
Summary. Cancer stem cells (CSCs) are a small group
of cells within a tumor that preserve stemness and
enhance regrowth of cancer cells. CSCs have important
implications in resistance to conventional therapies and
tumor relapse, although their detailed properties remain
unknown. Thus, CSCs represent promising targets to
improve cancer treatment. So far, a number of cell
surface markers containing glycans have been exploited
to identify and isolate CSCs. Cell surface glycans are
well-known markers for specific cell types and also play
important cellular roles, such as regulation of cell
signaling. In normal stem cells, including embryonic and
tissue stem cells, glycan markers in an undifferentiated
state have been identified. These markers are mostly
known to regulate signaling pathways required for
maintenance of stemness. In contrast, CSC-specific
glycans have not been well characterized yet. In this
review, we summarize functional commonalities
between CSCs and normal stem cells in glycan-mediated
signaling pathways. Identification of CSC-specific
glycans may lead to early diagnosis and radical
treatment of cancer.
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Introduction

Cancer cells present a wide variety of genetic and
epigenetic characteristics even in the same patient
(Ishiwata, 2016). Among these heterogeneous cancer
cells, there are small populations (0.01-1%), defined as
cancer stem cells (CSCs), that possess the capacity to
self-renew and generate heterogeneous lineages of
cancer cells (Clarke et al., 2006; Visvader and
Lindeman, 2008). CSCs were first identified in human
acute myeloid leukemia and were found to be capable of
initiating tumors in non-obese diabetic/severe combined
immunodeficiency mice, possessing self-renewal
properties and the ability to differentiate into multiple
lineages (Bonnet and Dick, 1997). Since then, CSCs
have been isolated from various solid tumors, including
breast (Al-Hajj et al., 2003), brain (Wilson et al., 2004),
prostate (Collins et al., 2005), pancreas (Li et al., 2007),
colon (O'Brien et al., 2007), stomach (Takaishi et al.,
2009), ovary (Curley et al., 2009), liver (Terris et al.,
2010), skin (Boiko et al., 2010) and lung cancer (Zhang
et al., 2012). CSCs increase tumor resistance to
radiotherapy and chemotherapy (Zhou et al., 2009;
Singh and Settleman, 2010), which influences tumor
recurrence and overall survival in patients (van Rhenen
et al., 2005; Liu et al., 2012). Researchers have
hypothesized that the elimination of CSCs can lead to
the disappearance of specific types of cancer cells, based
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on the concept that CSCs are the sole source of tumor
self-renewal (Ishiwata et al., 2018). The development of
therapeutic strategies targeting CSCs mainly relies on
specific cell surface markers including proteins and/or
glycans.

Glycans are displayed mainly on the surface of cells
as components of glycoproteins, glycolipids and
proteoglycans (Fig. 1) (Varki et al., 2017). Glycoproteins
contain N-linked glycans (including three major types:
high mannose, hybrid and complex glycans) synthesized
on asparagine residues part of the Asn-X-Ser/Thr
consensus sequence (X: any amino acid except proline)
and O-linked glycans synthesized on serine or threonine
residues. Glycolipids such as gangliosides, which are

molecules composed of glycosphingolipids with one or
more sialic acids linked, are composed of a glycan
structure attached to a lipid tail containing the
sphingolipid ceramide. Proteoglycans are
macromolecules composed of a specific core protein
with covalently linked glycosaminoglycan chains, such
as chondroitin sulfate (CS) and heparan sulfate (HS).
Glycosylation, which is the enzymatic reaction catalyzed
by glycosyltransferases and glycosidases that binds
glycans to proteins or lipids, takes place in the
endoplasmic reticulum and the Golgi apparatus (Varki
and Lowe, 2009). Cell surface glycans contribute to
fundamental biological functions, such as cell
differentiation, cell adhesion, cell-cell interaction,
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Fig. 1. Representative glycan structures of glycoproteins and glycolipids. Glycoproteins contain N- and O-linked glycans. N-linked glycans include three
major types (high mannose, hybrid and complex glycans) and are synthesized on asparagine residues part of the Asn-X-Ser/Thr consensus sequence
(X=any amino acid except proline). O-linked glycans are synthesized on serine or threonine residues. Mucin-type O-linked glycans include many core
O-glycan structures, such as Core 1 and Core 2. Other O-linked glycans, such as proteoglycans, are macromolecules composed of a specific core
protein with covalently linked glycosaminoglycan chains, such as chondroitin sulfate (CS) and heparan sulfate (HS). CS or HS chains contain common
linkage regions. Glycolipids are composed of a glycan structure attached to a lipid tail containing the sphingolipid ceramide. Three major series of
glycolipids (ganglio-series, globo-series and lacto-series) are synthesized from lactosylceramide. Gangliosides are ganglio-series molecules composed
of glycosphingolipids with one or more sialic acids linked. Glc, Glucose; Gal, Galactose; GalNAc, N-acetylgalactosamine; Neu5Ac, N-acetylneuraminic
acid; Fuc, Fucose; Xyl, Xylose; GlcNAc, N-acetylglucosamine; Man, Mannose; GlcA, Glucuronic acid.



