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Abstract

Stage-specific embryonic antigen-4 (SSEA-4) is a glycosphingolipid, which is overexpressed in some

cancers and has been linked to disease progression. However, little is known about the functions of

SSEA-4 and the characteristics of SSEA-4 expressing tumor cells. Our studies identified SSEA-4

expression on a subpopulation of cells in many solid tumor cell lines but not in leukemic cell

lines. Fluorescence-activated cell sorting-sorted SSEA-4+ prostate cancer cells formed fibroblast-

like colonieswith limited cell–cell contacts, whereas SSEA-4− cells formed cobblestone-like epithelial

colonies. Only colonies derived from SSEA-4+ cells were enriched for pluripotent embryonic

stem cell markers. Moreover, major epithelial cell-associated markers Claudin-7, E-cadherin,

ESRP1 and GRHL2 were down-regulated in the SSEA-4+ fraction of DU145 and HCT-116 cells. Similar

to cell lines, SSEA-4+ primary prostate tumor cells also showed down-regulation of epithelial cell-

associated markers. In addition, they showed up-regulation of epithelial-to-mesenchymal transition

as well as mesenchymal markers. Furthermore, SSEA-4+ cells escape from adhesive colonies spon-

taneously and form invadopodia-like migratory structures, in which SSEA-4, cortactin as well as ac-

tive pPI3K, pAkt and pSrc are enriched and colocalized. Finally, SSEA-4+ cells displayed strong

tumorigenic ability and stable knockdown of SSEA-4 synthesis resulted in decreased cellular adhe-

sion to different extracellularmatrices. In conclusion, we introduce SSEA-4 as a novelmarker to iden-

tify heterogeneous, invasive subpopulations of tumor cells. Moreover, increased cell-surface SSEA-4

expression is associated with the loss of cell–cell interactions and the gain of a migratory phenotype,

suggesting an important role of SSEA-4 in cancer invasion by influencing cellular adhesion to the

extracellular matrix.
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Introduction

Tumor heterogeneity refers to the existence of subpopulations of cells,
with distinct genotypes and phenotypes that may harbor divergent
biological behaviors, within a primary tumor or between a primary
tumor and its metastases (intra- and inter-tumor, respectively). Intra-
tumoral heterogeneity may give rise to distinct cellular phenotypes
based on antigen expression and can lead to important consequences
like differential response to chemotherapy and metastatic proclivity
(Valeriote and van Putten 1975; Liu et al. 2013). A variety of cell
surface-specific markers have been employed to prospectively isolate
heterogeneous cancer cells using immunomagnetic or fluorescence-
activated cell sorting (FACS) techniques. These markers include
CD271, CD166, CD133, CD47, CD44, CD24, EpCAM, GD2, Tra-
1-60 and several other molecules (Xia 2014), which appear to be
expressed not only in tumors but also in normal epithelial stem cells,
progenitor cells and mesenchymal stem cells (Sivasubramaniyan et al.
2012; Verga Falzacappa et al. 2012; Harichandan et al. 2013).

Cell surface antigens that have been used to characterize human
embryonic stem cells (hESCs) include stage-specific embryonic antigen
(SSEA)-3 and -4, as well as keratin sulfate-associated antigens TRA-
1-60 and TRA-1-81 (Fong et al. 2009). Interestingly, all of these mar-
kers are carbohydrates carried on glycolipids or glycoproteins. SSEA-4
is a ganglioside which consists of a glycosphingolipid (GSL) contain-
ing a terminal sialic acid residue (N-acetylneuraminic acid). It is
synthesized from SSEA-3 by the enzyme ST3 beta-galactoside alpha-
2,3-sialyltransferase 2 (ST3GAL2; Saito et al. 2003). The expression
of SSEA-4 undergoes qualitative and quantitative changes during
development, differentiation and tumorigenesis. During human pre-
implantation development, SSEA-3 and -4 are first observed on the
pluripotent cells of the inner cell mass and are lost upon differentiation
(Tondeur et al. 2008). In addition, human germ stem cells in the testis
and ovary express SSEA-4 (Harichandan et al. 2013; Virant-Klun
et al. 2013).

Promotion or inhibition of tumorigenesis through glycosylation is
of crucial importance in cancer research. Some studies show that GSL
SSEA-4 is implicated in the malignancy of cancers, such as invasion
andmetastasis (Katagiri et al. 2001; Hung et al. 2013). The expression
of SSEA-4 is associated with the increase in metastatic potential and
poor prognosis of lung, renal, breast and oral cancer (Katagiri et al.
2001; Gottschling et al. 2013; Hung et al. 2013; Noto et al. 2013).
Katagiri et al. (2005) reported that SSEA-4 is involved in laminin bind-
ing through interactions with the laminin receptor, laminin-binding
protein 34/67.

So far, little is known about the functions of SSEA-4 in cancer and
the characteristics of SSEA-4 expressing tumor cells. In this study,
SSEA-4 was identified as a promising antigenic target of the de novo
generated monoclonal antibody (mAb) IPS-K-4A2B8, which recog-
nized distinct subpopulations of solid cancer cell lines. In addition,
the role of SSEA-4 expression in regulation of different properties of
cancer cells including adhesion, migration and tumorigenicity was
investigated. We could demonstrate that SSEA-4 identifies tumor
cells that undergo spontaneous loss of epithelial phenotype and
might play a role in tumor progression by influencing cellular adhesion
to extracellular matrix (ECM).

Results

Generation of mAbs reactive with subsets of tumor cells

This study was aimed to identify novel mAbs that recognize highly
tumorigenic subpopulations of human cancer cells. For this purpose,
we screened a large panel of in-house generated mAbs against cell

surface antigens for their reactivity with different human solid cancer
and leukemic-derived cell lines. In addition, novel mAbs with specific
reactivity against cell surface molecules expressed on human induced
pluripotent stem cell line 122 (iPS 122) were generated. In an initial
screening effort, the reactivity analysis of selected mAbs with several
cell lines revealed that most of antibody-defined antigens were homo-
genously present or absent on the majority of the tested cell lines. As
shown in Supplementary Tables S1 and S2, most antibodies were un-
able to discriminate between distinct subpopulations in multiple cell
lines. In contrast, mAbs IPS-K-1A6G5 and IPS-K-3C4A6 reacted
with subpopulations of the testis cancer cell lines TCAM2, NT2,
NCCIT and 2102Ep, whereas mAb IPS-K-4A2B8 (immunoglobulin
class IgM) additionally reacted with subpopulations of cancer cell
lines derived from other tissues including the breast, colon and pros-
tate.

The heterogeneous reactivity profile of mAb IPS-K-4A2B8
prompted us to analyze its reactivity on a large number of solid
tumor and leukemic cell lines. Interestingly, the mAb reacted with
many solid tumor cell lines (Figure 1) but not with any of the screened
leukemic cell lines (Supplementary Figure S1A).

Target identification of IPS-K-4A2B8 antibody

The interesting reactivity profile of mAb IPS-K-4A2B8 with several
solid tumor-derived cell lines prompted us to identify the target mol-
ecule. For this purpose, we applied several strategies.

