L T

/

1\

=y

CrossMark
& click for updates

Stage-specific embryonic antigen-4 as a potential
therapeutic target in glioblastoma multiforme

and other cancers

Yi-Wei Lou®P, Pao-Yuan Wang®<, Shih-Chi Yeh®9, Po-Kai Chuang®®, Shiou-Ting Li°, Chung-Yi Wu®, Kay-Hooi Khoo,

Michael Hsiao®, Tsui-Ling Hsu®, and Chi-Huey Wong"®"’

ZInstitute of Biochemical Sciences, National Taiwan University, Taipei 106, Taiwan; PGenomics Research Center, “Chemical Biology and Molecular Biophysics
Program, Taiwan International Graduate Program, and fInstitute of Biological Chemistry, Academia Sinica, Taipei 115, Taiwan; %Institute of Biochemistry and
Molecular Biology, National Yang-Ming University, Taipei 112, Taiwan; and €Institute of Basic Medical Sciences, National Cheng-Kung University, Tainan 701,

Taiwan

Contributed by Chi-Huey Wong, January 8, 2014 (sent for review November 18, 2013)

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.
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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
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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, GM1,
GDla, GD2, GT1b, and A2BS (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 GS5T,
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 VKO 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 NeuAca2-3Galp1-3GalNAc 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 GD1a 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 NeuSAc or NeuSGec 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 (f1-4) 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 833 +34 76.1 +17.7 128 = 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 49 +0.38
Le* 6.2 + 0.7 222 +17.7 74.2 + 14.6 76.5 + 10.6
Le¥ 293 +9.9 46.0 + 31.3 61.9 + 21.8 88+ 1.2
sLe* 48 + 0.5 328 +1.7 82 +52 54 +03
GM2 82.8 + 239 97.2 + 2.7 89.8 + 14.1 38.4
GM1 98.5 + 0.1 979+ 1.6 74.6 + 30.2 39.4
GD1a 96.9 + 4.4 99.3+1.0 88.0 +9.9 27.6
GD2 434 +11.6 234 +9.7 10.3 + 4.2 154 + 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 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+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 MC6317,
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,SOy, 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, NeuSAc-(n)Lc4/GgdCer, 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. 2. The glycan-binding profile of mAb MC813-
70. The glycan microarrays on glass slides were
probed with Alexa Flour 647-conjugated MC813-70
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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 a2,3-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 «2,3-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-acetylhexosamine (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/Gg4Cer (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 (Ky) 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 NeuS5Ac2-(n)Lc4/Gg4Cer.
The signal with NeuSAc-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 ip. 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 TF1a (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 mAbD. 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 ST3GAL?2
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 11713 12/13 2/13 7/13 2/13
Esophagus 12 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 5/7 077 6/7 777 0/7 477 077
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, vol/ivol), 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 19G3 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?)
was calculated as 1/2 x LW?.
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