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The globo-series glycosphingolipids (GSLs) SSEA3, SSEA4, and
Globo-H specifically expressed on cancer cells are found to correlate
with tumor progression and metastasis, but the functional roles
of these GSLs and the key enzyme f1,3-galactosyltransferase V
(B3GalT5) that converts Gb4 to SSEA3 remain largely unclear. Here
we show that the expression of $3GalT5 significantly correlates with
tumor progression and poor survival in patients, and the globo-
series GSLs in breast cancer cells form a complex in membrane lipid
raft with caveolin-1 (CAV1) and focal adhesion kinase (FAK) which
then interact with AKT and receptor-interacting protein kinase (RIP),
respectively. Knockdown of $3GalT5 disrupts the complex and in-
duces apoptosis through dissociation of RIP from the complex to
interact with the Fas death domain (FADD) and trigger the Fas-
dependent pathway. This finding provides a link between SSEA3/
SSEA4/Globo-H and the FAK/CAV1/AKT/RIP complex in tumor pro-
gression and apoptosis and suggests a direction for the treatment of
breast cancer, as demonstrated by the combined use of antibodies
against Globo-H and SSEA4.
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he aberrant glycosylation and elevated expression of specific

glycosphingolipids (GSLs) on the cell surface of different
types of cancers has led to the development of new anticancer
agents (1, 2). We have previously reported that the globo-series
GSLs, including SSEA3, SSEA4, and Globo-H, are highly and
specifically expressed on the cell surface of 15 types of cancers,
and SSEA3 is a cancer-specific marker useful for the detec-
tion and enrichment of breast cancer stem cells, and only
10 SSEA3"-CD44"-CD24~ cells are sufficient to support tu-
mor formation (3, 4).

These globo-series GSLs are synthesized from globoside-4
(Gb4) by the key enzyme p1,3-galactosyltransferase V (f3GalT?),
which catalyzes the galactosylation of Gb4 to form Gb5 (also called
SSEA3) (5). SSEA3 is then converted to SSEA4 catalyzed by a
B-galactoside o2,3-sialyltransferase, ST3Gal-II (6) and to Globo-H
by an al,2-fucosyltransferase-1, FUT-1 (7) or FUT-2 (8); so, the
expression of p3GalT5 will determine the levels of these three
cancer-related globo-series GSLs (Scheme 1).

SSEA3 has a higher percentage of expression (77.5%) than
Globo-H (61%) in clinical breast cancer specimens (2) and in
nonsmall cell lung cancer cells with multiple drug resistance (9),
and the potential of tumorigenesis and sphere formation of co-
lorectal cancer cells is enhanced with increasing SSEA3 expres-
sion (10). In addition, the enzymatic activity of p3GalT5 in the
sera from clinical ovarian cancer and uterine cervical cancer
patients is associated with cancer progression (11), and the ex-
pression of f3GalT5 is up-regulated in metastatic hepatocellular
carcinoma HCCLM3 cells (12) and liver cancer-initiating cells
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(13). We also find that knockdown of p3GalT5 inhibited cell
proliferation and induced caspase-3—mediated apoptosis in
breast cancer cells (4), suggesting that the tumorigenicity and
multidrug resistance of cancer cells may correlate with the ex-
pression of SSEA3.

It has been shown that the globo-series GSLs are located in
the GSL-enriched microdomain (GEM), and the invasive prop-
erties of MCF-7 are highly correlated with the clustering of
SSEA4 and the subsequent activation of focal adhesion kinase
(FAK) in GEM (14, 15). In addition, FAK, a tyrosine kinase, is
significantly up-regulated in triple-negative or metastatic breast
cancer tissues and is related to cancer recurrence (16, 17).
Knockdown of FAK is found to induce apoptosis in breast cancer
cells, possibly through the suppression of FAK-mediated sig-
naling (18). Displacement of FAK by its dominant-negative form
(FAK-c-terminal domain, or FAK-CD) can induce cell apopto-
sis, and the disruption of FAK-mediated signaling is associated
with the initiation of Fas signaling (19). It is also found that when
caspase-3 and -8 are activated to cleave FAK, the survival signaling

