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ABSTRACT 

 

O-GalNAc glycosylation is one of the most abundant post-translational modifications. Aberrant 

O-GalNAc glycosylation is a hallmark of breast cancer. The glycosyltransferase GalNAc-T4 is 

thought to be heavily implicated in breast cancer, however its exact function in breast cancer 

and its protein substrates remain unclear. The aim of this project was therefore to characterise 

the protein substrates and glycosylation sites of GalNAc-T4 in the context of breast cancer 

and gain insight into the role of GalNAc-T4-mediated glycosylation in breast cancer. 

 

We first developed a bioorthogonal reporter system for GalNAc-T4 using the "bump-and-hole" 

(BH) approach. We demonstrated that BH GalNAc-T4 recapitulates the in vitro activity of the 

wild-type enzyme whilst displaying a switch from the native substrate to the bumped analogue. 

We then equipped breast cancer cells with the ability to tag the substrates of GalNAc-T4 with 

a chemical handle. Analysing these chemically-tagged glycoproteins by mass spectrometry 

(MS) allowed us to determine the substrates of GalNAc-T4 in a panel of breast cancer cell 

lines. We also characterised the GalNAc-T4-mediated glycosylation sites in one of the newly 

identified substrates by MS-glycoproteomics and postulated a possible role of GalNAc-T4-

mediated glycosylation on the function of the protein. To investigate the role of GalNAc-T4 

and its substrates in a biologically-relevant model system, preliminary work was also 

performed to extend the BH approach to an in vivo setting. Deciphering the identity and the 

function of the breast cancer relevant-GalNAc-T4 substrates and glycosylation sites may help 

yield new diagnostic and therapeutic options towards breast cancer. 
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INTRODUCTION 

 

Introduction to breast cancer 

 

Breast cancer (BC) is the most common type of cancer in women worldwide, with an estimated 

2.3 million women diagnosed in 2022 and 670 000 deaths globally1. There are multiple factors 

that are associated with a higher risk of BC including but not limited to age, prior history of BC, 

genetic predisposition, and lifestyle factors2, 3. Whilst men are also at risk, women are about 

100 times more likely of developing BC3, possibly due to the greater fluctuations in sex 

hormone levels that women experience throughout their lifetime compared to men3. The risk 

of developing BC increases with age2, where most BC cases are diagnosed in women older 

than 50 years3. There is also an association between the age at diagnosis and outcome 

prognosis, where women diagnosed with BC under the age of 50 have lower survival rates 

and present more aggressive BC phenotypes compared to older patients3. Earlier age at 

menarche and later age at menopause have also been associated with an increased risk of 

BC3, likely due to the greater lifetime exposure to endogenous estrogen3. Higher levels of 

endogenous sex hormone levels have also been liked to a higher risk of BC3. Furthermore, 

the risk of BC has been associated with the timing and duration of exogenous hormone 

exposure, where the risk is higher in women who start combined estrogen and progestin 

hormone replacement therapy closer to menopause and use it for a prolonged duration (>5 

years)2.  

 

A personal history of BC is associated with a higher risk of developing a second BC in the 

same or opposite breast2, 3. Furthermore, approximately 20-25% of BC patients have a positive 

family history2 - the more first-degree relatives diagnosed with BC, the higher the risk of 

developing the disease2, 3. The association between a positive family history and increased 

BC risk is linked to heritable genetic abnormalities3, with mutations in genes such as BRCA1, 

BRCA2, TP53, PTEN, and CDH1, among others, conferring a 40-85% lifetime risk of 

developing BC2. 

 

Lifestyle factors such as alcohol consumption and physical activity have also been associated 

with BC susceptibility3. Obesity (specifically in post-menopausal women), alcohol consumption 

and smoking have been associated with an increased risk of BC2, 3. In contrast, consistent 

physical activity reduces the risk of BC2, 3.  
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Breast Anatomy 
 

The breast is primarily composed of three tissue types: glandular epithelium, fibrous stroma 

and adipose tissue (Fig. 1)4, 5. The glandular epithelium comprises 10-15% of the breast and 

consists of 15-20 lobes which are connected to the nipple via mammary ducts4, 5. Each lobe 

is composed of 20-40 lobules which are the source of milk production4. The epithelium of the 

duct and lobular system consists of two layers: an inner epithelial (luminal) cell layer and an 

outer myoepithelial (basal) cell layer (Fig. 1)6. The myoepithelial cells serve to propel milk 

forward through the ducts and are surrounded by a basement membrane which separates the 

epithelial and stromal compartments4, 5. The fibrous stroma contains infiltrating immune cells, 

fibroblasts, and vascular endothelial cells (Fig. 1)5, 7. The extracellular matrix of the stroma is 

composed of proteins secreted by epithelial and stromal cells such as collagens, fibronectins 

and proteoglycans5. The remainder of the breast consists of adipose tissue4. The breast is 

supplied by blood vessels, lymphatic vessels and nerves4, 5. The majority of the lymphatics 

from the breast drain to the lymph nodes within the axilla4, 5.  

 

 

Fig. 1. Breast Anatomy. Figure adapted from De Silva et al. (2022)5. Figure created with BioRender.com. 
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Biology of Breast Cancer 
 

Breast tumours develop from benign to malignant growths by the gradual accumulation of 

genetic and epigenetic changes in a population of cells alongside clonal expansion and 

selection8. The glandular epithelium can initially undergo benign proliferative changes, where 

the cells increase in number but retain the overall ability to assemble into epithelial structures 

– these growths are termed hyperplastic7, 9. Hyperplastic growths can become dysplastic as 

the cells become morphologically abnormal9, and later progress into in situ carcinomas as the 

number of myoepithelial cells decreases, the number of stromal cells increases, and the 

basement membrane starts to be degraded7. If the cells breach the basement membrane and 

invade the surrounding stroma, the growth is reclassified as malignant9, 10. These cancer cells 

may then intravasate lymphatic or blood vessels and gain access to the general circulation, 

allowing them to metastasise into distant tissues10. 

 

Cancer cells develop driver mutations which are critical for cancer progression and provide a 

clonal selectivity advantage, in addition to passenger mutations which are accidental 

byproducts of their genetic instability8, 11. Mutations in the genes AKT1, AKT2,  BRCA1, 

CCND1, CDH1, MAP3K1, MYC, PIK3CA, PTEN, RB1, and TP53 amongst others are known 

to be drivers of BC11-13. Epigenetic changes occur in parallel with genetic alterations to promote 

tumorigenesis11. In cancer cells tumour suppressor genes become packaged into 

heterochromatin and/or the CpG sequences in their promoters become methylated, ultimately 

leading to gene silencing, whilst the opposite mechanisms occur with oncogenes8, 11. 

 

Germ-line mutations in BRCA1 and BRCA2 account for up to 10% of all BC cases and 

approximately half of all hereditary BCs11, 14. These genes are implicated in the repair of DNA 

double-strand breaks (DSBs)  by homologous recombination and hence are important in the 

maintenance of genomic stability8. Cells lacking BRCA1 or BRCA2 function cannot repair 

DSBs by homologous recombination and instead exploit the error-prone non-homologous end 

joining mechanism to repair DSBs, which results in genomic instability11. Mutations and 

deletions of the TP53 tumour suppressor gene are also frequently observed in BC11, 15. This 

gene encodes the p53 protein, a transcription regulator which causes cell cycle arrest or 

apoptosis in response to cellular stress or DNA damage8, 15. Inactivating p53 therefore enables 

cancer cells to survive and proliferate in the presence of cellular stress and/or DNA damage8, 

11, 15. Amplification of the genes CCND1 and MYC and mutations of the tumour suppressor 

gene RB1 are also associated with BC11-13. These genes encode the G1/S-specific cyclin D1, 

the transcription factor Myc, and the retinoblastoma-associated protein, respectively, all of 

which are involved in regulating cell cycle entry and cell growth16, 17.  
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Deregulation of growth factor receptor activity can lead to oncogenic signalling and drive 

carcinogenesis11, 18. In healthy cells, the binding of an extracellular ligand to its cognate 

receptor activates one or more intracellular signalling pathways which ultimately affects the 

behaviour of the cell18, 19. In cancer cells, growth factor receptor pathways may be 

constitutively activated by mutations in the genes encoding the receptors, leading to ligand-

independent signalling, or by overexpression of the receptors and/or the ligands11, 18. The 

human epidermal growth factor receptor-2 (HER2) is a tyrosine kinase receptor that regulates 

epithelial cell growth, differentiation, and survival20. HER2 is encoded by the gene ERBB2 and 

it is overexpressed in 30% of BCs11, 18, 21. HER2 has no known ligand18, 22; nevertheless, it can 

heterodimerize with the other members of the HER family (HER1/EGFR, HER3, and HER4), 

leading to the activation of downstream signalling pathways such as the PI3K/Akt/mTOR and 

RAS/RAF/MEK/MAPK pathways11, 22. Activating mutations in AKT1, AKT2, MAP3K1, and 

PIK3CA, as well as inactivation of the tumour suppressor gene PTEN by mutation or deletion, 

are commonly observed in BC and result in aberrant signalling11.  

 

Hyperactivation of the PI3K/Akt/mTOR signalling pathway can also cause changes in glucose 

metabolism in cancer cells8. In healthy nonproliferating cells with access to oxygen, glucose 

is imported into the cytoplasm and broken down into pyruvate through glycolysis, generating 

2 ATP molecules in the process9, 23. The pyruvate is then transported into the mitochondria 

and decarboxylated into acetyl-CoA by the pyruvate dehydrogenase complex before entering 

the citric acid cycle9, 23. The citric acid cycle produces NADH, FADH2 and CO2 as a waste 

product23. The NADH and FADH2 are then used as electron donors to generate ATP by 

oxidative phosphorylation23. The complete oxidation of a molecule of glucose through this 

process can generate up to 36 ATP molecules9. Cancer cells increase their glucose uptake, 

but only a small proportion of the imported glucose is used for ATP production via oxidative 

phosphorylation, even in the presence of abundant oxygen8, 9. The glucose is instead 

processed through glycolysis, producing lactate which is secreted by the cells8, 9. The 

remaining carbon atoms derived from glucose are used for the biosynthesis of proteins, 

nucleic acids, and lipids required for tumour growth8, 9. This switch in oxidative phosphorylation 

to aerobic glycolysis is termed the Warburg effect8, 9, 24.  
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Changes in hormone metabolism are also commonly observed in BC11. The glandular 

epithelium is highly sensitive to fluctuations in hormone levels, in particular estrogen and 

progesterone which stimulate the growth and differentiation of mammary epithelial cells5, 22. 

Both hormones mediate their effects by binding to their cognate receptors – the estrogen 

receptor (ER) and the progesterone receptor (PR), respectively22. Both receptors belong to 

the family of nuclear receptors which function as transcription factors18, 22. These receptors 

may reside in the cytoplasm until ligand binding triggers their import into the nucleus, or they 

may be constitutively bound to DNA even in the absence of their ligand18, 19. The 

hydrophobicity and small size of estrogen and progesterone allows them to readily diffuse 

across the plasma membrane into the cell, where they bind to their receptor19. Ligand binding 

induces a conformational change in the receptor, causing the dissociation of co-repressors 

and the binding of co-activators18, 19. The ligand-bound receptor can then dimerise and bind to 

DNA sequences called hormone response elements to regulate the expression of target 

genes11, 18, 22.  Two isoforms of the ER exist that are products of two different genes: ERα and 

ERβ22, 25. Estrogen binds to both isoforms, but its affinity for ERα is 10 times higher than for 

ERβ25. The effect of estrogen on the growth of mammary epithelial cells is primarily mediated 

by ERα22. ERβ is thought to reduce the cell proliferation induced by ERα and inhibit ERα-

mediated transcription22, 25. The ratio of ERα/ERβ is higher in BC cells (BCCs) compared to 

healthy breast tissue25. Mutations in the ESR1 gene, which encodes the ERα, have also been 

reported in BC patients, resulting in hypersensitivity to the growth-promoting effects of 

estrogen or ligand-independent ER signalling22.  

 

Metastatic BC is the most common cause of BC-related mortality10, 26. The initial step in 

metastasis, local invasiveness, involves significant changes in the phenotype of cancer cells 

within the primary tumour8, 10. The epithelial cells undergo changes in their shape and gene 

expression profiles to become less adhesive and more migratory through the process termed 

epithelial-to-mesenchymal transition (EMT)8, 10. During EMT, epithelial cells lose their 

characteristic morphology and the expression of epithelial genes such as E-cadherin and 

cytokeratins, acquiring instead a fibroblast-like shape and the expression of genes typical of 

mesenchymal cells, such as vimentin, fibronectin, matrix metalloproteinases (MMPs), and N-

cadherin8, 10. E-cadherin is normally expressed on the plasma membrane of epithelial cells, 

where it plays a key role in cell-cell adhesion by binding epithelial cells together through 

adherens junctions8, 10. Mutations, deletions, and methylation of the CDH1 gene, which 

encodes E-cadherin, are frequently observed in BC and result in the suppression of E-

cadherin expression10, 27. The switch from E-cadherin to N-cadherin expression in BCCs that 

have undergone EMT facilitates invasiveness through homophilic interactions with N-cadherin 

displayed on stromal cells10. 
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Breast Cancer Subtypes 
 

BC can be classified into different subtypes depending on multiple factors including 

histopathologic analysis, receptor status and gene expression profiling13. Identifying the BC 

subtype can help establish the most suitable treatment as well as predicting the clinical course 

including the probability of developing distant metastasis, risk of relapse, and overall patient 

survival28. Histopathologic analysis reveals the tumour type, stage, and grade of breast 

tumours29. Depending on whether the tumour is restricted to the ductal-lobular system or not, 

BC can be histopathologically classified as either an in situ or invasive carcinoma30. Most 

breast tumours originate in the lining of the ducts, with 70-80% of histological subtypes being 

invasive ductal carcinomas13, 31. The second most common histological subtype is invasive 

lobular carcinomas (around 15%), whilst others such as medullary, mucinous, or tubular 

subtypes are less frequent13, 32. The BC stage reflects the degree of tumour spread, where 

Stage 0 is pre-invasive BC and Stage 4 is metastatic BC33. The overall survival rate is inversely 

correlated with the tumour stage29. The BC grade reflects the degree of differentiation of 

cancer cells – the higher the grade, the lower the degree of differentiation29. Classifying BC 

based on receptor status depends on the expression of three receptors: the ER, the PR, and 

HER213. More than 75% of BC cases express the ER and/or the PR, while HER2 positivity is 

detected in 10-15%13. If none of these receptors are expressed, the tumour is classified as 

triple-negative BC (TNBC)11, 28.  

 

Gene expression profiling of BC samples initially revealed five subclusters termed the Intrinsic 

Subtypes13. Luminal A and luminal B tumours are ER+ and PR+ and are characterised by the 

expression of luminal genes such as GATA3, FOXA1 and XBP134, 35. Luminal A tumours 

express higher levels of the hormone receptors (especially the PR) and luminal genes than 

Luminal B tumours34. In contrast, Luminal B tumours are more proliferative (higher Ki-67 

status), display a higher expression of genes involved in mitosis and proliferation, and are 

clinically more aggressive than Luminal A tumours13, 34. HER2-enriched tumours are 

characterised by a high expression of HER2-related genes and are frequently higher-grade 

tumours34. TNBC tumours lack the expression of the ER/PR/HER211, 28. These tumours often 

express genes which are typical of myoepithelial/basal cells and are therefore commonly 

referred to as basal-like tumours13 . Normal-like tumours are characterised by a gene 

expression pattern similar to healthy breast tissue13.  
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A new classification of BC subtypes was later developed based on the finding that a significant 

portion of the gene expression landscape is dominated by recurrent copy number alterations 

that drive expression in cis, meaning on the same chromosome as the alteration itself12, 13. 

These cis-driven genes were used to cluster breast tumours into 10 Integrative Clusters12, 13. 

Table 1 correlates the Intrinsic Subtypes and the Integrative Clusters classifications and 

summarises some of the key molecular features of each11. 

 

Table 1. Overview of the different BC subtypes and their molecular features. Table adapted from Gedik 
et al. (2019)11. 

Intrinsic 
subtype 

ER 
status 

HER2 
status 

Ki-67 
status 

Molecular features 
Integrative 
Cluster(s) 

Luminal 

A 
ER+ HER2- Low 

Mutations in GATA3, FOXA1, MAP3K1 

and PIK3CA 

High ESR1 expression 

Gain of chromosomes 1q and 8q  

Loss of chromosomes 8p and 16q 

2, 3, 4, 7, 8 

Luminal 

B 
ER+ HER2± High 

Mutations in PIK3CA and TP53 

Amplification of CCDN1 

Enhanced genomic instability 

Focal amplifications (e.g., 8p12, 11q13) 

1, 2, 6, 9 

HER2 ER- HER2+ High 

Mutations in PIK3CA and TP53 

Amplification of CCDN1 and ERBB2 

High EGFR expression  

High genomic instability 

5 

Basal-

like/ 

TNBC 

ER- HER2- High 

Mutations in TP53 

Loss of BRCA1 and RB1  

High expression of DNA repair proteins 

High genomic instability 

Focal amplifications (e.g., 8q24) 

4, 10 

 

BCC lines are commonly used for BC modelling in vitro and in vivo. Cell lines such as T47D, 

MCF7 and MDA-MB-231 cells account for two-thirds of BCCs used for this purpose36. Different 

cell lines can be used to model different BC subtypes. For example, the T47D and MCF7 cell 

lines display a Luminal A phenotype, whilst MDA-MB-231 cells display a TNBC phenotype36.   
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Diagnostic and therapeutic options for breast cancer 
 

Early detection of BC is linked to a better prognosis and lower mortality rates37. Breast 

screening and increased BC awareness facilitates early detection, leading to better 

outcomes37. Mammography continues to be the standard screening method, and it plays a 

key role in detecting clinically unsuspected BC38. Additional imaging methods, such as 

ultrasound and magnetic resonance imaging, can aid in cancer detection and are 

recommended for women at higher risk of BC38. Breast lesions identified through physical 

examination or imaging are biopsied and examined by a pathologist, who then determines if 

further tests are necessary38.  

 

Liquid biopsies can also be used to detect cancer-related factors in the bloodstream, including 

circulating tumour cells, tumour DNA fragments, and tumour markers, which are released from 

both primary and metastatic tumour sites39. Two serum tumour markers commonly used in the 

clinic to monitor BC progression and response to treatment are the cancer antigen 15-3 (CA 

15-3) and the CA 27-297, 40-43. Both markers detect different epitopes within the Mucin-1 

(MUC1) protein40-43. MUC1 is a member of the mucin family of glycoproteins which is normally 

expressed in epithelial cells of the mammary gland and is overexpressed (OE) and aberrantly 

glycosylated in more than 90% of BCs44. The most widely used CA 15-3 assay uses two 

monoclonal antibodies: the DF3 antibody, which binds to the TRPAPGS epitope, and the 

115D8 antibody, whose epitope is not fully mapped but is believed to target the glycan chains 

on MUC1, as its binding is disrupted by desialylation40, 43, 45-48. The CA 27-29 assay uses the 

monoclonal antibody B27.29, which targets the PDTRPAP epitope40, 43, 46, 49. Nevertheless, 

these biomarkers have limited sensitivity and specificity, as elevated levels can also be 

observed in other conditions7, 40. 

 

Surgery, either in the form of lumpectomy or mastectomy, is a crucial treatment for early-stage 

BC26, 50. Adjuvant therapy, including chemotherapy and/or radiotherapy, is designed to 

eradicate any remaining BCCs, thereby reducing the risk of post-surgical recurrence26, 51. If 

there is evidence that the cancer has spread to the lymph nodes, partial or complete lymph 

node removal may also be performed4. The choice of treatment depends on the receptor 

status, lymph node involvement and the size of the tumour2. BRCA-deficient BCCs cannot 

repair DSBs in DNA and are therefore especially sensitive to DNA-damaging agents such as 

platinum-based chemotherapeutics2, 14. Furthermore, tumours that have lost BRCA1 or 

BRCA2 function depend on the enzyme PARP to repair single-strand breaks in DNA and are 

hence highly sensitive to PARP inhibition2, 8, 14.  
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Since over 75% of BC cases are hormone receptor-positive13, these tumours can be treated 

with hormonal therapies22. Selective estrogen receptor modulators (SERMs) are ERα 

antagonists that promote the recruitment of co-repressors, hence inhibiting ER signalling and 

the expression of target genes18, 52. Selective estrogen receptor degraders (SERDs) induce 

polyubiquitination of the ERα and degradation by the ubiquitin-proteasome system52. Inhibition 

of the enzyme aromatase, which catalyses the conversion of androgens to estrogens, reduces 

estrogen production and thereby inhibits ER signalling 2, 11, 52. Tumours that are HER2 positive 

can be treated with anti-HER2 agents or tyrosine kinase inhibitors11, 22. Cancer immunotherapy 

aims to leverage the immune system to target and eliminate cancer cells8. One approach 

involves using monoclonal antibodies that target BC-specific antigens to induce BCC 

apoptosis, promote macrophage-mediated phagocytosis, or suppress target activity8, 53. An 

alternative strategy involves blocking the inhibitory receptors PD-1 and CTLA-4 on T cells, 

thereby enhancing T cell activity and anti-tumour response8. However, the development of 

resistance to initially effective therapies remains a significant clinical challenge54.   

  

Introduction to glycobiology 

 

Glycobiology studies the biosynthesis, structure, and biology of glycans (also known as  

saccharides, sugar chains or carbohydrates)55. Every single cell is covered by a dense glycan 

coating known as the glycocalyx.55 Their presence on the cell surface allows glycans to 

mediate and modulate a variety of cell-cell and cell-matrix interactions, which are crucial in 

several processes such as cell adhesion, intracellular signalling and immune cell recognition56. 

Monosaccharides are the simplest structural units of glycans57. Glycans can exist as 

freestanding entities or as glycoconjugates, where they are covalently attached by glycosidic 

bonds to other biomolecules such as amino acids within proteins to form glycoproteins55. Other 

major classes of glycoconjugates exist such as proteoglycans (PGs) and glycolipids24. PGs 

consist of one or more glycosaminoglycan (GAG) chains attached to a core protein58. GAGs 

are linear polysaccharide chains of disaccharide repeating units consisting of an amino sugar 

(such as N-acetylglucosamine (GlcNAc) or N-acetylgalactosamine (GalNAc)) and galactose 

or a uronic acid (glucuronic acid (GlcA) or iduronic acid (IdoA))55, 58. Glycolipids consist of a 

glycan linked to a lipid, and they can be neutral or anionic55. A ganglioside is an anionic 

glycolipid carrying one or more sialic acid residues24, 55.  
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Glycosidic bonds exist as α- or β-linkages depending on the configuration at the anomeric 

carbon and the stereogenic centre furthest from the anomeric carbon: α- (same configuration) 

and β- (different configuration) anomers55, 57. The two linkages confer very different structural 

and biological properties to the overall sequence55. The most frequent glycan-protein linkages 

are N- and O-linkages55. In N-glycans, a GlcNAc unit forms a β-linkage with an Asn residue in 

a polypeptide chain (Fig. 2A)59. N-glycans occur at the consensus peptide sequence Asn-X-

Ser/Thr (where “X” is any amino acid except Pro) and they share a common core sequence 

consisting of two GlcNAc units followed by three mannose (Man) residues (Fig. 2B)59. The 

core sequence can then be further elaborated to form three main classes of N-glycans: 

oligomannose (or high-mannose) type, complex type, or hybrid type (Fig. 2B)55.  

