA and all other small chemicals
were from Sigma Aldrich.

Cell growth and fixation

C3H10T1/2 cells (ATCC # CCL-226) were grown in MEM NEAA
Earle’s Salts (Irvine Scientific, #9130), supplemented with 10% fetal
bovine serum (Corning, #35-015-CV), 2mM L-glutamine, 100 units/mL
penicillin and 0.1mg/mL streptomycin (Sigma, #G6784). HUVEC
(Clonetics/Lonza, #C2517A) were grown in EGM-2 Bullet Kit
(Clonetics/Lonza, #CC-3162). Jurkat (John Blenis-Harvard Medical
School, 240 Longwood Ave, Boston, MA 02,115) were grown in
IMDM (ThermoFisher, #12,440,061), supplemented with 10% fetal
bovine serum (Corning, #35-015-CV), 100 units/mL penicillin and
0.1mg/mL streptomycin (Sigma, #G6784). CHO-K1 Wild Type and
CHO-K1 pgsA-745 (ATCC # CRL-2242) were grown in IMDM
(ThermoFisher, #12,440,061), supplemented with 5% fetal bovine ser-
um (Corning, #35-015-CV), 100 units/mL penicillin and 0.1mg/mL
streptomycin (Sigma, #G6784). Upon confluence, cells were trypsinized
and plated in a 24-well cell culture plate and grown to desired conflu-
ence. The cells were rinsed with sterile phosphate buffered saline (PBS)
and fixed in 4% paraformaldehyde for 30min at room temperature fol-
lowed by washing five times with sterile PBS. After washing, the plate
was stored in 1mL sterile PBS at 4°C until ready for glycan labeling.

Pretreatment of cells for imaging

For glycan imaging, the cells were pretreated with glycosidases to
remove existing glycans or with glycosyltransferases to add glycans.
All of the following treatments are referring to the cells in a single
well in a 24-well plate. In particular, for O-GlcNAc removal, cells
were treated with 2 μg of OGA in 200 μL of 50mM MES and
100mM NaCl at pH 5.5 for 1 h at 37°C. For heparan sulfate
removal, cells were treated with 2 μg of Hep III in 200 μL of 50mM
Tris and 2mM CaCl2 at pH 7.5 for 1 h at 37°C. For heparan sulfate
treatment by HPSE, cells were digested by 2 μg of HPSE in 200 μL
of 0.1M NaOAc at pH 4.0 for 1 h at 37°C. For installation of
O-GalNAc to cells, 50 nmol of UDP-GalNAc and 2 μg of GALNT2
in 200 μL of 25 mMTris, 150mM NaCl, 10mM MnCl2 at pH 7.5
were added into each well and the cells were then incubated at 37°C
for 1h. After the treatment, the cells were thoroughly washed three
times with PBS and all solutions were removed by aspiration.
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Incorporation of clickable carbohydrate using

glycosyltransferases

To incorporate clickable carbohydrates into the cells, 25mM MES,
0.5% (w/v) Triton® X-100, 2.5mM MgCl2, 10mM MnCl2,
1.25mM CaCl2 and 0.75mg/mL of BSA at pH 7.0 was used as the
Labeling Buffer throughout the course of this study. For imaging lac-
tosamine, a mixture of 20 nmol of GDP-N3-fucose and 2 μg of FUT7
in 200 μL Labeling Buffer was prepared. For O-GlcNAc imaging, a
mixture of 20 nmol of UDP-N3-GalNAc and 2 μg of B4GalT1Y285L
in 200 μL Labeling Buffer was prepared. For O-GalNAc imaging, a mix-
ture of 20 nmol of UDP-N3-GlcNAc and 2 μg of B3GNT6 in 200 μL
Labeling Buffer was prepared. For core-1O-glycan imaging, a mixture
of 20 nmol of UDP-N3-GlcNAc and 2 μg of GCNT1 in 200 μL
Labeling Buffer was prepared. For HS imaging, a mixture of 20 nmol of
UDP-N3-GlcNAc, 50 nmol of UDP-GlcA and 4 μg of EXT1/2 in 200 μL
Labeling Buffer was prepared. For HA imaging, a mixture of 20 nmol
of UDP-N3-GlcNAc, 50 nmol of UDP-GlcA and 10 μg of HAS in
200 μL Labeling Buffer was prepared. The mixtures were then applied
to the wells and incubated at 37°C for 1–2 h, or at room temperature
for 16 h.

