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Abstract

Glioblastoma multiforme (GBM), the grade IV astrocytoma, is the most common and
aggressive brain tumor in adults. Despite advances in medical managements, the
survival rate of GBM patients remains poor, suggesting that identification of
GBM-specific targets for therapeutic development is urgently needed. Analysis of
several glycan antigens on GBM cell lines revealed that 12 out of 17 GBM cell lines
were positive for stage-specific embryonic antigen-4 (SSEA-4), and the identity of
SSEA-4 was confirmed by high performance thin-layer chromatography
immunostaining and mass spectrometry. Immunohistochemical staining confirmed that
38/55 (69%) of human GBM specimens, but not normal brain tissue, were
SSEA-4-positive, and correlated with high-grade astrocytoma. MC813-70, an SSEA-4
specific monoclonal antibody, was found to induce complement-dependent cytotoxicity
against SSEA-4" GBM cell lines in vitro, and suppressed GBM tumor growth in mice.
Since SSEA-4 is expressed on GBM and many other types of cancers, but not on
normal cells, it could be a target for development of therapeutic antibodies and vaccines.
On the other hand, we successfully generated a population of GBM cells with higher
stemness and tumorigenicity. In order to discover the specific markers expressed on
GBM stem cells, we utilized a panel of glycan-related antibodies to profile the
expression of glycan epitopes, including glycoproteins or glycolipids. Among these
glycans, the expression of GD2 was found to be elevated on stem-like cell population.

Further study would illustrate the relationship between GD2 and GBM stem cells.

Keywords: glioblastoma multiforme, SSEA-4, monoclonal antibody, glycolipid, cancer

stem cell, ganglioside, targeted therapy, tumor-associated antigen, GD2

v



Table of Contents

P2 R £ B oo e i
5 TR M 1i
B R iii
ADSETACT. . .ot v
Table Of CONENES. ... .ottt e v
List Of FigUIes. .. ..o e viil
List of Supplementary Figures.........c.ooviiuiiiiiiiiiiii e, 1X
List Of Tables. . ....uie e X
ADDTEVIALIONS. . ...ttt X
CHAPTER1: INTRODUCTION. ...ttt e 1
T ) 4] 1015 A 2
1.2 Overview of glioblastoma multiforme................c..cooiiiiiiii i, 2
1.3 GIyCOoSYIation. .. ..vieiit i 6
1.4 Glycosphingolipids. ........ouoiuiiinii i 7
1.5 GIObDO-SETieS GSLS. .. .uetiiti e 9
1.6 GlyCans 1N CANCETS. ... .uuuinttnt ettt ettt ettt e e e 10
1.7 Glioma-associated GSLS..........oieiiiiiiii e, 13
1.8 Target therapy of GBM....... ..o 14
1.9 GBM stem Cells. ..o 15
1.10 Significance and rationale..............oooiiiiiiiii i 17
CHAPTER 2: MATERAILS AND METHODS.......ccoiiiiiiiiiiiiieeee, 18
2.1 REAGENLS. ..ttt 19
2.2 FIOW CytOmeIIY . .. ettt ettt et ettt et et et et e e eeeaeenns 19
2.3 Cell CUItUTe. ..o, 20



2.4 Immunofluorescent StaINING. .......o.eueiuirtiitit it 21

2.5 ImmunohiStOChEMISIIY .. ..uitt ittt e et e e eneeaas 2
2.6 Glycan Array Fabrication..............coooviiiiiiiiiiiiiii i, 22
2.7 Antibody Binding ASSaY........c.viiiiriitiitiii i 22
2.8 Sialidase Treatment. .........ouuiuiiiiei e, 23
2.9 Extraction of Glycosphingolipids...........ooeviiiiiiiiiiiiiiiiiiiiiiii i, 23
2.10 High-Performance Thin-Layer Chromatography................c..coooiin 24
2.11 TLC ImmuUNOStaAINING. ... eouutenteetteatte et eate e eeeeeenteeaeeenaeenans 25
2.12 MALDI-MS Profiling and MS/MS Analysis.........cccoeieiiiiiiniiiiiinninn 25
2.13 Complement-Dependent CytotoXiCity ASSAY......evererrierrireineennenninnans 26
2.14 In vivo Tumor Growth....... ..., 26
2.15 Neurosphere Culture..........c.oooviiiiiiiiii e e 27
2.16 Quantitative real- time polymerase chain reaction................................ 28
2.17 SDS-PAGE and western blot.............ocooiiiiiiiiiiiiiii 28
CHAPTER 3: RESULT S, ..ottt e 30

3.1 Flow cytometric analysis of glycan epitopes revealed MC813-70 binds to GBM
Cell TS, .. 31
3.2 Examination of MC813-70 specificity by glycan microarray.................. 32
3.3 Verification of MC813-70 staining on GBM cell lines by HPTLC
TMIMUNOSTATNINE. ..ttt ettt e e e et et e et e e et e e eeenneenans 33
3.4 Sialidase treatment confirms the structure of MC813-70 antigen as an
02,3-sialyl globo-series GSL........coiiiiiiiii i 34
3.5 Analysis of DBTRG gangliosides by mass spectrometry indicates the presence
Of SSEA-4 glyCOlipid. .. ..ooviiniiii e, 35

3.6 Expression of SSEA-4 in GBM tiSSUES. ... ..ccvvuiitiiiiiiiiiiiiiiiieee, 36

vi



3.7 MC813-70 Mediates CDC against GBM Cell Lines.............cc..coveenninii, 37
3.8 MC813-70 Suppresses Brain Tumor Growth in Vivo...............cociiiianii. 38
3.9 Expression of SSEA-4 in Various Cancer Cell Lines................ccoooiii 38
3.10 Cells maintained in in vitro neurosphere culture expressed higher levels of
1S 101 LS oS 4 1S 40

3.11 Neurosphere cells show higher potential of self-renewal and

BUIMNOTOZEINICTEY . .+ttt ettt ettt et et e ettt et et e et et e et e e aaeens 41

3.12 Expression of GD2 is increased in neurosphere cells............................. 41
CHAPTER 4: DISCUSSION. ...ttt 43
CHAPTER 5: FIGURES. ... e 50
CHAPTER 6: SUPPLEMENTARY FIGURES. ... ... 74
CHAPTER 7: TABLES . ... e, 77
CHAPTER 8: REFERENCES. ... o e, 85
APPENDIIX . L 106

The manuscript published on-line in Proceedings of the National Academy of

Sciences of the United States of America

vii



List of Figures
Figure 1. Flow cytometric analyses of glycan-related molecules on GBM cell lines (G5T,

LN-18, U-138, and U-251)....ciuiiiiitiiii e e 51

Figure 2. Flow cytometric analyses of globo-series glycosphingolipids on GBM cell

Figure 4. The glycan binding profile of mAb MC813-70............cccoiiiiiiiiiiiinnn 57
Figure 5. Effect of methanol on MC813-70 immunoreactivity toward GBM cells...... 58
Figure 6. HPTLC profiles and immunostaining of gangliosides from GBM cell lines...59
Figure 7. HPTLC profiles and MC813-70 immunostaining of gangliosides extracted
from DBTRG CellS. ... .ouinieii i 60

Figure 8. Desialylation of gangliosides from GBM cells affected MC813-70 and MC631

12111111 PPN 61
Figure 9. Desialylation of GBM cells affected MC813-70 and MC631 staining......... 62
Figure 10. MALDI-MS profiles of gangliosides from GBM cell lines..................... 63
Figure 11. Expression of SSEA-4 in grade I-IV astrocytoma....................cooeeeinen. 64
Figure 12. MC813-70 triggered CDC in GBM cells.............ccooviiiiiiiiiiiiien, 65
Figure 13. Inhibition of DBTRG tumor growth by MC813-70.............cociiiiinnn 66

Figure 14. Immunostaining of SSEA-4 on HPTLC-separated gangliosides from cancer

Figure 15. The morphology of neurospheres derived from GBM cancer cell lines...... 68
Figure 16. GBM neurosphere cells expressed higher levels of mRNA related to
150 101 TSI o3 12 N 69
Figure 17. GBM neurosphere cells expressed higher levels of Sox2, nesitn, and

viii



Figure 18. The cells derived from GBM neurospheres exhibited higher self-renewal
potential and tUMOTOZENICILY ... ....vuuintint ittt et e 71
Figure 19. A higher amount of GD2 is expressed in GBM neurospheres.................. 72

Figure 20. Human GBM cell lines express a higher level of ST3GAL2 than FUTI and

List of Supplementary Figures
Supplementary Figure 1. Biosynthetic pathway of glycosphingolipids and
BANEIIOSIACS . ..ttt ettt e e e e e 75

Supplementary Figure 2. Biosynthetic pathway of globo-series glycosphingolipids.....76

List of Tables
Table 1. Forward and reverse primers of enes...........ocvvveiiiiviiiiiiiiiiiiiiiinneennnnn. 78
Table 2. Expression profiles of glycan-related epitopes in GBM cell lines (LN-18,
U-138, U-251 and GS5T)..ueneiniit it 79
Table 3. Expression of globo-series GSLs on cancer cell lines.............................. 80
Table 4. Flow cytometry analysis of expression of globo-series GSLs on various cancer
CeIl TS, .. 81

Table 5. Expression patterns of surface glycans on GBM and GBM neurosphere cells.84

X



Abbreviations

ADCC
APC
bFGF
CDC
CDC
Cer
CNS
DHB
D-PDMP
EGFR
FKBP4
FUT
GAG
GalCer
GBM
GlcCer
GPI
GSL
hESC
Hex
HexNAc
HPTLC
HSPG
IGF1R
IUPAC
LacCer
LDH
Lex
Ley
MAL 11
MALDI
MS
NHS
NOD-SCID
Oct-4
PAGE

antibody-dependent cellular cytotoxicity
allophycocyanin

basic fibroblast growth factor
complement-dependent cytotoxicity
cancer stem cell

ceramide

central nervous system

2,5-dihydroxybenzoic acid

D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol

epidermal growth factor receptor

FK-506 binding protein 4

fucosyltransferase

glycosaminoglycan

galactosylceramide

glioblastoma multiforme

glucosylceramide
glycosylphosphatidylinositol
glycosphingolipid

human embryonic stem cell

hexose

N-acetylhexosamine

high-performance thin-layer chromatography
heparin-sulphate proteoglycan

insulin-like growth factor 1 receptor
International Union of Pure and Applied Chemistry
lactosylceramide

lactate dehydrogenase

Lewis x

Lewisy

Maackia amurensis lectin 11

matrix-assisted laser desorption/ionization
mass spectrometry

N-Hydroxysuccinimide

non-obese diabetic/severe combined immunodeficient
octamer-binding transcription factor 4

polyacrylamide gel electrophoresis
X



PBS
PCR
PDGFR
PI
PTEN

SDS
sLex
SOX2
SPG
SSEA-3
SSEA-4
sTn

TF
VEGF
WHO

phosphate buffered saline

polymerase chain reaction
platelet-derived growth factor receptor
propidium iodide

phosphatase and tensin homolog

red blood cell

sodium dodecyl sulfate

sialyl Lewis x

SRY (sex determining region Y)-box 2
sialyl paragloboside

stage-specific embryonic antigen-3
stage-specific embryonic antigen-4
sialyl Tn

Thomsen-Friedenreich

vascular endothelial growth factor
World Health Organization

X1



CHAPTERI1: INTRODUCTION



1.1 Perspective

Cancer, known as a malignant neoplasm, is a broad group of diseases that can occur in
any part of human bodies. Cancer cells divide and grow rapidly and uncontrolledly,
forming malignant tumors, invading nearby parts of the body and eventually
metastasizing to other organs. Cancer is a leading cause of death worldwide, accounting
for 7.9 million death (about 13% of all human deaths) in 2007 [1], and the rates are
projected to continue rising as more people live to an old age and with modern lifestyles
in the developing world. Besides conventional therapies for cancer, including surgery,
chemotherapy and radiation therapy, the scientists are making great efforts in
elucidating the basic tumor biology and developing novel therapies against cancers for
decades. Among hundreds of different types of cancers, our study focuses on
glioblastoma multiforme (GBM), one of most deadly human cancers, examining for

novel biomarkers with therapeutic potentials in GBM and GBM tumor initiating cells.

1.2 Overview of glioblastoma multiforme

GBM is one of the most aggressive and malignant cancers of the central nervous system
(CNS). In CNS, neuronal cells and glial cells work together to maintain a functional
nervous system. GBM phenotypically resembles astrocytes, one kind of glial cells, and

therefore is a type of astrocytoma, one kind of gliomas. According to World Health



Organization (WHO) grading system, based on histological characteristics,

astrocytomas are classified into four prognostic grades: grade I (pilocytic astrocytoma),

grade II (diffuse astrocytoma), grade III (anaplastic astrocytoma) and grade IV (GBM)

[2]. Anaplastic astrocytomas are characterized by increased cellularity, nuclear atypia,

and mitotic activity. As the name implies, glioblastoma is multiforme; all GBM tumors

may not be generated equal, containing regions of microvascular proliferation,

pseudopalisading necrosis, and pleomorphic nuclei and cells. Besides, GBM is

genetically heterogeneous. GBM can be separated into two main subtypes based on the

biologic and genetic differences. For decades, it has been known that some low grade or

anaplastic astrocytomas can recur, progress and transform into GBM over a period of

years. These have been traditionally termed secondary GBMs, whereas de novo GBM

tumors are named as primary GBMs [3, 4]. Primary GBM is characterized by epidermal

growth factor receptor (EGFR) amplification and mutations (40~60%; < 10% in

secondary GBMs) [5], loss of heterozygosity of chromosome 10q [6], deletion of

phosphatase and tensin homologue on chromosome 10 (PTEN) [7], and p16 deletion [8,

9]. Secondary GBM is characterized by mutations in the p53 tumor-suppressor gene [5],

overexpression of the platelet-derived growth factor receptor (PDGFR) [10], promoter

methylation of RBI and p144RF loss of heterozygosity of chromosome 10q [11], and

mutations in NADP+-dependent isocitrate dehydrogenase [12, 13]. The median age of



primary GBM patients is about 62, and the median age of secondary GBM is about 45

[7, 14]. GBM is more 40% more common in men than in women and twice as common

in Caucasians as in AAs [15]. Primary GBM is rarely seen in younger patients. GBM is

also the most common primary CNS malignant tumor in the USA and European

countries, with about 3 in 100,000 people newly diagnosed with GBM each year,

accounting for over 51% of all gliomas [15]. In Taiwan, there are about 200 people

diagnosed with GBM each year. The etiology of GBM in unknown, and many factors

that increase the risk of developing GBM have been suggested; however, the only

established risk factor is exposure to ionizing radiation [16]. Cellular phones are known

to emit small amount of non-ionizing electromagnetic radiation, and because the use of

cellular phone has become prevalent worldwide, electromagnetic radiation exposure due

to cellular phone use has become a concern but not yet been proven [16-18]. Other

suspected risk factors include head trauma, pesticide exposure, polyvinyl chloride, and

alcohol consumption. Symptoms of GBM are variable and depend on the size and the

location of the tumor. The common symptoms and signs for patients with GBM are

progressive headaches, seizures and focal neurologic deficits. GBM patients often

display a multitude of varying symptoms; therefore, diagnosis is more commonly made

following surgical resection. Standard treatment for GBM patients includes surgical

resection, chemotherapy, and radiation therapy. Maximal surgical resection is the first



stage of treatment of GBM. The greater the extent the tumor can be removed, the better

prognosis the patients have [19]. GBM cells are widely infiltrative through the brain, so

a complete resection of GBM tumor is impossible. Most GBM patients later develop

recurrent tumors either near the original site or at more distant "satellite lesions" within

the brain. After the efficacy of radiation therapy was reported in the 1970s [20],

radiation therapy becomes a standard treatment of GBM following surgery.

Chemotherapy is administrated in conjugation with radiation therapy. While there are

many different chemotherapeutic agents available for the treatment of GBM, the most

commonly used agent is Temozolomide [21]. Temozolomide is an oral alkylating agent,

and inhibits DNA repair mechanism in tumor cells [22]. Temozolomide is associated

with the lowest incidence of recurrence and longer survival rates of gliomas. Although

advances in medical management have improved the quality for life for GBM patients,

the effect on GBM survival has been modest. The median survival time from the time of

diagnosis without any treatment is 3 months, and for GBM patients with treatment is

about 14-15 months [23]. Five-year survival rates are about 13% for patients aged 14-15

years, and only 1% for those aged > 75 years [24]. Because of these challenges, new

approaches are needed. Better understanding of the genetic and proteomic changes in

GBM tumorigenesis can be translated into new therapeutic treatments, especially

molecule-based targeted therapies.



1.3 Glycosylation

Glycans, assemblies of sugars, are one of the fundamental components of cells and may
also be the most abundant and diverse biopolymers in nature. The mammalian glycome
is estimated to be between hundreds and thousands of glycan structures. Glycosylation
produce numerous types of glycans (or glycoconjugates) that are attached to proteins,
lipids, or other organic molecules. Protein glycosylation includes N-linked
glycosylation, O-linked glycosylation, and proteoglycans. The oligosaccharide chain
(N-glycan) is linked to asparagine residues of proteins, especially in the tripeptide
sequence Asn-X-Ser/Thr where X could be any amino acid except Pro or Asp. This
sequence is known as a glycosylation sequon. O-linked glycosylation is the attachment
of O-glycans to oxygen atom of serine and threonine residues of proteins [25, 26].
Proteoglycans are highly glycosylated proteins, consisting of a “core protein” with one
or more covalently attached glycosaminoglycans (GAGs), long unbranched
polysaccharides with a repeating disaccharide unit [27]. Although GAGs are also
attached to serine residues of core proteins, they are biosynthesized by different
pathways. Lipid glycosylation adds glycans to lipids and produces glycolipids,
glyceroglycolipids, and glycosphingolipids (GSLs) [28]. Glypiation,
glycosylphosphatidylinositol (GPI) covalently linked to the C-terminus of a protein, is

widely detected on various surface proteins [29]. There are other less common types of



glycosylation, for example, on lysine, tryptophan, or tyrosine residues of proteins.
Glycans are synthesized in an ordered and sequential manner from nine monosaccharide
building blocks by the cooperation of glycosyltransferases and glycosidases.
Glycosyltransferases transfer a glycosyl donor to another molecule covalently, and
glycosidases  hydrolyze specific glycan linkage. Gene transcription of
glycosyltransferases and glycosidases has a great impact on the formation of glycans.
Cell-type-specific expression of glycosylation genes reflects on the distinct pattern of
glycans displayed. Analysis of transcriptional levels of enzymes relevant to glycan
structures is helpful in predicting glycan expression patterns [30]. Glycosylation, like
other post-translational modification, affects the functions of proteins in many different
ways. Glycans can promote or inhibit intra- and intermolecular binding, regulating the
interactions of proteins with other molecules. By this regulation and binding to lectins
(glycan binding proteins), glycans involve in multiple cellular mechanisms, such as
protein folding [31], signal transduction, receptor activation [32, 33], molecular
trafficking and clearance [34], cell adhesion [35], and endocytosis [36]. Because of the
diversity of glycan structures, the information and functions of glycans are numerous

and have been a major focus for the past decades.

