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CANCER

O-linked 12,3 sialylation defines stem cell populations

in breast cancer
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Jennifer L. Clark?, Haibo Liu’, Rui Li', Julie Lihua Zhu', Shuhui Chen?, Lara K. Mahal**,
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We pursued the hypothesis that specific glycans can be used to distinguish breast cancer stem cells (CSCs) and
influence their function. Comparison of CSCs and non-CSCs from multiple breast cancer models revealed that CSCs
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are distinguished by expression of 2,3 sialylated core2 O-linked glycans. We identified a lectin, SLBR-N, which
binds to O-linked 2,3 sialic acids, that was able to enrich for CSCs in vitro and in vivo. This O-glycan is expressed on
CD44 and promotes its interaction with hyaluronic acid, facilitating CD44 signaling and CSC properties. In con-
trast, FUT3, which contributes to sialyl Lewis X (sLeX) production, is preferentially expressed in the non-CSC popu-
lation, and it antagonizes CSC function. Collectively, our data indicate that SLBR-N can be more efficient at enriching
for CSCs than CD44 itself because its use avoids the issues of CD44 splicing and glycan status. These data also reveal

how differential glycosylation influences CSC fate.

INTRODUCTION

Solid tumors such as breast and other carcinomas are characterized
by extensive heterogeneity in the cell populations that comprise them
(1, 2). This heterogeneity exists not only between tumor and stromal
cells but also within tumor cells themselves, a finding that has been
made apparent by recent single-cell RNA sequencing (RNA-seq)
studies on many different carcinomas (3-5). The concept of intra-
tumor heterogeneity is highly relevant because distinct tumor cell
populations differ in many aspects including their differentiation
status, response to therapy, and ability to initiate a recurrent tumor
(6). In this context, considerable evidence supports the hypothesis
that distinct populations of tumor cells with the ability to resist
therapy and initiate new tumors are characterized by properties
associated with stem cells (6, 7). For this reason, they are often
referred to as tumor-initiating cells or cancer stem cells (CSCs). Al-
though the term “CSC” has been used to describe a range of cell
populations that share similar properties such as the ability to form
spheroids in three-dimensional culture and to resist chemo- and
radiation therapy, it is evident that cells of this nature are enriched
in more aggressive tumors and contribute to their aggressive behavior
(7). On the basis of this information, there is intense interest in
identifying specific markers that distinguish CSC populations from
their less aggressive counterparts and to exploit such markers for
therapeutic targeting.

We hypothesized that the cell surface glycome provides a rich
resource for the identification of specific glycans that distinguish
CSCs from other tumor cells. Cell surface glycans are highly com-
plex, with various cores and termini regulated by multiple enzymes.
Moreover, different sets of structures can be displayed on protein
N-linked and O-linked glycans, as well as glycolipids. There is a
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literature that spans decades on glycosylation differences between
normal and transformed cells as highlighted by the more recent
finding that the carbohydrate antigen CA19-9 [sialyl Lewis A (sLeA)]
is highly expressed in aggressive pancreatic tumors with minimal
expression in normal pancreatic tissue (8, 9). Moreover, glycans can
be effective therapeutic targets. For example, targeting a glycosylated
form of the programmed death-ligand 1 (PD-L1) with drug-conjugated
antibodies in breast cancer promoted immune reactivation and a
“bystander-killing effect” with minimal toxicity to normal tissues
(10). Although previous studies have investigated glycosyltransferases
expressed in CSCs (11), glycans are not used routinely as markers to
enrich for CSCs in heterogeneous tumor populations, and relatively
little is known about how specific glycans promote CSC properties.
Thus, it is essential to identify the unique and targetable glycans and
glycosylated proteins expressed in CSC populations and to assess how
protein glycoforms regulate CSC functions. To achieve this goal, we
used unbiased approaches to identify specific glycans that distinguish
breast cancer cells with CSC properties from other tumor cells, and
we investigated how these glycans affect CSC function.

RESULTS

2,3 sialylation characterizes CSC-enriched populations

of breast tumor cells

Initially, we sought to identify specific glycans that distinguish pop-
ulations of breast cancer cells enriched for CSC properties from the
bulk population. For this purpose, we used human mammary luminal
epithelial (HMLE) cells generated by the Weinberg laboratory that
had been transformed with H-Ras (HMLER) (12). A previously
published study from our laboratory had shown that HMLER cells
could be sorted on the basis of the expression of CD104 and CD24
into a distinct population that is mesenchymal and enriched for CSC
properties (CD104°"/CD24"°") and a more eglthehal population
that has diminished CSC properties (CD104"8"/CD24M8") (13). In
this context, we define CSC properties as the ability to form mammo-
spheres and resist chemotherapy as demonstrated in the previous
publication. These two distinct populations referred to as CSC-
enriched (CSC) and non-CSC-enriched (non-CSC) were compared
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for potential differences in glycosylation using an unbiased approach
that involved lectin microarray analysis and RNA-seq and subsequent
validation of these data in vitro and in vivo including glycoprotein
identification and functional analysis (Fig. 1A).

We analyzed the glycomes of the CSC and non-CSC HMLER
populations using our dual-color lectin microarray technology (14).
In brief, equal amounts of orthogonally labeled fluorescent samples
and a mixed reference containing all samples were analyzed on the
array, which contains >100 lectin probes. For more information, see
tables S1 and S2. Although few significant differences between the
two populations were observed, a subtle but clear difference was seen
in O-linked 02,3 sialic acids [lectins: SK678, SLBR-H (n.s., not sig-
nificant), and SLBR-N (n.s.)], which were enriched in CSC cells,

