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Abstract

Neoplasia (2018) 20, 813-825

Aberrant glycosylation plays a critical role in tumor aggressiveness, progression, and metastasis. Emerging
evidence associates cancer initiation and metastasis to the enrichment of cancer stem cells (CSCs). Several
universal markers have been identified for CSCs characterization; however, a specific marker has not yet been
identified for different cancer types. Specific glycosylation variation plays a major role in the progression and
metastasis of different cancers. Interestingly, many of the CSC markers are glycoproteins and undergo differential
glycosylation. Given the importance of CSCs and altered glycosylation in tumorigenesis, the present review will
discuss current knowledge of altered glycosylation of CSCs and its application in cancer research.

Introduction

Every cell has a unique glycome signature dictated by specific timing,
expression, and location of glycogenes, and is dependent upon the
extent and availability of carbohydrates [1]. Glycosylation is one of
the important co- and/or posttranslational modifications required for
the normal biological functioning of cells [1]. Glycosylation takes
place by the covalent modifications of proteins (glycoproteins) or
lipids (glycolipids) with carbohydrates by the action of glycosyltrans-
ferases (GFs) and glycosidases in the endoplasmic reticulum (ER) and
Golgi [1-3]. Further, glycoproteins and glycolipids (glycoconjugates)
regulate a diverse range of biological and cellular activities, including
pluripotency, embryogenesis, cell-to-cell and cell-to-environment
interactions, signal transduction, protein folding, and immune
modulation [4-7]. Alterations in glycosylation have been linked to
tumor development and progression [5]. Aberrant glycome of tumors
might also explain the heterogeneity seen in numerous cancers.
Hakomori and Kannagi postulated that there are two main
mechanisms for expression of tumor-associated carbohydrate anti-
gens, specifically, incomplete synthesis (truncated glycans; Tn, sTn)
and neosynthesis [de novo expression; sialyl Lewis a (sLe”) and sialyl
Lewis x (sLe™)] [5, 8-10].

Recent studies support the involvement of CSCs in tumor
development, metastasis, chemoresistance, and recurrence [11, 12].
CSCs or tumor-initiating cells are the rare, small subset of cells in the
tumor with the ability to give rise to complete tumor masses [12].
CSCs can self-renew, can undergo asymmetric or symmetric cell
division, and are associated with cellular heterogeneity [11-14]. They

are thought to be derived from mutations in the stem or progenitor
cell and hence tend to have the same stem cell markers [15], and
various CSC markers are defined in many cancers to identify and
isolate CSC populations [11]. Research has exploited membrane
glycoproteins (CD44, CD24, ESA, CD133, etc.) to identify and sort
CSC populations by using fluorescent antibody labeling and
fluorescence activated cell sorting [16-18]. Another well-known
method for isolating CSCs is Hoechst staining, the method by which
cells are analyzed and sorted according to their ability to efflux the
33342 dye out of the cell. CSCs efflux the Hoechst dye due to higher
levels of ABC transporters and appear as side populations (SP) in
Hoechst red versus Hoechst blue plot in flow analysis [18, 19]. In
recent years, researchers worldwide have accepted the existence of
CSCs mainly because of tumor heterogeneity, chemoresistance, and
tumor relapse. Present available drugs are efficient in only killing the
bulk of tumor mass, sparing CSCs and leading to tumor recurrence
and metastasis [12, 20]. There is thus an urgent need to develop new
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ways to characterize and understand the molecular mechanism of
stemness of the CSCs in detail to target them. However, the role of
glycosylation alterations in stemness and aggressiveness of CSCs has
not been much explored.

In the present review, we discuss current knowledge of glycan
modification of CSCs markers and its significance. We further
present the significance of mucins in CSCs and finally discuss the few
well-studied reports showing the role of GFs in regulating the self-
renewal and stemness of CSCs.

Protein Glycosylation

Protein glycosylation is the attachment of carbohydrate to the amino
acid (aa) residue of the protein backbone. There are many types of
glycan modifications present in the cell, specifically, the V-, O-, C-
linked, and O-GIcNAc modifications (Figure 1) [1]. The abundant
and commonly occurring types of protein glycosylation include the V-

linked, O-linked, and O-GlcNAclyation.

N-linked Glycosylation

In N-linked glycosylation, a glycan moiety (Glc2Man9GIcNAc2-) is
added to the amino group of an asparagine residue (Axn-X-S/T, X=
any amino acid except proline) of the polypeptide contained in the
ER. The newly formed protein additionally undergoes proper folding
followed by trimming, and the diversification of glycans takes place

sequentially in the ER and Golgi, resulting in the synthesis of three
main types of N-linked glycans: the high mannose, hybrid, and
complex types (Figure 1) [2, 21].

O-linked Glycosylation (Mucin-Type O-Glycosylation)
Mucin-type O-linked glycosylation takes place by the addition of
GalNAc to the hydroxyl group of serine or threonine (in the region of
proline-rich) of the polypeptide in the cis-Golgi and subsequent
addition of glycans in medial and trans-Golgi by the action of
different GFs [1, 22]. This gives rise to the production of many core
O-glycan structures, i.e., Core structures 1 through 8. Core 1-4 O-glycan
structures are seen more abundantly in mammalian cells than are other
core structures (Cores 5-8) [22] (Figure 1).

0-GlcNAcylation

In O-GlcNAcylation, GIcNAc is added to the serine or threonine residue
of protein in the cytoplasm. Two enzymes regulate this type of glycan
modification: O-GlcNActransferase adds the GIcNAc and O-GlcNAcase
removes it. O-GlcNAcylation is commonly seen in the proteins that
shuttle between the cell cytoplasm and nucleus (nucleocytoplasmic
proteins). It has shown that phosphorylation and O-GlcNAcylation
compete for the same serine or threonine residue in the polypeptide
backbone of some proteins, such as P53, Myc, Pdx1, CREB1, and
others, and that they regulate their differing functions (Figure 1) [4, 23].
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Figure 1. Glycan modifications on proteins. Depiction of different glycan modifications occurring in normal and cancer cells- N-linked
glycoproteins (high mannose, Hybrid, complex type, 3 1-6 branched), O-linked glycoproteins (Core-1, Core-2, O-Man, Tn, sTn, T, sT, sLeX),
O-GIcNAc glycoproteins, glycosylphosphatidylinositol-anchored glycoproteins.
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Pluripotency and reprogramming are regulated by O-GlcNAc
modification of pluripotency-associated core proteins in embryonic

stem cells (ESCs) [4].

Stem Cells and Glycosylation

Stem cells are undifferentiated cells that can convert into differen-
tiated and specialized cell types. Two of the most critical features of
the stem cells are pluripotency and self-renewal [24]. Stem cells are
usually identified and sorted by the specific markers expression, and
these markers may be cell surface or intracellular proteins,
transcription factors, enzymes, etc. [25]. The role played by
glycosylation in the embryonic development has been studied. Yan
et al. have demonstrated O-fucosylation of Notch receptors to control
blood lineage commitment [26]. In another study by Seth et al., they
have demonstrated that core O-fucosylation of apolipoprotein B is
required for proper midline patterning during zebrafish development
by modulating the sonic hedgehog signaling [27]. These studies
display the significance of glycosylation in mediating the embryonic
development process.

ESC Markers and Its Glycosylation Variation

Many of the pluripotency-associated markers of ESCs are known to
be glycoproteins or glycolipids, namely, TRA-1-60 and 1-81 and,
stage-specific embryonic antigen 3 and 4. The glycans of these
markers could be the potential modulator of pluripotency and
stemness, which need to be explored in detail [28, 29]. A recent study
by Jang H and colleagues has demonstrated the importance of
glycosylation in regulating cellular pluripotency and reprogramming
by modulating the core pluripotency-associated stem cell transcrip-
tion factors in mouse ESCs [4]. This study also demonstrated that
specific O-GleNAc modification of pluripotency markers Oct4 and
Sox2 occurs in the undifferentiated mouse ESCs and this glycan
modification is lost upon differentiation. The O-GlcNAc modified
Oct4 shown to enhance its transcriptional activity and regulate
transcription of pluripotency-associated genes, resulting in mainte-
nance of the pluripotent state of mouse ESCs and reprogramming of
mouse embryonic fibroblasts [4]. The significance of glycosylation
and glycan modification of stem cell transcription factor in regulating
pluripotency in human ESCs and CSCs needs to be addressed.

Adult Stem Cell (ASC) Markers and Its
Glycosylation Variation

Adult stem cells replace cells upon injury and maintain the tissue
homeostasis, and it is not clear whether all the tissues of the body
contain stem cells [30]. The role played by glycosylation in the
maintenance of stemness in ASC has been studied. ESC marker Le*
(SSEA-1) is shown to express specifically on adult mouse neural stem
cells (NSCs) [31]. Expression of Le* antigen is identified on both
glycolipid and glycoproteins and is shown to regulate the function of
neural precursors cells [32]. Yagi and colleagues have demonstrated
that N-glycans modified with Le™ to regulate mouse NSCs through
modulating Notch signaling. Authors have shown that undifferen-
tiated NSCs express the higher amount of Le™ carrying N-glycans
compared to differentiated cells and are controlled by pax6 via
upregulation of FUT-9 levels [33]. A detailed report on the role of
glycosylation in stemness and differentiation of NSCs has been
reviewed [34]. Hamouda et al. have characterized the N-glycans
profile of undifferentiated and adipogenically differentiated in human
bone marrow mesenchymal stem cells (MSCs). They have shown that
N-glycans HON5F1 and H7NGF1 are significantly higher expressed

in undifferentiated than differentiated MSCs and identified as
potential candidate markers [35]. In another study, CD44 modified
SLe™ glycans on MSCs showed to facilitate their trafficking to bone
[36]. A cell surface marker, CD133 is expressed and identified as a
stem cell marker in hematopoietic stem cells (HSCs), progenitor cells,
NSCs, and prostate stem cells [37-39]. The role of CD133 glycosylation
is described in the glycosylation of CSC markers section. Another cell
surface marker, CD44, is also identified as a stem cell marker of HSCs
[40], and the importance of its glycosylaton is described in the
glycosylation of CSC markers section.