 

Several types of O-glycans exist, with the most common being O-GalNAc and O-GlcNAc 

glycans55. In O-GalNAc glycans, a GalNAc unit forms an α-linkage to Ser or Thr residues in a 

polypeptide chain (Fig. 2C)55. The initiating GalNAc unit can be extended to form one of four 

common core structures (Fig. 2D), and these can be further elongated to form linear or 

branched chains resembling those on N-glycans60. Additional core structures (cores 5-8) exist, 

however these are rare and have restricted occurrence and low abundance61. In O-GlcNAc 

glycans, a GlcNAc unit forms a β-linkage to Ser or Thr residues in a polypeptide chain62. The 

GlcNAc unit in O-GlcNAc glycans is generally not elongated or modified62.  

 

In eukaryotic cells, glycosylation of proteins usually takes place in the endoplasmic reticulum 

and Golgi apparatus63. Glycosyltransferases catalyse glycosylation reactions using activated 

forms of monosaccharides (often nucleotide sugars) as substrates64. Monosaccharide 

precursors can be salvaged from degraded glycans and imported into the cell via sugar 

transporters as nucleotide sugars63. Most glycan degradation takes place within lysosomes, 

and the monosaccharide units are then exported into the cytoplasm via lysosomal carriers so 

they can be reused63. Monosaccharide precursors can be alternatively created enzymatically 

from other sugars within the cell, where glucose can be directly or indirectly converted to all 

other sugars63. Monosaccharide activation and interconversions normally take place within the 

cytoplasm of cells63. The nucleotide sugars are subsequently transported into the lumen of the 

endoplasmic reticulum and Golgi via nucleotide sugar transporters63.  
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Fig. 2. N- and O-GalNAc glycans. A) In N-glycans, a GlcNAc unit forms a β-linkage with an Asn residue. 
B) Main classes of N-glycans. C) In O-GalNAc glycans, a GalNAc unit forms an α-linkage to Ser or Thr 
residues. D) Common core O-GalNAc structures. 

 

Newly synthesised proteins contain signal sequences (often at the N-terminus of the 

polypeptide chain) which specify a particular destination within the cell65. Proteins destined for 

the secretory pathway will contain a signal sequence which will target them to the endoplasmic 

reticulum, where they will be co-translationally translocated and folded before being trafficked 

to the Golgi and on to target membranes64. Proteins can be co-translationally or post-

translationally glycosylated at various stages in the secretory pathway55. Cytosolic proteins 

lack a signal sequence and therefore remain in the cytosol after being synthesised65. O-

GlcNAc glycosylation is distinct from other types of glycosylation in that it predominantly 

occurs in the nucleocytoplasm and mitochondria of cells62. Furthermore, whilst glycans from 

the secretory pathway show a relatively slow turnover55, the O-GlcNAc modification is more 

dynamic and O-GlcNAc glycans are added and removed multiple times throughout a protein’s 

lifetime62.  
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O-GalNAc glycosylation and the GalNAc-T family 
 

The first step of O-GalNAc glycosylation is catalysed by the family of polypeptide GalNAc 

transferases (GalNAc-Ts), where GalNAc is transferred from uridine diphosphate (UDP)-

GalNAc to Ser or Thr residues in acceptor proteins60, 66. The human genome encodes 20 

GalNAc-Ts, making the GalNAc-T family one of the largest glycosyltransferase families67. 

These enzymes are Golgi-resident type II transmembrane proteins68. All GalNAc-Ts except 

GalNAc-T20 have a sugar-binding lectin domain at the C-terminus connected to the catalytic 

domain by an interdomain flexible linker (Fig. 3A)68. To this date, the peptide sequence 

Ser/Thr-Pro-X-Pro (where X stands for a small hydrophobic residue such as Gly or Ala) is the 

only motif that most GalNAc-Ts seem to glycosylate68, 69. This selectivity is conferred by three 

highly conserved hydrophobic Phe and Trp residues in the peptide-binding site within the 

catalytic domain68. GalNAc-Ts lacking these conserved residues, such as GalNAc-T7 and -

T10, do not display this substrate preference68, 69. Similarly, when these residues were mutated 

to Ala in GalNAc-T2, the activity of the enzyme was practically eliminated70.  

 

Despite sharing a degree of substrate redundancy, there is increasing evidence that different 

members of the GalNAc-T family have distinct glycosylation preferences (Fig. 3B), where 

some GalNAc-Ts preferentially glycosylate “naked” unglycosylated peptides (e.g. GalNAc-T2) 

whilst others selectively (e.g. GalNAc-T4) or exclusively (e.g. GalNAc-T10) target partially 

glycosylated substrates68. This distinction suggests that GalNAc-Ts may be organised as an 

“assembly line”55, 60, 66 and has led to the classification of GalNAc-Ts as early, intermediate or 

late glycosyltransferases (Fig. 4)68. Recent findings have also demonstrated that GalNAc-Ts 

have different substrate charge specificities determined by each enzyme’s surface 

electrostatic charge distribution (Fig. 3B)71, adding an additional layer of specificity to the 

distinct substrate preferences of the different members of the GalNAc-T family. 
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Fig. 3. Glycosylation modes and substrate preferences of the GalNAc-T family. A) Schematic 
representation of the three different glycosylation modes of GalNAc-Ts. The catalytic and lectin domains are 
represented as oval-shaped figures in blue and red respectively. The red arrows represent the acceptor site. 
Glycosylation of glycopeptides can occur in an N- or C-terminal direction. Figure adapted from de las Rivas 
et al. (2019)68. B) Phylogenetic tree of GalNAc-Ts showing their prior glycosylation and flanking charge 
substrate preferences. The first column shows the GalNAc-T subfamilies and the percentage sequence 
identities72. The second and third columns show the prior glycosylation substrate preferences, where T* 
represents the position of the prior GalNAc unit, the red line represents the acceptor site, and the arrows 
represent the direction of glycosylation. The fourth column shows the flanking charge substrate preference, 
where pink, green, and blue represent negative, neutral, and positive flanking residues respectively. “X” 
illustrates the inverse preference of GalNAc-T4 with peptides with a C-terminal negative charge due to its 
weakly negative electrostatic surface71. “ND” stands for “not determined”. “-----” indicates no or weak activity. 
GalNAc-T8, -T9, -T18 and -T19 are not well characterised but exhibit negligible in vitro activities with most 
substrates, possibly due to mutations in the UDP-GalNAc binding pocket73. Figure adapted from Ballard et 
al. (2023)71.  
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Fig. 4. The GalNAc-T family initiates O-GalNAc glycosylation. Depending on their substrate preference, 
GalNAc-Ts can be classified as early, intermediate, or late GalNAc-Ts. The initiating GalNAc unit can then 
be further glycosylated by downstream glycosyltransferases. 

 

Glycosylation of glycopeptides by GalNAc-Ts can occur in one of two ways: 1) catalytic 

domain-dependent glycosylation, where acceptor sites are located 1-3 residues away from 

prior GalNAc units; and 2) lectin domain-dependent glycosylation, where binding of remote 

GalNAc units by the lectin domain directs distant acceptor sites (6-17 residues away) to the 

catalytic domain for glycosylation (Fig. 3A)68. Both glycosylation modes can operate in an N- 

or C-terminal direction depending on the GalNAc-T (Fig. 3A)68. The interdomain flexible linker 

(which varies in length and sequence between GalNAc-Ts) determines the relative orientation 

of the catalytic and lectin domains, hence contributing to the distinct lectin domain-mediated 

glycosylation preferences observed between the different isoenzymes (Fig. 3B)68, 74.  

 

The catalytic domain of all GalNAc-Ts adopts a GT-A fold60 which is typical in most nucleotide 

binding proteins and is characterised by alternating α-helices and β-sheets75. For optimal 

UDP-GalNAc binding, a metal ion (often Mn2+) is required76. All GalNAc-Ts contain conserved 

Asp and His residues (DXH motif) responsible for divalent cation binding77. The coordination 

of the metal is octahedral, binding two phosphate oxygen atoms from UDP, the DXH motif, a 

His residue which is conserved in all GalNAc-Ts, and one water molecule78. UDP-GalNAc is 

stabilised by multiple hydrogen bonds between amino acids located in the catalytic domain of 

GalNAc-Ts79, 80. These amino acids are highly conserved in all GalNAc-Ts79. The NH group of 

the acetamide moiety also forms hydrogen bonds with a β-phosphate oxygen atom from UDP, 

which may explain why GalNAc-Ts show a strong preference towards UDP-GalNAc instead 

of UDP-galactose (UDP-Gal)80. GalNAc-T4, -T7, -T10 and -T12 were predicted to contain an 

additional GalNAc-binding site in the catalytic domain to account for their ability to glycosylate 

acceptor sites close to prior GalNAc units81. A crystal structure of GalNAc-T4 with a 

diglycopeptide revealed that there was no discernible pocket for binding of GalNAc - instead 

binding was mediated by hydrogen bonds and hydrophobic interactions between the GalNAc 

unit and residues that are not conserved in all GalNAc-Ts68.  
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Binding of the peptide substrates to the catalytic domain of GalNAc-Ts is mediated by direct 

or water-mediated hydrogen bonds and hydrophobic interactions68. Crystal structures of 

GalNAc-Ts bound to their peptide substrates revealed that the Thr acceptor sites were in a 

hydrophobic pocket formed by conserved Trp and Phe residues, which may explain why 

GalNAc-Ts often prefer to glycosylate Thr over Ser residues68. These structures also revealed 

that the hydroxy group of the Thr residue was close to the anomeric carbon of the GalNAc 

moiety and to two of the phosphate oxygen atoms from UDP, and that there was no obvious 

nucleophilic residue in the active site of the enzyme on the opposite face of the ring80. All these 

features were consistent with a front-faced substitution nucleophilic internal (SNi) mechanism, 

which was subsequently confirmed by computational simulations - a phosphate oxygen atom 

from UDP accepts a proton from the Thr hydroxy group and guides the nucleophilic residue to 

the same face of the anomeric carbon, resulting in retention of the anomeric configuration 

upon formation of the glycosidic bond (Fig. 5A)80. The hydrogen bond between the NH group 

of the acetamide moiety and the β-phosphate oxygen atom from UDP helps stabilise the 

negative charge being developed at the phosphate group and helps facilitate the departure of 

the UDP leaving group80.  

 

At the surface of the UDP-GalNAc binding site within the catalytic domain there is a dynamic 

flexible loop which can adopt one of two conformations: an open conformation (inactive form) 

or a closed conformation (active form)80. The Michaelis complexes of GalNAc-T2 revealed that 

GalNAc-Ts possess a Bi-Bi kinetic mechanism, where the flexible loop adopts open and 

closed conformations until UDP-GalNAc binds, which drives the loop to adopt a close 

conformation (Fig. 5B)80. This conformation is stabilised by the presence of UDP-GalNAc, it 

excludes bulk water from the active site and facilitates binding of the peptide substrate80. Once 

glycosylation is completed, the glycopeptide product departs, the loop adopts an open 

conformation and UDP is released, allowing the catalytic cycle to restart (Fig. 5B)80.  
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Fig. 5. Catalytic mechanisms of the GalNAc-T family A) Schematic representation of a SNi mechanism, 
where R1 represents the UDP leaving group and R2 represents the Ser or Thr acceptor residues. The leaving 
group accepts a proton from the hydroxy acceptor group and guides the nucleophilic residue to the same 
face of the anomeric carbon, resulting in retention of the anomeric configuration upon formation of the 
glycosidic bond. Figure adapted from Rini et al. (2022)77. B) Schematic representation of the Bi-Bi kinetic 
mechanism. Figure adapted from Lira-Navarrete et al. (2014)80. 
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The lectin domain of GalNAc-Ts contains three potential GalNAc-binding sites (the α-, β- and 

γ-subdomains)76. Mutational and structural studies demonstrated that in most GalNAc-Ts only 

one of the binding sites is functional, and that an Asp residue within a Cys-Leu-Asp GalNAc 

binding motif is critical for lectin domain-mediated glycosylation81. Whilst the interaction 

between the lectin domain and the glycopeptide is predominantly mediated via hydrogen 

bonds and CH-π interactions between conserved residues within the enzyme and the remote 

GalNAc unit82, it has been demonstrated that lectin domain-mediated glycosylation can also 

be affected by the peptide sequence surrounding the GalNAc unit83. Crystal structures of fly 

PGANT9-A and PGANT9-B splice variants may offer a possible explanation for this 

observation, where a loop protruding from the lectin domain towards the catalytic domain 

differs in charge state between splice variants, which in turn correlates with their preference 

towards differently charged substrates, suggesting that electrostatic interactions may be at 

play68. A similar lectin flexible loop was observed for the first time in the crystal structure of 

GalNAc-T482. Mutational studies demonstrated that this loop assists both GalNAc binding and 

release and is essential for the optimal activity of the catalytic domain82. 

 

O-GalNAc glycosylation is arguably one of the most abundant post-translational modifications, 

predicted to occur on over 80% of proteins passing through the secretory pathway82. O-

GalNAc glycosylation is also called mucin-type O-glycosylation since the mucin family of 

glycoproteins carry the greatest number of O-GalNAc glycans (>50% by weight)68. O-GalNAc 

glycosylation is often found in densely clustered, heavily glycosylated domains within mucins 

and mucin domain-containing glycoproteins76. Nevertheless, it is also present at single sites 

on most secreted and membrane-bond proteins60, 69. Concomitant with their abundance, the 

biological functions of O-GalNAc glycans are many and can vary depending on their structure, 

their density, and the underlying protein60. Most of the functions of O-GalNAc glycans have 

been originally attributed to their role in dense clusters within mucins60. O-GalNAc glycans 

present in mucins, which line the epithelial surfaces of the body, provide physical and chemical 

protection to the underlying epithelial cells60. Furthermore, since O-GalNAc glycans are 

hydrophilic and negatively charged, they also contribute to the viscosity of mucins by 

promoting binding of water and salts60. O-GalNAc glycans can also provide structural support 

and stability by protecting glycoproteins from proteolytic cleavage84.  
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The functions of O-GalNAc glycans at single sites are less well defined, nevertheless several 

studies have shown that O-GalNAc glycans can mediate cell-cell and cell-matrix interactions, 

affecting tissue formation and differentiation85-88. Studies have also shown that O-GalNAc 

glycosylation at one or a few sites of stem regions in cell membrane proteins can protect from 

ectodomain shedding89. Furthermore, O-GalNAc glycans may act as carriers of ligands for 

lectins such as selectins, Siglecs or galectins84.  

 

Selectins are a family of cell-adhesion molecules which are expressed on platelets (P-

selectin), endothelial cells (E-selectin), and leukocytes (L-selectin) and they recognise the 

sialyl Lewis X (SLeX) structure often attached to core 2 O-GalNAc glycans (Fig. 6A)90. 

Selectins mediate the migration of leukocytes into inflammatory sites90. In normal vessels, 

leukocytes flow without adhesive interactions with endothelial cells90. Upon inflammation, 

activated endothelial cells express E-selectin which engages with selectin ligands on 

circulating leukocytes and results in tethering, rolling and arrest of the leukocytes and their 

subsequent extravasation into underlying tissues90. Binding of activated platelets expressing 

P-selectin to circulating leukocytes also contributes to the recruitment of leukocytes to sites of 

injury90. PSGL-1 is the major ligand for P- and L-selectin and is also a ligand for E-selectin90. 

PSGL-1 is expressed on most leukocytes (including neutrophils, monocytes, eosinophils, 

basophils, and subsets of T cells), haematopoietic stem cells and some activated endothelial 

cells90.  

 

Siglecs are a family of cell surface transmembrane sialic acid–binding lectins expressed by 

immune cells91. Siglecs recognise endogenous sialic acid-containing glycans as “self-ligands” 

and can help immune cells discriminate between “self-“ and “non-self-ligands”92. Most Siglecs 

contain an immunoreceptor tyrosine-based inhibition motif within their cytoplasmic tails91, 92. 

Engagement of Siglecs with their ligands results in downregulation of immune cell 

responses92.  

 

Galectins recognise terminal β-galactose residues and are extracellularly and intracellularly 

expressed by many cell types93, 94. Galectins have many biological functions including but not 

limited to cell adhesion, migration, growth, apoptosis, and immune cell regulation95. 
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Breast cancer-associated changes in glycosylation 

 

Changes in O-GalNAc glycosylation are seen in over 90% of BCs44. Cancer-associated O-

GalNAc glycans typically display truncated sugar branches and increased sialylation, as 

demonstrated by the expression of the Tn and T antigens and their sialylated forms (STn and 

ST antigens respectively) by breast tumours (Fig. 6A)7. The ER status has been shown to 

affect the type of O-GalNAc glycans displayed by BCCs, where ER+ tumours predominantly 

carry core 1 glycans, whilst ER- tumours carry primarily core 2 glycans instead, often modified 

with the SLeX  antigen (Fig. 6A), which is not normally found on core 2 glycans in healthy 

breast tissue7.  

 

Changes in N-glycans are also detected in BC, where there is an increase in sialylated, 

fucosylated and branched (tri- and tetraantennary) N-glycans compared to healthy breast 

tissue (Fig. 6B)96, 97. In contrast, there is a decrease in bisecting GlcNAc N-glycans (Fig. 6B)96. 

Branching of N-glycans is mediated by the GlcNAc-transferases MGAT4 and MGAT5, while 

the generation of bisecting N-glycans is catalysed by MGAT3 instead (Fig. 6B)59. Cancer-

associated N-glycans are frequently decorated with the SLeX  antigen and poly-LacNAc units 

(repeats of the Gal-GlcNAc disaccharide) and capped with sialic acid and fucose (Fig. 6B)24, 

97. Core fucosylation, which involves the addition of fucose to the innermost GlcNAc residue 

in N-glycans by the fucosyltransferase FUT8, has been observed in multiple receptors 

implicated in BC97. For example, core fucosylation of EGFR is linked to enhanced dimerization 

and phosphorylation, which promotes EGFR signalling and leads to tumour growth and 

malignancy7, 24, 97, 98. Similarly, core fucosylation of the TGF-β  receptor (TGFBR) promoted 

dimerisation and thereby TGF-β-induced EMT in BCCs97, 99, 100. 

 

Increased O-GlcNAcylation is also observed in BCs compared to healthy breast tissue96, 101. 

Furthermore, higher levels of O-GlcNAc glycans have been detected in metastatic lymph 

nodes compared to primary tumour sites101. O-GlcNAcylation can modulate the functions of 

proteins by regulating protein phosphorylation, degradation, localisation and transcription24, 98. 

Indeed, many BC-associated proteins, including Myc, cyclin D1, Rb and p53 are O-

GlcNAcylated101, 102. For example, Myc can be O-GlcNAcylated at Thr58 which is also a 

phosphorylation site – increased O-GlcNAcylation of Myc increases its stabilisation and leads 

to BC progression24. O-GlcNAcylation can also regulate glucose metabolism of BCCs – O-

GlcNAcylation of the enzyme PFK1, which is a rate limiting enzyme of glycolysis, can redirect 

glucose flux into the pentose phosphate pathway for nucleic acid synthesis98, 102.  
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Fig. 6. BC-associated changes in glycosylation. A) Biosynthesis of BC-associated O-GalNAc glycans. 
Figure adapted from Magalhaes et al. (2021)103. B) BC-associated N-glycans exhibit increased sialylation, 
fucosylation, and branching. They are also elongated with poly-LacNAc units and the SLex antigen, which 
can be recognized by galectins and selectins, respectively. A decrease in bisecting GlcNAc N-glycans is also 
observed in breast tumours. Figure adapted from Bellis et al. (2022)102. 
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Increased sialylation of glycoproteins and gangliosides is another frequent occurrence in BC7, 

96, 99, 102, 104. Expression of polysialic acid, a linear polymer of sialic acid residues, is associated 

with higher grade breast tumours and metastasis7, 24, 96, 105. Since sialic acids are negatively 

charged, the increased sialylation of BCCs can disrupt cell-cell adhesions and facilitate the 

detachment of the primary tumour, hence promoting the metastatic potential of BCCs99, 102. 

Overexpression and altered expression of gangliosides has also been associated with BC 

malignancy7, 24, 99, 102, 104. Gangliosides are thought to regulate signal transduction by 

interacting with membrane-associated receptors, where changes in the gangliosides affect the 

organization of the receptors in lipid rafts within the plasma membrane, thereby influencing 

their downstream signalling24. While 5-N-glycolylneuraminic acid (Neu5Gc) is typically absent 

in humans due to the lack of the enzyme responsible for converting cytidine monophosphate-

5-N-acetylneuraminic acid (CMP-Neu5Ac) to Neu5Gc, Neu5Gc has been detected on 

glycoproteins and gangliosides in BCs102, 104, 105. This is thought to result from the metabolic 

incorporation of diet-derived Neu5Gc into glycans, which triggers an immune response that 

promotes tumour growth by enhancing chronic inflammation and angiogenesis102, 105. 

 

Cancer-associated changes in glycosylation modulate new interactions with lectins expressed 

by immune cells, often triggering inhibitory pathways and immune evasion44. The increased 

sialylation seen in BC results in immunosuppression through engagement with Siglecs7, 99, 102, 

106. Binding of MUC1 carrying ST antigens (MUC1-ST) to Siglec-9 (which is expressed on 

neutrophils, monocytes, macrophages, and dendritic cells (DCs)91) results in the secretion of 

factors involved in tumour progression and induces macrophages to display a tumour-

associated macrophage-like phenotype, with increased expression of the PD-L1 ligand107. 

Increased expression of PD-L1 promotes engagement to the inhibitory PD-1 receptor on 

activated T cells, which inhibits their function107. Binding of MUC1-ST to Siglec-9 also results 

in recruitment of β-catenin to the cytoplasmic tail of MUC1, which induces its translocation to 

the nucleus and promotes tumour growth108. Similarly, engagement of Siglec-7 (which is the 

major Siglec on natural killer (NK) cells and is also expressed at lower levels on monocytes, 

macrophages, DCs and a subset of CD8+ cytotoxic T cells91) inhibits NK-mediated 

cytotoxicity109. The macrophage galactose-specific lectin (MGL) recognises terminal GalNAc 

residues and is expressed on macrophages and DCs110. MGL can bind the Tn and STn 

antigens111 and can facilitate tumour progression by creating an immunosuppressive 

environment84. Binding of MGL to CD45 carrying the Tn antigen on T cells decreases T cell 

proliferation and increases T cell death112. Engagement of MGL on immature DCs impairs the 

migration of DCs and results in their retention in lymphatic tissues112. Only upon DC maturation 

when MGL expression is down-regulated can the cells migrate out of the lymphatic tissues for 

efficient antigen presentation to T cells112. 
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Cancer cells overexpress selectin ligands and hijack selectin-selectin ligand interactions to 

facilitate several aspects of cancer progression102. Expression of selectin ligands on circulating 

tumour cells can facilitate extravasation of BCCs from the circulation into the surrounding 

tissue and metastasis7, 44, 84, 103. Furthermore, binding of selectin ligands on BCCs to activated 

platelets promotes platelet aggregation which shields tumour cells from immune elimination 

within the vasculature and contributes to the arrest of circulating BCCs to the endothelium and 

their subsequent extravasation113.  

