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Abstract

Introduction: For decades, the role of glycans and glycoproteins in the progression of breast 

cancer and other cancers have been evaluated. Through extensive studies focused on elucidating 

the biological functions of glycosylation, researchers have been able to implicate alterations in 

these functions to tumor formation and metastasis.

Areas Covered: In this review we summarize how changes in glycosylation are associated with 

tumorigenesis, with emphasis on breast cancers. An overview of the changes in N-linked and O-

linked glycans associated with breast cancer tumors and biofluids are described. Recent advances 

in glycomics are emphasized in the context of continuing to decipher the glycosylation changes 

associated with breast cancer progression.

Expert Opinion: While changes in glycosylation have been studied in breast cancer for many 

years, the clinical relevance of these studies has been limited. This reflects the inherent biological 

and clinical heterogeneity of breast cancers. Glycomics analysis lags behind the advances in 

genomics and proteomics, but new approaches are emerging. A summary of known glycosylation 

changes associated with breast cancer is necessary to implement new findings in the context of 

clinical outcomes and therapeutic strategies. A better understanding of the dynamics of tumor and 

immune glycosylation is critical to improving emerging immunotherapeutic treatments.
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1. Glycosylation and Breast Cancer – Past to Present

The role of the extracellular carbohydrate coat that surrounds cells, termed the glycocalyx, 

has been evaluated in breast tumor formation and progression since 1952 [1]. Approximately 

half of all human proteins are glycosylated, and the majority of FDA-approved cancer 

biomarkers are comprised of glycoproteins or carbohydrate antigens [2, 3, 4, 5, 6, 7]. 
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Glycoproteins can be ideal biomarkers because they enter circulation from tissues or blood 

cells through active secretion or leakage, making them assessable for analysis through serum 

[8]. Glycans serve as one of the initial points of contact during cell to cell interactions, so 

therefore changes in glycan biosynthesis due to disease can be more apparent than disease 

related changes to proteins [6]. In the 1960s, it was noted that plant lectins, proteins that 

bind carbohydrate structural motifs, displayed a heightened binding affinity for tumor cells 

compared to non-tumor cells, indicating the presence of specific mucopolysaccharides on 

tumor cells [9]. By the 1980s, biochemical studies of human breast cancers using lectin 

receptor assays demonstrated that these could be used to predict tumor differentiation and 

therapy response [10]. This era also brought the first evidence that the specific activities of 

enzymes involved in glycosylation (i.e., glycosyltransferases) were differentially expressed 

between normal and tumor cells [11]. In tumor cells, the activities of sialyl- and 

fucosyltransferases were elevated while the activities of galactosyl- and N-

acetylglucosaminyltransferases were reduced when compared to normal cells [11]. Shortly 

after, it became widely accepted that analyzing glycosylation changes could be used for the 

discovery of relevant breast cancer biomarkers [2, 12, 13, 14, 15]. It was found that O-linked 

Thomsen-Friedenreich and Tn epitopes were autoimmunogenic pancarcinoma antigens that 

played an important role in the invasion of breast cancer cells [16, 17]. While these antigens 

were rarely expressed in benign tissues, they were found to be immunoreactive in 

approximately 90% of all carcinomas [16]. CA15-3, a highly glycosylated mucin-1 (MUC1) 

epitope, was also found to be highly upregulated in breast cancers, and quickly became one 

of the first serum biomarkers for breast cancer [2, 13, 18, 19]. Despite later discoveries 

finding that this test lacked clinical specificity and sensitivity [2, 13], these findings spurred 

continued mechanistic evaluation of glycosylation modifications with breast cancers, 

including the discovery that alpha 2,6 sialylation affects the adhesion capabilities of breast 

cancer cells [20]. More recent studies have now mapped the tissue distributions and 

histopathology localizations of N-linked glycans directly in clinical breast cancer tissues 

[21, 22].

While it is clear that changes in glycosylation are integrally linked with breast cancer 

development and progression, there remains much to be delineated in regards to how 

glycosylation changes affect tumor growth, responses to therapy, and tumor-stroma 

interactions with the immune system. This review will address the role of glycosylation in 

breast cancer carcinogenesis and progression, with an emphasis on the clinical, diagnostic 

potential and functional roles of O-linked and N-linked glycoconjugates. The biochemical 

basis of glycosylation and potential clinical relevance of breast cancer glycosylation will be 

summarized, and the role of glycans in possible therapeutic and biomarker uses will be 

presented. An overview of the current clinical and diagnostic properties of breast cancers 

and introduction to glycosylation are provided, followed by specific examples of the types of 

glycosylation changes that are increasingly being identified.

2. Breast Cancer Sub-types and Pathophysiology

Breast cancer remains the leading cause of cancer deaths in women worldwide. The chances 

of a woman developing this disease in her lifetime have increased significantly over the past 

few decades from 1 in 11 in 1975 to 1 in 8 in 2016 [23]. While the mortality rate from breast 
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cancers confined to the breast or associated draining lymph nodes is low, the majority of 

breast cancer deaths are due to the spread of the disease. When breast cancer spreads to 

other vital organs such as the lung, liver, brain and bones, it can result in an impairment of 

the organ’s ability to function and ultimately death [24]. Despite the significant increase in 

early detection and screening technologies, such as the use of mammography, the mortality 

rate remains fairly unchanged [23]. In 2019 it is estimated that 268,600 new breast cancers 

will be diagnosed, and 6.9% of all cancer related deaths will result from breast cancer. 

Furthermore, once a breast cancer is metastatic, the patient’s five-year relative survival 

declines rapidly to 27.4% [25]. This indicates that while we have made substantial progress 

in the field of breast cancer research, there is still much more to be discovered in order to 

reduce the mortality rates of the disease.

