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Elevated O-GlcNAcylation of Extracellular Vesicle Proteins
Derived from Metastatic Colorectal Cancer Cells
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Abstract. Background: O-GlcNAcylation is a single sugar
attachment of serine and/or threonine residues on intracellular
proteins. Recent reports reveal that it can modify several
secretory proteins; however, the underlying mechanisms are
largely unexplored. Materials and Methods: To investigate
whether extracellular vesicles (EVs) carry secretory O-
GlcNAc-modified proteins that were isolated from colorectal
cancer (CRC) cells, two-dimensional gel electrophoresis
followed with O-GIlcNAc immunoblotting and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) were
applied. Results: It was revealed that the O-GlcNAc
modification of many EV proteins was increased in metastatic
cells. Among these, transitional endoplasmic reticulum
ATPase (TER ATPase) and RuVB-likel were successfully
confirmed for the O-GlcNAc modification in which the levels
were significantly higher in EVs of metastatic CRC cell line.
Conclusion: These data, demonstrate that proteins carried by
EVs are O-GlcNAc-modified. Importantly, elevated aberrant
O-GlcNAcylation of EV proteins might serve as a potential
biomarker of metastatic CRC.

Colorectal cancer (CRC) is one of the most common cancers
worldwide. Based on the World Health Organization
GLOBOCAN database in 2012, CRC is the third most
common cancer (1.36 million cases) and ranks as the fourth
cause of death (694,000 cases) from overall cancers (1).
Cancer patients usually are not diagnosed until the disease
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has progressed to advanced stages. At the advanced-late
stage, cancer cells invade from the primary sites and spread
throughout the bloodstream in the body to form secondary
tumors at distal sites, in a process called metastasis. Distant
metastases are the major leading causes of death of patients
with cancers, including CRC (2). The mechanisms of CRC
metastasis are under investigation (3). Seeking new
biomarkers of cancer metastasis, therefore, will improve
understanding of cancer biology, as well as stimulate the
development of effective drugs against metastasis.

Extracellular vesicles (EVs) is a term currently used for
vesicles that are enclosed by the phospholipid bilayer of the
cell membrane, filled with cytosolic machineries and
secreted to the outer environment by various cell types (4,
5). Two major EVs that have been widely studied are
“exosomes” and “microvesicles”. Exosomes originate from
the endolysosomal pathway involving the fusion of
multivesicular bodies (MVBs) with plasma membrane to
release vesicles to the outer milieu (6). Microvesicles, also
called ectosomes, are released by budding of plasma
membrane (5). EVs contain several biological molecular
cargos, including proteins, nucleic acids and lipids, which
mediate proximal and distal cell communication (4).
Growing evidence indicates that EVs are involved in various
disorders. EVs found in biological samples can represent the
original cells. Thus, in cancer, the component of EVs derived
from cancer cells and body fluids from cancer patients are
distinct from those of normal donors (7, 8). Tumor-derived
EV proteins and RNAs are known for their critical roles in
malignancy, angiogenesis, invasiveness, metastasis and drug
resistance (9). In addition, EVs derived from tumor cells can
alter the tumor microenvironment by changing the
composition of extracellular matrix, inducing cancer-
associated fibroblasts and mediating immune responses (10,
11). Due to the fact that EVs are readily observed in various
specimens, they are promising tools for predicting the early
onset of cancer.
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O-GlcNAcylation is a glycosylation that mainly modifies
nuclear, cytosolic and mitochondrial proteins (12). Two key
enzymes, O-GIcNAc transferase (13) and O-GlcNAcase (14),
catalyze the transfer of O-GlcNAc moiety to the hydroxyl
group of serine and/or threonine residues on target proteins
and the removal of O-GlcNAc from O-GlcNAc-modified
proteins, respectively (12). The enzymatic activity of O-
linked N-acetylglucosamine (O-GlcNAc) transferase (OGT)
is sensitive to the concentration of its donor substrate,
uridine diphospho-N-acetylglucosamine (UDP-GIcNAc)
(15), a high-energy small molecule synthesized as the end
product of the hexosamine biosynthetic pathway (HBP). The
HBP has been considered as a nutrient sensor since changes
in cellular levels of various nutrients, including glucose, fatty
acids and amino acids, dramatically affect the level of UDP-
GIcNAc synthesis (16). Higher energy consumption is
commonly observed in most types of cancer (17, 18).
Therefore, an elevated nutrient flux directly affects the HBP
and also O-GIcNAcylation. Notably, levels of O-
GlcNAcylation and OGT expression are relatively higher in
many types of cancer (19).