 

Overexpression of galectins is often seen in BC, and it correlates with tumour aggressiveness 

and metastatic potential of tumours93. Different members of the galectin family have been 

shown to impact different cancer hallmarks, including immune evasion, angiogenesis, cancer 

cell growth and metastasis114. A few examples are listed below, such as overexpression of the 

STn antigen resulting in intracellular accumulation of galectin-3 which induces resistance of 

cancer cells to chemotherapeutic drugs115. Binding of galectin-3 to the extracellular domain of 

MUC1 carrying the T antigen (MUC1-T) induces MUC1 to lose its apical membrane 

polarisation, instead becoming expressed over the whole cell surface, thus promoting its 

interaction with EGFR116. The MUC1-EGFR interaction results in prolonged EGFR 

dimerisation and downstream signalling, which is associated with tumorigenesis and 

metastasis116. The cell surface polarisation induced by the interaction between MUC1-T and 

galectin-3 has also been shown to expose selectin ligands, which promotes adhesion of 

MUC1-expressing cells to the endothelium, thus facilitating extravasation and metastasis of 

BCCs117. Similarly, the interaction between galectin-3 and MUC1-T-expressing disseminating 

BCCs results in cancer cell aggregation, which increases the survival of BCCs by preventing 

suspension-induced apoptosis (anoikis)118. Branched N-glycans carrying poly-LacNAc units 

are also ligands for galectins, and together they can form a cross-linked lattice that inhibits 

receptor endocytosis, thereby leading to prolonged signalling24, 102.  

 

Cell-matrix interactions play a crucial role in the metastatic potential of BCCs24. Integrins are 

the main family of cell surface transmembrane receptors mediating cell-matrix interactions119. 

Engagement of integrins results in downstream signalling which can influence many aspects 

of a cell’s behaviour including cell proliferation and survival119. Heavily O-glycosylated 

glycoproteins such as mucins are often OE in BC44. Mucin overexpression contributes to a 

bulky glycocalyx which can facilitate tumour progression by enhancing clustering of integrins 

and thus promoting integrin-mediated cell growth and survival24, 120. Furthermore, aberrant N-

glycosylation and α2,6 sialylation of integrins enhances integrin-mediated BCC migration and 

invasion98, 99.  
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The content and distribution of PGs also changes during carcinogenesis102. Heparan sulfate 

PGs (HSPGs) are present on the plasma membrane and in the extracellular matrix of breast 

tumours, and they have been implicated in regulating the growth, invasion, and metastasis of 

BCCs24, 99. HS is a polymer of the repeating disaccharide unit GlcNAc-GlcA and is modified 

by uronic acid epimerisation and N- and O-sulfation58. Unlike other GAGs, once displayed at 

the plasma membrane HS can undergo additional modifications, where a family of 

endosulfatases can remove sulfate groups and the enzyme heparanase can cleave the HS 

chains58. HSPGs can promote cell-cell and cell-matrix interactions, as well as bind growth 

factors, thereby acting as co-receptors for various growth factor receptors and promoting 

downstream signalling24, 99, 102. Hyaluronan (also called hyaluronic acid) is a secreted GAG 

consisting of the repeating disaccharide unit GlcNAc-GlcA, which primarily exists as a 

freestanding entity rather than being covalently linked to a protein core 55, 58. Nevertheless, 

hyaluronan can interact noncovalently with several proteins including multiple cell surface 

receptors, such as CD44, thereby regulating key signalling pathways associated with 

oncogenesis102, 121. CD44 is a transmembrane receptor expressed by many cell types which 

is known to be implicated in BC development and progression24, 102. Binding of hyaluronan to 

CD44 promotes HER2 signalling and multidrug resistance102, 121. 

 

Multiple mechanisms have been attributed to the BC-associated changes in glycosylation. 

One of the mechanisms that has been proposed is changes to the pH of the Golgi 

apparatus122. The Golgi apparatus requires an acidic pH for optimal activity and for correct 

localisation of glycosyltransferases - under normal conditions the pH of the Golgi ranges 

between 5.9 and 6.5122. The pH of the Golgi in many cancer cells is considerably more alkaline 

(pH ≥ 6.75), and it has been demonstrated that only a 0.2 pH unit increase in the pH of the 

Golgi is sufficient to induce increased expression of the T antigen122, via the pH-dependent 

mislocalisation of glycosyltransferases123. Another possible mechanism is the availability of 

nucleotide sugars, where increased levels of UDP-GalNAc and UDP-GlcNAc have been 

reported in breast tumours124 and BCCs125. The increased availability of nucleotide sugars in 

BCCs is likely a result of the enhanced glucose uptake and its subsequent diversion into 

metabolic pathways, such as the hexosamine biosynthetic pathway which produces UDP-

GlcNAc24, 98. 
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A third mechanism that has been proposed is changes to the levels of the glycosyltransferases 

and glycosidases involved in the biosynthesis of cancer-associated glycans44. The increased 

sialylation observed in BC can be attributed to the overexpression of sialyltransferases, such 

as ST3Gal1, which catalyses the conversion of the T antigen to the ST antigen and is OE in 

90% of BCs, or ST6GalNAc1, which catalyses the conversion of the Tn antigen to the STn 

antigen and is OE in 25% of BCs (Fig. 6A)44,126. The T antigen is also a substrate of C2GnT, 

which converts core 1 to core 2 O-glycans (Fig. 6A)44. The relative expression of the different 

glycosyltransferases determines the glycan structures expressed by BCCs44. For example, a 

higher expression of ST3Gal1 and  ST6GalNAc2 have been detected in ER+ compared to 

ER- tumours, which can explain why ER+ tumours predominantly express sialylated core 1 O-

glycans whilst ER- tumours express core 2 O-glycans instead44. BCCs increase the 

expression of MGAT5 and decrease the expression of MGAT3 (Fig. 6B)24, 102. Changes in the 

expression levels of core and terminal fucosyltransferases are also observed in BC, 

particularly the overexpression of the core fucosyltransferase FUT8 (Fig. 6B)7, 24, 98, 99, 102, 106. 

Increased levels of the enzyme O-GlcNAc transferase (OGT), which catalyses the synthesis 

of O-GlcNAc glycans, have been found in breast tumours24, 96, 98. The expression of 

glycosyltransferases involved in ganglioside synthesis are also altered in BC104, 106. 

Overexpression of heparanase has been implicated in BC progression, where secreted 

heparanase can act in parallel with MMPs to remodel the extracellular matrix and facilitate 

BCC metastasis58, 102. 

 

GalNAc-Ts implicated in breast cancer 
 

Changes in the expression levels and the localisation of many members of the GalNAc-T 

family have also been associated with BC44. GalNAc-T1127-129, -T2128-130, -T3129-131, -T4129, 132, 

133, -T5129, 130, -T6129, 130, 134-143, -T7128-130, 144-146, -T10128-130, -T13147, and -T14129, 143, 148, 149 are 

OE in BC. In contrast, GalNAc-T8129, 150, -T11130, -T12129, 130, -T15129, -T16129 and -T20129 are 

down-regulated in BC. 
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The highest GalNAc-T1 expression was reported in TNBC151 and metastatic BC127. High 

GalNAc-T1 expression was associated with a shorter overall patient survival127, 152. 

Furthermore, high GalNAc-T1 expression was associated with increased EMT, angiogenesis, 

protein secretion, low levels of CD8+ T-cell infiltration and worse survival in adolescent and 

young adult population, but not in older patients151. In one study, LAMTOR5 (which is 

upregulated in BC) was shown to drive the transcription of GalNAc-T1 in MCF7 cells as well 

as promoting the activation of c-Src, which results in translocation of GalNAc-T1 to the 

endoplasmic reticulum127. LAMTOR5-mediated GalNAc-T1 overactivity resulted in increased 

expression of the Tn antigen on MUC1 and osteopontin (an extracellular protein associated 

with cell adhesion and cancer progression), which promoted BC metastasis127. In a separate 

study, downregulation of GalNAc-T1 reduced sialylation on MMP-14, which increased the 

sensitivity of MMP-14 to autoproteolysis and reduced invasiveness of BCCs, suggesting that 

GalNAc-T1 can also mediate the metastatic potential of BCCs via MMP-14128. In the same 

study, downregulation of GalNAc-T1 also enhanced intracellular drug uptake and anti-tumour 

drug effects, suggesting that GalNAc-T1 can mediate the invasiveness and chemotherapeutic 

sensitivity of BCCs128. 

 

A potential mechanism by which GalNAc-Ts are mislocalised to the endoplasmic reticulum is 

via COP1-mediated transport, and COP1 retrograde transport of GalNAc-Ts was reported to 

be upregulated in BCCs153. GalNAc-T1 and GalNAc-T2 were detected in the endoplasmic 

reticulum of multiple BCC lines, with a concomitant increase in the expression of the Tn 

antigen153. Loss of C1GalT1 activity is a rare event in BC44, 153, suggesting that Tn expression 

in BC is driven by the mislocalisation of GalNAc-Ts to the endoplasmic reticulum and not 

C1GalT1 deficiency153. Cells expressing endoplasmic reticulum-localised GalNAc-T2 showed 

increased adherence to fibronectin and collagen in a lectin domain-dependent manner, and 

resulted in increased cell adhesion, motility, and invasion of BCCs153. In the same study, cells 

expressing endoplasmic reticulum-localised GalNAc-T2 also promoted efficient lung 

colonisation in vivo153.  
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When assessing the expression of a range of GalNAc-Ts in a panel of benign and malignant 

mammary epithelial cell lines, those derived from benign breast epithelium expressed 

predominantly GalNAc-T1 and GalNAc-T2, whilst the malignant cell lines displayed a broader 

expression of GalNAc-Ts154. For example, whilst GalNAc-T3 and GalNAc-T6 were weakly 

detectable or undetectable in benign breast epithelium, they were readily detected in all 

malignant BCCs154. In a separate study, E-cadherin was proposed as a GalNAc-T3 substrate, 

where GalNAc-T3-mediated O-GalNAcylation of E-cadherin was required for E-cadherin’s cell 

surface localisation155. Loss of GalNAc-T3 resulted in retention of E-cadherin in the Golgi and 

induction of EMT in trophoblast stem cells, highlighting the role of GalNAc-T3 on protecting 

the epithelial state of cells155. 

 

It is well accepted that GalNAc-T1, -T2 and -T3 are the main GalNAc-Ts initiating O-

GalNAcylation of MUC1156. The extracellular domain of MUC1 consists of 20-120 repeats 

(called tandem repeats or TRs) of a conserved sequence composed of 20 amino acids with 

five potential glycosylation sites (in bold): GVT3S4APDT8RPAPGS14T15APPAH156. The initial 

O-GalNAcylation of MUC1 at Thr3, Ser14 and Thr15 is driven by GalNAc-T1, -T2 and -T3156. 

GalNAc-T4 can glycosylate Ser4 and Thr8 in vitro, nevertheless upon KO of GalNAc-T4 in 

HEK293 cells Ser4 was O-glycosylated, suggesting that other GalNAc-Ts can also glycosylate 

this site156, 157. In contrast, GalNAc-T4 is the only GalNAc-T capable of glycosylating Thr8 and 

completing the glycosylation of MUC1156-158. MUC1 purified from milk was found to be partially 

glycosylated, with approximately 2.6 glycans per TR159. In contrast, in MUC1 purified from 

T47D cells all five sites were occupied, with approximately 4.8 glycans per TR160. Since only 

GalNAc-T4 can complete the glycosylation of MUC182, this suggests an important role for 

GalNAc-T4 in the increased glycosylation density of MUC1 observed in BC. Furthermore, the 

PDTRP sequence is highly immunogenic, with most anti-MUC1 antibodies targeting this 

region156, suggesting that GalNAc-T4-mediated glycosylation may be important in the 

immunogenicity of MUC1. 

 

GalNAc-T4 was identified as an estrogen-regulated gene161, suggesting that GalNAc-T4 may 

play a role in the estrogen regulatory pathway, however the exact role remained unclear. In a 

subsequent study, the expression of GalNAc-T4 in a panel of mammary epithelial cells was 

investigated132. Whilst the expression of GalNAc-T4 was lower compared to other members 

of the GalNAc-T family, GalNAc-T4 was the only isoenzyme showing differential expression 

depending on the ER status of BCCs, with a high expression in ER+ cells and a low expression 

in ER- cells, indicating a connection between GalNAc-T4 and the estrogen receptivity of 

BCCs132.  
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Knock-down (KD) of GalNAc-T4 in T47D cells resulted in a growth defect and cell cycle arrest, 

suggesting that GalNAc-T4 had a pro-tumorigenic role in T47D cells by promoting proliferation 

and cell cycle progression132. KD of GalNAc-T4 decreased the expression of ERα (but not 

ERβ) and FOXA1, a transcription factor which mediates the last step of the estrogen regulatory 

pathway by inducing the chromatin remodelling required for ERα binding to DNA132. FOXA1 

was confirmed to be O-GalNAcylated by Vicia Villosa Lectin (VVL, which recognises terminal 

GalNAc residues) blot, and O-GalNAcylation of FOXA1 was decreased upon KD of GalNAc-

T4, suggesting that FOXA1 may be a substrate of GalNAc-T4132. KD of GalNAc-T4 also 

decreased the interaction between FOXA1 and ERα, suggesting that GalNAc-T4-mediated O-

GalNAcylation of FOXA1 may be important in the estrogen regulatory pathway132. In a follow-

up study, GalNAc-T2  was also shown to glycosylate FOXA1 in vitro at Ser355, which may 

contribute to the role of O-GalNAcylation in the function of FOXA1 in the estrogen regulatory 

pathway162. 

 

In a separate study, alternative mechanisms by which GalNAc-T4 mediated the proliferation 

of BCCs were investigated133. The expression of GalNAc-T4 was shown to be the highest in 

MCF7 cells and the lowest in MDA-MB-231 cells133. Knock-out (KO) of GalNAc-T4 in MCF7 

cells promoted cell growth, increased colony formation, and increased the number of cells in 

S phase, whilst the opposite effect was observed when GalNAc-T4 was OE in MDA-MB-231 

cells, suggesting that GalNAc-T4 had an anti-tumorigenic role in these cells by impairing 

proliferation and cell cycle progression133. The group subsequently performed 

immunoprecipitation using VVL-agarose beads in wild-type (WT) and GalNAc-T4 KO MCF7 

cells and subjected the immunoprecipitated products to Liquid Chromatography-Tandem 

Mass Spectrometry (LC-MS/MS) proteomics analysis133. Analysis of VVL-binding proteins 

showed 117 proteins to be upregulated and 1172 proteins to be downregulated upon GalNAc-

T4 KO133. Pathway enrichment analysis demonstrated that most dysregulated pathways were 

involved in the proliferation of BCCs, including the Notch signalling pathway133. Whilst Notch 

was not found as a VVL-binding protein, VVL-binding of Cullin-1 (which is a key regulatory 

protein of the Notch signalling pathway) was decreased upon GalNAc-T4 KO, suggesting that 

Cullin-1 may be a substrate of GalNAc-T4133. Overall, these findings suggested that GalNAc-

T4 may regulate the proliferation of BCCs by glycosylating members of the Notch signalling 

pathway such as Cullin-1133.  
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In another study, a possible role of GalNAc-T4 in the metastatic potential of BCCs was 

reported129. The expression of GalNAc-T4 was highest in low-metastatic luminal BC tumours, 

whilst the levels of GalNAc-T4 in highly invasive basal-like tumours was comparable to benign 

tissue, indicating a connection between GalNAc-T4 and the metastatic potential of BCCs129. 

KO of GalNAc-T4 in MCF7 cells promoted migration, invasion, and EMT of BCCs, whilst the 

opposite effect was observed when GalNAc-T4 was OE in MDA-MB-231 cells129. The TGF-β 

signalling pathway was impaired when GalNAc-T4 was OE in MDA-MB-231 cells, which is an 

upstream pathway of EMT129. O-GalNAcylation of TGFBR1 and TGFBR2 was confirmed by 

VVL blot129. O-GalNAcylation of both receptors was decreased upon GalNAc-T4 KO which 

promoted receptor dimerisation, suggesting that GalNAc-T4 may play a role in the TGF-β-

induced EMT of BCCs by O-GalNAcylation of TGFBR1 and TGFBR2129. In vitro glycosylation 

experiments were subsequently performed using peptides based on the extracellular domains 

on both receptors, which suggested that Ser31 in TGFBR2 was the glycosylation site of 

GalNAc-T4, and mutation of this glycosite to Ala enhanced TGF-β-induced EMT of BCCs129. 

Overall, these findings suggested that GalNAc-T4-mediated O-GalNAcylation of TGFBR2 

prevents receptor dimerisation which suppresses EMT and BCC invasion and migration, thus 

regulating the metastatic potential of BCCs129.  

 

In a separate study, GalNAc-T4 was shown to be upregulated in endothelial cells exposed to 

pro-inflammatory stimuli, inducing the expression of adhesion molecules such as ICAM-1 and 

VCAM-1 as well as chemokines such as MCP-1, which promoted adhesion of leukocytes to 

endothelial cells and trans-endothelial migration163. In another study, GalNAc-T4 was also 

shown to be upregulated in stimulated monocytes164. VVL pulldown on monocyte cell lysates 

demonstrated that PSGL-1 is O-GalNAcylated by GalNAc-T4164. Previous work by other 

groups had already suggested that GalNAc-T4 can glycosylate Thr57 in PSGL-1 in vitro72, and 

that an O-glycan at this site plus sulfation was required for PSGL-1 binding to P-selectin165. 

Increased expression of GalNAc-T4 promoted O-GalNAcylation of PSGL-1, as well as 

monocyte adhesion and migration via PSGL-1 engagement164. BCCs may hijack these 

selectin-selectin ligand interactions, suggesting an alternative mechanism by which GalNAc-

T4 may regulate invasion and migration of BCCs.  

 

GalNAc-T5 was identified as a commonly mutated gene in BC166. Two missense BC-specific 

mutations (E507D and L692F) were identified166, and later confirmed to inactivate GalNAc-

T5’s enzymatic activity167, suggesting that inactivation of GalNAc-T5 may facilitate BC 

progression. GalNAc-T5 has also been positively correlated with chemotherapeutic resistance 

of tumours168. 
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Freire et al. investigated the usefulness of GalNAc-Ts in detecting disseminated cells in bone 

marrow samples and they showed that the best specificity was obtained with GalNAc-T6, 

where GalNAc-T6 mRNA was detected in 36% of bone marrow samples obtained prior to 

surgery but absent in control samples, suggesting that GalNAc-T6 could serve as a biomarker 

of BCC dissemination138. The role of GalNAc-T6 in BC has been associated with O-

GalNAcylation of CCDC88C169, ERα170, MUC1134, fibronectin171, α2M136, GRP78172, and 

LGALS3BP140.  

 

CCDC88C is a component of the non-canonical Wnt signalling pathway, and its high 

expression was associated with a poor prognosis of lymph node metastatic BC patients169. 

GalNAc-T6-mediated O-GalNAcylation of CCDC88C increased the stability of CCDC88C 

which drove BCC motility, suggesting a potential role of GalNAc-T6 in the metastatic potential 

of BCCs169.  

 

In a separate study, KD of GalNAc-T6 decreased the expression of ERα, its nuclear 

localisation, and the levels of downstream genes in BCCs170. Ser573 was identified as the 

GalNAc-T6-mediated glycosylation site in ERα by LC-MS/MS analysis170, suggesting that 

GalNAc-T6 as well as GalNAc-T4 may play a role in the estrogen regulatory pathway.  

 

In another study, KD of GalNAc-T6 reduced the proliferation of BCCs as well as the levels of 

cytoplasmic MUC1134 and nuclear β-catenin137. A co-immunoprecipitation assay demonstrated 

that GalNAc-T6 interacts with the N-terminal portion of MUC1 (MUC1-N), whilst the C-terminal 

portion (MUC1-C) interacts with β-catenin137. Overall, these findings suggested GalNAc-T6 

may regulate the proliferation of BCCs via the MUC1-C/β-catenin signalling pathway137.  

 

Fibronectin was shown to be O-GalNAcylated by VVL blot171. The levels of fibronectin were 

increased when WT but not catalytically inactive GalNAc-T6 was OE, whilst no difference in 

the transcript levels of fibronectin were observed between both cell lines, suggesting that O-

GalNAcylation by GalNAc-T6 may contribute to the stability of fibronectin171. When WT but not 

catalytically inactive GalNAc-T6 was OE, the acinar structure of benign mammary epithelial 

MCF10A cells was disrupted and EMT induced, and these effects were abolished upon KD of 

fibronectin, suggesting that O-GalNAcylation of fibronectin by GalNAc-T6 may regulate the 

malignant transformation of BCCs171.  
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In a separate study, LC-MS/MS analysis of the secreted supernatant of WT and GalNAc-T6 

KD MDA-MB-231 cells revealed α2M as a potential substrate of GalNAc-T6136. α2M is a pan-

proteinase inhibitor in humans136. O-GalNAcylation of α2M was confirmed by VVL blot136. 

When GalNAc-T6 was OE in MDA-MB-468 the invasive and migratory abilities of BCCs 

increased, and these effects were suppressed upon KD of α2M, suggesting that O-

GalNAcylation of α2M by GalNAc-T6 may regulate the migration and invasion of BCCs136.  

 

GRP78 is upregulated in cancer cells and is thought to play important roles in various cellular 

processes including endoplasmic reticulum stress and apoptosis172. VVL pulldown was 

performed on HeLa cells transfected with WT or catalytically inactive GalNAc-T6 followed by 

LC-MS/MS analysis, which resulted in the identification of GRP78 as a potential GalNAc-T6 

substrate172. GRP78 was confirmed to be O-GalNAcylated, and the level of O-GalNAcylation 

decreased upon GalNAc-T6 KD172. The stability of GRP78 after treatment with cycloheximide 

(CHX, a protein synthesis inhibitor) was greater in cells which OE GalNAc-T6 compared to 

mock-transfected controls, and the levels of GRP78 decreased after CHX treatment when 

three potential glycosylation sites were mutated to Ala, suggesting that O-GalNAcylation of 

GRP78 by GalNAc-T6 is important for its stability172. Furthermore, O-GalNAcylation of GRP78 

was also shown to be important for its localisation in the endoplasmic reticulum and anti-

apoptotic function172, suggesting that GalNAc-T6 may mediate the survival of BCCs by O-

GalNAcylation of GRP78.  

 

LGALS3BP is a secreted growth-promoting glycoprotein whose levels are elevated in the 

serum of BC patients140. LC-MS analysis for GalNAc-T6-binding proteins in GalNAc-T6-

expressing vs mock-transfected HeLa cells identified LGALS3BP as a potential GalNAc-T6 

substrate140. O-GalNAcylation of LGALS3BP by WT but not catalytically inactive GalNAc-T6 

was confirmed by VVL blot140. KD of GalNAc-T6 reduced the protein level and secretion of 

LGALS3BP140. Furthermore, when BCCs were treated with conditioned media from HeLa cells 

expressing O-GalNAcylation site mutants of LGALS3BP, the growth-promoting effect was 

impaired, suggesting that O-GalNAcylation by GalNAc-T6 is required for the growth-promoting 

function of LGALS3BP140. 
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GalNAc-T7 expression was associated with hormone receptor status, with the strongest 

association observed with HER2 status145, 146. Higher levels of GalNAc-T7 were detected in 

the serum of luminal BC patients compared to healthy individuals146. Furthermore, combined 

detection of serum GalNAc-T7 with traditional BC markers enhanced the diagnostic sensitivity 

and specificity of luminal BC, suggesting that GalNAc-T7 may be a promising non-invasive 

BC biomarker146. In a separate study, GalNAc-T7 was reported to mediate the proliferation, 

apoptosis, and autophagy of BCCs by inactivation of STAT3 signalling144. 