and N-linked 02,6 sialic acids, which were enriched in non-CSC cells
(Fig. 1B and fig. S1B; for complete heatmap, see fig. S1A). Subsequently,
RNA-seq was performed on the same populations to assess potential
differences in glycosyltransferase expression (Fig. 1C). We observed
that the CSC-enriched population displayed increased expression of
the core2 B-1,6-N-acetylglucosaminyltransferase-1 (GCNT1) and
02,3 sialyltransferases [ST3GAL2, ST3GAL5, and ST3GALG6 (n.s.)]
and decreased expression of the 02,6 sialyltransferases (ST6GAL1)
compared with the non-CSC-enriched population. The differential
expression of these glycosyltransferases correlated with the lectin
microarray data, explaining the alterations in glycan structures ob-
served between the CSC-enriched and non-CSC-enriched popula-
tions. We also observed that the 01,3 fucosyltransferase FUT3, which
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Fig. 1. CSCs and non-CSCs are distinguished by their glycomes. (A) Schematic of our unbiased approach to identify unique glycans and glycosyltransferases expressed
in the CSC population. (B) CSC and non-CSC cells were subject to dual-color lectin microarray. Shown are the binding affinities of the CSC and non-CSC extracts to lectins
identifying 02,3 sialoglycans and 02,6 sialoglycans. Shown are the results of three replicates. (C) Heatmap of differentially expressed glycosyltransferases expressed in the
CSC and non-CSC populations; FDR < 0.05 and |log2FC| > 1. Glycosyltransferases corresponding to core2 a2,3 sialoglycans are highlighted in blue, and 02,6 sialoglycans
are highlighted in red. CSC and non-CSC cells were subjected to flow cytometric analysis for glycan expression. Populations were stained for (D) SLBR-N, SLBR-H, SK678,
(E) SNA, and (F) HECA-452. US, unstained control. Representative results of three independent experiments. (G) Structures of the two target glycans expressed in the CSC
and non-CSC populations. CSCs express the core2 02,3 sialoglycan initiated by GCNT1 and sialylated by the ST3GAL enzymes. Non-CSCs express N-linked sLeX driven by FUT3.
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is linked to the sialyl Lewis X (sLeX) N-glycan, was preferentially
expressed in the non—CSC-enriched population.

The lectin microarray and RNA-seq data provided key informa-
tion that enabled us to investigate the putative glycan differences in
more detail. Specifically, we made use of the lectins identified by the
lectin microarray to characterize sialylation differences between the
CSC- and non-CSC-enriched HMLER populations by flow cytometry
and observed the most significant difference with SLBR-N, which is
derived from the bacterium Streptococcus gordonii and binds pref-
erentially to core2 O-linked 02,3 sialoglycans on glycoproteins (15).
These glycans are initiated by the glycosyltransferase GCNT1 and
are further modified by other glycosyltranferases including termi-
nal 02,3 sialylation by ST3GAL2, ST3GALS5, and ST3GALS6, which
we confirmed to be enriched in the CSC population by quantitative
polymerase chain reaction (qQPCR; fig. S1C). Notably, SLBR-N ex-
hibited significantly higher binding to the CSC-enriched population
compared with the non-CSC-enriched population (Fig. 1D). In con-
trast, no such difference was observed with SLBR-H, which prefers
sialylated corel and core2 O-glycans. Also, the SK678 lectin, which
recognizes other core2 02,3 sialoglycan structures, did not select for
the CSC-enriched population, although it showed significant binding
in the lectin microarray (15). The SNA (Sambucus Nigra Lectin) lectin,
which detects 02,6 sialic acids produced by ST6GALLI, exhibited pref-
erential binding to the non-CSC-enriched population (Fig. 1E and fig.
S1C), consistent with our glycomic and transcriptomic datasets. Our
RNA-seq data on FUT3 prompted us to compare the expression of
sLeX between the two populations. Although a specific lectin that de-
tects 01,3 fucose is not available, we used the HECA-452 antibody
for flow cytometry because it is specific for N-linked sLeX, which
is fucosylated by FUT3. HECA-452 bound much more significantly to
the non-CSC-enriched populations, and FUT3 expression was en-
hanced in the non-CSC population as assessed by qPCR (Fig. 1F and
fig. S1C). Last, we thought it was important to compare the expression
of sLeA, also known as CA19-9, between the two populations because
this glycan has been implicated in highly aggressive pancreatic cancer
(9). The breast cancer—derived CSC- and non-CSC-enriched popu-
lations did not significantly differ in their expression of CA19-9,
suggesting the glycome patterns of the breast and pancreatic CSCs
are different (fig. S1D). Together, our unbiased approaches reveal
that the CSC- and non-CSC-enriched populations exhibit significant
differences in glycosylation. Specifically, the non-CSC population is
distinguished by higher levels of 02,6 sialosides and the expression
of sLeX (Fig. 1G). In contrast, the CSC-enriched population is char-
acterized by increased expression of a core2 O-linked 02,3 sialoglycan
detected by the SLBR-N lectin.

The SLBR-N lectin enriches for cells with stem cell properties

invitro and invivo

To assess whether the SLBR-N lectin can be used to enrich for CSCs
in heterogeneous cell populations, we sorted HMLER cells and
another breast cancer cell line, HCC1806, using this lectin and ob-
tained distinct SLBR-N"¢" and SLBR-N'"" populations (fig. S2, A
and C). We observed that the SLBR-N"8" cells had enhanced self-
renewal capacity as assessed by serial mammosphere formation com-
pared with the SLBR-N'" cells in both cell lines (Fig. 2, A and D).
Subsequently, these populations were analyzed by flow cytometry
for surface expression of CD44 and CD24, whose differential ex-
pression is commonly used to identify CSC-like breast tumor popu-
lations (CD44"8"/CD24"°") (16). HMLER SLBR-N"%" and HCC1806
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SLBR-N"" cells stained for a CD44"8"/CD24° population compared
with the SLBR-N'®" cells (Fig. 2, B and E). The SLBR-N"&" cells ex-
hibited a morphology and gene expression pattern characteristic of
mesenchymal cells, compared with the SLBR-N™" cells that had an
epithelial phenotype (Fig. 2, C and F, and fig. S2E). We also con-
firmed by qPCR that the genes GCNT1, ST3GAL2, ST3GALS5, and
ST3GALG6 were enriched in the SLBR-N"" cells (fig. 2, B and D).
This finding that SLBR-N can enrich for CSCs in cancer cell lines
was substantiated by flow cytometry analysis of a patient-derived
xenograft (PDX). The SLBR-N"8" cells, which comprised 8.58% of
the total population, exclusively stained for cells in the CD44"¢"
CD24"" population (Fig. 2G). In contrast, SLBR-H and SK678, which
bind to other corel and core2 02,3 sialoglycan structures, did not
select the CD44"¢"/CD24™" cell population as efficiently as SLBR-N
(fig. S2F).