Recently, we reported that O-GlcNAcyation level of
extracellular proteins was increased in breast cancer cell
secretion compared to that of normal breast cell secretion
(20). In the present study, we investigated whether (i)
proteins secreted from colorectal cells were O-GlcNAc
modified and (ii) O-GlcNAc-modified proteins can be
released from cells by the secretory pathway via EVs. EVs
were successfully isolated from non-metastatic (SW480) and
metastatic (SW620) CRC cells. Gel-based proteomics of EV
proteins followed by O-GlcNAc immunoblotting revealed
the O-GIcNAc modification of many EV proteins for the first
time. The possible roles of modified proteins, in the
extracellular vesicle formation and associated with CRC
metastasis, are discussed.

Materials and Methods

Cell culture. Human colorectal cancer cell lines, HT29, SW480 and
SW620 were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Normal colon epithelial cell, CCD
841 CoN (ATCC) was provided by Dr. Jutamaad Satayavivad,
Chulabhorn Research Institute, Thailand. All cell culture medium
and supplementary products were purchased from Invitrogen
(Carlsbad, CA, USA). Approximately, 2x10¢ cells of CCD841
CoN, HT29, SW480 and SW620 were seeded in T175 flasks.
CCD841 CoN cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 1% L-glutamine, while HT29, SW480 and
SW620 cells were cultured in Roswell Park Memorial Institute
(RPMI)-1640 medium, supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin and 100 pg/ml streptomycin and
maintained at 37°C in a humidified 5% CO, incubator. At 70 %
confluence, cells were washed three times with 15 ml of serum-
free medium to remove any remaining FBS. CCD841 CoN cells
were cultured in serum-free DMEM, while HT29, SW480 and
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SW620 cells were cultured in serum-free RPMI-1640 medium for
24 h prior to collecting conditioned medium (CM). To extract
proteins from cells, culture cells were lysed with 1x RIPA
supplemented with 1% protease inhibitor cocktail (Sigma-Aldrich,
St.Louis, MO, USA) and 100 uM of Thiamet-G (Sigma-Aldrich),
an O-GlcNAcase (OGA) inhibitor as described previously (20).
Protein concentration was determined using Bradford assay (Bio-
Rad Laboratories, Hercules, CA, USA).

Secretory protein (secretome) and EV isolation. Secretory proteins,
isolated as serum-free CM, and EVs were prepared with some
modifications according to previous report (21). CM collected from
CCD841 CoN, HT29, SW480 and SW620 cells was centrifuged at
480 x g for 5 min and 2,000 x g for 10 minutes to remove floating
cells and cell debris, respectively. The supernatants were then filtered
through 0.1 nm filter membrane using VacuCap® vacuum filtration
devices (Pall Corporation, Washington, NY, USA) to remove vesicles
with a size larger than 100 nm. The filtrate was concentrated to
approximately 1 ml using 3K cut-off Amicon® Ultra-15 centrifugal
filter devices (Millipore, Bedford, MA, USA). The concentrated
filtrate was further centrifuged at 10,000 xg for 30 minutes at 4°C
to pellet microvesicles. From this step, concentrated conditioned
media (CCM) were collected for secretome analysis. For EV
isolation, CCM was then overlaid on 30% sucrose in 20 mM
HEPES, pH 7.4 and centrifuged at 184,000 x g for 18 hours at 4°C.
EV pellets were then washed once in 20 mM HEPES, pH 7.4 by
centrifugation at 184,000 x g for 1 hour at 4°C. The pellets were
finally collected to further analysis.

OGA, peptide -N-Glycosidase F (PNGase F) digestion and on-blot
B-Elimination. OGA (14) (R&D Systems, Minneapolis, MN, USA)
was used to digest O-GlcNAc residues from proteins enriched from
cell secretions and EV fractions at a ratio of 10 pg of secreted or
EV proteins per 0.05 pg OGA according to a previously reported
method (20). PNGase F (New England Biolabs, Beverly, MA, USA)
was used to remove N-linked-glycan by following manufacturer’s
protocol. On blot B-Elimination experiment was performed to
remove O-Glycan according to a previous report (22).