Glycosylation and Self-Renewal Pathways
Self-renewal is an essential phenomenon in which stem cells divide to
give rise to more stem cells and maintain the undifferentiated state.
Maintenance of self-renewal is attributed to the activation of many
signaling pathways like leukemia inhibitory factor (LIF)/signal
transducer and activator of transcription (STAT3), bone morpho-
genic protein 4 (BMP4)/Smad, Wnt/B-catenin and fibroblast growth
factor 2 (FGF2), and activin/nodal in mouse ESCs and human ESCs
[41]. Studies have shown the significance of glycosylation in the
regulation of self-renewal pathways in ESCs. Sasaki et al. demon-
strated that specific cell surface glycan LacdiNAc (GalNAcbl-
4GleNAc) contributes to self-renewal of mouse ESCs by regulating
LIF/STAT?3 signaling. Authors in this study showed that B4GalNAc-
T3 mediated LacdiNAc expression on LIFR and gp130 is required for
induction and maintenance of self-renewal in undifferentiated mouse
ESCs [42]. In another study, self-renewal and pluripotency of mouse
ESCs are known to be regulated by cell surface proteoglycan heparin
sulfate (HS). RNA interference-mediated knockdown of HS chain
elongation resulted in the loss of self-renewal and differentiation of
mouse ESCs. They also showed that HS regulates the expression of
Nanog through auto/paracrine Wnt/B-catenin signaling [43].
Multdiple studies have shown that HS is required for lineage
commitment of ESCs and to modulate pluripotency [44]. Ligands
involved in the activation of self-renewal pathways are known to be
modified with glycosylation. Glycan modification of Wnt3a is required
for its active form production and in turn activation of B-catenin—
dependent Wnt signaling [45]. N-linked glycosylation of FGFR1 is
shown to regulate its binding to ligand and co-receptor HS and, FGF
signaling [46].

Glycosylation and Epithelial-Mesenchymal
Transition (EMT) in Cancer

EMT is a remarkable phenomenon, which was initially observed to
play a significant role in embryonic development and organ formation
[47]. In the process of EMT, cells lose apical to basal polarity, change
into fibroblastic nature, and display reduced epithelial markers and
increased mesenchymal markers [47]. Several lines of research show
the involvement of EMT in pathogenesis, particularly in tumor
metastasis [48, 49]. The importance of glycosylation in regulating
the EMT and cell migration process has been studied. Guan and
colleagues have demonstrated decreased expression of GSLs, Gg4,
and/GM2, and Gg4 synthase was observed in TGFp-induced
EMT process in mouse and human epithelial cells [50, 51].
Research by Freire-de-Lima and colleagues showed a direct
correlation of O-glycosylation in regulating EMT process in
human prostate epithelial cells. Authors have demonstrated TGFp
treatment to induce the expression of oncofetal fibronectin (onfN),
GALNT-3, and GALNT® activity and, in turn, O-glycosylation of
onfFN resulting in the induction of EMT process [52]. A systemic



816  Glycosylation of Cancer Stem Cells  Barkeer et al.

Neoplasia Vol. 20, No. 8, 2018

review by the same author has been published on the importance of
aberrant glycosylation in cancer cells undergoing EMT process [53].
Huanna et al. have demonstrated that GALNT14 regulates the cellular
proliferation, migration, and invasion by inducing the expression
mesenchymal EMT genes and by stimulating MMP-2 activity in breast
carcinoma [54]. In another study, O-GlcNAcylation of GNB2L1
protein is shown to regulate the metastasis via modulating the EMT
proteins translation in the chemoresistance of gastric cancer [55].
Lucena et al. demonstrated a link between EMT and altered
glycosylation through activation of hexosamine biosynthetic pathway.
The authors have shown that cancer cells uptake more glucose during
EMT through hexosamine biosynthetic pathway activation and in turn
induce aberrant cell surface glycosylation (sialylationa2-6, poly-
LacNAc, and fucosylation) and O-GlcNAcylation [56]. Role of specific
O-glycan structures regulating the different function in tumor
metastasis process has been reviewed. Tsuobai et al. have reported
that core 2 O-glycans are helping in tumor metastasis by evading natural
killer cells in circulation; in contrast, Core 3 O-glycans or O-mannosyl
receptors suppress tumor metastasis by modulating integrin-mediated
signaling [8]. Collectively, these studies display the significant role
played by altered glycosylation in EMT and cellular migration process.

Glycosylation of CSC Markers

CSC markers are those molecules expressed at higher levels and used
to identify and isolate CSCs from tumors [11]. CSC markers
identified in numerous tumors are mainly cell surface glycoproteins,
with the functional role of these glycan modifications being largely
unknown [57].

CDA44 and Its Glycosylation Variation

CD44 is a transmembrane glycoprotein that mediates lymphocyte
homing and HA (hyaluronan)-dependent cell adhesion. The
standard CD44 isoform (CD44s) is highly expressed in various
cells types, including hematopoietic system. In contrast, the
expression of variant CD44 isoforms (CD44v) is more limited. Both
the standard and variant forms of CD44 actively contribute to the
maintenance of stem cell populations by generating, embedding, and
homing into a niche, establishing maintenance of quiescence and
resistance to apoptosis [40]. Overexpression of CD44 in many tumors is
implicated in tumor development [58], with CD44 identified as a
universal CSC marker in many cancers, alone or with other markers such
as CD24 and ESA [59].

The CD44 standard and its variants have been shown to be
modified with N- and O-linked glycan modification. Moreover, the
difference in the molecular weight of each isoform is linked to its
differential glycosylation [60, 61]. Bartolazzi et al. demonstrated that
five potential N-linked glycosylation sites on CD44 are required for
CD44-mediated adhesion to HA in human cell lines [62].
Glycosylation of CD44 has been shown to regulate HA binding in
ovarian tumors [63]. It has also been shown that glycosylation of
CD44 has both stimulatory and inhibitory effects on cell surfaces and
soluble CD44 binding to HA in the Chinese Hamster Ovary cell line
IdI-D [64]. The N-linked N-acetylglucosamine residue, O-linked
glycans (N-deglycosylated), and N-acetylgalactosamine incorporation
into non—N-linked glycans on CD44 are importantly shown to
amplify the binding of cell surface CD44 to HA. In contrast, a 2, 3-
linked sialic acid on N-linked glycans inhibits CDD44 binding to
HA [64]. Further studies showed that inhibition of N- and O-linked
glycosylation of CD44 by tunicamycin (TM) and benzyl 2-

acetamido-2-deoxy-o-D-galactopyranoside reduces the attachment
of endometrial cells to peritoneal mesothelial cells [65]. Expression of
sLeX glycans on CD44 in MSCs also facilitates their trafficking to
bone [36] (Figure 24).

Expression of CD44 splice variants and their altered glycosylation
are associated with metastatic properties of human tumors [58]. For
instance, H-type glycan modification on CD44v6 produced by
overexpression of the a1-2 fucosyltransferase gene resulted in increased
tumor cell motility and tumorigencity in rat colon carcinoma cells [66, 67].
Modification of T and sTn antigens (O-linked glycosylation) was also
seen in CD44v but not CD44s in colon cancer [68]. Further,
modification of the T antigen on CD44 was also seen in higher amount
in lung, breast, and liver cancer—initiating cells [69]. In breast cancer—
initiating cells, co-expression of fucosylated Histo-Blood Group
Antigens, CD173 (H2), and CD174 (Lewis Y), and CD44 has been
reported [15, 70] (Figure 24).

Importance of CD133 Glycosylation

CD133 (Prominin-1) is a cell surface marker that is expressed in
HSCs and progenitor cell subpopulation but not in adult tissues [37].
Deregulated expression of this antigen was observed in several
malignant hematopoietic diseases and in myelodysplastic syndrome.
CD133 is widely used as a CSC marker in several malignancies [37].
Comparative genomics analysis on prominin-1 has shown that
tandem TCF/LEF binding sites were conserved in PROMI1 orthologs
in human chimpanzee, mouse, and rat. The study proposes the
involvement of CD133 in activation of WNT signaling in ESCs,
adult, and CSCs [71]. Two monoclonal antibodies, AC133 and
AC141, recognize glycosylated epitopes (undefined) of CD133 on
the cell surface. These antibodies have been used to analyze and
isolate CSC populations in many cancers, and a study demonstrated
that, along with protein expression, the glycosylation status of CD133
may play a critical role in stem cell maintenance [72]. Further, studies
showed that binding of AC133 is lost when CSCs differentiate and
lose their stemness, but that this does not affect the change in mRNA
and protein levels of human prominin-1 [73] (Figure 2B). In the same
year as this study, Zhou and colleagues showed 2,3-sialylation to
regulate the stability of stem cell marker CD133 in NSCs and glioma-
initiating cells. They reported that CD133 was modified with N-linked
glycans, with the terminal via a2,3-sialylation and desialylation with
neuraminidases accelerating its degradation through the lysosome-
dependent pathway [38]. AC133-negative glioblastoma cells have
been shown to express a truncated prominin-1 variant protein,
CD133, which is truncated with a molecular mass corresponding to
~16 kDa as detected by C24B9 (the anti-CD133 antibody) in the
cytoplasm [74].