 

The role of GalNAc-T8 in BC has been associated with O-GalNAcylation of BMPR1A150 and 

EGFR173. GalNAc-T8 was OE in MDA-MB-231 cells which reduced BCC proliferation and 

activated the BMP signalling pathway. VVL pulldown confirmed that BMPR1A is O-

GalNAcylated, and O-GalNAcylation was reduced upon KD of GalNAc-T8150, suggesting that 

BMPR1A was a GalNAc-T8 substrate. WT BMPR1A was OE in MCF7 cells which reduced 

the proliferation of BCCs, and this effect was abrogated when O-GalNAcylation site mutants 

were OE instead150, suggesting that O-GalNAcylation of BMPR1A by GalNAc-T8 regulates 

the proliferation of BCCs. In a separate study, GalNAc-T8 was OE in MDA-MB-231 cells which 

inhibited migration, EMT, and EGFR signalling of BCCs173. VVL pulldown was performed on 

cell lysates from MDA-MB-231 cells and the results demonstrated that O-GalNAcylation of 

EGFR increased when GalNAc-T8 was OE173. Overall, these findings suggested that GalNAc-

T8 may regulate the metastatic ability of BCCs by O-GalNAcylation of EGFR173. 

 

GalNAc-T9 was shown to be frequently methylated and silenced in brain metastases but not 

in the associated primary breast tumours174. KD of GalNAc-T9 was shown to increase the 

invasive potential of BCCs174, suggesting that silencing of GalNAc-T9 may increase the 

metastatic potential of BCCs. GalNAc-T11 has been associated with tumour resistance to 

therapeutic agents175. Guda et al. identified 8 mutations which inactivate the normal function 

of GalNAc-T12 and imparted susceptibility to cancer, as demonstrated by patients harbouring 

inactivating germ-line GalNAc-T12 mutations which developed BC in addition to a primary 

colon cancer167. Tao et al. investigated DNA methylation data to screen for candidate BC 

biomarkers, and identified GalNAc-T13 as one of six genes whose methylation state could be 

used to predict BC outcomes176. In a separate study, GalNAc-T13 and GalNAc-T17 were 

identified as the two most frequently hypermethylated and mutated genes in different cancer 

types177, although the effect of these modifications requires further investigation.  
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Expression of GalNAc-T14 was positively correlated with stemness and drug resistance 

markers143, 148. KD of GalNAc-T14 in MCF7 cells reduced the expression of β-catenin, the 

stemness markers OCT4 and SOX2, and the drug resistance marker ABCC5, suggesting that 

GalNAc-T14 may regulate stemness and drug resistance of BCCs through the β-catenin 

signalling pathway143, 148. In a separate study, the expression of GalNAc-T14 was associated 

with multidrug resistance in BC178. The expression of GalNAc-T14 positively correlated with 

the expression of P-gp, a cell membrane efflux pump which is often OE in cancer178. O-

GalNAcylation of P-gp by GalNAc-T14 was confirmed by lectin blot, and the stability of P-gp 

upon CHX treatment increased when GalNAc-T14 was OE178. Overall, these findings 

suggested that GalNAc-T14 may regulate BCC drug resistance by promoting the expression 

and stability of P-gp178.  

 

A separate study demonstrated that the serum levels of GalNAc-T14 were upregulated in BC 

patients compared to healthy controls148, suggesting that GalNAc-T14 may be a promising 

non-invasive BC marker in addition to GalNAc-T7146. The role of GalNAc-T14 in BC has also 

been associated with O-GalNAcylation of EFEMP2179. A yeast two-hybrid screening assay 

was performed and identified EFEMP2 as a novel binding partner of GalNAc-T14179. KD of 

GalNAc-T14 decreased the expression and O-GalNAcylation of EFEMP2179. Furthermore, the 

stability of EFEMP2 upon CHX treatment was greater when GalNAc-T14 was OE, suggesting 

that O-GalNAcylation of EFEMP2 by GalNAc-T14 is important for its stability179. EFEMP2-

expressing cells had a greater invasive ability that control cells, and this effect was abrogated 

upon KD of GalNAc-T14, suggesting that GalNAc-T14 regulates EFEMP2-mediated invasion 

of BCCs179. 

 

Song et al. demonstrated that GalNAc-T14 specifically promotes BC metastasis to the lung180. 

KD of GalNAc-T14 reduced metastatic lung colonisation of BCCs in vivo, impaired sphere 

formation in vitro, and activated BMP signalling180. Altogether these results suggested that 

GalNAc-T14 may promote the metastatic potential of BCCs by suppressing BMP signalling, 

which in turn enhances the self-renewal capability of BCCs180. VVL pulldown confirmed that 

BMPR1A is O-GalNAcylated, and its O-GalNAcylation was reduced upon KD of GalNAc-

T14180. KD of GalNAc-T14 also reduced macrophage recruitment to lung nodules and reduced 

the expression of several cyto/chemokines, suggesting that GalNAc-T14 may promote 

macrophage recruitment by regulating the expression of cyto/chemokines180.  

  



48 | P a g e  
 

In the same study they also demonstrated that macrophage-induced growth of BCCs was 

maintained even under conditions where the macrophages and BCCs were separated by a 

permeable membrane, suggesting that this effect was mediated by secreted factor(s) from 

macrophages180. Genome wide RNA sequencing analysis of differentially expressed genes 

when GalNAc-T14 was KD or OE revealed that FGF-responsive genes were downstream 

targets of GalNAc-T14180. Treatment of BCCs with an FGFR1/3-specific inhibitor suppressed 

the macrophage-induced growth of BCCs180. VVL pulldown confirmed that FGFR1 (but not 

FGFR3) is O-GalNAcylated, and its O-GalNAcylation was reduced upon KD of GalNAc-T14180. 

Overall, these findings suggested that GalNAc-T14 promotes lung-specific metastasis of 

BCCs by two mechanisms: (I) O-GalNAcylation of BMPR1A by GalNAc-T14 supresses the 

anti-metastatic effect of BMPs in the lung stroma, which enables BCCs to establish metastatic 

colonies in the lung, and (II) GalNAc-T14 facilitates the development of macrometastases by 

promoting macrophage recruitment to the site of metastases and enhancing macrophage-

induced growth of BCCs upon receiving macrophage derived FGFs by O-GalNAcylation of 

FGFR1180. 

 

Wu et al. demonstrated that the GalNAc-T16 single-nucleotide polymorphisms rs2105269 (A 

at position 69280517) and rs72625676 (T at position 69307268) were associated with an 

increased BC susceptibility in Chinese Han women aged 51 years or less, whilst in women 

aged over 51 years the rs1275678 polymorphism (A at position 69335147) was associated 

with a decreased BC risk, however larger population-based studies and functional 

investigation into the effect of these polymorphisms is required181.  
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Substrate identification of individual GalNAc-Ts 
 

Whilst the role of certain GalNAc-Ts in BC has been linked to glycosylation of some proteins, 

limited information is currently available regarding the exact GalNAc-T-specific glycosylation 

sites that affect disease and can inform on therapeutic strategies. Further investigation is 

therefore required to confirm the proposed protein substrates, better define the exact 

mechanism by which GalNAc-T-mediated O-GalNAcylation of these proteins contributes to 

BC, and identify other substrates playing a role in BC. However, there are multiple challenges 

in discerning the substrates and glycosylation sites of a single GalNAc-T, including partial 

substrate redundancy and overlapping glycosylation sites67. Classical methods of molecular 

biology are of limited use to study which sites are glycosylated on a glycoprotein as well as 

which glycan structures are present at each site (i.e. the glycoproteome). This is because 

glycans are secondary gene products – unlike protein sequences, they are not encoded 

directly in the genome and instead depend on many competing and sequential reactions 

between glycosyltransferases and glycosidases55. Even with full knowledge of the expression 

levels of all relevant glycosyltransferases it is impossible to predict the presence or absence 

of glycans at a particular glycosite nor the final structure of glycans55.  

 

On top of this, O-GalNAc glycosylation is one the most challenging PTMs to study by MS182. 

The fact that O-GalNAc glycans lack a peptide consensus motif and that a single glycosite 

may carry multiple different glycoforms (microheterogeneity) or no glycans at all 

(macroheterogeneity) complicates glycosite prediction and often leads to inaccurate 

assignment of O-glycopeptides by search algorithms183. For this reason, manual validation of 

the spectra is still required, which is challenging and time-consuming183. Since current 

methodologies have limited ability to provide simultaneous structural and site information, the 

O-glycome and O-glycoproteome are often analysed separately184. In glycomics, glycans are 

released enzymatically or chemically from the peptides they are attached to and analysed by 

LC-MS185. However, while N-glycans can be removed by PNGase F, an amidase which 

cleaves the bond between Asn residues and the innermost GlcNAc unit of N-glycans185, no 

endoglycosidase has been identified that can release all types of O-GalNAc glycans183, 186. 

Furthermore, whilst N-glycopeptides can be sequenced by traditional collision-based methods 

(e.g. higher energy collisional dissociation or HCD), the more labile nature of O-glycopeptides 

means that glycans are often detached from the peptide upon MS fragmentation, and thus the 

O-glycosylation site cannot be identified185.  
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Additional MS challenges include dissecting monosaccharides with the same molecular mass 

(e.g. GlcNAc or GalNAc), dissecting the nature of glycosidic linkages, or potentially missing 

important labile modifications such as sulfation and acetylation185. All these issues are 

aggravated by the poor ionizability of O-glycopeptides and ion suppression by unmodified 

peptides183. Moreover, even though O-GalNAc glycans can be present in multiple 

glycoproteins, they are abundantly present in mucin domains, whose complex nature 

intensifies the issues described above182, 183, 187-190. The large number of Ser and Thr residues 

present in these domains makes site localisation even more challenging183. Furthermore, the 

dense glycosylation of mucin domains limits access of proteases to the peptide backbone, 

making them generally resistant to digestion183.  

 

Most knowledge on the substrate specificity of individual GalNAc-Ts has been obtained 

through in vitro glycosylation experiments with synthetic peptides and recombinantly 

expressed GalNAc-Ts66, however these experiments do not reflect the complex interplay 

between the different members of the GalNAc-T family in cells184. Furthermore, it is unclear 

whether the recognition of small peptides reflects the native activity of GalNAc-Ts on folded 

proteins within cells66, 184. Several major advances in the field of LC-MS/MS analysis have 

facilitated proteome-wide mapping of O-GalNAc glycosylation sites, particularly the 

development of the so-called SimpleCells186. KO of the core 1 chaperone COSMC in these 

cells results in truncated O-GalNAc glycans bearing the Tn or STn antigen (Fig. 6A), which 

are easier to enrich (e.g. using VVL) and study by MS186, 191, 192. However, glycan elaboration 

information beyond the initiating GalNAc is lost with these cells193. Furthermore, since there is 

no competition between downstream glycan elongating glycosyltransferases and the follow-

up activity of GalNAc-Ts, these cells are expected to yield denser glycosylation and hence 

may not fully reflect the native glycosylation state of non-engineered cells184, 191. Another 

significant advance was the development of MS fragmentation methods other than collision-

based methods, such as electron transfer dissociation (ETD) which triggers fragmentation of 

the peptide backbone but leaves the attached glycans intact, allowing O-GalNAc site 

localisation183, 185. However, O-glycopeptides often have a low charge density which impairs 

ETD fragmentation182. Additional advances in proteolytic digestion techniques, enrichment 

strategies and bioinformatic platforms are reviewed by Rangel-Angarita and Malaker, 

especially with a focus on the LC-MS/MS analysis of mucin-like domains183. Altogether, these 

advances have allowed the identification of more than 10000 O-GalNAc glycosylation sites on 

more than 2000 proteins184.  

 



51 | P a g e  
 

To profile the GalNAc-T-specific glycosylation sites, KO of GalNAc-Ts with and without the 

SimpleCell background and LC-MS/MS analysis of differentially expressed O-glycoproteins 

between WT and KO samples has been performed with several GalNAc-Ts and has even 

been extended to ex vivo analysis of tissues from WT or GalNAc-T-null mice129, 133, 136, 191, 194-

197. Nevertheless, the partially redundant and competitive activity of GalNAc-Ts can lead to 

compensation and/or shift of glycosylation sites upon KO of a single GalNAc-T193, as illustrated 

by findings that show an increase of VVL-binding proteins upon KO of GalNAc-T4133. 

Considering all the above, it is challenging to assign protein substrates and glycosylation sites 

to specific GalNAc-Ts in a biologically relevant context. 

 

GalNAc-T Bump-and-Hole Engineering 
 

“Bump-and-hole” (BH) engineering is a chemical biology approach used to study a specific 

enzyme of a protein family without perturbing the remaining members198. In this approach, the 

enzyme is engineered to contain an enlarged active site (“hole”) that can accept a substrate 

analogue bearing a complementary bulky chemical group (“bump”)(Fig. 7A)67. Successful BH 

engineering requires the BH enzyme-substrate pair to remain biochemically competent whilst 

orthogonal to the native enzyme-substrate pair, where the WT enzyme should only accept the 

native substrate and the BH enzyme should only accept the bumped analogue198. BH 

engineering was originally established in protein kinases199 and has since been applied to a 

wide range of enzymes including methyltransferases200 and ADP-ribosyltransferases201 

amongst others198. Nevertheless, substrate delivery of the bumped analogues to the cells has 

remained a challenge due to the inability of negatively charged substrates to cross the plasma 

membrane – for this reason few BH systems have been successfully established in living 

cells193. 

 

To study the substrate specificity and map the glycosylation sites of individual GalNAc-Ts, the 

Bertozzi Lab extended the BH approach to the GalNAc-T family, initially focusing on GalNAc-

T267. To generate the hole-modified GalNAc-T2, they mutated three highly conserved bulky 

gatekeeper residues (I253, L310 and F361)(Fig. 7B) to Ala and then compared the enzymatic 

activities of WT and mutant GalNAc-T2 with a panel of UDP-GalNAc analogues by in vitro 

glycosylation experiments67. The results demonstrated that the single mutants still used UDP-

GalNAc as a substrate whilst the double mutant (I253A/L310A, BH GalNAc-T2) displayed a 

switch in UDP-sugar substrate specificity from the native substrate to the bumped 

analogues67.  
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To see if the GalNAc-T approach could be applied to other members of the family, they 

subsequently and successfully extended this approach to GalNAc-T1 and GalNAc-T1067. 

From the panel of UDP-GalNAc analogues investigated, UDP-GalN6yne (which contains a 6-

carbon chain and a terminal alkyne at the acetamide moiety, Fig. 7C) displayed the most 

promising results, as orthogonality was observed with all BH GalNAc-T/UDP-GalN6yne pairs, 

with kinetic parameters of the same order of magnitude as the native enzyme-substrate 

pairs67.  

 

 

Fig. 7. GalNAc-T BH Engineering. A) Schematic representation of GalNAc-T BH engineering. Figure 
adapted from Cioce, Malaker and Schumann (2021)202. B) Sequence alignment of gatekeeper residues in 
the GalNAc-T family. In red are the gatekeeper residues that can be mutated to Ala to generate the hole-
modified GalNAc-T. Figure adapted from Calle et al. (2023).203 C) Chemical structures of the native substrate 
of GalNAc-Ts (UDP-GalNAc) and the bumped analogue UDP-GalN6yne.  
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In a follow up study, a co-crystal structure of BH GalNAc-T2 with UDP-GalN6yne revealed that 

UDP-sugar binding was completely conserved (Fig. 8A)193. Similarly, a crystal structure of BH 

GalNAc-T2 with the peptide substrate EA2 confirmed that the three-dimensional enzyme 

architecture and bound ligand structure of WT and BH GalNAc-T2 were also conserved193. 

The substrate specificity of BH GalNAc-T1 and GalNAc-T2 was subsequently investigated by 

in vitro glycosylation experiments193. The results demonstrated that the BH GalNAc-Ts 

recapitulated the glycosylation profiles of the WT GalNAc-Ts, although the BH GalNAc-Ts 

glycosylated fewer peptides than the corresponding WT enzymes193. Using fluorescence 

microscopy, they also demonstrated that BH GalNAc-Ts localised to the Golgi compartment, 

confirming their native localisation193.  

 

In the same study, the GalNAc-T BH approach was extended to living cells193. Biosynthesis of 

UDP-GalNAc in cells occurs by two mechanisms: epimerisation of UDP-GlcNAc to UDP-

GalNAc by the enzyme UDP-glucose 4-epimerase (GALE), or the GalNAc salvage pathway, 

where the kinase GALK2 converts the salvaged GalNAc into GalNAc-1-P, which is then 

transformed into UDP-GalNAc by the pyrophosphorylase AGX1 (Fig. 9A)63, 204. In this study, 

a membrane-permeable peracetylated GalNAc-1-P analogue (Ac3GalN6yne-1-P(SATE)2) 

was used to overcome substrate delivery issues and to bypass the phosphorylation step 

catalysed by GALK2, such that only AGX1 was required to biosynthesise the bumped UDP-

GalNAc analogue (Fig. 8B)193.  

 

Previous work by Yu et al. had demonstrated that a GlcNAc-1-P analogue was a poor 

substrate of WT AGX1, whilst engineered AGX1 allowed biosynthesis of the corresponding 

UDP-GlcNAc analogue205. Inspired by these results, Schumann et al. mutated the F381 and 

F383 gatekeeper residues of AGX1 to Ala or Gly193. The biosynthesis of UDP-GalN6yne from 

the corresponding GalNAc-1-P analogue with both F383A and F383G single mutants but 

neither F381 single mutant nor the F381/F383 double mutant was confirmed in cells193. In 

these experiments they also realised that UDP-GalN6yne was epimerised to the 

corresponding UDP-GlcNAc analogue by GALE, which could result in undesired labelling of 

GlcNAc-containing glycoconjugates such as extracellular N-glycans193. AGX1F383A was chosen 

for future experiments since it accepted a broader range of GalNAc-1-P analogues compared 

to the F383G mutant202. 
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K562 cells were stably transfected with plasmids encoding FLAG-tagged WT AGX1 or 

AGX1F383A and Vesicular Stomatitis Virus Glycoprotein (VSV-G)-tagged WT or BH GalNAc-T1 

or GalNAc-T2193. Stably transfected cells were treated with Ac3GalN6yne-1-P(SATE)2
193. 

Upon entering the cytosol, esterases cleaved the protecting groups which allowed UDP-sugar 

substrate biosynthesis to take place within the cells193. The BH GalNAc-T then transferred the 

modified sugar to its substrates, followed by uptake of the chemically-tagged glycoproteins by 

the secretory pathway193. The chemically-tagged cell surface glycoproteins were then 

derivatised by copper-catalysed alkyne-azide cycloaddition (CuAAC) with a fluorophore (Fig. 

8B)193. This reaction occurred in the presence of BTTAA, a biocompatible Cu(I)-stabilising 

ligand which accelerates the CuAAC reaction and protects cells from oxidative damage206. 

The fluorophore used for these experiments was a picolyl azide derivative since these Cu(I)-

chelating organic azides also markedly accelerate the CuAAC reaction207. PNGase F 

treatment was performed on the cell lysates to remove N-glycans and reduce background 

fluorescence193. The chemically-tagged glycoproteins were visualised by in-gel 

fluorescence193. In the absence of AGX1F383A or BH GalNAc-T no fluorescent signal was 

observed, demonstrating that the experiments probed enzymatic glycosylation rather non-

specific protein modification193. Furthermore, BH GalNAc-T1 and GalNAc-T2 produced 

different band patterns, reflecting the different substrate specificities193.  

 

To characterise the substrates and glycosylation sites of the two GalNAc-Ts, GalNAc-T1 KO 

and GalNAc-T2 KO HepG2 cells were transfected with AGX1F383A and the BH GalNAc-Ts193. 

The stably transfected cells were then treated with dimethyl sulfoxide (DMSO) or 

Ac3GalN6yne-1-P(SATE)2
193. The secretome was collected, the chemically-tagged 

glycoproteins derivatised with biotin-dialkoxydiphenylsilane (DADPS)-picolyl azide and 

enriched193. Since biotin-DADPS-picolyl azide contains an acid-labile diphenyldisiloxane 

moiety, elution of the tagged glycopeptides from the beads can be achieved by acid 

treatment193. Following on-bead digest to release non-glycosylated peptides, glycopeptides 

were released by acid treatment and analysed by LC-MS/MS (Fig. 8C)193. No glycopeptide 

hits were obtained in the cells treated with DMSO193. In contrast, 37 peptides with 27 

glycosylation sites and up to 4 different glycan compositions per glycopeptide were detected 

with BH GalNAc-T2, whilst 4 glycopeptides were detected with BH GalNAc-T1193. Several 

known glycosylation sites from the SimpleCell MS-glycoproteomics dataset were confirmed, 

and new sites revealed193. Overall, this approach allowed the determination of GalNAc-T-

specific structural and site information in a single experiment for the first time193.  
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Fig. 8. Extending the GalNAc-T BH approach to living cells. A) UDP-sugar binding is conserved between 
WT and BH GalNAc-T/UDP-sugar pairs. The figure shows the gatekeeper residues identified in the crystal 
structures of WT GalNAc-T1 (PDB 1XHB), -T2 (PDB 4D0T), -T4 (PDB 5NQA), -T7 (PDB 6IWR), -T10 (PDB 
2D7I) and BH GalNAc-T2 (PDB 6NQT). Figure adapted from Calle et al. (2023)203. B) Schematic 
representation of the steps required to achieve the tagging of glycoproteins by BH GalNAc-Ts in cells. Figure 
adapted from Schumann et al. (2020)193. C) Characterisation of the GalNAc-T-specific substrates and 
glycosylation sites by MS-glycoproteomics. Figure adapted from Schumann et al. (2020)193. 

 

Since the GalNAc-T BH system was established in cells, efforts in the Schumann lab were 

focused on developing alternative substrate delivery strategies because Ac3GalN6yne-1-

P(SATE)2 had a poor stability in cells and a time-consuming synthesis208. Other groups had 

successfully used peracetylated GalNAc analogues bearing small modifications (e.g. GalNAz) 

for the biosynthesis of the corresponding GalNAc-1-P analogues by the endogenous 

GALK2209, 210. However, analogues with bigger side chains at the acetamide moiety showed 

reduced activity with GALK2211, so alternative kinases were investigated instead by the 

Schumann lab which would allow biosynthesis of GalN6yne-1-P from GalN6yne. The bacterial 

N-acetylhexosamine 1-kinase (NahK) from Bifidobacterium longum212 was identified as a 

promising candidate for this purpose, as this enzyme shows similar specificity and kinetic 

parameters for GalNAc as GALK2211, as well as a broad substrate promiscuity towards 

GalNAc analogues212. Indeed, NahK converted GalN6yne to GalN6yne-1-P almost 

quantitatively (Fig. 9A)204.  
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K562 cells were subsequently stably transfected with plasmids encoding hemagglutinin (HA)-

tagged NahK, FLAG-tagged WT or AGX1F383A, and VSV-tagged WT or BH GalNAc-T1 or 

GalNAc-T2204. The cells were treated with peracetylated GalN6yne (Ac4GalN6yne)(Fig. 9B), 

which contains acetyl protecting groups on the hydroxyl groups, rendering the compound 

membrane-permeable204. The chemically-tagged cell surface glycoproteins were derivatised 

by CuAAC with a fluorophore, and then visualised by in-gel fluorescence204. No fluorescent 

signal was observed in the absence of NahK or AGX1F383A, demonstrating that the signal was 

dependent on the biosynthesis of UDP-GalN6yne204. The fluorescent signal intensity in BH 

GalNAc-T samples was over seven-fold greater than that of the WT GalNAc-T samples204. 