Breast cancer is a heterogeneous disease that incorporates several distinct entities with 

remarkably different biological characteristics and clinical behavior [26]. Because of this, 

breast cancer is classified in several different manners, one of which being a pathology-

based determination of hormone receptor status. Currently, four immunohistochemistry 

stains are used to classify breast cancer: estrogen receptor (ER), progesterone receptor (PR), 

human receptor tyrosine-protein kinase erbB-2 (HER2) and Ki-67. Of note, HER2 has 

multiple sites of N-glycosylation and their presence are linked with function [27]. Based on 

the presence of these receptors, breast cancer can be characterized as Luminal A, Luminal B, 

HER-2 positive and triple negative (TNBC) [28]. Among these subtypes, HER-2 positive 

breast cancer is common in younger women and has a natural history characterized by poor 

prognosis, high rate of recurrence and mortality without appropriate treatment. While 

targeted therapies exist for breast cancers that are positive for ER, PR and HER2 (such as 

endocrine therapies and HER2 targeted therapies), these therapies are ineffective in patients 

with triple negative breast cancer [29]. Despite triple negative breast cancers only 

representing approximately 10-15% of all breast cancers, these tumors are characterized by 

occurrence in a younger patient population, high proliferative activity and a relatively poor 

outcome even if treated with aggressive multi-agent chemotherapy [29, 30].

While no targeted therapies for triple negative breast cancer exist, there are targeted 

treatments available for patients with ER and HER2 positive breast cancers. Hormonal 

therapies, including aromatase inhibitors and selective ER modulators are actively used to 

treat patients with ER positive breast cancers [31]. Monoclonal antibodies, such as 

Trastuzumab [32], and receptor tyrosine kinase inhibitors, such as Lapatinib [33], are used to 

treat patients with HER2 positive breast cancers. However, all of these targeted therapies 

have associated issues with acquired resistance. Despite the fact it is known that breast 

cancer is a highly heterogeneous disease, the majority of patients diagnosed with a specific 

breast cancer subtype receive the same treatment, implying that all breast cancers within a 

given subtype are identical, even though it has been repeatedly proven that they are not [30, 

34, 35, 36, 37]. This demonstrates the strong need for a push within the field for a greater 

understanding of breast cancer heterogeneity, more specific biomarkers, and greater 

alternatives for personalized medicine.

Breast cancer initiation can occur due to mutations or abnormal changes in genes that 

regulate cell growth and homeostasis [38]. Further disease progression is driven due to the 
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accumulation of additional genetic changes combined with clonal expansion and selection 

[38, 39]. The most common form of breast cancer originates in the cells lining the milk 

ducts (ductal cancer), as well as in the milk production glands (lobular cancer) [40]. 

Depending on location and tumor grade, cancer detected in these regions are referred to as 

either lobular carcinoma in-situ (LCIS), ductal carcinoma in-situ (DCIS), invasive lobular 

carcinoma (ILC), or invasive ductal carcinoma (IDC). These diagnoses are determined by 

analysis of a biopsy and pathologist annotation. On a cellular level, normal breast ducts are 

composed of a basement membrane with a layer of luminal epithelial cells and a layer of 

myoepithelial cells. The stroma of these normal ducts contains various leukocytes, 

fibroblasts, myofibroblasts and endothelial cells. Normal cells can undergo benign 

proliferative changes or atypical hyperplasia, however, when a transforming event occurs 

that causes the cell to become potentially cancerous and these genetic/epigenetic changes 

accumulate, in situ carcinoma is formed. In situ carcinoma is characterized by the initiation 

of basement membrane degradation, a decrease in the number of myoepithelial cells, and an 

increase in the number of stromal cells. In situ carcinomas are non-invasive forms of breast 

cancer that are often referred to as precursor lesions. When a cell becomes invasive, there is 

a complete loss of the basement membrane and myoepithelial cells. This is also when the 

cell is able to invade surrounding tissue. Eventually, as the mutated cells accumulate and 

become metastatic, they are able to migrate and invade distant organs [38, 39, 41]. These 

molecular changes at the cell and tissue level are all linked with changes in glycosylation of 

individual glycoproteins in the cell membrane and extracellular matrix, and are summarized 

in this context in Figure 1, and further described in the next section.

3. Glycosylation Overview and Breast Cancer

Complex carbohydrates are involved in almost all basic functions of multicellular organisms 

and are collectively localized in the glycocalyx that surrounds cells, i.e., the dense meshwork 

of glycoproteins, glycolipids and glycosaminoglycans attached to membrane proteins, lipids 

and extracellular matrix proteins. This glycocalyx on the outer layer of the cell surface 

functions to indicate “self” vs. “non-self” to the immune system and activate the innate 

immune system response mechanisms when necessary [33]. Some of the structural and 

modulatory functions of glycans include physical protection, expulsion of pathogens, 

diffusion barriers, and glycoprotein folding. Glycans are also involved in extrinsic 

recognition of bacterial and viral pathogens, as well as the intrinsic recognition of self-

associated molecular patterns (SAMPs) and intercellular signaling [42]. The presence or 

absence of glycans has been shown to affect the membrane half-life of many membrane 

receptor proteins [43] including, glucose transporters [44], cytokine receptors [45], 

transforming growth factor beta (TGFβ) receptor [46], epidermal growth factor receptor 

(EGFR) [47], and GABAA receptors [48]. It is clear that significant changes in the 

molecular density of the glycans and glycoproteins in the glycocalyx are required to allow 

for cell mobility and migration associated with cancer progression (Figure 1).

Glycosylation is a term used to describe the biosynthetic enzymatic process that involves the 

sequential removal and addition of individual carbohydrates to proteins and lipids [49]. For 

glycoproteins, the attached glycans are classified as either N-linked (Asn) or O-linked (Ser/

Thr) based off the amino acid residue to which they are attached. N-linked glycosylation of 
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newly synthesized proteins occurs co-translationally in the endoplasmic reticulum. N-linked 

glycans are further processed by a highly regulated sequential series of glycosidases and 

glycosyltransferases in the ER and Golgi apparatus. Individual glycosyltransferases may 

exhibit overlapping specificities in some instances [50, 51]. These enzymes typically transfer 

single sugar residues from nucleotide-sugar donors to protein and sugar acceptors, which 

results in glycan elongation forming a vast array of glycan structures [52]. N-linked glycans 

most commonly contain mannose, galactose, N-acetylglucosamine, fucose, and sialic acid 

sugars, and less commonly N-acetylgalactosamine and glucose. O-linked glycans are 

predominantly comprised of shorter structures with N-acetylgluosamine, galactose, N-

acetylgalactosmine, sialic acid and fucose. The presence of sulfate and phosphate groups are 

also possible. Examples of glycoproteins with N-linked and O-linked modifications and 

carbohydrate antigens associated with cancer are shown in Figure 2 [49]. For a summary of 

the complex biosynthetic and processing reactions associated with N-linked and O-linked 

glycans, see the freely available on-line reference Essentials in Glycobiology [53].