IPS-K-4A2B8 antigen is associated with lipid rafts
To gain more insight into the distribution of IPS-K-4A2B8 antigen on
the cell surface and to design effective antigen extraction procedures
for target identification, the potential localization of the antigen in
lipid rafts was studied. To assess the potential distribution of
IPS-K-4A2B8 antigen in lipid rafts, the reactivity of the antibody
was analyzed by flow cytometry on 1% Triton X-100 (TX-100) trea-
ted as well as untreated human iPS122 andDU145 cells. CD44, which
is known to be resistant to TX-100 treatment (Filatov et al. 2003), was
used as a control antigen. As shown in Figure 2A and B, IPS-K-4A2B8
epitope expression did not decrease after TX-100 treatment in both
iPS122 and DU145 cells. This indicated that IPS-K-4A2B8 antigen
is localized in the TX-100 resistant lipid raft membrane fraction of
both iPS122 and DU145 cells.

To confirm the localization of the IPS-K-4A2B8 antigen to lipid
rafts, we used Alexa Fluor 555 conjugated cholera toxin B (CTB) sub-
unit, which binds to GM1 ganglioside, a component of lipid raft mem-
brane microdomains in the plasma membrane. As illustrated in
Figure 2C, IPS-K-4A2B8 antigen colocalized with CTB in DU145
cells, thus supporting the view that IPS-K-4A2B8 antigen is expressed
in lipid rafts.

Antibody IPS-K-4A2B8 recognizes a GSL in lipid rafts
Lipid rafts are highly enriched for GSLs, glycophosphatidylinositol
(GPI)-anchored proteins and glycoproteins (Varma and Mayor
1998). To determine which of these components is recognized by
mAb IPS-K-4A2B8, the effect of proteinase K, phosphoinositol
phospholipase C (PI-PLC) and methyl-beta-cyclodextrin (MβCD)
treatment was studied.

To analyze whether the recognized epitope of mAb IPS-K-4A2B8
is a surface protein, the reactivity of mAb IPS-K-4A2B8 with protein-
ase K treated and non-treated DU145 cells as well as iPS122 cells
was compared. CD44 was used as a control antigen (sensitive to pro-
teinase K treatment). As shown in Figure 2D and E, the reactivity of
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Fig. 1. Reactivity profiles of mAb IPS-K-4A2B8 on solid tumor cell lines. Cells were labeled with mAb IPS-K-4A2B8 using indirect immunofluorescence staining as

described inMethods. Cells were analyzed on a FACSCanto flow cytometer. Data were processed using the FCS Express software. Note that antibody IPS-K-4A2B8

reacts with most cells of embryonal carcinoma-derived cell lines (NT2, NCCIT, 2102Ep) and only with a subpopulation of cells in many other cancer cell lines

(HCT-116, Caco-2, MCF-7, SW480, SW620, PC3, DU145, TE671, TCam-2, MG-63).
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Fig. 2. Antibody IPS-K-4A2B8 recognizes a GSL in lipid rafts. Open, blue and red histograms represent controls, untreated and treated cell staining, respectively.

(A, B) Resistance of IPS-K-4A2B8 antigen to solubilization with TX-100. Native (A) and TX-100 (B) extracted iPS122 or DU145 cells were stained with IPS-K-4A2B8 or

CD44 antibody followed by PE-labeled secondary antibody. Note that both CD44 and IPS-K-4A2B8 antigen are resistant to solubilization with TX-100.

(C) IPS-K-4A2B8 antigen colocalizes with the lipid raft marker CTB in DU145 cells. DU145 cells were preincubated with mAb IPS-K-4A2B8 and then with the lipid

raft marker Alexa Fluor 555-CTB at 4°C as described inMethods. IPS-K-4A2B8 antigen and CTB strongly colocalize at the plasmamembrane. (D and E) Resistance of

IPS-K-4A2B8 antigen to proteinase K. iPS122 and DU145 cells were treated with proteinase K to strip off the membrane proteins. Untreated (D) or treated (E) cells

fixedwith 1%paraformaldehyde and stainedwith IPS-K-4A2B8 or CD44 antibody. Note that the reactivity ofmAb IPS-K-4A2B8 is retained, whereas CD44 expression

is completely lost after proteinase K digestion. Untreated (F) and PI-PLC-treated (G) iPS122 cells were stained with IPS-K-4A2B8 or tissue non-specific alkaline

phosphatase antibody (clone: IPS-K-4A2B8). (H and I) MβCD treatment abrogates binding of IPS-K-4A2B8 antibody. PC3 cells were incubated with (I) and

without (H) 5 mM MβCD at 37°C for 1 h. The cells were then stained with anti-CD44 or IPS-K-4A2B8 antibody. Note that the binding of mAb IPS-K-4A2B8 is

completely lost after MβCD treatment.
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anti-CD44 mAb was lost after proteinase K treatment. In contrast, an
increase in the reactivity of IPS-K-4A2B8mAb after proteinase K treat-
ment indicates that the recognized epitope of mAb IPS-K-4A2B8 is not
a cell surface protein. Similarly, removal of GPI-anchored proteins
after PI-PLC treatment did not inhibit the binding of mAb IPS-
K-4A2B8, whereas it completely abrogated the binding of anti-
body IPS-K-4A4F2 which recognizes the PI-linked molecule tissue
non-specific alkaline phosphatase (TNAP; control) (Figure 2F and
G). To analyze whether the target of mAb IPS-K-4A2B8 is a glycoli-
pid, DU145 cells were treated with MβCD, which is known to deplete
cholesterol from the cell membrane (Ostermeyer et al. 1999) and af-
fects the cell surface localization of GSLs. As shown in Figure 2H
and I, treatment of cells with MβCD resulted in complete abrogation
of the binding of mAb IPS-K-4A2B8. Collectively, these data indicate
that IPS-K-4A2B8 antigen is a GSL in the lipid rafts.

Antibody IPS-K-4A2B8 recognizes the extracellular region
of GSL SSEA-4
To shed further light on the target specificity of mAb IPS-K-4A2B8, we
performed glycan-binding analysis of Alexa fluor 555 conjugated
IPS-K-4A2B8 on a glycan array comprising of 611 glycan targets. As
shown in Supplementary Figure S1B, IPS-K-4A2B8 bound with very
high affinity (30,000 RFU) to a single glycan Neu5Aca2-3Galb1-3Gal-
NAcb1-3Gala1-4Galb1-4Glcb-Sp0, which corresponds to SSEA-4. To
further confirm the specificity of antibody IPS-K-4A2B8 for SSEA-4,
glycan array analysis was performed with the commercially available
SSEA-4 antibody MC-813-70. As expected, MC-813-70 also bound
to SSEA-4 glycan but with a 50-fold lower affinity (600RFU) compared
with mAb IPS-K-4A2B8 (Supplementary Figure S1C). Both antibodies
did not bind to any other glycan in the array demonstrating their
high specificity for SSEA-4. Comparison of reactivity profiles of IPS-
K-4A2B8 and the commercially available mAb MC-813-70 showed
that IPS-K-4A2B8 gave rise to a superior separation capacity (Supple-
mentary Figure S2A–D).

To further prove the specificity of IPS-K-4A2B8 mAb, blocking
experiments with SSEA-4 molecule, GM1b glycan and structurally
related SSEA-3 molecule were performed. As shown in Supplementary
Figure S2E, preincubation of SSEA-4 with mAb IPS-K-4A2B8 showed
a significant inhibition (87.94%) of mAb IPS-K-4A2B8 binding to
NT-2 cells when compared with the control. In contrast, preincuba-
tion of SSEA-3 or GM1b with mAb IPS-K-4A2B8 did not significantly
influence the binding of mAb IPS-K-4A2B8 to cells (Supplementary
Figure S2E and Table S3). These results verify the specificity of IPS-
K-4A2B8 antibody for SSEA-4.