Electron microscopy of EVs. After isolation of fresh EVs, EV
pellets were re-suspended and fixed in 1% glutaraldehyde
(Electron Microscopy Sciences, Hatfield, PA, USA) in 0.2 M
sodium cacodylate buffer at 4°C overnight. On the next day, EVs
were applied to glow-discharged carbon-coated copper grids
(Electron Microscopy Sciences). After allowing the EVs to adsorb
completely, the grids were rinsed with droplets of deionized water
and stained with a mixture of 2% uranyl acetate (Electron
Microscopy Sciences). Electron micrographs were recorded using
a HT7700 transmission electron microscope (Hitachi, Krefeld,
Germany) with an acceleration voltage of 80 kV at Kasetsart
University Research and Development Institute (KURDI,
Bangkok, Thailand).

Western blotting. Protein samples (10 pg) were separated in 10%
sodium dodecyl suphate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride (PVDF)
membranes. Blots were stained with SYPRO Ruby (Molecular
Probes, Eugene, OR, USA) in order to determine total protein
loading before probing with specific antibodies. In some
experiments, stain-free SDS-PAGE gels (Bio-Rad Laboratories)
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were used to determine total protein loading prior to transferring
into PVDF membranes. Then, the stained blots were probed with
antibodies specific to O-GIcNAc (RL2), Alix, TSGI101,
Calsynthenin-1, TER ATPase and RuvB-likel (all antibodies were
from Abcam, Cambridge, UK). Bands on immunoblots were
detected using WesternBright ECL (Advansta, Menlo Park, CA,
USA) and chemiluminescent signals images were captured using
ImageQuant™ LAS 4000 digital imaging system (GE Healthcare,
Buckinghamshire, UK).

Two-dimensional gel electrophoresis. Proteins harvested from CCM
and EVs from SW480 and SW620 cells (100 ug/gel) were separated
using two-dimensional gel electrophoresis (2DE). The 2DE was
performed as previously described (23) after which proteins in gels
were transferred to PVDF membranes. The membranes were stained
by SYPRO Ruby (Molecular Probes) using the manufacturer’s
recommendations and the fluorescent signals were scanned using
Ettan DIGE Imager (GE Healthcare) prior to probing with an O-
GlcNAc antibody, RL2 (Abcam).

In-gel digestion and protein identification by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). In-gel trypsin digestion of
EV protein spots with O-GlcNAcylation was performed as previously
described (24). The digested peptides were then identified using
Nanoflow liquid chromatography coupled with the amaZon speed ion
trap mass spectrometry (Bruker, Billerica, MA, USA) as previously
described (23). MASCOT search with NCBInr version 20130630
sequence databases (http://www.matrixscience.com) was performed
in order to identify the protein spots. Search parameters were set
following a previous study (23).

Confirmation of O-GlcNAc-modified EV proteins. Due to the
limitation in amount of proteins recovered from the EV isolation
steps (about 200 ug of EV proteins successfully harvested from
20 culture flasks of T175 flask), confirmation of O-GlcNAc-
modified EV proteins could not be readily evidenced by
performing standard immunoprecipitation. Therefore, in order to
validate O-GlcNAcylated proteins from small amounts of EV
proteins, double 2DE immunoblots were performed. Two identical
gels of 2DE immunoblotting membranes of EV proteins from
SW480 and SW620 (100 pg/gel) were used. Total proteins on
immunoblots were stained with SYPRO Ruby (S1) prior to be
detected using specific antibodies. The first membrane was
immunoblotted with antibody specific to O-GlcNAc (RL2) (S2).
The second membrane was first immunoblotted with
Calsynthenin-1, secondly, reprobed with TER ATPase and lastly
reprobed with RuvB-likel, respectively (S3). Intensity of O-
GlcNAc-modified protein spots (probed with RL2) and target
proteins (probed with Calsynthenin-1, TER ATPase and RuvB-
likel) on blots were measured using ImageQuant™ LAS 4000
digital imaging system (GE Healthcare). Then, the immunoblots
(S2, S3) were aligned to the SYPRO Ruby image (S1) to assign
the location of O-GlcNAc-modified protein on each membrane.
This validation confirmed if the targeted proteins were O-GIcNAc
modified. Intensity of O-GlcNAcylation (S2) was normalized by
intensity of protein staining of individual spot (S1).

Statistical analysis. The statistical analysis was performed using
unpaired Student’s r-test for differences between the two groups.
Statistical significance was defined at p<0.05.