Another study demonstrated that N-linked glycan modification on
CD133 regulated its cell surface localization and recognition by AC133.
Differential glycosylation of N-glycan modification profiles was
observed between CD133+ and CD133- cells. Enrichment of bi-
antennary complex-type glycans and increase in the high-mannose type
and terminal a2, 3-sialylation (ST3GALG overexpression) of /V-glycans
in CD133+ cells were observed [75]. Hypoxia was shown to induce
the expression of CD133 by upregulation of OCT3/4 and SOX2
through HIF alpha signaling in human lung cancer cells [76]. In
another study, hypoxia was shown to enhance glycosylation of
CD133 in GSCs, and it was hypothesized that hyperglycosylated
CD133 helped survival and invasiveness in GSCs [77] (Figure 34).
Liu et al. characterized the glycan sites of CD133 and demonstrated
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Figure 2. Glycan modification of CD44 and CD133. (A) Glycosylation of CD44 regulates its function in normal cells and cancer. - and O-linked
glycosylation of CD44 regulates HA binding. N-linked glycans with terminal a 2-3 sialic acid on CD44 inhibit binding to HA. H-type glycans on

CD44v6 enhances cell motility and tumorigenicity. sLe* modified CD44 mediates mesenchymal stem cells trafficking to bone. CD44 in cancer-
initiating cells is shown to express truncate glycans like Tn, T, sT, and lewis Y and CD173. (B) CD133 glycosylation regulates its function in cancer
and CSCs. N-linked glycans with a 2,3-sialic acids on CD133 regulate its cell surface retention and stability, and desialylation induces its lysosomal

degradation. N-linked glycosylation at Asn548 enhances tumor growth through -catenin signaling.

ation sites of CD133 identified by mass spectrometry analysis were
Asn206, Asn220, Asn274, Asn395, Asn414, Asn548, Asn580,
Asn729, and Asn730 [78]. Co-expression of T antigen and CD133

that loss of N-glycosylation at Asn548 reduced prominin-1,
promoted cell growth and its association with B-catenin, and in
turn inhibited B-catenin signaling in liver cancer. V-liked glycosyl-
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Figure 3. Glycan modification of CD133, CD24, and ESA. (A) Hypoxia enhances survival and invasiveness by inducing expression and
hyperglycosylation of CD133 through Hif1a/Hif2a/OCT3/4/SOX2 signaling axis. (B) Glycosylation of CD24 mediates metastasis. CD24 is
modified with N- and O-linked glycans. sLe* modifies CD24-mediated, P-selectin-mediated rolling and lung colonization. (C) Glycosylation
of ESA regulates its function in cancer. N-linked glycosylation at Asn198 on ESA regulates its surface retention and stability. ESA is
hyperglycosylated in cancer compared to normal tissue.

was seen in lung, breast, and liver cancer—initiating cells [69]. Co- Surface Marker CD24 and Glycosylation Variation
expression of CD173 (H2) and CD174 (Lewis Y) with CD133 has  In mice, CD24 was discovered as a heat-stable antigen and identified as
also been reported in breast cancer—initiating cells [70]. a marker to differentiate hematopoietic cells and neuronal cells [79, 80].
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CD24 (B cell differentiation marker) is a cell surface glycoprotein linked
to glycosylphosphatidylinositol, mainly expressed on human B cells and
in many tumors. It consists of a small protein core of 27 aa’s that are
heavily glycosylated with V- and O-linked type of glycans [81, 82].
Expression of CD24 was observed in higher levels in various human
cancers and was involved in the cell adhesion, tumor progression, and
metastasis [83-86]. CD24 was identified as a ligand for an adhesion
receptor, P-selectin, on platelets and endothelial cells [87], through
which it helps in extravasation of tumor cells in circulation. Further,
CD24 increases tumor cell proliferation, and it shows increased
adhesion to fibronectin, collagen, and lamin [84]. Cells expressing
CD24+ are identified as CSCs in ovarian and colorectal cancers [88].
Mpyriad studies have shown vital role of CD24 in ovarian cancer
metastasis, establishing it as a potential new CSC marker [89-92]. Gao
et al. demonstrated that 5000 CD24+ cells form tumors in animal
models with higher expression of stemness genes and found no
tumorigenicity with the same number of CD24- cells [91]. Similarly,
500 CD24+ cells were shown to form tumors in mice models and
express stemness genes, and were identified as CSCs in human
nasopharyngeal carcinoma [93]. In another study, human ovarian
cancer cell lines with phenotypes of CD44+CD24+EpCAM+ showed
enrichment for stem/progenitor cells clonogenic capacity. A total of
0.5% to 1% of CD44+CD24+EpCAM+ cells were identified as CSCs
in pancreatic cancer cells [94]. In contrast, CD44-high and CD24-low
cells were identified as CSCs in breast and prostate cancer [95, 96]. The
importance of CD24 glycosylation in regulating its function in cancer
has been studied. CD24 modified with sLe™ was shown to meditate P-
selectin—dependent rolling in breast carcinoma in vitro and in vivo [87].
CD24 with sLe® modification also mediates P-selection—dependent
rolling and lung colonization of human A125 adenocarcinoma cells [97].
CD24 further mediates the development of lung metastasis of bladder
cancer [98] (Figure 3B), further showing the involvement of glycans on
CD24 to mediate tumorigenesis and metastasis.

Role of Epithelial Cell Adhesion Molecule (EpCAM)
in CSCs Maintenance and Glycosylation Variation

EpCAM or epithelial surface antigen (ESA) is a cell surface
glycoprotein overexpressed in multiple tumors and in CSCs [99].
EpCAM promotes cell cycle and proliferation by upregulating the
proto-oncogene c¢-myc and cyclin A or E [100]. EpCAM also
regulates cellular metabolism by upregulating the fatty acid-binding
protein E-FABP and contributes to carcinogenesis [101]. EpCAM is
involved in the maintenance of hESCs in the undifferentiated
phenotype by directly regulating few reprogramming genes, including
c-MYC, OCT-4, NANOG, SOX2, and KLF4 [102]. In contrast, one
study identified EpCAM only as a surface marker to identify
undifferentiated hESCs as silencing of this gene did not affect the
levels of pluripotent marker [103]. EpCAM was shown to be /V-
glycosylated at the three-glycosylation sites: Asn74, Asnlll, and
Asn198 in human epithelial cells. In another study, EpCAM was
shown to be N-glycosylated at Asn88 and Asn51 expressed in insect
cells [99, 104]. In head and neck cancer, EpCAM has been reported
to be hyperglycosylated with N-linked glycans compared to
autologous normal epithelia [105]. EpCAM hyperglycosylation at
Asn198 regulates its protein stability and cell surface retention in
HEK293 cells [106]. Furthermore, N-glycosylation of EpCAM has
been shown to regulate apoptosis in breast cancer cells, as de-
glycosylation of EpCAM promoted apoptosis and inhibited cell
proliferation of breast cancer cells [107] (Figure 3C).

CSCs and Mucins

Mucins are heavily glycosylated proteins carrying greatly O-linked
glycans with few N-linked. O-linked glycosylation mainly takes place
on serine, threonine, and proline-rich regions of variable tandem
repeat regions of mucins. Mucin expression is commonly seen on
epithelial cells, where they have primary protective functions against
microbial infections [5, 108]. Deregulated mucin expression has been
linked to the pathogenesis of many diseases, including cancer. Mucins
such as MUC1, MUC4, MUC5AC, and MUCI6 are some of the
well-studied O-linked glycoproteins for tumor-promoting potential
[109—-113]. Aberrant glycosylation of mucins has been associated with
cancer development and progression [5, 9, 114]. The role of mucins
and their altered glycosylation in CSCs has not been explored.

MUCI, a transmembrane glycoprotein, is overexpressed and
aberrantly glycosylated in many cancers. MUCI contains mainly core
2, its elongated glycan structures in normal cells; however, expression
of truncated and neo-glycan structures is observed in cancer. This
aberrant glycosylation of MUCI activates oncogenic signaling in
cancer [115]. N-terminal cleaved mucin 1 (MUCL ) is expressed only
in undifferentiated human pluripotent stem cells and mediates its
growth by acting as a growth factor receptor [116]. MUCI expression
has been observed in the CD44+CD24+ESA+ and CD133+ CSCs of
pancreatic cancer [117]. Overexpression of MUCI has been reported
in human stem cells fraction of cord blood cells and in many acute
myeloid leukemia (AML) cases. MUCI has been shown to increase
frequencies of progenitor and long-term culture-initiating cells [118].
MUCI overexpression is seen only in AML stem cells and not in
normal stem cell counterparts; targeting of MUC1C by GO-203 has
been shown to deplete AML in wvivo [119]. Expression of the
hypoglycosylated form of MUCI expression was reported in the SP of
MCE?7 breast cancer cells [120]. MUC1 overexpression and CD44 "/
CD24 " cancer stem-like cell enrichment were observed in response to
exposure of tumor-associated macrophages to breast cancer MCF7
cells [121]. Apoptosis of MCF7 cells triggered by staurosporine has
been shown to activate CD44*/CD24" cancer stem-like cells by
increasing expression of ESA and MUCI [122] (Figure 4A4).