Significance

Despite great advances in therapy for breast cancer, more than
half of patients still face tumor recurrence and drug resistance.
Therefore, a better understanding of tumor progression and
drug resistance is needed for developing next-generation ther-
apies. Here, we report the role of galactosyltransferase $3GalT5,
a key enzyme responsible for the biosynthesis of SSEA3 which is
then converted to SSEA4 and Globo-H. We demonstrated that
knockdown of $3GalT5 would destruct the complex formation of
SSEA3/SSEA4/Globo-H with FAK/CAV1/AKT/RIP and cause the
dissociation of RIP from the complex to interact with FADD, thus
triggering cancer cell apoptosis and suppressing metastasis.
These findings provide a strategy of therapeutics for breast
cancer as demonstrated by the combination use of antibodies
against Globo-H and SSEA4.

Author contributions: P.-K.C., M.H., T.-L.H., C.-F.C,, and C.-H.W. designed research; P.-K.C.,
B.-R.C., H-W.H,, K.-S.L,, C.-C.C,, S.-M.Y., CW.K,, P.C, P.-T.C,, and |.-J.C. performed re-
search; M.H., C.-Y.W., C-L.C,, S.-M.Y., CW.K., and P.C. contributed new reagents/analytic
tools; P.-K.C., M.H., T.-L.H., J.-S.L., C.-D.T.Y., and C.-H.W. analyzed data; and P.-K.C, T.-L.H.,
K.-S.L., and C.-H.W. wrote the paper.

Reviewers: Y.K., Osaka University; T.L.L., University of Alberta; and P.G.W., Georgia State
University.

The authors declare no conflict of interest.
Published under the PNAS license.
"To whom correspondence should be addressed. Email: chwong@gate.sinica.edu.tw.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1816946116/-/DCSupplemental.

Published online February 11, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1816946116


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1816946116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:chwong@gate.sinica.edu.tw
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816946116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1816946116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1816946116

L T

/

1\

=y

HO _OH uo OH o OH

] gﬁ,
ad B3GalTsHO
o LR

(T} Cer \\l- A3 (( Iw)

Fucosyltransferase Snalyltransferase
HO _OH HO _OH o OH

; § HO _OH HO _OH j{o _OH
NHAC S \/\(’,}Mﬁ‘
UH
AcHN~ OH

slobo-H \\E \4 e g o
(sialyl Gb5) HD c"
OH

m 253 Hg—r X
(oD

@ Glucose O Galactose []N- Acetylgalactosamine.Slallc acid M\Fucose Cer: Ceramide

Scheme 1. The biosynthetic pathway of SSEA3, Globo-H, and SSEA4,
showing the role of $3GalT5 in the pathway.

mediated by FAK is diminished (20). In addition, RIP, a death
domain-containing Ser/Thr kinase in the Fas signaling pathway,
is involved in the apoptosis triggered by attenuation of FAK; and
the association of RIP and FAK results in cell survival by inhibiting
the recruitment of RIP to FADD, suggesting a regulatory cross-
talk between Fas-induced apoptotic and FAK-mediated survival
signaling (21, 22).

Here, we first examined the clinical relevance of p3GalT5
expression and breast cancer progression. We found that SSEA3,
FAK, and CAV1 existed as a complex to maintain the survival of
breast cancer cells, and after knockdown of $3GalT5, the asso-
ciation of RIP and FAK was disrupted, while the interaction of
RIP with FADD increased. These observations led us to further
investigate the signaling pathway associated with the globo-series
GSLs to better understand the roles of B3GalT5 and the globo-
series GSLs in cell survival and apoptosis.