Results

O-GlcNAcyation level of intracellular and secreted proteins
Sfrom colorectal cells. O-GlcNAcylation has been widely found
in the cells; however, reports suggest that some extracellular
proteins are also modified by this glycosylation. We, therefore,
hypothesized that some secreted proteins may be modified by
O-GIcNAc in colorectal cells. In this study, the epithelial
normal colon cells, CCD841 CoN and three CRC cell lines,
including HT29, SW480 and SW620, were cultured in
monolayer system. Serum-free medium was used to avoid
interference by high-abundance proteins, such as serum
albumin. Intracellular proteins and proteins’ conditioned
medium from cultures deprived of serum for 24 hours were
separated in 10% SDS-PAGE, immunoblotted with O-GIcNAc
antibody (RL2). The total protein on the immunoblot was
stained using SYPRO Ruby (Figure 1A). Immunoblots of O-
GlcNAc demonstrated that RL2 antibody could detect the O-
GlcNAcylation of secreted proteins in all cells with different
intensity (Figure 1B). By measuring the extent of O-GIcNAc
from immunoblots, the results showed a much lower O-
GIcNAc on secreted proteins from normal colon cells,
CCD841 CoN, in comparison to those of the other three CRC
cell lines. In addition, the patterns of O-GlcNAc-modified
proteins between serum-free medium cell lysates and secreted
proteins differed. Furthermore, comparison of non-metastatic
SW480 and metastatic SW620 cells derived from the same
patient revealed a higher O-GIcNAcylation in SW620.

To test the specificity of RL2 antibody used to detect O-
GlcNAc, we treated secreted proteins with OGA and PNGase
F enzymes. While OGA cleaved O-linked-GIcNAc from
serine and threonine residues, PNGase F removed virtually
all N-linked glycan from all asparagine-linked complexes.
The untreated and treated groups were separated on SDS-
PAGE and immunoblotted with RL2 antibody. The results
showed that OGA-treated proteins displayed much fainter O-
GlcNAc bands detected by RL2 antibody compared to
untreated secretory proteins (Figure 1C). 3-Elimination of O-
GlcNAc on immunoblot also demonstrated the specificity of
RL2 antibody since there was no band detected by RL2
(Figure 1C). Moreover, no differences in O-GlcNAc band
intensity was observed between PNGase F treated and
untreated secretory proteins, thus confirming the specificity
of RL2 antibody to O-linked-GlcNAc (Figure 1D).

O-GlcNAc modification of EV proteins secreted from CRC
cell lines. Some evidence suggests the possible O-
GlcNAcylation of secreted proteins, the mechanism of
which is still unexplained. In this study, it was proposed
that EVs might be a carrier of O-GlcNAcylated proteins
for secretion. Enriched exosomes of CM collected from
non-metastatic (SW480) and metastatic (SW620) CRC
cells were prepared by ultra-centrifugation in 30% sucrose.
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Figure 1. O-GlcNAcylation of proteins secreted from normal epithelial colon cell and three different CRC cells. A: A representative SYPRO Ruby
stained protein gel and B: a representative Western blot of O-GlcNAcylated proteins from cell lysates cultured in serum free-medium (SF-cell lysates)
and their secreted proteins collected from conditioned medium (CM). C and D: A representative western blot of O-GlcNAcylated proteins from the
secreted proteins treated, or not, with O-GlcNCAase, on-blot 3-Elimination and with PNGase F, respectively. WB, Western blot.