Mucin 4 is also aberrantly expressed in many cancers and has been
identified as a diagnostic cancer marker [114, 123]. MUC4 maintains
CSC population in ovarian cancer by stabilizing Her2 expression. Its
overexpression increases the SP and CD133+ CSCs of ovarian cancer
[124]. MUC4 overexpression also increases the CD133+ CSCs
population of pancreatic cancer and was shown to provide
gemcitabine resistance [125] (Figure 4B).

Another transmembrane glycoprotein, MUC16 (CA125), a heavily
glycosylated and large mucin, is implicated as having a tumor-promoting
role in many cancers, including ovarian and pancreatic [110]. MUCI16-
expressing cells are identified as the source of CSCs in ovarian cancer.
Studies showed that only CA125"/lineage™ cells form tumors but not
CA125 /lineage” cells in mouse orthotopic implantation [126]. In
another study, the role of MUCI6 in the enrichment of CSC populations
and in tumorigenesis, and its metastatic potential in pancreatic cancer
were demonstrated [110]. MUCI16-cter mediates upregulation of
stemness genes such as NANOG and LMO2 through JAK2 nuclear
translocation and histone 3 phosphorylation, and it maintains stemness

[127] (Figure 4C).

GFs in Stemness of CSCs
Expression of a specific set of glycogenes at a time in a particular cell
type determines the resultant signature of glycome on protein or lipid
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Figure 4. Role of mucins in CSCs. (A) Mucin 1 is overexpressed in human pluripotent stem cells and CSCs. Mucin 1 is hypoglycosylated in
a CSC population. (B) Mucin 4 expression increases CSC population and provides drug resistance by Her2-mediated signaling. (C) Mucin
16 expressing cells identified as CSCs and Mucin 16 expression shown to regulate stem cell transcription factors LMOA2 and NANOG

through the JAK/STAT pathway.

molecules. The different glycans on the cell membrane drive
the diverse cellular signaling. Expression of glycogenes, specifically
GFs, has been linked to the development and progression of many
cancers [9].

One well-studied GF for the stemness of CSCs is glucosylcer-
amide synthase (GCS). GCS is highly upregulated in breast, colon,
leukemia, and various drug-resistant cancer cells. GCS catalyzes
ceramide glycosylation, the rate-limiting step in glycosphingolipid
synthesis. Reports have shown that inhibition of GCS sensitizes
cancer cells to anticancer drugs and eliminates CSC population by
modulating gene expression, reducing MDRI, and restoring
expression of p53 via RNA splicing [128]. In breast CSCs,
increased expression of ceramide glycosylation and globotriosylcer-
amide (Gb3) was observed with the overexpression of GCS. This
higher level of Gb3 was also shown to upregulate FGF-2, CD44
expression, and Oct4 and to maintain stemness of breast CSCs
through c-Src/B-catenin signaling. Silencing of GCS was also shown
to disrupt Gb3 and kill breast CSCs [129] (Figure 54). Liu YY and
colleagues reported that inhibition of GCS led to increased
ceramide levels in cells and restoration of the expression of wild-
type p53 resulting in activation of p53-dependent apoptosis [130,
131]. Liu’s group has also shown that inhibition of GCS led to the
expression of wild-type p53 and that it abolished the p53 R273H
mutant-derived EMT and induced pluripotency of colon cancer
[132] (Figure 5A4).

B1,4-N-acetylgalactosaminyltransferase III (B4GALNT3) is over-
expressed in the colon CSCs, which is involved in the synthesis of
LacdiNAc structures. A study indicated that LacdiNAc structures play
a role in the self-renewal of mouse ESCs [42]. B4AGALNT3 was
reported to modify N-glycans of EGFR with LacdiNAc and regulates
stemness, migration, and invasiveness of CSCs. The knockdown of
B4GALNT3 also decreased expression of the stem cell markers
OCT4 and NANOG in colon cancer cells [133] (Figure 5C).
Another GF, MGATS5 (GnT-V), is also shown to promote tumor
development in many cancers, including colon carcinoma [9].
MGATS5 synthesizes N-glycans with B-(1,6)-branching and is
involved in the development of many tumors by the way in which
it modulates the function of various cell surface receptors and their
intracellular signaling pathways [9]. In colon CSCs, MGATS was
shown to modify the Wnt receptor, FZD-7, with B-(1,6)-branched
N-glycans, thus affecting Wnt signaling, CSC compartments, and
tumor progression [134]. Reduced colon (intestine) CSC populations
in NOD/SCID mice were also interrelated with lower levels of
MGATS. Significantly reduced adenoma size and survival of MAGTS
knockout APCmin/+ mice were also observed in the study [134]
(Figure 5C). Pancreatic CSCs were reported to overexpress the
enzymes involved in the synthesis of fucosylated glycans such as
fucosyltransferases (Futl-4), GDP-fucose synthetic enzymes (FX,
GMDS), and GDP-Fucose transporters [135]. In this study, authors
reported an increase in the expression of al,2- and al,3-/al,4-
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regulates stemness and tumorigenesis.

fucosylated glycans by lectin array [135]. In pancreatic and ovarian cancer,
ST6Gal-1, which adds o 2-6 sialic acid on substrate glycoproteins, is shown
to confer CSC phenotypes by regulating the stem cell transcription factors
Sox9 and Slug and to augment tumor-initiating potential and resistance to
gemcitabine [136] (Figure 5B). In bladder CSCs, GALNTT1 has been

shown to regulate the self-renewal and maintenance of bladder CSCs
(BCMab1+CD44+) and bladder tumorigenesis by modifying O-linked
glycosylation and activating SHH signaling through Glil. Inhibition of
bladder tumor growth was also observed by the intravesical instillation of
GALNT1 siRNA and cyclopamine, an SHH inhibitor [137] (Figure 5D).
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Conclusion and Future Prospective

In the present review, we have provided current knowledge of the
glycosylation of CSCs in the maintenance of stemness, tumor
development, and metastasis. In CSCs, glycan modification of specific
markers plays several roles, including adhesion, survival, invasiveness,
metastasis, pluripotency, stemness, drug resistance, and apoptosis. Mucin
glycoproteins and GFs also regulate stemness, tumorigenesis, drug
resistance, and metastasis in CSCs. However, the glycan modification on
these mucins by specific GFs and its involvement in CSCs maintenance
are unclear and require exploration.

Glycome, the total glycan signature of a cell, is unique for each cell
type. Glycans play a critical role in regulating diverse cellular
functions, and it is therefore prudent to study the glycome of normal
stem cells, CSCs, and non-CSCs so as to exploit the differences in
glycomes. The aberrant glycosylation can be used as a biomarker for
early detection or to specifically target CSC populations. Under-
standing the role of CSC-specific GFs, the tumor-associated
carbohydrate antigens on CSC markers, and glycoproteins, including
mucins, will further open opportunities to identify new targets and
strategies for early detection and targeted therapeutics. Altered glycans
on CSCs, for example, can be transferred clinically to a glycopeptide-
based vaccine. These vaccines, in combination with FDA-approved
cytotoxic drugs, will help to eradicate CSCs and cancer cells in present
cancers and, critically, to inhibit tumor recurrence in many
susceptible cancers.

Funding

The authors on this manuscript are, in part, supported by grants from
the National Institutes of Health (PO1 CA2117798, RO1
CA210637, RO1CA206444, RO1CA183459, R15GM088798,
and UO1 200466).

Ethical Approval
This review article does not contain any studies with human
participants and animals.

Conflicts of Interests
The authors declare no conflicts of interests.

Acknowledgements

We thank Dr. Adrian Koesters, Research Editor at UNMC, for her
substantial editorial contribution to the manuscript. The authors in this
article were supported primarily by the grants from the National Institutes
of Health (P01CA217798, R0O1CA183459, RO1CA210637, TMEN
U54CA163120, EDRN UO1 CA200466, PCDC UO1 CA210240,
SPORE P50CA127297, and K22 CA175260), Elsa U Pardee
Foundation-2013, and the Nebraska Department of Health and Human
Services LB595.

Author Contributions

Srikanth Barkeer wrote the review and designed the figures; Seema
Chugh, Moorthy P. Ponnusamy, and Surinder K Batra critically
reviewed and edited the manuscript.

References

[1] Varki A and Lowe JB (2009). In: Varki A, Cummings RD, Esko JD, Freeze HH,
Stanley P, Bertozzi CR, Hart GW, Etzler ME, editors. Biological Roles of
Glycans. Cold Spring Harbor (NY): Cold Spring Harbor Laboratory Press; 2009.

[2] Kornfeld R and Kornfeld S (1985). Assembly of asparagine-linked oligosac-
charides. Annu Rev Biochem 54, 631-664.

Varki A, Kannagi R, Toole B, and Stanley P (2015). In: Varki A, Cummings RD,
Esko JD, Stanley P, Hart GW, Aebi M, Darvill AG, Kinoshita T, Packer NH,
Prestegard JH, Schnaar RL, Seeberger PH, editors. Glycosylation Changes in
Cancer. Cold Spring Harbor (NY): Cold Spring Harbor Laboratory Press; 2015.
Jang H, Kim TW, Yoon S, Choi SY, Kang TW, Kim SY, Kwon YW, Cho EJ,
and Youn HD (2012). O-GlcNAc regulates pluripotency and reprogramming
by directly acting on core components of the pluripotency network. Cell Stem
Cell 11, 62-74.

Chugh S, Gnanapragassam VS, Jain M, Rachagani S, Ponnusamy MP, and
Batra SK (2015). Pathobiological implications of mucin glycans in cancer:
Sweet poison and novel targets. Biochim Biophys Acta 1856, 211-225.