SSEA-4+ cells in human solid cancer cell lines are

enriched for novel pluripotent stem cell markers

To determine the phenotype of SSEA-4+ and SSEA-4− cells, DU145,
HCT-116, PC3 and MCF-7 cells were fractionated by FACS into
SSEA-4+ and SSEA-4− cells (Figure 3A, Supplementary Figure S3)
and plated into culture flasks at defined cell numbers (50,000 cells
per T25). Strikingly, SSEA-4+ DU145 cells gave rise to spindle-shaped,
fibroblast like colonies, with limited cell–cell contacts. Conversely,
SSEA-4− cells gave rise to colonies with cobblestone-like epithelial
morphology (Figure 3B). After 4–11 days, adherent cells were trypsi-
nized and stained with markers indicated in Figure 3C. Flow cyto-
metric analysis revealed that SSEA-4+ DU145 and HCT-116 cells
were highly enriched for the markers of pluripotent embryonic stem
cells Tra-1-60 and Tra-1-81 compared with SSEA-4− cells or unfrac-
tionated cells (Figure 3C and Supplementary Figure S3A). Similarly,

SSEA-4+ MCF-7 cells were highly enriched for the pluripotent embry-
onic stem cell marker SSEA-3 (Supplementary Figure S3B). In contrast
to DU145, HCT-116 and MCF-7 cells, the embryonic markers
Tra-1-60, Tra-1-81 or SSEA-3 were not enriched in SSEA-4+ PC3
cells as the parental PC3 cells do not express these markers

Fig. 3. SSEA-4 defines a distinct subpopulation of DU145 cells. (A) Display of

SSEA-4 expression on DU145 cells. Sort windows R1 and R2 were set and

cells were sorted on a FACS Aria cell sorter. (B) Morphology of SSEA-4+ and

SSEA-4− cells. When cultured, SSEA-4+ DU145 cells gave rise to

fibroblast-like colonies with limited cell–cell contacts. Conversely, the

SSEA-4− cells gave rise to cobblestone like epithelial colonies. Scale bars:

20 µm. (C) Phenotypic characterization of SSEA-4+ and SSEA-4− DU145 cells

after 11 days of culture. Note that SSEA-4+ cells are highly enriched for

pluripotent stem cell markers Tra-1-60 and Tra-1-81.
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(Supplementary Figure S3C). Notably, SSEA-4− cells from all cell lines
spontaneously generated SSEA-4+ cells and the size of the positive
population was almost identical to that of parental cells. Similarly,
SSEA-4+ cells also generated SSEA-4− cells.

Localization of SSEA-4 to polarized cells with long

filopodia like structures

To further confirm that SSEA-4 is enriched in fibroblast-like spindle-
shaped cells, the subcellular localization of SSEA-4 along with F-actin
was analyzed on DU145 and PC3 cells by immunofluorescence micros-
copy. Cell surface staining using IPS-K-4A2B8 mAb and F-actin staining
with phalloidin demonstrated that SSEA-4 accumulated predominantly
in polarized cells with long filopodia-like structures in both cell lines
(Figure 4A). However, some non-polarized cells also expressed
SSEA-4. Strikingly, a few peripheral cells in epithelial islands of DU145
change shape and show a similar morphology as migratory fibroblast-
like cells, which expressed SSEA-4 on the cell surface (Figure 4A). To de-
termine the intracellular distribution of SSEA-4 as well, cells were per-
meabilized with TX-100 prior to incubation with antibodies. Weak
staining of SSEA-4 was detected in the cytoplasm of all DU145 cells.
In contrast to DU145 cells, most of cell surface SSEA-4-negative PC3
cells were negative for cytoplasmic SSEA-4 (Figure 4B).

Markers defining epithelial phenotype are enriched

in SSEA-4− cells

To gain molecular insight into the expression profiles of SSEA-4+ and
SSEA-4− cells, whole-genome microarray analysis of sorted PC3 cells
was performed. The positive fraction contained 3% of cells expressing
the highest levels of SSEA-4, whereas the negative fraction was com-
pletely negative for SSEA-4. Gene chip analysis of sorted SSEA-4−

cells revealed increased expression of epithelial cell markers including
CDH1 (also known as E-cadherin), epithelial-specific splicing factor
1 (ESRP1), grainyhead transcription factor 2 (GRHL2) and tight junc-
tion protein CLDN7 when compared with cells of the SSEA-4+ frac-
tion (data not shown). The microarray data were further verified by
quantitative real-time polymerase chain reaction (PCR) analysis. Con-
sistent with the microarray data, sorted SSEA-4− cells from DU145
and HCT-116 showed an increased expression of CDH1, ESRP1,
GRHL2 and CLDN7 compared with SSEA-4+ cells (Figure 4C and
D). We also included the mesenchymal marker CDH2 (also known
as N-cadherin) as well as SSEA-4 synthesizing enzyme ST3GAL2
(EC 2.4.997) in our analysis. As expected, both markers were up-
regulated in the SSEA-4+ cells compared with SSEA-4− cells (Figure 4C
and D). Collectively, these data indicate that SSEA-4 is selectively en-
riched in cells that undergo spontaneous epithelial to mesenchymal
transition (EMT).

To investigatewhether a fraction of SSEA-4+ cells is also observed in
primary tumor cells and whether the expression profile of this popula-
tion correlates with that of cell lines, primary prostate tumor cells were
stained with anti-SSEA-4 antibody and analyzed by multiparameter
flow cytometry. After exclusion of CD45+ hematopoietic cells from
the dissociated tumor samples, the remaining cells were fractionated
into SSEA-4+ and SSEA-4− cells (Figure 4E) and analyzed for gene ex-
pression. Quantitative real-time PCR analysis revealed an increased ex-
pression of epithelial phenotype-related genes CDH1, ESRP1, GRHL2
and CLDN7 in sorted SSEA-4− cells compared with SSEA-4+ cells (Fig-
ure 4F). In contrast, mesenchymal phenotype-related genes CDH2,
COL1A2, FN1 and VIM and EMT-related genes SNAI1, SNAI2,
ZEB1, ZEB2 and SSEA-4 synthesizing enzyme ST3GAL2 were up-
regulated in SSEA-4+ cells compared with SSEA-4− cells (Figure 4G).

Accumulation of SSEA-4 and integrins in F-actin-rich

cellular structures

During the course of our study, we noticed strong colocalization of
SSEA-4 with F-actin to cell motility structures and some unknown cel-
lular compartments. This raised our interest in evaluating the role of
SSEA-4 in cell adhesion and migration. One mechanism by which
GSLs could affect cell adhesion is via their interaction with integrins
(Zheng et al. 1993; Sharma et al. 2005). We therefore examined colo-
calization of SSEA-4 or F-actin with integrins on PC3 cells. Figure 5
and Supplementary Figure S4 shows that integrins CD49b, CD49e
and CD49f accumulated in SSEA-4 and F-actin-rich puncta. These re-
sults indicate that F-actin accumulating cellular structures are highly
enriched for SSEA-4 and integrins.

Identification of the cellular compartment enriched

for SSEA-4

Next, we were interested to identify the cellular compartment in
which SSEA-4, F-actin and integrins accumulate. For this purpose,
we studied the potential distribution of SSEA-4 as well as F-actin in
various intra and subcellular compartments in PC3 cells using
compartment-specific antibodies. As GSLs are frequently internalized
via caveolae to the Golgi apparatus (Le and Nabi 2003), we examined
the accumulation of SSEA-4 as well as F-actin in caveolae and Golgi
apparatus by using the cis-Golgi marker GM130 and the caveolae-
specific marker caveolin-1. GM130 and caveolin-1 showed no overlap
with SSEA-4 and F-actin. These data demonstrate that SSEA-4 and
F-actin do not accumulate in the Golgi apparatus and in caveolae or
caveolin-1 enriched early endosomes. However, examination at higher
magnification showed GM130 to be present adjacent to SSEA-4
and F-actin accumulating structures (Figure 6 and Supplementary
Figure S5).