1.4 Glycosphingolipids



Glycosphingolipids (GSLs) are a subtype of glycolipids containing a long-chain amino

alcohol, sphingosine. Sphingosine is linked to a fatty acid via an amide bond to form a

ceramide, the lipid moiety of GSLs. The fatty acids of ceramides varied widely, with

acyl chain lengths ranging from 14 to 26 carbon atoms (or greater). Most of the fatty

acids are saturated or mono-unsaturated, and the most common fatty acid are palmitic

(C16:0) and stearic (C18:0) non-hydroxy fatty acid [37]. The diversity of ceramides

affects the presentation of the attached glycan on the cell membranes. Addition of one

or more sugars on a ceramide produces GSLs, and the first sugars linked to ceramide are

generally B-linked galactose (GalCer) or glucose (GlcCer). GalCer and its analog

sulfatide are major glycans in the brain, enriched in myelin-forming cells and

oligodendrocytes [38], while GlcCer is abundant in certain tissues, like skin [39].

Typically, a galactose is transferred to GlcCer on glucose moiety with 1-4 linkage by

the lactosylceramide synthase, forming lactosylceramide (LacCer) [40, 41], which play

an important role as a precursor for the synthesis of complex GSLs [42]. Further

elongations of the glycan on LacCer by different glycosyltransferases generate a series

of neutral “core” structures that constitute the basis of the nomenclature of GSLs (Fig.

S1). Therefore, ganglio-series GSLs are based on the neutral core structure

Galp1-3GalNAcP1-4GalB1-4GlcpCer, whereas neolacto-series GSLs are based on the

core structure Galp1-4GIcNAcB1-3GalB1-4GlcpCer, lacto-series on



GalB1-3GIcNAcP1-3Galp1-4GlcpCer, globo-series on Galal-4GalB1-4GlcpCer, and

1soglobo-series on Galal-3Galf1-4GIlcBCer. Abbreviations for the subfamily have been

recommended by International Union of Pure and Applied Chemistry (IUPAC) to make

the nomenclature simple; Gg stands for ganglio-, Lc for lacto-, nLc for neolacto-, Gb for

globo-, and 1Gb for isoglobo-. The designation of the structure family is followed by the

number of monosaccharide units of the GSL, and the suffix “ceramide” (Cer) [43]; for

example, Galp1-3GIcNAcB1-3Galf1-4GlcBCer is commonly called Lc4Cer. Base on

certain modification of GSLs, GSLs could be further classified as neutral (with no

charged sugars or ionic groups), sialylated (with one or more sialic acid residues), or

sulfated. Generally, all sialylated GSLs are considered as gangliosides whether they

belong to ganglio-series GSLs or not. The expression pattern of these GSL subtypes is

tissue-specific. For example, ganglio-series GSLs are predominantly expressed in the

brain [44], and neolacto-series GSLs are distributed on certain hematopoietic cells [45],

and lacto-series GSLs are mainly in secretory organs, and globo-series GSLs are mostly

expressed in erythrocytes [46]. The specific distribution of GSLs indicates that different

functions of GSLs in these tissues.

1.5 Globo-series GSLs

The GSLs of globo-series feature a Gala1-4Gal linkage to lactosylceramides, and this



linkage is catalyzed by lactosylceramide 4-alpha-galactosyltransferase, encoded by
A4GALT gene (Fig. S2) [47]. Globotriosylceramide (Gb3Cer), also known as CD77
antigen and Pk antigen, globoside (Gb4Cer), also known as P antigen, and P1 antigen
(Gala1-4nLc4Cer) constitute the basis of P-blood group system [48]. The P1 red blood
cell (RBC) phenotype is defined as P1 and P antigens on RBC and is the most common
phenotype with a prevalence of approximately 75%. The P2 RBC phenotype indicates
the absence of P1, with a prevalence of about 25%. The rare Pk (absence P and P1) and
p (absence of Pk, P and P1) phenotypes are resulted from the inactivating mutations in
the B3GALNTI and A4GALT genes, respectively [49, 50]. Gb3/CD77 is also a
differentiation antigen of B cell lineage [51], and a receptor for Shiga Toxin and
Verotoxin 1 (VT1) [52]. Galactosyl globoside (Gb5Cer) and sialyl galactosyl globoside
(sialyly Gb5Cer, SGG, MSGG), also known as stage-specific embryonic antigen-3
(SSEA-3) and SSEA-4, respectively, are widely used as cell-surface markers to define
human embryonic stem cells (hESCs) [53, 54]. SSEA-3 and -4 are expressed on hESCs
and human embryonal carcinoma cells and downregulated as these cells differentiate
[53, 55]. In addition to P-blood group, partial of the ABH blood group activity is

contributed from globo-series GSLs, Globo H and Globo A [56].

1.6 Glycans in cancers

10



Altered glycosylation is a feature of cancer cells, and several glycan structure are

well-known tumor markers [57]. In 1969, healthy fibroblasts have been demonstrated to

have smaller membrane glycoprotein than their transformed counterparts [58], and later,

histological studies showed that healthy and malignant tissue displayed different

patterns of lectins binding [59]. Recently, more and more cancer-associated cell surface

glycans have been described with monoclonal antibodies and mass spectrometry [60].

These findings illustrate the molecular changes during malignant transformation and

provide novel ideas for developing therapies against cancers. The alterations of

glycosylation include over- and down-expression of specific natural glycans, as well as

neo-expression of glycans normally expressed on the embryonic tissues, so called

oncofetal antigens. Most of these glycan changes are resulted from the altered

expression of glycosyltransferases in the Golgi of cancer cells. The most common

change is the overall increase in the size and branching of N-linked glycans [61]. This

increase is usually caused by the increased activity of N-acetylglucosaminyltransferase

V (GIcNAc-TV, also known as MGATS) [62]. The increased branching, followed by

terminal sialylation through upregulation of sialyltransferases, leads to a global increase

of sialic acid content on cancer cells [63]. In addition to change in the core structures of

glycans, several terminal glycan epitopes are overexpressed on tumor cells, such as

sialyl Lewis x (sLex), sialyl Tn (sTn), Lewis y (Ley), Globo H, and polysialic acid

11



[64-66]. Many tumors also exhibit increased expression of certain glycoproteins and

glycolipids, especially the gangliosides. Mucin, a highly O-glycosylated glycoproteins,

i1s overexpressed in many epithelial tumor [67]. Gangliosides, normally observed in

neural system, and are found to be elevated in many tumors, such as GD2, GD3 and

fucosyl GM1 [65, 68]. Tumor progression contains a variety of alterations in

intercellular and intracellular signaling. Some of these glycans have been characterized

as key mediators in pathophysiological events during tumor progress. Activation of

insulin-like growth factor 1 receptor (IGF1R) through its own N-glycosylation, and

ERBB2 (a member of epidermal growth factor receptor family) through O-glycans on

mucins are involved in the growth and proliferation of cancer cells [69]. The enhanced

expression of sialic acids on tumor cells might help cell detachment from neighboring

cells through charge repulsion and polysialylation is usually correlated with increased

invasiveness and poor prognosis [70, 71]. Specific heparin-sulphate proteoglycans

(HSPGs), which bind to lot of growth factor and pro-angiogenic factor, are

overproduced and may play crucial roles in tumor growth and angiogenesis [72, 73].

Furthermore, certain gangliosides overexpressed by tumors are often shed into

bloodstream and can lead to immune silencing, probably through the inhibition of

co-stimulatory molecule synthesis and suppression of dendritic-cell maturation [74-76].

Therefore, investigation of the change and the role of glycans during tumor progression
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would provide not only knowledge on glycobiology and cancer biology but also new

targets for anti-cancer therapy.

1.7 Glioma-associated GSLs

Tumor-associated GSLs, especially gangliosides, have attracted lots of interest in tumor

research. Several tumor-associated gangliosides have been discovered and studied on

gliomas. Elevation of monosialylated gangliosides GM3 and GM2 and their disialylated

derivatives GD3 and GD2 were observed in glioma biopsies [77-79]. GM3 is also found

in medulloblastomas and meningiomas [80], and normally expressed in a variety of

cells and tissues, including normal brain [81] and RBC [82]. The increase of GD3 was

most significant, and besides gliomas, GD3 is reported as a tumor-associated

ganglioside in melanoma [83], leukemia [84], lung cancer [85] , and breast cancer [86].

However, the correlation between GD3 and malignancy remains obscure [79, 87-89].

Ganglioside GD2 is well known tumor-associated ganglioside in neuroblastoma [90],

melanoma [91], and small cell lung cancer [92], but only expressed with a modest level

in normal tissues. A novel lacto-series gangliosides, 3’-isoLM1 (sialyl Lc4,

NeuAca2-3GalB1-3GlcNAcB1-3Galp1-4GlcPCer), was fist isolated from the human

glioma cell line D-54 MG xenografts in nude mice [93]. Later, the existence of

3’-isoLM1 was verified in human glioma biopsies [94], and with monoclonal antibody
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against 3’-isoLM1, SL-50, 3’-isoLM1 was detected in an invading subset of glioma
cells [87]. Analyses of D-54 MG xenografts also revealed the existence of 3’6’-isoLD1
(disialyl Lc4, NeuAca2-3Galfl-3(NeuAca2-6)GIcNAcB1-3Galf1-4GIcpCer), the
disialylated form of 3’-isoLM1 [93]. The expression of 3°6’-isoLD1 was validated in
frozen sections of glial tumors with monoclonal antibodies [95]. 3’-isoLM1, unlikely its
neolacto-series isomer, sialyl paragloboside (SPG), is not found in normal brain or in
RBC. Moreover, 3’-isoLM1 and 3°6’-isoLD1 are detected only in fetal human brain
during the first trimester [96]. Since some of these glioma-associated gangliosides are
rarely expressed or even absent in normal tissues, they are suitable for targeted therapy
[97]. Hence, these glioma-associated GSLs would provide new targets for development

of new therapies against gliomas.

1.8 Target therapy of GBM

Traditionally, chemotherapy and radiation therapy for treatment of cancer are designed
to aim at proliferating cancer cells with minimal effect on non-cancerous cells. However,
this strategy only has modest effect on GBM patients, and more effective therapeutic
options are needed. Targeted therapy is such a choice, which GBMs are highly suitable
for. GBM tumors have a set of genetic alterations and signaling pathway disruption,

providing potential targets. As mentioned above, both EGFR and PDGFR are
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overexpressed in GBM and the enhanced signaling pathways are involved in the

proliferation and survival of GBM cells. A number of synthetic kinase inhibitors have

been developed and are in clinical trial, such as erlotinib and gefitinib for EGFR

[98-100], and imatinib for PDGFR [101]. Deletion of PTEN make the PTEN/Akt

pathway and downstream, mTOR, appealing targets for therapy [102]. Moreover, the

inhibitor of vascular endothelial growth factor (VEGF)/VEGFR pathway, bevacizumab

(monoclonal antibody against VEGF), suppress the proliferation of GBM cells as well

as angiogenesis which is crucial for GBM tumors [103-105]. In addition to interfering

the function of target proteins, monoclonal antibodies against specific molecules on cell

surface also stimulate the patient’s immune system to attack those cells [106], since

these naked (unarmed) monoclonal antibodies can potentially trigger

antibody-dependent cellular cytotoxicity (ADCC) and complement dependent

cytotoxicity (CDC). Furthermore, these antibodies can combined with conventional

cytotoxic therapies to generate armed antibodies or radionuclides [107], and even

deliver liposomes to tumor cells [108].

1.9 GBM stem cells

Many studies have reported that brain tumors recur after standard treatment are more

resist to further therapy. This phenomena is not only found on GBM but also on several
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other cancers [109, 110]. Besides, GBM tumors, as well as most of other tumors, exhibit

functional heterogeneity between subtypes of tumor cells [111]. The tumor

heterogeneity and the concept of resistant cells within tumor mass prompted the

hypothesis of so called cancer stem cell (CSC), or cancer stem-like cells, or TICs [112].

The first solid evidence of CSCs have been revealed in 1997, a subpopulation of

leukaemic cells (CD34+/CD38-) is capable of initiating tumors in immunodeficient

mice [113]. Since then, cells with characteristics of CSC and their specific surface

makers have been reported in various hematopoietic and solid tumors, including colon,

breast and lung cancer, melanoma and brain tumor [114-122]. Cancer stem-like cells in

GBM were first reported in 2002, successfully isolating stem-like cells from clinical

tumor specimens using an in vitro culture system [123]. The first surface marker for

isolation of GBM stem-like cells is CD133, a cholesterol-binding membrane protein of

unknown biological function [122]. CD133, also a marker for normal neural stem

cells,-positive GBM cells exhibit stem cell properties in vitro, and as few as 100

CD133+ cells are capable of initiating a tumor that was a phenocopy of the original

tumors. A number of surface molecules have been demonstrated as useful markers for

isolation of GBM stem-like cells, such as integrin a6, SSEA-1 (Lewis X), and A2B5

[124-126]. It remain to be determined to what extent the isolated cells fulfill the

properties of CSC, and more precise definition of marker sets and understanding the
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cellular and genetic mechanisms within CSC would improve the development of

therapeutic strategy.

1.10 Significance and rationale

We examined the expression of surface glycans on GBM and GBM-stem like cells by a
panel of anti-glycan antibodies. Then, the specificity of the antibody was assayed with
glycan array, and the expression and the identity of the glycan antigen were analyzed by
immunoblotting and mass spectrometry. We further examined the expression of SSEA-4,
which was found highly expressed in the GBM cell lines, in the clinical specimens of
gliomas with immunohistochemistry. Since SSEA-4 generally is not expressed in
normal tissues, we tested whether SSEA-4 has the potential as a therapeutic target by
the use of monoclonal antibody in the in vitro cytotoxicity assay and the in vivo tumor
growth experiment. We also profiled the expression levels of SSEA-4 in other 13 cancer
cell lines, to verify whether SSEA-4 might be expressed in various tumors in addition to
GBM. On the other hand, we utilized the in intro culture system to enrich cells with the
CSC properties, tested the stemness and the tumorigenicity of this subpopulation, and
examined the differences of surface glycans between GBM and GBM stem-like cells.
The reliability of these GBM stem-like cell-specific markers will be examined in the

following experiments.
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CHAPTER 2: MATERAILS AND METHODS
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2.1 Reagents

Anti-Le*, anti-sLe*, and anti-GD2 antibodies were purchased from BD Biosciences
(Franklin Lakes, NJ). Anti-GDla, anti-GT1b and Alexa Fluor® 488 anti-A2B5
antibodies were purchased from Millipore (Billerica, MA). Anti-GM1 and anti-GM2
antibodies were purchased from Calbiochem (Merck, Darmstadt, Germany). Anti-Le*
and anti-sTn antibodies were purchased from Abcam (Cambridge, UK). Anti-TF
antibody was purchased from Thermo Scientific (Waltham, MA). Anti-Tn antibody was
purchased from DakoCytomation (Glostrup, Denmark). Fluorescence-labelled or
purified MC813-70 and MC631 were purchased from Biolegend (San Diego, CA).
MC813-70 ascites were purchased from Developmental Studies Hybridoma Bank at the
University of Iowa. The usages of these antibodies in individual experiments were

descried in the following paragraphs.

2.2 Flow Cytometry

Cells (1 x 10°) were stained with 0.5ug Alexa Flour 488-conjugated anti-SSEA-3 mAb
(MC-631), anti-SSEA-4 mAb (MC813-70) or allophycocyanin (APC)-conjugated
anti-Globo H mAb (VK9, a gift from Philip O. Livingston, Memorial Sloan-Kettering
Cancer Center, New York, NY) in 50 uLL FACS buffer (PBS solution with 1% FBS) on

ice for 30 min. For lectin staining, cells were incubated in lectin binding buffer [1%
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BSA, 0.5 x Carbo-Free Blocking buffer (Vector Laboratories, Burlingame, CA), 2 mM

MgClz, 2 mM CaClz] containing biotinylated lectin for 30 min on ice. After being

washed twice with lectin binding buffer, cells were incubated with streptavidin-APC

(1:500 diluted in FACS buffer; Biolegend) on ice for 30 min. After washing twice with

200 uL FACS bulfter, cells were resuspended in 200 pLL FACS buffer containing 1 pg/ml

propidium iodide (PI) and subjected to analysis. Data acquisition was performed on a

FACSCanto (BD Biosciences) with FACSDiva software (BD Biosciences), and data

analyses were performed using FlowJo software (TreeStar, Ashland, OR). Live cells

(PI-negative) were gated for analysis. For methanol washing, cells were washed and

fixed with 4% paraformaldehyde in PBS for 15 min at room temperature, followed by

incubation in methanol for 10 min before staining with specific antibodies.