Wang YC, Lin V, Loring JF, and Peterson SE (2015). The 'sweet' spot of
cellular pluripotency: protein glycosylation in human pluripotent stem cells and
its applications in regenerative medicine. Expert Opin Biol Ther 15, 679-687.
Wang YC, Peterson SE, Loring JF (2014). Protein post-translational
modifications and regulation of pluripotency in human stem cells, Vol. 24.
Editor (ed)*(eds): City, pp. 143-160.

Tsuboi S, Hatakeyama S, Ohyama C, and Fukuda M (2012). Two opposing
roles of O-glycans in tumor metastasis. 77ends Mol Med 18, 224-232.

Pinho SS and Reis CA (2015). Glycosylation in cancer: mechanisms and clinical
implications. Nat Rev Cancer 15, 540-555.

Pinho SS, Carvalho S, Marcos-Pinto R, Magalhaes A, Oliveira C, Gu J, Dinis-
Ribeiro M, Carneiro F, Seruca R, and Reis CA (2013). Gastric cancer: adding
glycosylation to the equation. Trends Mol Med 19, 664—676.

Medema JP (2013). Cancer stem cells: the challenges ahead. Naz Cell Biol 15,
338-344.

Reya T, Morrison SJ, Clarke MF, and Weissman IL (2001). Stem cells, cancer,
and cancer stem cells. Nature 414, 105-111.

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, and Clarke MF
(2003). Prospective identification of tumorigenic breast cancer cells. Proc Natl
Acad Sci U S A 100, 3983-3988.

Lobo NA, Shimono Y, Qian D, and Clarke MF (2007). The biology of cancer
stem cells. Annu Rev Cell Dev Biol 23, 675-699.

Karsten U and Goletz S (2013). What makes cancer stem cell markers different?
Springerplus 2, 301.

Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V, Wicha M, Clarke
ME, and Simeone DM (2007). Identification of pancreatic cancer stem cells.
Cancer Res 67, 1030-1037.

Ma S, Chan KW, Hu L, Lee TK, Wo JY, Ng 10, Zheng BJ, and Guan XY
(2007). Identification and characterization of tumorigenic liver cancer stem/
progenitor cells. Gastroenterology 132, 2542-2556.

Ponnusamy MP and Batra SK (2008). Ovarian cancer: emerging concept on
cancer stem cells. / Ovarian Res 1, 4.

Szotek PP, Pieretti-Vanmarcke R, Masiakos PT, Dinulescu DM, Connolly D,
Foster R, Dombkowski D, Preffer F, Maclaughlin DT, and Donahoe PK
(2006). Ovarian cancer side population defines cells with stem cell-like
characteristics and Mullerian inhibiting substance responsiveness. Proc Natl
Acad Sci U S A 103, 11154-11159.

Vaz AP, Ponnusamy MP, and Batra SK (2013). Cancer stem cells and
therapeutic targets: an emerging field for cancer treatment. Drug Deliv Trans!
Res 3, 113-120.

Moremen KW, Tiemeyer M, and Nairn AV (2012). Vertebrate protein
glycosylation: diversity, synthesis and function. Naz Rev Mol Cell Biol 13,
448-462.

Jensen PH, Kolarich D, and Packer NH (2010). Mucin-type O-glycosylation--
putting the pieces together. FEBS ] 277, 81-94.

Slawson C and Hart GW (2011). O-GlcNAc signalling: implications for cancer
cell biology. Nat Rev Cancer 11, 678-684.

Weissman IL (2000). Stem cells: units of development, units of regeneration,
and units in evolution. Ce// 100, 157-168.

Zhao W, Ji X, Zhang F, Li L, and Ma L (2012). Embryonic stem cell markers.
Molecules 17, 6196—-6236.

Yan Q, Yao D, Wei LL, Huang Y, Myers J, Zhang L, Xin W, Shim J, Man Y,
and Petryniak B, et al (2010). O-fucose modulates Notch-controlled blood
lineage commitment. Am J Pathol 176, 2921-2934.

Seth A, Machingo QJ, Fritz A, and Shur BD (2010). Core fucosylation is
required for midline patterning during zebrafish development. Dev Dyn 239,
3380-3390.

Kannagi R, Cochran NA, Ishigami F, Hakomori S, Andrews PW, Knowles BB,
and Solter D (1983). Stage-specific embryonic antigens (SSEA-3 and -4) are


http://refhub.elsevier.com/S1476-5586(18)30181-7/rf1600
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf1600
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf1600
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0005
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0005
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf6005
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf6005
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf6005
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf6005
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0010
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0010
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0010
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0010
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0015
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0015
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0015
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0020
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0020
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0020
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0025
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0025
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0030
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0030
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0035
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0035
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0035
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0040
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0040
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0045
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0045
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0050
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0050
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0050
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0055
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0055
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0060
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0060
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0065
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0065
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0065
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0070
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0070
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0070
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0075
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0075
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0080
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0080
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0080
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0080
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0080
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0085
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0085
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0085
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0090
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0090
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0090
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0095
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0095
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0100
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0100
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0105
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0105
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0110
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0110
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0115
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0115
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0115
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0120
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0120
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0120
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0125
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0125

Neoplasia Vol. 20, No. 8, 2018

Glycosylation of Cancer Stem Cells  Barkeer etal. 823

(29]

[33]

(34]

(35]

[36]

[37]

epitopes of a unique globo-series ganglioside isolated from human teratocar-
cinoma cells. EMBO ] 2, 2355-2361.

Kannagi R, Levery SB, Ishigami F, Hakomori S, Shevinsky LH, Knowles BB,
and Solter D (1983). New globoseries glycosphingolipids in human
teratocarcinoma reactive with the monoclonal antibody directed to a
developmentally regulated antigen, stage-specific embryonic antigen 3. J Biol
Chem 258, 8934-8942.

Dulak J, Szade K, Szade A, Nowak W, and Jozkowicz A (2015). Adult stem
cells: hopes and hypes of regenerative medicine. Acta Biochim Pol 62, 329-337.
Capela A and Temple S (2002). LeX/ssea-1 is expressed by adult mouse CNS
stem cells, identifying them as nonependymal. Neuron 35, 865-875.
Yanagisawa M, Taga T, Nakamura K, Ariga T, and Yu RK (2005).
Characterization of glycoconjugate antigens in mouse embryonic neural
precursor cells. / Neurochem 95, 1311-1320.

Yagi H, Saito T, Yanagisawa M, Yu RK, and Kato K (2012). Lewis X-carrying
N-glycans regulate the proliferation of mouse embryonic neural stem cells via
the Notch signaling pathway. / Biol Chem 287, 24356-24364.

Yagi H and Kato K (2017). Functional roles of glycoconjugates in the
maintenance of stemness and differentiation process of neural stem cells.
Glycoconj ] 34, 757-763.

Hamouda H, Ullah M, Berger M, Sittinger M, Tauber R, Ringe ], and
Blanchard V (2013). N-glycosylation profile of undifferentiated and adipo-
genically differentiated human bone marrow mesenchymal stem cells: towards a
next generation of stem cell markers. Stem Cells Dev 22, 3100-3113.
Sackstein R, Merzaban JS, Cain DW, Dagia NM, Spencer JA, Lin CP, and
Wohlgemuth R (2008). Ex vivo glycan engineering of CD44 programs human
multipotent mesenchymal stromal cell trafficking to bone. Natr Med 14,
181-187.

Miraglia S, Godfrey W, Yin AH, Atkins K, Warnke R, Holden JT, Bray RA,
Waller EK, and Buck DW (1997). A novel five-transmembrane hematopoietic
stem cell antigen: isolation, characterization, and molecular cloning. Blood 90,
5013-5021.

ZhouF, Cui C, Ge Y, Chen H, Li Q, Yang Z, Wu G, Sun S, Chen K, and Gu ],
et al (2010). Alpha2,3-Sialylation regulates the stability of stem cell marker
CD133. ] Biochem 148, 273-280.

Vander Griend D], Karthaus WL, Dalrymple S, Meeker A, DeMarzo AM, and
Isaacs JT (2008). The role of CD133 in normal human prostate stem cells and
malignant cancer-initiating cells. Cancer Res 68, 9703-9711.

Zoller M (2015). CD44, hyaluronan, the hematopoietic stem cell, and
leukemia-initiating cells. Front Immunol 6, 235.

He S, Nakada D, and Morrison SJ (2009). Mechanisms of stem cell self-
renewal. Annu Rev Cell Dev Biol 25, 377-406.

Sasaki N, Shinomi M, Hirano K, Ui-Tei K, and Nishihara S (2011). LacdiNAc
(GalNAcbetal-4GlcNAc) contributes to self-renewal of mouse embryonic stem
cells by regulating leukemia inhibitory factor/STAT3 signaling. Stem Cells 29,
641-650.

Sasaki N, Okishio K, Ui-Tei K, Saigo K, Kinoshita-Toyoda A, Toyoda H,
Nishimura T, Suda Y, Hayasaka M, and Hanaoka K, et al (2008). Heparan
sulfate regulates self-renewal and pluripotency of embryonic stem cells. / Bio/
Chem 283, 3594-3606.

Kraushaar DC, Dalton S, and Wang L (2013). Heparan sulfate: a key regulator
of embryonic stem cell fate. Biol Chem 394, 741-751.

Komekado H, Yamamoto H, Chiba T, and Kikuchi A (2007). Glycosylation
and palmitoylation of Wnt-3a are coupled to produce an active form of Wnt-3a.
Genes Cells 12, 521-534.