In subsequent experiments, accumulation of SSEA-4 and F-actin in
recycling endosomes, early endosomes, lysosomes and invadopodia
were tested. For this purpose, the recycling endosomal marker Rab11,
the early endosomalmarker EEA-1, the lysosomalmarker LAMP-2 and
the invadopodia specific marker cortactin were employed. SSEA-4 and
F-actin showed no colocalization with Rab11, EEA-1 or LAMP-2
(Figure 6 and Supplementary Figure S5), suggesting that SSEA-4 and
F-actin accumulating puncta do not correspond to recycling endosomes,
early endosomes or lysosomes. In contrast, SSEA-4 and F-actin accumu-
lating puncta strongly overlapped with cortactin, suggesting that
SSEA-4 and F-actin-rich cellular structures correspond to invadopodia
(Figure 6, Supplementary Figures S4 and S5).

Invadopodia are enriched in expression of SSEA-4

and signaling molecules

The formation of invadopodia in human cancer cells requires the ac-
tivity of PI3K, Akt and Src (Ayala et al. 2008; Yamaguchi et al. 2011).
Hence, it is expected that active signaling molecules including phos-
phorylated PI3K, Akt and Src (pPI3K, pAkt and pSrc) accumulate
in invadopodia. Therefore, we examined the potential colocalization
of SSEA-4 and active signaling molecules. As shown in Figure 7A,
SSEA-4 expression colocalized with the expression of pSrc, pPI3K
and pAkt. Although pSrc accumulated to some extent in most
SSEA-4-rich structures, it also accumulated in SSEA-4− compart-
ments. However, pPI3K expression mostly overlapped with SSEA-4
expression. Taken together, these data confirm that SSEA-4 accumu-
lates in invadopodia.
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Fig. 4. Characterization of SSEA-4 expressing cells. (A andB) Localization of SSEA-4 on DU145 and PC3 cells. (A) Adherent DU145 and PC3 cells were surface labeled

with SSEA-4, fixed and then permeabilized, followed by staining with Alexa Fluor 488-labeled secondary antibody and Rhodamine-labeled phalloidin. Cells were

mounted in DAPI containingmountingmedia as described inMethods. Note the conversion of cells from a colonial epithelial morphology (less than symbol) into a

polarized, migratorymesenchymalmorphology (up-arrow) and the localization of SSEA-4 to the plasmamembrane of polarized cells. (B) Adherent cells were fixed,

permeabilized, labeled with IPS-K-4A2B8 followed by staining with Alexa Fluor 488-labeled secondary anti-mouse IgM antibody and Rhodamine-labeled phalloidin.

Noteweak staining of SSEA-4 in the cytoplasmof all DU145 cells. In contrast to DU145 cells, most PC3 cells that were negative for cell surface SSEA-4 did not express

cytoplasmic SSEA-4. Scale bars: 10 µm. (C andD) Expression of several EMT-related genes aremodulated in SSEA-4+ and SSEA-4− DU145 as well as HCT-116 cells.

Relative gene expression of EMTmarkers on SSEA-4+ and SSEA-4− (C) DU145 as well as (D) HCT-116 cells shows higher expression ofmesenchymalmarker (CDH2)

in SSEA-4+ subset and epithelial markers (ESRP1, GRHL2, CLDN7 and CDH1) in SSEA-4− cells. Also note the increase in the expression of ST3GAL2 in SSEA-4+ cells.

Shown are data from one representative biological experiment performed in technical replicates, quantified relatively to SSEA-4− cells and normalized to GAPDH.

Error bars denote mean ± standard error. p-values were calculated using Student’s t-test. (E) Display of SSEA-4 expression on primary prostate cancer cells. Sort

windows were set and cells were sorted on a FACS Aria cell sorter. (F andG) Differential expression of EMT-related genes in SSEA-4+ and SSEA-4− primary prostate

tumor cells. (F) Relative gene expression of EMT-relatedmarkers in SSEA-4+ and SSEA-4− cells shows higher expression of epithelialmarkers in SSEA-4− cells. (G) In

contrast, SSEA-4+ cells show an increased expression of mesenchymal markers (CDH2, COL1A2, FN1 and VIM), EMT markers (SNAI1, SNAI2, ZEB1 and ZEB2) and

SSEA-4 synthesizing enzyme ST3GAL2. Data are shown from one patient sample performed in technical replicates, quantified relatively to SSEA-4− cells and

normalized to GAPDH. Error bars denote mean ± standard error. p-values were calculated using Student’s t-test.
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SSEA-4+ cells show increased tumorigenicity in vivo

To explore the relevance of SSEA-4 expression in vivo, we performed
xenotransplantation of SSEA-4+ and SSEA-4− DU145 cells in immuno-
permissive NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. The same
numbers of unfractionated, SSEA-4+ and SSEA-4− cells were implanted
subcutaneously in the flanks of 4–5 months old male mice and tumor
induction was monitored every week by palpation of the injection sites.
When 150,000 or 50,000 cells were injected per flank, all populations
including unfractionated, SSEA-4+ and SSEA-4− cells generated tumors
after 3–4 weeks post-injection in all animals. Reducing the number of
transplanted cells to 3000 cells per animal reduced the tumor formation
from SSEA-4− cells and tumors appeared only in two of six injection
sites. In contrast, SSEA-4+ cells robustly induced tumors in all

transplanted animals (Supplementary Table S4). The xenografts derived
from unfractionated DU145 cells were analyzed for the expression of
SSEA-4 in combination with markers known to associate with prostate
cancer cells including E-cadherin andCD44 (Gao et al. 1997; Kallakury
et al. 2001). Flow cytometric analysis revealed that the majority of
SSEA-4+ cells are not positive for CD44 and E-cadherin (Figure 7B).
To further confirm that E-cadherin and SSEA-4 do not coexpress, the
xenograft was stained for these markers by immunohistochemistry
(IHC). As expected, IHC staining revealed that SSEA-4 and E-cadherin
do not show coexpression (Figure 7C). Notably, SSEA-4 expressionwas
enriched in the tumor periphery but not in the tumor core.

In subsequent experiments, we compared the tumorigenic ability
of SSEA-4+ and CD44+ cells. For this purpose, xenografts derived

Fig. 5. Localization of SSEA-4, F-actin and integrins on PC3 cells. Three color staining of adherent PC3 cells with anti-integrins, phalloidin (F-actin) and mAb

IPS-K-4A2B8 shows that integrins CD49f, CD49e and CD49b colocalize with SSEA-4 and F-actin accumulating spots. Arrows point to accumulation of integrins at

F-actin and SSEA-4 accumulating structures. Scale bars: 5 µm.
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from unfractionated DU145 cells were harvested and stained with
anti-SSEA-4 and CD44 antibody. Three thousand cells of unfractio-
nated, SSEA-4+CD44−, SSEA-4−CD44+ and SSEA-4−CD44− cells

were sorted by FACS and injected subcutaneously. Recording of
tumor size and number after 80 days of transplantation showed that
5/6, 3/6 and 2/6 mice injected with SSEA-4+CD44−, SSEA-4−CD44−

Fig. 6. Localization of SSEA-4 and organelle-specific markers on PC3 cells. Adherent PC3 cells were stained for organelle-specific markers including caveolin-1

(caveolae), GM130 (Golgi apparatus), Rab11 (recycling endosomes), EEA1 (early endosomes), Lamp2 (lysosomes) or cortactin (invadopodia) and SSEA-4.