pathogen-host recognition, toxin-receptor interactions,
cancer metastasis, immune responses and regulation of
signaling pathways (Varki, 2017). In addition, glycans
are also used as cell surface markers (Varki, 2017).

Glycan markers are known to exhibit undifferentiated
state in pluripotent stem cells. Stage-specific embryonic
antigen 1 (SSEA-1, Lewis blood group-related
carbohydrate antigen) is known as an undifferentiated
glycan marker in mouse embryonic stem cells (ESCs)
(Muramatsu and Muramatsu, 2004). In contrast, SSEA-3,

SSEA-4, SSEA-5, the TRA-1-60 and TRA-1-81 antigens
are generally used as undifferentiated glycan markers in
human ESCs and induced pluripotent stem cells
(International Stem Cell et al., 2007; Tang et al., 2011;
Itakura et al., 2013). In this review, we describe glycans
in CSCs and show functional similarities and differences
in glycans between CSCs and normal pluripotent and
tissue stem cells. We also highlight the clinical
significance of glycans as potential therapeutic targets in
CSC-targeting therapies.
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Table 1. List of cell surface CSC markers containing glycans.

CSC marker Type of tumor References

ABCB1 Gastric cancer Jiang et al., 2012
ABCG2 Gastric cancer Jiang et al., 2012
ABCB5 Melanoma Schatton et al., 2008
CD9 ALLa Nishida et al., 2009
CD10 Head and neck squamous cell carcinoma Fukusumi et al., 2014
CD13 Liver cancer Haraguchi et al., 2010
CD15 (SSEA-1) Glioblastoma Son et al., 2009
CD19 Multiple myeloma Ghosh and Matsui, 2009
CD20 Melanoma Fang et al., 2005
CD24 Pancreatic cancer Li et al., 2007
CD26 (dipeptidyl peptidase-4) Colorectal cancer Pang et al., 2010
CD34 AMLb Bonnet and Dick, 1997

T-ALLc Cox et al., 2007
CD44 Colorectal cancer Du et al., 2008

Gallbladder carcinoma Shi et al., 2010
Hepatocellular carcinoma Zhu et al., 2010
Pancreatic cancer Li et al., 2007
Breast cancer Hu et al., 2017

CD90 (Thy-1) Liver cancer Yang et al., 2008
T-ALL Yamazaki et al., 2009

CD105 (Endoglin) Renal cell carcinoma Bussolati et al., 2008
CD110 T-ALL Yamazaki et al., 2009
CD117 (c-kit) Ovarian cancer Luo et al., 2011
CD123 (interleukin-3 R alpha) AML Jin et al., 2009
CD133 Medulloblastoma Shu et al., 2008

Colon cancer Ricci-Vitiani et al., 2007
Gallbladder carcinoma Shi et al., 2010
Hepatocellular carcinoma Zhu et al., 2010
Lung cancer Eramo et al., 2008
Melanoma Monzani et al., 2007
Pancreatic cancer Li et al., 2007

CD166 (ALCAM) Non-small cell lung cancer Zhang et al., 2012
CD184 (CXCR4) Renal cell carcinoma Gassenmaier et al., 2013
CD271 (NGFR) Melanoma Boiko et al., 2010
CD326 (EpCAM) Pancreatic cancer Li et al., 2007

Breast cancer Al-Hajj et al., 2003
SSEA-3 (glycolipid) Breast cancer Cheung et al., 2016
Ganglioside GD2 (glycolipid) Breast cancer Battula et al., 2012
Ganglioside GD3 (glycolipid) Breast cancer Liang et al., 2013

aAcute lymphoblastic leukemia. bAcute myeloid leukemia. cT-cell acute lymphoblastic leukemia.