In cancer, oncogenic transformation associated with changes in glycosylation was first 

documented over seven decades ago [54, 55, 56]. Numerous studies have shown that tumor 

cells exhibit altered glycosylation patterns when compared to their non-malignant 

equivalents [15, 49, 57, 58, 59, 60, 61, 62, 63, 64]. In 1983 Hakomori and Kannagi 

published results indicating that there were two main mechanisms behind the tumor-

associated changes in carbohydrate structures. The first mechanism was referred to as 

incomplete synthesis, and the second was referred to as neo-synthesis. The incomplete 

synthesis process was mainly found in early stage cancers, and was trademarked by the 

impairment of normal complex glycan synthesis in normal epithelial cells. In turn, this led to 

the biosynthesis of truncated glycan structures. The neo-synthesis process is mainly 

observed in advanced stage cancers, and is classified by the cancer-associated induction of 

particular genes involved in carbohydrate expression [65, 66]. Direct analysis of N-glycans 

in multiple tumor tissue types has detected these same types of molecular changes [21, 67]. 

Cumulative studies have defined changes in glycan expression to five main biological events 

or changes: 1) under/over expression of glycosyltransferases [68, 69, 70, 71], 2) changes in 

tertiary peptide backbone composition, 3) inconsistency of receptor substrates, 4) 

availability or abundance of sugar nucleotide donors and cofactors [72], and 5) expression 

and localization of pertinent glycosyltransferases in the Golgi [56, 61, 73]. The most 

common cancer-associated glycosylation changes are O-glycan truncation, sialylation, 

fucosylation, and N-glycan branching [56, 74, 75, 76, 77, 78]. These modifications have 

been directly linked to playing an important role in the progression of cancer, metastasis, 

and epithelial-mesenchymal transition (EMT) [75], and will each be further described in the 

context of breast cancer progression and biomarker development.

3.1 O-linked Glycosylation in Breast Cancer

The most common types of O-glycan structures detected in breast cancer and many other 

cancer types is Tn-antigen, sialyl-Tn, and Thomsen-Friedenreich antigen (see Figure 3) [79, 

80, 81, 82, 83, 84, 85, 86, 87, 88]. These structures are most commonly associated with 

mucin-glycoproteins, and the enzymes responsible for mucin-type O-glycosylation initiation 

also exhibit altered expression in cancer. These polypeptide GalNAc transferases control O-
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glycan occupancy sites, and the density with which these sites can be occupied [89, 90, 91]. 

Furthermore, multiple enzymes competing for the same substrates can also result in O-

glycan truncation [92]. Elevation of Mucin-1 (MUC-1) has been noted in breast cancers for 

many years. MUC-1 is a large transmembrane protein that is carrier of aberrant O-

glycosylation in tumor cells. Changes in aberrant O-glycosylation of MUC-1 result in the 

exposure of the protein core, allowing cells to adhere to distant tissues and resulting in 

metastasis [75, 90]. Furthermore, when MUC-1 is under-glycosylated, this is associated with 

higher tumor grades and poor prognosis [93].

Changes in mucin-type glycosylation have been observed in over 90% of breast cancers. 

Examples of these breast cancer associated changes include increased expression of Tn 

antigen and the loss of core 2 glycans [94, 95]. Additional alterations in the number, core 

structure and sialylation of O-glycans have also been linked to breast cancer [92, 96, 97, 98]. 

Truncated mucin-type O-glycans are often seen with terminating sialic acid residues due to 

the up-regulation of sialyltransferases in many breast cancers, especially those with positive 

estrogen receptor status [99]. ER+ cancers carry mainly core 1 based glycans on their O-

linked glycoproteins, while ER- breast cancers primarily carry core 2-based glycans. The 

increased presence of core 2 glycans in ER- breast cancers is most likely a result of the 

overexpression of core 1 synthase glycoprotein-N-acetylgalactosamine 3-β-

galactosyltransferase 1 (C1GALT1) and core 2 glucosaminyl (N-acetyl) transferase 1 

(GCNT1) in these tumors [99]. In these cancers, the core 2 structures typically carry sialyl 

Lewisx glycans, which are not found on core 2 structures in normal breast tissue.

Alterations in breast cancer mucin-type O-linked glycosylation can result in tumor growth 

and progression through a variety of mechanisms. In the immune system, changes in mucin-

type O-linked glycosylation can produce novel interactions between immune cells and 

lectins. This is demonstrated through the binding of sialylated glycans to sialic acid-binding 

immunoglobulin-type lectins (siglecs) on monocytes, macrophages and NK cells. Examples 

of this specific mechanism include the binding of sialylated MUC1 to siglec-9 on monocytes 

and macrophages, the binding of sialylated LacNAc (found on core 1 or core 2 branches) to 

siglecs-7 on NK cells, and the binding of Tn and sialylated Tn antigens to macrophage 

galactose-specific lectin on dendritic cells and macrophages. Furthermore, the expression of 

sialyl Lewisx can result binding to selectins on endothelial cells and various core glycans 

which can dictate how the cancer cells metastasize and respond to epidermal growth factor 

(EGF) binding [58, 88, 100, 101, 102]. Sialyl Lewisx antigens on leukocytes can contribute 

to inflammatory response as a result of their interaction with E-selectin on endothelial cells. 

