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ABSTRACT 

 

Intratumor heterogeneity poses a significant challenge for the diagnosis and treatment of 

patients with breast cancer because distinct sub-populations of tumor cells contribute 

significantly more to therapy resistance and tumor recurrence than others.  Consequently, 

understanding the mechanisms that contribute to this heterogeneity and identifying sub-

populations responsible for aggressive behavior is a significant and timely problem.  

Considerable evidence indicates that a subpopulation of tumor cells with stem/progenitor-

like characteristics, termed cancer stem cells (CSCs), is responsible for therapy resistance 

and recurrence, sparking interest in characterizing novel biomarkers and therapeutic targets 

for this aggressive population of cells. Unfortunately, CSCs share many protein markers 

with normal mammary stem/progenitor populations, minimizing potential targets for 

diagnostic and therapeutic purposes.  Therefore, in my thesis research, I investigated novel 

ways to identify CSC populations based on their glycome.  I observed that breast CSCs 

have a unique glycosylation pattern that can be used to distinguish them from other tumor 

populations.  Specifically, I discovered a novel α2,3 sialoglycan on Core2 O-linked glycans 

expressed on CSCs that can identified using the lectin SLBR-N.  I found that SLBR-N can 

be used to distinguish CSCs from bulk tumor cells in multiple in vitro and in vivo models. 

I also discovered that the CSC marker, CD44s, expresses O-linked α2,3 sialoglycan and 

that this glycan alters CD44s function by promoting the activation of the PDGFRβ/STAT3 

pathway.  In contrast, the fucosyltransferase FUT3 and its glycan sialyl Lewis X (sLeX) 

are expressed on non-CSCs and they function to impede stemness by inhibiting CD44s-
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mediated PDGFRβ/STAT3 signaling. In summary, this thesis provides insights into glycan 

heterogeneity in breast cancer and novel ways to identify CSCs using the glycome. 
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CHAPTER I: INTRODUCTION 

Overview 

This thesis work focuses on the analysis of the cancer stem cell glycome in breast cancer 

to discover novel biomarkers that identify aggressive tumor populations and to understand 

the mechanisms by which these glycans promote cancer stem cell traits.  This work is 

significant because cancer stem cell populations are enriched in highly aggressive cancers, 

such as triple negative breast cancers (TNBC), and they contribute to therapy resistance 

and relapse.  Moreover, there are limited therapies available for TNBC patients.  Therefore, 

identifying unique glycan biomarkers for the CSC population could have significant 

implications for diagnostics and therapeutics. 

Breast cancer subtypes 

Breast cancer is the second leading cause of cancer mortality in women, and it is estimated 

that 1 in 8 women will develop breast cancer during their lifetime (1).  Although sarcomas 

and lymphomas have been observed (2, 3), the most common malignancies reported in 

women are breast carcinomas (4).  Breast carcinomas arise from the uncontrolled 

proliferation of the epithelial cell populations within the mammary gland.  Due to the high 

degree of structural and cellular heterogeneity found in the mammary gland, there are two 

predominant classification schemes used to aid diagnosis and treatment of breast 

carcinomas: histological and molecular (5). 

Breast cancers can be categorized into two histological classifications: ductal and lobular 

(4, 5).  Ductal carcinomas arise from the epithelial cells found in the ducts of the mammary 
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gland.  These carcinomas can be further classified into sub-categories based on 

architectural features.  Lobular carcinomas arise from the epithelial cells located in the 

terminal ductal lobular units (TLDU), which are responsible for the production of milk 

during pregnancy and lactation.  Both ductal and lobular carcinomas are observed to 

progress from benign lesions, to atypical hyperplasia, to carcinoma in situ, and, if 

infiltrating the surrounding stroma, to invasive carcinoma (6). Although histological 

classification has been used for years to classify tumors and provide prognostic 

information, these histological subtypes by themselves do not provide insight into 

mechanisms or therapeutic targets that can be leveraged for the treatment of disease. 

Molecular subtyping of breast cancers has provided reliable biomarkers for classification 

and identified therapeutic targets for personalized patient therapies (7, 8).  Hormone 

receptor (estrogen receptor, ER; progesterone receptor, PR) and human epidermal growth 

factor receptor 2 (HER2) expression has been predominantly used to classify breast tumors 

(9).  Also, patients with breast tumors expressing these receptors have targeted therapeutic 

options, such as anti-hormonal therapy and HER2 blocking antibodies, which have been 

shown to improve patient outcome.  In addition to receptor expression status, distinct 

classes of carcinomas based on gene expression patterns have been identified to predict 

response to therapies and risk of relapse(10).  These subtypes include: normal breast like, 

luminal A, luminal B, HER2 enriched, claudin low, and basal like (7, 8, 11, 12). Normal 

breast like cancers (ER+/PR+/HER2-) are a rare subtype whose expression profile mimics 

that of normal breast epithelium.  Luminal A (ERhigh/HERlow; ~40% of cases) and luminal 

B (ERlow/HER2low; ~20% of cases) breast cancers are the most common breast cancer 
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subtypes. The HER2 enriched subtype (ER-/HER2+; 10-15% of cases) is classified based 

on overexpression of HER2 and HER2 related genes, which promote a highly proliferative 

phenotype. Claudin low breast cancers (ER-/PR-/HER2-; 12-14% of cases) are a rare 

subtype of cancer that exhibit an epithelial to mesenchymal transition (EMT) phenotype.  

Basal like breast cancers (ER-/PR-/HER2-; 15-20% of cases) express genes commonly 

found in basal/myoepithelial cells in the normal mammary gland, such as basal 

cytokeratins.  Claudin low and basal like breast cancers are characterized as TNBC because 

they lack the expression of ER, PR and HER2.  Because these tumors lack expression of 

the hormone receptors, there are no targeted therapeutics for TNBC patients, leading to 

poor prognosis of patients and a higher rate of relapse (7, 12, 13).  Therefore, it has become 

imperative that novel diagnostic and therapeutic options become available to aid in the 

treatment of patients with highly aggressive TNBC.   

Breast tumor heterogeneity  

Another challenge present in the diagnosis and treatment of breast cancer is tumor 

heterogeneity.  Tumor heterogeneity encompasses both inter- and intratumor 

heterogeneity.  Intertumor heterogeneity refers to differences in characteristics between 

patient tumors.  These differences are commonly demonstrated by clinical staging and 

grading, morphologic features, and ER/PR/HER2 status, which all can be affected by 

patient health, age, and menopausal status (14). 

However, a challenging obstacle faced in the diagnosis and treatment of patients with 

breast cancer is the heterogeneity found within the tumor itself (15, 16).  Histopathologic 
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examination of patient tumors has revealed morphologic intratumor heterogeneity in 

different areas of the tumor (spatial heterogeneity) and as the tumor progresses over time 

(temporal heterogeneity) (14).  Also, expression of biomarkers used for molecular 

subtyping of tumors (ER/PR/HER2) can vary within a tumor, which can complicate 

diagnosis and treatment of patients with disease.  Lastly, with the advent of single cell and 

novel sequencing analyses, there is growing evidence that there are complex and distinct 

populations of cells existing in tumors as a result of genetic and epigenetic alterations(17-

19).  These alterations can cause significant changes in gene expression, which can affect 

diverse functions, such as proliferation, signaling, cell cycling, migration, metastasis, and 

tumor immunity. Not only does intratumor heterogeneity complicate the diagnosis and 

classification of disease, but the treatment options and efficacy become a challenge for 

clinicians.  Thus, understanding the mechanisms that contribute to tumor heterogeneity can 

greatly impact the diagnostic and therapeutic options for patients.  This leads to the 

discussion of the cancer stem cell (CSC) hypothesis. 

Cancer stem cells 

One of the leading mechanisms hypothesized to induce intratumor heterogeneity in breast 

cancer is the cancer stem cell (CSC) hypothesis.  CSCs are defined as a population of cells 

within a tumor that can initiate a tumor and produce the partially differentiated and 

differentiated tumor cell populations (20, 21).  They harbor properties found in normal 

mammary stem cells, such as the ability to self-renew, while maintaining tumor cell 

characteristics, such as enhanced survival mechanisms and the ability to manage and resist 

cellular stress.  CSCs have been isolated from human cancer cell lines and mammary 
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tumors and shown to have enhanced tumorigenic properties when transplanted in vivo (22). 

Because of their enhanced tumorigenic properties, these cell populations have a high risk 

of promoting tumor recurrence and metastases(23).  CSCs are chemo- and radiotherapy 

resistant because of their quiescent and slow cycling phenotype (23-25). Due to the lack of 

targeted therapies for breast CSCs, identifying novel diagnostic and therapeutic targets for 

CSCs of utmost importance for clinicians and patients. 

The origin of CSC populations remains elusive but two prevailing hypotheses suggest that 

CSCs arise from a transformed mammary stem cell (MaSC) or from a differentiated tumor 

cell that has gained stem cell properties (20).  Most evidence for the origin of breast CSCs 

support the hypothesis that CSCs arise from MaSCs or partially differentiated progenitor 

cells that have gained mutations that are essential for transformation (26-29).  MaSCs are 

a long-lived population of stem cells within the mammary gland that have the ability to 

self-renew and differentiate into the various progenitor cell populations – luminal, alveolar, 

or basal progenitor cells (30, 31).  The MaSC and progenitor populations are also observed 

to exist within the mammary gland for longer periods of time compared to the differentiated 

cell populations, which could allow the stem cell populations to gain multiple genetic 

alterations that promote transformation.  Research efforts have also found that breast CSCs 

share common cell surface markers with the MaSC and progenitor cell populations, which 

will be discussed in later sections.  These phenotypic and biomarker similarities suggest 

that the breast CSCs arise from the same lineage as the normal mammary stem populations. 

Another hypothesis suggests that breast CSCs arise from the differentiated mammary cell 

populations.  Exposure to DNA damaging agents, such as chemotherapy and radiotherapy, 
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can induce genetic alterations in normal and tumor cells, causing the re-programming to a 

more stem-like state (32, 33). Also, genetic alterations in normal or non-CSC cell 

populations have been found to induce de-differentiation to CSC-like states (34, 35).  These 

studies have highlighted a possible mechanism to enrich and select for CSC populations 

using selective pressures, such as genetic alterations and damage-inducing therapeutics.  

Although many hypotheses have been put forth, there is no consensus on the origin of 

breast CSCs. 

TNBC and CSCs 

Although CSC populations have been identified in breast cancers, not all molecular 

subtypes of breast cancer express the same percentage of CSCs.  Clinical studies have 

found that breast CSC are enriched in aggressive, high grade tumors, especially in TNBCs 

compared to other subtypes   (23, 36, 37).  Patients with higher breast CSC content are 

usually younger, pre-menopausal, and resistant to conventional therapies, all of which are 

commonly attributed to patients with basal-like cancers. 

The high frequency of CSCs within TNBC has been linked to many cellular phenotypes 

attributed to aggressive disease.  Many studies have associated the CSC population within 

TNBC to higher tumorigenicity, proliferation, migration, and invasion (38). Also, the 

chemotherapy and radiation resistance observed in TNBC has been attributed to CSCs.  

This resistance is caused by many factors, such as the expression of drug efflux pumps, 

low expression of targetable hormone receptors, and the slow cycling nature of the cells 

(39-41).  Because the aggressive nature of TNBC and lack of targeted therapies for CSCs, 
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it has become imperative that reliable biomarkers and novel therapeutic targets be 

identified to treat aggressive breast cancers with high CSC burden. 

Cancer stem cell biomarkers 

There are several biomarkers that identify CSC populations in breast cancer (42).  The first 

and most frequently used biomarkers are the cell surface glycoproteins CD44 and CD24.  

CD44+/CD24- cells isolated from patient tumors showed higher tumorigenicity compared 

to bulk, unsorted cell populations (22).  CD44 expression is commonly associated with 

aggressive disease by promoting migration and invasion through the interaction with its 

ligand hyaluronic acid (HA) (43, 44).  Expression of CD24 in breast cancer cells has been 

shown to inhibit the CSC phenotype (22, 45).  Another common biomarker for breast CSCs 

is ALDH1, a detoxifying enzyme and proliferation marker, which can be monitored by 

using the ALDELFLUOR assay (46). 

Although these biomarkers have proved to be extremely helpful in identifying CSC 

populations within breast cancer cell lines and patient tumors, they cannot be considered 

universal markers.  In one study by Meyer et al (2010), both CD44+/CD24+ and 

CD44+/CD24- cells from ER- breast tumors were tumorigenic in mice, showing that CD24 

expression was not able to distinguish tumorigenic cells from non-tumorigenic cells (47).  

Other studies have shown that the CD44+/CD24- cell population does not always overlap 

with other CSC biomarkers, such as ALDH1 or other stem cell factors (48, 49).  These 

CSC markers are also commonly expressed in normal mammary cells, including MaSCs 
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and progenitor cells, which diminishes the likelihood that they could be used as reliable 

diagnostic markers or therapeutic targets.   

The issue of CSC biomarker heterogeneity is further perplexed by the concept of epithelial, 

mesenchymal, and hybrid epithelial/mesenchymal (E/M) states.  EMT is a developmental 

program by which epithelial cells with tight cell junctions transition to mesenchymal cells 

with loss of tight cell-cell junctions and enhanced motility (50).  This process is associated 

with developmental programs, such as implantation, gastrulation, and neural crest 

formation, as well as a response to injury, and can be reversed through a process called 

MET (51).  In cancer, EMT has been observed in many in vitro cell models and found to 

promote cell invasion at the invasive fronts of tumors.  The acquisition of an invasive 

phenotype is hypothesized to lead to metastasis.  The realization that the EMT program is 

regulated by multiple, dynamic steps, as opposed to a single deciding factor, has opened 

investigations to the various transitional states between the epithelial and mesenchymal 

phenotypes (52).  Indeed, Kroger et al (2019) identified that breast cancer cells residing in 

a hybrid E/M state maintain high tumorigenicity and stem cell traits as opposed to 

completely E and completely M cell states (53). With multiple, dynamic EMT steps comes 

changes in protein expression.  The hybrid EMT state is documented to have mixed 

expression of known epithelial and mesenchymal markers, such as E-cadherin and 

vimentin, further exacerbating the issues associated with CSC biomarker identification 

(50).   

Because of the confounding issues of biomarker heterogeneity in CSCs and the potential 

cross-reactivity with normal cells, there is a need to identify novel biomarkers for CSCs 
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that can reliably and accurately be used in patient samples.  Because of the protein 

expression similarities with normal mammary stem cells, there are a limited number of 

protein markers that can be used to distinguish the breast CSC population.  Recently, there 

have been significant efforts to better understand post-translational modification changes 

in cancer and how this can be leveraged for diagnostics and therapeutics.  This leads to the 

discussion about protein glycosylation. 

Overview: Protein glycosylation 

Glycosylation is a coordinated effort of organelles, enzymes, and monosaccharide building 

blocks to generate post-translational carbohydrate modifications (54).  Protein 

glycosylation is a complex process of monosaccharides or oligosaccharides being 

enzymatically added to a variety of proteins within the cell, comprising extracellular, 

intracellular, and even, nuclear and mitochondrial proteins (54, 55).  The glycans added to 

proteins in mammalian cells are comprised of the basic monosaccharide building blocks – 

glucose (Glc), galactose (Gal), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine 

(GalNAc), mannose (Man), fucose (Fuc), xylose (Xyl), 5-N-acetylneuraminic acid 

(Neu5Ac, sialic acid), iduronic acid (IdoA) and glucuronic acid (GlcA) (54). 

Protein glycosylation primarily occurs in the secretory pathway, in the lumen of the 

endoplasmic reticulum (ER) and Golgi apparatus.  There are three main forms of protein 

glycans: N-glycans, O-glycans, and glycosaminoglycans (GAGs).  N-glycans are bound to 

asparagine residues on proteins, usually on the Asn-X-Ser/Thr motif.  N-glycosylation is 

catalyzed in the ER with the addition of a dolichol pyrophosphate-linked oligosaccharide 
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(OS-PP-Dol) to asparagine by the oligosaccharyltransferase (OST) (56). The N-glycans are 

further trimmed and decorated in the Golgi, where they become hybrid and complex N-

glycans.  O-glycans are linked to serine and threonine residues and are highly diverse.  

GalNAc or mucin-type O-glycans consist of core1-4 O-glycans, terminal GalNAc (Tn) or 

sialyl-Tn antigens. These glycans are added in the Golgi where they are further modified 

with other glycan structures. The addition of O-GlcNAc on serine or threonine residues is 

mediated by O-GlcNAc transferases (OGTs) and O-GlcNAcases (OGAs) and is commonly 

found on cytoplasmic, nuclear and mitochondrial proteins. GAGs are linear, highly sulfated 

polysaccharides that can be bound to serine and threonine residues. 

Protein glycosylation is a highly regulated post-translational process.  The gene expression 

of the glycosyltransferases and glycosidases, enzymes that synthesize or hydrolyze glycan 

linkages, respectively, acts as the first level of regulation.  In mammals, there are over 200 

identified glycosyltransferases and glycosidases, all of which have different binding 

specificities and enzymatic activity (54).  Transcriptomic regulation of these enzymes can 

impact the formation or abundance of glycan structures within the cell.  The second level 

of protein glycosylation regulation occurs with the availability and accessibility of glycan 

substrates.  For example, the formation of N-glycans depends on the expression of both 

glycosyltransferases and glycosidases for processing before being sent to the Golgi to 

maturation (57). Also, O-glycans depend on the addition of monosaccharide units by 

stepwise enzymatic reactions that are dependent on the glycan structure added by the 

previous enzyme to add to the next (57).  These complex levels of regulation give rise to 

the large repertoire of possible glycan structures. 
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Glycosylation and cancer 

Dysregulation in glycosylation pathways is a hallmark of cancer progression.  In particular, 

alterations in protein glycosylation have been widely reported in tumorigenesis, 

progression, and metastasis.  During tumor progression, expression and activity of 

glycosyltransferases can be altered, resulting in profound changes in glycan cores, glycan 

branching, and, ultimately, glycoprotein structure and function. 

There have been many studies that have identified glycan biomarkers in various cancers. 