2.3 Cell Culture

U-251, U-138, LN-18, T98, LN-229, U87, U-373, Hs683, D54MG, GBM 8401, GBM

8901, G5T, GI9T, SNB75, A172 and SF126 cells were routinely maintained in high

glucose DMEM (Life Technologies, Carlsbad, CA) supplemented with 10% FBS

(Biological Industries, Isracl). DBTRG cells were maintained in RPMI 1640 (Life

Technologies) with 10% FBS.
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2.4 Immunofluorescent Staining

Cells were plated on tissue culture plastic chamber slides (Nunc, Roskilde, Denmark)
overnight to allow sufficient attachment, fixed with 4% paraformaldehyde for 15 min at
room temperature, washed three times with PBS, and then blocked with 3% BSA in
PBS. Cells were then incubated overnight with 10 pg/mL of mAb MC813-70
(Biolegend), washed three times with PBS and incubated for 2 h at room temperature
with 5 pg/ml FITC-conjugated anti-mouse IgG (eBioscience, San Diego, CA). Nuclei
were counterstained with Hoechst 33342 (2 pg/mL, Life Technologies). All images

were acquired by an Olympus IX71 microscope.

2.5 Immunohistochemistry

For MC813-70 staining on normal brain and GBM specimens, three different tissue
microarray slides (Biomax, Rockville, MD), comprising a total of 19 normal brain
sections and 55 GBM sections were tested. The slides were dried at 56°C for 1 h,
deparaffinized in xylene and rehydrated in graded alcohols, followed by treating with
blocking buffer [2% Blocking Reagent (Roche, Basel, Switzerland ) in PBS with 0.1%
Triton X-100] for 30 min at room temperature. The slides were then incubated at 4°C
for overnight with mAb MC813-70 (10 pg/mL in blocking buffer). After gently

washing with PBST, the immunoreactivity on specimens was detected with
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SuperSensitive™ Polymer-HRP IHC Detection System (BioGenex, Fremont, CA), and

the slides were counterstained with hematoxylin and prepped for mounting.

2.6 Glycan Array Fabrication

Microarrays were printed (BioDot; Cartesian Technologies, Irvine, CA) by robotic pin
(SMP3; TeleChem International Inc., Sunnyvale, CA) with the deposition of ~0.6 nL
per spot. Amine-containing glycans in printing buffer (300 mM sodium phosphate, pH
8.5, 0.01% Triton X-100) were spotted onto N-Hydroxysuccinimide (NHS)-activated
glass slides. Each glycan was printed at 100 uM in a replicate of four or 50 uM in a
replicate of six for Kd determination. Printed slides were allowed to incubate in 80%
humidity for 30 min, followed by desiccation for overnight. Remaining NHS groups
were blocked by immersing the slides for 1 h in SuperBlock (PBS) Blocking Buffer

(Pierce, Appleton, WI).

2.7 Antibody Binding Assay
MAb MC813-70 Alexa Fluor 647 (Biolegend) was prepared in 100 uL. of PBS-B-T (pH
7.4, with 3% BSA and 0.05% Tween-20) and applied to cover the grid. After incubation

in a moist chamber for 30 minutes, the slides were rinsed with PBST and deionized
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water and blow-dried. The slides were scanned at 635 nm in genepix 4300A (Molecular

device, Sunnyvale, CA). Data were analyzed by GenePix Pro-6.0 (Molecular Devices).

2.8 Sialidase Treatment

Cells were washed and resuspended in PBS buffer at 1 x 107 cells/mL. Cells were
incubated with or without 500 mU 2,3 sialidase (NEB, Ipswich, MA)/10° cells/100 pL
for 1 h at 37°C, and washed twice with FACS buffer followed by surface staining and
flow cytometry. The efficiency of sialidase treatment was measured by biotinylated
Maackia amurensis lectin I (MAL 1II; Vector Laboratories), which recognizes

02,3-linked sialic acids.

2.9 Extraction of Glycosphingolipids

Cells (4 x 107) were harvested, washed with PBS and homogenized in water. Per 3 vol.
homogenate was added with 8 vol. methanol and 4 vol. chloroform and the sample was
incubated in a bath sonicator for 30 min. After centrifugation at 3000 x g for 15 min, the
pellet was repeatedly extracted with 4:8:3 chloroform/methanol/water, and the
combined supernatant was dried under a stream of nitrogen. The total lipid extract was
then dissolved in chloroform/methanol/water (30/60/8, v/v/v), and gangliosides were

purified by DEAE-Sephadex A-25 (GE Healthcare, Buckinghamshire, UK) based
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anion-exchange chromatography. Unbound flow-through containing neutral glycolipids
was collected and dried. After washing with chloroform/methanol/water (30/60/8, v/v/v),
gangliosides were eluted with chloroform/methanol/aqueous NaCl (0.02, 0.2 and 0.8 M
stepwisely) (30/60/8, v/v/v), followed by desalting with Sep-Pak C18 Cartridges
(Waters, Milford, MA). The extracts were dried under nitrogen and the ganglioside
residues as well as neutral glycolipid residues were redissolved in 100 pL

chloroform/methanol (2/1, v/v).

2.10 High-Performance Thin-Layer Chromatography

GSLs were separated on glass-packed silica gel 60 precoated high-performance
thin-layer =~ chromatography = (HPTLC) plates (Merck). Gangliosides were
chromatographed in chloroform/methanol/water (120/85/20, v/v/v) and neutral GSLs in
chloroform/methanol/water (120/70/17, v/v/v), respectively, each supplemented with 2
mM CaClz. For analytic purposes, GSLs were stained with 0.3% orcinol in 3 M H2SO4
and then transferred to a preheated heating plate (110 °C) until bluepurple spots
appeared. For preparative purposes, gangliosides were stained with 0.02% primulin
(Sigma, St. Louis, MO) in acetone/water (4/1, v/v). Spots of gangliosides were marked
with a pencil under UV light and scraped from the plate with an adsorbent scraper

(Sigma) and the gangliosides were extracted with chloroform/methanol/water (30/60/8,
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v/v/v) under sonication for 10 min. The silica was removed by centrifugation,
re-extracted again, and the combined supernatant were dried and redissolved in

methanol.

2.11 TLC Immunostaining

GSLs were separated on HPTLC plates as described above. After chromatography, the
TLC plate was air-dried, immersed in 2.1% poly(isobutyl-methacrylate) (Sigma) in
hexane/chloroform (42:8, v/v) three times and soaked in PBS at 37°C for overnight. The
plate was dried, blocked with in PBS for 30 min at room temperature and reacted with
MC813-70 or MC-631 (5 pg/mL) for 2 h at room temperature. Gently washed with
PBST (0.05% Tween-20) for three times, the plate was incubated with biotinylated
secondary antibody (1 pg/mL) for 1 h, followed by incubation with streptavidin-alkaline
phosphatase (1:1000; Millipore). After washing with PBST, the TLC plate was

developed with NBT/BCIP (Thermo Scientific)

2.12 MALDI-MS Profiling and MS/MS Analysis
MALDI-MS analysis of permethylated glycans were conducted in an ABI 4700
Proteomics  Analyzer  (Applied Biosystems, Foster City, CA) using

2,5-dihydroxybenzoic acid (DHB) as the matrix (10 mg/mL). MALDI-MS/MS
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sequencing with low- and high-energy collision-induced dissociation was operated in a
Q/TOF Ultima MALDI (Waters Micromass) and a 4700 Proteomics Analyzer using the

DHB matrix as described above.

2.13 Complement-Dependent Cytotoxicity Assay

The CDC activity of anti-SSEA4 (MC813-70) mAb was measured by lactate
dehydrogenase (LDH)-release assay using the CytoTox 96® Non-Radioactive
Cytotoxicity Assay kit (Promega, Fitchburg, WI). Cells (1 x 10*) were plated in each
well of 96-well plates and washed with PBS twice after growth for overnight. The cells
were then incubated with 1 pg of MC813-70 or mouse 1gG3 isotype control in 50 pL
phenol red-free DMEM or RPMI with rabbit complement (dilution of 1:5; Life
Technologies). After incubation in a 5% CO2 incubator at 37°C for 1 h, the degree of
cell lysis was determined by measuring the amount of LDH released into the culture
supernatant. Maximum LDH release was determined by lysing the cells with Lysis
Solution provided by the kit. Percentage of specific lysis was calculated according to
the equation: % lysis = [experimental release — spontaneous release] / [maximum

release — spontaneous release] x 100.

2.14 In vivo Tumor Growth
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BALB/cAnN.Cg-Foxnlnu/CrINarl mice were purchased from National Laboratory
Animal Center (Taiwan) and maintained under specific pathogen-free conditions. The
health status of animal was monitored daily. Procedures involving animals and their
care were conducted according to Academia Sinica Institutional Animal Care and
Utilization Committee in compliance with national and international laws and policies.
DBTRG cells (1 x 107/250 pL PBS) were subcutaneously injected to the flank regions
of mice (8- to 10-weeks old) to generate the xenograft model. On day 11, 15 and 19,
each mouse was peritoneally injected with 200 pug of MC813-70 (purified from the
ascites) or mouse I1gG3 isotype control Ab. The tumor size was determined by vernier
caliper by measuring the length (L) and width (W), and the tumor volume was

calculated (in mm?) as 1/2 x LW?2,

2.15 Neurosphere culture

For neurosphere formation, GBM cell lines were maintained in the ultra-low attachment
dish (Corning, Corning, NY) with neurobasal media (Invitrogen), containing 1.0X N2,
1.0X B27 supplement (Invitrogen), and human recombinant basic fibroblast growth
factor (bFGF) and EGF (20 ng/ml each; PeproTech, Rocky Hill, NJ). The media were
refreshed every 3 days and all cells were cultured in 5% CO2 and humidified

atmosphere at 370C. For detection of self-renewal ability, after neurosphere formation
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was generated, neurosphere cells were dissociated and plated in 96-well plates in 0.2 ml
volume media. Media were added every 3 days for 3 weeks. The number of

neurospheres whose diameter is over 100 um were calculated.

2.16 Quantitative real- time polymerase chain reaction

Total RNA were extracted using RNeasy kit (QIAGEN, Venlo, Netherlands) according
to the manufacturer's instructions. 2 ug of total RNA was used for cDNA synthesis
using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) The Maxima
SYBR Green/ ROX qPCR Master Mix (Thermo Scientific) reaction system was used,
and reactions were run on an ABI Prism 7900HT sequence detection system (Advanced
Biosystems, Foster City, CA). Sequences of the primers used were listed in Table 1.
Quantitative PCR results were first normalized to the GAPDH transcript level to yield
Athreshold cycle values. The results are expressed as 2—ACt, according to the method

described by Livak and Schmittgen [127].

2.17 SDS-PAGE and western blot

Cells were harvested and washed with PBS and lysed in lysis buffer, containing 150
mM NaCl, 100 mM phosphate buffer pH 7.2, 1% NP-40, 10% glycerol, 1x protease

inhibitor and 1x phosphatase inhibitor. Supernatant was collected by centrifugation at
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14,000 x g for 10 min at 4°C. Protein concentration was determined according to the

BCA method (Pierce). The protein sample were mixed with 4x sample buffer

(Invitrogen) and boiled for 5 min at 95°C, separated on 10% SDS-polyacrylamide gels

(PAGE), and then transferred to PVDF membrane (Millipore). The membrane blots

were blocked in PBS containing 5% non-fat milk for 1 hr at room temperature, and

incubated with primary antibody overnight at 4°C. After washing with PBST with 0.1%

Tween-20, the blots were incubated with secondary antibody conjugated with

horseradish peroxidase (Millipore). Then the blots were washed with TBST, and

immunoreacted bands were detected with ECL reagents (Millipore) and exposed on

ImageQuant LAS 4000 (GE Healthcare).
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3.1 Flow cytometric analysis of glycan epitopes revealed MC813-70
binds to GBM cell lines

We analyzed the expression levels of various glycan epitopes by flow cytometry in four
human GBM cell lines: G5T, LN-18, U-138 and U-251. The glycan epitopes examined
include O-linked glycans (Tn, sTn, TF), Lewis antigens (Le*, Le¥ and sLe*), complex
gangliosides [GM2, GM1, GDla, GD2, GT1b and A2B5 (c-series gangliosides)], and
globo-series GSLs (SSEA-3, SSEA-4 and Globo H). The results showed that most of
these four GBM cell lines expressed high levels of Tn, TF, Le*, and Le”, a low level of
sLe*, and no sTn (Table 2, Fig. 1). In addition, these four GBM cell lines were positive
for all the gangliosides we examined although the expression levels varied (Fig. 1).
Regarding the expression levels of globo-series GSLs, U-251 showed a weak
MC813-70 (anti-SSEA-4) staining, and G5T, U-138 and LN-18 displayed a high
MC813-70 staining intensity (Table 2, Fig. 2B). Positive MC631 (anti-SSEA-3A)
staining was only observed on G5T among these four cell lines, and none was positive
for VK9 (anti-Globo H) staining (Table 2, Fig. 2C). After these findings, we further
looked into the expression patterns of globo-series GSLs in more GBM cell lines, and
we found that of the 17 GBM cell lines, nine showed strong MC813-70 staining signal
(SSEA-4M); three were weakly stained (SSEA-4°), and five were not stained by

MC813-70 (Fig. 2B). Nine out of 17 cell lines were positive for MC631 staining and six
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were positive for VK9 staining (Fig. 2A, C). SVG pl2, an immortalized human fetal
glia cell, showed a very weak MC813-70 staining signal, but no MC631 or VK-9
staining signal. These results indicated that most (70.6%) of the GBM cell lines

examined were positively stained by MC813-70.

3.2 Examination of MC813-70 specificity by glycan microarray

Previous studies indicate that  mAb MC813-70 recognizes the
NeuAca2-3GalB1-3GalNAc epitope in SSEA-4 glycolipid (sialyl GbsCer) and the
glycoproteins with an extended core 1 O-glycan structure [54, 128]. In addition,
MC813-70 shows cross-reactivity toward GMIb and GDla when these two
gangliosides are immobilized at a very high concentration/density. We used a glycan
microarray, a platform for studying the interactions between glycans and glycan-binding
proteins [129], to investigate the binding specificity of MC813-70. As shown in Fig. 2,
we found that among the 152 chemically synthesized glycans on the glycan microarray,
(Fig. 3), MC813-70 only recognizes the SSEA-4 hexasaccharide with Neu5Ac or
Neu5Gc at the terminal position (No. 12, 49; Fig. 4A). Compared with previous ELISA
results [54], MC813-70 did not show any binding to GM1b (No. 104) or GDla (No.
106), both of which contain the terminal trisaccharide epitope of SSEA-4

(NeuAca2-3GalB1-3GalNAc) with a different linkage (B1-4) to lactose at the reducing
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end. In addition, MC813-70 did not bind to sialyl Lc4 (No. 111), a glioma-associated
GSL, with similar terminal glycan structure of SSEA-4
(NeuAca2-3GalB1-3GIcNAcB1-3). We also used the glycan array to determine the
dissociation constants of MC813-70 with SSEA-4 hexasaccharide on surface, and the
Kd value for the interaction was 4.21 + 0.26 nM (Fig. 4B). These results showed that

MC813-70 is highly specific for SSEA-4.

3.3 Verification of MC813-70 staining on GBM cell lines by HPTLC
immunostaining

To exclude the possibility that MC813-70 may bind to the extended core 1 O-glycan on
glycoproteins in GBM cells, we treated DBTRG cells with methanol to remove lipids
before staining with MC813-70. Upon methanol treatment, the immunoreactivity of
MC813-70 disappeared, as analyzed by immunofluorescence microscopy (Fig. SA) and
flow cytometry (Fig. 5B), suggesting that the immunoreactivity of MC813-70 was
toward glycolipids, not glycoproteins. To further verify the expression of SSEA-4, we
next purified the gangliosides using anion-exchange chromatography, developed the
purified gangliosides on HPTLC plates, and visualized by orcinol-H2SO4 stain or
immunoblotting. As shown in Fig. 6, the purified gangliosides from three different

GBM cell lines exhibited similar patterns (Fig. 6, left panel, lane 1-3), with abundant
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GM3, GM2, NeuS5Ac-(n)Lc4/Gg4Cer and NeuSAc2-(n)Lc4/Gg4Cer. Consistent with
the results of flow cytometric analysis, MC813-70 recognized two gangliosides (due to
a different chain length of fatty acids) on TLC from DBTRG and D54MG, but not GBM
8901 cells (Fig. 6). The positions of the immuno-reactive double bands in GBM
gangliosides were the same as in the gangliosides purified from 2102Ep cells (Fig. 6,
lane 4), embryonal carcinoma cells known to express a high level of SSEA-4 glycolipid
[54]. A double-band developed at a shorter distance than MC813-70 positive glycolipid
was detected by MC813-70 in YAC-1 cells (Fig. 6, lane 5), in which GM1b is a major
ganglioside [130], supporting that MC813-70 harbors a weak cross-reactivity toward
GM1b. Immunoblotting with MC631 revealed that it could also recognize MC813-70
positive glycolipid with a lower affinity than MC813-70 did (Fig. 6, right panel). To
examine the number of sialic acids on MC813-70 positive glycolipids, we eluted
gangliosides in gradient salt conditions and performed immunoblotting with MC813-70.
The result supported that MC813-70 reactive gangliosides were monosialylated as the
two bands appeared at the fraction eluted in low salt condition (Fig. 7). These result
indicated a monosialyl ganglioside with the same TLC mobility of SSEA-4 is expressed

in GBM cell lines.

3.4 Sialidase treatment confirms the structure of MC813-70 antigen as
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an o2,3-sialyl globo-series GSL

We next used sialidases to elucidate the linkage of the sialic acid on this
MCB813-70-reactive monosialoganglioside. The gangliosides developed on TLC plate
were treated with a2,3-sialidase or the sialidase that cleaves all linkages of sialic acids,
and blotted with MC813-70 and MC631. The results in Fig. 8 showed that the
immunoreactivity of MC813-70 disappeared after sialidase treatment (Fig. 8, middle
panel), while MC631 could detect strong signals (Fig. 8, right panel) at the positions
resembled MC813-70 reactive doublets, indicating the presence of an a2,3-linked sialic
acid and the remnant glycolipid belonging to globo-series.. Next, we performed the
MC631 staining on a2,3-sialidase-treated DBTRG cells (Fig. 9), and the result showed
that when treating with a2,3-sialidase, the cells became MC813-70 negative and MC631
positive, supporting that the GBM cells did express SSEA-4. The activity of

a2,3-sialidase was validated by the decreased intensity of MAL II staining.