Duchesne L, Tissot B, Rudd TR, Dell A, and Fernig DG (2006). N-
glycosylation of fibroblast growth factor receptor 1 regulates ligand and heparan
sulfate co-receptor binding. / Biol Chem 281, 27178-27189.

Lee JM, Dedhar S, Kalluri R, and Thompson EW (2006). The epithelial-
mesenchymal transition: new insights in signaling, development, and disease. /
Cell Biol 172, 973-981.

Thiery JP, Acloque H, Huang RY, and Nieto MA (2009). Epithelial-
mesenchymal transitions in development and disease. Cel/ 139, 871-890.
Hugo H, Ackland ML, Blick T, Lawrence MG, Clements JA, Williams
ED, and Thompson EW (2007). Epithelial-mesenchymal and
mesenchymal-epithelial transitions in carcinoma progression. J Cell Physiol
213, 374-383.

Guan F, Handa K, and Hakomori SI (2009). Specific glycosphingolipids
mediate epithelial-to-mesenchymal transition of human and mouse epithelial

cell lines. Proc Natl Acad Sci U S A 106, 7461-7466.

(61]

(62]

[71]

[72]

Guan F, Schaffer L, Handa K, and Hakomori SI (2010). Functional role of
gangliotetraosylceramide in epithelial-to-mesenchymal transition process in-
duced by hypoxia and by TGF-{beta}. FASEB ] 24, 4889-4903.
Freire-de-Lima L, Gelfenbeyn K, Ding Y, Mandel U, Clausen H, Handa K, and
Hakomori SI (2011). Involvement of O-glycosylation defining oncofetal
fibronectin in epithelial-mesenchymal transition process. Proc Natl Acad Sci U S
A 108, 17690-17695.

Freire-de-Lima L (2014). Sweet and sour: the impact of differential
glycosylation in cancer cells undergoing epithelial-mesenchymal transition.
Front Oncol 4, 59.

Huanna T, Tao Z, Xiangfei W, Longfei A, Yuanyuan X, Jianhua W, Cuifang Z,
Manjing J, Wenjing C, and Shaochuan Q, et al (2015). GALNT14 mediates
tumor invasion and migration in breast cancer cell MCF-7. Mol Carcinog 54,
1159-1171.

Cheng S, Mao Q, Dong Y, Ren ], Su L, Liu ], Liu Q, Zhou ], Ye X, and Zheng
S, et al (2017). GNB2L1 and its O-GlcNAcylation regulates metastasis via
modulating epithelial-mesenchymal transition in the chemoresistance of gastric
cancer. PLoS One 12e0182696.

Lucena MC, Carvalho-Cruz P, Donadio JL, Oliveira IA, de Queiroz RM,
Marinho-Carvalho MM, Sola-Penna M, de Paula IF, Gondim KC, and
McComb ME, et al (2016). Epithelial mesenchymal transition induces aberrant
glycosylation through hexosamine biosynthetic pathway activation. / Biol Chem
291, 12917-12929.

Mallard BW and Tiralongo J (2017). Cancer stem cell marker glycosylation:
nature, function and significance. Glycoconj | 34, 441-452.

Hakomori S (1996). Tumor malignancy defined by aberrant glycosylation and
sphingo(glyco)lipid metabolism. Cancer Res 56, 5309-5318.

Yan Y, Zuo X, and Wei D (2015). Concise review: emerging role of CD44 in
cancer stem cells: a promising biomarker and therapeutic target. Stemn Cells
Transl Med 4, 1033—1043.

Camp RL, Kraus TA, and Pure E (1991). Variations in the cytoskeletal
interaction and posttranslational modification of the CD44 homing receptor in
macrophages. / Cell Biol 115, 1283-1292.

Underhill C (1992). CD44: the hyaluronan receptor. J Cell Sci 103(Pt 2),
293-298.

Bartolazzi A, Nocks A, Aruffo A, Spring F, and Stamenkovic I (1996).
Glycosylation of CD44 is implicated in CD44-mediated cell adhesion to
hyaluronan. J Cell Biol 132, 1199-1208.

Catterall JB, Jones LM, and Turner GA (1999). Membrane protein
glycosylation and CD44 content in the adhesion of human ovarian cancer
cells to hyaluronan. Clin Exp Metastasis 17, 583-591.

Skelton TP, Zeng C, Nocks A, and Stamenkovic I (1998). Glycosylation
provides both stimulatory and inhibitory effects on cell surface and soluble
CD44 binding to hyaluronan. J Cell Biol 140, 431-446.

Rodgers AK, Nair A, Binkley PA, Tekmal R, and Schenken RS (2011).
Inhibition of CD44 N- and O-linked glycosylation decreases endometrial
cell lines attachment to peritoneal mesothelial cells. Ferzil Steril 95,
823-825.

Goupille C, Hallouin F, Meflah K, and Le Pendu ] (1997). Increase of rat colon
carcinoma cells tumorigenicity by alpha(1-2) fucosyltransferase gene transfec-
tion. Glycobiology 7, 221-229.

Hallouin F, Goupille C, Bureau V, Meflah K, and Le Pendu J (1999). Increased
tumorigenicity of rat colon carcinoma cells after alphal,2-fucosyltransferase
FTA anti-sense cDNA transfection. /nt | Cancer 80, 606-611.

Singh R, Campbell BJ, Yu LG, Fernig DG, Milton JD, Goodlad RA,
FitzGerald AJ, and Rhodes JM (2001). Cell surface-expressed Thomsen-
Friedenreich antigen in colon cancer is predominantly carried on high molecular
weight splice variants of CD44. Glycobiology 11, 587-592.

Lin WM, Karsten U, Goletz S, Cheng RC, and Cao Y (2011). Expression of
CD176 (Thomsen-Friedenreich antigen) on lung, breast and liver cancer-
initiating cells. /nt J Exp Pathol 92, 97-105.

Lin WM, Karsten U, Goletz S, Cheng RC, and Cao Y (2010). Co-expression of
CD173 (H2) and CD174 (Lewis Y) with CD44 suggests that fucosylated histo-
blood group antigens are markers of breast cancer-initiating cells. Virchows Arch
456, 403-409.

Katoh Y and Katoh M (2007). Comparative genomics on PROMI gene
encoding stem cell marker CD133. Inz ] Mol Med 19, 967-970.
Bidlingmaier S, Zhu X, and Liu B (2008). The utility and limitations of
glycosylated human CD133 epitopes in defining cancer stem cells. / Mol Med
86, 1025-1032.


http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0125
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0125
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0130
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0130
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0130
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0130
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0130
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0135
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0135
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0140
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0140
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0145
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0145
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0145
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0150
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0150
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0150
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0155
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0155
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0155
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0160
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0160
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0160
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0160
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0165
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0165
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0165
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0165
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0170
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0170
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0170
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0170
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0175
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0175
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0175
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0180
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0180
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0180
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0185
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0185
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0190
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0190
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0195
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0195
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0195
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0195
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0200
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0200
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0200
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0200
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0205
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0205
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0210
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0210
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0210
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0215
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0215
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0215
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0220
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0220
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0220
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0225
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0225
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0230
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0230
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0230
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0230
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0235
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0235
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0235
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0240
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0240
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0240
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0245
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0245
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0245
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0245
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0250
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0250
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0250
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0255
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0255
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0255
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0255
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0260
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0260
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0260
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0260
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0265
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0265
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0265
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0265
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0265
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0270
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0270
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0275
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0275
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0280
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0280
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0280
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0285
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0285
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0285
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0290
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0290
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0295
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0295
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0295
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0300
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0300
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0300
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0305
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0305
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0305
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0310
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0310
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0310
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0310
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0315
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0315
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0315
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0320
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0320
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0320
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0325
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0325
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0325
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0325
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0330
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0330
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0330
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0335
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0335
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0335
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0335
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0340
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0340
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0345
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0345
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0345

824

Glycosylation of Cancer Stem Cells  Barkeer et al.

Neoplasia Vol. 20, No. 8, 2018

[73]

[76]

[77]

[78]

[79]

[80]

(81]

[86]

[87]

[88]

[90]

[91]

Kemper K, Sprick MR, de Bree M, Scopelliti A, Vermeulen L, Hoek M, Zeilstra
J, Pals ST, Mehmet H, and Stassi G, et al (2010). The AC133 epitope, but not
the CD133 protein, is lost upon cancer stem cell differentiation. Cancer Res 70,
719-729.

Osmond TL, Broadley KW, and McConnell MJ (2010). Glioblastoma cells
negative for the anti-CD133 antibody AC133 express a truncated variant of the
CD133 protein. Int | Mol Med 25, 883-888.

Hemmoranta H, Satomaa T, Blomgqvist M, Heiskanen A, Aitio O, Saarinen J,
Natunen J, Partanen J, Laine J, and Jaatinen T (2007). N-glycan structures and
associated gene expression reflect the characteristic N-glycosylation pattern of
human hematopoietic stem and progenitor cells. Exp Hematol 35, 1279-1292.
lida H, Suzuki M, Goitsuka R, and Ueno H (2012). Hypoxia induces CD133
expression in human lung cancer cells by up-regulation of OCT3/4 and SOX2.
Int ] Oncol 40, 71-79.

Lehnus KS, Donovan LK, Huang X, Zhao N, Warr TJ, Pilkington GJ, and An
Q (2013). CD133 glycosylation is enhanced by hypoxia in cultured glioma
stem cells. Int | Oncol 42, 1011-1017.