Truncated Tn and sTn O-glycans were two of the first identified glycan tumor biomarkers 

and these glycans are highly expressed in many tumor types, such as breast, colon, 

pancreatic, lung, and ovarian cancers (58-63).  In addition to changes in core glycans, 

alterations in terminal glycan motifs are found on tumor cells.  Highly sialylated and 

fucosylated glycans, such as the Lewis antigens, and long lactosamine repeats (poly-

LacNAc) are highly expressed on tumor cells (64-67).  Lewis antigens are glycans that are 

commonly used as blood type determinants and these glycans are observed to be 

overexpressed in many cancers (68).  Lewis X and sLeX are commonly overexpressed in 

many cancer types (68).  Also, the carbohydrate antigen 19-9 (CA19-9) identifies the sialyl 

Lewis a (sLea) antigen and is used as a prognostic biomarker in pancreatic cancer (69). 

These glycan changes are usually accompanied by alterations in glycosyltransferase 

expression and localization.  For example, mutations in Cosmc, the molecular chaperone 

that activates T-synthase and O-glycosylation, and increased expression of ST6GALNAC-

I in tumors are linked to Tn and sTn expression and overexpression of FUT3, 4, 6, and 7 

are linked to Lewis antigen expression in different cancer types (60, 70-73).  Lewis antigen 
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expression in cancer is commonly attributed to the overexpression of specific FUTs (68).  

Interestingly, it has been reported that tumor cells have altered glycosyltransferase 

localization due to aberrant intracellular signaling resulting in distorted glycan structures, 

known as the GALA pathway (74).    

Vast changes in the cancer glycome can result in significant alterations in glycoprotein 

function.  The epidermal growth factor receptor (EGFR), a main driver of lung and breast 

cancer tumorigenesis, undergoes extensive glycosylation that impact various functions 

(75).  For example, changes in N-glycosylation of EGFR inhibits interaction with its ligand, 

EGF, and dimerization with other EGFRs, resulting in decreased cell proliferation and 

tumor progression (76-78).  Integrins are highly decorated with glycans that mediate cell 

adhesion to the ECM and cellular signaling (75).  β1 integrins have been found to be 

aberrantly glycosylated in bladder cancers to promote activated FAK signaling, while 

sialylated glycoforms were found to inhibit Galectin-3 mediated apoptosis in colon cancer 

(79, 80).  N-glycosylation of the α6β4 integrin promotes motility and migration through 

interactions with laminin-332 (81, 82).  Also, core fucosylation of the cell adhesion 

molecule L1CAM promoted invasion in melanoma cells (83).  Glycan changes on tumor 

cells can also impact immune cell response.  Recently, PD-L1 N-linked glycosylation was 

found to be necessary for PD1 interaction and immune cell suppression in TNBC (84). 

Identification of glycan and glycoprotein biomarkers have led to the production of potential 

cancer therapeutics. High throughput screening (HTS) identified a drug that can 

specifically inhibit the O-linked glycosyltransferase ppGALNAc-T3 and invasion of breast 

cancer cells (85).  N-glycosylation of HER2 was found to block the interaction of the 
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monoclonal antibody Herceptin (86). Treatment of breast cancer cells with a combination 

of the anti HER2 monoclonal HER2 antibody trastuzumab and a sialidase promoted 

desialylation of the tumor cell glycocalyx and reduced binding to inhibitory Siglec 

receptors on natural killer (NK) cells (87).  In the advent of chimeric antigen receptor T 

cell (CAR-T) therapy, anti-Tn-MUC1 CAR-T cells demonstrated targeted specificity to 

tumor cells in leukemia and pancreatic cancer xenograft models (88). 

Although many efforts have been made to identify glycan biomarkers and therapeutic 

targets for cancer, there are still many challenges to face. New drugs could have 

unprecedented effects on the glycome and behavior of normal cells.  Also, efficient drug 

delivery to solid tumors is still an obstacle.  However, one of the major challenges in cancer 

research is understanding glycomic heterogeneity in tumors, specifically in the diverse 

tumor subpopulations like cancer stem cells (CSCs).  

Glycosylation and cancer stem cells 

Recent studies have made efforts to understand the CSC glycome and identify novel CSC 

markers in various cancer types (89, 90). Many studies have identified glycosyltransferases 

and glycans that are enriched in the CSC compartment of tumors. ST6GAL1, the 

predominant enzyme that produces α2,6 sialic acids on N-linked glycans, has been linked 

to the CSC phenotype in pancreatic and ovarian CSCs by enhancing tumor initiating 

potential and upregulating CSC transcription factors  (91, 92).   Other studies have aimed 

to identify how glycans alter CSC response to therapy.  For example, the STT3 N-

glycosyltransferases glycosylate and stabilize PD-L1 as a result of EMT, providing a 
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potential target to overcome immune evasion of CSC populations (93).  Efforts have also 

been made to investigate the variations in glycosylation on known CSC markers, such as 

CD133 (90, 94).   

Very few studies have investigated the breast CSC glycome. Expression of O-GlcNAc 

modification via OGT promoted expression of CSC markers in breast cancer cells (95).  

Also, expression of B4GALT5 enriched for breast CSCs through glycosylation and 

stabilization of Frizzled-1 to promote Wnt/β-catenin signaling(96).  Although these studies 

have identified mechanisms promoting the CSC phenotype through glycosylation 

pathways, the breast CSC glycome must be explored on a systemic level to identify novel 

glycan biomarkers unique to the CSC population.  Ultimately, these unique glycan 

biomarkers can be leveraged to isolate CSC populations and possibly be used to target 

breast CSCs therapeutically.   

Rationale for thesis work 

Breast cancer is a highly heterogeneous disease, which complicates the diagnosis and 

treatment of patients.  This heterogeneity is due in part to the presence of CSC populations 

that can recapitulate the tumor after treatment, leading to therapy resistance and relapse.  

Because there are no targeted therapies for CSCs, it is of utmost importance that new 

biomarkers be discovered to identify and target these aggressive cell populations. Because 

CSCs and normal stem cells express similar protein markers, new efforts are being made 

to investigate glycans as possible biomarkers. Many studies have demonstrated changes in 

glycosylation as a result of transformation and tumor progression, but identification of 
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specific glycan biomarkers to distinguish heterogeneous tumor cell populations, such as 

CSCs, has been lacking.  Also, discovery of specific glycan structures that regulate CSC 

function is of utmost importance as they can be leveraged for potential diagnostic and 

therapeutic purposes.   

In this thesis work, I aimed to explore the breast CSC glycome at a systematic level by 

utilizing glycomic and transcriptomic analyses to identify unique glycan structure 

expressed in the CSC and non-CSC populations.  I identified a novel Core 2 α2,3 

sialoglycan using a lectin called SLBR-N, which can be used to isolate breast CSC 

populations in vitro and in vivo.  I also found that FUT3 and its glycan sialyl Lewis X were 

exclusively expressed in the non-CSC population and inhibit CSC function.  Interestingly, 

the CSC marker CD44s was found to express the SLBR-N glycan in the CSCs and sialyl 

Lewis X in the non-CSCs, which affected the ability of CD44s to interact with its ligand, 

HA, and signal through the platelet-derived growth factor receptor β (PDGFRβ). 
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Introduction: 

Solid tumors such as breast and other carcinomas are characterized by extensive 

heterogeneity in the cell populations that comprise them (14, 97). 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 studies on many 

different carcinomas (17-19).  The concept of intratumor heterogeneity is highly significant 

because distinct tumor cell populations differ in many aspects including their 

differentiation status, response to therapy and ability to initiate a recurrent tumor (98).   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 (98, 99).  For this reason, they are often referred to as 

tumor initiating cells or cancer stem cells (CSCs).   Although 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 3D 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 (99). Based on 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 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 complex, with various cores and termini regulated by multiple enzymes. 

Moreover, different sets of structures can be displayed on protein N-linked and O-linked 
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glycans, as well as glycolipids. Indeed, there is a 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 (sLeA) is highly expressed in 

aggressive pancreatic tumors with minimal expression in normal pancreatic tissue (54, 69).  

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 (84).   Although previous studies have investigated 

glycosyltransferases expressed in CSCs (95), glycans are not used routinely as markers to 

enrich for CSCs in heterogenous 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 impact CSC 

function. 
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Results: 

α2,3 sialylation characterizes CSC-enriched populations of breast tumor cells.  

Initially, we sought to identify specific glycans that distinguish populations 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) (100). A previously published study from 

our laboratory had shown that HMLER cells could be sorted based on the expression of 

CD104 and CD24 into a distinct population that is mesenchymal and enriched for CSC 

properties (CD104low/CD24low) and a more epithelial population that has diminished CSC 

properties (CD104high/CD24high) (101).  In this context, we define CSC properties as the 

ability to form mammospheres 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 for potential differences in glycosylation using 

an unbiased approach that involved lectin microarray analysis and RNA-sequencing and 

subsequent validation of these data in vitro and in vivo including glycoprotein identification 

and functional analysis (Fig. 2.1A).  
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Figure 2.1: 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 

α2,3 sialoglycans and α2,6 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 α2,3 sialoglycans highlighted in blue and α2,6 sialoglycans highlighted in red.  CSC 

and non-CSC cells were subject 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.  Shown is one replicate of three independent experiments.  G) 

Structures of the two target glycans expressed in the CSC and non-CSC populations.  CSCs 

express the core2 α2,3 sialoglycan initiated by GCNT1 and sialylated by the ST3GAL 

enzymes.  Non-CSCs express N-linked sLeX driven by FUT3. 
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We analyzed the glycomes of the CSC and non-CSC HMLER populations using 

our dual color lectin microarray technology (102).  In brief, equal amounts of orthogonally 

labeled fluorescent samples and a mixed reference contain all samples were analyzed on 

the array, which contains >100 lectin probes. For more information, see Tables 2.1 and 

2.2.  Although few significant differences between the two populations were observed, a 

subtle but clear difference was seen in O-linked α2,3 sialic acids (lectins: SK678, SLBR-

H, SLBR-N), which were enriched in CSC cells and N-linked α2,6 sialic acids, which were 

enriched in non-CSC cells (Fig. 2.1B, and Fig. 2.2B, for complete heatmap see Fig. 2.2A). 

Subsequently, RNA sequencing (RNA-seq) was performed on the same populations to 

assess potential differences in glycosyltransferase expression (Fig. 2.1C).  We observed 

that the CSC-enriched population displayed increased expression of the Core2 β-1,6-N-

acetylglucosaminyltransferase-1 (GCNT1), α2,3 sialyltransferases (ST3GAL2, ST3GAL5, 

ST3GAL6 (n.s.)) and decreased expression of the α2,6 sialyltransferases (ST6GAL1) 

compared to the non-CSC-enriched population.  The differential expression of these 

glycosyltransferases correlated with the lectin microarray data, explaining the alterations 

in glycan structures observed between the CSC-enriched and non-CSC-enriched 

populations.   We also observed that the α1,3 fucosyltransferase FUT3, which is linked to 

the sialyl Lewis X (sLeX) N-glycan, was preferentially expressed in the non-CSC-enriched 

population.  
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Table 2.1. Lectin Microarray Information 

 Description 

1. Sample: Glycan-containing sample (e.g. glycan, glycoprotein, cell lysate etc.) 

Description of Sample 
Glycoproteins on the cell membrane extracted from non-cancer 

stem cells and cancer-stem cells 

Sample preparation 

protocol 

 

Spin cells at 500  g for 5 mins at 4C to remove media. If it is a 

frozen pellet, suspend in 1 PBS (pH 7.4) and spin down at 500  

g for 5 mins at 4C. Suspend in 1 PBS (pH 7.4) with protease 

inhibitors (1:100 dilution). Sonicate the solution on ice with a 

Vial-Tweeter at 70% power (5s on, 10s off, total: 1 min). Spin 

down any large debris at 500  g for 5 mins at 4C. Transfer 

supernatant to a 3mL ultra-centrifuge tube. Ultra-centrifuge at 

100,000  g for 1 hour at 4C. Carefully decant the supernatant 

and resuspend the pellet in 200uL 1 PBS (pH 7.4). 

Labeling protocol for 

sample detection 
Samples are labelled with Alexa Fluor 555-NHS (Thermo Fisher).  

Two-color reference (if 

used) 

A pooled reference samples are labelled with Alexa Fluor 647-

NHS (Thermo Fisher). 

Assay protocol 

 

Lectin microarrays are blocked with blocking buffer for one hour 

at room temperature. Slides are rinsed twice with PBST (0.005%) 

and once with PBS, then dry the slide using a slide spinner. Each 

slide was mounted on a 24-well format hybridization cassette 

(Arrayit), in which each well contains a subarray. To each well, 

add equal amounts of samples and universal reference, and dilute 

with PBS and PBST (0.2%) to reach the final volume (150uL). 

Incubate the slides on an orbital shaker for two hours at room 

temperature in the dark. After hybridization, wash the arrays with 

PBST (0.005%) twice for ten minutes, and twice for five minutes. 

Once finished, remove the slides from the cassette, and immerse 

the slides in ultrapure water, and dry the slides using a slide 

spinner.  

2. Lectin Library 

General description of the 

lectin library used in the 

array 

Lectin microarrays are generated in house.   
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List of lectins and glycan 

binding proteins, source, 

concentration and buffer  

Please see Table S2.  

Modification of lectins 

(e.g. biotin) if any.  
N/A 

1. 3. Immobilization Surface; e.g., Microarray Slide 

Immobilization surface Nexterion Slide H Barcoded 3D Hydrogel Coated 

Manufacturer Schott North America 

Custom preparation of 

surface  
N/A 

4. Array Production 

Description of Arrayer 
Nano-Plotter 2.1 piezoelectric printer (GeSim, Germany) with 

cooled microwell plate holder and cooled printing deck 

Lectin deposition Three replicates of each lectin are printed onto each subarray.  

Printing conditions 

Dilute lectins to the pre-determined concentrations in the print 

buffer (final concentration of print buffer: 0.01% Tween-20, 1mM 

monosaccharide in PBS; Please see Table S2 for the 

concentrations of lectins). Load the mixed solution to the 

microplate. Before printing, check the humidity of the print 

chamber. The humidity should be kept around 50% during the 

entire printing. Ensure both microwell plate holder and printing 

deck are cooled. Adjust the cooling temperature based on ambient 

temperature and the temperature of the cooled slide deck surface, 

preventing moisture building up inside the print chamber. Once 

printing is complete, allow the slides to dry for at least one hour. 

Array layout 

For each microarray, it contains 24 subarrays (3 columns and 8 

rows). In each subarray, triplicates of a lectin are printed, and for 

a row with five lectins, the spot layout should be 15 columns. The 

row number depends on how many lectin probes are printed on 

the arrays (i.e., 110 lectins require 22 rows). 

Quality control 

Well-characterized glycoproteins including fetuin, asialofetuin 

and RNase B are used for quality assurances of the printed 

microarrays. 
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2. 5. Detector and Data Processing 

Instrument (scanner, flow 

cytometer) 
Fluorescent Slide Scanner Genepix 4300A (Molecular Devices) 

Instrument settings 

Preview the slide to adjust photomultiplier gain (PMT) for each 

channel (Alexa Fluor-555: 532nm, Alexa Fluor-647: 635nm) so 

that the signals are not saturated and within the linear detection 

range.  

Image analysis software GenePix Pro 7 (Molecular Devices) 

Data processing and 

statistical analysis 

Extracted data is processed for quality checks using Grubbs outlier 

test with 𝛼 = 0.05. Log2 values of the average signals are median-

normalized over the individual subarray in each channel.  

6. Lectin Microarray Data Presentation 

Data presentation and 

interpretation 

Hierarchical clustering of the processed data is performed using 

Pearson Correlation coefficient, and visualized with Multi-

experiment Viewer (MeV, v4.8, TM4 Microarray Software Suite). 

If a lectin’s SNR (signal-to-noise ratio) < 3 for more than one third 

of the total samples, then this lectin is considered as inactive and 

excluded from the list. P-values are calculated using 

nonparametric statistical tests, which are generated by R (v3.6.1).  

7. Data Location 

Data Location  
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Table 2.2. Lectins used in microarrays 

Lectin Species/Origin 
Print Conc.  

(µg/mL) 

Rough Specificity 

/Inhibitory 

monosaccharide 

Vendor/Source 

 

AAL  Aleuria aurantia 1000 Fucose Vector  

ACA Amaranthus Caudatus 1000 Gal-β1,3-GalNAc Vector  

AIA Artocarpus integrifolia 500 β1,3-GalNAc Vector/EY  

AMA Allium moly 500 Oligo mannose EY  

Anti-B.G.H2  
MAb mouse IgM [A46-

B/B10] 
undiluted 

Blood group H2 

antigen 

Santa Cruz 

Biotechnology 
 

Anti-Forssman  MAb Rat IgM [117C9] undiluted Forssman Antigen Abcam  

Anti-Lewis A MAb mouse IgG [7LE] undiluted Lewis A Abcam  

Anti-Lewis B  IgM [T218] undiluted Lewis B Sigma  

Anti-Lewis X  MAb mouse IgM [P12] undiluted Lewis X Abcam  

Anti-Lewis Y  MAb mouse IgM [F3] undiluted Lewis Y Abcam  

Anti-MUC5AC 

human  

Mab mouse IgG1 

[CLH2] 
undiluted human MUC5AC Sigma  

Anti-MUC5AC 

mouse  

Goat polyclonal to mouse 

MUC5AC 
undiluted mouse MUC5AC LSBio  

Anti-Mucin 15  Mab mouse IgG1 [H-5] undiluted Mucin 15 
Santa Cruz 

Biotechnology 
 

AOL  Aspergillus oryzae 1000 Fucose TCI America  

APA  Abrus precatorius 500 
Gal-β1,3-GalNAc / 

Lac 
EY  

ASA Allium sativum 1000 Mannose EY  

Blackbean  Blackbean crude 1000 GalNAc EY  

BPA  Bauhinia purpurea 500 β-Gal / β-GalNAc Vector  

BR6 Unknown 500 Unknown 
Gift from Dr. 