Results

Clinical Relevance of p3GalT5 in Patients with Breast Cancer. Since
SSEA3, SSEA4, and Globo-H are highly and specifically expressed
on the surface of cancer cells, it is likely that the enzyme
B3GalTs is key to the expression of these three cancer-related
globo-series GSLs (Scheme 1). To understand the correlation of
B3GalT5 expression and the stages of breast cancer, we per-
formed immunohistochemistry (IHC) on stage 0-3 breast carci-
noma specimens and normal breast tissue sections (S Appendix,
Fig. S1). The data indicated that f3GalT5 was highly expressed
in the cytoplasm of breast carcinoma cells, while most normal
breast tissue sections were B3GalT5-negative (Fig. 14). More-
over, the statistical results showed that 58.3% of breast carci-
noma specimens were B3GalT5-positive in stage 0, and 86.5%
were intensely stained in stage 3 specimens. In contrast, 86.4% of
normal breast tissue specimens were negatively stained. This
result indicated that p3GalT5 was explicitly expressed in breast
carcinoma tissues and positively correlated with the stages of
breast carcinoma and was consistent with the observation that
the globo-series GSLs were generally not expressed on normal
cell lines (SI Appendix, Table S1). The disease-free survival rate
in the patients with over 10 y follow-up was stratified based on
the IHC scores of B3GalT5 expression: the intensity of f3GalT5
scored as 0 was categorized as the “null” group, whereas the
staining score of 3 was categorized as the “high” group (Fig. 1B).
As shown in the data, there was a significant difference in the
disease-free survival rate between the “null” and the “high”
groups, and the high expression level of 3GalTS5 correlated with
poor disease-free survival in breast cancer patients.

Further analysis of p3GalT5 expression and pathological fac-
tors revealed that p3GalT5 is significantly associated with pro-
gressive clinical stages (P = 0.003) and lymph node metastasis
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(P = 0.0259) (SI Appendix, Table S2). There was no significant
correlation between the expression of $3GalT5 and patients’ age,
tumor status, distal metastasis, expression of estrogen receptor
(ER), progesterone receptor (PR), or human epidermal growth
factor receptor 2 (Her2), or recurrence.

Knockdown of B3GalT5 Induced Cell Apoptosis and Reduced Cell
Migration and Invasion. Since knockdown of B3GalT5 caused a
significant reduction of SSEA3 expression and resulted in the ac-
tivation of apoptosis through caspase-8 and -3 activations (4), we
further analyzed the expressions of SSEA3, SSEA4, and Globo-H
in B3GalT5 knockdown cells by flow cytometry and LC-MS/MS.
The results showed that these three globo-series GSLs were
nearly not detectable after knockdown of p3GalT5 in cancer cells
(SI Appendix, Fig. S2 A and B). Moreover, knockdown of p3GalT5
in MDA-MB-231 cells caused apoptosis, and introduction of
B3GalTs to these cells increased cell viability (Fig. 1C) and par-
tially restored the expression of SSEA3 and Globo-H on cell sur-
face (SI Appendix, Fig. S3 A and B). To investigate if cell apoptosis
is through the Fas or TNFRI signaling pathway, we added anti-Fas
or anti-TNFRI neutralizing antibody to block the signaling of
MDA-MB-231 breast cancer cells after knockdown of p3GalT5
(Fig. 1D). We found that treatment with anti-Fas antibody signif-
icantly reduced the percentage of apoptotic cells, whereas no
change was observed in the treatment with anti-TNFRI antibody
and isotype control, suggesting that the Fas signaling pathway is
associated with the apoptosis induced by p3GalT5 knockdown.
To further investigate if p3GalT5 plays a role in tumor me-
tastasis, the assays for cellular migration, invasion, and adhesion
were performed in MDA-MB-231 breast cancer cells with
p3GalT5 knockdown. It was found that knockdown of p3GalT5
significantly suppressed the abilities of migration, adhesion, and
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Fig. 1. Expression of $3GalT5 is associated with breast cancer progression.
(A) Immunohistochemistry of p3GalT5: normal breast tissues (n = 37), tissues
of stage 0 (n = 13), stage 1 (n = 16), stage 2 (n = 80), and stage 3 (n = 37)
were stained with hematoxylin after immunohistochemistry. The staining
intensity of normal and cancer tissues was scored as 0 (negative), 1+ (weak),
2+ (moderate), and 3+ (strong). (B) The expression level of 3GalT5 in breast
carcinoma correlates with disease-free survival. Shown is the results of 82
patients with p3GalT5 staining intensity scores of 0 (null) and 3 (high). All P
values were calculated by log-rank (Mantel-Cox) test. (C) The percentage of
apoptotic MDA-MB-231 cells with knockdown of p3GalT5 or overexpression
of B3GalT5. (D) The apoptotic MDA-MB-231 cells with $3GalT5 knockdown
were treated with anti-Fas or anti-TNFR antibody. Representative data
among triplicated experiments are shown. *P < 0.05; n s., not significant.
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invasion of MDA-MB-231 cells compared with the control cells
(Fig. 2 A-C). FAK is associated with cancer cell migration and
metastasis because the cleavage of FAK by activated caspase-3
will lead to the inhibition of cell migration (20). So, we measured
the protein level of FAK and its cleaved fragment p33 (Fig. 2D)
in the p3GalT5 knockdown cells to investigate whether the re-
duced metastasis capability was due to the decreased expression
of FAK. The results showed that knockdown of p3GalT5 activated
caspase-3 and significantly reduced the level of FAK, with a con-
current appearance of the fragment FAK p33, and treatment with
a caspase-3 inhibitor restored the expression of FAK (Fig. 2E). To
further confirm if the reduced cell migration and adhesion with
p3GalT5 knockdown was related to caspase-3 activation, the
caspase-3 inhibitor z-DEVD was added to inhibit cell apoptosis;
however, the migration and adhesion of cells were still observed,
suggesting that p3GalT5 probably plays a role in cell metastasis
and malignancy through multiple pathways.