SSEA-4 accumulating structures showed no colocalization with caveolin-1, GM130, Rab11, EEA1 and Lamp2, suggesting that SSEA-4 accumulating puncta does

not correspond to caveolae, Golgi apparatus, recycling endosomes, early endosomes and lysosomes. On the other hand, SSEA-4 strongly colocalizedwith cortactin

(marked by up-arrow), indicating that SSEA-4 accumulating puncta correspond to invadopodia. Scale bars: 10 µm.
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and SSEA-4−CD44+ cells gave rise to tumors, respectively (Supplemen-
tary Figure S6A). Furthermore, tumors derived from SSEA-4+ cells were
comparatively larger than the tumors derived fromCD44+ cells (Supple-
mentary Figure S6B). These results show that SSEA-4+CD44− cells
display higher tumorigenic propensity than SSEA-4−CD44+ cells. How-
ever, further studies are needed to analyze the tumorigenic ability of
SSEA-4+CD44+ cells. Since we observed only a 2- to 3-fold difference
in tumor initiation between SSEA-4+ and SSEA-4− populations, we in-
vestigated whether this was due to the generation of SSEA-4+ cells from
SSEA-4− cells and vice versa. For this purpose, we harvested the tumors
generated from different groups of mice injected with unfractionated,
SSEA-4+CD44− cells or SSEA-4−CD44+ cells, after 80 days of trans-
plantation, and triple stained the single-cell suspension for SSEA-4,
CD44 and E-cadherin. Flow cytometric analysis revealed that

SSEA-4− cells spontaneously achieve a SSEA-4+ phenotype and vice
versa (Supplementary Figure S6C). Also, the expression profiles of
CD44 and E-cadherin were almost similar among the different groups.

Down-regulation of SSEA-4 alters cell adhesion

To investigate the functional role of SSEA-4 in cancer, we stably sup-
pressed the expression of ST3GAL2, the critical enzyme involved in
the biosynthesis of SSEA-4. Suppression of ST3GAL2 was achieved
by using a lentiviral-based small hairpin RNA (shRNA) expression
vector in DU145 cells. As shown in Figure 8A, an about 60% knock-
down in gene expression was achieved. Cells transduced with empty
lentiviruses (construct of vector PLKO.1-Puro without shST3GAL2)
were used as controls. As expected, flow cytometric analysis revealed

Fig. 7. (A) Invadopodia are enriched in SSEA-4 and active signalingmolecules. Adherent PC3 cells were stained for SSEA-4 and active signalingmolecules. Note the

colocalization of pPI3K, pAkt and pSrc at SSEA-4 accumulating structures (marked by up-arrow). Scale bars: 10 µm. (B and C) SSEA-4+ cells show increased

tumorigenicity in vivo in immunopermissive NSG mice. (B) Flow cytometric analysis of the xenografts derived from unfractionated DU145 cells revealed that

most SSEA-4 expressing cells did not coexpress E-cadherin. In contrast, most CD44 expressing cells coexpressed E-cadherin. (C) Immunohistochemical staining

of the xenografts derived fromunfractionatedDU145 cells confirmed that SSEA-4 and E-cadherin do not colocalize. SSEA-4wasmainly expressed by the cells on the

periphery of the tumor, whereas E-cadherin was expressed by the cells located in the core of the tumor. Scale bars: 10 µm.
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that ST3GAL2 knockdown reduced the percentage of SSEA-4+ cells
from 21.5 to 4% in DU145 cells (Figure 8B).

We next analyzed the role of SSEA-4 in cell adhesion. The effect
of ST3GAL2 knockdown on DU145 cell adherence to different
ECM components including collagen I, collagen IV, chondroitin sul-
fate and laminin was assessed using the fluorometric cell adhesion
assay. The results show that the efficiency of adhesion to collagen I,
collagen IV, laminin and chondroitin sulfate was 1.5, 1.9, 5.9 and
3.9 times higher in the control compared with the knockdown
DU145 cells (Figure 8C). These results show that SSEA-4 is involved
in cellular adhesion.

Discussion

In this study, we identified the ganglioside SSEA-4 as a marker for de-
tecting intra-tumor heterogeneity. Among the tested cell lines, SSEA-4
expression was exclusively found in cells derived from solid tumors
but not from leukemic blasts, independent of the fact that all cell lines
expressed ST3GAL2, an enzyme involved in SSEA-4 synthesis. In most
cases, SSEA-4+ tumor cells displayed high levels of embryonic stem cell-
specific markers including SSEA-3, Tra-1-60 and Tra-1-81. SSEA-4was
found to be expressed predominantly in the E-cadherin−CD44− fraction
isolated from xenografts induced by DU145 prostate cancer cells. In
addition, the gene expression signature derived fromSSEA-4+ cells strik-
ingly correlated with the loss of epithelial cell-specific markers and gain
of mesenchymal cell-specific markers. Moreover, inhibition of SSEA-4
synthesis using shRNA against ST3GAL2 resulted in a significant re-
duction in cell adhesion of DU145 cells to different ECM molecules.

Of note, SSEA-4 predominantly accumulated in the filopodia and inva-
dopodia of PC3 prostate cancer cells. This is of particular significance
because the ability to form invadopodia is known to closely correlate
with the invasive and metastatic properties of tumor cells (Yamaguchi
et al. 2005, 2009). Finally, in vivo experiments demonstrated high
tumorigenic capacity of SSEA-4+ DU145 cells compared with their
negative counterparts. Collectively, our results indicate that SSEA-4 is
a marker to identify invasive tumorigenic cells, which may be respon-
sible for the development of metastasis.

Of note, among the prostate cancer cell lines used in this study,
PC3 cells displayed a higher percentage of SSEA-4+ cells than DU145
cells, whereas LNCaP cells were completely negative for SSEA-4. This
observation is in linewith the finding that PC3 cells show a highermeta-
static potential than DU145 cells or LNCaP cells, which are character-
ized by a moderate or very low metastatic potential, respectively
(Pulukuri et al. 2005).

Many investigators showed that tumorigenic cells undergo revers-
ible changes in the expression of many markers. Chaffer et al. (2011)
reported that FACS selected CD44loCD24hi transformed human mam-
mary epithelial cells could give rise to stem-like CD44hiCD24lo cells and
vice versa. In addition, recent reports proposed that more differentiated
cancer cells spontaneously acquired stem cell-like properties through
dedifferentiation (Quintana et al. 2010; Battula et al. 2012). In line
with these findings, we detected a spontaneous generation of SSEA-4+

cells from SSEA-4− DU145, HCT-116, MCF-7 or PC3 cells and vice
versa. The fact that the difference of tumor initiation capacity in
SSEA-4+ cells was only 2–3-fold higher than that in SSEA-4− DU145
cells can be explained by the dynamic phenotypic plasticity allowing
resynthesis of SSEA-4 in SSEA-4− cells. In order to prevent switching

Fig. 8. ST3GAL2 knockdown impairs SSEA-4 expression and cell adhesion. (A and B) Modulation of ST3GAL2 mRNA in DU145 cells by lentiviral ST3GAL2

knockdown impairs SSEA-4 expression. Panel (A) shows relative gene expression levels of ST3GAL2 normalized to internal standard GAPDH of three biological

experiments each performed in triplicates. Error bars denote mean ± standard error. p-values were calculated using the Student’s t-test. Panel (B) shows

representative flow cytometry analysis of SSEA-4 expression in the control and knockdown DU145 cells. (C) Adhesion assays show that the number of adherent

cells was significantly higher in the control compared with the knockdown DU145 cells under all matrix conditions. Error bars denote mean ± standard error.

p-values were calculated using the Student’s t-test; n = 5 per group.
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on of SSEA-4 synthesis in SSEA-4− DU145 cells, we generated a stable
ST3GAL2 knockdown. Our preliminary data indicate that the tumori-
genic potential of SSEA-4+ DU145 cells is much more pronounced than
that of SSEA-4− shST3GAL2 DU145 cells.