Cell surface CSC markers containing glycans

To date, unique cell surface markers have been
exploited to identify CSCs. CSC markers, such as
membrane glycoproteins and glycolipids, are present in
various cancer and tissue types (Table 1) and have been
reported to play functional roles. CD24 is a mucin-like
glycosylphosphatidylinositol-anchored protein including
N- and O-glycans, which was originally discovered as a
leucocyte-expressed ligand for P-selectin (Aigner et al.,
1997). In pancreatic ductal adenocarcinoma (PDAC),
surface CD24 was identified as a CSC marker (Li et al.,
2007). Overexpression of CD24 in the PDAC cell line
MIA PaCa2 harboring mesenchymal features induced
mesenchymal-epithelial transition, indicating that CD24
accumulation at the cell surface stabilizes an epithelial
phenotype (Lubeseder-Martellato et al., 2016). CD44 is
a transmembrane N- and O-glycosylated protein that
binds hyaluronic acid and contributes to cell-cell and
cell-matrix adhesion, cell growth, trafficking and tumor
progression (Orian-Rousseau, 2010). Due to the
presence of variable exons, CD44 has multiple isoforms
(CD44v1–10) possessing stem cell potential. In
colorectal cancer, CD44v6 is expressed in CSCs and
plays a functional role in metastasis (Todaro et al.,
2014). In breast CSCs, CD44v3–10 respond to
osteopontin in the lung environment to enhance cancer
cell invasiveness and promote lung metastasis (Hu et al.,
2017). CD133 is a membrane glycoprotein modified
with biantennary complex-type and high-mannose type
N-linked glycans, with the terminal modified via α2,3-
sialylation. In colorectal CSCs, CD133 contributes to
cell motility and apoptosis resistance (Elsaba et al.,
2010). Moreover, Jang et al. reported that CD133
promotes CSC-like properties by stabilizing epidermal
growth factor receptor (EGFR)-Akt signaling in
hepatocellular carcinoma (Jang et al., 2017). Liu et al.
demonstrated that loss of N-glycosylation at Asn548 in
CD133 reduced cell proliferation and decreased the
ability of CD133 to associate with β-catenin and activate
β-catenin signaling in liver cancer (Liu et al., 2015). The
functional roles of glycan modifications on
glycoproteins in CSCs have been largely unknown. In
breast cancer, ganglioside GD2 was identified as a CSC
marker (Battula et al., 2012). Reduction of GD2 by
inhibition of GD3 synthase in breast cancer cells reduced
the CSC population and CSC-associated properties
including tumor formation in vivo (Battula et al., 2012).
Another report has shown that both GD2 and GD3 are
expressed in breast CSCs and contribute to sphere
formation and cell motility (Liang et al., 2013).
Relationship between glycans and signaling
pathways required for maintenance of CSCs

Signaling mediators such as leukemia inhibitory
factor, Wnt, fibroblast growth factor (FGF), bone
morphogenetic protein (BMP) and Notch contribute to
maintenance of normal stem cells including ESCs, and

the contribution of glycans to signaling mechanisms has
mostly been clarified. These pathways and related
glycans play important roles in maintenance of stemness
of CSCs, although the detailed mechanisms still have to
be characterized. The contributions of these pathways
and related glycans to normal stem cells and CSCs are
described below (see also Fig. 2).
LIF/signal transducers and activator of transcription 3
(STAT3) signaling 