SSEA3 Cooperated with FAK for Survival of Cancer Cells. FAK is
reported to have direct association with AKT for promoting cell
adhesion and metastatic abilities (23), but the relationship be-
tween SSEA3 and FAK in cancer progression is unknown. Here,
we found that the expression and phosphorylation of AKT was
suppressed in MDA-MB-231 cells with p3GalT5 knockdown (S
Appendix, Fig. S4 A and B). We further examined the correlation
of FAK and AKT by immunoprecipitation (SI Appendix, Fig.
S4C) and found that knockdown of p3GalT5 caused the disso-
ciation of FAK and AKT in MDA-MB-231 cells. Conversely,
inhibition of caspase-3 was able to significantly restore the as-
sociation between FAK and AKT. These results suggested that
the globo-series GSLs were positively correlated with the ex-
pression of FAK and the AKT survival pathway. To confirm if
the expression of globo-series GSLs correlated with FAK ex-
pression in cancer cells, we knocked down FAK in breast cancer
cells. As shown in SI Appendix, Fig. S54, both 3GalT5 knock-
down cells and FAK knockdown cells showed a reduction of
FAK expression in MDA-MB-231 cells compared with their
controls, whereas knockdown of $3GalT5 had no effect on the
FAK mRNA level (SI Appendix, Fig. S5 B-D). Interestingly, we
observed that the SSEA3 expression was significantly reduced
from 56.5 to 19.4% in FAK-silenced breast cancer cells com-
pared with the control cells. Moreover, when the FAK-silenced
cells were treated with triton X-100 for intracellular staining, the
cells showed an increase in SSEA3 expression (SI Appendix, Fig.
SSE), suggesting that the expression of FAK is in parallel with
SSEA3 expression on the surface of breast cancer cells. Treat-
ment with PF537228, an inhibitor of FAK phosphorylation at
Tyr397, had no effect on the expression levels of SSEA3, SSEA4,
or Globo-H on the cell surface (SI Appendix, Fig. S5F), indicating

that the phosphorylation of FAK did not affect the expression of
globo-series GSLs.

SSEA3/Globo-H/FAK and SSEA3/SSEA4/CAV1 Complexes in Breast
Cancer Cells. Both FAK and SSEA3 are found in GEM (195),
but whether FAK and SSEA3 form a complex in GEM is not
explored. To investigate whether SSEA3 associates with FAK
and the signaling, we performed immunoprecipitation in MDA-
MB-231 and MCF7 cell lysates with anti-SSEA3 antibody. The
results showed that the MDA-MB-231 and MCF7 immunopre-
cipitates were strongly positive in SSEA3 and FAK, and the level
of FAK protein was higher in MDA-MB-231 cells (SI Appendix,
Fig. S5 G and H). Interestingly, the relative percentages of
SSEA4 in MDA-MB-231 cells were higher than that in MCF7
cells, but the percentage of Globo-H in MCF?7 cells was higher
than that in MDA-MB-231 cells. These results suggested that
SSEA3 (and to a lesser extent Globo-H) and FAK form a cluster
on breast cancer cells. In addition, when the FAK protein from
these two cell lysates was immunoprecipitated by anti-FAK an-
tibody and subject to glycolipid profiling and protein identifica-
tion (Fig. 3 A and B), the results showed that the anti-FAK
antibody pulled down more SSEA3 from MDA-MB-231 cells
than from MCF7 cells which showed more Globo-H than MDA-
MB231. Consistent with the anti-SSEA3 pulldown results, MDA-
MB-231 cells showed higher SSEA3 and FAK interaction than
MCEF7 cells, indicating that SSEA3 was explicitly more associ-
ated with FAK in MDA-MB-231 cells for tumor progression.