Among the cell surface markers differentially expressed on SSEA-4+

and SSEA-4− DU145, HCT-116 and MCF-7 cells, we found that
Tra-1-60, Tra-1-81 or SSEA-3 were highly enriched in SSEA-4+ cells.
In line with this finding, Rajasekhar et al. (2011) introduced Tra-1-60
as a key marker to isolate tumor initiating cells from primary prostate
tumors and prostate cancer cell lines. In addition, Chang et al. (2008)
reported that SSEA-3 is absent in normal breast tissue but highly
expressed in breast cancer stem cells derived from primary tumors.
Moreover, as cancer cells are known to acquire characteristics of stem
cells such as self-renewal, differentiation (Malecki et al. 2013) and ex-
pression of embryonic antigens (Fong et al. 2009), it is likely that
SSEA-4+ cancer cells consist of more stem cell-like cells.

Xiang et al. showed that GRHL2 is an epithelial-specific transcrip-
tion factor that determines the epithelial phenotype of breast cancer
cells. The loss of its expression during tumor progression contributes
to loss of the epithelial phenotype leading to EMT (Xiang et al. 2012).
By using multiple functional assays, they confirmed that GRHL2 plays
a dominant role in maintaining the epithelial phenotype, and reduced
or increased GRHL2 levels in cancer cells lead to EMT orMET induc-
tion, respectively. In addition, GRHL2 regulates a broad range of epi-
thelial genes including epithelial-specific splicing factor (ESRP1), cell
adhesion and tight junction (CDH1, TJP2, CLDN4 and CLDN7) and
Wnt ligands (WNT7A, WNT7B). These data are in line with our find-
ing that SSEA-4+ cells show reduced expression of epithelial genes
CDH1, CLDN7, GRHL2 and ESRP1. Hence, the down-regulation
of epithelial markers in SSEA-4+ cells may contribute to loss of the
epithelial phenotype and promote EMT.

In our study, we observed that most of SSEA-4+ DU145 cells derived
from xenografts did not coexpress CD44 and E-cadherin. However,
most of CD44+ cells did coexpress E-cadherin. This is of particular
significance because a reduction in cell–cell adhesion due to down-
regulation of E-cadherin is known to associate with the invasive and
metastatic phenotype of many carcinomas (Hirohashi 1998). In add-
ition, the loss of CD44 is reported to associate with transformation,
particularly in Burkitt’s lymphoma, neuroblastoma and prostate cancer
(Gao et al. 1997; Kallakury et al. 2001; Kauffman et al. 2003).

Katagiri et al. (2005) demonstrated that SSEA-4 is involved in lam-
inin binding through interactions with the laminin receptor, laminin-
binding protein 34/67. Moreover, several investigators proposed that
an increase in invasiveness of tumor cells is associated with the ability
of these cells to attach to laminin (Loeber and Runyan 1990; Yudoh
et al. 1995; Brenner et al. 2000). In addition, YIGSR, a pentapeptide
which is known to inhibit the laminin-mediated cell attachment, also in-
hibited the cell migration induced by the cell attachment to laminin
(Loeber and Runyan 1990; Yudoh et al. 1995; Brenner et al. 2000).
In linewith this, we found that cell adhesion to lamininwas significantly
reduced by knockdown of ST3GAL2, suggesting that SSEA-4 partici-
pates in tumor invasion by assisting tumor cells to adhere to laminin.

A number of studies demonstrated a decrease in the expression of
GSL SSEA-4 during differentiation of hESCs (Park et al. 2010; Stelling
et al. 2013). So far, little is known about the role of SSEA-4 in both
embryonic stem cells and cancer. Although each type of GSL has the
potential for a specific biological function, GSLs, in general, have been
suggested to be associated with signal transducers (Src family kinases
and small G-proteins), tetraspanins, growth factor receptors and in-
tegrins. Such organizational framework, defining GSL modulated or
dependent cell adhesion, motility and growth, is termed glycosynapse

(Hakomori Si 2002). Glycosynapses are known to participate in
(i) modulation of growth factor receptor activities through intrinsic
tyrosine kinases (Mutoh et al. 1995; Kaucic et al. 2006), (ii) modula-
tion of integrin function (Mitsuzuka et al. 2005; Sharma et al. 2005)
and (iii) interaction with cytoplasmic signal transducers such as Src
family kinases and small G proteins (Iwabuchi et al. 1998; Kasahara
and Sanai 2000). In agreement with the above mentioned functions
of glycosynapses, we propose that SSEA-4 modulates cell adhesion
and migration through its interactions with integrins, F-actin and
signaling molecules. This view is based on the following observations:
(i) decreased attachment of DU145 cells to laminin after ST3GAL2
knockdown, (ii) colocalization of SSEA-4 with F-actin and integrins,
(iii) colocalization of SSEA-4 with active signaling molecules including
pSrc, pPI3K and pAkt and (iv) accumulation of SSEA-4 in invadopodia.

In conclusion, we introduce SSEA-4 as a marker to identify tumor
cells that undergo spontaneous partial loss of the epithelial phenotype
and gain of the mesenchymal-like migratory phenotype. Future studies
may corroborate a variety of aspects of the role of SSEA-4 in the regu-
lation of adhesive and migratory properties of invasive cancer cells.
The elucidation of the mechanism underlying SSEA-4 mediated regu-
lation of cancer cell adhesion and migration will provide new insights
into the mechanism of cancer metastasis and also provide new targets
for cancer therapy. Because of its very high affinity and specificity for
SSEA-4, the IPS-K-4A2B8 antibody may be a very promising candi-
date for cancer therapy.

Methods

In vitro cell culture of cell lines and induced pluripotent

cells

In this study, 27 solid cancer cell lines, 15 leukemic cell lines and in-
duced pluripotent cell line iPS122 (kindly provided by Dr Andras
Nagy, Lunenfeld-Tanenbaum Research Institute, Toronto, Ontario,
Canada) were used. Solid cancer and leukemic cell lines (listed in
Supplementary Figure S1A and Tables S1 and S2) were plated and ex-
panded in vitro in media containing RPMI 1640 supplemented with
1% penicillin–streptomycin, 1% L-glutamine, 1% amino acids,
0.005% 1-thioglycerol and 10% fetal bovine serum (all reagents
from PAA, Freiburg, Germany). In the case of iPS122, cells were plated
and expanded on a monolayer of mouse embryonic fibroblasts plated
at a density of 2400 cells/mm2. The iPS colonies were cultured in em-
bryonic stem cell media containing KnockOut dulbecco’s modified Ea-
gle’s medium supplemented with 20% KnockOut serum replacement
(Invitrogen, Bleiswijk, Netherlands), 1% penicillin–streptomycin, 1%
L-glutamine (PAA), 1% non-essential amino acids (Invitrogen,
Bleiswijk, Netherlands), 6 µM β-mercaptoethanol (Sigma-Aldrich,
Munich, Germany) and 5 ng/mL of recombinant human basic fibro-
blast growth factor (Peprotech, Hamburg, Germany).