3.5 Analysis of DBTRG gangliosides by mass spectrometry indicates
the presence of SSEA-4 glycolipid

We analyzed the gangliosides from DBTRG cells by MALDI-MS profiling (Fig. 10).
The spectra were dominated by several major peaks that occurred in signal clusters due

to the expected heterogeneity of the ceramide portions. Based on the m/z values of
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major molecular ions, as fitted to permethylation of hexose (Hex), N-acetylhexosamine
(HexNAc), or NeuAc residues, in combination with sphingosine and fatty acyl chains,
the respective gangliosides profiles were assigned. Consistent with the HPTLC results,
the MS profiling revealed that the major species of gangliosides in DBTRG cells were
GM3, GM2, Neu5Ac-(n)Lc4/Gg4Cer, and NeuSAc2-(n)Lc4/Gg4Cer. The signal with
NeuSAc-Hex4-HexNAc-Cer (m/z = 2025.2) that represented SSEA-4, although with
low intensity, was also detected, reflecting the existence of SSEA-4 in DBTRG cells.
These data support that the MC813-70 reactive ganglioside was SSEA-4, and despite of

being a minor constituent of total gangliosides, SSEA-4 was expressed in GBM cells.

3.6 Expression of SSEA-4 in GBM tissues

SSEA-4 is a widely used marker for stem cells, but the information about the expression
of SSEA-4 in GBM tissues as well as normal brain tissues was limited. To understand if
SSEA-4 is overexpressed in clinical GBM specimens, in addition to GBM cell lines, we
analyzed the expression of SSEA-4 among astrocytomas from grade I to IV and normal
brain tissues by immunohistochemistry on human tissue microarrays (Fig. 11). The
staining intensity was graded as 0 (negative), 1+ (weak), 2+ (moderate), 3+ (strong), as
shown in Fig. 11D. We found that 38 out of 55 GBM tissue specimens (69%) were

positive for MC813-70 staining, and around half of GBM specimens were intensely
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stained (>2+). As shown in the positive specimens, SSEA-4 was situated on the plasma
membrane of GBM cells (Fig. 11B, inset), where most of GSLs locate. Furthermore,
55-60% of grade I, II and III astrocytoma specimens were stained by MC813-70 despite
of weaker intensity, and the scores of SSEA-4 intensity was positively correlated with
the grades of astrocytomas (Fig. 11C). On the contrary, most normal brain tissues were
SSEA-4 negative (Fig. 11A). These results indicated SSEA-4 was highly expressed in

GBM tumors.

3.7 MC813-70 Mediates CDC against GBM Cell Lines

To test if targeting SSEA-4 would trigger complement-dependent cytotoxicity (CDC) in
GBM cells, GBM cell lines were treated with MC813-70 and rabbit complement, and
the degree of CDC was evaluated by detecting the level of released lactate
dehydrogenase caused by cell death. Fig. 12 showed that in the presence of complement,
mAb MC813-70 remarkably reduced the number of viable GBM cells. We observed a
significant CDC in SSEA-4" GBM cell lines: 71.7% cytotoxicity of DBTRG, 46.6% of
LN-229, 67% of G5T, and 65.4% of LN-18 cells. MC813-70-mediated CDC did not kill
two GBM cell lines, Hs683 and U87, which expressed low or no SSEA-4. Therefore,
the level of MC813-70 mediated CDC positively correlated with the expression level of

SSEA-4 in each GBM cell line, and it is possible that only the cells with enough
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amounts of SSEA-4 would be bound by enough amounts of MC813-70 and therefore

are susceptible to CDC.

3.8 MC813-70 Suppresses Brain Tumor Growth in Vivo

To check if MC813-70 was able to suppress GBM tumor growth in vivo, MC813-70
was administered to the nude mice injected with DBTRG cells subcutaneously, when
the tumors grew to palpable bumps (15-30 mm?at day 11 post-injection). MC813-70
(200 pg) was given intraperitoneally to each mouse every four days for a total of three
times, with an irrelevant mouse IgG3 (isotype control) injected in parallel for
comparison. The experiment revealed that the administration of MC813-70 could inhibit
DBTRG tumor growth (Fig. 13). The growth of DBTRG tumors were completely
suppressed in two of three mice treated with MC813-70, and the third mice developed
tumor after the cease of antibody treatment. Comparing to the mice receiving
MC813-70 treatment, DBTRG tumor grew aggressively (with the tumor volume of 184
mm? in average at day 31) in the control group injected with mouse IgG3. These data
demonstrated that MC813-70 was able to inhibit the growth of SSEA-4-expressing

GBM tumors, possibly through CDC and ADCC in vivo.

3.9 Expression of SSEA-4 in Various Cancer Cell Lines
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SSEA-4 has been reported to be expressed on renal carcinoma [131], basaloid lung

cancer [132], epithelial ovarian carcinoma [133], breast cancer [134], and oral cancer

[135]. Here, we analyzed the expression levels of SSEA-3, Globo H and SSEA-4 on

various cancer cell lines by flow cytometry. As shown in Table 3, we have examined a

total of 134 cancer cell lines (17 brain cancer cell lines, 20 lung cancer cell lines, 23

breast cancer cell lines, 13 oral cancer cell lines, 2 esophageal cancer cell lines, 6 gastric

cancer cell lines, 10 liver cancer cell lines, 5 bile duct cancer cell lines, 8 pancreatic

cancer cell lines, 7 colon cancer cell lines, 6 renal cancer cell lines, 4 cervical cancer

cell lines, 9 ovarian cancer cell lines and 4 prostate cancer cell lines), and the names and

the expressed GSLs of these cell lines are listed in Table 4. We found that SSEA-4 was

expressed in every type of cancer cell line (96 of 134). Globo H was also expressed in

many of cancer cell lines (88 of 134), preferentially in lung, breast, pancreas, colon,

stomach, mouth, liver, kidney cancer cell lines. We also observed that many of cancer

cell lines (70 of 134) expressed SSEA-4 and Globo H simultaneously. On the other hand,

the expression of SSEA-3 always followed a high expression of SSEA-4, indicating that

SSEA-4 and Globo H were the major globo-series GSLs on the cancer cells. To validate

the identity of SSEA-4, we purified the gangliosides from nine MC813-70-positive cell

lines as well as TFla, a MC813-70-negative leukemia cell line, and performed

immunostaining on HPTLC plates. As expected, SSEA-4 was detected in these nine
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cancer cell lines but not TF1a (Fig. 14), and the intensity was well correlated with the
geometric mean fluorescence intensity as examined by flow cytometry. The slight
differences of mobility of SSEA-4 in various cell lines could be resulted from the
chain-length variations in the sphingoid base or fatty acid. These results revealed that

SSEA-4 could be expressed in a variety of cancer cell lines in addition to GBM.

3.10 Cells maintained in in vitro neurosphere culture expressed higher
levels of stemness genes

In order to enrich cells with properties of CSCs, we employed the neurosphere culture
system and cultured cells in the ultra-low attachment dish to prevent differentiation [136,
137]. After 10 day, most of GBM cell lines show the formation of neurospheres (Fig.
15), while the other cells within culture died. We analyzed the stemness of neurosphere
cells from six of GBM cell lines by evaluating the expression of stemness genes. SOX2,
OCT4 and NANOG are transcription factors expressed in specific stage of embryonic
stem cells and maintained the pluripotent ability. Nestin, a type VI intermediate
filament protein, expressed in the early stage of development in the nervous system and
in myogenic and other tissues [138]. CDI133 (prominin 1) has been found in
hematopoietic stem cells, endothelial progenitor cells and neuronal stem cell. In the

real-time RT-PCR and western blotting, we observed that the gene and protein
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expressions of stemness genes were increased in the neurosphere cells compared with
parental cell (Fig. 16, 17). Hence, the neurosphere cells showed higher stemness gene
expression in our in vitro enrichment system.

3.11 Neurosphere cells show higher potential of self-renewal and
tumorogenicity

We performed sphere formation assay to test self-renewal capacities of parental and
neurosphere cells. Even within neurospheres, only a small percentage of cells, that
possess self-renewal capacity, reform into a secondary neurosphere [122]. In the
self-renewal assay, cells derived from neurospheres generated more and bigger
secondary spheres (Fig. 18A), indicating that neurosphere population have higher
percentage of total cells with self-renewal capacity. To examine the tumor-initiating
ability, non-obese diabetic/severe combined immunodeficient (NOD-SCID) mice were
subcutaneously injected with neurosphere and parental cells. Results showed that when
injecting with the 10* cells, the cells from neurospheres grew faster than parental cells,
suggesting that neurosphere cells possessed greater tumorigenicity than parental cells in

vivo.

3.12 Expression of GD2 is increased in neurosphere cells

We stained parental cells and neurosphere cells with antibodies against different types
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of glycans, including the ganglio- and globo-GSLs, Lewis antigens, mucin-type

O-glycans and several glycoproteins that have been used as markers to identify stem

cells. The expression profile of various surface glycans were summarized in Table 5.

Among these surface glycans, the change of GD2 expression was most significant and

consistently observed in all neurosphere cells derived from different GBM cell lines

(Fig. 19). However, Lewis X, a well-known marker for pluripotent stem cells, did not

show any significant difference in these neurosphere and parental cells. All GBM cells

and GBM neurosphere cells are CD44+, CD90+ and CD45-. Interestingly, we also

observed the loss of CD24 expression in neurosphere cells; therefore, most

neurospheres are CD44+/CD24-, a marker set of breast cancer stem cell.
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CHAPTER 4: DISCUSSION
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In the present study, we evaluated the expression of globo-series GSLs on human GBM

cell lines, and found that SSEA-4 was highly expressed in most GBM cell lines, while

SSEA-3 and Globo H were also expressed at lower levels. The data from

sialidase-treatment and MS confirmed the identity of SSEA-4 (02-3 sialyl

galactosylgloboside) in GBM cell lines. In addition, immunohistochemical studies

demonstrated that SSEA-4 was expressed in nearly 70% of GBM tumor specimens, but

barely expressed in normal brain tissues. These findings, for the first time, indicate that

SSEA-4 is overexpressed in GBM tissues.

SSEA-4, first identified in 1983 [54], is expressed in a variety of human cell lines

including embryonic carcinoma (EC), embryonic stem (ES), and induced pluripotent

stem (iPS) cells. SSEA-4 is down-regulated upon differentiation, making it a widely

used marker to characterize human ES cells and monitor their differentiation.

Nonetheless, the information about the distribution of SSEA-4 in normal tissues is

limited. SSEA-4 was reported to be expressed as a minor GLS in erythrocytes [54] and

on the epithelial cells of several glandular tissues, such as breast, colon, gastrointestinal

tract, kidney, lung, ovary, pancreas, rectum, stomach, testes, thymus and uterine cervix

[139]. With regard to the expression pattern of SSEA-4 in solid tumors, it was found on

renal cell carcinomas in 1997 by Saito et al.[131] using immunohistochemistry with
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RM1, another SSEA-4 mAb. In the last few years, SSEA-4 has been reported to be

expressed on breast cancer cells and breast cancer stem cells [134], basaloid lung cancer

[132], epithelial ovarian carcinoma [133], and oral cancer [135]. The relationship

between the expression level of SSEA-4 and the tumor malignancy differs in various

types of cancers; while the expression of SSEA-4 in basaloid lung cancer associates

with poor prognosis [132], the reduction of SSEA-4 is correlated with more advanced

tumor stage and tumor cell differentiation in ovarian cancer [133]. Here, we examined

the expression of SSEA-4. Not only in GBM/grade IV astrocytoma, SSEA-4 was also

detected in lower grades of astrocytoma (grade I, ~55%; II, ~55%; III, ~60%).

Nevertheless, there appears to be a trend that higher expression of SSEA-4 is associated

with higher grade of astrocytomas. We propose that SSEA-4 may play an active role

during tumor progression of astrocytomas, and may serve as a potential therapeutic

target in patients with GBM as well as low grade astrocytomas. Furthermore, we

provided evidence that SSEA-4 was expressed in multiple cancer cell lines, including

lung, breast, ovarian, prostate, colon, and pancreatic cancers. Further clinical specimens

from other cancers should be detected for their expression of SSEA-4 to confirm if

SSEA-4 can serve as a marker for cancers.

Although SSEA-4 has been discovered for over 20 years, the molecular function of
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SSEA-4 has not been tested experimentally. Brimble ef al. depleted SSEA-3 and -4 in

hESCs with D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (D-PDMP),

an inhibitor for glucosylceramide synthase, and found that D-PDMP treatment did not

alter the gene expression profile of hESCs or alter their capacity to differentiate in vitro,

suggesting that SSEA-4 is not essential for hESCs pluripotency [140]. On the other

hand, Van Slambrouck et al. demonstrated that clustering of monosialyl-Gb5 induces

the invasion of MCF-7 breast cancer cells through activation of FAK/c-Src signaling

pathway [141]. Recently, SSEA-4 was reported to bind to FK-506 binding protein 4

(FKBP4), and may thus affect the transportation of SSEA-4 to the cell surface and the

downstream signaling pathway [142].

In addition to SSEA-4, we have examined the expression of two more globo-series

GSLs, SSEA-3 and Globo H. Unlike SSEA-4, SSEA-3 was mainly expressed in those

cell lines with high expression of SSEA-4. Together with the results that the expression

of Globo H was only observed in six of the GBM cell lines we tested, the data indicated

that SSEA-4 was the major globo-series GSL in GBM, and once SSEA-3 was

synthesized, it would be efficiently converted to SSEA-4 [139]. It has been suggested

that an a2,3-sialyltransferase, encoded by ST3GAL2 gene, is the major SSEA-4 synthase,

which is closely related to renal carcinogenesis [143], and the mRNA level of ST3GAL?2
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is increased in renal and colorectal carcinomas [144]. We also observed that the mRNA

level of ST3GAL2, but not fucosyltransferase (FUT) I and 2, was abundant in GBM cell

lines (Fig. 25). This may explain why SSEA-4 is the predominant globo-series GSL in

GBM cells. It is also interesting to correlate the mRNA levels of A4GALT, ST3GAL2,

FUTI and FUT?2 with the expression of globo-series GSLs in GBM, to aid the detection

of globo-series GSLs with small amounts of tumor specimens.

As shown in Fig. 8, besides SSEA-4, there is one more GSL that would be recognized

by MC631 after the removal of sialic acids on it. The upper doublet on the HTPLC plate

was SSEA-4, sialyl GbsCer, and the structure of lower doublet was proposed to be a

sialylated SSEA-4, disialyl GbsCer, which could not be recognized by either MC813-70

or MC631. According to the position of the sialic acids, there are three reported isomers

of disialyl GbsCer: V3NeuAcalV6NeuAca-GbsCer, V3(NeuAca)2-GbsCer, and

V6NeuAcaV3NeuAca-GbsCer. The expression of these three GSLs in normal human

tissues are not well studied and seem to be rare [145], however, overexpression of

V3NeuAcalV6NeuAca-GbsCer is found on renal carcinomas [131]. The structure of the

disialyl GbsCer on GBM cells should be delineated and this disialyl GbsCer could also

be another GBM-associated GSL.
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Cancer stem cells are a subpopulation of cancer cells, which are tumorigenic and

possess self-renewal and the potential to differentiate to a heterogeneous population.

The CSC concept has important therapeutic implications, but its investigation has been

hampered both by a lack of consistency in the terms used for these cells and by how

they are defined. A number of cell surface marker have proven useful for isolation of

CSCs, such as CD133, CD44, CD24, THY-1 and ATP-binding cassette BS ABCBS5

[146]. Although SSEA-4 is a widely used stem cell marker for non-tumor cells, SSEA-4

(+) tumor cells showing characteristics of CSCs was reported on human HSC-4 oral

cancer cells until recently [135]. Whether SSEA-4 (+) GBM cells possess the properties

of CSC has not been studied yet. We expect even if SSEA-4 was essential for

identifying GBM stem cells, other surface markers, such as CD44/SSEA-4 in oral

cancer, should be included for more precise identification of CSCs since SSEA-4 is

expressed in most of GBM cells and GBM tissue.

GD2, a b-series disialoganglioside, prominently expresses on the surface of neurosphere

cultured from different GBM cell lines. Several reports indicated that GD2 is expressed

on the surface mouse and human neural stem cells [147, 148], as well as breast cancer

stem cell [149]. Notably, GD2 distribution is restricted in neurons, skin melanocytes,

and sensory nerve fibers [150]. Therefore, the restricted expression of GD2 in normal
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tissues makes it appropriate to be the therapeutic targets.

The current standard of care for GBM patients is maximum surgical resection combined

with radiation and concomitant and adjuvant temozolomide therapy. Unfortunately,

most cases of GBM recur, prompting the need to develop new treatment strategies.

Targeted therapy, which blocks tumor growths by interfering specific molecules with

small molecules or mAbs, is a growing part of many cancer treatment regimens [151],

e.g., a series of anti-EGFRVIII mAbs have been generated for GBM therapy [106, 152].