The membrane protein CAV1 is a lipid raft marker and can
promote the stabilization of FAK within focal adhesion for tu-
mor metastasis. To examine the possible association between
CAV1 and SSEA3/SSEA4/Globo-H in MDA-MB-231 and MCF7
cells, the CAV1 protein from these two cell lysates was immuno-
precipitated by anti-CAV1 antibody. Interestingly, we observed
that the anti-CAV1 antibody pulled down more SSEA3 and SSEA4
glycolipids in MDA-MB-231 cells compared with MCF7 cells (Fig.
3C). The CAV1 complex was then analyzed and quantified by mass
spectrometry to confirm the protein level of CAV1, which was
higher in MDA-MB-231 cells than in MCF7 cells (Fig. 3D). Taken
together, these results indicated that SSEA3/SSEA4 was associ-
ated with CAV1 in breast cancer cells.

Colocalization of SSEA3, CAV1, and FAK on Membrane Raft of Breast
Cancer Cells. To examine whether CAV1 would form a complex
with SSEA3/SSEA4 and FAK in breast cancer cells, we analyzed
the colocalization of SSEA3/SSEA4, FAK, and CAV1 in MDA-
MB-231 cells by immunofluorescence microscopy (SI Appendix,
Fig. S6A4) and stimulated emission depletion (STED) (Fig. 44)
after triton X-100 or saponin treatment. The results indicated
that SSEA3, FAK, and CAV1 were strongly colocalized in the
cytoplasm and the membrane raft of MDA-MB-231 cells because
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Fig. 2. Knockdown of $3GalT5 caused cell apoptosis and inhibition of cell metastasis. (A) The migration ability of MDA-MB-231 cells measured by wound-
healing assay. Cells infected with sh $3GalT5 were treated with or without Z-DEVD-FMK, a caspase-3 inhibitor, and incubated for 18 h. Representative data
among triplicated experiments are shown. (Scale bars, 100 um.) (B and C) The invasion (B) and adhesion (C) abilities of MDA-MB-231 cells with or without
p3GalT5 knockdown. The percentage of invaded cells were measured with calcium AM. (D) Western blot analysis of caspase-3 activation and cleavage of FAK
in MDA-MB-231 cells with $3GalT5 knockdown. (E) Expression of caspase-3 and FAK in MDA-MB-231 cells in the presence or absence of caspase-3 inhibitor.
Bars represent the mean + SD values from three experiments. The P value was obtained by t test. *P < 0.05; **P < 0.01.
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Fig. 3. Identification of glycolipids in breast cancer cell lysates via coim-
munoprecipitation with FAK or CAV1 antibody. (Aand C) The percentage of
globo-series GSLs determined from anti-FAK (A) and anti-CAV1 (C) pulldown
by LC-MS/MS in MCF7 and MDA-MB-231 cells. (F, Fucose; H, Hexose; N,
N-acetyl-Hexosamine; S, Sialic acid) (B and D) Quantitation of FAK (B) and CAV1
(D) peptides from the immunoprecipitates of MCF7 and MDA-MB-231 cells by
LC-MS/MS. All glycolipids are with C16:0 fatty acid in all examinations.

after treatment with saponin, a detergent used for the disassembly
of membrane rafts, we found that neither SSEA3-FAK nor
SSEA3-CAV1 was colocalized in membrane raft (Fig. 4B). To
investigate whether SSEA3-FAK-CAV1 formed a complex in
membrane rafts, we examined the expression of FAK and CAV1
in MDA-MB-231 cell lysates with or without SSEA3 (SI Appendix,
Fig. S6B). We isolated the membrane raft fraction from cell lysate
and verified by cholera toxin, which binds to the membrane raft
marker GM1 on TLC-blot, and found that SSEA3 was enriched in
the membrane raft. We also observed the existence of FAK and
CAV1 in the lipid raft fraction and a decreased expression of FAK
and CAV1 in p3GalT5 knockdown MDA-MB-231 cells. These
results suggested that the SSEA3-CAV1-FAK complex may
regulate the signaling in breast cancer cells.