The results described above prompted us to evaluate a causal role
for the SLBR-N glycan ligand in promoting CSC properties. We used
a variant of MDA-MB-231 cells, termed TE3 cells, that were selected
for their CSC-like properties (17). We observed by SLBR-N staining
that the TE3 variant was enriched in core2 O-linked 02,3 sialoglycans
compared with the MDA-MB-231 cells (Fig. 2H). We confirmed
that SLBR-N identifies an O-linked 02,3 sialoglycan by treating TE3
cells with neuraminidase S, an 02,3-specific sialidase, and PNGaseF,
which removes N-linked glycans (Fig. 2, I and J). Diminishing the
expression of a single ST3Gal enzyme did not significantly alter the
expression of the SLBR-N ligand (fig. S2, G and H), however, most
likely because of the compensatory nature of the 02,3 sialyltransferases
(18). To inhibit the synthesis of the SLBR-N ligand, we knocked down
expression of GCNT1, the enzyme responsible for the formation of
core2 glycans, and observed significantly reduced SLBR-N binding
to the cell surface (Fig. 2, K and L) and reduced self-renewal capacity
compared with control cells (Fig. 2M). Knockdown of GCNT1 did
not diminish the ability of SLBR-H to bind to the CSCs, because it
also can bind to corel structures, but it did diminish SK678 binding
(fig. S2I).

On the basis of the above findings, we sought to obtain additional
data to link SLBR-N"&" cells to a CSC phenotype including tumor-
igenicity and chemoresistance. Using organoids from a patient with
triple-negative breast cancer (TNBC), we sorted SLBR-N"M#" and
SLBR-N'" cell populations and assessed glycogene expression and
mammosphere formation (fig. S3A). We found that the TNBC
SLBR-N"2" cells had enhanced GCNT1/ST3GAL expression and
higher mammosphere-forming ability compared with the SLBR-N'**
cells (fig. S3, B and C). To determine whether the SLBR-N lectin
selects for cells that exhibit resistance to chemotherapy, we treated
the SLBR-N™#" and SLBR-N'"Y cells with 5-fluorouracil (5-FU). We
observed that SLBR-N"¢" cells exhibited significantly more resistance
to increasing doses of 5-FU compared with the SLBR-N'" cells
(Fig. 3A and fig. S3D). Subsequently, we generated patient-derived
organoids from a patient with TNBC that were resistant to 5-FU
and cisplatin and observed that these chemoresistant organoids had
significantly more SLBR-N staining compared with the chemosen-
sitive organoids from the same patient (Fig. 3B and fig. S3, E to G),
indicating that chemotherapy selects for the survival of SLBR-NPigh
cells. We also analyzed patient-derived organoids from an estrogen
receptor—positive (ER") tumor and observed that fewer than 1% of
the total population of cells were positive for SLBR-N (fig. S3H).
Given that ER" breast cancer harbors a lower frequency of CSCs cells
than does TNBC, this result suggests that CSCs from these different
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Fig. 2. SLBR-N identifies CSCs in vitro and in vivo. HMLER SLBR-N"9" and SLBR-N'" cell populations were assessed for (A) self-renewal by serial passage mammosphere
formation (P1, passage 1; P2, passage 2), (B) CD44/CD24 surface expression by flow cytometry, and (C) morphological changes by phase-contrast imaging (scale bars,
200 um). Representative results of three independent experiments. HCC1806 SLBR-N"9" and SLBR-N"" cell populations were assessed for (D) self-renewal by serial passage
mammosphere formation, (E) CD44/CD24 surface expression by flow cytometry, and (F) morphological changes by phase-contrast imaging (scale bars, 200 um). Repre-
sentative results of three independent experiments. (G) PDX TNBC cells were analyzed for SLBR-N binding and CD44/CD24 expression by flow cytometry. Shown is one
biological replicate. (H) MDA-MB-231 cells and TE3 cells were assessed for the expression of the core2 02,3 sialoglycan via SLBR-N. Representative results of three inde-
pendent experiments. (I) TE3 cells were treated with neuraminidase S and analyzed for SLBR-N binding by flow cytometry. Representative results of three independent
experiments. (J) TE3 cells were treated with PNGaseF and analyzed for SLBR-N binding by flow cytometry. Representative results of three independent experiments.
(K) TE3 cells were stably transfected with control shRNA (shCtrl) or two shRNA clones for GCNT1. GCNT1 expression was quantified by qPCR. Representative results of
three independent experiments. (L) TE3 shCtrl and shGCNT1 cells were assessed for SLBR-N binding. Representative results of three independent experiments. (M) TE3
shCtrl and shGCNT1 cells were analyzed by serial passage mammosphere formation. Representative results of three independent experiments. *P < 0.05, **P < 0.01.
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breast cancer subtypes can be defined by their expression of the
02,3 sialoglycan. 4

Soft agar colony formation assays revealed that the SLBR-N"¢"
cells had enhanced tumorigenicity compared with the SLBR-N'" cells
(Fig. 3, C and D). Subsequently, we injected HCC1806 cells sorted
for SLBR-N expression into immunodeficient mice. SLBR-N"8" cells
formed larger tumors compared with the SLBR-N'¥ cells (Fig. 3,
E and F). Histological examination of these tumors revealed that the
SLBR-N"" cells produced high-grade tumors with typical features
of epithelioid, invasive ductal carcinoma. However, the SLBR-N"ish
cells produced high-grade, heterogeneous tumors with the features of
metaplastic carcinoma, specifically spindle cell carcinoma (Fig. 3G).
These metaplastic, spindle cell carcinomas are highly aggressive, as-
sociated with an epithelial-to-mesenchymal transition (EMT) pheno-
type, and chemoresistant (19), properties associated with CSCs. The
SLBR-N"8" tumors also displayed regions with epithelioid mor-
phology, suggesting that the SLBR-N"#" cells can differentiate into
different tumor cell populations.