Generation of mAbs using induced pluripotent stem

cell line iPS122

Novel mAbs against cell surface molecules expressed on human
iPS122 cells were raised by immunization of 6–8-week-old female
BALB/c mice with 107 iPS122 cells as described previously (Buhring
et al. 2007).

Flow cytometric analysis and cell sorting

Fluorescein isothiocyanate (FITC)-conjugated antibodies against
CD44, SSEA-3, SSEA-4, Tra 1-60 and Tra 1-81 were purchased
from Becton Dickinson (Heidelberg, Germany). Allophycocyanin-
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conjugated CD324 (E-cadherin) was obtained from Miltenyi Biotec
(Bergisch, Gladbach, Germany). In-house generated and commercial
monoclonal antibodies used in the study are listed in Supplementary
Tables S1, S2 and S5. After blocking of non-specific binding with
10 mg/mL polyglobin (10 min, 4°C), cells were labeled with anti-
bodies as described previously (Sivasubramaniyan et al. 2013). In
brief, cells were stained with proprietary antibodies or fluorochrome-
conjugated antibodies. Cells stained with conjugates were washed
twice in FACS buffer containing phosphate buffered saline (PBS) sup-
plemented with 0.1% bovine serum albumin (BSA) and 0.001% of
sodium azide and used for flow cytometry. Cells labeled with propri-
etary antibodies were stained with 10 µL of 1:25 diluted F (ab) 2 frag-
ment of an R-phycoerythrin (PE)-conjugated goat anti-mouse
antibody (Dako Cytomation, Hamburg, Germany) for 15 min and
washed twice. Cells were sorted on a FACSAria cell sorter in the high-
purity single-cell mode (Becton Dickinson) or analyzed on a FACS
Canto II flow cytometer (Becton Dickinson) and FCS express software
(De Novo Software, Ontario, Canada) or FlowJo software (Tree Star
Inc., Ashland, USA).

TX-100 treatment

To determine the potential resistance of the IPS-K-4A2B8 antigen to
solubilization with non-ionic detergents and its association with lipid
rafts, TX-100 treatment was performed on iPS122 and DU145 cells
as described previously (Filatov et al. 2003). In the next step, both trea-
ted and untreated cells were stained with proprietary antibodies or
fluorochrome-conjugated antibodies for flow cytometric analysis.

Immunocytochemical staining with CTB conjugates

DU145 cell line cultured to 60% confluence was incubated with 5 µg/
mL of purified mAb IPS-K-4A2B8 for 60 min. The monolayer was
fixed with 4% paraformaldehyde (PFA) for 15 min on ice and stained
with 0.5 µg/mL of Alexa Fluor 555 conjugated CTB (Invitrogen) in
PBS for 60 min at 4°C. Cells were permeabilized with 0.5% TX-100
for 5 min at room temperature and blocked in 5% BSA (Sigma-
Aldrich) for 30 min at room temperature. After blocking, cells were
incubated with Alexa Fluor 488 conjugated anti-mouse IgM antibody
(1:500) (Life Technologies) for 50 min at room temperature. Cells
were mounted with 4′6′-diamidino-2 phenylindole (DAPI) contain-
ing Vectashield mounting medium (Vector Labs, Lörrach, Germany)
and photographed with Zeiss Observer.Z1 AX10 microscope with
ApoTome and AxioVision 4.8 imaging software 488 (Carl Zeiss
MicroImaging, Jena, Germany).

Proteinase K treatment

For proteinase K treatment, we used iPS122 and DU145 cells. Single-
cell suspension of 2 × 106 cells were treated with PBS containing
100 µg/mL proteinase K enzyme (Qiagen, Düsseldorf, Germany) for
1 h at 37°C with intermittent shaking. The control cells were resus-
pended at the same cell density in PBS without proteinase K. The en-
zymatic reaction was stopped by adding phenylmethylsulfonyl
fluoride at a concentration of 1 mM/mL and incubated on ice for
10 min. In the next step, cells were fixed with 1% PFA on ice for
15 min and washed twice with 5 mL PBS and pelleted at 1200 rpm
(241 × g) for 7 min at 4°C. Finally, fixed cells were stained with
IPS-K-4A2B8 antibody or anti-human CD44 antibody for flow cyto-
metric analysis.

Treatment of cells with PI-PLC

iPS122 cells were treated with or without 3 units of PI-PLC isolated
from Bacillus cereus (Invitrogen) and incubated for 1 h in PBS at

37°C. Cells were pelleted by centrifugation at 10,000 × g for 3 min.
Treated and untreated cells were stained with anti-TNAP and
IPS-K-4A2B8 antibody for flow cytometric analysis.

MβCD treatment

Sixty percent of confluent PC3 cells were incubated in serum-free
complete media supplemented with or without 5 mMMβCD (Sigma-
Aldrich) for 1 h at 37°C. In the next step, single-cell suspension
was prepared by using 1% trypsin-ethylenediaminetetraacetic acid.
The cells were pelleted at 1200 rpm (241 × g) for 7 min at 4°C and
stained with IPS-K-4A2B8 antibody or anti-human CD44 antibody
for flow cytometric analysis.

Glycan array

Cy3-labeled IPS-K-4A2B8 and FITC-labeled SSEA-4 (clone MC813-
70, Becton Dickinson) were sent to the Consortium for Functional
Glycomics Core H, where they were screened against versions 5.0
(611 glycans) of the printed array. Both mAbs were used at three dif-
ferent concentrations for screening analysis on the array in replicates
of six.

Blocking analysis with SSEA-4 glycan

For blocking studies, mAb IPS-K-4A2B8 was incubated with purified
SSEA-3, SSEA-4 or GM1b glycan (ELICITYL OligoTech, Crolles,
France) at concentrations of 0, 15, 30, 45, 60 and 75 µM/mL for
30 min on ice. For control, IPS-K-4A2B8 was incubated with PBS. In
the next step, NT-2 cells (0.5 × 106 cells/mL) were stained with
IPS-K-4A2B8 antibody. After washing, cells were analyzed on a FACS-
Canto II flow cytometer. The percent blockingwas calculated as follows:
100− [(MFI of cells stained with IPS-K-4A2B8 incubated with test gly-
can/MFI of cells stained with IPS-K-4A2B8 incubated with PBS) × 100].

Immunocytochemical staining

Purified mouse anti-human antibodies against Caveolin and rat anti-
human antibodies against CD49f were purchased from Becton Dick-
inson. Purified mouse anti- human antibodies against CD29, CD49b,
CD49e, CD49f, CD51/61, CD104 and CD107b were purchased from
BioLegend (San Diego, CA, USA). Purified mouse anti-human anti-
bodies against EEA1 and Rab11 were purchased from Abcam.
Alexa Fluor 488-conjugated isotype-specific goat anti-mouse anti-
bodies (IgG1, IgG2a, IgG2b, IgM), Cy3-conjugated goat anti-mouse
IgG, Alexa Fluor 555 goat anti-mouse IgM antibodies and Rhoda-
mine Phalloidin were purchased from Life Technologies.