The LIF/STAT3 pathway is mediated by the LIF
receptor (LIFR), which consists of two subunits, gp130
and LIFRβ. LIF induces heterodimerization and
phosphorylation of these subunits, leading to rapid
phosphorylation of intracellular non-receptor janus
kinases (JAKs) that phosphorylate STAT3 on tyrosine
residues (Davis et al., 1993). Activated STAT3 is required
for maintenance of mouse ESCs (Matsuda et al., 1999). It
has been demonstrated that LacdiNAc (GalNAcβ1-
4GlcNAc) glycan structures on LIFRβ and gp130 are
required for LIF/STAT3 signaling (Sasaki et al., 2011).
The presence of LacdiNAc structures on LIFRβ and
gp130 is also required for their localization in lipid
rafts/caveolae and their heterodimerization upon LIF
stimulation followed by LIF/STAT3 signal transduction.
In contrast, primed pluripotent stem cells, such as mouse
epiblast stem-like cells and human induced pluripotent
stem cells, have lower levels of LacdiNAc glycans and
thus no LIF/STAT3 signaling occurs in these cells (Sasaki
et al., 2011). In breast CSCs, the interleukin (IL)-
6/JAK2/STAT3 pathway is preferentially active and
suggested to contribute to maintenance of CSC properties
(Marotta et al., 2011). Penuelas et al. reported that TGF-β
increases glioma-initiating cell self-renewal through
induction of LIF in human glioblastoma (Penuelas et al.,
2009). To date, it has not been reported that LIF/STAT3
signaling regulates properties of CSCs in other types of
cancer. However, it is known that LIF is present in
various types of cancer cells (Kamohara et al., 1994).
Therefore, we assume that LIF/STAT3 signaling might be
involved in the maintenance of other CSCs and
mechanisms similar to those required for the maintenance
of naïve-state mouse ESCs mediated by glycans might be
occurring in other CSCs.
Wnt/β-catenin signaling 

The canonical Wnt/β-catenin pathway is initiated by
the binding of Wnt proteins to their cognate receptors of
the frizzled and low density lipoprotein receptor-related
protein/α2-macroglobulin receptor families on the cell
surface. The signal transduction mediated by several
cytoplasmic components induces the stabilization and
nuclear accumulation of β-catenin, leading to the
activation of Wnt target genes (Clevers and Nusse,
2012). Wnt/β-catenin signaling has an essential role in
regulating many biological processes, including
embryonic development, tissue homoeostasis and
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maintenance of stem cells. In ESCs, Wnt/β-catenin
signaling is required for establishment and self-renewal
of ESCs (Merrill, 2012; Clevers et al., 2014). HS on the
surface of ESCs is predicted to bind Wnt3a, given the
observed strong interaction between Wnt3a and heparin
(Sasaki et al., 2008). A genetic study targeting EXT1,
which is required for synthesis of HS (Lind et al., 1998),
has shown that HS on mouse ESCs contributes to
regulation of Wnt/β-catenin signaling (Sasaki et al.,
2008; Kraushaar et al., 2012). Wnt/β-catenin signaling is
also involved in the regulation of CSCs in many other
tissue types (Clevers and Nusse, 2012; Hoffmeyer et al.,
2012; Holland et al., 2013). In breast cancer, leucine-rich
repeat-containing G-protein-coupled receptor 5-

expressing CSC-like cells form self-renewing spheres
with high tumorigenicity through activation of Wnt/β-
catenin signaling (Yang et al., 2015). Wnt3a can promote
self-renewal of CSCs in acute lymphocytic leukemia and
prostate cancer (Kawaguchi-Ihara et al., 2008; Bisson
and Prowse, 2009). However, the contribution of HS to
Wnt/β-catenin signaling in the maintenance of CSCs is
still unknown. 
FGF signaling

FGFs are heparin-binding growth factors including
FGF-1 to FGF-23 (Itoh and Ornitz, 2004). Each FGF
binds to transmembrane FGF receptors (FGFRs, FGFR-
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Fig. 2. Functional glycans in signaling pathways required for maintenance of stem cells. A. LIF/STAT3 signaling. In mouse ESCs (mESCs), LacdiNAc
glycan structures on LIFRβ and gp130 are required for maintenance of self-renewal through LIF/STAT3 signaling. In CSCs, IL-6 and/or LIF/STAT3
signaling are likely involved in maintenance of self-renewal. Similar mechanisms mediated by LacdiNAc might be required for maintenance of naïve-
state mESCs. B. Wnt/β-catenin signaling. Heparan sulfate (HS) on mESCs contributes to maintenance of self-renewal through regulation of Wnt/β-
catenin signaling. Wnt/β-catenin signaling is also involved in the regulation of CSCs, however, the contribution of HS to Wnt/β-catenin signaling in the
maintenance of CSC self-renewal is still unknown. C. FGF signaling. In human ESCs (hESCs) and CSCs, FGF signaling contributes to self-renewal.
However, the involvement of HS proteoglycans in FGF-2 signaling has not been elucidated. D. BMP signaling. In mESCs, HS contributes to
maintenance of self-renewal through regulation of BMP4 signaling. In CSCs, BMP signaling is associated with CSC properties. However, the
relationship between BMP signaling and CSC self-renewal and/or differentiation remains controversial. The regulation of BMP signaling by HS in CSCs
has not been clarified yet. E. Notch signaling. In adult hippocampal NSCs, O-fucosylation of residues on epidermal growth factor-like repeats of Notch
contributes to maintenance of self-renewal. In CSCs, Notch signaling is known to contribute to self-renewal. However, the contribution of Notch O-
fucosylation to the maintenance of CSC self-renewal has not been clarified yet.