LiuY, Ren S, Xie L, Cui C, Xing Y, Liu C, Cao B, Yang F, Li Y, and Chen X,
etal (2015). Mutation of N-linked glycosylation at Asn548 in CD133 decreases
its ability to promote hepatoma cell growth. Oncomarger 6, 20650-20660.
Springer T, Galfre G, Secher DS, and Milstein C (1978). Monoclonal
xenogeneic antibodies to murine cell surface antigens: identification of novel
leukocyte differentiation antigens. Eur J Immunol 8, 539-551.

Fang X, Zheng P, Tang ], and Liu Y (2010). CD24: from A to Z. Cell Mol
Immunol 7, 100-103.

Kay R, Rosten PM, and Humphries RK (1991). CD24, a signal transducer
modulating B cell activation responses, is a very short peptide with a glycosyl
phosphatidylinositol membrane anchor. J Immunol 147, 1412-1416.
Kristiansen G, Sammar M, and Altevogt P (2004). Tumour biological aspects of
CD24, a mucin-like adhesion molecule. / Mol Histol 35, 255-262.
Kristiansen G, Winzer KJ, Mayordomo E, Bellach J, Schluns K, Denkert C,
Dahl E, Pilarsky C, Altevogt P, and Guski H, et al (2003). CD24 expression is a
new prognostic marker in breast cancer. Clin Cancer Res 9, 4906-4913.
Zheng J, Li Y, Yang J, Liu Q, Shi M, Zhang R, Shi H, Ren Q, Ma J, and Guo
H, etal (2011). NDRG2 inhibits hepatocellular carcinoma adhesion, migration
and invasion by regulating CD24 expression. BMC Cancer 11(251), 251-259.
Lee HJ, Choe G, Jheon S, Sung SW, Lee CT, and Chung JH (2010). CD24, a novel
cancer biomarker, predicting disease-free survival of non-small cell lung carcinomas: a
retrospective study of prognostic factor analysis from the viewpoint of forthcoming
(seventh) new TNM classification. / 7horac Oncol 5, 649—657.

Visvader JE and Lindeman GJ (2008). Cancer stem cells in solid tumours:
accumulating evidence and unresolved questions. Nat Rev Cancer 8,
755-768.

Aigner S, Ramos CL, Hafezi-Moghadam A, Lawrence MB, Friederichs J,
Altevogt P, and Ley K (1998). CD24 mediates rolling of breast carcinoma cells
on P-selectin. FASEB ] 12, 1241-1251.

Yeung TM, Gandhi SC, Wilding JL, Muschel R, and Bodmer WF (2010).
Cancer stem cells from colorectal cancer-derived cell lines. Proc Natl Acad Sci U
SA107, 3722-3727.

Wei X, Dombkowski D, Meirelles K, Pieretti-Vanmarcke R, Szotek PP, Chang
HL, Preffer FI, Mueller PR, Teixeira J, and MacLaughlin DT, et al (2010).
Mullerian inhibiting substance preferentially inhibits stem/progenitors in
human ovarian cancer cell lines compared with chemotherapeutics. Proc Natl
Acad Sci U S A 107, 18874-18879.

Gao MQ, Han YT, Zhu L, Chen SG, Hong ZY, and Wang CB (2009). Cytotoxicity
of natural extract from Tegillarca granosa on ovarian cancer cells is mediated by
multiple molecules. Clin Invest Med 32, E368-375.

Gao MQ, Choi YP, Kang S, Youn JH, and Cho NH (2010). CD24+ cells from
hierarchically organized ovarian cancer are enriched in cancer stem cells.
Oncogene 29, 2672-2680.

Su D, Deng H, Zhao X, Zhang X, Chen L, Chen X, Li Z, Bai Y, Wang Y, and
Zhong Q, et al (2009). Targeting CD24 for treatment of ovarian cancer by
short hairpin RNA. Cywtherapy 11, 642-652.

Yang CH, Wang HL, Lin YS, Kumar KP, Lin HC, Chang CJ, Lu CC, Huang
TT, Martel J, and Ojcius DM, et al (2014). Identification of CD24 as a cancer
stem cell marker in human nasopharyngeal carcinoma. PLoS One 9¢99412.
Lee CJ, Dosch J, and Simeone DM (2008). Pancreatic cancer stem cells. / Clin
Oncol 26, 2806-2812.

Ricardo S, Vieira AF, Gerhard R, Leitao D, Pinto R, Cameselle-Teijeiro JF,
Milanezi F, Schmitt F, and Paredes ] (2011). Breast cancer stem cell markers

[96]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]
[116]

[117]

CD44, CD24 and ALDH1: expression distribution within intrinsic molecular
subtype. / Clin Pathol 64, 937-946.

Hurt EM, Kawasaki BT, Klarmann GJ, Thomas SB, and Farrar WL
(2008). CD44+ CD24(-) prostate cells are early cancer progenitor/stem
cells that provide a model for patients with poor prognosis. Br J Cancer 98,
756-765.

Friederichs J, Zeller Y, Hafezi-Moghadam A, Grone HJ, Ley K, and Altevogt P
(2000). The CD24/P-selectin binding pathway initiates lung arrest of human
A125 adenocarcinoma cells. Cancer Res 60, 6714—6722.

Overdevest JB, Thomas S, Kristiansen G, Hansel DE, Smith SC, and
Theodorescu D (2011). CD24 offers a therapeutic target for control of bladder
cancer metastasis based on a requirement for lung colonization. Cancer Res 71,
3802-3811.

Bacuerle PA and Gires O (2007). EpCAM (CD326) finding its role in cancer.
Br ] Cancer 96, 417-423.

Munz M, Kieu C, Mack B, Schmitt B, Zeidler R, and Gires O (2004). The
carcinoma-associated antigen EpCAM  upregulates c-myc and induces cell
proliferation. Oncogene 23, 5748-5758.

Munz M, Zeidler R, and Gires O (2005). The tumour-associated antigen
EpCAM upregulates the fatty acid binding protein E-FABP. Cancer Lest 225,
151-157.

Lu TY, Lu RM, Liao MY, Yu J, Chung CH, Kao CF, and Wu HC (2010).
Epithelial cell adhesion molecule regulation is associated with the maintenance
of the undifferentiated phenotype of human embryonic stem cells. / Biol Chem
285, 8719-8732.

Ng VY, Ang SN, Chan JX, and Choo AB (2010). Characterization of epithelial
cell adhesion molecule as a surface marker on undifferentiated human
embryonic stem cells. Stem Cells 28, 29-35.

Chong JM and Speicher DW (2001). Determination of disulfide bond
assignments and N-glycosylation sites of the human gastrointestinal carcinoma
antigen GA733-2 (CO17-1A, EGP, KS1-4, KSA, and Ep-CAM). J Biol Chem
276, 5804-5813.

Pauli C, Miinz M, Kieu C, Mack B, Breinl P, Wollenberg B, Lang S, Zeidler R,
and Gires O (2003). Tumor-specific glycosylation of the carcinoma-associated
epithelial cell adhesion molecule EpCAM in head and neck carcinomas. Cancer
Lerr 193, 25-32.

Munz M, Fellinger K, Hofmann T, Schmitt B, and Gires O (2008).
Glycosylation is crucial for stability of tumour and cancer stem cell antigen
EpCAM. Front Biosci (13), 5195-5201.

Zhang D, Liu X, Gao J, Sun Y, Liu T, Yan Q, and Yang X (2017). The role of
epithelial cell adhesion molecule N-glycosylation on apoptosis in breast cancer
cells. Tumour Biol 39, 1-8.

Corfield AP (2015). Mucins: a biologically relevant glycan barrier in mucosal
protection. Biochim Biophys Acta 1850, 236-252.

Joshi S, Kumar S, Choudhury A, Ponnusamy MP, and Batra SK (2014).
Altered Mucins (MUC) trafficking in benign and malignant conditions.
Oncotarget 5, 7272-7284.

Das S and Batra SK (2015). Understanding the unique attributes of MUC16
(CA125): potential implications in targeted therapy. Cancer Res 75,
4669-4674.

Lakshmanan I, Ponnusamy MP, Macha MA, Haridas D, Majhi PD, Kaur S,
Jain M, Batra SK, and Ganti AK (2015). Mucins in lung cancer: diagnostic,
prognostic, and therapeutic implications. / Thorac Oncol 10, 19-27.

Hanson RL and Hollingsworth MA (2016). Functional consequences of
differential O-glycosylation of MUC1, MUC4, and MUCI16 (downstream
effects on signaling). Biomolecules 6, E34.

Krishn SR, Kaur S, Smith LM, Johansson SL, Jain M, Patel A, Gautam SK,
Hollingsworth MA, Mandel U, and Clausen H, et al (2016). Mucins and
associated glycan signatures in colon adenoma-carcinoma sequence: prospective
pathological implication(s) for early diagnosis of colon cancer. Cancer Lett 374,
304-314.

Kaur S, Kumar S, Momi N, Sasson AR, and Batra SK (2013). Mucins in
pancreatic cancer and its microenvironment. Nat Rev Gastroenterol Hepatol 10,
607-620.

Nath S and Mukherjee P (2014). MUC1: a multifaceted oncoprotein with a key
role in cancer progression. Trends Mol Med 20, 332-342.

Hikita ST, Kosik KS, Clegg DO, and Bamdad C (2008). MUC1* mediates the
growth of human pluripotent stem cells. PLoS One 3e¢3312.