Furthermore, the fluorescent signal in the latter was sensitive to PNGase F treatment, 

demonstrating that the signal in the WT GalNAc-T samples was primarily due to background 

fluorescence from N-glycans204. Incomplete signal abrogation by PNGase F could be due to 

incorporation of the GlcNAc analogue into the protein-proximal core, making N-glycans 

PNGase F resistant204. Successful identification of the substrates and glycosylation sites of 

BH GalNAc-T2 was subsequently performed by MS-glycoproteomics analysis in monolayer 

and co-culture cellular models204.  

 

 

Fig. 9. UDP-GalN6yne biosynthesis using peracetylated GalNAc analogues. A) The GalNAc salvage 
pathway and the artificial biosynthetic pathway for UDP-GalN6yne biosynthesis. Figure adapted from 
Gonzalez-Rodriguez et al. (2023)213. B) Chemical structure of Ac4GalN6yne. 
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Cioce et al. also demonstrated that neither the presence of the artificial biosynthetic pathway 

nor compound feeding had substantial effects on the transcriptome of transfected cells, the 

ratio of UDP-GlcNAc/GalNAc, or native UDP-sugar levels204. Furthermore, no differences in 

binding patterns were observed with the lectins Concanavalin A (binds to mannose residues), 

Sambucus Nigra (binds to α2-6-linked sialic acid) and Aleuria Aurantia lectin (binds to α1-2-

linked fucose) or the RL2 antibody (binds to  nucleocytoplasmic O-linked O-GlcNAc 

glycans)204. In contrast, reduced binding was observed with Maackis Amurensis II (binds to 

α2-3-linked sialic acid) upon BH GalNAc-T2 overexpression, indicating that overexpression of 

GalNAc-Ts results in slight alterations to the cellular glycome204.  

 

During my MSci project, I extended the GalNAc-T BH system to GalNAc-T4, one of the 

glycopeptide-preferring GalNAc-Ts68. Since the GalNAc-T family has a well conserved UDP-

GalNAc binding site (Fig. 8A)67, I mutated the same amino acids that were previously mutated 

for GalNAc-T1, -T2 and -T10 to generate BH GalNAc-T4 (I256A/L313A - the amino acids 

positions are based on the full-length sequence)(Fig. 7B)208. I performed the cloning on full-

length (containing the transmembrane, catalytic and lectin domains) and truncated (lacking 

amino acids 1-46 including the transmembrane domain) constructs208. I used the full-length 

construct to establish the BH system in living cells as it was more representative of the native 

form of GalNAc-T4, whilst I used the truncated construct for recombinant protein expression 

and in vitro glycosylation experiments as secreted proteins offer easier expression in 

mammalian cells compared to transmembrane proteins208.  

 

To recombinantly express truncated WT and BH GalNAc-T4, I transiently transfected 

Expi293F cells (derived from a line of human embryonic kidney cells) with plasmids encoding 

truncated WT or BH GalNAc-T4 tagged with a green fluorescent protein (GFP) (Fig. 10A)208. 

I collected the secretome of the cells and performed GFP-purification using sepharose beads 

coupled to a GFP-clamp consiting of two fused GFP-specific designed ankyrin repeat 

proteins214. To cleave the protein from the beads, I performed an incubation with Tobacco etch 

virus (TEV) protease, followed by two washes to collect all the eluted protein208.  
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To compare the enzymatic activities of WT and BH GalNAc-T4, I performed an endpoint in 

vitro glycosylation experiment208. The reaction mixtures contained WT or BH GalNAc-T4, a 

synthetic glycopeptide substrate (glycopeptide 1), and UDP-GalNAc or UDP-GalN6yne (Fig. 

10B)208. Glycopeptide 1 was chosen as GalNAc-T4 showed the highest activity with this 

glycopeptide in a previous study by de las Rivas et al. which investigated the in vitro activity 

of GalNAc-T482. The results from the endpoint in vitro glycosylation experiment demonstrated 

that comparable glycopeptide formation was observed between the BH GalNAc-T4/UDP-

GalN6yne and WT GalNAc-T4/UDP-GalNAc pairs, whilst negligible activity was observed with 

the opposite GalNAc-T4/UDP-sugar pairs, demonstrating a switch in nucleotide-sugar 

specificity from the native substrate to the bumped analogue by BH GalNAc-T4208.  

 

To confirm that BH engineering did not affect GalNAc-T4’s peptide binding ability and 

specificity, I performed in vitro glycosylation experiments using the panel of synthetic 

glycopeptide substrates previously used by de las Rivas et al.82 (Fig. 10B). Since the results 

from this study demonstrated that GalNAc-T4 shows poor activity with naked peptides or 

glycopeptides containing C-terminal prior glycosylation82, I only used the glycopeptides 

containing N-terminal prior glycosylation for these experiments208. Glycopeptide 1 was a 

monoglycopeptide containing a remote prior GalNAc unit, glycopeptide 2 was a diglycopeptide 

containing remote and neighbouring prior GalNAc units, and glycopeptide 3 was a 

monoglycopeptide containing a neighbouring prior GalNAc unit (Fig. 10B)82, 208. Glycosylation 

was observed with all glycopeptides, demonstrating that GalNAc-T4 displays catalytic domain-

dependent and lectin domain-dependent glycosylation of glycopeptides (Fig. 3A)208. The 

lowest activity was observed with glycopeptide 3 which could only be glycosylated by catalytic 

domain-dependent glycosylation, confirming that GalNAc-T4’s predominant mode of 

glycosylation is lectin domain-dependent glycosylation208. A lower activity was observed with 

glycopeptide 2 than glycopeptide 1208. A possible reason for the reduced activity with 

glycopeptide 2 could be substrate inhibition due to nonproductive binding of the neighbouring 

GalNAc competing with productive binding of the remote GalNAc to the lectin domain, which 

would not occur with glycopeptide 1 which only contains the remote GalNAc unit208. A slightly 

lower activity was seen with the native enzyme-substrate pair compared to the BH pair with 

all glycopeptides tested208. A possible explanation could be product inhibition taking place with 

the WT pair due to nonproductive binding of the lectin domain to the GalNAc unit transferred 

by WT GalNAc-T4 to the acceptor site208. Since GalN6yne should only be accepted by the 

catalytic domain but not the lectin domain, product inhibition due to nonproductive binding of 

the lectin domain to GalN6yne should not occur with the BH pair208. Altogether, the results 

supported the findings reported by de las Rivas et al.82 and demonstrated that BH GalNAc-T4 

emulated the known glycopeptide substrate preference of WT GalNAc-T4208. 
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With an orthogonal BH GalNAc-T4/UDP-sugar pair in hand, the next aim was to probe 

GalNAc-T4-mediated O-GalNAcylation in living cells208. I therefore transfected K562 cells with 

plasmids encoding HA-tagged NahK, FLAG-tagged WT or AGX1F383A, and VSV-G-tagged full-

length WT or BH GalNAc-T4 (Fig. 10C)208. These plasmids also contained a hygromycin 

resistance gene, so generation of stable colonies was achieved by hygromycin treatment208. I 

fed the stably transfected cells with Ac4GalN6yne, derivatised the chemically-tagged cell 

surface glycoproteins by CuAAC with a fluorophore, and then visualised the chemically-tagged 

glycoproteins by in-gel fluorescence after treatment with PNGase F (Fig. 10D)208. No 

fluorescent signal was observed in DMSO-treated cells or in Ac4GalN6yne-treated cells where 

NahK or AGX1F383A were absent (Fig. 10E)208. In contrast, multiple intense bands were 

observed with BH GalNAc-T4 and not the WT enzyme (Fig. 10E), demonstrating successful 

and selective tagging of glycoproteins in cells by GalNAc-T4208. 

 

 

Fig. 10. Extending the GalNAc-T BH system to GalNAc-T4. A) Expression construct used to recombinantly 
express WT and BH GalNAc-T in Expi293F cells. B) Schematic representation of in vitro glycosylation 
experiments performed to evaluate the enzymatic activities of WT and BH GalNAc-T4. Red T represents the 
peptide acceptor site. The yellow square depicts prior GalNAc units. C) Expression construct used to 
establish the BH GalNAc-T4 system in K562 cells. The 2A self-cleaving peptides (2A) allow efficient 
expression of multiple proteins from a single plasmid215. Figure adapted from Schumann et al. (2020)193. D) 
Schematic representation of the workflow for the cell surface tagging experiments. The red star represents 
a fluorophore. Figure adapted from Schumann et al. (2020)193. E) Cell surface tagging of glycoproteins in 
transfected PNGase F-treated K562 cell lysates as assessed by in-gel fluorescence. SafeBlue staining and 
the REVERT protein staining kit were used to assess total protein content. DMSO-treated cells were included 
as a negative control. The predicted molecular weight of GalNAc-T4, AGX1 and NahK is 67, 58 and 41 kDa 
respectively. Figure adapted from Calle (2020)208. AGX1 mut = AGX1F383A. 
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PROJECT AIMS AND OBJECTIVES 
 

With a strategy in hand to probe GalNAc-T4-specific glycosylation in living cells, the overall 

aim of this project was to use the BH GalNAc-T4 system to characterise the substrates and 

glycosylation sites of GalNAc-T4 in BCCs to better understand the role of GalNAc-T4 in BC. 

We aimed to use the BH GalNAc-T approach to validate the proteins that have been previously 

proposed as substrates of GalNAc-T4, as well as identifying other substrates playing a role in 

BC. Furthermore, we also aimed to determine the GalNAc-T4-mediated glycosylation sites in 

the BC-relevant substrates, as this could help inform on therapeutic strategies and could help 

draw structural conclusions on the role of GalNAc-T4-mediated glycosylation in BC. 

 

To achieve these aims, the objectives of this project were: 

1. To validate that GalNAc-T4 was implicated in BC by generating GalNAc-T4 KO T47D 

and MCF7 cells and comparing the growth of WT and GalNAc-T4 KO cells in vitro and 

in vivo. 

2. To evaluate the enzymatic activities of WT and BH GalNAc-T4 in vitro before extending 

the BH GalNAc-T4 system to BCCs.  

3. To establish the BH GalNAc-T4 system in BCCs.  

4. To characterise the substrates and glycosylation sites of GalNAc-T4 in BCCs by MS-

glycoproteomics. 

5. To evaluate the role of GalNAc-T4-mediated glycosylation in BC using in silico, in 

cellulo and in vivo methods. 
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METHODS 

 

A list with all the reagents and resources used in this project as well as the supplier information 

can be found in SI Table 1.  

 

1. Generation of GalNAc-T4 KO BCCs 

1.1. Cloning of plasmids for CRISPR-Cas9 KO of GalNAc-T4  

Two single guide RNAs (sgRNAs) oligonucleotides targeting the gene encoding human 

GalNAc-T4 were cloned into a pSpCas9(BB)-2A-GFP plasmid. The pSpCas9(BB)-2A-GFP 

plasmid  (1 μg) was digested using BbsI in 10X CutSmart Buffer (50 μL reaction volume) for 

30 min at 37 °C. The digested plasmid was run on an agarose gel and then purified using the 

QIAquick Gel Extraction Kit.  

 

The two sgRNA oligonucleotides were phosphorylated and annealed by mixing together the 

forward (10 μM) and reverse (10 μM) oligonucleotides with T4 Polynucleotide Kinase in 10X 

T4 Ligation Buffer (20 μL reaction volume) and incubating the samples in a thermocycler using 

the following conditions: incubation at 37 °C for 30 min, followed by incubation at 95 °C for 5 

min, ramp down to 25 °C at 0.1 °C/s and then hold at 4 °C. The annealed oligonucleotides 

(1:250 dilution) were then ligated to the digested plasmid (50 ng) by incubation with Quick 

Ligase at room temperature (RT) for 10 min. Sanger sequencing confirmed the successful 

insertion of the sgRNA into the plasmid.  

 

1.2. Generation of GalNAc-T4 KO BCCs by CRISPR-Cas9 genome editing  

T47D and MCF7 cells were seeded in 2.5 mL growth medium per well of a 6-well plate (cell 

density of T47D cells: 5x105 viable cells/mL; MCF7 cells: 4x105 viable cells/mL). For T47D 

cells the growth medium used was RPMI with 10% (v/v) foetal bovine serum (FBS), 100 U/mL 

penicillin and 100 mg/mL streptomycin. For MCF7 cells the growth medium used was DMEM 

with 10% (v/v) FBS, 100 U/mL penicillin and 100 mg/mL streptomycin. After 24 h, the cells 

were transfected with sgRNA-coding plasmids (2.5 μg) using the TransIT-BrCa Transfection 

Reagent (5 μL) according to the manufacturer’s instructions. After 72 h, GFP+ cells were 

isolated as single cells into 96-well plates by the Flow Cytometry STP at the Francis Crick 

Institute. Clones were expanded and GalNAc-T4 KO was confirmed by Western blot and 

amplicon sequencing. The sequencing data was analysed using the online tool 

CRISPResso2216. 
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2. In vitro growth assays with WT and GalNAc-T4 KO BCCs 

WT and GalNAc-T4 KO T47D and MCF7 cells were seeded at a density of 4x104 viable 

cells/mL in 100 μL growth medium per well of a 96-well plate. After 24 h, the cells were treated 

with 5 μM of DEVD-NucView488 peptide and cell growth was monitored using an Incucyte® 

Live-Cell Analysis System. 5 phase contrast and fluorescent images per well were captured 

every 12 h for 4 days using a 10X objective. Confluence measurements and fluorescent object 

quantification was performed using the integrated analysis software. Statistical analysis was 

performed using GraphPad Prism software. A one-way ANOVA test was performed for the 

T47D cells. An unpaired t-test was performed for the MCF7 cells.  

 

3. In vivo growth assays with WT and GalNAc-T4 KO BCCs 

An 850 µg/mL solution of β-oestradiol was prepared in 20% ethanol/sterile water by Dr Victoria 

Bridgeman. 1 mL of this solution was added to 99 mL of mice drinking water two days before 

tumour implantation by Dr Victoria Bridgeman. WT and GalNAc-T4 KO T47D and MCF7 cells 

were resuspended in 50 μL of growth-factor-reduced (GFR) Matrigel and injected into the hind 

fat pad of female NOD-SCID IL2Rgnull (NSG) mice (cells per injection for T47D cells: 3x106 

cells; for MCF7 cells: 5x106 cells; 5 mice per condition) by Dr Victoria Bridgeman. Body weight 

and tumour dimensions were monitored twice weekly by Dr Victoria Bridgeman. Tumour 

volume was calculated using Equation 1 by Dr Victoria Bridgeman. Once the tumours 

measured >200 mm3 the mice were harvested, and the tumour weight recorded by Dr Victoria 

Bridgeman. Statistical analysis was performed using GraphPad Prism software. An unpaired 

t-test was performed on the tumour weights at endpoint. 

 

Equation 1. Formula for tumour volume. The value “Length” corresponds to the longer of the two 
perpendicular axes217. 
 

𝑇𝑢𝑚𝑜𝑢𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑚3) =
𝐿𝑒𝑛𝑔𝑡ℎ 𝑥 𝑊𝑖𝑑𝑡ℎ2

2
 

 

4. In vitro glycosylation experiments with WT/BH GalNAc-T4 and 

UDP-sugars 1-16 

4.1. In vitro glycosylation reaction with WT/BH GalNAc-T4 and UDP-sugars 1-16 

Reaction mixtures (25 μL) were prepared containing 20 mM Tris-HCl pH 7.5, 50 mM sodium 

chloride (NaCl), 10 mM manganese chloride (MnCl2), 50 μM glycopeptide 1, 250 μM UDP-

sugar 1-16 and WT or BH GalNAc-T4 (100 nM). The reaction was incubated at 37 °C and 

quenched by heating at 95 °C for 10 s. Glycopeptide formation was determined by LC-MS and 

MS+ peak integration using Equation 2.  
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Equation 2. Determining glycopeptide formation from the in vitro glycosylation experiments203.  
 

𝐺𝑙𝑦𝑐𝑜𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (%) =  
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙+𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 × 100  

 

4.2. LC-MS analysis of synthetic glycopeptides  

The samples were analysed using an ACQUITYTM QDaTM Detector connected to an 

ACQUITYTM H-Class PLUS (CH-A) Core System. The samples were loaded onto a 

ACQUITYTM UPLC® BEH C18 column (1.7 μm particle size, 2.1 mm x 50 mm). The solvents 

used were A (0.1% (v/v) formic acid in LC-MS grade water) and B (0.1% (v/v) formic acid in 

LC-MS grade acetonitrile). The elution profile used was a linear gradient from 3% to 95% B 

over 3.6 min, followed by wash and re-equilibration at 3% B for 0.4 min. The flow rate was 0.5 

mL/min. Starting material and product species were detected as doubly charged protonated 

ions. 

 

5. Michaelis-Menten Kinetics 

Reaction mixtures (25 μL) were prepared containing 20 mM Tris-HCl pH 7.5, 50 mM NaCl, 10 

mM MnCl2, 100 μM glycopeptide 1, UDP-GalNAc or UDP-GalN6yne (15.6, 32.2, 62.5, 125, 

250, 500 μM), and WT or BH GalNAc-T4 (4 nM). The reaction was incubated at 37 °C for 1.5 

h and quenched by heating at 95 °C for 10 s. Glycopeptide formation was determined by LC-

MS and MS+ peak integration using Equation 2. LC-MS analysis was performed as described 

in Section 4.2. The reaction rate was calculated by dividing the measured glycopeptide 

formation over the time of the reaction (5400 s). The non-linear Michaelis−Menten and kcat 

fitting programs found in GraphPad Prism were used to calculate the kinetic constants of KM 

and kcat.  

 

6. Hygromycin kill curve of BCCs 

T47DWT, T47DT4-KO 1, T47DT4-KO 6, and MDA-MB-231WT cells were seeded in 1 mL growth 

medium per well of a 12-well plate (cell density of T47D cells: 2.5x105 viable cells/mL; MDA-

MB-231 cells: 4x105 viable cells/mL). For MDA-MB-231 cells the growth medium used was 

DMEM with 10% (v/v) FBS, 100 U/mL penicillin and 100 mg/mL streptomycin. After 24 h, the 

medium was replaced with fresh growth medium containing hygromycin B (50-500 μg/mL). 

The medium was replaced every 2-3 days with fresh selection medium. After 10-15 days of 

antibiotic treatment, visual toxicity was assessed and the lowest antibiotic concentration at 

which all cells were dead determined. 
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7. Stable transfection of BH GalNAc-T4 into BCCs  

BCCs were seeded in 2.5 mL growth medium per well of a 6-well plate (cell density of T47D 

cells: 5x105 viable cells/mL; MCF7 cells: 4x105 viable cells/mL; MDA-MB-231 cells: 3.5x105 

viable cells/mL). After 24 h, the cells were transfected with pSBbi-based plasmids (2.4 μg) and 

pCMV(CAT)T7-SB100 plasmid (125 ng) using the TransIT-BrCa Transfection Reagent (5 μL)  

according to the manufacturer’s instructions. The pSBbi plasmids used herein were: pSBbi-

AGX1F383A-NahK, pSBbi-AGX1F383A-NahK-GalNAc-T4WT and pSBbi-AGX1F383A-NahK-

GalNAc-T4BH. After 48-72 h, the medium was replaced with fresh growth medium containing 

hygromycin B (for T47D cells: 50 μg/mL hygromycin B; for MCF7 cells: 100 μg/mL hygromycin 

B; for MDA-MB-231 cells: 150 μg/mL hygromycin B). The antibiotic selection was maintained 

until stable colonies were generated. 

 

8. Cell surface tagging of glycoproteins in transfected BCCs and in-

gel fluorescence analysis  

BCCs (transfected T47D, MCF7 and MDA-MB-231 cells from Section 7) were seeded at a 

density of 5x105 viable cells/mL in 1.6 mL growth medium per well of a 6-well plate. After 24 

h, the cells were treated with Ac4GalN6yne (1, 5, 10 or 25 µM), Ac4ManNAl (10 µM) or DMSO 

and incubated overnight at 37 °C. The cells were washed once with PBS without calcium 

chloride (CaCl2) and magnesium chloride (MgCl2), incubated for 5 min with 4 mM 

ethylenediaminetetraacetic acid (EDTA) in 2% FBS in PBS (Cell Buffer) and detached with a 

1 mL pipette. The cell suspension was collected, centrifuged (500 × g, 5 min, 4 °C) and the 

pellet resuspended in 200 μL of Cell Buffer. The samples were washed twice with 200 μL of 

Cell Buffer and resuspended in 35 μL of Cell Buffer. The samples were treated with 35 μL of 

a 2X CuAAC solution (1 mM BTTAA, 200 μM copper sulfate (CuSO4), 10 mM sodium 

ascorbate, 10 mM aminoguanidine hydrochloride and 200 μM CF680-picolyl azide) and 

incubated for 7 min at RT on an orbital shaker. The reaction was quenched by addition of 35 

μL of 3 mM bathocuproinedisulfonic acid in PBS. The samples were centrifuged (500 × g, 3 

min, 4 °C), washed twice with 200 μL of Cell Buffer and resuspended in 100 μL of ice-cold 

Lysis Buffer A (RIPA buffer, 100 mU/μL benzonase and 1X HaltTM protease inhibitors). The 

cells were lysed for 20 min at 4 °C on an orbital shaker and centrifuged (1500 × g, 20 min, 4 

°C). The supernatant was collected, and the protein concentration determined using the 

PierceTM BCA Protein Assay Kit.  
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Loading buffer (a 2:2:1:1 (v/v/v/v) mixture of 1 M Tris-HCl pH 6.5, 80% (v/v) glycerol, 20% 

(w/v) sodium dodecyl sulfate (SDS) and 1 M dithiothreitol (DTT)) was added to the cell lysates 

and the samples were run for SDS-polyacrylamide gel electrophoresis (PAGE) using a 4-20% 

CriterionTM TGXTM Precast gel. Total protein content was assessed by SafeBlue Protein Stain. 

A technical replicate of the SDS-PAGE gel was run and used for protein expression control by 

Western blot. All imaging was performed on an Odyssey CLx. The images were visualized 

and processed on ImageStudioLite software and cropped using Adobe Illustrator. 