1 to FGFR-4) with high ligand specificity (Mohammadi
et al., 2005; Ishiwata, 2018). FGF signaling plays
various roles in development as well as in adult
physiology and pathology (Belov and Mohammadi,
2013). Heparin/HS proteoglycans are required for FGF-
2-induced dimerization and transphosphorylation of
FGFRs, the key events by which tyrosine kinase
receptors initiate downstream signaling (Mohammadi et
al., 2005). It is widely known that human ESCs require
FGF signaling to sustain self-renewal and the capacity to
differentiate into a large number of somatic cell types
(Xu et al., 2001). Exogenous addition of heparin
contributes to maintain human ESCs in serum-free
medium supplemented with FGF-2 (Furue et al., 2008).
For maintenance and enrichment of CSCs, suspension
cultures are usually supplemented with FGF-2 (Matsuda
et al., 2014; Ishiwata et al., 2018). The involvement of
heparin/HS proteoglycans in FGF-2 signaling in CSCs
has not yet been elucidated, although these glycans are
assumed to contribute to maintenance of CSCs by
regulating FGF-2 signaling.
BMP signaling 

The canonical BMP signaling occurs through type I
receptor-mediated phosphorylation of Smad1, Smad5
and Smad8/R-Smad (Miyazono et al., 2000). Two
phosphorylated R-Smads form a heterotrimeric complex
with a common Smad4 (co-Smad), which translocates
into the nucleus and cooperates with other transcription
factors to modulate target gene expression (Derynck and
Zhang, 2003). In mouse ESCs, BMP-4/Smad signaling
contributes to the maintenance of self-renewal and
pluripotency (Ying et al., 2003). Genetic studies, which
inhibited HS by EXT1 knockout (Kraushaar et al., 2012)
and HS sulfation by knockdown of 3’-phosphoadenosine
5’-phosphosulfate transporters and N-deacetylases/N-
sulfotransferases (Sasaki et al., 2009), revealed that HS
contributes to BMP-4/Smad signaling in mouse ESCs.
Alterations in the BMP signaling pathway have been
observed in numerous types of cancer, in some cases
closely associated with CSC properties (Lee et al.,
2008). BMP-2 was reported to promote CSC formation
in colon and ovarian cancers (McLean et al., 2011; Kim
et al., 2015). In breast cancer, BMP-2 also contributes to
CSC formation and metastasis via the Rb and CD44
signaling pathways (Huang et al., 2017). In addition,
BMP-2 was reported to inhibit CSC tumorigenicity in
osteosarcoma and renal cell carcinoma (Wang et al.,
2011, 2015). Furthermore, BMP-4 promotes
differentiation and apoptosis of colorectal CSCs
(Lombardo et al., 2011). Therefore, the relationship
between BMP signaling and CSCs remains
controversial. The regulation of BMP signaling in CSCs
by HS has not been clarified yet.
Notch signaling

The Notch signaling pathway is a highly conserved

molecular cell signaling pathway that plays roles in
proliferation, stem cell maintenance, cell fate
specification, differentiation and homeostasis of
multicellular organisms and regulates angiogenesis (Liu
et al., 2010; Zhou et al., 2013). In adult hippocampal
neural stem cells (NSCs), Lunatic fringe (Lfng), which
modulates Notch activity by modifying O-fucose
residues on epidermal growth factor-like repeats of
Notch, is selectively expressed and contributes to
maintenance of NSCs (Semerci et al., 2017). In
Drosophila intestinal stem cells (ISCs), O-fucosylation
of Notch is implicated in ISC commitment and is
dispensable for terminal cell fate choices (Perdigoto et
al., 2011). Increasing evidence suggests that Notch
signaling may promote proliferation, survival, self-
renewal, differentiation, angiogenesis and migration of
CSCs in several malignant cancers (Kraushaar et al.,
2012; McAuliffe et al., 2012; Yan et al., 2014). In renal
cell carcinoma CSCs, blockage of Notch1 or Notch2
using pharmacological inhibitors leads to loss of
stemness features (Xiao et al., 2017). However, the
contribution of glycans to Notch signaling in the
maintenance of CSCs still has to be clarified.
Sphere formation and glycans