To assess whether the SLBR-N"#" cells harbor a higher percentage
of CSCs compared with the SLBR-N'" cells, we performed a limit-
ing dilution experiment in vivo. Using the extreme limiting dilution
analysis, the frequency of CSCs was calculated to be approximately
1 of 4579 for HCC1806 SLBR-N"" and 1 of 49,791 for HCC1806
SLBR-N'°¥ (Fig. 3H). These data demonstrate that SLBR-N selects
for a population of cells that is enriched with stem cell properties.

CDA44s expresses O-linked 02,3 sialoglycan

Given that SLBR-N enriches for breast CSCs, we were interested in
identifying CSC glycoproteins that express the core2 02,3 sialoglycan.
Lectin blotting revealed distinct glycoproteins that were positive for
SLBR-N in the CSC population that were far less apparent in the
non-CSC population (Fig. 4A). We then performed SLBR-N affinity
capture on CSC lysates and subjected the captured glycoproteins to
mass spectrometry. One of the most abundant SLBR-N captured
proteins was CD44 (table S3), a known breast CSC marker (16). We
validated that SLBR-N captured CD44 by immunoblotting and
confirmed that CD44 is highly expressed in the CSC population
(Fig. 4, B and C). We found that CSCs express primarily CD44s and
not other CD44 variant forms, in agreement with previous studies
(20), and that only CD44s binds to the SLBR-N lectin (Fig. 4D). We
also confirmed that SLBR-N recognizes O-linked glycans on CD44
by PNGaseF treatment, which removes N-linked glycans from pro-
teins, which is evident in the apparent molecular mass change and
retention of signal in Fig. 4E. These results were substantiated by the
finding that SLBR-N"¢" HCC1806 cells exclusively express CD44s,
which is expressed at very low levels in the SLBR-NI°" population
(Fig. 4F). In a recent collaborative study, we demonstrated that the
CD44s variant promotes the CSC properties in breast cancer by ac-
tivation of the platelet-derived growth factor receptor B (PDGFR)/
signal transducer and activator of transcription 3 (STAT3) signaling
pathway (20). Consistent with this observation, we observed that the
SLBR-NPieh population expresses PDGFRf and can activate STAT3
signaling in response to PDGF stimulation, which is not active in
the SLBR-N' population (Fig. 4G).

a2,3 sialylated core2 O-glycans on CD44s contributes

to hyaluronan binding and signaling

CD44 is the primary receptor for hyaluronan (HA), a glycosamino-
glycan that is a major component of the extracellular matrix (21).
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This interaction of CD44 with HA is facilitated by many factors in-
cluding N-glycosylation of CD44 (22, 23), but less is known about
the contribution of specific O-glycans to this interaction. To deter-
mine whether the core2 02,3 sialoglycan contributes to the interac-
tion of CD44 with HA, we first verified that CD44s expresses this
glycan in TE3 cells (Fig. 5A). To assess the contribution of CD44s to
HA binding, we depleted CD44 expression using short hairpin RNAs
(shRNAs; Fig. 5, B and C). To visualize and quantify HA binding,
we used fluorescein isothiocyanate (FITC)-conjugated HA to mon-
itor binding by flow cytometry and confirmed that loss of CD44
diminished HA binding (Fig. 5D and fig. S4A). Subsequently, we
used the shGCNT1 cells to investigate whether the core2 glycan me-
diates the binding of CD44 to HA. Although surface expression of
CD44 was not altered with knockdown of GCNT1 (Fig. 5E), loss of
core2 O-glycan expression decreased HA binding compared with
the control cells and resulted in a level of HA binding comparable to
that observed in shCD44 cells (Fig. 5F and fig. S4B). To determine
whether the 02,3 sialoglycan expressed on core2 O-glycans contributes
to the CD44s-HA interaction, we pretreated TE3 cells with SLBR-N
and then incubated the cells with HA-FITC. TE3 cells pretreated
with SLBR-N exhibited lower HA binding than cells incubated with
HA alone or with the SNA lectin, suggesting that the 02,3 sialoglycan
promotes the CD44s interaction with HA (Fig. 5G and fig. $4, C
and D). An important issue that arose from this result is whether the
CD44-HA interaction mediated by the core2 02,3 sialoglycan con-
tributes to CSC properties. To address this issue, we treated CSCs
with the hyaluronic acid synthase inhibitor 4-methylumbelliferone
(4-MU), which significantly reduced production of HA after 24 hours
(Fig. 5H) and reduced mammosphere formation compared with
vehicle alone (Fig. 5I).

The results described above prompted us to investigate how the
interaction of HA with CD44 via the core2 02,3 sialoglycan promotes
the CSC phenotype. We verified that loss of CD44 by shRNA de-
creases phosphorylation and activation of the PDGFRB/STATS3 sig-
naling pathway in TE3 cells, similar to previous reports suggesting
that CD44s expression promotes stemness through this pathway
(fig. S4E) (20). To determine whether the glycans expressed on CD44
are contributing to the activation of the PDGFRB/STAT3 pathway,
we stimulated shGCNT1 cells with PDGF and observed that dimin-
ishing GCNT1 expression reduced the phosphorylation of PDGFRf
and STAT3 compared with control cells (Fig. 5]). To determine
whether the HA-CD44 interaction is necessary to activate the
PDGFRB/STAT3 pathway, we treated TE3 cells with 4-MU and
stimulated them with PDGF. Control cells showed significantly more
phosphorylation and activation of the PDGFRB/STAT3 pathway
compared with the cells treated with 4-MU (Fig. 5K). Given our
finding that the core2 02,3 sialoglycan mediates CD44s binding to
HA, we infer from these data that this glycan promotes the stem cell
phenotype through activation of the PDGFRB/STAT3 pathway.