 

9. Tagging of glycoproteins in lysates of transfected T47D cells and 

streptavidin blot analysis 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells and T47DWT-AGX1F383A-NahK cells were seeded 

at a density of 5x105 viable cells/mL in 1.6 mL growth medium per well of a 6-well plate. After 

24 h, the cells were treated with either 1 µM Ac4GalN6yne, 10 µM Ac4ManNAl or DMSO and 

incubated overnight at 37 °C. The cells were washed once with PBS without CaCl2 and MgCl2, 

incubated for 5 min with 4 mM EDTA in PBS without CaCl2 and MgCl2, and detached with a 1 

mL pipette. The cell suspension was collected, centrifuged (500 × g, 5 min, 4 °C) and the pellet 

resuspended in 200 μL of PBS without CaCl2 and MgCl2. The samples were washed twice 

with 200 μL of PBS without CaCl2 and MgCl2 and the pellet resuspended in 100 μL of ice-cold 

Lysis Buffer A (Section 8). The cells were lysed for 20 min at 4 °C on an orbital shaker and 

centrifuged (1500 × g, 20 min, 4 °C). The supernatant was collected, and the protein 

concentration was determined using the PierceTM BCA Protein Assay Kit. 

 

The samples were incubated with 5 U of PNGase F overnight at 37 °C, treated with a 10X 

CuAAC solution (6 mM BTTAA, 3 mM CuSO4, 50 mM sodium ascorbate, 50 mM 

aminoguanidine hydrochloride and 1 mM biotin-picolyl azide) and incubated overnight at RT 

on an orbital shaker at 400 rpm. Loading buffer (Section 8) was added and the samples were 

run for SDS- PAGE using a 4-20% CriterionTM TGXTM Precast gel. The gel was transferred to 

a nitrocellulose membrane using the Trans-Blot Turbo RTA Midi 0.2 µm Nitrocellulose 

Transfer Kit. Total protein content was assessed using the Revert™ 700 Total Protein Stain 

Kit. Glycoprotein tagging was assessed using IRDye 800CW Streptavidin according to the 

manufacturer’s instructions. All imaging was performed on an Odyssey CLx. The images were 

visualized and processed on ImageStudioLite software and cropped using Adobe Illustrator. 
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10. Tagging of glycoproteins in the secretome of transfected T47D 

cells and streptavidin blot analysis 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells and T47DWT-AGX1F383A-NahK cells were seeded 

at a density of 5x105 viable cells/mL in 1.6 mL growth medium per well of a 6-well plate. After 

24 h, the growth medium was replaced with FBS-free medium and the cells were treated with 

either 1 µM Ac4GalN6yne, 10 µM Ac4ManNAl or DMSO. After overnight incubation at 37 °C, 

the secretome was collected and centrifuged (500 × g, 5 min, 4 °C). The samples were 

concentrated and the buffer exchanged with PBS using Amicon Ultra Centrifugal Filters (3 kDa 

MWCO). Protein concentration was determined using the PierceTM BCA Protein Assay Kit. 

PNGase F treatment, CuAAC reaction and glycoprotein tagging analysis by streptavidin blot 

was performed as described in Section 9. 

 

11. Label-free MS-proteomics experiment on lysates and secretome 

of transfected T47D cells 

11.1. Sample preparation for label-free MS-proteomics 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells and T47DWT-AGX1F383A-NahK cells were seeded 

at a density of 4x105 viable cells/mL in 20 mL growth medium into 15 cm dishes (one dish for 

each lysate sample, two dishes for each secretome sample). After 24 h, the cells were treated 

with 1 µM Ac4GalN6yne or DMSO and incubated overnight at 37 °C. Lysates and secretome 

samples were prepared as described in Section 9 and 10 respectively. The samples (500 µg) 

were diluted to 300 μL in PBS and incubated with 300 μL of neutravidin-coated magnetic 

beads for 2 h at RT under rotation to remove endogenous biotinylated proteins. The 

supernatant was collected, the samples incubated with 5 U of PNGase F overnight at 37 °C, 

and the reaction quenched by heating at 95 °C for 10 s. The samples were then treated with 

a 10X CuAAC solution (12 mM BTTAA, 6 mM CuSO4, 50 mM sodium ascorbate, 50 mM 

aminoguanidine hydrochloride and 1 mM biotin-DADPS-picolyl azide) and incubated at RT on 

an orbital shaker at 400 rpm. After overnight incubation, the samples were treated with a fresh 

10X CuAAC solution and incubated overnight again. The samples were subsequently treated 

with 10-fold excess ice-cold methanol and incubated overnight at -80 °C for protein 

precipitation. The samples were centrifuged (3700 × g, 20 min, 4 °C), washed twice with 2.5 

mL of ice-cold methanol, the supernatant discarded, and the pellet air-dried. The pellets were 

resuspended in 250 μL of 0.1% (w/v) Rapigest in PBS, sonicated for 25 min in a water bath, 

centrifuged (3700 × g, 20 min, 4 °C) and the supernatant collected. The pellets were 

resuspended in 250 μL of 6M urea in PBS, sonicated for 25 min in a water bath, centrifuged 

(3700 × g, 20 min, 4 °C) and the supernatant collected.  
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The pellets were resuspended in 250 μL of PBS, sonicated for 25 min in a water bath, 

centrifuged (3700 × g, 20 min, 4 °C) and the supernatant collected. The three supernatants 

were combined and incubated with 300 μL of Lys-dimethylated neutravidin-coated magnetic 

beads218 for 2 h at RT under rotation. The supernatant was collected, and the beads washed 

3 times with 300 μL of 1% (w/v) Rapigest in PBS, 6 times with 300 μL of 6M urea in PBS, 6 

times with 300 μL of 50 mM ammonium bicarbonate (AmBic) in LC-MS grade water, and 6 

times with 100 μL of 40% (v/v) LC-MS grade acetonitrile in LC-MS grade water. The beads 

were resuspended in 100 μL of 10 mM DTT in 50 mM AmBic and incubated for 15 min at 50 

°C on an orbital shaker at 400 rpm to reduce disulfide bonds. The beads were washed twice 

with 100 μL of 50 mM AmBic and incubated with 100 μL of 20 mM iodoacetamide (IAA) in 50 

mM AmBic for 30 min at RT in the dark to alkylate bonds. The  beads were treated with 100 

μL of 10 mM DTT in 50 mM AmBic to quench the reaction, washed twice with 100 μL of 50 

mM AmBic, and resuspended in 100 μL of 50 mM AmBic. The samples were incubated with 

300 ng of Lys-C overnight at 37 °C on an orbital shaker at 400 rpm. The supernatant was 

collected, and the beads washed with 100 μL of 50 mM AmBic. The supernatant and the wash 

were combined and incubated with 200 ng of trypsin for 8h at 37 °C on an orbital shaker at 

400 rpm. The samples were vacuum-dried by Speedvac. 

 

11.2. Peptide desalting using UltraMicroSpinTM columns 

UltraMicroSpinTM columns were conditioned once with 100 μL of LC-MS grade acetonitrile. 

The samples from Section 11.1 were reconstituted in 100 μL of 0.1% (v/v) formic acid/ 2% 

(v/v) LC-MS grade acetonitrile in 50 mM AmBic and loaded onto the column. The column was 

washed with 50 μL of 2% (v/v) LC-MS grade acetonitrile in LC-MS grade water. To elute the 

peptides 50 μL of 0.1% (v/v) formic acid / 80% (v/v) LC-MS grade acetonitrile in LC-MS grade 

water was added to the column. The samples were vacuum-dried by Speedvac.  

 

11.3. LC-MS/MS analysis for label-free MS-proteomics  

The samples from Section 11.2 were reconstituted in 16 μL of 0.1% (v/v) formic acid in LC-

MS grade water, sonicated for 15 min in a water bath, centrifuged (18000 × g, 5 min, 4 °C) 

and the supernatant injected in triplicate into an Orbitrap Eclipse™ Tribrid™ Mass 

Spectrometer coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno. The 

samples were loaded onto an Acclaim™ PepMap™ 100 C18 HPLC Column (2 μm particle 

size, 75 μm x 150 cm). The solvents used were A (0.1% (v/v) formic acid, 5% (v/v) DMSO in 

LC-MS grade water) and B (0.1% (v/v) formic acid, 5% (v/v) DMSO, 20% LC-MS grade water 

in LC-MS grade acetonitrile). The elution profile used was as follows - 0 min: 2% B, 5 min: 2% 

B, 5.5 min: 8% B, 93 min: 40% B, 94 min: 95% B, 104 min: 95% B, 105 min: 2% B. The flow 

rate was 275 nL/min.   
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MS1 scans were collected with a mass range from 350 to 1500 m/z, 120000 resolution, 4 × 

105 ion inject target, and 50 ms maximum inject time. Dynamic exclusion was set to exclude 

for 20 s with a repeat count of 1. Charge states 2-6 with an intensity greater than 1 × 104  were 

selected for fragmentation. Selected precursors were fragmented using HCD at 30% nCE with 

1.2 m/z isolation window, 1 × 104 ion inject target, and 100 ms maximum inject time.  

 

11.4. Analysis of label-free MS-proteomics peptide data using MaxQuant and Perseus  

Raw MS files were processed using MaxQuant software (version 2.0.2.0). In the “Group-

specific parameters” section the multiplicity was set to 1. Methionine oxidation and N-terminal 

acetylation were selected as variable modifications and cysteine carbamidomethylation was 

selected as a fixed modification, with a total common maximum of 5. In the “Digestion” tab the 

digestion mode was set to Specific and in the Enzyme section Trypsin/P was selected, with a 

maximum of 2 missed cleavages allowed. In the “Global parameters” section, the Homo 

sapiens and Avidin FASTA files (downloaded from UniProt219) were uploaded.  

 

The peptides.txt file was loaded into Perseus (version 1.6.14.0) for data visualization. In the 

“Main” section the “Intensity” value for each sample was selected. In the “Categorical” section 

“Potential contaminant” and “Reverse” were selected. The matrix was filtered to remove 

matching rows based on the “Reverse” and “Potential contaminant” categorical columns. The 

replicates of each sample were grouped using the “Categorical annotation rows” tool. The 

“Intensity” values were then transformed using the “log2(x)” function. The matrix was filtered 

to remove matching rows with a minimum of 70% of valid values using the “Filter rows based 

on valid values” tool. Missing values were imputed using the “Replace missing values from 

normal distribution” tool. The data was normalised by subtracting the median of each column 

using the “Subtract” tool. A two-sided two-sample Welsch’s t-test was performed, choosing a 

Benjamini-Hochberg False Discovery Rate (FDR)-adjusted p-value of 0.05 as a cut-off. 

 

12. SILAC-based MS-(glyco)proteomics experiments on transfected 

BCCs 

12.1. SILAC metabolic labelling and compound administration 

T47D/MCF7/MDA-MB-231WT-AGX1F383A-NahK-GalNAc-T4BH cells and T47D/MCF7/MDA-

MB-231WT-AGX1F383A-NahK cells were cultured in heavy or light media for 5-6 doublings. The 

heavy medium contained RPMI/DMEM for SILAC with 10% (v/v) dialysed FBS, 50 mg K8 L-

Lysine, 50 mg R10 L-Arginine, and 50 mg P0 L-Proline. The light  medium contained 

RPMI/DMEM for SILAC with 10% (v/v) dialysed FBS, 50 mg K0 L-Lysine, 50 mg R0 L-Arginine 

and 50 mg P0 L-Proline.  
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The cells were seeded in 20 mL growth medium into 15 cm dishes (one dish for each lysate 

sample, two dishes for each secretome sample)(cell density of T47D cells: 4x105 viable 

cells/mL; MCF7 cells: 3.5x105 viable cells/mL; MDA-MB-231 cells: 3.5x105 viable cells/mL). 

After 24 h, the cells were treated with 1 µM Ac4GalN6yne or DMSO and incubated overnight 

at 37 °C. Lysates and secretome samples were prepared as described in Section 9 (lysing 

the cells in 150 μL of Lysis Buffer A for 45 min) and 10, respectively. 

 

12.2. Sample preparation to check for SILAC heavy label incorporation 

An aliquot from each heavy sample (25 μg) was used to check the SILAC heavy label 

incorporation using the SP3 technology220. The samples were diluted to 25 μL solution in 

reconstitution solution (50 mM HEPES pH 7.5, 1% (v/v) SDS, 1% (v/v) Triton X-100, 1% (v/v) 

Tween-20, 1% (v/v) sodium deoxycholate, 5 mM EDTA, 50 mM NaCl, 1% (v/v) glycerol, 5 mM 

DTT and 1X HaltTM protease inhibitors) and incubated for 30 min at 60 °C on an orbital shaker 

at 400 rpm to reduce disulfide bonds. The samples were then treated with 2.5 μL of 200 mM 

IAA in water and incubated for 30 min at RT in the dark to alkylate bonds, followed by 

incubation with 1.25 μL of 100 mM DTT in water at RT for 15 min to quench the reaction.  

 

Two vendor stocks of Sera-Mag™ SpeedBead Carboxylate-Modified Magnetic Particles were 

combined in a 1:1 ratio, washed with 200 μL of water and then reconstituted in water to a 

concentration of 50 mg/mL. 5 μL of the combined Sera-Mag SpeedBeads (250 μg) were added 

to each sample and diluted to 50 μL in reconstitution solution. To induce binding of the proteins 

to the beads, the samples were treated with 50 μL of ethanol and incubated for 5 min at RT 

on an orbital shaker at 1000 rpm. The samples were washed 3 times with 180 μL of 80% 

ethanol in water and the beads resuspended in 100 μL of 50 mM AmBic in water containing 

300 ng Lys-C and 200 ng of trypsin. The samples were sonicated for 30 s in a water bath to 

fully disaggregate the beads and incubated at 37 °C on an orbital shaker at 1000 rpm 

overnight. The samples were centrifuged (18213 × g, 1 min, RT), the supernatant collected 

and filtered using Ultrafree-MC centrifugal filters (12000 × g, 4 min, RT). The flow-through was 

collected and analysed by LC-MS/MS.  
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12.3. LC-MS/MS analysis to check for SILAC heavy label incorporation 

The T47D samples from Section 12.2 were injected into an Orbitrap Eclipse™ Tribrid™ Mass 

Spectrometer coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno using the 

same LC-MS/MS method as described in Section 11.3.  

 

The MCF7 and MDA-MB-231 samples from Section 12.2 were injected into and Orbitrap 

Fusion™ Lumos™ Tribrid™ Mass Spectrometer coupled to an UltiMate™ 3000 RSLCnano 

System by Lucia Di Vagno. The elution profile used was as follows - 0 min: 5% B, 6 min: 5% 

B, 7 min: 8% B, 32 min: 25% B, 45 min: 45% B, 47 min: 60% B, 49 min: 95% B, 54 min: 95% 

B, 55 min: 5% B. The flow rate was 250 nL/min.   

 

MS1 scans were collected with a mass range from 375 to 1500 m/z, 120000 resolution, 4 × 

105 ion inject target, and 50 ms maximum inject time. Dynamic exclusion was set to exclude 

for 20 s with a repeat count of 1. Charge states 2-5 with an intensity greater than 1 × 104  were 

selected for fragmentation. Selected precursors were fragmented using HCD at 32% nCE with 

1.2 m/z isolation window, 1 × 104 ion inject target, and 300 ms maximum inject time.  

 

12.4. Checking SILAC heavy label incorporation using MaxQuant and Perseus 

Raw MS files were processed using MaxQuant software (version 2.0.2.0). In the “Group-

specific parameters” section the multiplicity was set to 2, the maximum labelled to 3 and in the 

heavy labels table Arg10 and Lys8 were selected. Methionine oxidation and N-terminal 

acetylation were selected as variable modifications and cysteine carbamidomethylation was 

selected as a fixed modification, with a total common maximum of 5. In the “Digestion” tab the 

digestion mode was set to Specific and in the Enzyme section Trypsin/P was selected, with a 

maximum of 2 missed cleavages allowed. In the “Global parameters” section, the Homo 

sapiens and Avidin FASTA files (downloaded from UniProt219) were uploaded. In the “Protein 

quantification” tab the label minimum ratio count was set to 1. 

 

The peptides.txt file was loaded into Perseus (version 1.6.14.0) for data visualization. In the 

“Main” section the “Ratio H/L” value for each sample was selected. In the “Categorical” section 

“Potential contaminant” and “Reverse” were selected. The matrix was filtered to remove 

matching rows based on the “Reverse” and “Potential contaminant” categorical columns. The 

“Ratio H/L” values were then transformed using the “log2(x)” function. Using the Summary 

statistics (columns) tool the median of the “Ratio H/L” values was calculated. This value was 

then sequentially transformed with the “2^x” function, followed by the “x/(1+x)” function and 

the “x*100” function to convert the median Ratio H/L value to a percentage. 
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12.5. Sample preparation for SILAC-based MS-(glyco)proteomics 

Heavy and light samples from Section 12.1 were mixed in a 1:1 ratio (final protein content: 

900 µg for lysates, 500 µg for secretome samples) according to Fig. 24A (Results Section 

3.3) and diluted to 300 μL in PBS. The samples were incubated with 350 μL of neutravidin-

coated magnetic beads for 2 h at RT under rotation to remove endogenous biotinylated 

proteins. The supernatant was collected, the samples incubated with 5 U of PNGase F 

overnight at 37 °C, and the reaction quenched by heating at 95 °C for 10 s. The samples were 

then treated with a 10X CuAAC solution (12 mM BTTAA, 6 mM CuSO4, 50 mM sodium 

ascorbate, 50 mM aminoguanidine hydrochloride and 1 mM biotin-DADPS-picolyl azide) and 

incubated for 72 h at RT on an orbital shaker at 400 rpm. The samples were concentrated, 

and the buffer exchanged with PBS using Amicon Ultra-0.5 Centrifugal Filters (3 kDa MWCO). 

The samples were incubated with 350 μL of Lys-dimethylated neutravidin-coated magnetic 

beads218 for 2 h at RT under rotation. The supernatant was collected, and the beads washed 

3 times with 350 μL of 1% (w/v) Rapigest in PBS, 6 times with 350 μL of 6M urea in PBS, 6 

times with 350 μL of 50 mM AmBic in LC-MS grade water, and 6 times with 100 μL of 40% 

(v/v) LC-MS grade acetonitrile in LC-MS grade water.  

 

The beads were resuspended in 100 μL of 10 mM DTT in 50 mM AmBic and incubated for 15 

min at 50 °C on an orbital shaker at 400 rpm to reduce disulfide bonds. The beads were 

washed twice with 100 μL of 50 mM AmBic and incubated with 100 μL of 20 mM IAA in 50 

mM AmBic for 30 min at RT in the dark to alkylate bonds. The beads were treated with 100 

μL of 10 mM DTT in 50 mM AmBic to quench the reaction, washed twice with 100 μL of 50 

mM AmBic, and resuspended in 100 μL of 50 mM AmBic. The samples were incubated with 

300 ng of Lys-C overnight at 37 °C on an orbital shaker at 400 rpm. The supernatant was 

collected, and the beads washed with 100 μL of 50 mM AmBic. The supernatant and the wash 

were combined and incubated with 200 ng of trypsin for 8h at 37 °C on an orbital shaker at 

400 rpm. The peptide samples were vacuum-dried by Speedvac. Peptide desalting of the 

T47D secretome samples was performed as described in Section 11.2. For the lysate 

samples, peptide fractionation was performed as described in Section 12.6. 
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To prepare the T47D glycopeptide samples, after overnight incubation with Lys-C the beads 

were incubated with 150 μL of 1% (v/v) formic acid in LC-MS grade water for 30 min at RT on 

an orbital shaker at 400 rpm. The supernatant was collected and the incubation with 1% (v/v) 

formic acid in LC-MS grade water repeated. The supernatant was collected, and the beads 

washed with 150 μL of LC-MS grade acetonitrile. The wash and the collected supernatants 

were combined and incubated with 200 ng of trypsin for 8h at 37 °C on an orbital shaker at 

400 rpm. The glycopeptide samples were vacuum-dried by Speedvac. Glycopeptide desalting 

was performed as described in Section 11.2. 

 

12.6. Peptide fractionation using UltraMicroSpinTM columns 

UltraMicroSpinTM columns were conditioned once with 100 μL of 100% LC-MS grade 

acetonitrile, once with 100 μL of 80% (v/v) LC-MS grade acetonitrile in 10 mM AmBic, once 

with 100 μL of 40% (v/v) LC-MS grade acetonitrile in 10 mM AmBic, once with 100 μL of 20% 

(v/v) LC-MS grade acetonitrile in 10 mM AmBic, and twice with 100 μL of 10 mM AmBic. The 

lysate peptide samples from Section 12.5 were reconstituted in 100 μL of  10 mM AmBic and 

loaded onto the column. The column was washed with 50 μL of 10 mM AmBic. To elute the 

peptides the column was treated with 50 μL of 10% (v/v) LC-MS grade acetonitrile in 10 mM 

AmBic and the flow-through collected (fraction 1). This step was repeated with 50 μL of 15% 

(v/v) LC-MS grade acetonitrile in 10 mM AmBic (fraction 2), 50 μL of 20% (v/v) LC-MS grade 

acetonitrile in 10 mM AmBic (fraction 3), 50 μL of 25% (v/v) LC-MS grade acetonitrile in 10 

mM AmBic (fraction 4), 50 μL of 30% (v/v) LC-MS grade acetonitrile in 10 mM AmBic (fraction 

5), 50 μL of 35% (v/v) LC-MS grade acetonitrile in 10 mM AmBic (fraction 6), 50 μL of 40% 

(v/v) LC-MS grade acetonitrile in 10 mM AmBic (fraction 7), 50 μL of 80% (v/v) LC-MS grade 

acetonitrile in 10 mM AmBic (fraction 8). All fractions were vacuum-dried by Speedvac.  

 

12.7. LC-MS/MS analysis for SILAC-based MS-proteomics 

The T47D secretome samples from Section 12.5 were reconstituted in 16 μL of 0.1% (v/v) 

formic acid in LC-MS grade water, sonicated for 15 min in a water bath, centrifuged (18000 × 

g, 5 min, 4 °C) and the supernatant injected into an Orbitrap Eclipse™ Tribrid™ Mass 

Spectrometer coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno. The 

elution profile used was as follows - 0 min: 2% B, 5 min: 2% B, 5.5 min: 4% B, 93 min: 40% 

B, 94 min: 95% B, 104 min: 95% B, 105 min: 2% B. The flow rate was 275 nL/min. The MS/MS 

method used was the same one as described in Section 11.3. 
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The lysate peptide samples from Section 12.6 were reconstituted in 50 μL of 1% (v/v) formic 

acid/ 1% (v/v) LC-MS grade acetonitrile in LC-MS grade water, sonicated for 15 min in a water 

bath, centrifuged (18000 × g, 5 min, 4 °C) and the supernatant injected in triplicate into and 

Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer coupled to an UltiMate™ 3000 

RSLCnano System by Lucia Di Vagno using the same LC-MS/MS method as described in 

Section 12.3. 

 

12.8. Analysis of SILAC-based MS-proteomics peptide data using MaxQuant and 

Perseus 

Raw MS files from the peptide samples were processed using MaxQuant software (version 

2.0.2.0) as described in Section 12.4. The fractions from the same sample were marked with 

the same experiment name to group and process the data as a single sample221.   

 

The peptides.txt file was loaded into Perseus (version 1.6.14.0) for data visualization. In the 

“Main” section the “Ratio H/L normalized” value for each sample was selected. In the 

“Categorical” section “Potential contaminant” and “Reverse” were selected. The matrix was 

filtered to remove matching rows based on the “Reverse” and “Potential contaminant” 

categorical columns. The replicates of each sample were grouped using the “Categorical 

annotation rows” tool. The Ratio H/L normalized” values of samples 1 and 2 (Fig. 24-25 and 

SI Fig. 9) were grouped using the “Categorical annotation rows” tool (“treatment comparison”). 