Interactions between selectins and sialyl Lewisx glycans are crucial for immune cell 

trafficking, indicating that the cancer is exploiting a normal cellular process to aid in 

metastasis [58, 102]. This interaction exposes sialyl Lewisx antigens at the cell surface, a 

mechanism that malignant cells capitalize upon for extravasation from the blood circulation 

and metastasis [103].

3.2 Sialylation in Breast Cancer

The addition of sialic acid to N-linked and O-linked glycoproteins is common in breast 

cancer. Specific sialylated structures such as Thomsen-Friedenreich antigens, sialyl Lewis 
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antigens, sialyl α2,6-lactosaminyl structures, and polysialic acids that have been shown to 

mediate cell to cell interactions are altered in cancer cells [104]. This arises from altered 

sialyltransferase expression that is a result of degradation during transferase biosynthesis 

[105]. Examples of these antigens include sialyl Lewisa and sialyl Lewisx. Both of these 

antigens have been documented with high expression in a variety of carcinomas, with sialyl 

Lewisx expression correlated with poor survival [106, 107]. This is most likely due to the 

fact that these antigens promote cancer cell adhesion and metastasis by serving as ligands for 

adhesion receptors expressed in activated endothelial cells [92, 108]. Alternatively, studies 

analyzing the role of neuraminidase-1 (Neu-1) have shown that the desialylation activity of 

the glycosidase regulates cancer growth [109]. Furthermore, when Neu-1 is selectively 

inhibited in in TNBC models, this results in an increase in E-cadherin expression and a 

decrease in N-cadherin expression, limiting EMT [110].

The presence of cell surface sialic acid patterns can be recognized as ‘self’ by the immune 

system, and therefore are described as self-associated molecular patterns (SAMPs). Siglecs 

are sialic acid-binding lectins that are expressed mainly on immune cells that recognize 

these SAMPs and produce signals to negatively regulate the immune system. Similar to 

other immune check point receptors such as programmed cell death 1 (PD1), most siglecs 

contain immunoreceptor tyrosine-based inhibition motifs (ITIMs), demonstrating how 

hypersialylation seen in cancer can induce the important role of siglecs in cancer immune 

suppression [58, 111, 112, 113, 114, 115, 116].

In breast cancer, sialyltransferase expression is altered, resulting in cancer associated 

sialylation increases. MALDI-TOF-MS analysis of the glycosylation profiles of breast 

cancer cell lines, mouse models and total human serum have all revealed an increase in 

sialylated glycans in breast cancer that are not found in corresponding normal controls [59, 

117, 118]. Furthermore, enzymatic activity of ST3Gal I (β-galactosidase α2,3-

sialyltransferase I) is elevated in breast cancer tissues when compared to normal breast 

tissue, while that of ST3Gal II is decreased [119, 120, 121]. Additionally, increase in 

ST3Gal I enzymatic activity correlates with the tumor grade and is implicated in the 

increased expression of sialylated Thomsen-Friedenreich antigen in breast cancer cell lines 

[105, 122]. This finding was validated by the increased expression of α2,3 sialic acid seen in 

grade 3 and 4 cancers when compared to that of grade 1 and 2 cancers [59]. This same study 

compared 50 primary breast tumor cases without lymph node metastasis and 50 pair-

matched breast cancer primary tumors with associated lymph node metastasis, and found a 

higher level of α2,3 sialic acid residues in the pair-matched tumors compared to the primary 

tumors without metastasis. This demonstrates the high metastatic potential associated with 

increases in α2,3 sialic acid expression in breast cancer [59].

Various breast cancer cell lines have also been analyzed for sialylation changes. In MDA-

MB-231 and MCF-7 cell lines, expression of ST6Gal II (β-galactosidase α2,6-

sialyltransferase II) was analyzed using real-time PCR, Western blots and 

immunohistochemistry. High levels of ST6Gal II expression were associated with the 

invasive phenotype of the cell lines both in vivo and in vitro [123]. This further validated an 

analysis from 12 years prior that found α2,6 sialylation on the cell surface of MDA-MB-435 

breast cancer tumor cells contributed to their cell-cell and cell-extracellular matrix adhesion 
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capabilities [19]. Sialylated gangliosides, in particular the di-sialylated form GD2, have 

recently been associated with breast cancer stem cell function [124] and highly expressed in 

TNBC tissues [125], representing an emerging class of sialylated biomarker candidates. By 

combining in vitro and in vivo cell line data with patient samples, it can be concluded that 

sialic acids play a major role in breast cancer formation and metastasis.

3.3 Fucosylation in Breast Cancer

Fucosyltransferases catalyze the addition of fucose moieties to either terminal ends of the 

glycan structure in N-linked and O-linked structures, or to the core N-acetylglucosamine 

residues attached to asparagine in N-linked glycoproteins. Structurally, there are two main 

differences between fucose and other six-carbon sugars: a lack of a hydroxyl group on the 

C-6 carbon, and an L-configuration. Fucosyltransferases (FUT) are the enzymes responsible 

for adding fucose residues onto oligosaccharides. This reaction requires that substrate GDP-

fucose, which can be synthesized from either that GDP-mannose-dependent de novo 

pathway or the free fucose-dependent salvage pathway in mammalian cells [126]. Fucose 

residues can be attached via α1,2-, α1,3-, or α1,4- linkages for outer arm modifications, or 

α1,6- for core fucosylation linkages. FUT1 or FUT2 are responsible for α1,2-linkages, and 

FUT3 or FUT4 are responsible for α1,4-linkages. α1,3-linkages can be formed from either 

FUT3, FUT4, FUT6, FUT7, FUT9, FUT10 or FUT11. Finally, core fucose modifications are 

facilitated by FUT8. There are no differences in masses for these fucose linkages, despite the 

fact that each are responsible for the synthesis of different antigens [80, 126].

In cancer, terminal fucosylation is associated with the formation of Lewisx, Lewisy, sialyl 

Lewisx and sialyl Lewisa antigens. While the regular expression of these antigens are found 

in normal tissue, when their expression is altered they become associated with malignant 

phenotypes. In normal tissue, Lewis antigens play important roles in adhesion and 

communication with various cell types and the surrounding microenvironment. 