Barbara Bensing 
 

CA  Colchicum autumnale 1200 
Bi-antennary N-linked 

glycans 
EY  

Calsepa  Calystegia sepium 1000 
Bisecting N-linked 

glycans 
EY  
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Cholera Toxin  Vibrio cholerae 1000 GM1 ganglioside Sigma  

Con A  Canavalia ensiformis 1000 Tri-mannose core EY/Vector  

CSA  Cystisus scoparius 1000 Terminal GalNAc EY  

DBA  Dolichos Biflorus 1000 GalNAc Vector  

diCBM40  
engineered NanI from 

Clostridium  perfringens 
1000 α Sialylation Generated in house  

DSA  Datura stramonium 500 LacNAc EY/Vector  

ECA Erythrina cristagalli 1000 LacNAc Vector  

EEL/EEA Eunonymus europaeus 1000 Blood Group B Vector/EY  

GafD  
recombinant GafD from 

Escherichia coli 
1000 GlcNAc Generated in house  

GNA/GNL Galanthus nivalis 1500 Oligo mannose Vector/EY  

GS-I Griffonia simplicifoia-I 1000 α-Gal / Lac Vector/EY  

GS-II Griffonia simplicifoia-II 1000 GlcNAc Vector  

GS-IB4 
Griffonia simplicifoia-I, 

isolectin B4 
2000 Gal Vector  

H84T Banana lectin 1000 High mannose 
Gift from Dr. David 

Markovitz 
 

HAA Homarus americanus 1000 Terminal GalNAc EY  

HHL Hippeastrum Hybrid 1500 Oligo/High mannose Vector  

HPA Helix pomatia 1000 Blood Group A Sigma/EY  

LAA Laburnum alpinum 900 GlcNAc EY  

LcH  Lens Culinaris 1000 Core Fucose Vector  

LEA/LEL  Lycopersicon esculentum 1000 GlcNAc Vector/EY  

Lotus  Lotus tetragonolobus 1000 Fucose Vector  

MAL-I  Maackia amurensis-I 2000 Sialylation/Sulfation Vector  

MAL-II  Maackia amurensis-II 2000 Sialylation/Sulfation Vector  

MNA-G Morus nigra Morniga G 1000 GalNAc EY  

MNA-M Morus nigra Morniga M 1000 Oligo mannose / Gal EY  
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MPA/MPL  Maclura pomifera 1000 β1,3-GalNAc Vector  

NPA  
Narcissus 

pseudonarcissus 
1000 Oligo mannose Vector  

PA-I  Pseudomonas aeruginosa 1000 Gal Sigma  

PHA-E 
Phaseolus vulgaris 

Erythroagglutinin 
1000 Bisecting GlcNAc Vector/EY/Sigma  

PHA-L 
Phaseolus vulgaris 

Leukoagglutinin 
1000 

β1,6 Branching N-

Link glycans 
Vector/EY/Roche  

PNA Arachis hyogaea 1000 Gal-β1,3-GalNAc Vector/EY  

PSA Pisum sativum 1000 Core Fucose Vector  

PTA 
Psophocarpus 

tetragonolobus 
500 Blood Groups EY  

PTL-I 
Psophocarpus 

tetragonolobus-I 
1500 Blood Group A Vector  

PTL-II 
Psophocarpus 

tetragonolobus-II 
1000 α2 Fucose Vector  

RCA120 
Ricinus Communis 

Agglutinin I 
1000 Gal / Lac Vector  

rGRFT recombinant Griffithsin 1000 High mannose 
Gift from Dr. Barry 

O'Keefe 
 

Ricin B Chain Ricinus communis 1000 Gal Vector  

RPA  Robinia pseudoacacia 500 
Complex N-link 

glycans 
EY  

rSVN recombinant Scytovirin 1000 High mannose 
Gift from Dr. Barry 

O'Keefe 
 

SBA Glycine max 1000 LacdiNAc Vector  

SJA  Sophora japonica 1000 LacdiNAc Vector  

SK1  
Streptococcus sanguinis 

SK1 
1800 α2,3 sialylation 

Gift from Dr. 

Barbara Bensing 
 

SK678  
Streptococcus sanguinis 

SK678 
450 α2,3 sialylation 

Gift from Dr. 

Barbara Bensing 
 

SLBR-B  
Streptococcus gordonii 

M99 
1000 α2,3 sialylation 

Gift from Dr. 

Barbara Bensing 
 

SLBR-H  
Streptococcus gordonii 

DL1 
2000 α2,3 sialylation 

Gift from Dr. 

Barbara Bensing 
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SLBR-N  
Streptococcus gordonii 

UB10712 
1000 α2,3 sialylation 

Gift from Dr. 

Barbara Bensing 
 

SNA  Sambucus nigra 500/1000 α2,6 sialylation Vector/Sigma  

SNA-II Sambucus nigra-II 1000 
α2 Fucose /oligo 

mannose 
EY  

STA/STL  Solanus tuberosum 500 GlcNAc Vector  

TJA-I  Trichosanthes japonica-I 1000 α2,6 sialylation TCI  

TJA-II  
Trichosanthes japonica-

II 
1000 α2 Fucose 

NorthStar 

Bioproducts/Aniara 

Diagnostica 
 

TL  Tulipa sp. 700 GlcNAc EY 

UDA Urtica dioica 1000 
GlcNAc / Oligo 

mannose 
EY  

UEA-I Ulex europaaeus-I 1000 α2 Fucose Vector  

UEA-II Ulex europaaeus-II 2000 GlcNAc Vector  

VFA Vicia faba 1000 GlcNAc EY  

VVA  Vicia villosa 1000 Terminal GalNAc Vector/EY  

VVA (man)  Vicia villosa 500 Mannose Vector/EY  

X408  
unknown (from 

unpublished work) 
1000 under investigation 

Gift from Dr. 

Barbara Bensing 
 

WFA  Wisteria floribunda 1000 GalNAc-β1,4 Vector  

WGA Triticum vulgare 1000 GlcNAc Vector/EY  
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Figure 2.2:  CSCs and non-CSCs display differential glycan and glycosyltransferase 

expression. A) Heatmap of lectin clustering of CSC and non-CSC populations by dual 

color lectin microarray technology (n=3). Red, log2(S/R) > log2(Smedian/Rmedian); blue, 

log2(Smedian/Rmedian) > log2(S/R).  Experimental information and lectin printlist are 

detailed in Tables S1 and S2.  B) Boxplots depicting the binding affinities of the CSC and 

non-CSC extracts to lectins identifying α2,3 sialoglycans and α2,6 sialoglycans. Shown are 

the results of three replicates with standard deviation. C) CSC and non-CSC RNA was 

analyzed by qPCR for glycosyltransferases of interest (GCNT1, ST3GAL2, ST3GAL5, 

ST3GAL6, ST6GAL1, and FUT3). Shown are the means ± SEM of a representative 
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experiment of three independent replicates. D) HMLER CSC and non-CSC cells were 

subject to flow cytometric analysis and sLea surface expression was assessed by staining 

with a CA19-9 antibody. Shown is one replicate of two independent experiments. 
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The lectin microarray and RNA-seq data provided key information 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 preferentially to core2 O-linked α2,3 

sialoglycans on glycoproteins (103). These glycans are initiated by the glycosyltransferase 

GCNT1 and are further modified by other glycosyltranferases including terminal α2,3 

sialylation by ST3GAL2, ST3GAL5 and ST3GAL6, which we confirmed to be enriched 

in the CSC population by qPCR (Fig. 2.2C).  Notably, SLBR-N exhibited significantly 

higher binding to the CSC-enriched population compared to the non-CSC-enriched 

population (Fig. 2.1D). In contrast, no such difference was observed with SLBR-H, which 

prefers sialylated core1 and core2 O-glycans.  Also, the SK678 lectin, which recognizes 

other core2 α2,3 sialoglycan sturctures, did not select for the CSC-enriched population 

(103).  Interestingly, the SNA lectin, which detects α2,6 sialic acids produced by 

ST6GAL1, exhibited preferential binding to the non-CSC-enriched population (Fig. 2.1E, 

and Fig. 2.2C), 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 is not available that detects α1,3 fucose, 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 enhanced in the non-CSC population as 
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assessed by qPCR (Fig. 2.1F, and Fig. 2.2C). Finally, we thought it was important to 

compare the expression of sialyl Lewis A (sLeA), also known as CA19-9, between the two 

populations because this glycan has been implicated in highly aggressive pancreatic cancer 

(69).  The breast cancer-derived CSC- and non-CSC- enriched populations did not 

significantly differ in their expression of CA19-9 suggesting the glycome pattern of the 

breast and pancreatic CSCs are different (Fig. 2.2D).  Taken 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 α2,6 sialosides and the expression of sLeX (Fig. 2.1G).   In contrast, the 

CSC-enriched population is characterized by increased expression of a core 2 O-linked 

α2,3 sialoglycan detected by the SLBR-N lectin.  

The SLBR-N lectin enriches for cells with stem cell properties in vitro and in vivo:   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 obtained distinct SLBR-Nhigh and SLBR-Nlow populations (Fig. 2.4A and 

2.4C). We observed that the SLBR-Nhigh cells had enhanced self-renewal capacity as 

assessed by serial mammosphere formation compared to the SLBR-Nlow cells in both cell 

lines (Fig. 2.3A and 2.3D).  Subsequently, these populations were analyzed by flow 

cytometry for surface expression of CD44 and CD24, whose differential expression is 

commonly used to identify CSC-like breast tumor populations (CD44high/CD24low) (22).  

HMLER SLBR-Nhigh and HCC1806 SLBR-Nhigh cells stained for a CD44high/CD24low 

population compared to the SLBR-Nlow cells (Fig. 2.3B and 2.3E). The SLBR-Nhigh cells 
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exhibited a morphology and gene expression pattern characteristic of mesenchymal cells, 

compared the SLBR-Nlow cells that had an epithelial phenotype (Fig. 2.3C and 2.3F, and 

Fig. 2.4E). We also confirmed by qPCR that the genes GCNT1, ST3GAL2, ST3GAL5, 

and ST3GAL6 were enriched in the SLBR-Nhigh cells (Fig. 2.4B and 2.4D).  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-Nhigh cells, which comprised 

8.58% of the total population, exclusively stained for cells in the CD44high/CD24low 

population (Fig. 2.3G).  In contrast, SLBR-H and SK678, which bind to other core1 and 

core2 α2,3 sialoglycan sturctures, did not select the CD44high/CD24low cell population as 

efficiently as SLBR-N (Fig. 2.4F).    
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Figure 2.3: SLBR-N identifies CSCs in vitro and in vivo.  A) HMLER SLBR-Nhigh and 

SLBR-Nlow cell populations were assayed for self-renewal by serial passage mammosphere 

formation. P1, passage 1; P2, passage 2.  Shown are the means ± SEM of three independent 

experiments. B) HMLER SLBR-Nhigh and SLBR-Nlow cells were subject to flow cytometric 

analysis and CD44/CD24 surface expression was assessed. Shown is one replicate of three 

independent experiments.  C) Phase contrast images of HMLER SLBR-Nhigh and SLBR-
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Nlow cells. Scale bar = 200µm. D) HCC1806 SLBR-Nhigh and SLBR-Nlow cell populations 

were assayed for self-renewal by serial passage mammosphere formation.  Shown are the 

means ± SEM of a representative experiment of three independent replicates. E) HCC1806 

SLBR-Nhigh and SLBR-Nlow cells were subject to flow cytometric analysis and 

CD44/CD24 surface expression was assessed. Shown is one replicates of three independent 

experiments. F) Phase contrast images of HCC1806 SLBR-Nhigh and SLBR-Nlow cells. 

Scale bar = 200µm. G) Cells isolated from a PDX TNBC tumor were analyzed for SLBR-

N binding by flow cytometry. SLBR-N+ and SLBR-N- populations were then assessed for 

expression of CD44 and CD24.  Shown is one biological replicate. H) MDA-MB-231 cells 

and 231 variant TE3 cells were assessed by flow cytometry for the expression of the core2 

α2,3 sialoglycan through SLBR-N binding.  Shown is one replicate of three independent 

experiments.  I) TE3 cells were treated with Neuraminidase S and analyzed for SLBR-N 

binding by flow cytometry.  Shown is one replicate of three independent experiments. J) 

TE3 cells were treated with PNGaseF and analyzed for SLBR-N binding by flow 

cytometry.  Shown is one replicate of three independent experiments.  K) TE3 cells were 

stably transfected with control shRNA (shCtrl) or two shRNA clones for GCNT1 

(shGCNT1-1 and shGCNT1-3).  mRNA was isolated and GCNT1 expression was 

quantified by qPCR.  Shown are the means ± SEM of three independent experiments. L) 

TE3 shCtrl and shGCNT1 cells were assessed for SLBR-N binding by flow cytometric 

analysis.  Shown is one replicate of three independent experiments.  M) TE3 shCtrl and 

shGCNT1 cells populations were assayed for self-renewal by serial passage mammosphere 

formation.  Shown are the means ± SEM of a representative experiment of three 

independent replicates. 

 

 

 

 

 

 

 

 



36 
 

 

Figure 2.4: Expression of the α2,3 sialoglycan promotes CSC-like phenotype. A) 

HMLER cells were analyzed and sorted into SLBR-Nhigh and SLBR-Nlow cell populations.  

Shown is one representative plot of FACS analysis and sorting. B) HMLER SLBR-Nhigh 

and SLBR-Nlow RNA was analyzed by qPCR for GCNT1, ST3GAL2, ST3GAL5, and 

ST3GAL6. Shown are the means ± SEM of a representative experiment of three 

independent replicates. C) HCC1806 cells were analyzed and sorted into SLBR-Nhigh and 

SLBR-Nlow cell populations.  Shown is one representative plot of FACS analysis and 
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sorting. D) HCC1806 SLBR-Nhigh and SLBR-Nlow RNA was analyzed by qPCR for 

GCNT1, ST3GAL2, ST3GAL5, and ST3GAL6. Shown are the means ± SEM of a 

representative experiment of three independent replicates.   E)  HCC1806 SLBR-Nhigh and 

SLBR-Nlow RNA was analyzed by qPCR for CDH1 and CDH2. Shown are the means ± 

SEM of three independent replicates.   F)  PDX cells isolated from a TNBC tumor were 

analyzed for SLBR-H and SK678 binding by flow cytometry. The lectin+ and lectin- 

populations were then assessed for expression of CD44 and CD24.  Shown is one biological 

replicate.  G) TE3 cells were stably transfected with control shRNA (shCtrl) or two shRNA 

clones for ST3GAL6 (shST3GAL6-762 and shST3GAL6-833).  Protein lysate was isolated 

and ST3GAL6 expression was quantified by western blotting.  Shown is one replicate of 

three independent experiments. H) TE3 shCtrl and shST3GAL6 cells were assessed for 

SLBR-N binding by flow cytometric analysis.  Shown is one replicate of three independent 

experiments.  I) TE3 shCtrl and shGCNT1 cells were assessed for SLBR-H and SK678 

binding by flow cytometric analysis. Shown is one replicate of three independent 

experiments. 
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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 (104).  We observed by 

SLBR-N staining that the TE3 variant was enriched in core2 O-linked α2,3 sialoglycans 

compared to the MDA-MB-231 cells (Fig. 2.3H). We confirmed that SLBR-N identifies 

an O-linked α2,3 sialoglycan by treating TE3 cells with neuraminidase S, an α2,3 specific 

sialidase, and PNGaseF, which removes N-linked glycans (Fig. 2.3I and 2.3J). 

Diminishing the expression of a single ST3Gal enzyme did not significantly alter the 

expression of the SLBR-N ligand (Fig. 2.4G and 2.4H), however, most likely because of 

the compensatory nature of the α2,3 sialyltransferases (105). 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. 2.3K and 2.3L) and reduced self-renewal capacity compared to control cells 

(Fig. 2.3M).  Knock down of GCNT1 did not diminish the ability of SLBR-H to bind to 

the CSCs, because it also can bind to Core1 structures, but it did diminish SK678 binding 

(Fig. 2.4I). 

Based on the above findings, we sought to obtain additional data to link SLBR-

Nhigh cells to a CSC phenotype including tumorigenicity and chemoresistance.  Using 

organoids from a TNBC patient, we sorted SLBR-Nhigh and SLBR-Nlow cell populations 

and assessed glycogene expression and mammosphere formation (Fig. 2.5A).  We found 

that the TNBC SLBR-Nhigh cells had enhanced GCNT1/ST3GAL expression and higher 

mammosphere forming ability compared to the SLBR-Nlow cells (Fig. 2.5B and 2.5C).  To 
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determine if the SLBR-N lectin selects for cells that exhibit resistance to chemotherapy, 

we treated the SLBR-Nhigh and SLBR-Nlow cells with 5-fluorouracil (5-FU).  We observed 

that SLBR-Nhigh cells exhibited significantly more resistance to increasing doses of 5-FU 

compared to the SLBR-Nlow cells (Fig. 2.6A, and Fig. 2.5D). Subsequently, we generated 

patient derived organoids from a TNBC patients that were resistant to 5-FU and cisplatin 

and observed that these chemoresistant organoids had significantly more SLBR-N staining 

compared to the chemosenstive organoids from the same patient (Fig. 2.6B, and Fig. 2.5E, 

2.5F and 2.5G), indicating that chemotherapy selects for the survival of SLBR-Nhigh cells. 

We also analyzed patient-derived organoids from an ER+ tumor and observed that fewer 

than 1% of the total population of cells was positive for SLBR-N (Fig. 2.5H).  Given that 

ER+ breast cancer harbors a lower frequency of CSCs cells than does TNBC, this result 

suggests that CSCs from these different breast cancer sub-types can be defined by their 

expression of the α2,3 sialoglycan. 
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Figure 2.5: SLBR-N enriches for cells with CSC-like and chemoresistant phenotype. 

A) TNBC PDO 18-139T was analyzed and sorted into SLBR-Nhigh and SLBR-Nlow cell 

populations.  Shown is one representative plot of FACS analysis and sorting. B) TNBC 

PDO 18-139T SLBR-Nhigh and SLBR-Nlow RNA was analyzed by qPCR for GCNT1, 

ST3GAL2, ST3GAL5, and ST3GAL6. Shown are the means ± SEM of three technical 

replicates. C)  TNBC PDO 18-139T SLBR-Nhigh and SLBR-Nlow cell populations were 

assayed for self-renewal by serial passage mammosphere formation.  Shown are the means 

± SEM of three technical replicates.  D) HMLER SLBR-Nhigh and SLBR-Nlow cells were 

treated with 0, 2.5, 5, 10, 25 and 50 μM of 5-FU for 96 hours and percent surviving cells 
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was quantified. Absorbance was normalized to DMSO control. Shown are the means ± 

SEM of three independent experiments.  E) Survival data for the chemosensitive and 

chemoresistant PDOs (9441T) after treatment with 5-FU (1µM) and cisplatin (1µM).  