Conjugation of the clickable carbohydrates to biotin

and fluorescent dye

After the incorporation of the azido carbohydrates to cells, a biotin
moiety was conjugated to the carbohydrates via copper mediated
click chemistry. For each reaction, 20 nmol of Cu2+, 10 nmol of
Biotinylated Alkyne and 200 nmol of ascorbic acid were combined
in less than 10 μL of volume in a test tube and incubated at room
temperature for 1min to let the Cu2+ reduce to Cu+. The mixture
was then diluted with 200 μL of 25mM Tris, 150mM NaCl at pH
7.5 and then applied to a single well of cells in a 24-well plate for
30min at room temperature. The reaction solution was then
removed and the cells were washed thoroughly with PBS. A fluores-
cent dye mix of streptavidin-Alexa Fuor 555 or streptavidin-Alexa
Fluor 488 at 10 μg/mL and DAPI at 10 μM in 200 μL of PBS was
then applied to the cells for 15min. The cells were then washed
thoroughly with PBS and stored in PBS for imaging. For staining
with Cy5, Biotinylated Alkyne was replaced with Cy5-Alkyne.

Imaging of the fluorescent labeled cells

All images were captured on an AXIO Observer microscope (ZEISS)
with a ZEISS Axiocam 506 mono camera and Zen 2 Pro software.
Images were captured simultaneously through the channels of Alexa
Fluor 555 (or Alexa Fluor 488) and DAPI. For most images, expos-
ure time was automatically set by Set Exposure and contrast was
adjusted by Best Fit. For comparison of the results of different pre-
treatment conditions, such as HPSE pretreatment versus Hep III pre-
treatment on HS staining, same exposure and contrast adjustment
parameters were used. The γ ratting was not changed except where
indicated.

Cytoplasmic and nuclear extracts preparation and their

pretreatment

HUVEC cells were cultured in HUVEC media (R&D system,
CCM027) under 5% CO2. HEK293 cells were cultured in IMDM
media supplemented with 5% FBS and penicillin/streptomycin.
About 30 × 106 cells were scraped and collected by centrifugation at
2000× rmp for 5min. The fractionation of cells was done by using
NE-PER nuclear and cytoplasmic extraction reagent kit (Thermo,

Cat# 78,833) following the manufacturer’s instruction. In order to
prevent protein degradation, protease inhibitor cocktail (Thermo,
Cat# 78,429) and phosphatase inhibitor cocktail (Thermo, Cat#
78,426) were added to the buffers. The nuclear and cytoplasmic
fractions were stored at −20°C until it was used. For Tn antigen
synthesis, 10 μL of extracts was incubated with 1 μg each of
GALNT2 and GALNT3, 10 nmol of UDP-GalNAc in 25mM Tris,
10mM Mn2+,150mM NaCl at pH 7.5 at 37°C for 1 h. For T antigen
synthesis, 10 μL of extracts was incubated with 1 μg each of GALNT2
and GALNT3, 1 μg of C1GalT1, 10 nmol of UDP-GalNAc, 10 nmol
of UDP-Gal in 25mM Tris, 10mM Mn2+,150mM NaCl at pH 7.5
at 37°C for 1 h. For OGA treatment, 10 μL of extracts was mixed
with 10 μL 0.1M MES at pH 5.0 and 1 μg of OGA and incubated at
37°C for 30min.

SDS-PAGE and membrane blotting

SDS-PAGE and blotting were performed as described previously
(Wu et al. 2015, 2016).
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