Overexpression of these antigens is usually due to genetic or epigenetic alterations that 

result in the upregulation of applicable fucosyltransferase (FUT) genes. This enables cancer 

cells to acquire the ability to proliferate, participate in EMT (resulting in the invasion of 

other cells and tissues), gain metastatic potential, and generate resistance to chemotherapy 

[57].

Changes in breast cancer fucosylation have been noted for many decades. In 1971, Rosato 

et. al. published a study to determine the concentration of protein-bound fucose in the serum 

of 300 patients with undiagnosed breast masses. This revealed a strong correlation between 

the presence of breast cancer and higher concentrations of protein bound fucose. Their study 

proposed the addition of fucose level evaluation to patient work up prior to the decision 

regarding whether or not a patient should undergo biopsy [127]. Several cell line studies 

have been reported to attempt to delineate the role of fucosylation in breast cancer 

tumorigenesis. When analyzing the effect of fucosylation on epidermal growth factor 

receptor (EGFR), studies found a strong association between increased EGFR core 

fucosylation and increased EGFR-mediated signaling. Increased EGFR core fucosylation 

resulted in increased EGFR dimerization and phosphorylation, which lead to increased 

signaling associated with tumor cell growth and malignancy [47, 92, 128, 129]. In 2017 

Scott and Drake Page 8

Expert Rev Proteomics. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Carrascal et. al. published a cell line study using an immortalized primary invasive ductal 

carcinoma (IDC) cell line treated with 2-fluorofucose, an inhibitor of fucosylation. By doing 

this, the group noticed a loss of sialyl Lewisx and sialyl Lewisa expression, and a reduced 

ability of the cells to adhere to E-selectin under hemodynamic flow conditions. Additionally, 

the cells exhibited reduced proliferation and migration rates, and reduced expression of 

growth factors such as basic fibroblast growth factor (FGF2), vascular endothelial growth 

factor, and transforming growth factor beta (TGFβ). Furthermore, signal regulating 

pathways were unable to activate, indicating that IDC fucosylation is linked to several 

malignant processes, including cell adhesion, migration, proliferation and growth factor 

expression [130]. In a separate study, Tu et. al. utilized gene expression profiling and 

western blots to determine the effects of FUT8-mediated core fucosylation of TGFβ on 

TGFβ-induced epithelial to mesenchymal transition (EMT). Studies showed an upregulation 

of FUT8 expression correlated with TGFβ-induced EMT that was linked to the invasive and 

migratory capabilities of the breast cancer cell lines used. This was validated through gain-

of-function and loss-of-function studies where FUT8 was overexpressed or knocked down, 

providing an important link between FUT8-mediated core fucosylation of TGFβ and EMT 

[131].

In addition to cell line studies, breast cancer tumor tissue studies have been performed to 

attempt to establish the prognostic value of fucosylated epitopes. In 2013 a retrospective 

study was performed on 158 triple negative breast cancer patients to assess the expression of 

Lewisx antigen. Multivariate analysis indicated that positive Lewisx detection was an 

independent poor prognostic factor for recurrence-free survival and overall survival in 

patients younger than 50 years old [132]. A different study using immunohistochemistry to 

analyze the expression of Lewisx in 98 breast tumors found a strong expression pattern 

associated with the leading edge of the invading tumor, indicating the potential role of 

Lewisx in breast cancer invasion and metastasis [57, 133]. In an uncommon approach for 

glycosylation-related studies, an immunohistochemical staining analysis of FUT8 protein 

expression in breast cancer tissue microarrays was reported [134]. Low FUT8 protein 

expression was correlated with disease free survival, while high levels of FUT8 correlated 

with metastasis and tumor stage [134]. These cumulative studies establish a clear connection 

between fucosylation and breast cancer tumorigenesis and invasion, despite the lack of an 

exact mechanism behind this connection.

4. Glycan and Glycoprotein Biomarkers

The changes associated with glycan structures in breast cancer, as described in the previous 

sections and Figures 1 and 2, make them attractive targets as biomarkers for early detection 

or prognosis. A biomarker is a biologically important signature with unambiguous 

specificity for a distinct physiological condition [6, 135]. In breast cancer, tests such as 

Oncotype DX and Mammaprint use preset transcriptomic arrays to help dictate a patient’s 

adjuvant therapy plan after surgical resection [136, 137, 138, 139]. Predictive biomarkers are 

used to help assess whether or not a patient will benefit from a particular type of therapy. In 

breast cancer, HER2 and ER are used as predictive biomarkers. For example, if a patient has 

a breast cancer that is HER2+, they will likely be treated with a drug that inhibits the HER2 

receptor, whereas a patient with a HER2- breast cancer would not [31, 140]. In recent 
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research there has been a large focus on discovery of tissue and serum based biomarkers. 

Serum biomarkers are of particular interest because of their potential application towards 

“liquid biopsies” [141].

There have been three main serum glycoprotein immunoassay targets used for breast cancer 

detection: Cancer antigen 15-3 (CA 15-3) and CA 27-29 on MUC-1 and Carcinoembryonic 

antigen (CEA), an anchored glycoprotein involved in cell adhesion. However, these 

biomarkers clinically lacked sensitivity and fostered studies evaluating the glycans attached 

to the glycoprotein targets [5, 142]. In 2008, preliminary studies using high performance 

liquid chromatography (HPLC) and matrix-assisted laser desorption ionization time of flight 

mass spectrometry (MALDI-TOF MS) to analyze fluorescently tagged serum N-glycans 

from advanced breast cancer patients reported an increase in a mono-fucosylated tri-

sialylated N-glycan in cancer patients [143]. Additional serum studies from breast cancer 

patients with lymph node metastasis, without lymph node metastasis and with benign breast 

disease showed increased levels of agalactosyl biantennary glycans and glycans containing 

sialyl Lewisx epitopes in patients with lymph node metastasis when compared to the other 

two patient groups [143]. An unexplored area for glycosylation biomarkers in the liquid 

biopsy space is that of cell and biofluid-derived exosome/extracellular vesicles [144]. While 

primarily associated with differential miRNA cargo, there are certainly glycoproteins present 

in these vesicles specifically derived from tumor cells. Little is known about differential 

glycosylation of exosomes, but they certainly represent an untapped source of that could be 

potential biomarker candidates.