Shown are the means ± SEM of three technical replicates. G) Chemosensitive and 

chemoresitant patient derived organoids (PDO) from TNBC patient tumor (18-139T) were 

dissociated and incubated with SLBR-N for flow cytometric analysis.  Shown is one 

biological replicate.   H) Survival data for the chemosensitive and chemoresistant PDOs 

(18-139T) after treatment with 5-FU (1µM) and cisplatin (1µM).  Shown are the means ± 

SEM of three technical replicates.  I) Chemosensitive and chemoresitant PDOs from ER+ 

patient tumor (9353T) were dissociated and incubated with SLBR-N for flow cytometric 

analysis.  Shown is one biological replicate.   
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Figure 2.3: SLBR-N enriches for cells with enhanced tumor-initiating ability and 

aggressive properties.  A) HCC1806 SLBR-Nhigh and SLBR-Nlow cells were treated with 

0, 2.5, 5, 10, 25 and 50 μM of 5-FU for 96 hours and percent surviving cells was quantified. 

Absorbance was normalized to DMSO control. Shown are the means ± SEM of three 
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independent experiments.  B) Chemosensitive and chemoresistant patient derived 

organoids (PDO) from TNBC patient tumor (9441T) were dissociated and incubated with 

SLBR-N for flow cytometric analysis.  Shown is one biological replicate.  C) HMLER 

SLBR-Nhigh and SLBR-Nlow cells were plated in soft agar to measure colony formation. 

Shown is one replicate of three independent experiments. Scale bar = 200µm. D) HCC1806 

SLBR-Nhigh and SLBR-Nlow cells were plated in soft agar to measure colony formation.  

Shown is one replicate of three independent experiments. Scale bar = 200µm.  E) HCC1806 

SLBR-Nhigh and SLBR-Nlow cells (2.5x105 cells) were transplanted into mammary fat pads 

of NSG mice and tumor volume (mm3) was measured over 55 days.  The formation of 

palpable tumors was used to evaluate tumor initiation. Shown are the mean tumor volume 

± SEM of seven mice per group. F) Volume of tumors (mm3) from HCC1806 SLBR-Nhigh 

and SLBR-Nlow  cells transplanted into the mammary fat pads of NSG mice measured on 

day 55 of the study. Shown are the mean tumor volume ± SEM of seven mice per group. 

G) H&E sections of tumors from HCC1806 SLBR-Nhigh and SLBR-Nlow cells.  Red box: 

epithelioid, blue box: spindle cell.  Scale bar = 200μm. H) HCC1806 SLBR-Nhigh and 

SLBR-Nlow cells were transplanted into mammary fat pads of NSG mice using 10-fold 

serial dilution. The formation of palpable tumors was used to evaluate tumor initiation. 

Data are presented as a log-log plot and frequency of stem cells is calculated by extreme 

limiting dilution analysis. Red, SLBR-Nlow (1/49,791); black, SLBR-Nhigh (1/4,579).  
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Soft agar colony formation assays revealed that the SLBR-Nhigh cells had enhanced 

tumorigenicity compared to the SLBR-Nlow cells (Fig. 2.6C and 2.6D).  Subsequently, we 

injected HCC1806 cells sorted for SLBR-N expression into immunodeficient mice. SLBR-

Nhigh cells formed larger tumors compared to the SLBR-Nlow cells (Fig. 2.6E and 2.6F).  

Histological examination of these tumors revealed that the SLBR-Nlow cells produced high 

grade tumors with typical features of epithelioid, invasive ductal carcinoma.  However, the 

SLBR-Nhigh cells produced high grade, heterogeneous tumors with the features of 

metaplastic carcinoma, specifically spindle cell carcinoma (Fig. 2.6G). These metaplastic, 

spindle cell carcinomas are highly aggressive, associated with an EMT phenotype, and 

chemoresistant (106), properties associated with CSCs.  The SLBR-Nhigh tumors also 

displayed regions with epithelioid morphology, suggesting that the SLBR-Nhigh cells can 

differentiate into different tumor cell populations.   

To assess whether the SLBR-Nhigh cells harbor a higher percentage of CSCs 

compared to the SLBR-Nlow cells, we performed a limiting dilution experiment in vivo.  

Using the extreme limiting dilution analysis, the frequency of CSCs was calculated to be 

approximately 1/4,579 for HCC1806 SLBR-Nhigh and 1/49,791 for HCC1806 SLBR-Nlow 

(Fig. 2.6H). These data demonstrate that SLBR-N selects for a population of cells that is 

enriched with stem cell properties. 

CD44s expresses O-linked α2,3 sialoglycan: Given that SLBR-N enriches for breast 

CSCs, we were interested in identifying CSC glycoproteins that express the core2 α2,3 

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. 2.7A). 
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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 2.3), a known breast CSC marker (22).  We validated that SLBR-N 

captured CD44 by immunoblotting and confirmed that CD44 is highly expressed in the 

CSC population (Fig. 2.7B and 2.7C).  Previous work in breast CSCs showed that CD44s 

is the primary splice form expressed in the population and alternative splicing by ESRP1 

to the CD44 variant form inhibits the stem-like phenotype (107).  We found that CSCs 

express primarily CD44s and not other CD44 variant forms, in agreement with previous 

studies (107) and that only CD44s binds to the SLBR-N lectin (Fig. 2.7D).  We also 

confirmed that SLBR-N recognizes O-linked glycans on CD44 by PNGaseF treatment, 

which removes N-linked glycans from proteins, which is evident in the apparent molecular 

mass change and retention of signal in Fig. 2.7E.  These results were substantiated by the 

finding that SLBR-Nhigh HCC1806 cells exclusively express CD44s, which is expressed at 

very low levels in the SLBR-Nlow population (Fig. 2.7F).  In a recent collaborative study, 

we demonstrated that the CD44s variant promotes the CSC properties in breast cancer by 

activation of the PDGFRβ/STAT3 signaling pathway (107).  Consistent with this 

observation, we observed that the SLBR-Nhigh population expresses PDGFRβ and can 

activate STAT3 signaling in response to PDGF stimulation, which is not active in the 

SLBR-Nlow population (Fig. 2.7G).  
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Figure 2.7: CD44s expresses core2 O-linked α2,3 sialoglycan.  A) HMLER CSC and 

non-CSC whole cell lysates were subject to lectin blotting with SLBR-N to assess the 

expression of the core2 α2,3 sialoglycan.  Loading was assessed by Coomassie stain. 

Shown is one replicate of two independent experiments.  B) HMLER CSC and non-CSC 

whole cell lysates were subject to affinity capture by SLBR-N.  Captured proteins were 

assessed by immunoblotting for CD44.  Shown is one replicate of two independent 

experiments. C) HMLER CSC and non-CSC whole cell lysates were assessed by 

immunoblotting for CD44 and Tubulin.  Shown is one replicate of three independent 

experiments.  D) mRNA was isolated from HMLER CSC and non-CSC cells and CD44s 

and CD44v splice form expression was quantified by qPCR.  Shown are the means ± SEM 

of a representative experiment of three independent replicates. E) HMLER CSC whole cell 

lysate was treated with or without 1U PNGaseF and the migration pattern of SLBR-N-

bound glycoproteins and CD44 was assessed by lectin and immunoblotting. Shown is one 

replicate of three independent experiments.  F) HCC1806 SLBR-Nhigh and SLBR-Nlow 

whole cell lysates were assessed by immunoblotting for CD44 and Tubulin. Shown is one 

replicate of three independent experiments.  G) HCC1806 SLBR-Nhigh and SLBR-Nlow 
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were treated with 10ng/mL PDGF for 0, 15, or 30 minutes. Isolated protein was assessed 

by immunoblotting for phospho-PDGFRβ (Tyr1009), total PDGFRβ, phospho-STAT3 

(Tyr705), STAT3, and Tubulin. Shown is one replicate of three independent experiments. 
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Table 2.3. Mass spectrometry results of SLBR-N enriched glycoproteins expressed 

in the HMLER CSC population. 

 

Accession 

Number Description ID 

Total #PSM in 

HMLER CSCs M.W. 

O00425 IF2B3_HUMAN Insulin-like growth 

factor 2 mRNA-binding protein 3 

IGF2BP3 24 64 kDa 

 

O60716-10 CTND1_HUMAN Isoform 2AB of 

Catenin delta-1 

CTNND1 17 101 kDa 

P01130-3 LDLR_HUMAN Isoform 3 of Low-

density lipoprotein receptor 

LDLR 

 

26 77 kDa 

 

P02786 TFR1_HUMAN Transferrin receptor 

protein 1 

TFRC 4 85 kDa 

P05556-2 ITB1_HUMAN Isoform 2 of Integrin 

beta-1 

ITGB1 4 87 kDa 

P08648 ITA5_HUMAN Integrin alpha-5 ITGA5 7 115 kDa 

P16070-10 CD44_HUMAN Isoform 10 of CD44 

antigen 

CD44 32 53 kDa 

P16144-2 ITB4_HUMAN Isoform Beta-4A of 

Integrin beta-4 

ITGB4 2 195 kDa 

P23470-2 PTPRG_HUMAN Isoform 2 of Receptor-

type tyrosine-protein phosphatase gamma 

PTPRG 

 

19 

 

159 kDa 

 

P29317 EPHA2_HUMAN Ephrin type-A receptor 

2 

EPHA2 11 108 kDa 

P35221-2 CTNA1_HUMAN Isoform 2 of Catenin 

alpha-1 

CTNNA1 6 103 kDa 

P49327 FAS_HUMAN Fatty acid synthase FASN 

 

86 273 kDa 

 

P63244 RACK1_HUMAN Receptor of activated 

protein C kinase 1 

RACK1 16 35 kDa 

 

Q08431 MFGM_HUMAN Lactadherin MFGE8 12 43 kDa 

Q13751 LAMB3_HUMAN Laminin subunit beta-

3 

LAMB3 7 130 kDa 

Q6NZI2 CAVN1_HUMAN Caveolae-associated 

protein 1 

CAVIN1 11 43 kDa 

Q6YHK3-2 CD109_HUMAN Isoform 2 of CD109 

antigen 

CD109 4 153 kDa 

Q9NZI8 IF2B1_HUMAN Insulin-like growth 

factor 2 mRNA-binding protein 1 

IGF2BP1 

 

13 

 

63 kDa 

 

Q9Y6M1-1 IF2B2_HUMAN Isoform 2 of Insulin-

like growth factor 2 mRNA-binding 

protein 2 

IGF2BP2 30 62 kDa 
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α2,3-sialylated core 2 O-glycans on CD44s contributes to HA binding and signaling:  

CD44 is the primary receptor for hyaluronan (HA), a glycosaminoglycan that is a major 

component of the extracellular matrix (ECM) (108).   This interaction of CD44 with HA is 

facilitated by many factors including N-glycosylation of CD44 (109, 110) but less is known 

about the contribution of specific O-glycans to this interaction. To determine whether the 

core2 α2,3 sialoglycan contributes to the interaction of CD44 with HA, we first verified 

that CD44s expresses this glycan in TE3 cells (Fig. 2.8A).  To assess the contribution of 

CD44s to HA binding, we depleted CD44 expression using shRNAs (Fig. 2.8B and 2.8C). 

To visualize and quantify HA binding, we utilized FITC-conjugated HA to monitor binding 

by flow cytometry and confirmed that loss of CD44 diminished HA binding (Fig. 2.8D, 

and Fig. 2.9A). Subsequently, we used the shGCNT1 cells to investigate whether the core2 

glycan mediates the binding of CD44 to HA. Although surface expression of CD44 was 

not altered with knockdown of GCNT1 (Fig. 2.8E), loss of core2 O-glycan expression 

decreased HA binding compared to the control cells and resulted in a level of HA binding 

comparable to that observed in shCD44 cells (Fig. 2.8F, and Fig. 2.9B).  To determine if 

the α2,3 sialoglycan expressed on core2 O-glycans contributes to the CD44s-HA 

interaction, we pre-treated TE3 cells with SLBR-N and then incubated the cells with HA-

FITC.  Indeed, TE3 cells pre-treated with SLBR-N exhibited lower HA binding than cells 

incubated with HA alone or with the SNA lectin, suggesting that the α2,3 sialoglycan 

promotes the CD44s interaction with HA (Fig. 2.8G, and Fig. 2.9C). An important issue 

that arose from this result is whether the CD44-HA interaction mediated by the core2 α2,3 

sialoglycan contributes to CSC properties.  To address this issue, we treated CSCs with the 
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hyaluronic acid synthase (HAS) inhibitor 4-methylumbelliferone (4-MU), which 

significantly reduced production of HA after 24 hours (Fig. 2.8H) and reduced 

mammosphere formation compared to vehicle alone (Fig. 2.8I).   
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Figure 2.8: O-linked α2,3 sialylation of CD44a contributes to HA binding and 

signaling. A) TE3 whole cell lysate was subject to lectin affinity capture with SLBR-N 

and the captured proteins were assessed for SLBR-N binding and CD44 expression by 

lectin and immunoblotting.  Shown is one replicate of two independent experiments.  B) 
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TE3 cells were stably transfected with control shRNA (shCtrl) or two shRNA clones for 

CD44 (shCD44-191 and shCD44-110).  Isolated protein was assessed by immunoblotting 

for CD44 and Tubulin. Shown is one replicate of three independent experiments.  C) TE3 

shCtrl and shCD44 cells were assessed for CD44 expression by flow cytometric analysis.  

Shown is one replicate of three independent experiments.  D) TE3 shCtrl and shCD44 cells 

were serum starved for 12 hours and the affinity of the cells for HA was quantified through 

flow cytometric analysis with HA conjugated to FITC.  Shown is one replicate of three 

independent experiments.  E) TE3 shCtrl and shGCNT1 cells were assessed for CD44 

expression by flow cytometric analysis.  Shown is one replicate of three independent 

experiments.  F) TE3 shCtrl and shGCNT1 cells were serum starved for 12 hours and the 

affinity of the cells for HA was quantified through flow cytometric analysis with HA 

conjugated to FITC.  Shown is one replicate of three independent experiments. G) TE3 

cells were serum starved for 12 hours and pre-treated with 0.25μg SLBR-N.  The affinity 

of the cells for HA was quantified through flow cytometric analysis with HA conjugated 

to FITC.  Shown is one replicate of three independent experiments. H) TE3 cells were 

treated with 1μM 4MU for 24 hours and production of HA was measured by 

immunofluorescence microscopy by staining cells with the HA binding protein, compared 

to DMSO treated control cells.  Shown are representative images of three independent 

experiments.  Scale bar = 50μm. I) TE3 cells were pre-treated with 1μM 4MU for 24 hours 

and self-renewal was measured by serial passage mammsophere formation.  Shown are the 

means ± SEM of three independent experiments. J) TE3-shCtrl and TE3-shGCNT1 cells 

were treated with or without 10ng/mL PDGF for 0, 15, or 30 minutes. Isolated protein was 

assessed by immunoblotting for phospho-PDGFRβ (Tyr1009), total PDGFRβ, phospho-

STAT3 (Tyr705), STAT3, and Tubulin. Shown is one replicate of three independent 

experiments.  K) TE3 cells pre-treated with DMSO or 1uM 4MU for 24 hours and 

stimulated with or without 10ng/mL PDGF for 30 minutes. Isolated protein was assessed 

by immunoblotting for phospho-PDGFRβ (Tyr1009), total PDGFRβ, phospho-STAT3 

(Tyr705), STAT3, and Tubulin. Shown is one replicate of three independent experiments. 
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Figure 2.9:  α2,3 sialoglycan promotes HA binding and signaling in CSCs. 

Quantification of HA binding experiments: A) shCD44, B) shGCNT1, C) pretreat SLBR-

N, and D) pretreat SNA.  Median fluorescence intensity was normalized to the control. 

Shown are the means ± SEM of three independent experiments. E) TE3 cells were serum 

starved for 12 hours and the affinity of the cells for HA was quantified through flow 

cytometric analysis with HA conjugated to FITC after no pretreatment or pretreating with 

SLBR-N or SNA.  Shown is one replicate of three independent experiments. F) TE3-shCtrl 

and TE3-CD44 cells were treated with or without 10ng/mL PDGF for 0, 15, or 30 minutes. 

Isolated protein was assessed by immunoblotting for phospho-PDGFRβ (Tyr1009), total 

PDGFRβ, phospho-STAT3 (Tyr705), STAT3, and Tubulin. Shown is one replicate of three 

independent experiments.   
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The results described above prompted us to investigate how the interaction of HA 

with CD44 via the core2 α2,3 sialoglycan promotes the CSC phenotype.  We verified that 

loss of CD44 by shRNA decreases phosphorylation and activation of the PDGFRβ/STAT3 

signaling pathway in TE3 cells, similar to previous reports suggesting that CD44s 

expression promotes stemness through this pathway (Fig. 2.9D) (107). To determine if the 

glycans expressed on CD44 are contributing to the activation of the PDGFRβ/STAT3 

pathway, we stimulated shGCNT1 cells with PDGF and observed that diminishing GCNT1 

expression reduced the phosphorylation of PDGFRβ and STAT3 compared to control cells 

(Fig. 2.8J). To determine if the HA-CD44 interaction is necessary to activate the 

PDGFRβ/STAT3 pathway, we treated TE3 cells with 4-MU and stimulated them with 

PDGF.  Control cells showed significantly more phosphorylation and activation of the 

PDGFRβ/STAT3 pathway compared to the cells treated with 4-MU (Fig. 2.8K).  Given 

our finding that the core2 α2,3 sialoglycan mediates CD44s binding to HA, we infer from 

these data that this glycan promotes the stem cell phenotype through activation of the 

PDGFRβ/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 to the CSC population (Fig. 2.1C).  This 

finding intrigued us because FUT3 is an α1,3 fucosyltransferase that is associated with the 

expression of N-linked sLeX, which has been implicated in aggressive breast cancer (72, 

111).  Interestingly, however, we found that FUT3 expression is significantly higher in 

epithelial basal A breast cancer cell lines compared to mesenchymal basal B cell lines by 
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analyzing the Cancer Cell Line Encyclopedia (CCLE) database (Fig. 2.10A).  This finding 

is consistent with our result that the SLBR-Nlow population of HCC1806 cells, which are 

epithelial, had significantly higher expression of sLex compared to the mesenchymal 

SLBR-Nhigh population as assessed by flow cytometry and immunoblotting using the 

HECA-452 antibody (Fig. 2.10B, and Fig. 2.11A).  Likewise, the HMLER CSC 

population exhibited decreased HECA-452+ glycoproteins compared to the non-CSC 

population as assessed by immunoblotting (Fig. 2.11B).  
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Figure 2.10: Fucosylation of CD44s by FUT3 inhibits CSC signaling. A) The Cancer 

Cell Line Encyclopedia was analyzed for the expression of FUT3.  Shown are the means ± 

standard deviation of FUT3 expression in Basal A and Basal B breast cancer cell lines. B) 

HCC1806 SLBR-Nhigh  and SLBR-Nlow cells were subject to flow cytometric analysis and  

SLBR-N and HECA-452 binding was assessed. Shown is one replicate of three 

independent experiments. C) TE3 cells were stably transfected with a FUT3 
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overexpression construct.  Isolated protein was assessed by immunoblotting for FUT3 and 

Tubulin. Shown is one replicate of three independent experiments.  D) TE3-WTand TE3-

FUT3 cells were subject to flow cytometric analysis and HECA-452 binding was assessed. 