sLeX inhibits stem cell properties and CD44s signaling

As mentioned above, our RNA-seq data revealed that the expression
of the fucosyltransferase FUT3 is significantly higher in the non-
CSC population compared with the CSC population (Fig. 1C). This
finding intrigued us because FUT3 is an 01,3 fucosyltransferase that
is associated with the expression of N-linked sLeX, which has been
implicated in aggressive breast cancer (24, 25). However, we found
that FUT3 expression is significantly higher in epithelial basal A
breast cancer cell lines compared with mesenchymal basal B cell lines
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Fig. 4. CD44s expresses core2 O-linked 2,3 sialoglycan. (A) HMLER CSC and non-CSC whole-cell lysates were subjected to lectin blotting with SLBR-N to assess the
expression of the core2 02,3 sialoglycan. Loading was assessed by Coomassie stain. Representative results of two independent experiments. (B) HMLER CSC and non-CSC
whole-cell lysates were subjected to affinity capture by SLBR-N. Captured proteins were assessed by immunoblotting for CD44. Representative results of two independent
experiments. (€C) HMLER CSC and non-CSC whole-cell lysates were assessed by immunoblotting for CD44 and tubulin. Representative results of three independent experi-
ments. (D) mRNA was isolated from HMLER CSC and non-CSC cells, and CD44s and CD44v splice form expression was quantified by gPCR. Representative results of three
independent replicates. (E) HMLER CSC whole-cell lysate was treated with or without 1 U of PNGaseF, and the migration pattern of SLBR-N-bound glycoproteins and
CD44 was assessed by lectin and immunoblotting. Representative results of three independent experiments. (F) HCC1806 SLBR-N"9" and SLBR-N'"" whole-cell lysates
were assessed by immunoblotting for CD44 and tubulin. Representative results of three independent experiments. (G) HCC1806 SLBR-N"9" and SLBR-N'" were treated
with PDGF (10 ng/ml) for 0, 15, or 30 min. Isolated protein was assessed by immunoblotting for phospho-PDGFRB (Tyr'°%), total PDGFRB, phospho-STAT3 (Tyr’%), STAT3,

and tubulin. Representative results of three independent experiments. ****P < 0.0001.

by analyzing the Cancer Cell Line Encyclopedia (CCLE) database
(Fig. 6A). This finding is consistent with our results that the SLBR-N'"
population of HCC1806 cells, which are epithelial, had significantly
higher expression of sLeX compared with the mesenchymal SLBR-NPigh
population as assessed by flow cytometry and immunoblotting
using the HECA-452 antibody (Fig. 6B and fig. S5A). Likewise, the
HMLER CSC population exhibited decreased HECA-452" glyco-
proteins compared with the non-CSC population as assessed by
immunoblotting (fig. S5B).

The above observations prompted us to assess the function of
FUT3 and sLeX in the context of stem cell properties. For this pur-
pose, we used TE3 cells because they have low expression of FUT3

Walker et al., Sci. Adv. 8, eabj9513 (2022) 7 January 2022

and are enriched in CSC properties. Increasing FUT3 expression in
these cells generated sLeX, but it did not affect surface expression of
the SLBR-N glycan (Fig. 6, C to E). Also, PNGaseF treatment of the
FUT3-expressing cells eliminated HECA-452 binding, demonstrating
that sLeX is N-linked (Fig. 6F). FUT3 expression reduced mammo-
sphere and soft agar colony formation significantly (Fig. 6G and
tig. S5, D and E). Overexpression of FUT3 in the stem cell-enriched
SLBR-N"#" sorted cells significantly reduced mammosphere-forming
ability (Fig. 6H and fig. S5C), indicating that sLeX antagonizes stem
cell properties. We also observed that expression of FUT3 in TE3 cells
induced expression of sLeX-modified CD44s (Fig. 6]) but that it did
not alter CD44 surface expression (Fig. 6I). We then hypothesized
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Fig. 5. O-linked 2,3 sialylation of CD44a contributes to HA binding and signaling. (A) TE3 lysate was subject to lectin affinity capture with SLBR-N and assessed for
SLBR-N binding and CD44 expression. Representative results of two independent experiments. (B) TE3 cells were stably transfected with control shRNA (shCtrl) or two
shRNA clones for CD44, and CD44 expression was assessed by immunoblotting. Representative results of three independent experiments. TE3 shCtrl and shCD44 cells
were assessed for (C) CD44 expression and (D) HA binding affinity by flow cytometry. Representative results of three independent experiments. TE3 shCtrl and shGCNT1
cells were assessed for (E) CD44 expression and (F) HA binding affinity by flow cytometry. Representative results of three independent experiments. (G) TE3 cells were
pretreated with SLBR-N and assessed for HA binding affinity by flow cytometry. Representative results of three independent experiments. (H) TE3 cells were treated with
4-MU, and HA production was measured by immunofluorescence microscopy. Representative results of three independent experiments. Scale bars, 50 um. (1) TE3 cells
were pretreated with 4-MU and analyzed by serial passage mammosphere formation. Representative results of three independent experiments. (J) TE3-shCtrl and
TE3-shGCNT1 cells were treated with PDGF (10 ng/ml) for 0, 15, or 30 min, and expression of indicated proteins was assessed by immunoblotting. Representative results
of three independent experiments. (K) TE3 cells pretreated with dimethyl sulfoxide (DMSO) or 4-MU and stimulated with PDGF (10 ng/ml) for 30 min; expression of indi-
cated proteins was assessed by immunoblotting. Representative results of three independent experiments. *P < 0.05.
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Fig. 6. Fucosylation of CD44s by FUT3 inhibits stem cell signaling. (A) The CCLE was analyzed for the expression of FUT3. Shown are the means + SD of FUT3 expression
in basal A and B breast cancer lines. (B) HCC1806 SLBR-N"9" and SLBR-N'" cells were analyzed by flow cytometry for SLBR-N and HECA-452. Representative results of
three independent experiments. (C) TE3 cells were stably transfected with a FUT3 overexpression construct and assessed by immunoblotting (IB) for FUT3 and tubulin.
Representative results of three independent experiments. TE3-WTand TE3-FUT3 cells were analyzed by flow cytometry for (D) HECA-452 binding and (E) SLBR-N binding.
Representative results of three independent experiments. (F) TE3-WT and TE3-FUT3 cells were treated with and without PNGaseF, and protein was analyzed by immuno-
blotting for HECA-452. Representative results of three independent experiments. (G) TE3-WT and TE3-FUT3 cells were analyzed by serial passage mammosphere formation.
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formation. Representative results of three independent replicates. (I) TE3-WT and TE3-FUT3 cells were analyzed by flow cytometry for CD44 expression. Representative
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Representative results of three independent experiments. (J) TE3-WT and TE3-FUT3 cells were treated with PDGF (10 ng/ml) for 0, 15, or 30 min, and expression of indicated
proteins was assessed by immunoblotting. Representative results of three independent experiments. *P < 0.05 and ***P < 0.001.
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that FUT3-mediated fucosylation of CD44s in breast cells affects the
ability of CD44s to signal activation of the PDGFRB/STAT3 path-
way. Phosphorylation of PDGFRp and STAT3 in response to PDGF
was markedly reduced in FUT3-expressing cells compared with
control cells. (Fig. 6K).