Knockdown of $3GalT5 Caused RIP Association with FADD to Induce
Cell Apoptosis. It is shown that FAK would suppress apoptosis by
binding to the death domain of RIP, which shuttles between the
apoptosis and survival signaling pathways (22). To further in-
vestigate whether the apoptosis caused by the knockdown of
B3GalT5 was through the dissociation of RIP from FAK to in-
duce FADD-mediated apoptotic signaling, we analyzed the ex-
pression of FAK and FADD using anti-RIP antibody to pull
down the RIP-binders from MDA-MB-231 cell lysate. The result
showed that knocking down the expression of p3GalT5 reduced
the interaction of RIP and FAK and enhanced the interaction of
RIP and FADD (Fig. 4C), indicating that the SSEA3-FAK-
CAV1 complex may regulate breast cancer survival via associa-
tion with RIP to prevent its interaction with FADD for signaling.

Attenuation of Globo-Series Glycans Exposure Inhibited Tumor
Growth. Our previous study showed that breast cancer cells treat-
ed with FK506, an inhibitor of FK506-binding protein 4 (FKBP4),
showed a decrease in SSEA4 expression on cell surface (24). To
further investigate whether reducing the SSEA4 expression would
induce cell apoptosis, MDA-MB-231 cells were treated with FK506
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and caspase-3 inhibitor. It was found that cells treated with FK506
had lower SSEA4 expression on the surface and increased
apoptosis (SI Appendix, Fig. ST A-C), whereas treatment with
caspase-3 inhibitor could rescue cell viability, suggesting that the
external globo-series GSLs regulate the internal downstream
signaling in breast cancer progression.

To identify additional binding proteins of the globo-series
GSLs, we mixed cell lysates with biotinylated SSEA3, SSEA4, or
Globo-H and pulled out the binders with neutravidin agarose
beads for analysis by mass spectrometry. Using this affinity
capture technique, we successfully identified the SSEA4 binding
protein galectin-8 in breast cancer cells. By determining the
glycan-binding profiles of galectin-8 and its N- and C-terminal
carbohydrate recognition domains (N-CRD and C-CRD), we
found that the NeuAca2,3—f-galactoside motif was critical for
galectin-8 binding to SSEA4 via N-CRD, and the C-CRD was
highly selective for poly-LacNAc extension (SI Appendix, Fig.
S8). Furthermore, knockdown of galectin-8 expression was found
to dramatically increase the expression of SSEA4 on breast
cancer cells (SI Appendix, Fig. S9) and also to enhance the cell
migration (SI Appendix, Fig. S10 A and B) and invasion ability
(SI Appendix, Fig. S10 C and D). These results suggested that
galectin-8 plays a critical role in regulating SSEA4 trafficking
and breast cancer transformation.

Interestingly, we also found that the tumor growth in mice
xenografted with MCF7 was inhibited by treatment with anti-
Globo-H and anti-SSEA4 monoclonal antibodies (3 mg/kg), with
45% and 24% of tumor growth inhibition (TGI), respectively,
and 56% of TGI in combination treatment (Fig. 54 and SI Ap-
pendix, Fig. S114). The synergistic effect was observed in the
low-dose antibody combination treatment in HCC1428 (3 mg/kg
each antibody) (Fig. 5B and SI Appendix, Fig. S11B) and pan-
creatic cancer HPAC (0.1 mg/kg each antibody) with 35% of
TGI and 37% of TGI (SI Appendix, Fig. S11C). Targeting both
SSEA4 and Globo-H simultaneously by the respective monoclonal
antibodies resulted in an apparently synergistic tumor suppression,