Shown is one replicate of three independent experiments.  E) TE3-WTand TE3-FUT3 cells 

were subject to flow cytometric analysis and SLBR-N binding was assessed. Shown is one 

replicate of three independent experiments. F) TE3-WT and TE3-FUT3 cells were treated 

with and without 1U of PNGaseF. Isolated protein was assessed by immunoblotting for 

HECA-452 and Tubulin. Shown is one replicate of three independent experiments.   G) 

TE3-WT and TE3-FUT3 cells were assayed for self-renewal by serial passage 

mammosphere formation.  Shown are the means ± SEM of a representative experiment of 

three independent replicates. H) HCC1806 SLBR-Nhigh and HCC1806 SLBR-Nhigh+FUT3-

HA cells were assayed for self renewal by serial passage mammosphere formation. Shown 

are the means ± SEM of a representative experiment of three independent replicates. I)TE3-

WTand TE3-FUT3 cells were assessed for CD44 expression by flow cytometric analysis.  

Shown is one replicate of three independent experiments.  I) TE3-WT and TE3-FUT3 

whole cell lysate was isolated and subject to immunoprecipitation for CD44.  

Immunoprecipitated lysate was assessed by immunoblotting for CD44 and HECA-452.  

Shown is one replicate of three independent experiments.  J) TE3-WT and TE3-FUT3 cells 

were treated with or without 10ng/mL PDGF for 0, 15, or 30 minutes. Isolated protein was 

assessed by immunoblotting for phospho-PDGFRβ (Tyr1009), total PDGFRβ, phospho-

STAT3 (Tyr705), STAT3, and Tubulin. Shown is one replicate of three independent 

experiments.   
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Figure 2.11: FUT3 expression induces sLeX expression and inhibits stemness. A) 

HMLER CSC and non-CSC whole cell lysates were assessed for N-linked sLeX expressing 

glycoproteins by immunoblotting for HECA-452 and Tubulin.  Shown is one replicate of 

three independent experiments. B) HCC1806 SLBR-Nhigh and SLBR-Nlow whole cell 

lysates were assessed for N-linked sLeX expressing glycoproteins by immunoblotting for 

HECA-452 and Tubulin.  Shown is one replicate of three independent experiments.  C) 

HCC1806 SLBR-Nhigh and SLBR-Nhigh+FUT3-HA whole cell lysates were assessed for 

FUT3 overexpression by immunoblotting for HA and Tubulin.  Shown is one replicate of 

two independent experiments.   D) Quantitation of soft agar colony formation assay from 

TE3-WT and TE3-FUT3 cells.  Shown is one replicate of three independent experiments.  

E) Representative images of soft agar colony formation assay from TE3-WT and TE3-

FUT3 cells.  Scale bar = 200µm. 
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The above observations prompted us to assess the function of FUT3 and sLeX in 

the context of stem cell properties.  For this purpose, we used TE3 cells because they have 

low expression of FUT3 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. 2.10C, 2.10D, and 2.10E).  Also, PNGaseF treatment of the FUT3 expressing cells 

eliminated HECA-452 binding demonstrating that sLeX is N-linked (Fig. 2.10F).   Most 

importantly, FUT3 expression reduced mammosphere and soft agar colony formation 

significantly (Fig. 2.10G, and Fig. 2.11D and 2.11E). Indeed, overexpression of FUT3 in 

the stem cell enriched SLBR-Nhigh sorted cells significantly reduced mammosphere 

forming ability (Fig. 2.10H, and Fig. 2.11C), indicating that sLeX antagonizes stem cell 

properties.   We also observed that expression of FUT3 in TE3 cells induced expression of 

sLeX-modified CD44s (Fig. 2.10J) but that it did not alter CD44 surface expression (Fig. 

2.10I).   We then hypothesized that FUT3-mediated fucosylation of CD44s in breast cells 

impacts the ability of CD44s to signal activation of the PDGFRβ/STAT3 pathway.  Indeed, 

phosphorylation of PDGFRβ and STAT3 in response to PDGF was markedly reduced in 

FUT3-expressing cells compared to control cells. (Fig. 2.10K).  
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Discussion: 

We demonstrate that the surface expression of a core2 (β-1,6-N-

acetylglucosamine), O-linked α2,3 sialoglycan, which is recognized by the lectin SLBR-

N, characterizes populations of breast CSCs.  Importantly, 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-sequencing data 

indicating that the expression of key enzymes involved in the biosynthesis of this glycan, 

including GCNT1 and the ST3GAL glycosyltransferases, is significantly elevated in CSC 

populations compared to non-CSC populations.  We also demonstrate that this O-linked 

α2,3 sialoglycan is expressed on CD44s, a splice variant of CD44 critical for CSC function 

(107), 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 work 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 (112) (113).    The 

O-linked core2 α2,3 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 (114), we argue that it is the terminal α2,3 sialylation that 

is the critical effector of CSC function. Indeed, sialylation is known to impact the function 
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of tumor cells, including CSCs, and it is considered a potential therapeutic target (92).  Of 

note, α2,6 sialylation mediated by ST6GAL1, primarily on N-linked glycans, has been 

implicated in the function of pancreatic and ovarian CSCs (92).  Our results differ markedly 

from these studies because our data revealed that α2,6 sialylation ST6GAL1 expression is 

associated with a non-CSC population and that α2,3 sialylation of O-linked glycans is the 

critical effector of CSC function.  The discrepancy 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 α2,3 sialylation of O-glycans and α2,6 sialylation of N-

glycans that we observed between CSCs and non-CSCs in breast cancer is striking and it 

highlights the specificity of sialylation in impacting CSC function. 

A major finding in this study is that CD44s expresses the O-linked, core2 α2,3 

sialoglycan in breast CSCs and that this glycan is necessary 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 (109, 110, 115, 116).  A 

key study in this regard by Skelton et al. demonstrated the role of glycosylation in 

regulating CD44-HA binding and the contribution of complex N-linked glycans to this 

binding (110).  The study also indicated that O-linked glycans may be important based on 

mutational analysis of Ser-Gly motifs in the membrane proximal domain.  Subsequent 

studies have refined the nature of N-linked glycosylation on CD44, including CD44s, but 

much less is known about O-glycosylation (117, 118).  Recently, Mereiter and colleagues 

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 
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be done to better understand the impact of O-glycosylation in this process (119). Based on 

the compensatory nature of α2,3 sialyltransferases and the technical constraints in 

diminishing this glycan, we targeted the α2,3 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 α2,3 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 α2,3 sialoglycan 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 (120), 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 (107).  This study also revealed that CD44s interacts with PDGFRβ and 

activates a PDGFRβ/STAT3 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 α2,3 sialylated glycoform of CD44s.  
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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 (72, 111). 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 (111).  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 populations of tumor cells.  It is worth 

noting in this context that CD44s in hematopoietic stem and progenitor cells (HSPCs) 

expresses N-linked sLeX, a glycoform termed HCELL (hematopoietic cell E-/L-selectin 

ligand) and that this glycan actually promotes stemness in these cells (121).  The contrast 

with our data with respect to sLeX function on CD44s is striking and it suggests key 

differences between hematopoietic and breast CSCs with respect to how glycosylation 

impacts 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 populations in other cancer types (22, 122-125).  Our study supports the 

hypothesis that CD44 surface expression cannot be used exclusively to identify CSC 

populations in breast and other cancers (21, 49, 107, 126).  Not only is CD44 splice variant 

expression a determinant of CSC fate and function, but glycan expression on CD44 itself 

can alter its function (107, 127).  We argue that the SLBR-N lectin acts as a more efficient 

CSC marker compared to conventional CD44+/CD24- staining pattern because it enriches 
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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 distinguishes 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 profound impact on the regulation of CSC function.  
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Materials and Methods: 

Reagents and cell culture 

SLBR-N, SLBR-H, and SK678 were characterized and purified as previously described 

(103).  Neuraminidase S and PNGaseF were purchased from NEB and recombinant human 

PDGF was purchased from R&D Systems.   Flow cytometry antibodies and lectins were 

acquired as follows: integrin β4 (439-9b, Abcam ab110167), CD24-APC (ML5, 

Biolegend), CD24-PE (ML5, Biolegend) CD44-FITC (IM7, Biolegend), SNA (B-1305-2, 

Vector Laboratories) PE Streptavidin (Biolegend 405203), CLA (HECA-452, Biolegend), 

anti-rat IgM FITC (MRM-47, Biolegend), anti-GST APC (Columbia Biosciences), HA-

FITC (385906, EMD Millipore), anti-CA19-9 (121SLE, Novus Biologicals).  

Immunoblotting antibodies were acquired as follows: Tubulin (CST 3873), CD44 (Abcam 

157107), FUT3 (Abcam 110082), anti-rat IgM HRP (SouthernBiotech), phospho-PDGFRβ 

Tyr1009 (CST 3124), PDGFRβ (CST 3169), phospho-STAT3 Tyr705 (CST 9145), STAT3 

(CST 9139).  

HMLER cells were provided by Robert Weinberg (Massachusetts Institute of Technology).  

Cells were cultured in MEBM Mammary Epithelial Cell Growth Basal Medium (Lonza). 

MDA-MB-231-TE3 was provided by Sohail 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, 

TRCN0000035231), shCD44 (TRCN0000308110, TRCN0000296191), shST3GAL6 
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(TRCN0000288762, TRCN0000288833) purchased from Sigma.  FUT3 lentiviral 

overexpression plasmid was designed and purchased from VectorBuilder.  Lipofectamine 

3000 (Thermo Fischer Scientific) was used for plasmid transfection. 

RNAseq Data Analysis 

For all analyses, default parameters were used unless otherwise specified. Read quality was 

checked by using FASTQC (version 0.11.5)(128). Then reads were aligned to the human 

reference genome GRCh38 downloaded from Ensembl using Tophat2 (version 2.1.1) 

(129)with minimal and maximal intron length set as 20 bp and 100 kb, respectively. The 

resulting BAM files were sorted by name and processed by using MMR (130) to assign 

multi-mapper reads to their most likely genomic locations. The BAM files output by MMR 

were input to featureCounts (version 1.5.3) (131) to generated 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 2 samples, which is the number of samples in each group. Differential 

expression analysis was performed using DESeq2 (version 1.16.1) (132) by comparing 

gene expression between the two groups (CSC and non-CSC cells). Genes with a q-value 

less than 0.05 were considered as significantly differentially expressed between the two 

groups.  

The heatmap was plotted with R package ComplexHeatmap (133). Only significant 

differentially expressed genes (DEG) were visualized. The criteria for DEG is FDR < 0.05 
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and |Log2FC| > 1. All genes listed in the Glyco-enzyme Expression Repository (CCRC, 

University of Georgia) were marked on the heatmap, unless it is not in the DEG list. 

Lectin Microarray:  

Sample Processing for Lectin Array: 

Cell membrane extraction from CSCs and non-CSCs were prepared for lectin microarrays, 

and labeled with AlexaFluor-555 as previously described (83). 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 (134). The printlist, including 

lectin sources, is given in Table S2. Equal amounts of sample and reference (5 g) were 

hybridized on the array and data analysis was performed as previously described (135). 

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 (136).  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 

instructions. Cells treated with PNGaseF or NeuS (NEB) were incubated with 1U of 
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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 μM) of 5FU and Saline solution 

(control). Ninety-six hours post-treatment, cells were assessed for viability using Crystal 

Violet. The absorbance measured at 600 nm was normalized to the saline solution control.   

Patient-derived organoids (PDO)  

Tumor tissues of freshly-resected biopsies from triple-negative breast cancer patients were 

obtained from UMass Cancer Center Tumor Bank. These tumors were digested using 

Tissue Dissociation kit (Miltenyi Biotech) and gentleMACS Dissociator. The digested 

tumors were washed thrice using PBS and partially digested tumor pieces were embedded 

into reduced-growth factor basement-membrane extract (Cultrex). The embedded 

organoids were cultured in organoids media as described previously (137). The drug 

resistant 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 described above for flow cytometry.  Cell viability was 

calculated using CellTiter-Glo (Promega). 

In Vivo Studies 

For xenograft experiments, cells of were injected into the mammary fat pad of 4-6 week 

old NOD.Cg-Prkdcscid IL2rgtm1Wjl (abbreviated as NSG) mice in 50uL of Cultrex® 

Reduced Growth Factor Basement Membrane Matrix (Trevigen).   Mice were monitored 

for 7-8 weeks, and tumors were collected for histological analysis at the end of the 
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experiment.  Limiting dilution analysis was performed using the Extreme Limiting Dilution 

Analysis (138). 

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 (103, 136). 

Briefly, cells were harvested and lysed in RIPA buffer (Sigma) with protease and 

phosphatase inhibitors (Roche). For PNGaseF experiments, equal concentrations of whole 

cell lysate were treated with 1U of PNGaseF (NEB) for 1 hour at 37°C.  For PDGF 

experiments, 10ng/mL PDGF (R&D) 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 pre-clearing the lysate with 

Glutathione Sepharose (GE Healthcare) or Protein A agarose (Sigma) beads for 1 hour at 

4°C, 0.5-1mg of lysate was incubated with 1ug 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 cDNAs were produced using a Azura cDNA synthesis kit (AZ-1996, Azura 
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Genomics). AzuraView™ GreenFast qPCR Blue Mix LR was used as the qPCR Master 

Mix (AZ-1996, Azura Genomics).  qPCR primers:  

18S (forward: 5’- GTCGCTCGCTCCTCTCCTACT-3’; reverse: 5’-

TCTGATAAATGCACGCATCCC-3’),  

GCNT1 (forward: 5’-AACCCCTTAGTAAAGAAGAGGCG-3’; reverse: 5’-

AGCAGCCTGTCAAGCATTTCA-3’),  

ST3GAL2 (forward: 5’-CGTCTGGACCCGAGAGAAC-3’; reverse: 5’-

GCCAGGCACTATCTGGAACA-3’) 

ST3GAL5 (forward: 5’-AGGAATGTCGTCCCAAGTTTG-3’; reverse: 5’-

GGAGTAAGTCCACGCTATACCT-3’) 

ST3GAL6 (forward: 5’-ACTGCATTGCATATTATGGGGAA-3’; reverse: 5’-

TGGCTTTGATAAACAAGGCTGG-3’) 

ST6GAL1 (forward: 5’-CTGAATGGGAGGGTTATCTGCC-3’; reverse: 5’-

ACCTCAGGACTGCGTCATGATC-3’) 

FUT3 (forward: 5’-GCCGACCGCAAGGTGTAC -3’; reverse: 5’-

TGACTTAGGGTTGGACATGATATCC -3’) 

CDH1 (forward: 5’-TGAAGGTGACAGAGCCTCTGGAT-3’; reverse: 5’-

TGGGTGAATTCGGGCTTGTT-3’) 

CDH2 (forward: 5’-TCAGGCGTCTGTAGAGGCTT-3’; reverse: 5’-

ATGCACATCCTTCGATAAGACTG-3’) 
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CD44s (forward: 5′-TACTGATGATGACGTGAGCA-3′; reverse: 5′-

GAATGTGTCTTGGTCTCTGGT-3′),  

CD44v5/6 (forward: 5′-GTAGACAGAAATGGCACC AC-3′; reverse: 5′-

CAGCTGTCCCTGTTGTCGAA-3′). 

CCLE Dataset Analysis 

Gene expression data was collected from publicly available gene expression datasets from 

the Cancer Cell Line Encyclopedia (CCLE) (139). Expression values represent log2 

transformed TPM gene expression counts from RNA seq data. Adherent, Triple Negative 

Breast Cancer 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(140). Graphs were created 

using the ggboxplot function from the ggpubr package in R, and P-value was calculated 

using a one tailed t-test. 

Statistical Analysis 

Statistical comparison between only two groups were done with the unpaired Student’s t 

test. Multiple group comparisons were completed 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; ****, p<0.0001. 
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Data and Code Availability 

The RNA sequencing data are available through the GEO database using the identifier 

GSE115058. All other data are available by reasonable request. 
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CHAPTER III: DISCUSSION 

Overview  

This thesis has focused on the mechanisms by which glycosylation promotes aggressive 

traits within CSC populations in TNBC.  This work has revealed that CSCs express distinct 

cell surface glycans that can distinguish these cells from other tumor cell populations.  

Specifically, CSCs express a novel α2,3 sialoglycan that can be identified by the lectin, 

SLBR-N.  Importantly, I discovered that this lectin can be used to isolate CSC populations 

from breast cancer cell lines and patient derived breast cancer models.  Also, expression of 

this glycan enriches for cells that have enhanced self-renewal and tumor initiating capacity, 

which are associated with the CSC phenotype.  These findings provide significant evidence 

for the impact of glycosylation on cancer cell heterogeneity. These findings are also 

significant because they reveal a novel biomarker for the breast CSC population. 

This work provides one mechanism by which glycosylation promotes the CSC phenotype.  