Aberrant glycosylation changes have been linked to breast cancer metastasis because these 

glycosylation structures aid tumor cells in overcoming the blood brain barrier [75]. In 2011, 

de Leoz et. al. published a study analyzing glycosylation changes of serum glycoproteins in 

breast cancer mouse models and patient samples. Using matrix assisted laser desorption/

ionization Fourier transform-ion cyclotron resonance mass spectrometry (MALDI-FTICR 

MS), they observed high mannose glycans were elevated in both breast cancer mouse 

models and patients when compared to their respective healthy controls [142]. Similar 

findings were also discovered while profiling the N-glycome of different breast cancer cell 

lines [62]. This demonstrates the potential clinical implications and utility of analyzing 

changes in serum glycosylation patterns for breast cancer biomarker discovery.

5. Methodology for Breast Cancer Glycosylation Analysis

The methodologies used for glycomic and glycoproteomic analysis have varied over the last 

40 years, and have continued to improve. Much of the new capabilities for direct analysis of 

the glycans and glycoproteins have evolved with increasingly higher resolution and sensitive 

mass spectrometry approaches. A recent review highlights the many approaches that are 

being used [145]. In relation to breast cancer targets, these approaches have been limited. 

Two approaches recently published [21, 146] highlight the feasibility of glycan and 

glycoprotein analysis. In one approach [146], multiple frozen tissue specimens from triple 

negative and luminal (HER2-/ER+/PR+) tumor subtypes were homogenized and digested to 

the peptide level for subsequent capture of glycopeptides by an established hydrazine bead 

capture method. Hydrazine will react covalently with oxidized sugars on the glycopeptide. 
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The attached peptides can then be released by treating with PNGase F, and then sequenced 

by LC-MS methods to identify the formerly glycosylated peptides [147]. Using this 

approach with label free LC-MS, over 2000 bead captured proteins were identified; 90 

glycoproteins were differentially detected in higher abundance in triple negative tumors 

relative to luminal tumors, and 86 glycoproteins were in higher abundance in the luminal 

tumor tissues [146]. Further analysis indicated that a subset of 29 glycoproteins in higher 

abundance in the triple negative tumors could be used with public database transcriptomic 

data to distinguish triple negative from luminal tumors, as well as be predictive for patient 

survival [146].

Recently, a new approach for utilizing imaging mass spectrometry for the analysis of 

glycosylation changes in formalin-fixed paraffin embedded (FFPE) tissue has been reported 

[148]. This approach is summarized in Figure 4, and the key is the spraying of a molecular 

coating of peptide N-glycosidase onto the tissue to specifically release N-glycans. This 

method not only allows for the discovery of N-linked glycosylation changes within a tissue, 

but it also allows these changes to be spatially localized and correlated with the tissue’s 

histopathology. Because it is effective with FFPE tissues, any pathology block prepared by 

standard clinical workflows can potentially be analyzed. Thus, N-linked glycans present in 

regions of tumor can be compared to adjacent regions of tissue and stroma. This approach 

has allowed the assessment of N-linked glycans of breast cancer xenograft tissue, FFPE 

pathology tissues and tumor tissue microarrays. It was found that high mannose and tetra-

antennary glycans typically correlate with tumor regions, while some bi-antennary sialylated 

glycans correlate with regions of necrosis [22]. An example tissue and the types of glycans 

detected in specific regions are shown in Figure 5.

6. Conclusions

In conclusion, studying glycosylation changes in breast cancer has the potential to lead to 

further mechanistic understandings of the disease, in addition to highlighting potential 

disease biomarkers and drug targets. Across decades of cumulative studies, it is clear that 

glycosylation changes in breast cancers are significant and detectable. Improvements in 

analytical instrumentation, especially mass spectrometers, and multi-omic approaches are 

beginning to lead to better glycan candidates for diagnostics and therapeutics. The ability to 

co-localize specific glycan structures with tissue specific regions and clinical subtypes 

through the use of IMS provides region-specific mechanistic insights not available with 

previous methodologies. Coupling this with advanced glycoproteomic strategies with well-

annotated breast cancer samples with known pathology and clinical history will allow a new 

resurgence in biomarker candidates, in addition to furthering knowledge of the complex 

interactions of the glycocalyx within the tumor microenvironment.

7. Expert Opinion

The breadth of glycomic analysis in breast cancer research is broad and currently resurging 

in the era of emerging immunotherapeutics. However, the cumulative results have been 

heterogeneous in scope, illustrated by the poor performance of MUC-1 as a biomarker. 

Challenges associated with breast cancer molecular and clinical heterogeneity have been an 
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established issue in the field of breast cancer research for decades. Molecular heterogeneity 

of breast cancers has been described throughout the transcriptome, genome and proteome 

[149], thus heterogeneity within the glycome is not unexpected. Current breast cancer 

biomarkers are intended to maximize patient eligibility for targeted therapies, however they 

fail to factor in intratumoral heterogeneity. While some proteomic and genomic studies have 

attempted to identify markers for specific breast cancer subtypes [150, 151, 152, 153, 154, 

155], clinical impact has been minimal. Another issue surrounding breast cancer in the clinic 

is the inability to predict metastasis based on a primary tumor. Currently there are patient-

specific tests that utilize gene-expression panels to assess a patients’ risk of recurrence. 

Patients that come back with high risk of recurrence scores are recommended for 

chemotherapy to reduce their risk, while patients with low recurrence scores are often spared 

for chemotherapy regimens. While this type of test has added a whole new level of 

personalized medicine to breast cancer treatment, there are still many flaws. There is still 

much debate regarding what to do with patients who receive an “intermediate” risk score on 

these tests, and these tests are only applicable for ER+ cancers. There is still no way to 

predict metastasis in patients with HER2+ or triple negative breast cancers. This is one of 

the ways assessing tumor specific glycosylation patterns has the potential to add to current 

therapies. If an individual glycan is established as a specific disease state marker, this has the 

potential to be translated into a clinical assay through the development of a glycan-specific 

lectin stain. If a glycosylation pattern is established as a specific disease state marker, 

MALDI imaging mass spectrometry (IMS) can be performed on the already collected FFPE 

tissue from the patient. Whole tumor glycome analysis could provide information needed to 

develop a patient-specific treatment plan that could avoid common issues such as drug 

resistance, recurrence and metastasis.