Moreover, anti-glycolipid targeted therapy is showing great promise in the treatment of

several cancers [153], such as anti-GD2 in neuroblastoma [90]. In addition, a recent

report indicates that a Globo H-DT vaccine can elicit specific IgG against not only

Globo H, but also SSEA-3 and SSEA-4 [134]. The expression profile of these three

unique glycolipids on different types of cancer cell lines as shown in Table 3 provides a

new direction in cancer vaccine therapy. In addition, our finding of high-level SSEA-4

expression on GBM provides a potential new target for GBM diagnosis and therapy.
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Figure 1. Flow cytometric analyses of glycan-related molecules on GBM cell lines
(G5T, LN-18, U-138, and U-251). Expression of Lewis antigens (Le”*, Le” and sLe"),
O-linked glycans (Tn, sTn, and TF), complex gangliosides [GM2, GM1, GDla, GD3,
GD2, GT1b and A2B5 (c-series gangliosides)] were analyzed. Cells (1 x 10°) were
incubated with optimal concentrations of the primary antibodies and fluorescent-
labeled secondary antibodies, and analyzed by FACSCanto flow cytometer. The histo-
grams of the cells stained with MC813-70 and isotype control are shown in gray and

white, respectively.
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Figure 2. Flow cytometric analyses of globo-series glycosphingolipids on GBM
cell lines. Expression of SSEA-3 (A), SSEA-4 (B), and Globo H (C) were analyzed.
Cells (1 x 10°) were incubated with Alexa Fluor 488-conjuagated MC631, Alexa Fluor

488-conjuagated MC813-70 or APC-conjuagated VK9, and analyzed by FACSCanto

flow cytometer. All the cells examined were GBM cell lines except SVG p12, which is

a normal human fetal glial cell line transformed with SV40 large T antigen. The histo-

grams of the cells stained with the monoclonal antibody and isotype control are shown

in gray and white, respectively.
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Figure 3. Chemical structures of 152 oligosaccharides on glycan microarray glass
slide. The graphical notation of glycan structures in this figure is based on
the symbols proposed by the Consortium for Functional Glycomics (CFG). Enantio-
mertic ratios are indicated for the glycans containing enantiomers. C5, CSH10NH2;

Co6, CoH12NH2.
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Figure 4. The glycan binding profile of mAb MC813-70. (A) The glycan microar-
rays on glass slides were interacted with Alexa Flour 647-conjugated MC813-70 (10
nug/mL) and read in an array scanner at 635 nm. Data are presented as mean + SD. C5,
C5H10NH2. (B) The binding curve of MC813-70 to SSEA-4 glycan was obtained by
using different concentrations of Alexa Flour 647-conjugated MC813-70. The dissoci-
ation constant (Kd) of mAb MC813-70 toward SSEA-4 glycan was calculated and

shown.
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Figure 5. Effect of methanol on MC813-70 immunoreactivity toward GBM cells.
DBTRG cells with or without methanol (MeOH) treatment were stained with MC813-
70 and subjected to immunofluorescent microscopy (A) and flow cytometry (B).
DBTRG cells showed positive immunofluorescent staining [Panel A, green color; Pan-
el B, gray histogram], which disappeared after treatment with MeOH. For immunoflu-
orescent microscopy, nuclei were stained with DAPI (blue), and for flow cytometry,

staining with isotype control is shown as white histogram.
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Figure 6. HPTLC profiles and immunostaining of gangliosides from GBM cell
lines . Gangliosides extracted from GBM cell lines (DBTRG and D54MG, SSEA-
4"; GBM 8901, SSEA-4") were separated on an HPTLC plate and detected with orcinol
(left panel), MC813-70 mAb (middle panel) or MC631 mAb (right panel). Gangli-
osides from 2012Ep (human embryonal carcinoma cell line) and YAC-1 (mouse lym-
phoma cell line) were applied to serve as the positive controls for SSEA-4 and GM b,

respectively.
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Figure 7. HPTLC profiles and MC813-70 immunostaining of gangliosides extract-
ed from DBTRG cells. Gangliosides from DBTRG cells were bound to DEAE and
eluted by 0.8 M NacCl at once (indicated as T) or fractionated into mono-, di-, and poly
-sialylated gangliosides by stepwise elution with 0.02 M, 0.2 M, and 0.8 M NaCl
(indicated as mono, di and poly). Gangliosides were separated on a HPTLC plate and
detected by orcinol staining (left) or MC813-70 immunostaining (right). MC813-70-
positive signals were detected in monosialylated gangliosides fraction. The gangli-

osides extracted from 2012Ep cells, which is known to express SSEA-4, was used as a

positive control.
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Figure 8. Desialylation of gangliosides from GBM cells affected MC813-70 and
MC631 staining. Detection of on-HPTLC-desialylated gangliosides with MC813-70
mADb (middle panel) or MC631 mAb (right panel). The GBM-associated ganglioside
originally recognized by MC813-70 showed MC813-70 (-) and MC631 (+) after sial-

idase treatment, as marked in the dashed rectangle.
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Figure 9. Desialylation of GBM cells affected MC813-70 and MC631 staining.
DBTRG cells were treated with a2,3-sialidase prior to staining with MC813-70,
MC631 and MAL II. Flow cytometric analysis showed that the intensity of MC631
staining increased and MC813-70 staining disappeared after sialidase treatment. The
efficiency of sialidase treatment was monitored by staining with MAL II, which recog-
nizes 0.2,3-linked sialic acids. The histograms of the cells stained with mAb and MAL

I are shown in gray, and the histograms representing isotype control staining are

shown in white.
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Figure 10. MALDI-MS profiles of gangliosides from GBM cell lines. The extract-
ed gangliosides from DBTRG GBM cells were permethylated and analyzed by MAL-
DI-MS. The major gangliosides in DBTRG cells were GM3 (m/z = 1371.9), GM2 (m/z
=1617.0), Neu5Ac-(n)Lc4/Gg4Cer (m/z = 1821.1), and Neu5Ac2-(n)Lc4/Gg4Cer (m/
z = 2182.3). Although in a relatively weak signal, SSEA-4 (NeuSAc-Hex4-HexNAc-
Cer, m/z = 2025.2) was also observed. Gangliosides with the same glycan moiety but

with different fatty acyl contents are bracketed.
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Figure 11. Expression of SSEA-4 in grade I-IV astrocytoma. (A & B) Representa-
tive images of normal brain tissues (A) and GBM (B) after immunohistochemical
staining with MC-813-70. The inset in panel B shows a magnified picture of the small
rectangular area. Scale bar, 100 um. (C) Statistical results of SSEA-4 IHC. Grade I
(n=15), grade II (n=31), grade III (n=24), grade IV (GBM, n=55) and normal brain tis-
sues (n=19) were counterstained with hematoxylin after IHC. (D) The staining intensi-

ty of the tissues was graded as 0 (negative), 1+ (weak), 2+ (moderate), and 3+ (strong).
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Figure 12. MC813-70 triggered CDC in GBM cells. GBM cell lines were treated
with 20 pg/mL MC813-70 and rabbit complement to observe MC813-70-induced cell
lysis. The CDC activity of MC813-70 was measured by lactate dehydrogenase (LDH)
release assay as described in “Materials and Methods.” The data are shown as mean +

SD.
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Figure 13. Inhibition of DBTRG tumor growth by MC813-70. Male nude mice
were inoculated with DBTRG cells on the right flank at day 0, intraperitoneally admin-
istered with MC813-70 or mouse IgG3 isotype control (200 pg per dose) at day 11, 15,
and 19, and sacrificed at day 31. The tumor volume in each group (n=3) was measured

at different time points and shown as mean + SD. P=0.001 was obtained by two-way

ANOVA.
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Figure 14. Immunostaining of SSEA-4 on HPTLC-separated gangliosides from
cancer cells. Representative breast (MDA-MB-231, MCF-7 and HBL-100), lung
(Calu-3 and PC-14), prostate (DU145 and PC-3), pancreatic (PANC-1), ovarian
(SKOV-3), erythroleukemia (TF1a), and embryonal carcinoma (2012Ep) cell lines are

shown.
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Figure 15. The morphology of neurospheres derived from GBM cancer cell lines.
Representative images of GBM cells that were maintained in the neurosphere culture

media after 10 days. Scale bar, 100 pm.
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Figure 16. GBM neurosphere cells expressed higher levels of mRNA related to
stemness genes . Total RNA was extracted from GBM cells as well as GBM neuro-
sphere cells and reverse-transcribed to cDNA. The expression levels of Sox2, Oct-4,
nestin, Nanog, and CD133 were determined by real-time PCR and normalized against
the expression level of GA PDH. The Ct value of GA PDH of each sample was adjust-

ed to 15, and the normalized expression level of genes was shown as -(Ct ).
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Figure 17. GBM neurosphere cells expressed higher levels of Sox2, nesitn, and
CD133. Aliquots of total lysates (25 pg) were subjected to the SDS-PAGE and then

immunoblotted with antibodies against Sox2, nestin, CD133, or B-actin.
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Figure 18. The cells derived from GBM neurospheres exhibited higher self-
renewal potential and tumorogenicity. (A) 100 cells of DBTRG cells (parental)
and DBTRG neurosphere cells were plated in 96-well plates with neurosphere culture
media. After 3weeks, the number of neurospheres whose diameter is over 100 um were
calculated. Representative images of neurospheres from two populations were shown.
Scale bar, 100 pm. (B) 10 cells were injected into NOD-SCID mice subcutaneously,

and the tumor volume was measured after 70 days. The data are shown as mean = SD.
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Figure 19. A higher amount of GD2 is expressed in GBM neurospheres. Cells (1 x
10°) were incubated with optimal concentrations of the GD2 antibody and fluorescent-
labeled secondary antibodies, and analyzed by FACSCanto flow cytometer. The histo-
grams of the cells stained with MC813-70 and isotype control are shown in red line

and grey line, respectively.
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Figure 20. Human GBM cell lines express a higher level of ST3GAL?2 than FUT1
and FUT?2. Total RNA was extracted from GBM cell lines and reverse-transcribed to
cDNA. The expression levels of ST3GAL2, FUTI and FUT2 were determined by real-
time PCR and normalized against the expression level of GA PDH.
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Supplementary Figure 1. Biosynthetic pathway of glycosphingolipids and gangli-

osides.
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Table 1. Forward and reverse primers of genes.

Gene name Forward and reverse primers
SOX2 F 5’-CACATGAACGGCTGGAGCAA-3’ (20mer)
R 5’-GGAGTGGGAGGAAGAGGTAAC-3’ (21mer)
OCT4 F 5’-GGTATTCAGCCAAACGACCATC-3’ (22mer)
R 5’-TTCTCCAGGTTGCCTCTCACTC-3’ (22mer)
NANOG F 5’-CGAAGAATAGCAATGGTGTGAC-3’ (22mer)
R 5’-GGTCTGAGTGTTCCAGGAGTG-3’ (21mer)
NESTIN F 5’-CTCCAAGACTTCCCTCAGCTTTC-3’ (23mer)
R 5’-GGGCTCTGATCTCTGCATCTACA-3’ (23mer)
D133 F 5’-CCTCATGGTTGGAGTTGGATT-3’ (21mer)
R 5’-GAGTGCCGTAAGTGCCTCTA-3’ (20mer)
F 5’-GCTGTTGTCATACTTCTCATG-3’ (21mer)
GAPDH

R 5’>-TCTTCCAGGAGCGAGATCCC-3’ (20mer)

78



Table 2. Expression profiles of glycan-related epitopes in GBM cell lines (LN-18,

U-138, U-251 and GST).

Antigens LN-18 U-138 U-251 G5T

TF 833+34 76.1 +17.7 12.8+11.7 58+0.2
Tn 77.7+43 499 £28.5 542 +18.2 20.7£12.5
sTn 51+03 10.9+5.9 53+0.5 49+0.8
Le* 6.2+0.7 222+17.7 742+ 14.6 76.5 +10.6
Le¥ 293+99 46.0 +31.3 61.9+21.8 8.8+1.2
sLe* 4.8+0.5 32.8+1.7 82+52 54+0.3
GM2 82.8+23.9 97.2+2.7 89.8+14.1 38.4
GM1 98.5+0.1 979+ 1.6 74.6 £ 30.2 39.4
GDla 96.9+4.4 99.3+1.0 88.0+9.9 27.6
GD2 43.4+11.6 234+9.7 10.3+4.2 154+89
GT1b 97.6+3.3 96.1 £0.9 88.8+ 1.5 30.1+£7.1
A2B5 58.2+41.1 59.2+12.0 36.6 £ 18.0 21.1+11.4
SSEA-3 75.9 +£16.2 38.9+26.0 27.1+24.8 97.7+3.0
SSEA-4 99.6 +£0.2 90.5+16.4 43.1 +10.8 99.9+£0.1
Globo H 22.5 11.8 9.3+4.0 55+0.1

Expression of glycan-related epitopes was determined by flow cytometry as described

in Materials and Methods. Values are mean + SD % of positive cells in total cells.
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Table 3. Expression of globo-series GSLs on cancer cell lines.

SSEA4+ SSEA-4+
or SSEA3+ SSEA-4+ SSEA-4+ SSEA-3+
Tumor origin SSEA-4+ SSEA-3+ Globo H+ or Globo H+ SSEA-3+ Globo H+ Globo H+

Brain 12/17 9/17 6/17 12/17 9/17 6/17 5/17
Lung 13/20 5/20 13/20 16/20 5/20 10/20 5/20
Breast 17/23 6/23 14/23 18/23 6/23 13/23 6/23
Mouth 8/13 2/13 11/13 12/13 2/13 7/13 2/13
Esophagus 1/2 02 272 2/2 0/2 172 02
Stomach 4/6 3/6 6/6 6/6 3/6 4/6 3/6
Liver 6/10 4/10 9/10 9/10 4/10 6/10 4/10
Bile duct 2/5 1/5 3/5 3/5 1/5 2/5 1/5
Pancreas 8/8 3/8 6/8 8/8 3/8 6/8 3/8
Colon 5/7 0/7 6/7 7/7 0/7 4/7 0/7
Kidney 5/6 0/6 5/6 6/6 0/6 4/6 0/6
Cervix 3/4 2/4 1/4 3/4 2/4 1/4 0/4
Ovary 8/9 2/9 5/9 8/9 2/9 5/9 2/9
Prostate 4/4 1/4 1/4 4/4 1/4 1/4 0/4

Expression of globo-series GSLs was determined by flow cytometry. Those cell lines in

which over 15% of total cells are positive in flow cytometry are labelled positive.
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Table 4. Flow cytometry analysis of expression of globo-series GSLs on various

cancer cell lines

Cell line

Antigen

Brain cancer
Cell line

Antigen Cell line Antigen
Al72 D54MG 3,4H DBTRG 4
G5T 3.4 GI9T 3,4H GBM 8401
GBM 8901 Hs683 4 LN-18 3,4H
LN-229 3,4H SF126 4,H SNB75 3.4
T95G U-138 MG 3.4 U-251 MG 3,4
U-373 MG 3,4H U-87 MG
Lung cancer
Cell line Antigen Cell line Antigen Cell line Antigen
A549 4,H Calu-3 4 CL1 4
CL1-0 4,H CL1-5 4,H CL2 H
CL3 H1299 H1355 4, H
HI157 3,4H H441 4,H H460
H480 3,4H H520 H H661 3,4H
H928 3,4H NuLi-1 3,4H PC-13 H
PC-14 PC-9 4
Breast cancer
Cell line Antigen Cell line Antigen Cell line Antigen
Au565 BT-20 BT-474
BT-483 BT-549 4 DU4475 4,H
HBL-100 4,H HBL-435 HCC1395 3.4H
HCC1599 4,H HCC1806 3,4H HCC1937 4
HCC38 4,H HsS578T 3,4.H MCEF-7 3,4H
MDA-MB-157  3,4,H MDA-MB-231 3,4H MDA-MB-361 4,H
MDA-MB-453  4,H MDA-MB-468 4 SK-BR-3 H
T47D 3,4H ZR75

4,H
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Cell line

Oral cancer

Antigen Cell line Antigen Cell line Antigen
Ca922 4,H Cal27 4H HSC3 4,H
0C3 H OECM1 H SAS H
SCC25 4 SCC4 3,4H Tu-183 H
Twl.5 4,H Tw2.6 4 H UMSCC-1 3,4H
YD-15 3,4H
Esophageal cancer
Cell line Antigen Cell line Antigen
CES8IT H KYSE70 4,H
Gastric cancer
Cell line Antigen Cell line Antigen Cell line Antigen
AGS H AZ521 3.4,H KATO III 3,4H
NCI-N87 H SCM-1 3,4H SNU-1 4,H
Liver cancer
Cell line Antigen Cell line Antigen Cell line Antigen
59T 3,4 H Changliver H HA22T H
Hep3b 3,4H HepG2 4H Huh-7 4,H
J5 H Mahlavu NTU-BL 3,4H
SK-HEP-1 3,4H
Bile duct cancer
Cell line Antigen Cell line Antigen Cell line Antigen
HuccTl1 3,4H SNU-1079 SNU-1196 H
SNU-245 4,H SNU-308
Pancreatic cancer
Cell line Antigen Cell line Antigen Cell line Antigen
AsPCl1 4 BxPC3 4,H HPAC 4,H
KP-4 3,4H MIA PaCa-2 3,4,H Panc0203 4,H
PANCI1 4 PL45 3,4H
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Colon cancer

Cell line Antigen Cell line Antigen Cell line Antigen
CX-1 4,H DLD-1 H H3347 4,H
HCTI1116 4 HT-29 H SW480 4,H
SW620 4 H
Renal cancer
Cell line Antigen Cell line Antigen Cell line Antigen
769-P 3,4H A498 4 A704 H
ACHN 3.4H Caki-1 3.4H Caki-2 3.4H
Cervical cancer
Cell line Antigen Cell line Antigen Cell line Antigen
Hela 3.4 Hela 229 3,4 Hela S3
ME-180 4 H
Ovarian cancer
Cell line Antigen Cell line Antigen Cell line Antigen
C33A 4 CAOV3 4 ES-2 4,H
NUGCC 3,4H OVCAR-3 4H SiHa
SKOV3 4 TOV-112D 4H TOV-21G 3,4H
Prostate cancer
Cell line Antigen Cell line Antigen Cell line Antigen
22Rrl 4,H Dul45 4 hTERT-HPNE 3,4
PC-3 4