Specifically, I found that CD44s, a cell surface adhesion receptor, expresses the α2,3 

sialoglycan identified by SLBR-N.  This glycan promotes the interaction of CD44s with 

its ligand, HA, and promotes the activation and downstream signaling of the 

PDGFRβ/STAT3 pathway.  I also discovered that non-CSCs express the 

glycosyltransferase FUT3, which produces the sLeX glycan.  Expression of this glycan 

inhibits the CSC phenotype, and sLeX expression on CD44s inhibits the activation of the 

PDGFRβ/STAT3 signaling pathway.  These results are significant because they 

demonstrate the impact of cell surface glycosylation on signaling pathways that are known 
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to promote CSC characteristics.  This also reveals that SLBR-N could be a more reliable 

biomarker for CSCs in breast cancer than CD44 itself. 

Utilizing the glycome to characterize CSC populations and tumor heterogeneity 

In the first part of this study, I utilized a relatively unbiased and systematic approach to 

characterize the CSC glycome at the glycomic and transcriptomic level.  Using lectin 

microarrays and RNAseq, I discovered that core2 α2,3 sialoglycans are enriched in the 

CSC population.  Importantly, I identified a novel lectin called SLBR-N that recognizes a 

unique core2 α2,3 sialoglycan expressed in the CSCs.  These findings are significant 

because they demonstrate that breast cancer cell populations express distinct cell surface 

glycans that can be used as biomarkers.  My findings also demonstrate that the SLBR-N 

lectin is a reliable CSC marker and could potentially be used as a diagnostic or prognostic 

marker for aggressive breast tumors in the clinic. 

Although it is widely accepted that tumors are characterized by extensive heterogeneity, 

glycan heterogeneity among tumor cell populations has not been well studied(89, 90).  

Many of these studies focus on the differential expression of glycosyltransferases in CSC-

like cells (91, 92).  Although glycosyltransferase expression can be helpful in determining 

potential glycans expressed in cell populations, expression profiles may not correspond 

with activity of the enzyme or the resulting glycan structures expressed on proteins.  

Glycosylation is a coordinated process of many enzymes and organelles to produce 

complex carbohydrate structures.  Although a glycosyltransferase may be expressed in a 

population of interest, this may not necessarily translate to a defined glycan structure’s 
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expression.  Thus, to fully interpret the glycome, a multi-pronged approach must be taken 

to identify the glycan structures expressed in a population of interest.  In this thesis work, 

using lectin microarray and RNAseq technologies, I discovered a distinct glycan expressed 

on breast CSCs. 

In recent years, there has been a surge of interest in the understanding of glycosylation to 

better understand tumor behavior and potential mechanisms for therapy (141).  A major 

barrier for cancer biologists to venture into the field of glycobiology has been the 

availability of tools to easily investigate the cancer glycome and identify biomarkers.  A 

commonly used method to characterize glycan differences between populations of cells is 

glycan mass spectrometry (142).  This method can be used to distinguish N-glycan and O-

glycan profiles as well as identifying the composition of general monosaccharide 

structures.  Although glycan mass spectrometry can provide a wealth of information, such 

as mass measurements to identify individual glycan structures, linkages and positions, there 

are significant limitations (143).  Importantly, scientists are limited by the efficiency of the 

chemical and enzymatic techniques to release glycans from glycoproteins.  N-linked 

glycans can be efficiently cleaved from asparagine residues with the enzyme peptide N-

glycosidase F (PNGaseF).  However, because there is no single enzyme to release all types 

of O-linked glycans, the best release method for O-linked glycans is reductive β-

elimination from serine and threonine residues using alkaline solutions, which can result 

in degradation (142).  Depending on the release efficiency, identification of total glycans 

expressed in a sample is limited.  Glycan mass spectrometry methods are also very time 

consuming and require complex sample preparation to ensure accurate analysis.  Lectin 



76 
 

microarrays allow for sensitive, high throughput analysis of glycans with simpler sample 

preparation (102, 143, 144).  Unlike glycan mass spectrometry, glycan release is not 

required, allowing for sampled glycans to remain in natural abundance and structure.  

These microarrays are appropriate for comparative analysis of samples, such as normal 

tissue and tumor or primary tumor and metastatic tumor (83, 145).  Also, after glycan 

structures of interest are identified, the lectins used in the array can be used for multiple 

applications, such as lectin blotting, flow cytometry, and lectin fluorescence 

microscopy/lectin histochemistry. 

One disadvantage to using a lectin microarray approach is that the glycan structures 

identified are limited to the lectins used in the array (146).  Many commercially available 

and commonly used lectins have been isolated from plants and fungi and their target 

specificity has been identified using glycosidases and, more recently, glycan arrays.  Most 

lectin microarray formats include commonly used, commercially available lectins, whose 

glycan affinities have been well established.  Some arrays also include newly isolated 

lectins and glycan binding antibodies, which expands the possible glycan repertoire for 

researchers.  Although these reagents are very powerful in identifying potential biomarkers 

in a high throughput format, they limit the number and types of glycans assessed to the 

lectins used in the array.  For example, although I have identified that sLeX is a marker for 

the non-CSC population from RNAseq data, I was not able to identify sLeX glycans from 

the lectin array experiment because no α1,3 fucose lectins or sLeX antibodies were present 

on the array.  Also, some lectins bind to common glycan structures, such as ConA binding 

to N-glycans or WGA binding to sialylated glycans, which can reveal trends in the types 
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of glycans expressed but not necessarily a distinct structure.  Moreover, some lectins have 

low sensitivity to their target glycan, which can exclude glycan structures that are lowly 

expressed in the samples (146).  With this in mind, unbiased glycan mass spectrometry 

approaches should be pursued to identify glycans that may not be detectable by lectin 

microarray.   

One limitation in this work is the lack of complete structural evidence for the α2,3 

sialoglycan.  Previous work by Bensing et al extensively characterized the SLBR family of 

lectins and their binding specificities (103). Also, SLBR-N binding has been characterized 

using the Consortium for Functional Glycomics (CFG) array, which has confirmed the 

binding specificity of this lectin to O-linked sialic acid moieties (pending publication).  In 

this work, I did not pursue structural analysis of the glycan structure bound by SLBR-N in 

breast cancer cells.  Chemical validation was performed in our system to confirm that 

SLBR-N bound to O-linked glycans and α2,3 sialic acids by PNGaseF and NeuS 

treatments, respectively.  Future work is needed to specifically elucidate the structure of 

the SLBR-N bound glycan to identify and characterize this sugar for downstream 

applications. 

The next generation of glycan-based technologies will enable researchers to understand the 

complex and heterogeneous nature of the cancer glycome better.  Established methods such 

as matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) 

are currently being optimized to better understand the spatial distribution of glycan 

epitopes in whole tissue sections (147, 148).  Formalin-fixed paraffin-embedded (FFPE) 

tissue sections can be treated with PNGaseF to release N-glycans and subsequently 
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analyzed by mass spectrometry to reveal glycan localization within a tissue section  (147, 

148).  This analysis allows for the identification of many individual glycan structures and 

can be coupled with histochemistry stains to differentiate tumor, normal, and stromal 

tissues.  MALDI-IMS can provide insights into glycan spatial localization and 

heterogeneity, which can elucidate potential tumor-related mechanisms driven by glycan 

expression.  This analysis also allows for high-throughput screening of patient samples for 

known glycan-associated cancer biomarkers.  This method is currently limited to analysis 

of N-glycans, as there is no enzyme or efficient chemical process to release O-glycans or 

glycolipids.  However, emerging research in the field is focused on optimizing new 

chemical reactions and characterizing novel glycosidases to allow for wide applications in 

large scale glycan analyses (149). 

Another exciting technology recently reported in the literature is single cell glycan analysis 

(termed scGlycan-seq (150) or SUGAR-seq (151).  This method integrates RNAseq and 

lectin binding to better understand the glycotranscriptomic profile of diverse cell 

populations.  Similar to traditional RNAseq, DNA barcodes are used to identify single cells 

and RNA transcripts. Lectins are also tagged with DNA barcodes and release of these 

barcodes allows for the identification of glycan structures at a single cell level.  

Bioinformatic analysis and clustering methods can reveal distinct cell clusters based on 

transcriptomic and glycomic changes.  This new method allows for simultaneous analysis 

of the transcriptome and glycome at a single cell level, which will be useful in multiple 

fields, especially in the field of tumor heterogeneity.  scRNAseq methods has provided 

new data on cell diversity within tumors at the transcriptomic level (152).  With recent 
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interest in glycan changes within tumors, single cell glycan analyses can assist in the 

identification of novel biomarkers in distinct cancer cell populations and better understand 

the mechanisms regulating expression of glycosyltransferases and glycans. 

CD44: The elusive CSC marker 

CD44 has been used as a CSC marker for the past two decades.  Al Hajj et al first identified 

that CD44+/CD24- cells isolated from patient breast tumors were enriched for a highly 

tumorigenic population of cells (22).  Further work in the field has demonstrated that CD44 

can be used to identify CSCs in breast tumor samples and cell lines, and evidence from my 

work and others have shown that CD44 interaction with its ligand HA can contribute to the 

CSC phenotype.   

However, my work highlights the complexities involved in using glycoproteins as 

biomarkers.  Splicing occurs on mRNA sequences, where splicing factors influence the 

resulting mRNA transcript from inclusion, exclusion, or rearrangement of coding 

sequences (153).  The resulting protein splice forms can have diverse biological functions 

and can be expressed in distinct cell populations (153).  For example, the α6 integrin 

subunit can exist in two cytoplasmic domain splice forms: α6A and α6B (154).  The 

expression of the α6Bβ1 integrin is found in the CSC population of breast cancer and 

promotes the stem cell phenotype, while the α6Aβ1 integrin represses CSC characteristics 

(154).  These findings suggest that total α6 (CD49f) expression cannot be used to 

distinguish CSCs.  The same situation is found when looking at CD44 expression.  CD44 

can exist in the standard splice form (CD44s) and multiple variant forms (CD44v) (155).  
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Although multiple reports have found that CD44 is expressed on breast CSCs, others have 

found that CD44 cannot efficiently distinguish tumorigenic cells from non-tumorigenic 

(21, 49, 126).  This, in part, is due to the finding that CD44 splice variants can determine 

breast cancer stem cell fate (107). CD44s is preferentially expressed in the CSC population 

and directly promotes the CSC phenotype, while splicing to CD44v inhibits stemness.  

Thus, CD44 surface expression alone cannot be reliably used to identify CSC populations 

in vitro and in vivo. 

Another confounding factor in identifying biomarkers for CSCs is glycan expression.  

Although it is well established that glycan profiles are altered drastically after tumor 

formation and during cancer progression (54), very few reports have investigated glycan 

heterogeneity with tumors.  My work demonstrates that there is glycan heterogeneity in 

tumors and that glycans can be used to stratify various cell populations, such as CSCs.  This 

thesis has also revealed differential glycan expression on the commonly used CSC 

biomarker, CD44.  Other common CSC markers, such as CD133 in solid tumors and CD34, 

CD90, and CD110 in hematologic cancers, have been found to be aberrantly glycosylated 

in cancer (90).  Alterations in glycan expression on CSC markers have been shown to affect 

protein function and promote aggressive, CSC qualities (156).  Also, in the case of CD133, 

commonly used monoclonal antibodies to identify CSC populations bind to unknown 

glycan epitopes, leading to conflicting results and cross reactivity with other molecules 

(94, 157).  I argue that glycan expression is a more reliable biomarker than protein 

expression alone and coupling SLBR-N and CD44s expression may help to better stratify 

the CSC populations expressed in breast cancer.   
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It is important to keep in mind that further glycoproteomic analyses will be necessary to 

investigate the role of the α2,3 sialoglycan on CD44s function.  Because of the technical 

constraints in targeting this glycan structure genetically, using O-glycosylation site mutants 

of CD44s could help in identifying the specific function of the α2,3 sialoglycan.  Also, 

glycoproteomic analyses, such as mass spectrometry on CD44s, could help to identify the 

specific α2,3 sialoglycan structure on CD44s and determine the O-glycosylation site 

occupied by this glycan.  Our data implicates that expression of the α2,3 sialoglycan 

promotes the interaction between CD44s and HA.  This could be through direct interaction 

of the glycan with HA, but this is unlikely due to the negative charges of both HA and 

sialic acid.  This means that the α2,3 sialoglycan could be altering the protein confirmation 

of CD44s or altering protein-protein interactions with other HA binding proteins.  Further 

glycoproteomic analyses and glycol-tools will be necessary to better understand how the 

α2,3 sialoglycan is altering CD44s function in breast CSCs. 

Another interesting finding from this work is that there are potentially other glycoproteins 

that express the α2,3 sialoglycan detected by SLBR-N.  Our mass spectrometry 

experiments revealed many significant glycoproteins that express this glycan in the CSC 

population, which include signaling receptors, adhesion proteins, and integrins (Table 2.3).  

Although I have identified a signaling pathway that depends on CD44s glycosylation to 

promote the stem cell phenotype, there are most certainly parallel pathways that depend on 

the α2,3 sialoglycan to execute stem cell related functions.   

Regarding the non-CSC population, there are potentially interesting glycoproteins that are 

modified by FUT3/sLeX to execute other cancer-related phenotypes. sLeX is a known 
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ligand for E-selectin, which is expressed on the endothelial cells to assist in leukocyte 

recruitment and hematopoetic cell differentiation (121, 127).  There has been recent interest 

in α1,3 fucosyltransferases and sLeX in cancer, specifically regarding metastasis (72).  

Cancer cells have been found to express sLeX and it is hypothesized that this glycan aids 

circulating tumor cells in docking and intravasation to the metastatic site (72, 111, 158, 

159). Interestingly, in the hematopoetic system, CD44s expresses sLeX and is called 

HCELL (121). The role of HCELL is to allow for the rolling and tethering of hematopoietic 

stem/progenitor cells (HSPCs) on endothelial cells through interacting with E-selectin to 

induce transendothelial migration (160).  Contradictory to these findings, my work 

suggests that expression of sLeX modified CD44s inhibits stem cell characteristics in 

breast cancer cells.  My work suggests that glycan expression on proteins can induce 

different cell phenotypes in a tissue dependent manner and cancer cells may utilize 

developmentally conserved glycan mechanisms to aid in processes such as metastasis.  This 

phenomenon may also be true for other proteins known to be involved in the metastatic 

process, such as integrins that are known to be localized at the leading edge of tumors and 

promotes migration and invasion (161-163). Further investigation into the glycoproteins 

that express sLeX in metastatic cancer cells could elucidate mechanisms that promote 

invasive properties and novel therapeutic targets for metastases.   

The presence of sLeX in cancer prompts the discussion of Lewis blood group antigens.  

Lewis antigens are fucosylated glycans belonging to the histo-blood group antigen system 

(68).  The Lewis gene, FUT3, is responsible for production of Lewis a/b/x/y and sLe a/x 

expression, while FUT7 promotes sLeX exclusively (68).  In our system, FUT7 was not 
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differentially expressed in the CSC and non-CSC populations, prompting our investigation 

into the role of FUT3.  Lewis antigens are only expressed individuals that express the Lewis 

gene and are moderately expression in healthy tissues, such as immune cells, the brain, and 

mucosal epithelium in the digestive tract (164).  sLeX is commonly found on neutrophils 

and monocytes, to aid in the interaction of these cells with E-selectin on endothelial cells 

at sites of inflammation (165).  Despite the Lewis status of patients, fucosyltransferases 

have been shown to be overexpressed in cancer because of genetic and epigenetic 

alterations, including sLeX in breast cancer (166).  Therefore, the question arises on the 

Lewis status of the patient samples used in the above studies.  Unfortunately, Lewis status 

is not commonly documented in cell lines or in patient biopsy samples.  This makes it 

difficult to determine if the expression of sLeX in the non-CSC-like cells is because these 

cells are from Lewis+ patients or because this glycan expression is induced upon 

transformation.  It is important to keep this in mind when proposing Lewis antigens as 

potential diagnostic and therapeutic targets.   

It is also worth discussing the possibility that the Core2 α2,3 sialoglycan and sLeX are co-

expressed on the same cell population.  My work has shown that these glycans are 

expressed on different cell populations and the expression of these glycans greatly impacts 

cell behavior.  However, there is a possibility of overlapping expression.  CSCs are 

responsible for generating differentiated cell populations (or non-CSCs) with varying cell 

functions (21, 167).  During the differentiation process, altered signaling pathways and 

changes in gene expression may allow for these glycans to exist in the same partially 

differentiated progenitor cell population.  More work would need to be done to understand 
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the potential impact of dual-glycan expression in cancer and the effect that this would have 

on cancer cell function. 

Targeting glycans for cancer therapy 

Current cancer therapies being used in the clinic fall under three broad categories: 

conventional therapy, small molecule inhibitors, and immunotherapy (168).  Conventional 

therapies or “cancer management” consist of chemotherapy, radiation therapy and surgical 

procedures.  These therapies are usually the first line of defense against tumors and are a 

non-targeted approach to eradicate cancer cells by causing cellular damage or bulk cell 

removal.  Unfortunately, the success of these non-targeted approaches is dependent on the 

tumor type, stage and grade and can also depend on patient health and age.  Moreover, 

therapeutic failure or resistance can result in other complications, such as tumor recurrence 

and metastasis (169).  The advent of targeted cancer therapies for specific molecular targets 

was a promising breakthrough in cancer management and treatment (170).  Small 

molecular inhibitors (such as kinase inhibitors, receptor tyrosine kinase inhibitors, etc.) and 

immunotherapies (monoclonal antibodies, CAR-T therapy) have proven to be successful 

in the clinic, but some targeted therapies are effective in only a small percentage of patients 

or patients who respond to targeted therapy develop resistance (171, 172).  Emerging 

studies suggest that inter- and intratumor heterogeneity and CSCs are an underlying cause 

of targeted therapy resistance and failure (173). 