DISCUSSION

We demonstrate that the surface expression of a core2 (B-1,6-N-
acetylglucosamine), O-linked 02,3 sialoglycan, which is recognized
by the lectin SLBR-N, characterizes populations of breast CSCs.
This lectin can be used to enrich for cells with stem cell properties
in heterogeneous populations of tumor cells including PDX models
of breast cancer. These conclusions are buttressed by RNA-seq data
indicating that the expression of key enzymes involved in the bio-
synthesis of this glycan, including GCNT1 and the ST3GAL glycosyl-
transferases, is significantly elevated in CSC populations compared
with non-CSC populations. We also demonstrate that this O-linked
02,3 sialoglycan is expressed on CD44s, a splice variant of CD44
critical for CSC function (20), and that it is necessary for mediating
the interaction of CD44s with HA and signaling events that sustain
CSC function.

Our results advance our understanding of the role of O-linked
glycosylation in cancer, especially CSCs. Much of the work on this
area has focused on mucins, heavily O-glycosylated proteins that
express few N-glycans, that have been implicated in the behavior of
breast and other cancers, including the function of CSCs (26, 27).
The O-linked core2 02,3 sialoglycan that we have identified is not
linked to a mucin, but its ability to modify the function of essential
proteins such as CD44 underlies its contribution to CSC function.
Although a previous study had shown that GCNT1, the enzyme
that synthesizes the branched core2 glycan structure, contributes to
the function of tumor-initiating cells in breast cancer (28), we argue
that it is the terminal 02,3 sialylation that is the critical effector of
CSC function. Sialylation is known to affect the function of tumor
cells, including CSCs, and it is considered a potential therapeutic
target (29). Of note, 02,6 sialylation mediated by ST6GALLI, primarily
on N-linked glycans, has been implicated in the function of pancreatic
and ovarian CSCs (29). Our results differ markedly from these studies
because our data revealed that 02,6 sialylation ST6GALI expression
is associated with a non-CSC population and that 02,3 sialylation of
O-linked glycans is the critical effector of CSC function. The dis-
crepancy between our data and other studies may relate to differences
in the cancers studied or other factors that remain to be determined.
Nonetheless, the dichotomy of 02,3 sialylation of O-glycans and
02,6 sialylation of N-glycans that we observed between CSCs and
non-CSCs in breast cancer is notable, and it highlights the specificity
of sialylation in affecting CSC function.

A major finding in this study is that CD44s expresses the O-linked,
core2 02,3 sialoglycan in breast CSCs and that this glycan is neces-
sary for the ability of CD44s to interact with HA. Although CD44
expresses N- and O-linked glycans, most work has focused on the
contribution of N-linked glycans to HA binding (22, 23, 30, 31). A
key study in this regard by Skelton et al. (23) demonstrated the role
of glycosylation in regulating CD44-HA binding and the contribu-
tion of complex N-linked glycans to this binding. The study also
indicated that O-linked glycans may be important based on the
mutational analysis of Ser-Gly motifs in the membrane proximal
domain. Subsequent studies have refined the nature of N-linked
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glycosylation on CD44, including CD44s, but much less is known
about O-glycosylation (32, 33). Recently, Mereiter and colleagues
(34) found that truncation of CD44 O-glycans promotes interaction
with HA in gastric cancer, suggesting that a variety of glycans can
mediate this interaction; however, more work must be done to better
understand the impact of O-glycosylation in this process. On
the basis of the compensatory nature of 02,3 sialyltransferases and
the technical constraints in diminishing this glycan, we targeted the
02,3 sialoglycan by knocking down the core2 synthase, GCNT1. Future
studies delving into the specific structure of this glycan on CD44s
would benefit from glycoproteomic analyses and O-glycosylation site
mutants to better understand the mechanisms by which this 02,3
sialoglycan promotes the interaction with HA. The strength of our
finding is that we identified a specific O-linked glycan that modifies
CD44s and demonstrated that it contributes to the ability of CD44
to bind HA and facilitate breast CSC properties.

We conclude from our data that the ability of core2 02,3 sialo-
glycan to promote the interaction of CD44s with HA underlies the
ability of CD44s to promote CSC functions. Although the ability of
CD44 to bind HA has been implicated in tumorigenicity and possibly
CSC function (35), the contribution of CD44s glycosylation to these
processes had not been established. An important contribution of
our findings is that we link CD44s glycosylation and HA binding to
signaling events that have been shown to be critical for the function
of breast CSCs. In a recent collaborative study, we demonstrated
that the breast CSC state is regulated by alternative splicing of CD44
and that CD44s determines CSC function (20). This study also re-
vealed that CD44s interacts with PDGFRp and activates a PDGFRp/
STATS3 signaling pathway that contributes to CSC function. In the
current study, we advance our understanding of this mechanism by
demonstrating that it is dependent on a core2 02,3 sialylated glyco-
form of CD44s.

An unexpected finding in this study is that FUT3, a key enzyme
in the genesis of sLeX, antagonizes CSC function. Both FUT3 and
sLeX have been implicated in breast cancer progression and correlate
with lower overall survival of patients (24, 25). sLeX is the main
ligand for E-selectin, which is expressed on endothelial cells, and
the binding of sLeX on tumors to E-selectin on endothelial cells
contributes to extravasation from the vasculature during metastasis
(24). Our data reveal that sLeX antagonizes CSC function, including
the function of CD44, and they highlight distinct differences in
glycosylation between cells with stem cell properties and other pop-
ulations of tumor cells. It is worth noting in this context that CD44s
in hematopoietic stem and progenitor cells expresses N-linked sLeX,
a glycoform termed “HCELL” (hematopoietic cell E-/L-selectin
ligand) and that this glycan actually promotes stemness in these cells
(36). The contrast with our data with respect to sLeX function on
CD44s is notable, and it suggests key differences between hemato-
poietic and breast CSCs with respect to how glycosylation affects
CD44 function.