Transmission electron microscopy revealed that enriched
exosome of SW480 and SW620 had an average size
between 40-80 nm (Figure 2A). In addition, samples from
each step of EV isolation, including CCM, post-EV
fraction (a sucrose cushion) and EV pellets, were
collected. The pattern of total proteins was visualized by
fluorescence of stain-free SDS-PAGE gel (Figure 2B). The
results showed the distinct protein pattern observed in EVs
when compared to those from the other fractions.
Comparing between two CRC cell lines, SW620 cells
showed a higher number of protein bands, as well as
enhanced intensity of some specific bands (Figure 2B).
Immunoblotting of O-GIcNAc clearly showed that certain
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secretory proteins from all fractions (CCM, post-EVs and
EVs) were modified by O-GlcNAcylation and those were
different from intracellular O-GIlcNAc patterns (Figure
2C). Of interest, O-GlcNAcylation levels were
dramatically enhanced in EV and post-EV fraction of
metastatic SW620 cells, while much less content was
found in those of SW480 cells. Importantly, two EV
protein markers, Alix and TSG101, confirmed an
enrichment of EVs in the final fraction from isolation step
(Figure 2C). In addition, the glycosylation of EV proteins
detected by RL2 antibody was confirmed to be O-
GlcNAcylation using on-blot 3-Elimination, treatments of
OGA and PNGase F, respectively (Figure 2D).
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Figure 2. EVs isolated from conditioned medium of SW480 and SW620 cells containing O-GlcNAcylated proteins. A: Representative captured pictures
using transmission electron microscopy revealing enriched EVs of SW480 and SW620 cells varied in size from 40-80 nm. Scale bar = 20 nm. B:
Stain-free SDS-PAGE gel demonstrated the pattern of total proteins from cell lysates cultured in serum free-medium (SF-cell lysates) and different
fractions of EV preparation steps (CCM, post-EVs and EVs). C: Detection of O-GlcNAcylated proteins from SF-cell lysates and different fractions
of EV preparation steps by Western blotting of O-GlcNAc using RL2 antibody. Exosomal markers (Alix and TSG101) showed an enrichment of
exosomes in the final fraction (EVs). D: Western blots of O-GlcNAc of EV proteins from SW620 cells treated with OGA, PNGase F and on-blot [3-
Elimination. Post-EVs refers to sucrose cushion fraction. 480 refers to SW480, while 620 refers to SW620.

Identification of O-GlcNAcylation of EV proteins isolated
from CM of SW480 and SW620 cells. 2DE followed by
immunoblotting with antibody against O-GIcNAc (RL2)
was performed to study O-GlcNAcylation of EV proteins

from non-metastatic (SW480) and metastatic (SW620) CRC
cells. Freshly prepared EVs isolated by ultracentrifugation
were collected and lysed in 2D-lysis buffer. Immunoblotting
of O-GIcNAc demonstrated that EVs secreted from both
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Figure 3. O-GIlcNAc modification of EV proteins from SW480 and SW620 cells. A: Representative 2DE immunoblots of O-GlcNAcylated EV proteins
isolated from SW480 and SW620 cells. Arrows indicate O-GlcNAc-protein spots. B: Representative 2DE gels of EV proteins from SW480 and SW620
cells. Total protein spots were visualized by staining the gels with Coomassie Brilliant Blue R250. Arrows indicate protein spots that could be

matched with O-GlcNAc immunoblots. WB, Western blot.

SW480 and SW620 cells contained O-GlcNAc-modified
proteins (Figure 3A). Twelve O-GIcNAc spots were mapped
and ten spots observed in EVs of SW620 cells demonstrated
higher O-GlcNAc intensity than those of SW480 cells,
while two spots (R4 and R11) showed the opposite. Spots
of EV protein were visualized by SYPRO Ruby fluorescent
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dye staining prior to be probed with RL2 antibody. The O-
GlcNAc spots were then aligned to the protein spots and
only three O-GIcNAc spots (R5, R6 and R10) perfectly
matched the protein spots, as indicated in Figure 3B. The
matched protein spots on 2DE gels were then digested,
trypsinized and identified by LC-MS/MS. The identified EV
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Table 1. List of identified O-GlcNAc-modified proteins from EVs secreted by SW480 and SW620 cells identified by LC-MS/MS.

Spot  Accession Protein MW/PI Peptide % Scores  Volume of ExoCarta Vesiclepedia Previous reports  Previous
no. numbers names (kDa/pI) matches Coverage O-GlcNAc? (ID) (ID) for EVs in reports
_— cancer for O-
SW480 SW620 samples GlcNAcylation
R5 gil21706696 Calsyntenin-1 109.91/ 8 7% 258 15088 21813 22883 22883 Prostate cancer (20)
4.85 cells (31),
colorectal
cancer
cells (32)
R6  gil6005942  Transitional 89.95/ 31 31% 651 1502 9408 7415 7415 Bladder cancer (20, 40,
endoplasmic 5.14 cells (38), 41)
reticulum colorectal
ATPase (TER cancer cells
ATPase) (31, 39),
prostate cancer
cells and
Urine (37)
RI10 gil4506753 RuvB-like I  50.54/ 17 30% 577 ND 3104 8607 8607 B cell (45), N/A
6.02 colorectal cancer
cells (32)
aVolume of O-GlcNAc from immunoblots measured by Master 2D Platinum software. ND, non-detectable; N/A, not available.
proteins included calsyntenin-1, TER ATPase and RuvB-like Lysatess =~ CCM  PostEVs  EVs
1 (Table I). All of these identified proteins were previously 480 620 480 620 480 620 480 620 ,\]«13\;’(kDa}
reported as vesicle proteins, especially found in exosomes Calsyntenin-1 S e il == _l
. " ’ « . < ey 95
according to “ExoCarta” and “Vesiclepedia”, the databases
for EVs (Table I). TER ATPase | qup e === w=r -w