Antigen: 3 = SSEA-3; 4 = SSEA-4; H = Globo H.
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Table 5. Expression patterns of surface glycans on GBM and GBM neurosphere

cells.
LN-18 U-138 U-251 G5T
antibody| parental | sphere | parental | sphere | parental | sphere | parental | sphere
GM3 |[384+£1.2|11.8+23 (382+17.8| 53+50 | 1.3+£6.8 | 5668 | 0.8+0.1 | 1.2+04
GM2 |[68.2+33.7{72.7+23.6|763+1.5|72.9+22.1|842+9.8|81.7+9.8|7.5+10.1{19.2+26.6
8 GM1 |[70.8+8.7 | 61.5+54 (72.9+15.1|71.7+30.5|69.9 +23.8|58.4+23.8| 29+3.5 [14.5+£20.1
E{) GDla (|76.4+24.8| 94.8 £7.1 {49.5+69.0/50.2+69.3| 88.4+3.3|90.8+3.3 14.2 57.2
é GD2 |[18.7+12.4|593+33| 75+25 | 89+26 |54+187 |665+18.7| 7.6+64 |519+1.6
GTI1b ||77.0£29.2| 89.6 £ 1.4 |48.4+23.5| 30.2+8.3 {59.6+£25.6|72.8 £25.6| 40+3.0 | 9.0+3.8
A2B5 |[19.9+19.9(46.9+14.8| 83+2.9 |32.0+18.9|23.3+18.0{13.4+18.0| 55+4.1 | 6.8+1.7
o:.)D LeX || 63+52 | 0.7+0.0 | 3.1£1.9 | 25+ 1.1 [71.0+£18.7|69.2+18.7(44.4+14.3| 53.7+4.9
.§ sLeX 56+40 | 0.8+£02 | 43+2.1 1.4+02 | 194+£12| 0.1+1.2 | 0.8£0.2 | 1.3+£0.6
,qi) LeY 180£23 | 7915 [ 12.8+£8.0 [45.6+229|64.7+29|91.0+29 | 2.0£0.5 |22.6+4.0
8 SSEA3 (|40.0+£14.2| 6.5+3.0 | 124+87| 09+0.2 |[12.7+84 | 59+84 [91.7+9.0 | 56.5+2.4
;é SSEA4(982+1.8|159+48 (82.8+28.0| 42+1.8 |43.1+10.8/10.6+10.8/99.8+0.1 [99.2+0.1
S Globo H| 5.29 0.45 1.2 0.3 45+1.7 | 1417 | 0.8+0.2 | 1.5+0.7
< TF 663+7.8|105+79 [30.5+20.1{18.4+£12.5{12.8 £28.4|46.3+28.4| 0.7+0.2 | 12.0+4.4
%.;‘; Tn 67+1.6 | 12613 | 23£22 [126+103|42.1+8.8 | 15488 | 2.1+1.9 | 55+1.6
O sTn 05+04 | 0602 | 0603 | 0.6+0.1 | 0.9+09 | 0.1£09 | 04+0.2 | 0.3+£04
CD44 || 100+£0.0 [99.1£0.6 [ 99.1+0.6 |99.8+0.3|94.8+0.2|94.9+0.2 (100.0+0.1{99.8+0.3
o CD24 [|21.0+0.7 | 45+20 | 3.0+03 | 25+06 | 3.8+12 | 09+1.2 [99.9+0.1 | 3.2+23
‘g CD45 || 02+0.0 | 04+00 | 04+02 | 04+02 | 0.3+08 | 0.1£0.8 | 0.4+0.1 | 0.3+0.1
Ei CD90 [ 94.3+53|843+0.6|90.0+13.4|364+88|948+04[949+04 |98.1+0.8 [44.2+18.7
? CDI33N 543 135 | 26411 | 14402 | 0.1£04 | 0804 | 1713 | 19405
CDI33N 35 147 | 29+10 | 3113 | ND. ND. | 18209 | 2.1+14

Expression of glycan-related epitopes was determined by flow cytometry as described

in Materials and Methods. Values are mean + SD % of positive cells in total cells. N.D.

stands for Not Detected.
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Glioblastoma multiforme (GBM), the grade IV astrocytoma, is the
most common and aggressive brain tumor in adults. Despite advances
in medical management, the survival rate of GBM patients remains
poor, suggesting that identification of GBM-specific targets for thera-
peutic development is urgently needed. Analysis of several glycan
antigens on GBM cell lines revealed that eight of 11 GBM cell lines are
positive for stage-specific embryonic antigen-4 (SSEA-4), and immu-
nohistochemical staining confirmed that 38/55 (69%) of human GBM
specimens, but not normal brain tissue, were SSEA-4* and correlated
with high-grade astrocytoma. In addition, an SSEA-4-specific mAb
was found to induce complement-dependent cytotoxicity against
SSEA-4" GBM cell lines in vitro and suppressed GBM tumor growth
in mice. Because SSEA-4 is expressed on GBM and many other types
of cancers, but not on normal cells, it could be a target for develop-
ment of therapeutic antibodies and vaccines.

glycosphingolipids | Globo H | SSEA-3 | gangliosides | targeted therapy

lioblastoma multiforme (GBM), accounting for 60-70% of

malignant gliomas, is the most aggressive form of glioma
and the most common primary brain tumor in adults (1). Despite
treatment, including surgery, and chemo- or radiotherapy, the
prognosis for GBM patients is poor, with a median survival rate
of 14-15 mo (2). GBM is notoriously resistant to most anticancer
drugs and is extremely infiltrative, hampering complete surgical
resection; therefore most patients develop tumor recurrence or
progression even after multiple therapies. Because of the high
mortality, new therapeutic approaches, such as immunotherapy and
gene therapy, have been proposed for the treatment of GBM (3).

Altered glycosylation is a feature of cancer cells, and several
glycan structures are well-known tumor markers (4, 5). These
aberrant changes include the overall increase in the branching of
N-linked glycans (6) and sialic acid content (7) and the over-
expression of certain glycan epitopes, such as sialyl Lewis x (sLe¥),
sialyl Tn (sTn), Lewis y (Le”), fucosyl Gb5 (Globo H), and poly-
sialic acid (8-10). Many tumors also exhibit increased expression
of certain glycolipids, especially the gangliosides, glycosphingolipids
(GSLs) with sialic acid(s) attached to the glycan chain. Gangliosides
normally are observed in neural systems and are elevated in tumors,
particularly the complex gangliosides associated with malig-
nancy (11).

It has been reported that human glioma biopsies show eleva-
tion of monosialylated GM3 and GM2 and their disialylated
derivatives GD3 and GD2 (12-14). The increase of GD3 was
most significant, but the correlation between GD3 and malig-
nancy remains obscure (15, 16). In addition, the lacto-series
gangliosides 3’-isoLM1 and 3',6’-isoLD1 are reported to be
major gangliosides in human gliomas (16-18). Because some of
these glioma-associated gangliosides are rarely expressed or even
are absent in normal tissues (19), they are suitable for targeted
therapy (20). Hence, discovering novel glioma-associated GSLs

www.pnas.org/cgi/doi/10.1073/pnas.1400283111

would provide new targets for development of new therapies
against gliomas.

The GSLs of globo-series feature a Galal-4Gal linkage to
lactosylceramides, and this linkage is catalyzed by the lactosylcer-
amide 4-alpha-galactosyltransferase, encoded by the A4GALT
gene. Although globotriosylceramide (Gb3Cer) and globoside
(Gb4Cer) constitute the basis of the P-blood group system (21),
galactosyl globoside (Gb5Cer) and sialyl galactosyl globoside
(sialyl Gb5Cer, SGG, MSGG), also known as “stage-specific em-
bryonic antigen-3” (SSEA-3) and “stage-specific embryonic anti-
gen-4” (SSEA-4) (22), respectively, are cell-surface markers widely
used to define human embryonic stem cells (hESCs). Globo-series
GSLs also have been observed in tumors: Globo H is overexpressed
in many epithelial cancers [e.g., ovarian, gastric, prostate, lung,
breast, and pancreatic cancers (23)]; SSEA-3, SSEA-4, and Globo
H are expressed not only on breast cancer cells but also on breast
cancer stem cells (24, 25). Moreover, high-level expression of
SSEA-4 and disialosyl galactosyl globoside (disialosyl Gb5Cer) is
observed in renal cell carcinoma (26), but whether globo-series
GSLs are expressed in GBM is not known.

In the present study, we examined the expression levels of
globo-series GSLs and several tumor-associated glycans in GBM
cell lines by flow cytometry. The result showed that SSEA-4,
a ganglioside rarely found in normal brain tissues, was highly
expressed on GBM cells and GBM specimens, as confirmed by
high-performance TLC (HPTLC) immunostaining and MS. We
found that anti-SSEA-4 mAb (MC813-70) could induce com-
plement-dependent cytotoxicity in vitro and inhibit the growth of
GBM in nude mice. SSEA-4 is displayed on many other types
of cancers and therefore can be a target for the development of
therapeutic antibodies and vaccines against SSEA-4™ cancers.

Significance

Glioblastoma multiforme (GBM) is a deadly brain tumor. More
than 50% of patients who suffer from GBM die within 15 mo
even received all possible medical treatment. In this study we
report that the glycolipid stage-specific embryonic antigen-4
(SSEA-4) is highly expressed on the surface of both GBM cells
and GBM specimens. We further demonstrate that the growth
of GBM tumor is inhibited when anti-SSEA-4 antibody is ad-
ministered to experimental mice, suggesting a research proof
of concept for the treatment GBM and other SSEA-4" cancers.
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Results

Flow Cytometric Analysis of Glycan Epitopes on GBM Cell Lines. We
analyzed the expression levels of various glycan epitopes by flow
cytometry in four human GBM cell lines: G5T, LN-18, U-138,
and U-251. The glycan epitopes examined include O-linked gly-
cans [Tn, sTn, and Thomsen-Friedenreich (TF) antigens], Lewis
antigens (Le¥, Le”, and sLe*), complex gangliosides [GM2, GMI,
GDla, GD2, GT1b, and A2BS5 (c-series gangliosides)], and globo-
series GSLs (SSEA-3, SSEA-4, and Globo H) (Fig. 14). The
results showed that most of these four GBM cell lines expressed
high levels of Tn, TF, Le*, and Le, a low level of sLe*, and no
sTn (Table 1 and Fig. S1 4 and B). In addition, these four GBM
cell lines were positive for all the gangliosides we examined, al-
though the expression levels varied (Fig. S1C). U-251 showed
weak MC813-70 (anti-SSEA-4) staining intensity, and GST,
U-138, and LN-18 displayed high MC813-70 staining intensity
(Fig. 1B). Among these four cell lines, positive MC631 (anti—
SSEA-3) staining was observed only on G5T, and none of the
cell lines was positive for VK9 (anti-Globo H) staining (Table 1
and Fig. S1 D and E). After these findings, we looked further
into the expression patterns of globo-series GSLs in additional
GBM cell lines and found that of the nine of the 17 GBM cell
lines showed strong MC813-70 staining signal (SSEA-4‘”);
three were weakly stained (SSEA-4"°), and five were not stained
by MC813-70 (Fig. 14). Nine of the 17 cell lines were positive for
MC631 staining, and six were positive for VK9 staining (Fig. S1 D
and E). SVG p12, an immortalized human fetal glia cell, showed
a very weak MC813-70 staining signal and no MC631 nor VK-9
staining signal (Fig. 1 and Fig. S1). These results indicated that
most of the GBM cell lines examined were positively stained
by MC813-70.

Specificity of MC813-70. Previous studies indicate that mAb
MC813-70 recognizes the NeuAcoa2-3Galp1-3GalNAc epitope in
SSEA-4 glycolipid (sialyl Gb5Cer) and the glycoproteins with an
extended core 1 O-glycan structure (22, 27). In addition, MC813-
70 shows cross-reactivity toward GM1b and GD1la when these
two gangliosides are immobilized at a very high concentration/
density. We used a glycan microarray (28) to investigate the
binding specificity of MC813-70. As shown in Fig. 2, we found
that, among the 152 chemically synthesized glycans on the glycan
microarray (Fig. S2), MC813-70 recognizes only the SSEA-4
hexasaccharide with Neu5Ac or Neu5Gc at the terminal position
(glycan Nos. 12 and 49). Compared with previous ELISA results
(22), MC813-70 did not show any binding to GM1b (glycan No.
104) or GD1a (glycan No. 106), both of which contain the terminal
trisaccharide epitope of SSEA-4 (NeuAca2-3Galf1-3GalNAc) with
a different linkage (p1—4) to lactose at the reducing end. We also
used the glycan array to determine the dissociation constants of

Table 1. Expression profiles of glycan-related epitopes in GBM
cell lines LN-18, U-138, U-251, and G5T

Antigen LN-18 U-138 U-251 G5T

TF 83334 76.1 £ 17.7 12.8 + 11.7 58+0.2
Tn 77.7 +43 499 + 285 54.2 + 18.2 20.7 + 12,5
sTn 51+03 109 +5.9 53+ 05 4.9 + 0.8
Le* 6.2 +0.7 222 +17.7 74.2 + 14.6 76.5 + 10.6
LeY 29.3 +9.9 46.0 + 31.3 61.9 + 21.8 8.8 + 1.2
sLe® 48 + 0.5 328 + 1.7 8.2 +52 54+03
GM2 82.8 + 23.9 97.2 + 2.7 89.8 + 14.1 38.4
GM1 98.5 + 0.1 979+ 1.6 74.6 + 30.2 394
GD1a 96.9 + 4.4 993+ 1.0 88.0 + 9.9 27.6
GD2 434 +11.6 234 +9.7 103 + 4.2 15.4 + 8.9
GT1b 97.6 + 3.3 96.1 + 0.9 888 + 1.5 30.1 £ 7.1
A2B5 58.2 + 41.1 59.2 + 12.0 36.6 + 18.0 211+ 114
SSEA-3 75.9 + 16.2 38.9 + 26.0 27.1 +24.8 97.7 + 3.0
SSEA-4 99.6 + 0.2 90.5 + 16.4 43.1 + 10.8 99.9 + 0.1
Globo H 22.5 11.8 93 +40 55+ 0.1

Expression of glycan-related epitopes was determined by flow cytometry
as described in Materials and Methods. Values are the percentage (mean +
SD) of positive cells in total cells.

MC813-70 with SSEA-4 hexasaccharide on the surface. The Ky
value for the interaction was 4.21 + 0.26 nM (Fig. 2, Inset),
showing that MC813-70 is highly specific for SSEA-4.

Verification of SSEA-4 Expression on GBM Cell Lines. To exclude the
possibility that MC813-70 may bind to the extended core 1
O-glycan on glycoproteins in GBM cells, we treated DBTRG
cells with methanol to remove lipids before staining with MC813-
70. Upon methanol treatment, the immunoreactivity of MC813-
70 disappeared, as analyzed by flow cytometry (Fig. S34) and
immunofluorescence microscopy (Fig. S3B), suggesting that
MCS813-70 is immunoreactive toward glycolipids, not glyco-
proteins. To confirm the presence of the SSEA-4 epitope on
the GBM cell surface, we performed further MC631 staining on
a2,3-sialidase—treated DBTRG cells (Fig. S4). When treated
with o2,3-sialidase, the cells became MC813-70" and MC631%,
indicating that the GBM cells did express SSEA-4.

To verify the expression of SSEA-4 further, we next purified
the gangliosides using anion-exchange chromatography, developed
the purified gangliosides on HPTLC plates, and visualized them
by orcinol-H,SO, staining or immunoblotting. As shown in Fig.
S54, the purified gangliosides from three different GBM cell
lines exhibited similar patterns (Fig. S54, Left, lanes 1-3), with
abundant GM3, GM2, NeuS5Ac-(n)Lc4/Gg4Cer, and NeuSAc2-
(n)Lc4/Gg4Cer. Consistent with the results of flow cytometric
analysis, MC813-70 recognized two gangliosides (because of a
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Fig. 1. The binding characteristics of mAb MC813-
70 to GBM cell lines. (A) Schematic diagram of the
biosynthesis of globo-series GSLs. SSEA-3, the pre-
cursor of SSEA-4 and Globo H, is synthesized from
AL globoside. Glycosidic linkages and graphic nota-
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cytometry. All cells examined were GBM cell lines
except for SVG p12, which is a normal human fetal
glial cell line transformed with SV40 large T anti-
gen. The histograms of the cells stained with
MC813-70 and isotype control are shown in gray

Fluorescence intensity

and white, respectively.
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Fig. 2. The glycan-binding profile of mAb MC813-
70. The glycan microarrays on glass slides were
probed with Alexa Flour 647-conjugated MC813-70

N
o

10

0 g

[MC813-70] (nM)

(10 pg/mL) and were read in an array scanner at
635 nm. Data are presented as mean + SD. C5,
C5H10NH2. (Inset) The binding curve of MC813-70

20 30 40

110 20 30 40 50 60 70 80 90 100 110
@Gic OGal []JGalNAc @NeuAc > NeuGe

different chain length of fatty acids) on TLC from DBTRG and
D54MG cells but not from GBM 8901 cells (Fig. 34). The
positions of the immunoreactive double bands in GBM gan-
gliosides were the same as in the gangliosides purified from
2102Ep cells, which are embryonal carcinoma cells known to
express a high level of SSEA-4 glycolipid (Fig. 34, lane 4) (22). A
double band that developed at a shorter distance than the
MC813-70" glycolipid was detected by MC813-70 in YAC-1 cells
(Fig. 34, lane 5), in which GM1b is a major ganglioside (29),
indicating that MC813-70 harbors a weak cross-reactivity toward
GM1b. Immunoblotting with MC631 revealed that it also could
recognize MC813-70" glycolipid but with a lower affinity than
MC813-70 (Fig. S54, Right). To examine the number of sialic
acids on MC813-70" glycolipids, we eluted gangliosides in dif-
ferent salt conditions and performed immunoblotting with
MC813-70. The result indicated that MC813-70-reactive gan-
gliosides were monosialylated, because the two bands appeared
at the fraction eluted in the low-salt condition (Fig. S5B). We
next used sialidases to elucidate the linkage of the sialic acid on
this MC813-70-reactive monosialoganglioside. Gangliosides de-
veloped on a TLC plate were treated with o2,3-sialidase, the
sialidase that cleaves all linkages of sialic acids, and were blotted
with MC813-70 and MC631. The results in Fig. S5C show that
the immunoreactivity of MC813-70 disappeared after sialidase
treatment (Fig. S5C, Center), whereas MC631 could detect strong
signals (dashed rectangle in Fig. S5C, Right) at the positions re-
sembling MC813-70-reactive doublets, indicating the presence of
an a2,3-linked sialic acid.