Our work also highlights the confounding nature of CD44 as a
breast CSC marker. CD44 was identified as a marker for the breast
CSC population and was subsequently used to select for CSC popu-
lations in other cancer types (16, 37-40). Our study supports the
hypothesis that CD44 surface expression cannot be used exclusively
to identify CSC populations in breast and other cancers (20, 41-43).
Not only is CD44 splice variant expression a determinant of CSC
fate and function, but glycan expression on CD44 itself can alter its
function (20, 44). We argue that the SLBR-N lectin acts as a more
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efficient CSC marker compared with conventional CD44"/CD24~
staining pattern because it enriches for cells with CSC properties
while removing the confounding issues of CD44 splice forms and
glycan status.

In summary, this study has identified a distinct glycan that dis-
tinguishes breast CSCs from non-CSCs. The ability of a specific lectin
to recognize this glycan enables the enrichment of CSCs from
heterogeneous tumor populations, a discovery that has potential
implications for further mechanistic studies on CSCs, as well as for
tumor diagnosis, prognosis, and therapy. The data provided also
highlight how differences in sialylation and fucosylation have a pro-
found impact on the regulation of CSC function.

MATERIALS AND METHODS
Reagents and cell culture
SLBR-N, SLBR-H, and SK678 were characterized and purified as
previously described (15). Neuraminidase S and PNGaseF were pur-
chased from New England Biolabs (NEB), and recombinant human
PDGF was purchased from R&D Systems. Flow cytometry anti-
bodies and lectins were acquired as follows: integrin By (439-9b;
Abcam, ab110167), CD24-allophycocyanin (APC; ML5, BioLegend),
CD24-phycoerythrin (PE; ML5, BioLegend), CD44-FITC (IM7,
BioLegend), SNA (B-1305-2, Vector Laboratories), PE streptavidin
(405203, BioLegend), CLA (HECA-452, BioLegend), anti-rat immuno-
globulin M (IgM) FITC (MRM-47, BioLegend), anti-glutathione
S-transferase (GST) APC (Columbia Biosciences), HA-FITC (385906,
EMD Millipore), and anti-CA19-9 (121SLE, Novus Biologicals).
Immunoblotting antibodies were acquired as follows: tubulin [Cell
Signaling Technology (CST), 3873], CD44 (Abcam, 157107), FUT3
(Abcam, 110082), anti-rat IgM horseradish peroxidase (Southern-
Biotech), phospho-PDGFRP Tyr'** (CST, 3124), PDGFRB (CST,
3169), phospho-STAT3 Tyr’* (CST, 9145), and STAT3 (CST, 9139).
HMLER cells were provided by R. Weinberg (Massachusetts
Institute of Technology). Cells were cultured in MEBM mammary
epithelial cell growth basal medium (Lonza). MDA-MB-231-TE3
was provided by S. Tavazoie (Rockefeller University). MDA -
MB-231 and HCC1806 were obtained from the American Type
Culture Collection.

Constructs and transfection

The following lentiviral ShRNAs were used: ShGCNT1 (TRCN0000035233
and TRCN0000035231), shCD44 (TRCN0000308110 and
TRCN0000296191), and shST3GAL6 (TRCN0000288762 and
TRCN0000288833) purchased from Sigma-Aldrich. FUT3 lentiviral
overexpression plasmid was designed and purchased from Vector-
Builder. Lipofectamine 3000 (Thermo Fisher Scientific) was used
for plasmid transfection.

RNA-seq data analysis

For all analyses, default parameters were used unless otherwise speci-
fied. Read quality was checked by using FASTQC (version 0.11.5)
(45). Then, reads were aligned to the human reference genome
GRCh38 downloaded from Ensembl using Tophat2 (version 2.1.1)
(46) with minimal and maximal intron length set as 20 base pairs
(bp) and 100 kb, respectively. The resulting BAM files were sorted
by name and processed by using MMR (47) to assign multimapper
reads to their most likely genomic locations. The BAM file outputs
by MMR were input to featureCounts (version 1.5.3) (48) to generate
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a gene-level count summary table with the following explicit option
settings —d 35 -t exon —-M and the GTF file for the reference genome
GRCh38.89 as the genome annotation file. Genes of extremely low
expression were removed from the count table if their expression
level is not higher than 1 cpm in at least two samples, which is the
number of samples in each group. Differential expression analysis
was performed using DESeq2 (version 1.16.1) (49) by comparing
gene expression between the two groups (CSC and non-CSC cells).
Genes with a g value less than 0.05 were considered as significantly
differentially expressed between the two groups.

The heatmap was plotted with R package ComplexHeatmap (50).
Only significant differentially expressed genes (DEG) were visual-
ized. The criteria for DEG were false discovery rate (FDR) < 0.05
and |log2FC| > 1. All genes listed in the Glyco-enzyme Expression
Repository (Complex Carbohydrate Research Center, University
of Georgia) were marked on the heatmap, unless it is not in the
DEQG list.

Lectin microarray

Sample processing for lectin Array

Cell membrane extraction from CSCs and non-CSCs was prepared
for lectin microarrays and labeled with AlexaFluor-555 as previously
described (51). A pooled reference was labeled with AlexaFluor-647.
Details of sample preparation are given in table S1.

Lectin microarray printing, hybridization, and analysis

Lectin microarrays were printed as previously described (52). The
printlist, including lectin sources, is given in table S2. Equal amounts
of sample and reference (5 ug) were hybridized on the array, and
data analysis was performed as previously described (53). Additional
experimental information can be found in table S1.

Mammosphere assays

Cells were plated in UltraLow attachment 24-well plates in Dulbecco’s
modified Eagle’s medium/F12 medium supplemented with B27,
epidermal growth factor, and fibroblast growth factor and passaged
as previously described (54). Mammospheres were counted using
the Celigo Imaging Cytometer (Nexcelom).