C IP: RIPK1
sh control

A 0.1% Triton X-100

0.1% Saponin

sh 3GalT5
D2 D3 D4

Fig. 4. Colocalization of SSEA3-FAK-CAV1 in MDA-MB-231cells. (A) The
STED microscopy images of cells were obtained with antibody-conjugated
fluorescent dye after 0.1% triton X-100 permeabilization in MDA-MB-231
cells. (B) Disruption of the SSEA3, CAV1, and FAK complex by lipid raft-
sensitive detergent. The STED microscopy images in MDA-MB-231 cells
were determined by antibody-conjugated fluorescent dye after 0.1% sapo-
nin permeabilization in MDA-MB-231 cells. SSEA3 is labeled with AF546
(red), and FAK and CAV1 are labeled with AF488 (green). The yellow color in
merge panels indicates colocalization of SSEA3 and FAK or CAV1. (Scale bar,
2 pm.) (C) B3GalT5 regulates cell apoptosis through RIP shuttling from FAK
to FADD. The cell lysate of MDA-MB-231 cells with knockdown of p3GalT5
or control were pulled down by anti-RIP antibody and analyzed by Western
blot to determine the expression level of FAK and FADD, with the expression
level of RIP as control.
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indicating that SSEA4 and Globo-H may play a parallel role to
regulate tumor growth.

This study concluded that knockdown of B3GalT5 in breast
cancer cells would suppress the expression of SSEA3/SSEA4/
Globo-H complex (the globo-series GSL complex) on the cell
surface and lead to the dissociation of RIP from the FAK/CAV1/
AKT/RIP complex (the FAK complex) to interact with FADD
for caspase-8 and -3 activation, leading to cell apoptosis and
dysfunction of FAK (Fig. 6). The pivotal role of p3GalT5 and the
globo-series GSLs in breast cancer cells and the cooperation of
the globo-series GSLs with the FAK complex to suppress apoptosis
and enhance malignant properties revealed in this study provide
a better understanding of the globo-series GSL signaling in breast
cancer and its application to cancer therapy as demonstrated by
the combined use of antibodies against SSEA4 and Globo-H in
this study and the Globo-H vaccine reported previously (1).

Discussion

Since hematopoietic or mesenchymal stem cells usually do not
express SSEA3, so SSEA3 is not considered as an appropriate
marker of multipotent cells (25). However, knockdown of p3GalT5
in this study was found to cause a significant down-regulation of
the globo-series GSLs in MDA-MB-231 (SI Appendix, Fig. S2).
This finding is consistent with the report that overexpression of
globotriaosylceramide synthase (GCS) significantly enhanced the
expression of Gb3, Gb4, SSEA3, and Globo-H in GEM and in-
creased FAK-mediated beta-catenin activation to maintain tu-
morigenicity and multiple drug resistance in breast cancer stem
cells (26). In addition, the N-terminal lipid-binding domain is re-
quired for the regulation of FAK translocated to membranes (27).
These studies also indicated that the globo-series GSLs and the
FAK complex are contributed to the up-regulation of CAV1 expres-
sion for migration enhancement during epithelial to mesenchymal
transition (EMT) (28). We have also found that the antibodies
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Fig. 5. Synergistic or additive effect observed in combination of anti-Globo-
H antibody and anti-SSEA4 antibody in MCF7- and HCC1428-implanted female
nude mice. (A) Anti-Globo-H antibody (0.1 and 3 mg/kg, IV) or anti-SSEA4
(0.1 and 3 mg/kg, IV) antibody as single agent was active against breast
cancer MCF7 xenograft, and the combination of both antibodies (3 + 3 mg/kg,
IV) showed a greater antitumor activity (56% of TGI) compared with individ-
ual antibodies. (B) Anti-Globo-H antibody (3 and 30 mg/kg, IV) or anti-SSEA4
(3 and 30 mg/kg, IV) antibody as single agent was active against HCC1428
xenograft, and the combination of both antibodies (3 + 3 mg/kg, 1V) showed a
greater antitumor activity (35% of TGI) compared with individual antibodies.
The tumor volume in each group (n = 8) was measured at different time
points and is shown as mean + SD. P < 0.0001 was determined by two-way
RM ANOVA.
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Fig. 6. The critical roles of f3GalT5 and the globo-series GSLs in regulating
the apoptosis and survival of breast carcinoma cells. A schematic diagram
suggesting that in the absence of p3GalT5, the expressions of SSEA3, SSEA4,
and Globo-H are down-regulated, leading to the dissociation of RIP from the
FAK complex. The released RIP is then associated with FADD to facilitate the
FAS-mediated cell apoptosis through caspase-8 and -3 activation and FAK
degradation. On the contrary, in the presence of $3GalT5, SSEA3, SSEA4, and
Globo-H are up-regulated and associated with CAV1/FAK/AKT/RIP to form a
complex on membrane microdomain and prevent the activation of caspase-3
leading to breast carcinoma cell survival and metastasis. As indicated in the
experiment, SSEA3/SSEA4 is more associated with CAV1, while SSEA3/Globo-H
is more associated with FAK.