Validation of O-GlcNAc modification of EV proteins. To
confirm whether the proteins identified by LC-MS/MS,
including calsyntenin-1, TER ATPase and RuvB-like 1, were
enriched in the EV fraction, samples from each isolation step
were collected and separated by SDS-PAGE. Immunoblotting
of candidate proteins, as well as TSG101, showed that all
identified proteins were clearly enriched in EVs derived from
both SW480 and SW620 cells (Figure 4). TER ATPase and
RuvB-likel were predominantly observed in the EV fractions
of SW480 and SW620, while calsyntenin-1 was found in both
post-EVs and EVs fractions (Figure 4).

In addition, O-GlcNAc modification of these identified
proteins was further verified wusing double 2DE
immunoblots. EV proteins from SW480 and SW620 CRC
cells were separated in 2DE and detected with (i) O-
GlcNAc antibody (RL2) for the first immunoblot and (ii)
antibodies specific to calsyntenin-1, TER ATPase and
RuvB-like 1 for the second immunoblot. As shown in
Figure 5A, calsyntenin-1, TER ATPase and RuvB-like 1
were enriched in EVs isolated from SW480 and SW620
cells. Immunoblots of O-GIcNAc were aligned to SYPRO
Ruby spots as shown in Figure 5B. Overall, the results
demonstrated that calsyntenin-1, TER ATPase and RuvB-

- 55
RuvB-like 1 | -— .- - -l

55
43

TSG101 - -r

Figure 4. Western blots of calsyntenin-1, TER ATPase and RuvB-like 1,
as well as TSG101, in different fractions collected from EV isolation of
SW480 and SW620 cells. CCM refers to concentrated conditioned
medium and post-EVs refers to sucrose cushion fraction.

like 1 spots were perfectly matched to the O-GlcNAc spots
(Figure 5C). Thus, it was confirmed that EVs secreted by
SW480 and SW620 cells carried calsyntenin-1, TER
ATPase and RuvB-like 1 protein. Importantly, these vesicle
proteins were modified by O-GlcNAcylation. The relative
content of O-GIcNAc on individual EV proteins was
measured and normalized to SYPRO Ruby staining. O-
GlcNAc-calsyntenin-1 tended to increase but was not
statistically different (p=0.14, EVs-SW480 vs. EVs-
SW620). However, O-GlcNAcylation of TER ATPase and
RuvB-like 1 in EVs from metastatic SW620 cells was
significantly higher than from non-metastatic SW480 cells,
respectively (Figure 5D).
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Figure 5. Validation of O-GlcNAc-modified EV proteins released from SW480 and SW620 cells. Double 2DE immunoblots of EV proteins of interest.
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Discussion

To date, O-GlcNAcylation has been identified as an
exclusive glycosylation of numerous intracellular proteins
enriched in cytosol, nucleus and mitochondria (12). This
study, for the first time, demonstrates O-GlcNAcylation of
vesicular proteins secreted by CRC cells. Here, we used a
2DE-gel approach combined to immunoblotting technique
for detecting O-GlcNAc modification of EV proteins. Even
though 2DE has been used as a sample separation method
since the beginning of proteomic study, it currently remains
a technique of choice for specific research area. The
combinational method has been applied for studying O-
GlcNAc-modified proteins in some reports like, for instance,
secretory proteins in pig nasal mucus and the identification
of membrane proteins of CRC cell lines that were recognized
by lectin from Helix pomatia (HPA) (25, 26). These
examples showed the power of the resolution of 2DE that
allows visualizing the modified-proteins on a 2D map for
further identification by mass spectrometry.