We also analyzed the gangliosides from DBTRG cells by
MALDI-MS profiling (Fig. 3B). The spectra were dominated by
several major peaks that occurred in signal clusters because of
the expected heterogeneity of the ceramide (Cer) portions. The
respective gangliosides profiles were assigned based on the m/z
values of major molecular ions, as fitted to permethylation of
hexose (Hex), N-acety/hexosamine (HexNAc), or NeuAc resi-
dues, in combination with sphingosine and fatty acyl chains,.
Consistent with the HPTLC results, MS profiling showed that

Fig. 3. HPTLC immunostaining and MALDI-MS A
profiles of gangliosides from GBM cell lines. (A)
Gangliosides were separated on an HPTLC plate
and detected with MC813-70 mAb. Gangliosides
from 2012Ep (a human embryonal carcinoma cell
line) and YAC-1 (a mouse lymphoma cell line)
served as the positive controls for SSEA-4 and
GM1b, respectively. SSEA-4 with different chain
lengths of fatty acids migrated as two close
bands. (B) The extracted gangliosides from DBTRG
GBM cells were permethylated and analyzed by
MALDI-MS. The major gangliosides in DBTRG
cells were GM3 (m/z = 1,371.9), GM2 (m/z =
1,617.0), Neu5Ac-(n)Lc4/Gg4Cer (m/z = 1,821.1),
and Neu5Ac2-(n)Lc4/Ggd4Cer (m/z = 2,182.3).
SSEA-4 (Neu5Ac-Hex4-HexNAc-Cer, m/z = 2025.2)

GBM 8901
2102Ep

DBTRG
D54MG
YAC-1

SSEA-4(

IB: MC813-70

to SSEA-4. The dissociation constant (Kg) of mAb
MC813-70 toward SSEA-4 was detected on a glass
slide printed with SSEA-4 glycan.

120 130 140 150

the major species of gangliosides in DBTRG cells were GM3,
GM2, NeuSAc-(n)Lc4/GgdCer, and NeuSAc2-(n)Lc4/Gg4Cer.
The signal with Neu5SAc-Hex4-HexNAc-Cer (m/z = 2025.2) that
represented SSEA-4 was detected also, although with low in-
tensity, reflecting the existence of SSEA-4 in DBTRG cells.
These data indicate that the MC813-70-reactive ganglioside was
SSEA-4 and that, although it was a minor constituent of total
gangliosides, SSEA-4 was expressed in GBM cells.

Expression of SSEA-4 in GBM Tissues. SSEA-4 is a widely used marker
for stem cells, but information about the expression of SSEA-4 in
GBM tissues as well as normal brain tissues has been limited. To
understand if SSEA-4 is overexpressed in clinical GBM specimens,
in addition to GBM cell lines, we analyzed the expression of SSEA-
4 in grade I- IV astrocytomas and in normal brain tissues by im-
munohistochemistry (IHC) on human tissue microarrays (Fig. 4 and
Fig. S6). We found that 38 of 55 GBM tissue specimens (69%) were
positive for MC813-70 staining and around half of the GBM
specimens were intensely stained, with a score of 2+ or higher (Fig.
4C and Fig. S64). As shown in the positive specimens, SSEA-4 was
situated on the plasma membrane of GBM cells (Fig. 4B, Inset).
Furthermore, around 55% of low-grade astrocytoma specimens
were weakly stained (scored as 1+) by MC813-70, and the SSEA-4
intensity scores correlated positively with astrocytoma grade (Fig.
S6B). Most normal brain tissues were SSEA-4~ (Fig. 44). These
results indicated SSEA-4 is highly expressed in GBM tumors.

MC813-70 Mediates Complement-Dependent Cytotoxicity Against
GBM Cell Lines. To test if targeting SSEA-4 triggers comple-
ment-dependent cytotoxicity (CDC) in GBM cells, GBM cell
lines were treated with MC813-70 and rabbit complement, and
the degree of CDC was evaluated by detecting the level of re-
leased lactate dehydrogenase (LDH) caused by cell death. Fig. 5
shows that, in the presence of complement, mAb MC813-70
remarkably reduced the number of viable GBM cells. We ob-
served a significant CDC in SSEA-4" GBM cell lines: 71.7%
cytotoxicity of DBTRG, 46.6% of LN-229, 67% of G5T, and
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was also observed, albeit in a relatively weak signal. Gangliosides with the same glycan moiety but with different fatty acyl contents are bracketed.
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Fig. 4. Expression of SSEA-4 in GBM. (A and B) Representative images of
normal brain tissues (A) and GBM (B) after immunohistochemical staining
with MC-813-70. The inset in B shows a magnified picture of the small boxed
area. (Scale bars, 100 pm.) (C) Statistical results of SSEA-4 IHC. GBM speci-
mens (n = 55) and normal brain tissues (n = 19) were counterstained with
hematoxylin after IHC. The staining intensity of the tissues was graded as
0 (negative), 1+ (weak), 2+ (moderate), and 3+ (strong).

65.4% of LN-18 cells. MC813-70-mediated CDC did not kill two
GBM cell lines, Hs683 and U87, that expressed low or no SSEA-4.
Therefore, the level of MC813-70-mediated CDC correlated
positively with the level of SSEA-4expression in each GBM
cell line.

MC813-70 Suppresses Brain Tumor Growth in Vivo. To check if MC813-
70 was able to suppress GBM tumor growth in vivo, MC813-70 was
administered to the nude mice injected s.c. with DBTRG cells
when the tumors grew to palpable bumps (15-30 mm® at day 11
postinjection). MC813-70 (200 pg) was given i.p. to each mouse
every 4 d for a total of three times; an irrelevant mouse IgG3
(isotype control) was injected in parallel for comparison. The ex-
periment revealed that the administration of MC813-70 could in-
hibit tumor growth in DBTRG cells (Fig. 6). The growth of
DBTRG tumors was completely suppressed in two of three mice
treated with MC813-70; the third mouse developed tumor after the
cessation of antibody treatment. As compared with mice receiving
MC813-70 treatment, DBTRG tumors grew aggressively (with an
average tumor volume of 184 mm?> at day 31) in the control group
injected with mouse IgG3. These results demonstrated that MC813-
70 can inhibit the growth of SSEA-4—expressing GBM tumors,
possibly through CDC and antibody-dependent cell-mediated
cytotoxicity in vivo.

Expression of SSEA-4 in Various Cancer Cell Lines. SSEA-4 expres-
sion has been reported on renal carcinoma (26), basaloid lung
cancer (30), epithelial ovarian carcinoma (31), breast cancer
(25), and oral cancer (32) cells. Here, we analyzed the expression
levels of SSEA-3, Globo H, and SSEA-4 on various cancer cell
lines by flow cytometry. As shown in Table 2, we examined 134
cancer cell lines (17 brain cancer cell lines, 20 lung cancer cell
lines, 23 breast cancer cell lines, 13 oral cancer cell lines, two
esophageal cancer cell lines, six gastric cancer cell lines, 10 liver
cancer cell lines, five bile duct cancer cell lines, eight pancreatic
cancer cell lines, seven colon cancer cell lines, six renal cancer
cell lines, four cervical cancer cell lines, nine ovarian cancer cell
lines, and four prostate cancer cell lines). The names and the
expressed GSLs of these cell lines are listed in Table S1. We
found that SSEA-4 was expressed in every type of cancer cell line
(in 96 of 134 cancer cell lines). Globo H was expressed in 88 of
134 cancer cell lines, preferentially in lung, breast, pancreas,
colon, stomach, mouth, liver, and kidney cancer cell lines, and 70
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of 134 cancer cell lines expressed SSEA-4 and Globo H simul-
taneously. On the other hand, SSEA-3 expression was always
accompanied by a high level of SSEA-4 expression, indicating
that SSEA-4 and Globo H are the major globo-series GSLs on
the cancer cells. To validate the identity of SSEA-4, we purified
the gangliosides from nine MC813-70" cell lines and from TF1a,
an MC813-70" leukemia cell line, and performed immuno-
staining on HPTLC plates. As expected, SSEA-4 was detected in
these nine cancer cell lines but not in TFla (Fig. S7), and the
intensity correlated well with the geometric mean fluorescence
intensity as examined by flow cytometry. These results showed
that SSEA-4 can be expressed in a variety of cancer cell lines and
may serve as a potential target for multiple types of cancers.

Discussion

In the present study, we evaluated the expression of globo-series
GSLs on human GBM cell lines and found that SSEA-4 is highly
expressed in most GBM cell lines; SSEA-3 and Globo H also are
expressed at lower levels.

SSEA-4, first identified in 1983 (22), often has been used as
a pluripotency marker for hESCs and for the isolation and
characterization of cells with stem cell properties. Nonetheless,
information about the distribution of SSEA-4 in normal tissues is
limited. SSEA-4 has been reported to be expressed as a minor
GSL in erythrocytes (22) and on the epithelial cells of several
glandular tissues [e.g., breast, colon, gastrointestinal tract, kid-
ney, lung, ovary, pancreas, rectum, stomach, testes, thymus, and
uterine cervix (24)]. In solid tumors, SSEA-4 expression was
found on renal cell carcinomas in 1997 by Saito et al. (26) using
IHC with RM1, another SSEA-4 mAb. In the last few years,
SSEA-4 expression has been reported on breast cancer cells and
breast cancer stem cells (25), basaloid lung cancer (30), epithelial
ovarian carcinoma (31), and oral cancer (32). The relationship
between the level of SSEA-4 expression and tumor malignancy
differs in various types of cancers: The expression of SSEA-4 in
basaloid lung cancer is associated with poor prognosis (30),
whereas a reduction of SSEA-4 correlates with more advanced
tumor stage and tumor cell differentiation in ovarian cancer (31).
Here, we examined the expression of SSEA-4 in GBM and found
that SSEA-4 is expressed not only in GBM/grade IV astrocytoma
but also in ~55% of grade I, ~55% of grade II, and ~60% of
grade III astrocytoma. Nevertheless, there appears to be a trend
for higher expression of SSEA-4 to be associated with higher
grade of astrocytomas. We propose that SSEA-4 may play an
active role during tumor progression of astrocytomas and may
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Fig. 5. MC813-70 triggered CDC in GBM cells. GBM cell lines were treated with
20 pg/mL MC813-70 and rabbit complement to observe MC813-70-induced cell
lysis. The CDC activity of MC813-70 was measured by the LDH release assay
as described in Materials and Methods. The data are shown as mean + SD.
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Fig. 6. Inhibition of DBTRG tumor growth by MC813-70. On day 0, male

nude mice were inoculated with DBTRG cells in the right flank, and MC813-
70 or mouse IgG3 isotype control (200 pg per dose) was administered i.p. at
days 11, 15, and 19. Mice were killed at day 31. The tumor volume in each
group (n = 3) was measured at different time points and is shown as mean +
SD. P = 0.001 was obtained by two-way ANOVA.

serve as a potential therapeutic target in patients with GBM as
well as low-grade astrocytomas. Furthermore, we provide evidence
that SSEA-4 is expressed in multiple cancer cell lines, including
lung, breast, ovarian, prostate, colon, and pancreatic cancers.

Although SSEA-4 has been known for more than 20 y, the
molecular function of SSEA-4 has not been tested experimen-
tally. Brimble et al. (33) depleted SSEA-3 and -4 in hESCs
with D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol
(D-PDMP), an inhibitor for glucosylceramide synthase, and found
that D-PDMP treatment did not alter the gene-expression profile
of hESCs or alter their capacity to differentiate in vitro, suggesting
that SSEA-4 is not essential for hESCs’ pluripotency. On the other
hand, Van Slambrouck et al. (34) demonstrated that clustering of
monosialyl-Gb5 induces the invasion of MCF-7 breast cancer cells
by activating the FAK/c-Src signaling pathway. Recently, SSEA-4
was reported to bind to FK-506-binding protein 4, which may
affect the transportation of SSEA-4 to the cell surface and the
downstream signaling pathway (35).

In addition to SSEA-4, we examined the expression of two
other globo-series GSLs, SSEA-3 and Globo H. SSEA-3 was
expressed mainly in cell lines with high SSEA-4 expression. This

Table 2. Expression of globo-series GSLs in cancer cell lines

SSEA4™ or SSEA3*

result, together with the observation of Globo H expression in
only six of the GBM cell lines we tested, indicates that SSEA-4 is
the major globo-series GSL in GBM and that, once SSEA-3 is
synthesized, it is converted efficiently to SSEA-4 (24). It has been
suggested that an o2,3-sialyltransferase, encoded by ST3GAL2
gene, is the major SSEA-4 synthase that is closely related to renal
carcinogenesis (36) and that the mRNA level of ST3GAL?2 is in-
creased in renal and colorectal carcinomas (37). We also observed
that the mRNA level of ST3GAL2, but not of fucosyltransferase
(FUT) I and 2, is abundant in GBM cell lines (Fig. S8), perhaps
explaining why SSEA-4 is the predominant globo-series GSL in
GBM cells. It is also interesting to establish the correlation of
A4GALT, ST3GAL2, FUTI, and FUT2 mRNA levels with the
expression of globo-series GSLs in GBM specimens, to help de-
tect globo-series GSLs in small amounts of tumor samples.
Targeted therapy, which blocks tumor growth by using small
molecules or mAbs to interfere with specific molecules, is a growing
part of many cancer treatment regimens (38); for example, a series
of anti-EGFRVIII mAbs has been generated for GBM therapy (39,
40). Moreover, anti-glycolipid—targeted therapy is showing great
promise in the treatment of several cancers (41) [e.g., anti-GD2 in
neuroblastoma (42)]. In addition, a recent report indicates that a
Globo H-DT vaccine can elicit specific IgG not only against Globo H
but also against SSEA-3 and SSEA-4 (25). The expression profile
of these three glycolipids in different types of cancer cell lines, as
shown in Table 2, provides a direction in cancer vaccine therapy.
In addition, our finding of high-level SSEA-4 expression in GBM
provides a potential target for GBM diagnosis and therapy.

Materials and Methods
For additional details, see S/ Materials and Methods.

Flow Cytometry. Cells (1 x 10°) were stained with 0.5 ug Alexa Flour 488-
conjugated anti-SSEA-3 mAb (MC-631), anti-SSEA-4 mAb (MC813-70), or
allophycocyanin (APC)-conjugated anti-Globo H mAb (VK9, a gift from Philip O.
Livingston, Memorial Sloan—Kettering Cancer Center, New York) in 50 pL FACS
buffer (PBS solution with 1% FBS) on ice for 30 min. For lectin staining, cells
were incubated for 30 min on ice in lectin-binding buffer [1% BSA, 0.5x Carbo-
Free Blocking buffer (Vector Laboratories), 2 mM MgCl,, 2 mM CaCly] con-
taining biotinylated lectin. After being washed twice with lectin-binding
buffer, cells were incubated with streptavidin-APC (1:500 diluted in FACS
buffer; Biolegend). After being washed twice with 200 pL FACS buffer, cells
were resuspended in 200 pL FACS buffer containing 1 pg/mL propidium io-
dide (PI) and subjected to analysis. Data acquisition was performed on
a FACSCanto (BD Biosciences) with FACSDiva software (BD Biosciences), and
data analyses were performed using FlowJo software (TreeStar). Live PI™ cells
were gated for analysis. For methanol washing, cells were washed and fixed

SSEA-4* SSEA-3*

Tumor origin SSEA-4* SSEA-3* Globo H* or Globo H* SSEA-4" SSEA-3* SSEA-4" Globo H* Globo H*
Brain 12/17 9/17 6/17 12/17 9/17 6/17 5/17
Lung 13/20 5/20 13/20 16/20 5/20 10/20 5/20
Breast 17/23 6/23 14/23 18/23 6/23 13/23 6/23
Mouth 8/13 2/13 11/13 12/13 2/13 7/13 2/13
Esophagus 1/2 0/2 2/2 2/2 0/2 1/2 0/2
Stomach 4/6 3/6 6/6 6/6 3/6 4/6 3/6
Liver 6/10 4/10 9/10 9/10 4/10 6/10 4/10
Bile duct 2/5 1/5 3/5 3/5 1/5 2/5 1/5
Pancreas 8/8 3/8 6/8 8/8 3/8 6/8 3/8
Colon 5/7 0/7 6/7 717 077 a77 077
Kidney 5/6 0/6 5/6 6/6 0/6 4/6 0/6
Cervix 3/4 2/4 1/4 3/4 2/4 1/4 0/4
Ovary 8/9 2/9 5/9 8/9 2/9 5/9 2/9
Prostate 4/4 1/4 1/4 4/4 1/4 1/4 0/4

Expression of globo-series GSLs was determined by flow cytometry. Cell lines in which more than 15% of total cells were positive in flow cytometry are

labeled positive.
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with 4% (wt/vol) paraformaldehyde in PBS for 15 min at room temperature,
followed by incubation in methanol for 10 min before staining with
specific antibodies.

TLC Immunostaining. GSLs were separated on HPTLC plates as described
above. After chromatography, the TLC plate was air-dried, immersed three
times in 2.1% (wt/vol) poly(isobutyl-methacrylate) (Sigma) in hexane/chlo-
roform (42:8, volivol), and soaked overnight in PBS at 37 °C. The plate was
dried, blocked with in PBS for 30 min at room temperature, and reacted with
MC813-70 or MC-631 (5 pg/mL) for 2 h at room temperature. After being
gently washed three times with PBS and 0.05% Tween-20 (PBST), the plate was
incubated with biotinylated secondary antibody (1 pg/mL) for 1 h, followed by
incubation with streptavidin-alkaline phosphatase (1:1,000; Millipore). After
washing with PBST, the TLC plate was developed with nitro blue tetrazolium/
(5-bromo-4-chloro-1H-indol-3-yl) dihydrogen phosphate (Thermo Scientific).