Curry JM, Thompson KJ, Rao SG, Besmer DM, Murphy AM, Grdzelishvili VZ,
Ahrens WA, McKillop IH, Sindram D, and Iannitti DA, et al (2013). The use of a


http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0350
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0350
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0350
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0350
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0355
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0355
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0355
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0360
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0360
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0360
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0360
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0365
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0365
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0365
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0370
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0370
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0370
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0375
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0375
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0375
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0380
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0380
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0380
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0385
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0385
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0390
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0390
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0390
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0395
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0395
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0400
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0400
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0400
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0405
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0405
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0405
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0410
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0410
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0410
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0410
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0415
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0415
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0415
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0420
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0420
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0420
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0425
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0425
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0425
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0430
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0430
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0430
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0430
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0430
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0435
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0435
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0435
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0440
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0440
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0440
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0445
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0445
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0445
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0450
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0450
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0450
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0455
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0455
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0460
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0460
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0460
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0460
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0465
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0465
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0465
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0465
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0470
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0470
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0470
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0475
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0475
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0475
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0475
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0480
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0480
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0485
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0485
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0485
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0490
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0490
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0490
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0495
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0495
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0495
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0495
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0500
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0500
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0500
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0505
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0505
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0505
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0505
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0510
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0510
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0510
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0510
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0515
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0515
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0515
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0520
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0520
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0520
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0525
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0525
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0530
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0530
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0530
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0535
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0535
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0535
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0540
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0540
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0540
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0545
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0545
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0545
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0550
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0550
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0550
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0550
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0550
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0555
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0555
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0555
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0560
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0560
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0565
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0565
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0570
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0570

Neoplasia Vol. 20, No. 8, 2018

Glycosylation of Cancer Stem Cells  Barkeer etal. 825

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

novel MUCI antibody to identify cancer stem cells and circulating MUCI in mice
and patients with pancreatic cancer. / Surg Oncol 107, 713-722.

Fatrai S, Schepers H, Tadema H, Vellenga E, Daenen SM, and Schuringa JJ
(2008). Mucin] expression is enriched in the human stem cell fraction of cord blood
and is upregulated in majority of the AML cases. Exp Hematol 36, 1254-1265.
Stroopinsky D, Rosenblatt J, Ito K, Mills H, Yin L, Rajabi H, Vasir B, Kufe T,
Luptakova K, and Arnason J, et al (2013). MUCI is a potential target for the
treatment of acute myeloid leukemia stem cells. Cancer Res 73, 5569-5579.
Engelmann K, Shen H, and Finn OJ (2008). MCF7 side population cells with
characteristics of cancer stem/progenitor cells express the tumor antigen MUCI.
Cancer Res 68, 2419-2426.

Zhou N, Zhang Y, Zhang X, Lei Z, Hu R, Li H, Mao Y, Wang X, Irwin DM,
and Niu G, et al (2015). Exposure of tumor-associated macrophages to
apoptotic MCE-7 cells promotes breast cancer growth and metastasis. /nz ] Mol
Sci 16, 11966-11982.

Zhou N, Wang R, Zhang Y, Lei Z, Zhang X, Hu R, Li H, Mao Y, Wang X, and
Irwin DM, et al (2015). Staurosporine induced apoptosis may activate cancer
stem-like cells (CD44(+)/CD24(-)) in MCEF-7 by upregulating Mucinl and
EpCAM. J Cancer 6, 1049-1057.

Gautam SK, Kumar S, Cannon A, Hall B, Bhatia R, Nasser MW, Mahapatra S,
Batra SK, and Jain M (2017). MUC4 mucin—a therapeutic target for
pancreatic ductal adenocarcinoma. Expers Opin Ther Targers 21, 657-669.
Ponnusamy MP, Seshacharyulu P, Vaz A, Dey P, and Batra SK (2011). MUC4
stabilizes HER2 expression and maintains the cancer stem cell population in
ovarian cancer cells. / Ovarian Res 4, 7.

Mimeault M, Johansson SL, Senapati S, Momi N, Chakraborty S, and Batra SK
(2010). MUC4 down-regulation reverses chemoresistance of pancreatic cancer
stem/progenitor cells and their progenies. Cancer Letr 295, 69—84.

Zhang H, Yang Y, Wang Y, Gao X, Wang W, Liu H, He H, Liang Y, Pan K,
and Wu H, et al (2015). Relationship of tumor marker CA125 and ovarian
tumor stem cells: preliminary identification. / Ovarian Res 8, 19.

Das S, Rachagani S, Torres-Gonzalez MP, Lakshmanan I, Majhi PD, Smith
LM, Wagner KU, and Batra SK (2015). Carboxyl-terminal domain of MUC16
imparts tumorigenic and metastatic functions through nuclear translocation of
JAK2 to pancreatic cancer cells. Oncotarget 6, 5772-5787.

Liu YY, Hill RA, and Li YT (2013). Ceramide glycosylation catalyzed by
glucosylceramide synthase and cancer drug resistance. Adv Cancer Res 117, 59-89.

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Gupta V, Bhinge KN, Hosain SB, Xiong K, Gu X, Shi R, Ho MY, Khoo KH,
Li SC, and Li YT, et al (2012). Ceramide glycosylation by glucosylceramide
synthase selectively maintains the properties of breast cancer stem cells. / Biol
Chem 287, 37195-37205.

Liu YY, Patwardhan GA, Bhinge K, Gupta V, Gu X, and Jazwinski SM (2011).
Suppression of glucosylceramide synthase restores p53-dependent apoptosis in
mutant p53 cancer cells. Cancer Res 71, 2276-2285.

Patwardhan GA, Hosain SB, Liu DX, Khiste SK, Zhao Y, Bielawski ], Jazwinski
SM, and Liu YY (2014). Ceramide modulates pre-mRNA splicing to restore the
expression of wild-type tumor suppressor p53 in deletion-mutant cancer cells.
Biochim Biophys Acta 1841, 1571-1580.

Hosain SB, Khiste SK, Uddin MB, Vorubindi V, Ingram C, Zhang S, Hill RA,
Gu X, and Liu YY (2016). Inhibition of glucosylceramide synthase eliminates
the oncogenic function of p53 R273H mutant in the epithelial-mesenchymal
transition and induced pluripotency of colon cancer cells. Oncotarget 7,
60575-60592.

Che MI, Huang ], Hung JS, Lin YC, Huang M]J, Lai HS, Hsu WM, Liang JT,
and Huang MC (2014). betal, 4-N-acetylgalactosaminyltransferase III
modulates cancer stemness through EGFR signaling pathway in colon cancer
cells. Oncotarget 5, 3673-3684.

Guo H, Nagy T, and Pierce M (2014). Post-translational glycoprotein
modifications regulate colon cancer stem cells and colon adenoma progression
in Apc(min/+) mice through altered Wnt receptor signaling. J Biol Chem 289,
31534-31549.

Terao N, Takamatsu S, Minehira T, Sobajima T, Nakayama K, Kamada Y, and
Miyoshi E (2015). Fucosylation is a common glycosylation type in
pancreatic cancer stem cell-like phenotypes. World | Gastroenterol 21,
3876-3887.

Schultz MJ, Holdbrooks AT, Chakraborty A, Grizzle WE, Landen CN,
Buchsbaum DJ, Conner MG, Arend RC, Yoon KJ, and Klug CA, et al (2016).
The tumor-associated glycosyltransferase ST6Gal-I regulates stem cell tran-
scription factors and confers a cancer stem cell phenotype. Cancer Res 76,
3978-3988.

LiC,DuY, Yang Z, He L, Wang Y, Hao L, Ding M, Yan R, WangJ, and Fan Z
(2016). GALNT1-mediated glycosylation and activation of sonic hedgehog
signaling maintains the self-renewal and tumor-initiating capacity of bladder
cancer stem cells. Cancer Res 76, 1273-1283.


http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0570
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0570
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0575
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0575
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0575
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0580
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0580
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0580
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0585
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0585
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0585
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0590
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0590
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0590
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0590
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0595
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0595
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0595
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0595
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0600
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0600
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0600
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0605
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0605
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0605
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0610
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0610
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0610
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0615
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0615
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0615
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0620
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0620
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0620
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0620
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0625
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0625
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0630
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0630
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0630
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0630
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0635
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0635
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0635
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0640
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0640
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0640
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0640
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0645
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0645
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0645
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0645
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0645
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0650
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0650
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0650
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0650
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0655
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0655
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0655
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0655
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0660
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0660
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0660
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0660
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0665
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0665
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0665
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0665
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0665
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0670
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0670
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0670
http://refhub.elsevier.com/S1476-5586(18)30181-7/rf0670

	Glycosylation of Cancer Stem Cells: Function in Stemness, Tumorigenesis, and Metastasis
	Introduction
	Protein Glycosylation
	N-linked Glycosylation
	O-linked Glycosylation (Mucin-Type O-Glycosylation)
	O-GlcNAcylation
	Stem Cells and Glycosylation
	ESC Markers and Its Glycosylation Variation
	Adult Stem Cell (ASC) Markers and Its Glycosylation Variation
	Glycosylation and Self-Renewal Pathways
	Glycosylation and Epithelial-Mesenchymal Transition (EMT) in Cancer
	Glycosylation of CSC Markers
	CD44 and Its Glycosylation Variation
	Importance of CD133 Glycosylation
	Surface Marker CD24 and Glycosylation Variation
	Role of Epithelial Cell Adhesion Molecule (EpCAM) in CSCs Maintenance and Glycosylation Variation
	CSCs and Mucins
	GFs in Stemness of CSCs
	Conclusion and Future Prospective
	Funding
	Ethical Approval
	Conflicts of Interests
	Acknowledgements
	Author Contributions
	References