Changes in glycosylation patterns is a hallmark of cancer and is more recently being 

investigated as a mechanism of therapeutic resistance.  Recent studies have shown that 



85 
 

glycosylation can impact the accessibility of drugs to the cell surface and inhibit the ability 

of the drug to bind to target proteins (86, 174, 175).  For example, HER2 expression is a 

common diagnostic marker for breast cancer patients and patients with HER2 

overexpression can be treated with Herceptin (Trastuzumab), a monoclonal antibody drug 

(176).  However, a significant number of patients do not respond or develop resistance to 

Herceptin (176).  Recent reports have shown that glycosylation of HER2 can inhibit 

Herceptin interaction and promote drug resistance (86).  Similarly, a known cancer 

glycoprotein MUC1 was found to have glycosylation-dependent interaction with the 

therapeutic antibody, AR20.5 (175).  Of recent interest, cancer immunotherapy using 

antibodies to block immune checkpoints, like PD-L1, has had variable success in the clinic 

(172).  It was shown that N-glycans on PD-L1 can inhibit antibody recognition, suggesting 

that PD-L1 glycoform expression can alter a patient’s response to therapeutic antibodies 

(174). Glycosylation has also been shown to affect the tumor microenvironment to promote 

therapy resistance.  VEGF targeted therapies were developed to inhibit tumor angiogenesis, 

but patient response to therapy has been variable (177).  Recent studies have found that 

glycans expressed on endothelial cells can activate VEGF-like signaling in the presence of 

VEGF inhibitors, like bevacizumab, to promote angiogenesis in tumors (178).  With the 

knowledge that VEGF signaling can impact oncogenic signaling independently of 

angiogenic processes and that anti-VEGF therapy resistance has been shown in a variety 

of cancers (179), it can be speculated that glycosylation may impact therapeutic resistance 

to VEGF inhibitors in tumors.   
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Recent efforts have been focused on utilizing glycosylation to target cancer cells. High 

throughput screening assays have been developed to identify natural inhibitors of 

glycosyltransferases to inhibit production of cancer associated glycans (180-182).  

Researchers have also managed to inhibit glycosyltransferase activity by providing cells 

with modified sugars, such as C-5 modified fluorinated sialic acids, which can inhibit 

transfer of monosaccharides and presentation on the cell surface (183). Although these 

methods show promising results, they lack specificity and present a risk of toxicity to 

normal tissues.  Thus, many efforts have focused on developing novel ways to specifically 

target tumor tissues to disrupt glycosylation. Due to evidence that glycans can block 

therapeutic interaction with cell surface glycoproteins, researchers have focused on editing 

the tumor glycocalyx to improve efficacy.  Xiao et al (2016) developed an “antibody-

enzyme conjugate”, coupling trastuzumab with a recombinant sialidase to desialylate the 

tumor cells to reduce inhibitory Siglec binding and improve antibody targeting to cancer 

tissue (184).    

Methods have also been developed to efficiently deliver cancer therapies through glycan-

binding molecules.  Nanoparticles are nano-scale materials used to deliver biomaterials and 

drugs for therapy (185).  To improve delivery to target tissues, nanoparticles have been 

decorated with numerous ligands to increase targeting to cancerous tissues and limit off 

target localization (186).   Currently, a wide variety of ligands have been tested to deliver 

nanoparticles containing cancer therapies in vitro and in vivo, including nucleic acids, 

synthetic peptides, protein domains, antibodies, small molecules, and sugars (186).  

Unfortunately, many of these nanoparticles can be cleared from circulation and accumulate 
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in off target organs.  Also, the efficiency of nanoparticle targeting is dependent on the target 

itself and its expression.  To combat these issues, researchers in nanomedicine are now 

leveraging cancer specific glycans as new targets for therapy.  The use of lectins and glycan 

binding antibodies on nanoparticles has shown promising preliminary results.  ConA-

coated doxorubicin (DOX)-loaded nanoparticles demonstrated enhanced selectivity to 

osteosarcoma cell lines compared to normal cells (187).  WGA-coated 5-FU nanoparticles 

have shown enhanced circulation time, cellular uptake, cytotoxicity in colon cancer cell 

lines and in vivo compared to uncoated nanoparticle or drugs alone (187, 188).  Various 

anti-GD2 (disialoganglioside) coated nanoparticles have shown enhanced drug delivery to 

target tissue in neuroblastoma models and may be a promising target for other GD2+ 

tumors such as melanomas, retinoblastomas, and osteosarcomas (189).  Although obstacles 

remain in using anti-glycan targets for nanomedicine, such as low immunogenicity, 

potentially low target affinity, and manufacturing concerns, anti-glycan nanoparticles 

provide a promising system for efficient delivery of cancer therapies.  

Another therapeutic approach is the use of metabolic glycoengineering to target cancer 

tissues (190).  This method utilizes unnatural sugars to label the cell membrane with 

chemical tags to assist in detection and targeting of cancer cells.  Unnatural sugars are 

synthesized in the lab and are derivatives of monosaccharides (most commonly N-

acetylmannosamine or ManNAc and sialic acid) (190).  These unnatural sugars are 

internalized by cells and metabolized to be expressed on the cell surface by glycoproteins 

and glycolipids, where the chemical tag is present on the non-reducing termini of the glycan 

to be detected by fluorescent tags for imaging or drug carrying cargo.  The most significant 
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obstacle in metabolic labelling is the delivery of unnatural sugars to tumor cells in vivo. 

Unlike in vitro assays where unnatural sugars can be supplemented to culture media, 

supplement of sugars to tumor cells can prove difficult if not easily accessible for direct 

injection. To address this, nanoparticles have been developed to carry unnatural sugars to 

tumor cells through cancer-specific ligands (191).  Once the cells are labeled with the 

chemical tags on the cell surface, therapeutics carrying a complementary functional group 

can be delivered to cancer cells.  For example, after multiple tumor models were labeled 

with an azido group via intravenous injection of an enzyme-activatable Ac4ManAz analog, 

DBCO-DOX conjugate accumulated at the tumor sites and provided targeted cancer 

therapy in models of colon cancer, TNBC, and metastatic breast cancer (192). This method 

has many different applications, including delivery of various chemotherapeutics, 

radioisotopes for radiation therapy, photosensitizers for photothermal therapy, 

photoacoustic agents for photoacoustic therapy, and even cancer immunotherapy (190, 

193, 194). 

Glycans have also been leveraged to design novel CAR-T cell therapies.  Chimeric antigen 

receptors or CARs are hybrids of antibodies and cell receptors expressed on the surface of 

T cells (195). CARs have been engineered to target antigens expressed on tumor cells to 

enhance immune cell activation (196).  Although shown to be successful in hematologic 

cancers, a major hurdle in the field of cancer immunotherapy is developing CAR-T therapy 

that can be delivered to and target antigens on solid tumors (196).  A major challenge in 

developing CARs for solid tumors is that epithelial-tumor antigens can also be expressed, 

albeit less abundantly, in normal tissues.   Posey and colleagues circumvented this issue by 
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developing a CAR that interacts with the Tn-MUC1 antigen, a specific glycoform of 

MUC1 known to be overexpressed in adenocarcinomas (88).  This CAR was able to target 

tumor cells safely and efficiently in a variety of cancer cells, including leukemia, pancreatic 

and breast lines.  With this successful approach in mind, new efforts are being made to 

design CAR-T cell therapy against glycan and glycopeptide epitopes and approaches are 

being discussed to modify the cancer glycocalyx to allow for T cell infiltration. 

Using glycan-based therapies to combat breast tumor heterogeneity 

When deciding the best therapeutic approach for breast cancer patients, tumor 

heterogeneity produces several concerns.  Intertumor heterogeneity among breast cancer 

patients prevents a “one-size-fits-all” therapeutic approach (197).  Furthermore, intratumor 

heterogeneity poses further concerns with the existence of multiple tumor populations with 

various driver mutations and drug sensitivities (197). CSCs are an aggressive cell 

population that can contribute to intratumor heterogeneity and, as of yet, there are no 

approved therapies in the clinic to target these populations (198). Researchers and 

clinicians have proposed multiple strategies to circumvent these issues and I propose that 

glycan therapies can prove valuable in these approaches. 

For decades, the concept of combination therapy to combat cancer has been a compelling 

approach.  Mathematical modeling and single cell technologies have made apparent the 

risk of anticancer treatment resistance through high mutational rates and genetically 

distinct populations (199, 200). Combination therapies have been proposed to target the 

molecular drivers fueling cancer progression and the “lethal cell clones” that can cause 
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therapy resistance and metastasis.  However, combination therapeutic strategies come with 

a risk of toxicity.  For example, early studies proposed the dual inhibition of MEK and 

PI3K in breast cancer based on successful preclinical reports, but clinical studies revealed 

that inhibition of these essential kinases had low efficacy and high toxicity in normal 

tissues, mostly causing gastrointestinal or skin irritations (201, 202).  These failed 

combination therapies demonstrate the need for treatments that can target aggressive tumor 

populations and provide efficient delivery.  Glycan-targeted therapies may be able to bridge 

this gap.  If, for example, patients on conventional chemotherapy were treated with 

function blocking antibodies against the Core2 α2,3 sialoglycan expressed on breast CSCs, 

this could provide targeted therapy against chemoresistant stem cell populations while 

killing most of the bulk tumor cells.  Also, CAR-T cell therapy could be developed to 

specifically target the Core2 α2,3 sialoglycan CD44s glycoform, enhancing the specificity 

of treatment to a form of CD44 heavily expressed on CSCs.  Developing combination 

therapies with glycan-targeted treatments may provide patients with enhanced specificity 

against heterogeneous breast tumors.   

Another proposed method to tackle tumor heterogeneity is to target the tumor 

microenvironment.  The tumor microenvironment is composed of all the proteins and cells 

surrounding the tumor, including the ECM, growth factors, endothelial cells, immune cells, 

and fibroblasts. Targeting the tumor microenvironment appears to be a promising strategy 

in combatting tumor heterogeneity, as it aims to target cancer cells by modulating its 

surrounding environment and this environment is relatively stable (197).  There are 

currently several therapeutic strategies targeting the tumor microenvironment: anti-
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angiogenic therapy, hypoxia targeted therapy, regulating interactions between the ECM 

and tumor cells, as well as immunomodulatory therapy.  Recent studies have shown that 

editing the tumor glycocalyx through sialidase treatment increases the ability of therapeutic 

antibodies to reach breast cancer cells (87).  This method highlights a potential combination 

strategy that can enhance existing treatments in the clinic.  From the perspective of my 

work, targeting the interaction of CSCs and HA is an interesting strategy to combat breast 

tumor heterogeneity. My work, and that of others, has highlighted the many pathways that 

can be stimulated by the interaction of HA and CD44 that can sustain many cancer 

phenotypes, including stemness (203).  Targeting HA as a cancer therapy is not a new idea 

(204).   Recent studies have examined the use of the HAS inhibitor 4-MU as a new method 

of cancer therapy with success, however, efficient delivery of the inhibitor and specificity 

to tumor tissue still needs to be explored (205).  More recently, Goodarzi et al have 

developed a HA-docetaxel conjugate to efficiently target docetaxel to CD44 expressing 

cancer cells (206).  My work highlights the notion that breast CSCs sustain their function 

through the interaction of HA with CD44s.  These HA-targeted therapies may be a 

powerful tool to direct cancer drugs to aggressive CSC populations.  These strategies pose 

interesting methods to leverage the tumor microenvironment as effective and selective 

therapies to target aggressive tumor populations.   

It is important to discuss the translatability of this work to other cancers.  Glycosylation 

has multiple nodes of regulation at the glycosyltransferase level – genetic, epigenetic, 

transcriptomic, proteomic, enzymatic activity, and spatial/temporal regulation.  This results 

in vast changes at the glycomic and glycoproteomic levels.  There is growing evidence that 
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there are conserved glycosylation programs enriched in cancer and this is seen through 

mutations or enhanced expression of glycosyltransferases (207).  This phenomenon could 

be due to similar selective pressures inducing the expression of specific glycosylation 

programs to promote cancer phenotypes.  For example, FUT3 and sLeX are commonly 

overexpressed in tumors and there is evidence that this promotes metastasis by stimulating 

the interaction between cancer cells and E-selectin on endothelial cells (68, 158).  It is 

proposed that FUT3 gene expression is induced by EMT related transcriptional programs 

(72, 159, 208).  Thus, although there are different protein markers expressed in various 

cancer tissues, glycosylation programs can be conserved to promote cancer characteristics, 

such as stemness, migration, and proliferation (209).  It is important to keep this in mind 

when discussing the plasticity of tumor cells and intratumor heterogeneity.  There are 

multiple selective pressures that can drive tumor characteristics, such as hypoxia, acidosis, 

and competition for resources (210).  These common selective pressures may be promoting 

the expression of similar glycosylation patterns through the different nodes of 

glycosyltransferase regulation described above, which can drive various phenotypes.  

Thus, it will be important to investigate how glycosylation patterns are similar across 

multiple cancer types and determine if these mechanisms are contributing to intratumor 

heterogeneity. 

Concluding remarks 

My thesis work focuses on the cancer glycome and investigates how glycans can act as 

biomarkers and regulators of CSC behavior.  Using an unbiased approach, I discovered a 

novel glycan marker that can efficiently identify CSC populations in breast cancer cells 
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using SLBR-N.  SLBR-N is a lectin isolated from Streptococcus gordonii that binds to an 

O-linked α2,3 sialoglycan.  I was able to use SLBR-N to enrich for populations of cells 

that harbor stem cell characteristics in breast cancer cell lines, such as enhanced 

mammosphere forming ability and expression of the canonical stem cell markers 

CD44+/CD24-. Also, SLBR-Nhigh cells formed larger, more aggressive tumors in mouse 

models and were resistant to commonly used chemotherapeutic agents, which are 

characteristics commonly attributed to stem-like cancer cells. Importantly, SLBR-N was 

able to distinguish CSC populations in multiple patient derived models.  Conversely, I 

found that expression of FUT3 and its associated glycan sLeX is expressed in non-CSC 

populations and can be expressed to inhibit stem cell functions.  These findings should 

have a profound impact on the significance of cancer glycobiology by providing new 

evidence for glycans driving mechanisms of intratumor heterogeneity, which is a common 

challenge for physicians and patients with disease.  This work also identifies a new tool, 

SLBR-N, which can identify a CSC specific glycan marker.  My data suggests that SLBR-

N could be an important tool to identify CSC populations in the laboratory. 

In the second part of thesis, I investigated the mechanisms by which the O-linked α2,3 

sialoglycan promoted stemness.  Using mass spectrometry, I identified that CD44s 

expresses the α2,3 sialoglycan in breast CSCs.  I found that expression of the α2,3 

sialoglycan promoted the interaction of CD44s with its ligand HA, which is important in 

maintaining the stem-like phenotype and sustaining CSC signaling pathways.  

Interestingly, expression of FUT3 induced sLeX expression on CD44s and subsequently 

inhibited downstream signaling.  This work provides a novel mechanism by which 
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glycosylation sustains breast CSCs through CD44s, a known CSC marker.  Together, these 

results demonstrate the contribution of glycans to tumor heterogeneity and a mechanism 

by which glycans sustain aggressive behavior.   

My findings have potentially significant therapeutic implications. Conventional 

biomarkers used in the diagnosis and treatment of breast cancer patients fall short when 

there is considerable heterogeneity, between patients and within the tumors themselves.  

This heterogeneity can be due, in part, to aggressive cell populations that do not express 

conventional biomarkers and can resist therapy, such as CSCs.  The identification of 

SLBR-N introduces a novel CSC marker that can recognize the presence of CSC 

populations in a variety of cancer subtypes, which should be useful to clinicians in 

identifying patients who may be resistant to conventional therapies.  Also, with the advent 

of glycan targeting therapies, the O-linked α2,3 sialoglycan recognized by SLBR-N may 

prove to be a valuable therapeutic target with high specificity to aggressive CSC 

populations.  Indeed, future research should assess the feasibility of using SLBR-N as a 

therapeutic biomarker and target for breast cancer patients. 
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APPENDIX 

Alveolar progenitor cells in the mammary gland are dependent on the β4 integrin. 
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Abstract 

Understanding how progenitor cell function is regulated in the mammary gland is an 

important developmental problem that has significant implications for breast cancer. 

Although it had been assumed that the expression the α6β4 integrin (β4) is restricted to the 

basal lineage, we report that alveolar progenitor cells in the mouse mammary gland also 

express this integrin based on analysis of single cell RNA-Seq data. Subsequent 

experiments using a mouse mammary epithelial cell line (NMuMG) confirmed this finding 

and revealed that β4 is essential for maintaining progenitor function as assessed by serial 

passage mammosphere assays. These data were substantiated by analyzing the alveolar 

progenitor population isolated from nulliparous mouse mammary glands. Based on the 

finding that the alveolar progenitor cells express Whey Acidic Protein (WAP), WAP-Cre 

mice were crossed with itgβ4flox/flox mice to generate conditional knock-out of β4 in alveolar 

progenitor cells. These itgβ4flox/flox WAP-Cre+ mice exhibited significant defects in 

alveologenesis and milk production during pregnancy compared to itgβ4flox/flox WAP-

Cre− mice, establishing a novel role for the β4 integrin in alveolar progenitor function and 

alveologenesis. 
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Introduction 

The lactating mammary gland is composed of a branched system of excretory ducts and 

secretory alveoli. The epithelium of ducts and secretory alveoli consists of two layers of 

cells: a layer of luminal cells, which is responsible for the synthesis and secretion of milk 

components, and a layer of myoepithelial (basal) cells that generate contractility for milk 

ejection (31, 211).  Current evidence indicates that the ductal luminal, alveolar luminal and 

basal lineages are maintained by distinct progenitor cells (30). The nature of these 

progenitor cells is of considerable interest in understanding how the mammary gland 

develops in puberty and expands dramatically during pregnancy.  Moreover, it is likely that 

these cells function as the cells of origin for the different sub-types of breast cancer (27, 

30, 212). 

 Our interest is in understanding how integrins contribute to the different lineages 

and the function of progenitor cells in the mammary gland.   Integrins have the capacity to 

influence many aspects of cell behavior including stem/progenitor cell function and 

survival in their role as signaling receptors for extracellular matrix proteins (213). 

Moreover, ligand-independent integrin functions can also affect cell behavior (213). We 

are particularly interested in the α6β4 integrin (referred to as β4 because there is only one 

β4 integrin heterodimer), which functions primarily as a receptor for laminins in the 

basement membrane (214, 215).  The assumption has been that β4 expression is restricted 

to the basal lineage and that its major role is to anchor these cells to the basement membrane 

and contribute to the contractility needed for milk ejection, although definitive data to 

support these assumptions are lacking (216).  Nonetheless, β4 expression has not been 
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detected in luminal or alveolar cells and it is presumed that it does not contribute to this 

lineage. 

 Our perspective on the contribution of the β4 integrin to mammary gland biology 

was challenged by recent studies that used single cell RNA-seq and other approaches to 

profile the distinct lineages present in the developing and lactating mammary gland (217).   