Sphere-forming cancer cells can be induced in
suspension cultures with serum-free medium containing
epidermal growth factor and FGF-2. Sphere formation is
particularly useful to enrich potential CSC
subpopulations. Sphere-forming cultures were first
developed in 1996 using NSCs (Reynolds and Weiss,
1996). Neurosphere-forming cells (Fig. 3A) maintained
NSC phenotype with the ability to undergo multilineage
differentiation even after serial passage. It has been
demonstrated that several glycans contribute to
maintenance of NSC self-renewal and pluripotency in
sphere formation (Yagi and Kato, 2017) (Fig. 3B). Sirko
et al. reported that CS glycosaminoglycans are
selectively required for neurosphere formation,
proliferation and self-renewal of NSCs in response to
FGF-2 (Sirko et al., 2010). NSCs derived from GD3-
synthase knockout mice could not be maintained in in
vitro sphere-forming cultures (Wang and Yu, 2013),
indicating that GD3 contributes to maintenance of NSCs.
Enhancing N-glycan branching on the NSC surface in
sphere-forming cultures with GlcNAc decreases
neurogenesis and increases astrogenesis upon
differentiation (Yale et al., 2018), indicating a
contribution of N-glycans to NSC differentiation. On the
other hand, the contribution of glycans such as CS to
CSC sphere formation has not been demonstrated (Fig.
3C,D). GD2-positive CSCs in breast cancer have high
sphere-forming ability (Battula et al., 2012). In these
cells, reduction of GD2 by suppression of GD3 synthase
hampers sphere formation, indicating that GD2
contributes to maintain CSC properties. Another report
suggested that GD3 also contributes to sphere formation
in breast cancer (Liang et al., 2013). Che et al. reported
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that the LacdiNAc glycan on EGFR contributes to
maintain stemness of colon CSCs in sphere-forming
cultures (Che et al., 2014). In pancreatic cancer, sphere
formation induced an increase in fucosylated glycans
(Terao et al., 2015), although the functional role of this
increase is still unknown.
Epithelial-mesenchymal transition (EMT) and
glycans

EMT is a highly conserved cellular process that
transforms epithelial cells into mesenchymal cells. In
cancer, EMT (also exhibited by CSCs) is relevant to the
acquisition and maintenance of stem cell-like
characteristics. This relationship between EMT and
CSCs might have many implications in tumor
progression (De Craene and Berx, 2013). EMT is an

important step in the promotion of tumor metastasis,
whereby epithelial cells lose cell polarity and cell-cell
adhesion ability and acquire migratory and invasive
properties to gain mesenchymal phenotype (Thiery,
2002; Chaffer and Weinberg, 2011; Chen et al., 2017).
CSCs undergoing EMT are resistant to anti-cancer
therapies and thus cause cancer recurrence. In addition,
CSCs that undergo EMT migrate into adjacent stromal
tissues, enter the blood or lymph vessels and reach target
organs (Pang et al., 2016). The contribution of glycans to
EMT has been demonstrated in several reports (Li et al.,
2016) (Fig. 4A,B). Xu et al. reported that TGF-β1-
induced EMT dramatically down-regulated GnT-III
expression and bisected N-glycans, whereas
overexpression of GnT-III downregulated EMT through
prolonged E-cadherin turnover on the cell surface (Xu et
al., 2012). Increased expression of β-galactoside α2,6-