The Ratio H/L normalized” values of samples 3 and 4 (Fig. 24-25 and SI Fig. 9) were grouped 

using the “Categorical annotation rows” tool (“cell line comparison”). The “Ratio H/L 

normalized” values of samples 2 and 4 (Fig. 24-25 and SI Fig. 9) were inverted using the “1/x” 

function. The “Ratio H/L normalized” values were then transformed using the “log2(x)” 

function. A two-sided one-sample t-test was performed, choosing a Benjamini-Hochberg FDR-

adjusted p-value of 0.05 as a cut-off. 

 

12.9. LC-MS/MS analysis for SILAC-based MS-glycoproteomics 

The T47D glycopeptide samples from Section 12.5 were reconstituted in 16 μL of 0.1% (v/v) 

formic acid in LC-MS grade water, sonicated for 15 min in a water bath, centrifuged (18000 × 

g, 5 min, 4 °C) and the supernatant injected into an Orbitrap Eclipse™ Tribrid™ Mass 

Spectrometer coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno. The 

elution profile used was as follows - 0 min: 2% B, 6 min: 2% B, 114 min: 40% B, 115 min: 95% 

B, 119 min: 95% B, 120 min: 2% B. The flow rate was 275 nL/min.  
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MS1 scans were collected with a mass range from 300 to 1500 m/z, 120000 resolution, 4 × 

105 ion inject target, and 50 ms maximum inject time. Dynamic exclusion was set to exclude 

for 10 s with a repeat count of 3. Charge states 2-6 were selected for fragmentation. Selected 

precursors were fragmented using HCD at 28% nCE with 2 m/z isolation window, 5 × 104 ion 

inject target, and 54 ms maximum inject time before collection at 30000 resolution in the 

Orbitrap. For precursors from 300 to 1000 m/z, presence of selected oxonium ions over 10% 

relative abundance triggered a charge calibrated ETD scan to be collected in the ion trap with 

a 3 m/z isolation window, 1 × 104 ion inject target, and 100 ms maximum injection time. Raw 

MS files from the glycopeptide samples were processed using Byonic software as described 

by Calle et al203. 

 

13. Validation of the SILAC-based MS-proteomics experiments by 

neutravidin bead pulldown 

T47D/MCF7/MDA-MB-231WT-AGX1F383A-NahK-GalNAc-T4BH cells and T47D/MCF7/MDA-

MB-231WT-AGX1F383A-NahK cells were seeded at a density of 4x105 viable cells/mL in 20 mL 

growth medium into 15 cm dishes (one dish for each sample). After 24 h, the cells were treated 

with 1 µM Ac4GalN6yne and incubated overnight at 37 °C. Lysates were prepared as 

described in Section 9 (lysing the cells in 150 μL of Lysis Buffer A for 45 min). The samples 

(900 µg) were diluted to 300 μL in PBS and incubated with 350 μL of neutravidin-coated 

magnetic beads for 2 h at RT under rotation to remove endogenous biotinylated proteins. The 

supernatant was collected, the samples incubated with 5 U of PNGase F overnight at 37 °C, 

and the reaction quenched by heating at 95 °C for 10 s. The samples were then treated with 

a 10X CuAAC solution (12 mM BTTAA, 6 mM CuSO4, 50 mM sodium ascorbate, 50 mM 

aminoguanidine hydrochloride and 1 mM biotin-picolyl azide) and incubated for 72 h at RT on 

an orbital shaker at 400 rpm. The samples were concentrated and the buffer exchanged with 

PBS using Amicon Ultra-0.5 Centrifugal Filters (3 kDa MWCO). An aliquot of each sample was 

taken at this point (Input).  
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The samples were incubated with 350 μL of Lys-dimethylated neutravidin-coated magnetic 

beads218 for 2 h at RT under rotation. The supernatant was collected, and the beads washed 

3 times with 350 μL of 1% (w/v) Rapigest in PBS, 6 times with 350 μL of 6M urea in PBS, 6 

times with 350 μL of 50 mM AmBic in LC-MS grade water, and 6 times with 100 μL of 40% 

(v/v) LC-MS grade acetonitrile in LC-MS grade water. The proteins were eluted by incubating 

the beads with 40 μL of a 2:2:1 (v/v/v/v) mixture of 1 M Tris-HCl pH 6.5, 80% (v/v) glycerol, 

20% (w/v) SDS) for 10 min at 95 °C. The supernatant was collected (Eluate). The Input and 

Eluate samples were run for SDS-PAGE using a 4-20% CriterionTM TGXTM Precast gel. The 

gel was transferred to a nitrocellulose membrane using the Trans-Blot Turbo RTA Midi 0.2 µm 

Nitrocellulose Transfer Kit. Protein expression control was performed by Western blot.  

 

14. Testing different biorthogonal reporter reagents to facilitate MS-

glycoproteomic analyses 

The methods below have been published in Calle et al. (2021)182 so they have been adapted 

for this section. 

 

14.1. In vitro glycosylation reaction with WT GalNAc-T2 and UDP-sugars 1, 3 and 11 

Reaction mixtures (25 μL) were prepared containing 20 mM Tris-HCl pH 7.5, 50 mM NaCl, 10 

mM MnCl2, 5 U Calf Intestinal Alkaline Phosphatase, 50 μM peptide 1, 51 μM UDP-sugar 1, 3 

or 11 and WT GalNAc-T2 (100 nM). The reaction was incubated at 37 °C for 42 h and 

quenched by heating at 95 °C for 10 s. Reaction progress was monitored by taking aliquots, 

adding the same volume of ethanol to quench the reaction, and glycopeptide formation 

determined by LC-MS and MS+ peak integration using Equation 2. LC-MS analysis was 

performed as described in Section 4.2. 

 

14.2. CuAAC reaction with reporter reagents A, D, E (by Ganka Bineva-Todd) 

The samples from Section 14.1 were treated with a 1X CuAAC solution (1200 μM BTTAA, 

600 μM CuSO4, 10 mM sodium ascorbate and 100 μM reagents A, E or D) and incubated at 

RT overnight. Reaction progress was monitored by taking aliquots, adding the same volume 

of ethanol to quench the reaction, and the supernatant analysed by LC-MS as described in 

Section 4.2. The reaction mixtures were then treated with 2% (v/v) formic acid, incubated for 

1 h at RT and vacuum-dried by Speedvac. 
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14.3. CuAAC reaction with reporter reagents B, C, F 

The samples from Section 14.1 were treated with a 1X CuAAC solution (600 μM BTTAA, 300 

μM CuSO4, 5 mM sodium ascorbate, 5 mM aminoguanidine hydrochloride and 75 μM reagent 

B, C or F) and incubated at RT. After 4 h, the samples were treated with a fresh 1X CuAAC 

solution and incubated overnight. Reaction progress was monitored by taking aliquots, adding 

the same volume of ethanol to quench the reaction, and the supernatant analysed by LC-MS 

as described in Section 4.2. The reaction mixtures were then treated with 2% (v/v) formic 

acid, incubated for 1 h at RT and vacuum-dried by Speedvac. 

 

14.4. Solid Phase Extraction using Strata-X columns 

Strata-X columns were conditioned once with 1 mL of LC-MS grade acetonitrile and once with 

1 mL of 0.1% (v/v) formic acid in water. The samples from Section 14.2 and 14.3 were 

reconstituted in 1 mL of 0.1% (v/v) formic acid in LC-MS grade water and loaded onto the 

column. The column was washed with 1 mL of 0.1% (v/v) formic acid in LC-MS grade water. 

To elute the synthetic glycopeptides 300 μL of 80% (v/v) LC-MS grade acetonitrile/ 0.1% (v/v) 

formic acid in LC-MS grade water was added to the column. The samples were aliquoted into 

100 pmol aliquots and vacuum-dried by Speedvac. 

  

14.5. LC-MS/MS analysis of synthetic glycopeptides tagged with the reporter reagents 

A-F 

The samples from Section 14.4 were reconstituted in 200 μL of 0.1% (v/v) formic acid in LC-

MS grade water, sonicated for 15 min in a water bath and injected into an Orbitrap Fusion™ 

Lumos™ Tribrid™ Mass Spectrometer coupled to an UltiMate™ 3000 RSLCnano System by 

Helen Flynn. The samples were loaded onto an Acclaim™ PepMap™ 100 C18 HPLC Column 

(2 μm particle size, 75 μm x 150 cm). The solvents used were A (0.1% (v/v) formic acid, 5% 

(v/v) DMSO in LC-MS grade water) and B (0.1% (v/v) formic acid, 5% (v/v) DMSO, 20% LC-

MS grade water in LC-MS grade acetonitrile). The elution profile used was as follows - 0 min: 

2% B, 6 min: 2% B, 33 min: 40% B, 34 min: 95% B, 44 min: 95% B, 45 min: 2% B. The flow 

rate was 275 nL/min. The MS/MS method used was the same one as described in Section 

12.9. All glycopeptides were manually analysed using Thermo Xcalibur software by Dr Stacy 

Malaker. 

  



77 | P a g e  
 

15. Puromycin kill curve of transfected T47D cells 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells and T47DWT-AGX1F383A-NahK cells were seeded 

at a density of 5x105 viable cells/mL in 1 mL growth medium per well of a 12-well plate. After 

24 h, the medium was replaced with fresh growth medium containing puromycin (0.5-10 

μg/mL). The medium was replaced every 2-3 days with fresh selection medium. After one 

week of antibiotic treatment, visual toxicity was assessed and the lowest antibiotic 

concentration at which all cells were dead determined. 

 

16. Lentiviral transduction of transfected T47D cells with tagged 

CD46 and GOLM1 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells and T47DWT-AGX1F383A-NahK cells were seeded 

at a density of 5x105 viable cells/mL in 2 mL growth medium per well of a 6-well plate. After 

24 h, the cells were transduced with 2x106 lentiviral particles expressing tagged CD46 or 

GOLM1 and 10 μg/mL TransduceIT Transduction Reagent. After 48 h, the medium was 

replaced with fresh growth medium containing 1 μg/mL puromycin. The antibiotic selection 

was maintained until stable colonies were generated. 

 

17. Protein expression and Ni-NTA/GFP-affinity purification of 

recombinant CD46 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells and T47DWT-AGX1F383A-NahK cells transduced 

with tagged CD46 BC or tagged CD46 C were seeded at a density of 5x105 viable cells/mL in 

20 mL growth medium into 15 cm dishes (five dishes per sample). After 24 h, the cells were 

treated with 1 µM Ac4GalN6yne and incubated overnight at 37 °C. The secretome was 

collected, centrifuged (350 × g, 5 min, 4 °C) and filtered using a Stericup® Quick Release 

Vacuum Filtration System. 1X HaltTM protease inhibitors and 1 mM nickel sulfate (NiSO4) were 

added to the filtered supernatant and incubated for 15 min at 4 °C on a tube roller shaker to 

prevent non-specific binding to the beads. Ni-NTA® Agarose beads (1 mL) were conditioned 

4 times with 5 mL of water and 2 times with 5 mL of Wash Buffer A (50 mM Tris-HCl pH 7.5, 

125 mM NaCl, 20 mM imidazole). The beads were added to the filtered supernatant and 

incubated overnight at 4 °C on a tube roller shaker. The samples were centrifuged (2000 × g, 

3 min, 4 °C) and washed 3 times with 10 mL of Wash Buffer A. To elute the protein, 2 mL of 

Elution Buffer (50 mM Tris-HCl pH 7.5, 125 mM NaCl, 500 mM imidazole) diluted with Wash 

Buffer A to obtain different imidazole concentrations (100 mM, 2x 200 mM, 300 mM) was 

added to the samples. The eluted fractions were pooled together and further purified by GFP-

affinity purification. 
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GFP-clamps (100 μL) were conditioned 4 times with 500 μL of water and 2 times with 500 μL 

of Wash Buffer B (50 mM Tris-HCl pH 7.5, 125 mM NaCl). The beads were added to the 

filtered supernatant and incubated for 2 h at 4 °C on a tube roller shaker. The beads were 

centrifuged (2000 × g, 3 min, 4 °C) and washed 2 times with 1 mL of Wash Buffer B. To elute 

the protein, the beads were resuspended in 200 μL of Wash Buffer B and incubated with 75 

μg of TEV protease overnight at 4 °C under rotation. The supernatant was collected, and the 

beads washed 2 times with 200 μL of Wash Buffer B, collecting the supernatant after each 

wash. The eluted fractions were pooled together, concentrated using Amicon Ultra-0.5 

Centrifugal Filters (30 kDa MWCO) and the buffer exchanged twice with PBS. Protein 

concentration was determined by Nanodrop. The samples were flash-frozen in liquid nitrogen 

and stored at -80 °C. 

 

18. MS-glycoproteomics experiment with recombinant CD46 BC and 

CD46 C 

18.1. Sample preparation for MS-glycoproteomics with recombinant CD46 using iTag-

azide for the CuAAC reaction 

The samples from Section 17 (3 µg) were incubated with 5 U of PNGase F for 4 h at 37 °C, 

and the reaction quenched by heating at 95 °C for 10 s. The samples were then treated with 

a 1X CuAAC solution (2.4 mM BTTAA, 1.2 mM CuSO4, 10 mM sodium ascorbate, 10 mM 

aminoguanidine hydrochloride and 1 mM iTag-azide) and incubated overnight at RT on an 

orbital shaker at 400 rpm. The mucinase/glycosidase/protease treatment below was 

performed according to Table 6 and 7 (Results Section 5.1.2). The samples were incubated 

with 300 ng of SmE and incubated for 4 h at 37 °C. 3 U of SialEXO and 3 U of OglyZOR were 

added to the samples and incubated for 4 h at 37 °C. The samples were vacuum-dried by 

Speedvac, resuspended in 23 µL of Lysis Buffer B (50 mM Tris-HCl pH 8, 5% (v/v) SDS in 

water) and sonicated for 5 min in a water bath. The samples were treated with 1 μL of 120 

mM DTT in 50 mM AmBic and incubated for 15 min at 55 °C on an orbital shaker at 400 rpm 

to reduce disulfide bonds. The samples were treated with 1 μL of 500 mM IAA in 50 mM AmBic 

and incubated for 10 min at RT in the dark to alkylate bonds. The samples were treated with 

2.5 μL of 27.5% (v/v) phosphoric acid in water to completely denature the proteins and trap 

them efficiently.  
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The samples were treated with 165 μL of Wash Buffer C (100 mM Tris-HCl pH 7.5, 90% (v/v) 

methanol in water) and added to S-Trap™ micro spin columns. The columns were centrifuged 

(4000 × g, 30 sec, RT) and washed 4 times with 150 μL of Wash Buffer C. The columns were 

centrifuged (4000 × g, 1 min, RT) and incubated with 50 mM Tris-HCl pH 8 containing 300 ng 

of trypsin overnight at 37 °C. The samples were incubated with 50 mM Tris-HCl pH 8 

containing 600 ng of chymotrypsin for 4 h at 37 °C. To elute the peptides, the columns were 

treated with 40 μL of 50 mM Tris-HCl pH 8, centrifuged (4000 × g, 1 min, RT) and the flow-

through collected. This step was repeated with 40 μL of 0.2% (v/v) formic acid in LC-MS grade 

water and 40 μL of 50% (v/v) LC-MS grade acetonitrile in LC-MS grade water. The eluted 

fractions were combined and vacuum-dried by Speedvac.  

 

18.2. LC-MS/MS analysis for MS-glycoproteomics 

The samples from Section 18.1 were reconstituted in 16 μL of 0.1% (v/v) formic acid in LC-

MS grade water, sonicated for 15 min in a water bath, centrifuged (18000 × g, 5 min, 4 °C) 

and the supernatant injected into an Orbitrap Eclipse™ Tribrid™ Mass Spectrometer coupled 

to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno using the LC-MS/MS method 

described in Section 12.9. Raw MS files from the glycopeptide samples were processed using 

Byonic software as described by Calle et al203. 

 

19. Protein expression and Ni-NTA purification of recombinant CD46 

BC and GOLM1 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells and T47DWT-AGX1F383A-NahK cells transduced 

with tagged CD46 BC or tagged GOLM1 were seeded at a density of 4x105 viable cells/mL in 

20 mL growth medium into 15 cm dishes (8 dishes for the CD46 sample, 6 dishes for the 

GOLM1 sample). After 24 h, the cells were treated with 1 µM Ac4GalN6yne and incubated 

overnight at 37 °C. The secretome was collected, centrifuged (350 × g, 5 min, 4 °C) and filtered 

using a Stericup® Quick Release Vacuum Filtration System. 1X HaltTM protease inhibitors 

were added to the filtered supernatant. Lysates were prepared as described in Section 9 

(lysing the cells in 1 mL of Lysis Buffer A for 1 h). 1 mM NiSO4 was added to the samples and 

incubated for 15 min at 4 °C on a tube roller shaker to prevent non-specific binding to the 

beads.  
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Ni-NTA® Agarose beads (1 column volume (CV) = 1 mL for lysate samples; 1 CV = 3 mL for 

secretome samples) were conditioned 4 times with 5 CV of water and 2 times with 5 CV of 

Wash Buffer D (50 mM Tris-HCl pH 7.5, 300 mM NaCl). The beads were added to the samples 

and incubated overnight at 4 °C on a tube roller shaker. The samples were centrifuged (2000 

× g, 3 min, 4 °C) and washed 3 times with 10 CV of Wash Buffer D. To elute the protein 2 CV 

of Elution Buffer (50 mM Tris-HCl pH 7.5, 125 mM NaCl, 500 mM imidazole) diluted with Wash 

Buffer D to obtain different imidazole concentrations (2x 200 mM, 3x 300 mM) was added to 

the samples. The eluted fractions were pooled together, concentrated using Amicon Ultra 

Centrifugal Filters (10 kDa MWCO) and the buffer exchanged twice with PBS. Protein 

concentration was determined by Nanodrop. The samples were flash-frozen in liquid nitrogen 

and stored at -80 °C. 

 

20. MS-glycoproteomics experiment with recombinant CD46 BC and 

GOLM1 

20.1. Sample preparation for MS-glycoproteomics with recombinant CD46 and 

GOLM1 using biotin-DADPS-picolyl azide for the CuAAC reaction 

The samples from Section 19 (100 µg) were incubated with 5 U of PNGase F overnight at 37 

°C, and the reaction quenched by heating at 95 °C for 10 s. The samples were then treated 

with a 10X CuAAC solution (12 mM BTTAA, 6 mM CuSO4, 50 mM sodium ascorbate, 50 mM 

aminoguanidine hydrochloride and 1 mM biotin-DADPS-picolyl azide) and incubated for 72 h 

at RT on an orbital shaker at 400 rpm. The buffer was exchanged with PBS using Amicon 

Ultra-0.5 Centrifugal Filters (3 kDa MWCO). 100 U of SialEXO and 100 U of OglyZOR were 

added to the samples and incubated for 4 h at 37 °C. The reaction was quenched by heating 

at 95 °C for 10 s and the samples diluted to 200 μL in PBS.  

 

The samples were incubated with 200 μL of Lys-dimethylated neutravidin-coated magnetic 

beads218 for 1 h at RT under rotation. The supernatant was collected, and the beads washed 

3 times with 250 μL of 1% (w/v) SDS in LC-MS grade water, 6 times with 250 μL of 6M urea 

in PBS and 6 times with 250 μL of 50 mM AmBic in LC-MS grade water. The beads were 

resuspended in 100 μL of 10 mM DTT in 50 mM AmBic and incubated for 15 min at 50 °C on 

an orbital shaker at 400 rpm to reduce disulfide bonds. The beads were washed twice with 

100 μL of 50 mM AmBic and incubated with 100 μL of 20 mM IAA in 50 mM AmBic for 30 min 

at RT in the dark to alkylate bonds. The beads were treated with 100 μL of 10 mM DTT in 50 

mM AmBic to quench the reaction, washed 3 times with 100 μL of 50 mM AmBic, and 

resuspended in 100 μL of 50 mM AmBic.  
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The samples were incubated with 100 ng of Lys-C overnight at 37 °C on an orbital shaker at 

400 rpm. The supernatant was collected, the beads washed with 100 μL of 50 mM AmBic and 

incubated with 150 μL of 1% (v/v) formic acid in LC-MS grade water for 30 min at RT on an 

orbital shaker at 400 rpm. The supernatant was collected and the incubation with 1% (v/v) 

formic acid in LC-MS grade water repeated. The supernatants were combined and incubated 

with 100 ng of trypsin overnight at 37 °C on an orbital shaker at 400 rpm. The CD46 sample 

was then incubated with 500 ng of chymotrypsin for 4 h at 37 °C. The digestion in both samples 

was quenched by addition of 1% (v/v) formic acid. The samples were vacuum-dried by 

Speedvac.  

 

20.2. Glycopeptide desalting using UltraMicroSpinTM columns 

UltraMicroSpinTM columns were conditioned twice with 100 μL of 100% LC-MS grade 

acetonitrile and twice with 100 μL of 0.1% (v/v) formic acid in 50 mM AmBic. The samples 

from Section 20.1 were reconstituted in 100 μL of 0.1% (v/v) formic acid in 50 mM AmBic and 

loaded onto the column. The column was washed with 50 μL of 1% (v/v) formic acid in 50 mM 

AmBic. To elute the glycopeptides, the column was treated with 50 μL of 0.1% (v/v) formic 

acid/ 80% (v/v) LC-MS grade acetonitrile in LC-MS grade water. The samples were vacuum-

dried by Speedvac. LC-MS/MS analysis for MS-glycoproteomics was performed as described 

in Section 18.2. 

 

21. In vivo glycoprotein tagging with BH GalNAc-T2  

The methods below have been published in Cioce et al. (2022)204 so they have been adapted 

for this section. 

 

21.1. Mammary fat pad tumour induction and compound administration 

4T1-AGX1F383A-NahK-GalNAc-T2BH cells were resuspended in 50 μL of GFR Matrigel and 

injected into the left hind fat pad of female NSG mice (1x106 cells per injection) by Dr Victoria 

Bridgeman. 4T1 cells transfected with empty vector were injected into the right hind fat pad of 

the mice as an internal control by Dr Victoria Bridgeman. Eleven days post tumour cell 

injection, mice harbouring tumours of roughly 200-300 mm3 were randomly assigned to 

receive intratumoural injection with 50 μL of vehicle (5% (v/v) DMSO/PEG-400; n = 1) or 30 

mg/kg Ac4GalN6yne (6 mg/mL in vehicle; n = 2) once daily for three consecutive days by Dr 

Victoria Bridgeman.  
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Thirteen days post tumour cell injection, mice were randomly assigned to receive 

intraperitoneal injection with 100 μL of vehicle (n = 1), 200 mg/kg Ac4GalN6yne (40 mg/mL in 

vehicle; n = 3) or 200 mg/kg Ac4ManNAl (40 mg/mL in vehicle; n = 2) once daily for five 

consecutive days by Dr Victoria Bridgeman. 24 h after the last injection, the tumours were 

harvested and the BH GalNAc-T2 tumours halved by Dr Victoria Bridgeman. 