Our analysis of these data revealed that expression of the β4 integrin is not restricted to 

basal cells and that it is also expressed in population of progenitor cells that give rise to 

alveolar luminal cells during pregnancy and lactation.  These unexpected observations 

prompted us to assess a causal role for this integrin in the function of alveolar progenitor 

cells. 

Results and Discussion 

The β4 integrin is expressed in alveolar progenitor cells and contributes to their 

function: This project was initiated by our analysis of data reported in a study that used 

single cell RNA-seq to profile mouse mammary epithelial cells at different stages of 

development: nulliparous, gestation, lactation and involution (217).  These cells were 

grouped into populations using unsupervised and hierarchical clustering based on gene 

expression, and cell populations were identified based on known markers.   Although it 

had been assumed that the expression of the β4 integrin is restricted to the basal lineage in 

the mammary gland, our analysis of these data revealed that this integrin is also expressed 

in a population of alveolar progenitor cells but not in either luminal progenitor or 

differentiated alveolar cells (Fig. A.1A).   Further analysis of these data revealed that 
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expression of the β4 integrin is not significantly different among sub-clusters within the 

AP cluster (data not shown). 
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Figure A.1: Alveolar progenitor cells express the β4 integrin and it contributes to their 

function. A) Single cell RNAseq analysis of ITGB4 expression in differentiated luminal, 

alveolar progenitor, and differentiated basal mouse mammary cell populations based on 

reference (10). B) NMuMG cells were sorted based on β4 surface expression into two 

distinct populations (β4high and β4 low) and these populations were analyzed by flow 

cytometry for alveolar progenitor cell surface markers (CD24, CD49f, and CD61). C) 
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NMUMG cells were analyzed by flow cytometry for expression of CD24, CD49f, CD61, 

and β4. D) NMuMG cells were sorted into alveolar progenitor 

(CD24high/CD49fhigh/CD61high) and non-alveolar progenitor 

(CD24low/CD49flow/CD61low) populations. Expression of the β4 integrin was 

diminished in these populations using siRNA, and their progenitor potential was assessed 

using serial passage mammosphere assays (E). 
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Based on the data described above, we undertook our own analysis of the expression and 

function of the β4 integrin in mammary epithelial cells.   Our initial experiments used 

NMuMG cells, an immortalized mammary epithelial cell line with a luminal phenotype.  

These cells were sorted based on β4 surface expression into β4high and β4low populations 

and these populations were analyzed for expression of alveolar progenitor cell surface 

markers (CD24, CD49f, and CD61) (30).  As shown in Fig. A.1B, these markers were 

enriched in the β4high compared to the β4low populations.  To assess the relative expression 

of β4 on alveolar progenitor cells, parental NMuMG cells were analyzed by flow cytometry 

for CD24, CD49f, CD61 and β4 expression.  This analysis revealed that the alveolar 

progenitor population (CD24high/CD49fhigh/CD61high) was 93.5% positive for β4 surface 

expression and that the non- alveolar progenitor population (CD24low/CD49flow/CD61low) 

was only 10% positive (Fig. A.1C).  Also, β4 mRNA expression was significantly higher 

in the alveolar progenitor population compared to the non-alveolar progenitor population 

(Fig. A.1D).   These data confirm that the NMuMG cell line is luminal and indicate that it 

is enriched in progenitor cells.  

 Serial passage mammosphere assays were used to evaluate the potential 

contribution of the β4 integrin to AP function.  As expected, the 

CD24high/CD49fhigh/CD61high population had robust mammosphere forming ability that 

was lacking in the CD24low/CD49flow/CD61low population (Fig. A.1E).   Diminishing β4 

expression in the CD24high/CD49fhigh/CD61high population using siRNA resulted in a 

significant decrease in serial mammosphere formation compared to cells treated with 

control siRNA (Fig. A.1E) supporting the hypothesis that this integrin contributes to the 
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pluripotency of alveolar progenitor cells.  

 Based on the data we obtained with NMuMG cells, we investigated the expression 

and function of the β4 integrin in alveolar progenitor cells in the nulliparous mouse 

mammary gland.  Initially, we sorted mammary epithelial cells harvested from nulliparous 

C57/B6 mice into alveolar progenitor and non-alveolar progenitor populations based on 

the expression of CD24/CD49f/CD61 (Fig. A.2A).  Knock-down of β4 in the alveolar 

progenitor population using siRNA reduced mammosphere forming ability significantly 

compared to the control cells (Fig. A.2A).   These results suggest that β4 contributes to the 

progenitor potential of alveolar progenitor cells in nulliparous female mice. 

 Another approach taken to investigate the contribution of β4 to alveolar progenitor 

cells was based on a lineage tracing study using WAP-Cre mice, which revealed a distinct 

population of WAP+ cells in the virgin mammary gland with alveolar progenitor function 

(27, 218).  Based on this observation, we used a similar reporter system (WAP-

Cre/ROSAmT/mG) to isolate the small population of WAP+ alveolar progenitors (GFP+) in 

the nulliparous mammary gland (Fig. A.2B) (219).  Flow cytometry revealed that ~20% of 

these GFP+ cells expressed β4 and they exhibited β4-dependent mammosphere formation 

(Fig. A.2C).  These data support the hypothesis that β4 is expressed in alveolar progenitor 

cells and contributes to their function.   
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Figure A.2: Alveolar progenitor cells in the nulliparous mouse mammary gland 

express the β4 integrin and it contributes to their function. A) Alveolar progenitor and 

non-alveolar progenitor cells were isolated from the mammary fat pads of nulliparous 

C57/B6 mice based on expression of CD24/CD49f/CD61 surface markers. Expression of 

the β4 integrin was diminished in these populations using siRNA, and their progenitor 

potential was assessed using serial passage mammosphere assays. B) WAP-

Cre+/ROSAmT/mG virgin glands were isolated and analyzed by flow cytometry for GFP 

and TdTomato. C) Alveolar progenitor cells were isolated from virgin WAP-

Cre+/ROSAmT/mG mice by sorting for WAP+ (GFP+) cells. Expression of the β4 integrin 

was diminished in these populations using siRNA, and their progenitor potential was 

assessed using serial passage mammosphere assays (Scale bar = 200μm). 
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Conditional deletion of the β4 integrin in WAP+ cells supports its functional role in 

alveologenesis:  The fact that the alveolar progenitor population expresses WAP (27) 

provided an opportunity to delete β4 expression in this population specifically by crossing 

WAP-Cre mice with itgβ4flox/flox mice to generate itgβ4flox/flox WAP-Cre- (WAP-Cre-) and 

itgβ4flox/flox WAP-Cre+ (WAP-Cre+) mice (218, 220).  We observed no significant change in 

basal β4 expression (Fig. A.3A) or gland morphology (Fig. A.3B) in WAP-Cre- nulliparous 

mice compared to WAP-Cre+ mice.  However, the alveolar progenitor population isolated 

from the WAP-Cre+ mammary glands exhibited loss of β4 mRNA expression as assessed 

by qPCR (Fig. A.3C) and reduced mammosphere forming ability compared to the alveolar 

progenitor population from WAP-Cre- glands (Fig. A.3D and A.3E). Interestingly, we did 

not see a significant change in the number of AP cells isolated from the WAP-Cre-  and 

WAP-Cre+ nulliparous glands based on expression of the surface markers 

CD24/CD49f/CD61 (Fig. A.3D).   We did find, however, that the expression of other 

known AP markers (c-kit and CD14) (31) was diminished in the WAP-Cre+ AP cells 

compared to WAP-Cre-  AP cells (Fig. A.3F), suggesting that the contribution of the β4 

integrin to gene expression in AP cells is selective.   
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Figure A.3: Conditional knock out of β4 in AP cells in the nulliparous mammary 

gland does not alter morphology but does impair progenitor function in vivo. WAP-

Cre+ and WAP-Cre- virgin mammary tissue was isolated at 4-6 weeks. A) β4 surface 

expression was analyzed by immunofluorescence microscopy (Scale bar = 20μm) and B) 

gland morphology was analyzed by H&E staining (Scale bar = 200μm). C) Alveolar 

progenitor cells were isolated from nulliparous WAP-Cre+ and WAP-Cre- mice, and 

knock-out of β4 was confirmed by qPCR. D, E) Alveolar progenitor cells isolated from 

nulliparous WAP-Cre+ and WAP-Cre- mice were assayed for progenitor potential using 

mammosphere assays. Mammospheres > 40 μm in diameter were counted using ImageJ. 
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F) Alveolar progenitor cells were isolated from nulliparous WAP-Cre+ and WAP-Cre- 

mice and expression of c-kit and CD14 was quantified by qPCR. CT values from two 

biological replicates of each genotype are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

 Our findings that the β4 integrin is expressed on alveolar progenitor cells and is 

necessary for their progenitor function infer that the WAP-Cre+ mice should exhibit 

deficiency in alveologenesis and lactation.  As expected, the WAP-Cre+ glands expressed 

Cre Recombinase during lactation (Fig. A.4A).  Interestingly, immunostaining of the β4 

and α6 subunits revealed that expression of the β4 was significantly reduced in the WAP-

Cre+ compared to WAP-Cre-  glands, while the expression of the α6 subunit was maintained 

(Fig. A.4B).   This result indicates that the WAP-Cre+ glands express the α61 integrin.  To 

assess whether loss of the β4 integrin affects alveologenesis, we compared the mammary 

glands isolated from lactating (2 days post birth) WAP-Cre-  and WAP-Cre+ mice by whole-

mount analysis and hematoxylin and eosin (H&E) staining.  This analysis revealed that 

the development of the alveolar structures and their density in WAP-Cre+ glands are 

significantly reduced compared to WAP-Cre-  glands (Fig. A.4C & A.4D). Also, the WAP-

Cre+ glands had significantly more apoptotic cells, including apoptotic cells and cellular 

debris present in their lumens, as assessed by cleaved caspase 3 staining (Fig. A.4D).  These 

data prompted us to assess the impact of β4-deletion on β-casein expression and milk 

production.  Indeed, β-casein expression was reduced substantially in WAP-Cre+ glands 

compared to WAP-Cre- glands (Fig. A.4E). Also, expression of the Na-Pi type IIb co-

transporter (Npt2b), which is a known marker of secretory function in the mammary gland 

(221), was significantly reduced in WAP-Cre+ glands compared to WAP-Cre- glands (Fig. 

A.4F).  The functional consequences of decreased β-casein expression were assessed by 

analyzing the milk content of lactating pups of WAP-Cre+ and WAP-Cre- females. As 

shown in Fig. A.4G, the pups of WAP-Cre+ females had little milk in their stomachs 
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compared to pups of WAP-Cre- females and they had a high rate of mortality presumably 

because of a lack of milk (data not shown).  
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Figure A.4: Conditional β4 depletion results in impaired alveologenesis and milk 

production in vivo. A) Immunostaining of Cre Recombinase in WAP-Cre+ glands from 

mice at day 2 of lactation. B) Immunostaining of ITGB4 and ITGA6 WAP-Cre+ and WAP-

Cre- glands from mice at day 2 of lactation. (Scale bar = 20μm) C) H&E staining of WAP-

Cre+ and WAP-Cre- glands from mice at day 17 of pregnancy and day 2 of lactation (Scale 

bar = 500μm). D) Whole-mount, H&E, and cleaved caspase 3 staining of WAP-Cre+ and 

WAP-Cre- glands from mice at day 2 of lactation. (Scale bar = 100μm) E) β-casein protein 
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expression was analyzed using immunostaining and mRNA expression was quantified by 

qPCR in WAP-Cre+ and WAP-Cre- glands at day 2 of lactation. (Scale bar = 20μm) F) 

Npt2b expression was quantified by qPCR in WAP-Cre+ and WAP-Cre- glands at day 2 

of lactation. G) Milk uptake in pups born to WAP-Cre+ and WAP-Cre- mice was compared 

at 2 days post birth. 
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 The data reported in this study highlight a novel role for the β4 integrin in alveolar 

progenitor function and alveologenesis that differs from its presumed function in anchoring 

basal cells to the basement membrane.  Such a role is not indicated by immunofluorescent 

staining of this integrin in the mammary gland because the staining is concentrated in the 

basal layer, e.g.,  (222). The power of single cell RNA-Seq, however, revealed that the 

relatively small population of alveolar progenitor cells, but not other progenitor cells or 

differentiated luminal cells, expresses β4.   Although it is not known whether alveolar 

progenitor cells are in direct contact with the basement membrane, our results suggest that 

the function and signaling properties of β4 may differ between differentiated basal cells 

and alveolar progenitor cells.   Interestingly, our data also indicate that the α61 integrin, 

which is expressed in the WAP-Cre+ glands, cannot compensate for the contribution of 

α64 to alveologenesis.  

 It is worth speculating on the potential connection between β4 expression and 

function in alveolar progenitor cells and the genesis of specific breast cancer sub-types 

because there is evidence that cells with alveolar progenitor characteristics can serve as 

cells of origin of mammary tumors with basal differentiation (27).   Moreover, we reported 

previously that β4 expression in human breast tumors is associated primarily with tumors 

of the basal sub-type (223).  

 The findings reported here build upon our past work demonstrating that the β4 

integrin contributes to the elongation of the mammary bud during the early stages of 

mammary gland development based on our analysis itgb4flox/flox MMTV-Cre- and itgb4flox/flox 
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MMTV-Cre+ mice (224).   Together, our studies support distinct roles for this integrin in 

mammary bud development and alveologenesis. 

Materials and Methods 

Cell culture and animal models: NMuMG cells were purchased from ATCC (CRL-

1636).  C57BL/6 itgβ4flox/flox mice were generated as described (220). C57BL/6 WAP-Cre 

mice (218) and B6.129 ROSA26mT/mG mice (219) were obtained from Ingolf Bach and 

Jaime Rivera, respectively at the University of Massachusetts Medical School (218, 219). 

All of the animal breeding and procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Massachusetts Medical School. 

Antibodies: FITC anti-mouse CD24, APC anti-human/mouse CD49f, PE anti-mouse/rat 

CD61, Biotin anti-mouse β4 (346-11A), and Brilliant Violet 421 Streptavidin were 

purchased from BioLegend, Inc. Rat anti-human integrin α6 (GoH3) was purchased from 

BD Biosciences. Rat anti-mouse integrin β4 (346-11A-3C3) and mouse anti-β-casein (H-

4) were purchased from Santa Cruz Biotechnology, Inc.. Rabbit anti-Cre recombinase 

(ab137240) was purchased from Abcam. Rabbit anti-cleaved caspase-3 (D175) was 

purchased from Cell Signaling Technology, Inc.. Donkey anti-rabbit, Alexa Fluor 488 and 

donkey anti-mouse, Alexa Fluor 555 were purchased from Invitrogen.  Goat anti-rat 

conjugated APC, donkey anti-rat conjugated 488 and goat anti-rabbit conjugated 488 were 

obtained from Jackson Immune Research Laboratories, Inc.   

Dissociation and analysis of mammary epithelial cells:  The fourth inguinal mammary 

glands were dissected and either processed for histological analysis or dissociated into 
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single cells for flow cytometry and mammosphere assays.   For histological analysis, the 

glands were embedded in either paraffin or Optimal Cutting Temperature (OCT) 

compound, and cut into 5um (paraffin) or 12um (OCT) sections. Hematoxylin and eosin 

(H&E) and immunofluorescence (IF) staining were performed as described (225).  

Lactating mammary tissue for whole mount analysis was fixed using a whole mount fixing 

solution (25% glacial acetic acid, 75% ethanol) for one hour and stained using a whole 

mount stain (0.2% (w/v) carmine, 0.5% (w/v) aluminum potassium sulfate in distilled 

water) overnight.  Tissues were dehydrated in a series of washes: 70%, 95%, and 100% 

ethanol for 15 minutes each at room temperature.  Tissues were cleared in xylene for 1 

hour and mounted on a slide for analysis.  

For separation into single cells, the glands were washed in 1X PBS and incubated in a 

digestion medium consisting of Advanced DMEM/F12 (Gibco), 1X GlutaMAX (Gibco), 

10mM HEPES (Gibco), insulin (Sigma), 5mg/ml collagenase A (Sigma), 1X Trypsin-

EDTA (Gibco), penicillin-streptomycin (Gibco), fetal bovine serum (HyClone) and 

gentamicin (Gibco) at 37oC for 2 hours.  These samples were vortexed every 30 minutes, 

and filtered through a 40-µm nylon strainer with two successive washes in PBS. 

Flow cytometry: Antibody staining and flow cytometry were accomplished as described 

(226). Flow cytometry and data analysis were performed by Sony SH800 sorter and FlowJo 

software.  

Mammosphere assays: Cells were plated in UltraLow attachment six-well plates in 

Dulbecco’s modified Eagle’s medium/F12 medium supplemented with B27, epidermal 
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growth factor, and fibroblast growth factor as previously described (154).  The number of 

mammospheres per well were counted 5-7 days after plating. Briefly, images of all spheres 

were taken before each passage and measured using ImageJ.  Spheres over the 40µm in 

diameter were counted as mammospheres. 

RNAi: For β4 small interfering RNA (siRNA) knockdown, cells were transfected using 

Dharmafect 4 (Dharmacon).  Cells were processed for qPCR 48 hours after transfection. 

β4 (sc-35679) and control siRNA were purchased from Santa Cruz Biotechnology. 

Real-time quantitative (q)PCR: RNA extraction was performed using an RNA isolation 

kit (BS88133, Bio Basic Inc.). cDNAs were produced using an AzuraQuant cDNA 

synthesis kit (AzuraGenomics) and AzuraQuant Green Fast qPCR Mix LoRox 

(AzuraGenomics) was used as the qPCR master mix. Experiments were performed in 

triplicate and normalized to 18S ribosomal RNA (18S rRNA). qPCR primer sequences 

were obtained from the Massachusetts General Hospital/Harvard Medical School 

PrimerBank (http://pga.mgh.harvard.edu/primerbank/).  In mouse tissue, qPCR was 

performed as previously described (154). Experiments were performed in triplicate and 

normalized to β-actin.  qPCR primers for CD14 (Mm00438094_g1), c-kit 

(Mm00445212_m1) β4 (Mm01266844_m1), Npt2b (Mm01215846_m1) and β-actin 

(Mm02619580) were purchased from ThermoFisher Scientific.   

Single Cell RNA-seq Analysis: Analysis of the single cell RNA-seq data in Bach et al 

(2017) was performed as previously described (217). 

http://pga.mgh.harvard.edu/primerbank/
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