which are currently available and specific for the globo-series
GSLs could not differentiate the isomers with «1,3- and «al,4-
linkage between the two Gal residues, and the expression level of
SSEAA4 was increased in tyrosine kinase inhibitor (TKI)-resistant
nonsmall cell lung cancer cell lines such as H1975 (L858R/T790M).
It was reported that siglec-7 and -9 on NK cells could interact
with a2,3- or o2,6-linked sialosides on cancer cells, and, as a result,
the NK cell was negatively regulated (29). It would be interesting
to understand the role of SSEA4 in the drug-resistant cancer cells
and whether SSEA4 and its sialylated derivatives (e.g., a2,8-linked
sialylation on the sialic acid residue, or a2,6-linked sialylation on
the GalNAc residue) on cancer cells would interact with NK cells
and other immune cells to inhibit their response to cancer cells.

The transmembrane protein CAV1 is known to cooperate with
cell surface receptors and lipid raft for regulating the prognosis
status, including poor survival rate, metastasis, and multidrug
resistance (30). Palmitic acid (C16:0 fatty acids) at the C ter-
minus of CAV1 enhances the clustering of GSLs in GEM and
provides a platform for protein—protein or protein-lipid inter-
action (31). Interestingly, from the pulldown analysis of SSEA3
in MDA-MB-231 and MCF7 cell lysates, only the C16:0 fatty acid
was detected by LC-MS/MS, suggesting a possible interaction of
CAV1 with GSLs through C16:0. Further evidence showed that
disruption of the raft composition led to FAK down-regulation,
anoikis-like apoptosis, and depletion of caveolae formation to
restrict CAV1 exposure (32), indicating that attenuation of FAK
caused the limitation of CAV1 exposure and resulted in the ac-
cumulation of SSEA3 inside the cell.

In addition, overexpression of the CAV1 mutant with no
palmitoylation in cancer cells inhibits AKT, suggesting that
palmitoylation of CAV1 is important to activate AKT signaling
to promote tumor growth and migration (33). AKT modulated
tumor growth by interacting with cell surface receptors, including
epidermal growth factor receptor (EGFR) and CD44, which
were abundant in basal-like breast cancer and displayed on cell
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surface, and inhibition of FAK and EGFR interaction led to cell
detachment and apoptosis through caspase-3 dependent degra-
dation of AKT and FAK (34). Moreover, it was found that AKT
was directly associated with FAK (23) and RIP kinase (35) to
escape cell death and stimulate metastasis, supporting the notion
that formation of the RIP-FAK-AKT complex is required for
tumor progression. Recent studies also showed that knockdown
of CD44 in cancer-initiated cells suppressed the proliferative and
metastatic potential via reduction of AKT and FAK phosphor-
ylation, indicating that CD44 exhibited its influence on carcino-
genesis via regulation of FAK and the downstream AKT/beta-catenin
signaling pathway (36).

In summary, our findings revealed the interaction of globo-
series GSLs with the FAK complex, and this interaction was
shown to play an essential role in cancer proliferation and me-
tastasis through the downstream AKT survival signaling path-
ways. In addition, intervention or disruption of this globo-series
GSL signaling was shown to be an effective anticancer strategy as
demonstrated in the use of carbohydrate-based antibodies or
vaccines to target the globo-series glycans on cancer cells.
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Materials and Methods

For B3GalT5 staining, tissue array slides comprising a total of 39 normal
breast sections and 142 breast carcinoma sections were taken from the
tissues of 152 patients. Paraffin-embedded tissue blocks were collected
from Wan Fang Hospital managed by Taipei Medical University Hospital
(Taiwan). Patient information, including gender, age, and histopatholog-
ical diagnoses, was collected. Follow-up of patients was carried out for up
to 151 mo and approval of the Institutional Review Boards and with
permission from the ethics committees of the Taipei Medical University
Hospital (TMU-IRB 99049).
For additional details, see SI Appendix, Materials and Methods.
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