Cell-based assays

For flow cytometry assays, cells were incubated with antibodies as
per the manufacturer’s instructions. Cells treated with PNGaseF or
NeuS (NEB) were incubated with 1 U of enzyme for 1 hour at 37°C
before staining with antibodies. For cell viability assays, cells were
seeded at a density of 5000 cells per well. Twenty-four hours later,
cells were treated with a range of concentrations (2.5, 5, 10, 25, and
50 uM) of 5-FU and saline solution (control). Ninety-six hours after
treatment, cells were assessed for viability using crystal violet. The
absorbance measured at 600 nm was normalized to the saline solu-
tion control.

Patient-derived organoids

Tumor tissues of freshly resected biopsies from patients with TNBC
were obtained from UMass Cancer Center Tumor Bank. These tu-
mors were digested using a tissue dissociation kit (Miltenyi Biotech)
and gentleMACS Dissociator. The digested tumors were washed
thrice using phosphate-buffered saline, and partially digested tumor
pieces were embedded into reduced growth factor basement mem-
brane extract (Cultrex). The embedded organoids were cultured in
organoid media as described previously (55). The drug-resistant
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organoids were generated by culturing them in the presence of 5-FU
and cisplatin for 2 weeks. Single-cell suspension was prepared from
organoids using Accumax solutions and stained using SLBR-N as
described above for flow cytometry. Cell viability was calculated
using CellTiter-Glo (Promega).

In vivo studies

For xenograft experiments, cells were injected into the mammary fat
pad of 4- to 6-week-old NOD.Cg-Prkdc*™ IL2rg"™"/ (abbreviated
as NSG) mice in 50 pl of Cultrex reduced growth factor basement
membrane matrix (Trevigen). Mice were monitored for 7 to 8 weeks,
and tumors were collected for histological analysis at the end of the
experiment. Limiting dilution analysis was performed using the
extreme limiting dilution analysis (56). All mouse procedures were
done under the guidance of the University of Massachusetts Medical
School Institutional Animal Care and Use Committee in accordance
with the institutional and regulatory guidelines.

Lectin blotting, immunoblotting, and immunoprecipitation
Lectin blotting and immunoblotting were performed as previously
described (15, 54). Briefly, cells were harvested and lysed in radio-
immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) with
protease and phosphatase inhibitors (Roche). For PNGaseF experi-
ments, equal concentrations of whole-cell lysate were treated with
1 U of PNGaseF (NEB) for 1 hour at 37°C. For PDGF experiments,
PDGF (10 ng/ml; R&D Systems) was incubated with cells for the
indicated time intervals. Antibodies used for immunoblotting were
diluted to a concentration of 1:1000.

For lectin pulldown and immunoprecipitation, after preclearing
the lysate with Glutathione Sepharose (GE Healthcare) or protein A
agarose (Sigma-Aldrich) beads for 1 hour at 4°C, 0.5 to 1 mg of
lysate was incubated with 1 pg of indicated lectin or antibodies
overnight at 4°C. After adding Glutathione Sepharose or protein A
agarose beads, lysates were incubated for 1 hour at 4°C.

Real-time qPCR

RNA extraction was accomplished using an RNA isolation kit
(BS88133, Bio Basic Inc.), and complementary DNAs (cDNAs) were
produced using an Azura cDNA synthesis kit (AZ-1996, Azura Ge-
nomics). AzuraView GreenFast qPCR Blue Mix LR was used as the
qPCR Master Mix (AZ-1996, Azura Genomics). qQPCR primers: 18S
(forward, 5'-GTCGCTCGCTCCTCTCCTACT-3'; reverse, 5'-TCT-
GATAAATGCACGCATCCC-3"), GCNT1 (forward, 5-AACCCCITAGT-
AAAGAAGAGGCG-3';reverse, 5-AGCAGCCTGTCAAGCATTTCA-3'),
ST3GAL2 (forward, 5'-CGTCTGGACCCGAGAGAAC-3'; reverse,
5'-GCCAGGCACTATCTGGAACA-3'), ST3GAL5 (forward,
5'-AGGAATGTCGTCCCAAGTTTG-3'; reverse, 5'-GGAGTAAGTCC-
ACGCTATACCT-3"), ST3GALS6 (forward, 5-ACTGCATTGCATAT-
TATGGGGAA-3'; reverse, 5'-TGGCTTTGATAAACAAGGCTGG-3'),
ST6GALL1 (forward, 5'-CTGAATGGGAGGGTTATCTGCC-3';
reverse, 5'-ACCTCAGGACTGCGTCATGATC-3'), FUT3 (forward,
5'-GCCGACCGCAAGGTGTAC-3; reverse, 5-TGACTTAGGGTTGG-
ACATGATATCC-3"), CDH1 (forward, 5'-TGAAGGTGACAGAGCC-
TCTGGAT-3’; reverse, 5'-TGGGTGAATTCGGGCTTGTT-3'),
CDH2 (forward, 5'-TCAGGCGTCTGTAGAGGCTT-3'; reverse,
5'-ATGCACATCCTTCGATAAGACTG-3"), CD44s (forward, 5-TACT-
GATGATGACGTGAGCA-3'; reverse, 5'-GAATGTGTCTTGGTCTCT-
GGT-3"), and CD44v5/6 (forward, 5-GTAGACAGAAATGGCACCAC-3;
reverse, 5'-CAGCTGTCCCTGTTGTCGAA-3").
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CCLE dataset analysis

Gene expression data were collected from publicly available gene
expression datasets from the CCLE (57). Expression values repre-
sent log2-transformed TPM gene expression counts from RNA-seq
data. Adherent TNBC cell lines were grouped by their molecular
signatures into basal A or basal B subtypes as defined by available
metadata for the CCLE dataset. Basal A subtypes represent cells
with an epithelial gene expression signature positive for markers
such as Krt5 and Krt14, while basal B subtypes represent cells with
a mesenchymal gene expression signature positive for markers such
as vimentin (58). Graphs were created using the ggboxplot function
from the ggpubr package in R, and P value was calculated using a
one-tailed ¢ test.

Statistical analysis

Statistical comparison between only two groups was done with the
unpaired Student’s ¢ test. Multiple-group comparisons were com-
pleted using one-way analysis of variance (ANOVA). Statistical tests
were carried out using GraphPad Prism version 8.0, and a P value of
less than 0.05 was considered significant. The bars in graphs represent
means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj9513

View/request a protocol for this paper from Bio-protocol.
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