1001
Glycans in cancer stem cells and normal stem cells

Fig. 3. Functional glycans in sphere formation. A. Representative photo of spheres in human induced pluripotent stem cell-derived NSCs cultured on
an ultra-low attachment plate (KH, unpublished data). B. In NSCs, glycans contribute to maintenance of self-renewal and sphere formation. Chondroitin
sulfate glycosaminoglycans contribute to neurosphere formation and self-renewal of NSCs in response to FGF-2. Although the molecular mechanisms
are unknown, GD3 is likely to contribute to maintenance of NSCs. C. Representative photo of spheres in human colon adenocarcinoma HT29 cells
cultured on an ultra-low attachment plate (NS, unpublished data). D. The contribution of glycans to CSC sphere formation has not been demonstrated.
In breast CSCs, although the detailed molecular mechanisms are still unknown, GD2 and GD3 are likely to contribute to maintenance of self-renewal.
The LacdiNAc glycan on EGFR contributes to maintain stemness of colon CSCs in sphere-forming cultures, but the molecular mechanisms have not
been elucidated. In pancreatic cancer, sphere-forming cells show an increase in fucosylated glycans, but the functional roles of this increase are still
unknown.



sialyltranferase 1, which catalyzes the terminal α2,6-
sialylation of N-glycans, contributed to TGF-β1-induced
EMT in MDA-MB-231 human breast cancer cells
through a non-Smad signaling pathway (Lu et al., 2014).
Overexpression of MUC1 O-glycans positively induced
EMT in renal carcinoma cells by promoting the
interaction with β-catenin to activate the transcription
factor Snail (Gnemmi et al., 2014). It has been reported
that Gg4 (asialo-GM1 ganglioside) is reduced in EMT
and has a suppressive effect on TGF-β1-induced EMT
(Guan et al., 2009). In addition, inhibition of GD3
synthase, which leads to reduction of the CSC marker
GD2, attenuated TGF-β1-induced EMT in breast cancer
cells (Sarkar et al., 2015).

EMT is also important for generating multiple tissues
during organism development (Thiery et al., 2009). In
most ESCs, EMT might occur during differentiation. The
following processes are involved in the differentiation of
human ESCs on adherent cultures: the conversion from
E-cadherin to N-cadherin, increased vimentin expression,
increase in EMT markers such as Snail and Slug,

increased gelatinase activity and increased cellular
motility (Eastham et al., 2007). Furthermore, EMT
occurred in the embryoid body derived from human
ESCs or human induced pluripotent stem cells (Chan et
al., 2012). In mouse ESCs, E-cadherin interacts with key
components of the naïve stemness pathway. Therefore,
depletion of E-cadherin converts naïve mouse ESCs into
primed epiblast-like stem cells (Pieters and van Roy,
2014), suggesting a contribution of EMT in mouse ESC
differentiation. Thus, the occurrence of EMT in ESCs
and embryoid bodies reflects the EMT observed during
gastrulation in development. The involvement of glycans
in the EMT of ESCs still has to be characterized.
However, we expect that glycans, which regulate EMT-
related signaling molecules such as TGF-β, Wnt and
Notch, might also be involved in the EMT of ESCs
similarly to CSCs (Fig. 4C).
Conclusion

In this review, we compared functional cell surface
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Fig. 4. Functional glycans in EMT. A. Glycans contribute to the EMT of cancer cells. EMT-positive epithelial cells, in which TGF-β1-inducible and/or
TGF-β1-responsive EMT-inductive glycans are expressed, can differentiate into mesenchymal cells after TGF-β1 stimulation. In contrast, EMT-negative
epithelial cells, in which TGF-β1-inducible and/or TGF-β1-non-responsive EMT-inhibitive glycans are expressed, are unable to differentiate into
mesenchymal cells. B. Representative images of pancreatic cancer cells (PANC-1) before and after EMT induction by TGF-β1 (NS, unpublished data).
C. In ESCs, EMT likely occurs during differentiation into three germ layers. The glycans involved in EMT of ESCs are still unknown.



glycans involved in cell signaling in CSCs and normal
stem cells. To date, a number of CSC markers containing
glycans have been identified, however, CSC-specific
glycans and their functional roles have not been well-
clarified compared to normal stem cells. Both CSCs and
normal stem cells share various stemness markers and
utilize similar molecular mechanisms to drive self-
renewal and similar signaling pathways to induce their
differentiation. Future experiments shall aim to compare
glycans between CSCs (purified using markers, sphere
cultures and/or side population fractionation) and non-
CSCs using analysis methods such as lectin microarray.
To develop early detection methods and therapeutic
strategies for CSCs, future efforts will focus on the
identification of CSC-specific glycans and the
clarification of their functional roles.
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