In Vivo Tumor Growth. BALB/cAnN.Cg-Foxn1nu/CrINarl mice were purchased
from the National Laboratory Animal Center (Taiwan) and maintained under
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specific pathogen-free conditions. The animals’ health status was moni-
tored daily. Procedures involving animals and their care were conducted
according to the guidelines of the Academia Sinica Institutional Animal
Care and Utilization Committee in compliance with national and in-
ternational laws and policies. DBTRG cells (1 x 107/250 uL PBS) were s.c.
injected into the flank regions of 8- to 10-wk-old mice to generate the
xenograft model. On days 11, 15, and 19, each mouse was i.p. injected with
200 pg of MC813-70 (purified from the ascites) or with mouse 1gG3 isotype
as the control antibody. Tumor size was determined by Vernier caliper by
measuring the length (L) and width (W), and the tumor volume (in mm?3)
was calculated as 1/2 x LW?2,
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Reagents. Anti-Lewis x (anti-Le"), anti-sialyl Lewis x (anti-sLe"),
and anti-GD2 antibodies were purchased from BD Biosciences.
Anti-GD1a, anti-GT1b, and Alexa Fluor 488 anti-A2B5 antibodies
were purchased from Millipore. Antibodies against complex gan-
gliosides GM1 and GM2 (anti-GM1 and anti-GM2, respectively)
were purchased from Calbiochem. Anti-Lewis y (anti-Le*) and
anti-sialyl Tn (anti-sTn) antibodies were purchased from Abcam.
Anti-Thomsen-Friedenreich (TF) antigen antibody was purchased
from Thermo Scientific. Anti-Tn antibody was purchased from
DakoCytomation. Fluorescence-labeled or purified MC813-70
(anti-SSEA-4 mAb) and MC631 were purchased from Biolegend.
MCS813-70 ascites was purchased from the Developmental Studies
Hybridoma Bank at the University of Iowa. The use of these
antibodies in individual experiments is described in the following
paragraphs.

Cell Culture. U-251, U-138, LN-18, T98, LN-229, U87, U-373,
Hs683, D54MG, GBM 8401, GBM 8901, G5T, G9T, SNB75,
A172, and SF126 cells were routinely maintained in high-glucose
DMEM (Life Technologies) supplemented with 10% (vol/vol)
FBS (Biological Industries). DBTRG cells were maintained in
RPMI 1640 (Life Technologies) with 10% (vol/vol) FBS.

Immunofluorescent Staining. Cells were plated on plastic tissue-
culture chamber slides (Nunc) overnight to allow sufficient at-
tachment, fixed with 4% (wt/vol) paraformaldehyde for 15 min at
room temperature, washed three times with PBS, and then
blocked with 3% (wt/vol) BSA in PBS. Cells then were incubated
overnight with 10 pg/mL of mAb MC813-70 (Biolegend), washed
three times with PBS, and incubated for 2 h at room temperature
with 5 pg/mL FITC-conjugated anti-mouse IgG (eBioscience).
Nuclei were counterstained with Hoechst 33342 (2 pg/mL)
(Life Technologies). All images were acquired by an Olympus
IX71 microscope.

Immunohistochemistry. For MC813-70 staining on normal brain
and glioblastoma multiforme (GBM) specimens, three different
tissue microarray slides (Biomax), comprising a total of 19 normal
brain sections and 55 GBM sections, were tested. The slides were
dried at 56 °C for 1 h, deparaffinized in xylene, and rehydrated in
graded alcohols, followed by treatment with blocking buffer [2%
(wt/vol) Blocking Reagent (Roche) in PBS with 0.1% Triton
X-100] for 30 min at room temperature. The slides then were
incubated overnight at 4 °C with mAb MC813-70 (10 pg/mL) in
blocking buffer. After gentle washing with PBS and Tween-20
(PBST), the immunoreactivity on specimens was detected with
the SuperSensitive Polymer-HRP IHC Detection System (Bio-
Genex), and the slides were counterstained with hematoxylin and
prepared for mounting.

Glycan Array Fabrication. Microarrays were printed (BioDot;
Cartesian Technologies) by robotic pin (SMP3; TeleChem In-
ternational Inc.) with the deposition of ~0.6 nL per spot. Amine-
containing glycans in printing buffer [300 mM sodium phosphate
(pH 8.5), 0.01% Triton X-100] were spotted onto N-Hydroxy-
succinimide (NHS)-activated glass slides. Each glycan was printed
at 100 pM in a replicate of four or at 50 pM in a replicate of six
for K4 determination. Printed slides were allowed to incubate in
80% humidity for 30 min, followed by desiccation overnight.
Remaining NHS groups were blocked by immersing the slides
for 1 h in SuperBlock (PBS) Blocking Buffer (Pierce).

Lou et al. www.pnas.org/cgi/content/short/1400283111

Antibody-Binding Assay. mAb MC813-70 (Alexa Fluor 647; Bio-
legend) was prepared in 100 pL of PBS-BSA-Tween (pH 7.4,
with 3% (wt/vol) BSA and 0.05% Tween-20) and applied to
cover the grid. After incubation in a moist chamber for 30 min,
the slides were rinsed with PBST and deionized water and were
blow-dried. The slides were scanned at 635 nm in GenePix 4300A
(Molecular Devices). Data were analyzed by GenePix Pro-6.0
(Molecular Devices).

Sialidase Treatment. Cells were washed and resuspended in PBS
buffer at 1 x 107 cells/mL. Cells (10° cells/100 pL) were in-
cubated with or without 500 mU o2,3 sialidase (New England
BioLabs) for 1 h at 37 °C and were washed twice with FACS
buffer followed by surface staining and flow cytometry. The ef-
ficiency of sialidase treatment was measured by biotinylated
Maackia amurensis lectin II (MAL II; Vector Laboratories), which
recognizes o2,3-linked sialic acids.

Extraction of Glycosphingolipids. Cells (4 x 107) were harvested,
washed, with PBS, and homogenized in water. Methanol and
chloroform were added to the homogenate at a ratio of 8:4:3
(volivol/vol), and the sample was incubated in a bath sonicator
for 30 min. After centrifugation at 3,000 x g for 15 min, the pellet
was repeatedly extracted with 4:8:3 (vol/vol/vol) chloroform/
methanol/water, and the combined supernatant was dried under
a stream of nitrogen. The total lipid extract then was dissolved in
chloroform/methanol/water (30:60:8, vol/vol/vol), and ganglio-
sides were purified by DEAE-Sephadex A-25 (GE Healthcare)-
based anion-exchange chromatography. Unbound flow-through
containing neutral glycolipids was collected and dried. After
washing with chloroform/methanol/water (30:60:8, vol/vol/vol),
gangliosides were eluted with chloroform/methanol/aqueous
NaCl (0.02, 0.2, and 0.8 M stepwise) (30:60:8, vol/vol/vol), fol-
lowed by desalting with Sep-Pak C18 Cartridges (Waters). The
extracts were dried under nitrogen, and the ganglioside residues
and neutral glycolipid residues were redissolved in 100 pL chlo-
roform/methanol (2:1, vol/vol).

High-Performance TLC. Glycosphingolipids (GSLs) were separated
on high-performance TLC (HPTLC) plates precoated with glass-
packed silica gel 60 (Merck). Gangliosides were chromatographed
in chloroform/methanol/water (120:85:20, vol/vol/vol). and neutral
GSLs were chromatographed in chloroform/methanol/water
(120:70:17, vol/vol/vol), each supplemented with 2 mM CacCl,.
For analytic purposes, GSLs were stained with 0.3% orcinol in
3 M H,SO, and then were transferred to a preheated heating
plate (110 °C) until blue/purple spots appeared.

MALDI-MS Profiling and MS/MS Analysis. MALDI-MS analysis of
permethylated glycans was conducted in an ABI 4700 Proteomics
Analyzer (Applied Biosystems) using 2,5-dihydroxybenzoic acid
(DHB) as the matrix (10 mg/mL). MALDI-MS/MS sequencing with
low- and high-energy collision-induced dissociation was performed
in a Q/TOF Ultima MALDI (Waters Micromass) and a 4700
Proteomics Analyzer using the DHB matrix as described above.

Complement-Dependent Cytotoxicity Assay. The complement-
dependent cytotoxicity activity of anti-stage-specific embryonic
antigen-4 (anti-SSEA-4) (MC813-70) mAb was measured by
lactate dehydrogenase (LDH)-release assay using the CytoTox
96 Non-Radioactive Cytotoxicity Assay kit (Promega). Cells
(1 x 10%) were plated in each well of 96-well plates and were
washed with PBS twice after overnight growth. The cells then
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were incubated with 1 pg MC813-70 or mouse IgG3 isotype
(control) in 50 pL phenol red-free DMEM or RPMI with rabbit
complement (1:5 dilution) (Life Technologies). After incubation
in a 5% CO, incubator at 37 °C for 1 h, the degree of cell lysis was
determined by measuring the amount of LDH released into the
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Fig. S1. Flow cytometric analyses of glycan-related molecules on GBM cell lines. Expression of Lewis antigens Le*, LeY, and sLe* (A), O-linked glycans Tn, sTn,
and TF (B), complex gangliosides GM2, GM1, GD1a, GD3, GD2, GT1b, and A2B5 (c-series gangliosides) (C), stage-specific embryo antigen 3 (SSEA-3) (D), and
fucosyl Gb5Cer (Globo H) (E) were analyzed. Cells were incubated with optimal concentrations of the primary antibodies and fluorescent-labeled secondary
antibodies or Alexa Fluor 488-conjugated MC631 or allophycocyanin-conjugated VK9 and were analyzed by a FACSCanto flow cytometer. All cells examined
were GBM cell lines, except for SVG p12, which is a normal human fetal glial cell line transformed with SV40 large T antigen. The histograms of the cells stained
with specific antibodies and isotype control are shown in gray and white, respectively.
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Fig. $3. Effect of methanol on MC813-70 immunoreactivity toward GBM cells. DBTRG cells with or without methanol (MeOH) treatment were stained with
MC813-70 and subjected to immunofluorescent microscopy (A) and flow cytometry (B). DBTRG cells showed positive immunofluorescent staining (green in A,
gray histogram in B), which disappeared after treatment with MeOH. For immunofluorescent microscopy, nuclei were stained with DAPI (blue); for flow
cytometry, staining with isotype control is shown as a white histogram.
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Fig. S4. Desialylation of GBM cells affected MC813-70 and MC631 staining. DBTRG cells were treated with «2,3-sialidase before staining with MC813-70 and
MC631. Flow cytometric analysis showed that the intensity of MC631 staining increased and MC813-70 staining disappeared after sialidase treatment. The
efficiency of sialidase treatment was monitored by staining with MAL Il, which recognizes a2,3-linked sialic acids. The histograms of the cells stained with mAb
and MAL Il are shown in gray, and the histograms representing isotype control staining are shown in white.
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Fig. S5. HPTLC profiles and immunostaining of gangliosides from GBM cell lines. (A) Gangliosides were separated on an HPTLC plate and detected with
orcinol (Left), MC813-70 mAb (Center), or MC631 mADb (Right). Gangliosides from 2012Ep (a human embryonal carcinoma cell line) and YAC-1 (a mouse
lymphoma cell line) were applied to serve as the positive controls for SSEA-4 and GM1b, respectively. (B) Gangliosides from DBTRG cells were eluted by 0.8 M
NaCl at once (T) or were fractionated into mono-, di-, and polysialylated gangliosides by stepwise elution with 0.02 M, 0.2 M, and 0.8 M NaCl. Gangliosides
were separated on an HPTLC plate and detected by orcinol staining (Left) or MC813-70 immunostaining (Right). MC813-70" signals were detected in the
monosialylated ganglioside fraction. The gangliosides extracted from 2012Ep cells, which are known to express SSEA-4, were used as a positive control. (C)
Detection of desialylated gangliosides on an HPTLC plate with orcinol (Left), MC813-70 mAb (Center), or MC631 mAb (Right). The GBM-associated ganglioside
originally recognized by MC813-70 showed MC813-70 (—) and MC631 (+) after sialidase treatment, as marked in the dashed rectangle.
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Fig. S6. Expression of SSEA-4 in grade I-1V astrocytoma. (A) GBM tissues were immunohistochemically stained with MC813-70. The staining intensity of GBM
specimens was graded as 0 (negative, i), 1+ (weak, ii), 2+ (moderate, iii), and 3+ (strong, iv). (Scale bars, 100 pm.) (B) Statistical results of SSEA-4 immuno-
histochemistry (IHC). Grade | (n = 15), grade Il (n = 31), grade Ill (n = 24), and grade IV (GBM, n = 55) specimens were counterstained with hematoxylin after IHC.
The staining intensity of the tissues was graded as 0 (negative), 1+ (weak), 2+ (moderate), and 3+ (strong).
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Fig. S7. Immunostaining of SSEA-4 on HPTLC-separated gangliosides from cancer cells. Representative breast (MDA-MB-231, MCF-7, and HBL-100), lung (Calu-
3 and PC-14), prostate (DU145 and PC-3), pancreatic (PANC-1), ovarian (SKOV-3), erythroleukemia (TF1a), and embryonal carcinoma (2012Ep) cell lines

are shown.
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Fig. S8. Human GBM cell lines express a higher level of ST3GAL2 than FUTT and FUT2. Total RNA was extracted from GBM cell lines and reverse-transcribed to
cDNA. The expression levels of ST3GAL2, FUT1, and FUT2 were determined by real-time PCR and normalized against the expression level of GAPDH.
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Table S1. Expression of globo-series GSLs on various cancer

!
o

cell lines
Tumor origin Cell line Antigen
Brain A172
Brain D54MG 3,4, H
Brain DBTRG 4
Brain G5T 3,4
Brain GIT 3,4, H
"‘ Brain GBM 8401
Brain GBM 8901
m Brain Hs683 4
Brain LN-18 3,4, H
Brain LN-229 3,4, H
Brain SF126 4, H
Brain SNB75 3,4
Brain T95G
Brain U-138 MG 3,4
Brain U-251 MG 3,4
Brain U-373 MG 3,4, H
Brain U-87 MG
Lung A549 4, H
Lung Calu-3 4
Lung CL1 4
Lung CL1-0 4, H
Lung CL1-5 4, H
Lung CL2 H
Lung CL3
Lung H1299
Lung H1355 4, H
Lung H157 3,4, H
Lung H441 4, H
Lung H460
Lung H480 3,4, H
Lung H520 H
Lung Ho661 3,4, H
Lung H928 3,4, H
Lung NuLi-1 3,4, H
Lung PC-13 H
Lung PC-14
Lung PC-9 4
Breast Au565
Breast BT-20
Breast BT-474
Breast BT-483
Breast BT-549 4
Breast DuU4475 4, H
Breast HBL-100 4, H
Breast HBL-435
Breast HCC1395 3,4, H
Breast HCC1599 4, H
Breast HCC1806 3,4, H
Breast HCC1937 4
Breast HCC38 4, H
Breast Hs578T 3,4, H
Breast MCF-7 3,4, H
Breast MDA-MB-157 3,4, H
Breast MDA-MB-231 3,4, H
Breast MDA-MB-361 4, H
Breast MDA-MB-453 4, H
Breast MDA-MB-468 4
Breast SK-BR-3 H
Breast T47D 3,4, H
Breast ZR75 4, H
Colon CX-1 4, H
Colon DLD-1 H
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Table S1. Cont.

Tumor origin Cell line Antigen
Colon H3347 4, H
Colon HCT1116 4
Colon HT-29 H
Colon Sw430 4, H
Colon SW620 4, H
Mouth Ca922 4, H
Mouth Cal27 4, H
Mouth HSC3 4, H
Mouth 0oc3 H
Mouth OECM1 H
Mouth SAS H
Mouth SCC25 4
Mouth Nee) 3,4, H
Mouth Tu-183 H
Mouth Tw1.5 4, H
Mouth Tw2.6 4, H
Mouth UMSCC-1 3,4, H
Mouth YD-15 3,4, H
Esophagus CE81T H
Esophagus KYSE70 4, H
Stomach AGS H
Stomach AZ521 3,4, H
Stomach KATO il 3,4, H
Stomach NCI-N87 H
Stomach SCM-1 3,4, H
Stomach SNU-1 4, H
Liver 59T 3,4, H
Liver Changliver H
Liver HA22T H
Liver Hep3b 3,4, H
Liver HepG2 4, H
Liver Huh-7 4, H
Liver J5 H
Liver Mahlavu

Liver NTU-BL 3,4, H
Liver SK-HEP-1 3,4, H
Bile duct HuccT1 3,4, H
Bile duct SNU-1079

Bile duct SNU-1196 H
Bile duct SNU-245 4, H
Bile duct SNU-308

Pancreas AsPC1 4
Pancreas BxPC3 4, H
Pancreas HPAC 4, H
Pancreas KP-4 3,4, H
Pancreas MIA PaCa-2 3,4, H
Pancreas Panc0203 4, H
Pancreas PANCI1 4
Pancreas PL45 3,4, H
Kidney 769-P 3,4, H
Kidney A498 4
Kidney A704 H
Kidney ACHN 3,4, H
Kidney Caki-1 3,4, H
Kidney Caki-2 3,4, H
Cervix Hela 3,4
Cervix Hela 229 3,4
Cervix Hela S3

Cervix ME-180 4, H
Ovary C33A 4
Ovary CAOV3 4
Ovary ES-2 4, H
Ovary NUGCC 3,4, H
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Table S1. Cont.

Tumor origin Cell line Antigen
Ovary OVCAR-3 4, H
Ovary SiHa

Ovary SKOV3 4
Ovary TOV-112D 4, H
Ovary TOV-21G 3,4, H
Prostate 22Rr1 4, H
Prostate Du145 4
Prostate hTERT-HPNE 3,4
Prostate PC-3 4

Antigen: 3, SSEA-3; 4, SSEA-4; H, Globo H.

Lou et al. www.pnas.org/cgi/content/short/1400283111

13 of 13


www.pnas.org/cgi/content/short/1400283111