Direct linkage of tumor associated glycans with their protein carriers is a missing component 

to developing glycome-based biomarkers. In parallel with continued improvements in the 

overall sensitivity and more peptide fragmentation/dissociation options on new high 

resolution mass spectrometers, there has been progress in direct glycopeptide analysis to 

determine both peptide and glycan sequences using multiple mass spectrometry approaches 

[156, 157, 158, 159, 160]. Historically, the majority of approaches have relied on removing 

glycans from their carrier proteins so that each can be analyzed separately. This is because 

direct analysis of intact glycopeptides by mass spectrometry is inherently challenging in that 

there is essentially a negative synergy in regards to the ionization and fragmentation 

parameters required. The optimal conditions for peptide fragmentation and sequencing are 

too harsh for glycans, and similarly, optimal glycan conditions do not have the requisite 

energy to fragment peptide bonds. This results in the requirement of more starting material 

and sub-optimal instrumentation settings for glycopeptides. Complex mixtures of 

glycoproteins are therefore even more challenging. Interpretation of mass spectra and tools 

for automated analysis of glycopeptides also lags behind resources available for standard 

proteomics [157, 161], but is rapidly improving. As highlighted [158], the continued 

improvements in mass spectrometry analysis, particularly at the glycopeptide level, will be 

key to coalesce the decades of glycomic analysis research in breast cancer around new 

disease glycoproteome-based biomarker and therapeutic targets.
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Based on current technology and therapeutic trends, we predict that the roles of 

glycosylation in clinical breast cancer research will center around two main themes, tissue 

glycopeptide-based analysis and expanded glycan structural class characterizations, and 

immunotherapies. Recent advances in MALDI IMS have allowed for substantial 

breakthroughs in the field of clinical tissue glycosylation research in the past 5 years, a key 

being the spatial co-localization of glycans within FFPE tissues linked directly with 

histopathology and immunohistochemistry. As this field continues to evolve, the potentials 

for studying of N-linked glycosylation and other glycosylation structural classes increase 

exponentially over the next 5 years. With the development of mass spectrometers that allow 

for faster and higher resolution spatial analysis, the potential for 3-D analysis of glycan 

distribution within whole tumor blocks has become much more feasible [162]. Three 

dimensional analysis of whole tumor glycosylation will reveal further insights into the 

complex glycan network throughout the entire tumor, as opposed to just one representative 

section. These molecular 3D maps can also be integrated with clinical MRI images and 

emerging 3D histopathology approaches [163]. Another emerging analytical approach that 

could assist with deciphering the complexities of fucosylated and sialylated isomers is ion 

mobility mass spectrometry, an analytical technique that measures the mobility of gas-phase 

ions through an electric field in the presence of a buffer gas, and increasingly being applied 

to the separation of glycan isomers [164, 165]. In relation to glycosylated analytes, DESI 

(desorption electrospray ionization) and MALDI ionization coupled to ion mobility 

separations were recently reported for tissue imaging of multi-sialylated gangliosides and 

other glycosphingolipids [166]. It is expected that these tissue imaging MS workflows will 

continue to facilitate characterization of N-linked glycans, as well as O-glycans, 

glycosaminoglycans and glycolipids in the complex glycocalyx of breast cancers.

A major question to be addressed for breast cancers and all tumor types is what are the 

protein carriers of the diagnostic glycans; particularly in tumors with high polylactosamine 

expression? Currently, extensive glycoproteomic analysis of FFPE tissues clinical specimens 

is feasible [167], however, the majority of studies are done on biofluids where glycoprotein 

amounts are more abundant compared to focal regions of tissue. Much method development 

and optimization remains to be done for all facets of the mass spectrometry workflows, 

especially for glycopeptides. There are multiple new advancements in mass spectrometry 

approaches that address these long standing challenges [158], and their implementation will 

continue to expand rapidly in the next five years. A recent new tool just described for O-

linked glycoproteins are two unique proteases that only cleave peptides modified with O-

glycans [168, 169] This is a major advancement for O-glycan peptide analysis, as there is no 

homologous N-linked glycan specific enzyme like PNGase F for O-glycans. The O-glycan 

peptidase reagents allowed extensive proteomic MS identification and characterization of O-

linked glycopeptides [168, 169]. In addition to application of these emerging glycan and 

glycopeptide analysis workflows to breast cancer tumor tissues, we also predict a 

complementary emphasis on the glycosylation analysis of tumor-associated immune cells 

and immunoglobulins. Lastly, an almost completely understudied area of glycosylation is 

that of the function of glycosaminoglycans (GAG) attached to extracellular matrix 

proteoglycans like syndecan, biglycan and glypican. The polymeric structures of heparan 

sulfate and chondroitin sulfate make them difficult to study, but they are known to be critical 
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mediators of ECM and immune function [170]. Syndecan-1, a heparan sulfated 

proteoglycan, has been evaluated for decades as possible breast cancer biomarker in tissues, 

but only at the level of transcript and protein expression [171]. Analysis of the glycan 

composition of the GAG chains in the tumor microenvironment remains a largely open 

target of research with known clinical significance.