Soluble secreted proteins were collected from CM of
CCD841 Con (normal epithelial colon cells) and three CRC
cell lines (HT29, SW480 and SW620). O-GlcNAc
modification of secretory proteins was observed in all CRC
cell types (Figure 1). Using OGA and PNGase F digestion,
as well as on-blot 3-Elimination, these extracellular proteins
were confirmed to be O-GlcNAc modified (Figures 1 and 2).
These findings are similar to our recent report of extracellular
O-GlIcNAcylation in the secreted products from breast cancer
cells (20). Extracellular O-GlcNAc level was dramatically
increased in secretions of both CRC and breast cancer cell
lines in comparison to those from their normal cells. In
addition, the patterns of O-GIcNAc-modified protein differed
between intercellular and extracellular compartments. These
findings indicate that not all intracellular O-GlcNAc-modified
proteins are released or secreted extracellularly.

Presently, few studies have been reported on the O-
GlcNAc modification of secretory proteins. O-
GlcNAcylation of extracellular proteins was first reported on
the 20th epidermal growth factor (EGF) domain (EGF20) of
Notch receptors in Drosophila (27). EGF domain-specific O-
GlcNAc transferase (EOGT) was recently identified as a
novel OGT catalyzing addition of O-GIcNAc molecule on
extracellular proteins containing EGF domain (28). EOGT
was localized in the lumen of the endoplasmic reticulum
(ER) and transferred GIcNAc to target proteins at the
conserved sequence of EGF domain containing six cysteine
residues (14). Interestingly, the O-GlcNAc on EGF domain
in HEK293T cells was further glycosylated by adding
galactose (Gal) to form a new glycan structure, called O-
LacNAc (O-linked N-acetyllactosamine) (29). Recently, the
same glycan structure of O-GlcNAc and Gal was also
observed in human umbilical cord blood-derived

mesenchymal stromal cells (30). Another study revealed a
potential O-GlcNAc-modification of olfactory binding
proteins (OBPs) isolated from pig nasal mucus (26). The
presence of the ortholog Eogt gene was shown in the pig
genome by amplifying the Eotg gene from six different
tissues of pigs. Together, it is possible that O-GIlcNAcylation
of soluble secreted proteins might be catalyzed by EOGT in
ER after which the proteins are secreted to the external
environment through the conventional ER-Golgi pathway.

Indeed, proteins may not only be secreted through the
classical ER-Golgi system but also other intricate mechanisms,
including exosomes of endosomal origin, plasma-budding
microvesicles, efc. Thus, an alternative secretory pathway for
O-GIcNAc-modified extracellular protein should not be ruled
out. Here, EVs were enriched from CM of CRC cells by
ultracentrifugation in 30% sucrose, with Alix and TSG101
being used as EV markers (Figures 2 and 4). O-GIcNAc-
modified proteins in enriched EV fraction of SW480 and
SW620 cells were successfully identified. Notably, most EV
proteins from SW620 displayed remarkably higher O-
GlcNAcylation than those of SW480 cells (Figure 3).
Moreover, using the same 2DE proteomic approach, we found
that many more O-GIlcNAc-modified protein spots were found
in CM (secretome) compared to EVs fractions (data not
shown). This suggests that there are many secretory pathways
for extracellular O-GlcNAc-modified proteins and
extracellular vesicles represent one of these secretions.

Proteomic study of exosomal proteins derived from the
primary non-metastatic colorectal cancer cells SW480 and
metastatic colorectal cancer cells SW620 revealed distinct
protein contents between these two cell lines (21, 31).
SW480-exosomes contained proteins involved in cell
adhesion, while SW620-exosomal proteins had a role in
cancer progression and in the metastatic phenotypes of
cancer, including multi-drug resistance (31). Other work has
also demonstrated that exosomes isolated from SW620
contain major proteins of metastatic factors, signal
transduction molecules, lipid raft and lipid raft associated
components (21).

Differences in the levels of O-GlcNAcylation between
EVs proteins from non-metastatic and metastatic CRC cells
indicate the need for further study on an association between
this glycosylation and tumorigenesis. Since calsyntenin-1,
TER ATPase and RuvB-like 1 were present in EVs of
SW480 and SW620 cells with different O-GlcNAc
modification levels and have been categorized in the
databases of exosomes and vesicles (ExoCarta and
Vesiclepedia), the functions and characteristic features of
these proteins are discussed here.