Cells cultured to 60–80% confluency on a 22 mm glass cover slip
were fixed with 4% paraformaldehyde for 15 min at 4°C, permeabi-
lized with 0.2% TX-100 in PBS for 5 min and blocked in 5% BSA in
PBS for 1 h at room temperature. After blocking, cells were incubated
with purified antibodies diluted in staining buffer containing PBS sup-
plemented with 5% BSA, overnight at 4°C. In the next step, cells were
incubated with fluorochrome-conjugated isotype-specific secondary
antibody in staining buffer for 1 h at room temperature. In order to
perform cell surface immunocytochemical staining, the permeabil-
ization with TX-100 was avoided. Cells were mounted with DAPI con-
taining Vectashieldmountingmedium (Vector Labs) and photographed
with Zeiss Observer.Z1 AX10 microscope with ApoTome and Axio-
Vision 4.8 imaging software 488 (Carl Zeiss MicroImaging) or with
Zeiss LSM510 META confocal laser scanning microscope equipped
with an argon laser (at 488 nm) and two HeNe lasers (at 543 and
633 nm) (Carl Zeiss MicroImaging) and the images were analyzed
using ZEN 2012 software.
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Xenotransplantation model

All animal experimental procedures were approved by the University
of Tübingen Institutional Animal Care and Use Committee. Immuno-
permissive NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (also termed NOD/
SCID/IL2Rγnull, abbreviated as NSG) mice (Shultz et al. 2005) used
in this study were maintained under pathogen-free conditions. FACS
sorted or unfractionated DU145 cells were implanted subcutaneously
in individual flanks of the 4–5-month-old male mice. Tumor growth
was monitored by palpation of the injection site and quantification
of metric traits. Mice were sacrificed 4–20 weeks after implantation.

Tissue preparation and cell isolation from xenografts

and primary prostate cancer

Xenografts were surgically excised after euthanizing the mice by CO2

inhalation. Human prostate cancer tissue from one patient with
advanced prostate cancer and inguinal metastasis (Gleason score
5 + 4 = 9) was obtained following cystectomy after written informed
consent and approval of the Ethics Committee (No. 379/2010BO2)
of the University of Tübingen.

The tissue was extensively rinsed in sterile PBS, mechanically
minced with a tissue chopper and enzymatically digested for 60–
90 min at 37°C in hank’s balanced salt solution (HBSS) with Ca2+

and Mg2+ containing 250 µg/mL of DNAse I (Sigma-Aldrich),
250 µg/mL of Dispase II (Roche, Mannheim, Germany) and 750
FALGPA units/mL of Collagenase XI (Sigma-Aldrich). The digest
was filtered through 100 and 40 µm sieves to remove undigested tis-
sue. The cells were then centrifuged at 1000 rpm (168 × g) for
10 min and pellets were incubated in ammonium chloride (Stemcell
Technologies, Köln, Germany) for 10 min on ice to selectively lyse
the erythrocytes. The cells were washed twice with PBS and kept on
ice until further use.

Immunohistochemical staining

The tissue was fixed overnight in 4% paraformaldehyde, equilibrated
the following night in 20% sucrose and frozen in Tissue Tek OCT
compound. Immunohistochemical staining was performed on 5 µm
cryosections. The sections werewashed three times in Tris-buffered sa-
line (TBS) for 5 min and blocked for 30 min with TBS containing
0.1% TX-100, 10% goat serum, 0.1% sodium azide, 0.1% cold
fish skin gelatin (CFSG). The sections were stained with purified anti-
bodies diluted in staining buffer containing TBS supplemented with
5% goat serum, 0.1% sodium azide and 0.1% CFSG for overnight
at 4°C. The sections were washed three times for 5 min with TBS
containing 0.05% Tween-20 (TBST), followed by staining with
fluorophore-conjugated secondary antibody diluted in staining buffer.
The sections were washed three times for 5 min with TBST and were
mounted with DAPI containing Vectashield hard set mounting me-
dium. The slides were visualized using a Zeiss Observer.Z1 AX10
microscope with ApoTome and AxioVision 4.8 imaging software.

Lentiviral transduction

Lentivirus carrying ST3GAL2 small hairpin RNA (cat#NM_006927) or
control construct of vector PLKO.1-Puro (cat#promSHC001) was pur-
chased from Sigma-Aldrich. Lentiviral production and cell transduction
was performed using standard protocols as described previously
(Konantz et al. 2013). Lentiviruses were concentrated using Vivaspin
20 mL centrifugal concentrators (Sartorius Stedim Biotech, Goettingen,
Germany) at 3000 × g for 50 min. Transduced cells harboring the
ST3GAL2 or control shRNA cassettes were selected in the presence of
2 µg/mL puromycin.

Gene expression analysis

RNA isolation and cDNA preparation was performed as described
previously (Sivasubramaniyan et al. 2013). One microgram of RNA
was reverse transcribed using the ImProm-II Reverse Transcription
system (Promega,Mannheim, Germany) as described by the manufac-
turer’s protocol. Real-time quantitative PCR was performed using
the SYBR Green reagent (Eurogentec, Cologne, Germany) on a Light
Cycler480 Real-time PCR instrument (Roche Applied Science, Mann-
heim, Germany). Primer sequences (intron spanning) are listed in Sup-
plementary Table S6. All primers were used at annealing temperature
of 58°C.

Adhesion assay

Fluorimetric-based cell adhesion assays of ST3GAL2 knockdown
DU145 cells or DU145 cells containing control construct were
performed. Polystyrene 96 well clear tissue culture plates were coated
(replicates of 5) with 100 µL of prediluted ECM for 24 h at 4°C.
ECM used were collagen I (5 µg/cm2), collagen IV (5 µg/cm2), laminin
(1 µg/cm2) and chondroitin sulfate (100 µg/cm2). After wash with PBS
supplemented with 1× ion mix (1 mM CaCl2, 1 mM MgCl2 and
50 µM MnCl2 in RPMI1640), non-specific cell binding to ECM was
prevented by pre-incubation with 1% BSA for 60 min at room tem-
perature. For quantitative determination of the cell adhesion, 1 × 106

of control and ST3GAL2 knockdown cells were incubated with
8.9 µM carboxyfluorescein diacetate succinimidyl ester (Sigma-
Aldrich) in HBSS (without Ca2+ and Mg2+) for 15 min at 37°C and
1 × 105 cells were plated and incubated for 45–60 min at 37°C
under 5% CO2. The non-adherent cells were removed by gently rins-
ing the wells with PBS supplemented with 1× ion mix and resuspended
in 100 µL of PBS. The mean fluorescence intensity from adherent cells
in each well was measured using GloMaxR – Multi Detection System
(Promega).

Statistics

Analysis of variance with two factors (tumor weight and frequency)
was performed to determine the difference in the tumorigenic poten-
tial of the sorted populations isolated from the tumor explants
(Supplementary Figure S6B). The acceptable level of significance for
the analyses was set at p ≤ 0.05. For all other experiments, graphical
data are presented as mean values ± standard error. p-values were de-
rived via the application of a two-tailed, unpaired Student’s t-test.
Statistically significant differences are indicated by asterisks.

Supplementary data

Supplementary data for this article is available online at http://glycob.
oxfordjournals.org/.
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toxin B; DAPI, 4′6′-diamidino-2 phenylindole; ECM, extracellular
matrix; EMT, epithelial to mesenchymal transition; FACS, fluorescence-
activated cell sorting; FITC, fluorescein isothiocyanate; GSL, glycosphin-
golipid; hESC, human embryonic stem cell; IHC, immunohistochemistry;
mAb, monoclonal antibody; MβCD, methyl-beta-cyclodextrin; PE,
R-phycoerythrin; PI-PLC, phosphoinositol phospholipase C; SSEA-4,
stage-specific embryonic antigen-4; TBS, Tris-buffered saline; TBST,
TBS containing 0.05% Tween 20.
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