Immunotherapies targeting breast cancer, and the role of glycosylation in their success or 

failure, is the other area we predict where glycomics will have a major impact in the next 

five years. Deciphering the role of glycosylation in immune system function and tumor-

immune interactions is becoming increasingly important. As new cancer immunotherapy 

strategies emerge that are potentially curative for some patients but ineffective in others, the 

primary question to address is why this occurs? Glycoproteins mediate much of the 

interactions between the immune system and tumors, but very little mechanistic information 

has been delineated. For breast cancers, the use of PD-L1/PD-1 pathway inhibitors in 

metastatic triple negative breast cancer (TNBC) has become increasingly popular despite 

limited efficacy [172]. The first trial, the Keynote-012 trial (), tested pembrolizumab in 

patients with heavily pre-treated advanced triple negative breast cancer. Of the 27 patients 

evaluated, 18.5% exhibited an overall response [173]. Additional trials () testing the efficacy 

of pembrolizumab for metastatic triple negative breast cancer treatments regimens have 

ranged from 13.6% to 23% response rates [174, 175]. While anti-PD-L1 therapies have 

shown increased efficacy in triple negative breast cancer patients with tumors expressing 

PD-L1, there is still need for significant improvement in response rates [172]. A link to the 

glycosylation status of PD-L1 has recently been published by Li et. al., who identified a 

mechanism of PD-L1 glycosylation in TNBC that promotes immune suppression due to an 

increase in interaction between PD-L1 and PD-1, indicating that glycosylated PD-L1 could 

potentially be a more effective clinical target [176]. Using multiple analytical strategies, 

additional studies have identified N-acetyllactosamine N-glycans on PD-L1 as the likely 

mediator of increased PD-1 binding [176, 177]. These findings demonstrate the importance 

of glycosylation in immunotherapy treatments, and highlights the potential for new studies 

analyzing glycosylation differences in patients who responded to immunotherapy and those 

who did not. We expect the two areas, improved glycopeptide analysis and immunotherapy 

improvement, to coincide. A better understanding of the role of N-acetyllactosasmine-

glycoproteins like PD-L1 could provide mechanistic insights to why these therapies have 

varying efficacy, lead to the development of altered/new therapies, and help to drive patient 

treatment plans.
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Article highlights

• Breast cancer is a heterogeneous disease that incorporates several distinct 

entities with remarkably different biological characteristics and clinical 

behavior.

• The majority of all current FDA approved cancer biomarkers are 

glycoproteins, however there has been limited specificity and sensitivity of 

these biomarkers in breast cancer.

• Glycosylation is the enzymatic process that involves the addition of single 

carbohydrates to proteins or lipids.

• Alterations in glycan expression are due to changes in glycosyltransferase 

expression or localization, peptide composition, receptor substrates or sugar 

nucleotide availability.

• Changes in MUC-1 glycosylation has been associated with metastatic 

potential in various breast cancer subtypes.

• In ER- cancers, an increase in core 2 O-glycans expressing sialyl Lewisx has 

been documented and is thought to aid in metastasis.

• Core fucosylation of EGFR results in increases in phosphorylation and 

dimerization, producing enhanced signaling that is associated with tumor 

growth and malignancy.

• Recent studies have outlined the predictive potential of specific glycans in 

detecting poor clinical outcomes in breast cancer.
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Figure 1: 
Schematic Overview of Normal, in situ, Invasive and Metastatic Breast Carcinoma 

Progression. Normal breast ducts contain a basement membrane with a layer of 

myoepithelial cells and a layer of luminal epithelial cells with various endothelial cells, 

fibroblasts and leukocytes in the stroma. Glycans on normal breast epithelium are basic bi- 

and tri-antennary structures typically lacking expression of core-fucosylated structures. As 

in situ carcinoma develops, the basement membrane begins to degrade and the number of 

myoepithelial cells decreases. Additionally, the number of stromal immune cells increases. 

A cancer is considered invasive when the basement membrane is no longer present, allowing 

the tumor cells to invade surrounding tissues, enter the blood stream and eventually form 

distant metastatic sites. As a cancer becomes invasive and metastatic, N-glycans expressed 

display increases in branching, sialylation and fucosylation. Additionally, O-glycans 

decrease in chain length and the expression of Tn antigen, Thomsen-Friedenreich antigen, 

sialyl-T antigen and sialyl-Tn antigen increases.
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Figure 2: 
HER2 Receptor and MUC1 as Example Glycoproteins. A schematic diagram indicating the 

presence of N- and O- linked glycans on common cell surface glycoproteins found in breast 

cancer.
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Figure 3: 
Lewis Antigens Terminal oligosaccharide structures used to classify particular antigens 

based on the presence of an alpha 1-4 linked fucose (Lewis A, B) or an alpha 1-3 linked 

fucose (Lewis X, Y) to the GlcNAc monosaccharide. Additionally, sialylated forms of Lewis 

A and Lewis X structures are also shown, in addition to other common O-glycan structures 

in breast cancer such as Tn-antigen, sialyl-Tn antigen, Thomsen-Friedenreich antigen and 

sialyl-T antigen.
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Figure 4: 
Workflow for Preparation of FFPE Tissues for Glycan Analysis by MALDI IMS. FFPE 

tissue blocks are sliced into 5 ?m sections and placed onto glass slides. Once sectioned 

slides are prepared, they are placed at 60°C for 1 hour. Next, slides are placed through a 

series of deparaffinization washes and antigen retrieval. PNGaseF enzyme is then applied in 

a fine mist to the slides using a HTX TMSprayer to cleave glycans on the slides. Slides are 

then incubated at 37°C for 2 hours. After incubation, a MALDI compatible matrix is 

applied. At the conclusion of this process, slides can be stored under vacuum until ready for 

MALDI IMS analysis.
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Figure 5: 
Linking Histopathology with MALDI IMS Glycan Images. a) H&E stain of an invasive 

ductal carcinoma at 2X magnification with pathologist annotation of tumor (red), stroma 

(green), and necrotic (blue) regions. b) Distribution of Hex8HexNAc2 + 1Na (m/z 

1743.5956) showing strong correlation with the tumor region of the tissue. c) Distribution of 

Hex5dHex1HexNAc2 + 1Na (m/z 1809.6838) throughout stroma region of the tissue. d) 

Distribution of Hex5HexNAc4NeuAc1 + 1Na throughout necrotic and stromal region of the 

tissue. Additionally, other glycan structures seen correlating with each region in b-d are 

shown below the respective image. Images were created using SCiLS Lab 2017a and 

previously described in Scott et. al. 2018.
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