Calsyntenin-1 (also known as alcadein-a) is a
transmembrane protein and a member of the cadherin
superfamily of cell adhesion molecules (13). A major
function of calsyntenin-1 is as a cargo-docking protein
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involved in axonal anterograde transport by mediating
vesicles’ transport along axons on kinesin-1 motors (32).
Calsyntenin-1 has been reported to be an exosomal protein
purified from prostate cancer cells and CRC cells (33, 34).
Moreover, calsyntenin-1 was found in exosomes derived
from prostate cancer cell lines but not from normal cells
(33). Of note, calsyntenin-1 was post-transcriptionally
modified with both high-mannose and complex N-glycans in
HEK?293 cells and adult mouse brain (35). The complex N-
glycosylation facilitates the trafficking between calsyntenin-
1 and kinesin-1, a microtubule motor protein involved in the
intracellular vesicle transportation (34). Recently, our group
found that O-GlcNAc-calsyntenin-1 level was increased in
secretions from breast cancer cells compared to normal
breast cells (20). Although the effect of this glycosylation
was not investigated, increased O-GIcNAcylation of
calsyntenin-1 in the extracellular compartment might be
associated with malignancy.

TER ATPase, also known as vasolin-containing protein, is
in the AAA* (ATPases associated with diverse cellular
activities) ATPase family (36). As a high-abundant protein in
cells, it is associated in various cellular activities involved
in regulation of the cell cycle, formation of the nuclear
envelope, biogenesis of the Golgi and ubiquitin proteasome
degradation (37). An important and well-studied role of TER
ATPase is in mediating protein homeostasis by targeting
ubiquitinylated proteins from ER to proteasome degradation
(38). Interestingly, it is implicated in the degradation of
various proteins relating to cancer. TER ATPase has also
been found in exosomes derived from various cancer cells,
including CRC, prostate cancer and bladder cancer cells (33,
39, 40). Moreover, TER ATPase was commonly found in
exosomes derived from CRC cells, including HT29, SW480,
SW620 and LIM1215 (31). The O-GlcNAcylation of TER
ATPase was found in Xenopus laevis and Rattus norvegicus,
although the O-GlcNAc sites have not determined yet (41,
42). We also reported that O-GIcNAc-TER ATPase level was
higher in breast cancer cell secretion than in normal breast
cell secretion (20). How this glycosylation affects the
functions of extracellular TER ATPase in CRC needs further
elucidation.

RuvB-likel (Pontin52 or TIP49) also belongs to AAA+
ATPase superfamily (43). The functions of RuvB-likel
involve both ATPase-dependent and ATPase-independent
activities (44). It is associated with a wide-range of cellular
mechanisms relevant to tumorigenesis, including transcription
regulation, DNA repair, cell growth, cell invasion, etc. The
well-documented roles of RuvB-likel involve the interaction
with various important transcription factors related to cancer
malignancy, including B-catenin and c-myc (45). RuvB-
likelwas observed in exosomes derived from the CRC cell
line, HT29 (34), and a B cell line as well (46). Since the O-
GIcNAc glycosylation of RuvB-likel has never been
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reported, its O-GIcNAc sites were computationally predicted
using two available websites including YinOYang and O-
GlcNAcScan (http://www.cbs.dtu.dk/services/YinOYang/ and
http://  cbsb.lombardi.georgetown.edu/hulab/OGAP.html).
YinOYang predicted four O-GlcNAc sites, Thr74, Ser321,
Ser322 and Thr402, while O-GIcNAcScan predicted five
sites, Thr9, Thr153, Thr163, Thr269 and Ser424.

In conclusion, we demonstrated that O-GlcNAc
modification of some extracellular proteins in CRC secretion
was increased in comparison to that of normal colorectal cell
secretion. This is consistent with our recent report on breast
cancer cell secretion. Increased O-GlcNAcylation of
extracellular proteins may open up a new aspect of this
glycosylation in malignant phenotypes. Moreover, this study,
for the first time, demonstrated that O-GIcNAcylation was
present in EV proteins. Interestingly, O-GlcNAcylation of
EVs derived from metastatic cells (SW620) was higher than
that from non-metastatic cells (SW480). Three O-GlcNAc-
modified proteins, including calsythenin-1, TER ATPase and
RuVB-likel, were extracted from EVs of CRC cells. Even
though the functions of these proteins in tumorigenesis have
not been investigated, increased O-GlcNAcylation in
metastatic cells indicated possible roles of this glycosylation
in cancer metastasis. Furthermore, the alteration in O-
GIcNAc extent on EVs proteins of metastatic cells may be
of interest as a predictive biomarker for CRC metastasis and
progression.
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