 

21.2. Tumour dissociation for cell isolation and protein expression control by Western 

blot 

Half of the BH GalNAc-T2 tumours were manually minced and enzymatically digested with a 

freshly prepared digestion solution (a 1:3:3:193 mixture of DNase I, Liberase TM, Liberase TH 

and HBSS without CaCl2 or MgCl2) for 2 h at 37 °C. The samples were filtered using a 100 µm 

strainer, the digestion quenched with growth medium (DMEM with 10% (v/v) FBS, 100 U/mL 

penicillin and 100 mg/mL streptomycin) and centrifuged (300 × g, 10 min, 4 °C). The pellets 

were resuspended in 10 mL growth medium, plated on a 10 cm dish, and incubated at 37 °C. 

After overnight incubation, the cells were washed once with PBS and the medium replaced 

with fresh growth medium. The cells were subsequently propagated for 10 days in growth 

medium containing 50 μg/mL hygromycin B by Dr Anna Cioce. Lysates were prepared as 

described in Section 9 (using 8 mM EDTA to detach the cells) followed by protein expression 

control by Western blot by Dr Anna Cioce. 

 

21.3. Tumour homogenization and glycoprotein tagging analysis by streptavidin blot  

Tumour pieces were homogenized in ice-cold Lysis Buffer C (50 mM Tris-HCl pH 8, 150 mM 

NaCl, 1% (v/v) Triton X-100, 0.5% (v/v) sodium deoxycholate, 0.1% (v/v) SDS, 1 mM MgCl2, 

50 μM PUGNAc, 100 mU/μL benzonase and 1X HaltTM protease inhibitors) using a Precellys© 

homogeniser. The samples were centrifuged (10000 × g, 10 min, 4 °C), the supernatant 

collected, and the protein concentration determined using the PierceTM BCA Protein Assay Kit. 

The samples (1 mg) were diluted to 300 μL in PBS and incubated with 375 μL of neutravidin-

coated magnetic beads for 2 h at 4 °C under rotation to remove endogenous biotinylated 

proteins. The supernatant was collected and incubated with a 10X CuAAC solution (6 mM 

BTTAA, 3 mM CuSO4, 50 mM sodium ascorbate, 50 mM aminoguanidine hydrochloride and 

1 mM biotin-picolyl azide) overnight at RT on an orbital shaker at 400 rpm. Glycoprotein 

tagging analysis by streptavidin blot was performed as described in Section 9. 
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22. In vivo glycoprotein tagging with BH GalNAc-T4 

An 850 µg/mL solution of β-oestradiol was prepared in 20% ethanol/sterile water by Dr Victoria 

Bridgeman. 1 mL of this solution was added to 99 mL of mice drinking water two days before 

tumour implantation by Dr Victoria Bridgeman. T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells 

were resuspended in 50 μL of GFR Matrigel and injected into the left hind fat pad of female 

NSG mice (1x106 cells per injection) by Dr Victoria Bridgeman. T47DWT-AGX1F383A-NahK cells 

were injected into the right hind fat pad of the mice as an internal control by Dr Victoria 

Bridgeman. When the tumours measured roughly 150 mm3, the mice were randomly assigned 

to receive intraperitoneal injection with 100 μL of vehicle (n = 3), 200 mg/kg Ac4GalN6yne (50 

mg/mL in vehicle; n = 4), 100 mg/kg Ac4GalN6yne (25 mg/mL in vehicle; n = 4), 50 mg/kg 

Ac4GalN6yne (12.5 mg/mL in vehicle; n = 4), or 100 mg/kg Ac4ManNAl (25 mg/mL in vehicle; 

n = 2) once daily for three consecutive days by Dr Victoria Bridgeman. 24 h after the last 

injection, the tumours were harvested and enzymatically digested as described in Section 

21.2 by Dr Victoria Bridgeman. Magnetic activated cell sorting (MACS) was used to enrich for 

CD298+ cells from the enzymatically digested tumours by Dr Victoria Bridgeman. The CD298+ 

cells were lysed in ice-cold Lysis Buffer A (Section 8) for 20 min at 4 °C on an orbital shaker 

and centrifuged (1500 × g, 20 min, 4 °C) by Dr Victoria Bridgeman. The supernatant was 

collected, and the protein concentration was determined using the PierceTM  BCA Protein 

Assay Kit. The samples (10 µg) were treated with a 10X CuAAC solution (6 mM BTTAA, 3 

mM CuSO4, 50 mM sodium ascorbate, 50 mM aminoguanidine hydrochloride and 1 mM biotin-

picolyl azide) and incubated overnight at RT on an orbital shaker at 400 rpm. Glycoprotein 

tagging analysis by streptavidin blot was performed as described in Section 9. Protein 

expression control was performed by Western blot. 
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RESULTS 
 

CHAPTER 1: Investigating the role of GalNAc-T4 in breast cancer 

cells 

 

There is still much ambiguity on the actual function of GalNAc-T4 in BC, since previous work 

by other labs had published contradicting results regarding the role of GalNAc-T4 in BCCs. 

Niang et al. generated GalNAc-T4 KD T47D cells and saw a growth defect upon GalNAc-T4 

KD when assessing cell proliferation using the Cell Counting Kit-8 (Keygen Biotechnology)132. 

Wu et al. generated GalNAc-T4 KO MCF7 cells and saw a boost in growth upon GalNAc-T4 

KO when assessing cell proliferation using the MTT Cell Proliferation Assay Kit (Beyotime)133. 

Even though T47D and MCF7 cells are both ER+ luminal BCCs36 expressing comparable 

levels of GalNAc-T4133, these results suggested that GalNAc-T4 may have opposite roles in 

different BCCs – a pro-tumorigenic role in T47D cells and an anti-tumorigenic role in MCF7 

cells. However, since different methodologies were used to assess the potential role of 

GalNAc-T4 in BCCs, this could explain the contradicting results published by the two groups. 

The first objective of this project was therefore to validate that GalNAc-T4 was implicated in 

BC by generating GalNAc-T4 KO T47D and MCF7 cells and comparing the growth of WT and 

GalNAc-T4 KO cells in vitro and in vivo using the same methodology for both cell lines. 

 

1.1. Establishing GalNAc-T4 KO BCCs 

The first step was to generate GalNAc-T4 KO T47D and MCF7 cells using CRISPR-Cas9. 

CRISPR is a gene editing strategy consisting of a guide RNA (gRNA), which is complementary 

to the target DNA sequence, and a CRISPR-associated endonuclease (Cas), which makes a 

double strand break (DSB) in the gene of interest222, 223. The error-prone non-homologous end 

joining mechanism will subsequently repair the DSB but may insert or delete nucleotides 

(indels) in the process222, 223. If the indels occur within a coding exon, and the number of indels 

isn’t divisible by 3, this will induce frameshift mutations, resulting in premature stop codons 

and disruption of gene function222, 223. The gRNA consists of two segments of RNA: CRISPR 

RNA (which binds to the target DNA) and transactivating CRISPR RNA (which interacts with 

the Cas protein)222, 223. Both segments can be connected to form a single gRNA (sgRNA) 

molecule222, 223. Binding of the Cas protein to the genomic DNA requires a protospacer 

adjacent motif (PAM) to be present downstream of the target site222, 223. Different Cas proteins 

recognise different PAM motifs222, 223. The most common Cas protein is Cas9, which 

recognises 5′-NGG-3′ PAM motifs (where N is any nucleotide) and then causes a DSB 3-4 

nucleotides upstream of the PAM site222, 223. 
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The coding region of GALNT4 consists of a single exon located within an intron of the POC1B 

gene224. Appropriate sgRNA sequences have been validated for the whole GalNAc-T family225. 

The validated sgRNA for GALNT4 targets the first third of the GALNT4 coding region and it 

was selected due to its high cutting efficiency, no predicted off targets, and because it induces 

+1/-1 indels, hence ensuring in-exon frameshifts225. 

 

To generate the GalNAc-T4 KO cells, during my MSci project I designed sgRNA 

oligonucleotides following the Target Sequence Cloning Protocol from Addgene208. The 

designed sgRNA oligonucleotides consisted of the validated sgRNA targeting GALNT4225, with 

an additional guanine at the 5’ end to increase targeting efficiency222, and overhang sequences 

to allow annealing of the sgRNA to plasmids co-expressing Streptococcus pyogenes Cas9 

(SpCas9) nuclease and GFP208. The sgRNA oligonucleotides were cloned into the plasmid 

encoding spCas9 and GFP followed by transient transfection of this plasmid into T47D and 

MCF7 cells (Fig. 11A). GFP+ cells were sorted as single cells into 96-well plates by the Flow 

Cytometry STP at the Francis Crick Institute. Clones were expanded, and GalNAc-T4 KO was 

initially assessed by Western blot. No bands at the expected molecular weight (MW) of 

GalNAc-T4 (67 kDa) were observed for the T47D GalNAc-T4 KO (T47DT4-KO) clones 1/4/6/7 

(Fig. 11B) and for the MCF7T4-KO clone 4 (Fig. 11C) by Western blot. GalNAc-T4 KO in these 

clones was then validated by PCR-based amplicon sequencing (Fig. 11D). The MCF7T4-KO 

clone 4 (MCF7T4-KO 4) and the T47DT4-KO clones 1 (T47DT4-KO 1) and 6 (T47DT4-KO 6) were 

selected for downstream experiments as heterozygous KOs with +1/-1 indels resulting in 

premature stop codons (SI Fig. 2-4).  
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Fig. 11. Establishing GalNAc-T4 KO BCCs. A) Schematic representation of the workflow to generate 
GalNAc-T4 KO BCCs. Western blot against GalNAc-T4 to assess KO of endogenous GalNAc-T4 from B) 
T47D and C) MCF7 cells. The predicted MW of GalNAc-T4 and GAPDH is 67 (arrow pointing) and 36 kDa, 
respectively. Dashed boxes indicate the clones in which a band at the MW of GalNAc-T4 was missing. 
GAPDH was used as a loading control. 25 µg of protein were used per lane. Antibody staining was performed 
using antibodies against GalNAc-T4 (1:200, 12897-1-AP) and GAPDH (1:10000, ab181602). T4 = GalNAc-
T4. D) Representative allele frequency table of clone T47DT4-KO 1 generated by CRISPResso2216 after PCR-
based amplicon sequencing. Nucleotides are indicated by specific colours (A = green; C = red; G = yellow; 
T = purple). The vertical dashed line indicates the predicted cleavage site. Red rectangles highlight inserted 
sequences. Horizontal dashed lines indicate deleted sequences. The allele frequency tables of the other KO 
clones used in these experiments are shown in SI Fig. 1.  

 

1.2. In vitro growth assays of WT and GalNAc-T4 KO BCCs 

To assess if GalNAc-T4 KO exerts a growth phenotype, in vitro growth assays were 

subsequently performed using the WT and GalNAc-T4 KO T47D and MCF7 cells. Cell growth 

was monitored for 4 days using an Incucyte® Live-Cell Analysis System (Fig. 12A). Apoptosis 

was monitored by assessing caspase-3 activation using the DEVD-NucView488 peptide (SI 

Fig. 5)226. This peptide is a non-toxic, highly sensitive, membrane permeable caspase-3 

substrate which consists of 2 components: Ac-DEVD (a caspase-3 recognition sequence) and 

NucView488 (a DNA intercalating dye)226. NucView488 is only fluorescent when bound to 

DNA226. When both components are linked together, the negatively charged nature of the Ac-

DEVD group renders the dye incapable of binding to DNA226. Upon cleavage by caspase-3, 

the NucView488 is released and becomes fluorescent on binding to DNA226. Confluence 

measurements and fluorescent object quantification was performed using the integrated 

analysis software. 
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Fig. 12. In vitro growth assays of WT and GalNAc-T4 KO BCCs. A) Schematic representation of the 
workflow to compare the growth of WT and GalNAc-T4 KO BCCs in vitro. The confluence of WT and GalNAc-
T4 KO B) T47D and E) MCF7 cells was measured for 4 days to assess differences in growth upon GalNAc-
T4 KO. A one-way ANOVA test was performed on the C) confluence and D) green count per image at 
endpoint of WT and GalNAc-T4 KO T47D cells. An unpaired t-test was performed on the F) confluence and 
G) green count per image at endpoint of WT and GalNAc-T4 KO MCF7 cells. Data are individual points and 
means from three independent replicates, with each independent replicate consisting of three technical 
replicates ± standard deviation (SD). P values are indicated in the figure.  

 

Looking at the results of the confluence measurements, there seemed to be a trend towards 

a lower confluency in T47DT4-KO cells compared to the controls (Fig. 12B-C), whilst 

comparable confluency was observed between MCF7WT and MCF7T4-KO cells (Fig. 12E-F). 

Looking at the results of the green, fluorescent object quantification, there seemed to be a 

trend towards a higher apoptotic signal in the GalNAc-T4 KO cells compared to the controls 

in both cell lines (Fig. 12D and Fig. 12G). However, none of the differences were significant, 

most likely due to the technical variability in the experiment. For example, since T47D and 

MCF7 cells are adherent, the initial cell seeding density could influence the overall growth of 

the cells, where cells that were initially seeded in closer proximity would display more 

favourable growth compared to those initially seeded further apart. The effect of the technical 

variability on the results could be minimised by performing additional replicates. Nevertheless, 

we decided to test alternative methods of assessing the growth of the WT and GalNAc-T4 KO 

BCCs. 
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1.3. In vivo growth assay of WT and GalNAc-T4 KO BCCs 

Since the results of the in vitro growth assays were inconclusive, we decided to compare the 

growth of WT and GalNAc-T4 KO cells in vivo, which is more representative of the growth and 

progression of BC tumours. We decided to test the T47DWT and T47DT4-KO cells first. In these 

experiments, T47DWT or T47DT4-KO cells were injected into the fat pad of NSG mice and tumour 

growth was monitored over time by Dr Victoria Bridgeman (Fig. 13A). T47D cells are ER+ - 

these receptors are activated by estrogen, triggering downstream signalling which is key in 

the proliferation and survival of the cells35. β-oestradiol administration was therefore performed 

two days prior to tumour implantation and throughout the experiment by Dr Victoria Bridgeman 

to maintain high estrogen levels for successful tumour growth (Fig. 13A)227. A statistically 

significant growth defect was seen in T47DT4-KO tumours compared to T47DWT tumours (Fig. 

13B-C) whilst the body weight of the mice in both groups remained comparable (Fig. 13D). 

This result supports the trend towards a lower confluency observed with the T47DT4-KO cells in 

the in vitro growth assay and the growth defect seen upon GalNAc-T4 KD by Niang et al.132 

Overall, these results suggested that GalNAc-T4 has a pro-tumorigenic role in T47D cells. 

 

 

Fig. 13. In vivo growth assay of WT and GalNAc-T4 KO T47D cells.  A) Schematic representation of the 
workflow for the in vivo growth assay with WT and GalNAc-T4 KO T47D cells. T47DWT or T47DT4-KO tumours 
were grown in the fat pads of NSG mice. Once the tumours measured >200 mm3, the mice were harvested, 
and the tumour weight was recorded by Dr Victoria Bridgeman. B) An unpaired t-test was performed on the 
weight of T47DWT or T47DT4-KO tumours after harvesting. C)  The tumour dimensions of T47DWT or T47DT4-KO 
tumours were measured with a calliper and the tumour volume determined using Equation 1 by Dr Victoria 
Bridgeman. D) The weight of the mice bearing T47DWT or T47DT4-KO tumours was recorded by Dr Victoria 
Bridgeman. Data are individual points and means from five mice per group ± SD. P values are indicated in 
the figure. The asterix (*) indicates when mice were culled. 
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We next decided to test the MCF7WT and MCF7T4-KO cells with the same methodology used 

for the T47D cells (Fig. 14A). A statistically significant growth defect was also seen in MCF7T4-

KO tumours compared to MCF7WT tumours (Fig. 14B-C) whilst the body weight of the mice in 

both groups remained comparable (Fig. 14D). This result contradicts the boost in growth seen 

upon GalNAc-T4 KO by Wu et al.133 Nevertheless, in vivo models are more representative of 

the growth and progression of BC tumours than one-dimensional cellular models. Overall, 

these results suggested that GalNAc-T4 also has a pro-tumorigenic role in MCF7 cells, 

indicating that the contradicting results published previously regarding the role of GalNAc-T4 

in T47D and MCF7 cells was likely due to the different methodologies used by the two groups. 

The exact mechanism behind the pro-tumorigenic role of GalNAc-T4 in BCCs was unclear 

since the substrates of GalNAc-T4 are not well characterised, but we hypothesised that it 

could be due to the putative role of GalNAc-T4 in the estrogen regulatory network132 and the 

Notch signalling pathway133. Identifying the substrates of GalNAc-T4 would help elucidate the 

mechanism by which GalNAc-T4 regulates the proliferation of BCCs. It therefore became 

important to profile the substrates of GalNAc-T4 in BCCs. 

 

 

Fig. 14. In vivo growth assay of WT and GalNAc-T4 KO MCF7 cells.  A) Schematic representation of the 
workflow for the in vivo growth assay with WT and GalNAc-T4 KO MCF7 cells. MCF7WT or MCF7T4-KO tumours 
were grown in the fat pads of NSG mice. Once the tumours measured >200 mm3, the mice were harvested, 
and the tumour weight was recorded by Dr Victoria Bridgeman. B) An unpaired t-test was performed on the 
weight of MCF7WT or MCF7T4-KO tumours after harvesting. C)  The tumour dimensions of MCF7WT or MCF7T4-

KO tumours were measured with a calliper and the tumour volume determined using Equation 1 by Dr Victoria 
Bridgeman. D) The weight of mice bearing MCF7WT or MCF7T4-KO tumours was recorded by Dr Victoria 
Bridgeman. Data are individual points and means from five mice per group ± SD. P values are indicated in 
the figure. The asterix (*) indicates when mice were culled. 
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CHAPTER 2: Developing BH GalNAc-T4 systems in breast cancer 

cells 

 

To profile the substrates of GalNAc-T4 in BCCs, we decided to use the chemical biology 

bump-and-hole (BH) engineering approach. During my MSci project, I developed a BH 

GalNAc-T4 system and confirmed that BH GalNAc-T4 emulates the known glycopeptide 

substrate preference of WT GalNAc-T4 whilst displaying a UDP-sugar substrate switch from 

the native substrate to the bumped analogue UDP-GalN6yne208. Before extending the BH 

GalNAc-T4 system to BCCs, the first objective was to test a greater panel of UDP-GalNAc 

analogues to see if there were any alternative UDP-sugars with more favourable glycopeptide 

formation and orthogonality than UDP-GalN6yne. Orthogonality is important for in cellulo work 

– if only BH GalNAc-T4 can chemically-tag glycoproteins with the modified sugar (but not the 

WT enzymes), we can selectively characterise the substrates of GalNAc-T4 in the presence 

of all other members of the family. With an orthogonal GalNAc-T4/UDP-sugar pair in hand, 

the next objective was to extend the BH GalNAc-T4 system to BCCs and characterise the 

substrates and glycosylation sites of GalNAc-T4 by MS-glycoproteomics. 

  

2.1. In vitro validation of BH GalNAc-T4 

 

2.1.1. In vitro glycosylation experiments with a panel of UDP-GalNAc analogues 

The soluble constructs of truncated WT and BH GalNAc-T4 tagged with GFP previously used 

during my MSci project (Fig. 10A)208 were herein expressed in Expi293F cells and purified by 

GFP-affinity purification by the Structural Biology STP at the Francis Crick Institute. Protein 

expression control by Western blot confirmed the identity of the recombinant proteins (SI Fig. 

6). 

 

I subsequently tested the UDP-sugar substrate preference of WT and BH GalNAc-T4 using 

an endpoint in vitro glycosylation experiment with a panel of UDP-GalNAc analogues to see if 

there were any alternative UDP-sugars with more favourable glycopeptide formation and 

orthogonality than UDP-GalN6yne. The reaction mixtures contained WT or BH GalNAc-T4, a 

synthetic glycopeptide substrate (glycopeptide 1), and a panel of UDP-GalNAc analogues 

(UDP-sugar 1-16)(Fig. 15A). Glycopeptide 1 was chosen as it was the one that showed the 

highest glycopeptide formation when I tested the glycopeptide substrate preference of WT and 

BH GalNAc-T4 during my MSci project208.  
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UDP-sugar 1 (UDP-GalNAc) is the native substrate of GalNAc-T4. UDP-sugars 2-14 are UDP-

GalNAc analogues containing an azide or alkyne group at the acetamide moiety to allow 

derivatisation of the tagged glycoproteins by CuAAC. UDP-sugars 2-14 have been previously 

synthesised and tested with WT and BH GalNAc-T1, -T2 and -T10 by Choi et al.67 I also tested 

these compounds using WT and BH GalNAc-T4 during my MSci project208. UDP-sugar 2 is 

UDP-GalN6yne – the UDP-GalNAc analogue showing the most promising results with all BH 

GalNAc-Ts tested to date67, 208. UDP-sugar 16 was synthesised by Ganka Bineva-Todd and it 

contains a cyclopropene moiety to allow derivatisation of the tagged glycoproteins by an 

inverse electron demand Diels–Alder (IEDDA) reaction instead of by CuAAC, and is therefore 

an alternative for bioorthogonal derivatisation without employing cytotoxic Cu(I)228. UDP-sugar 

15 was a gift from Dr Jennifer Kohler and it does not contain a moiety to allow bioorthogonal 

derivatisation of the tagged glycoproteins. Instead, it contains a diazirine group which allows 

photocrosslinking between the tagged glycoproteins and neighbouring molecules upon 

ultraviolet irradiation205, 229. This compound could therefore be used to find interaction partners 

of the substrates of GalNAc-T4205, 229. 

 

Many glycosyltransferase assays rely on the detection of UDP as a side product of the 

glycosylation reaction, however background hydrolysis of UDP-sugars may skew the results 

of these assays67. Quantification of glycopeptide formation by UV peak integration was 

unfeasible due to overlapping starting material and product peaks. Instead, the reaction 

mixtures were incubated overnight at 37 °C and glycopeptide formation was determined by 

MS+ peak integration using Equation 2. Accurate quantification by MS+ peak integration was 

possible due to comparable ionisation efficiencies of the starting material and product203. 

 

The results supported the findings reported by Choi et al.67 and the preliminary data obtained 

during my MSci project208, where the analogues with longer or branched side chains (UDP-

sugar 2 and UDP-sugars 6-16) were generally better substrates for BH GalNAc-T4 than the 

WT enzyme (Fig. 15B). The most promising results were still obtained with UDP-GalN6yne 

(UDP-sugar 2) - comparable glycopeptide formation (>90%) was observed between the BH 

GalNAc-T4/UDP-GalN6yne and WT GalNAc-T4/UDP-GalNAc pairs whilst reduced activity 

(<30%) was observed with the opposite GalNAc-T4/UDP-sugar pairs. Encouraging results 

were also obtained with the UDP-sugars 14, 15 and 16, where substantial turnover (>50%) 

was seen with BH GalNAc-T4 and minimal activity was seen with the WT enzyme.  
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Fig. 15. Endpoint in vitro glycosylation experiments with WT/BH GalNAc-T4 and a panel of UDP-
GalNAc analogues. A) Schematic representation of in vitro glycosylation experiments performed to evaluate 
the UDP-sugar substrate preference of WT and BH GalNAc-T4. Red T represents the peptide acceptor site 
used by GalNAc-T4. The yellow square depicts the prior GalNAc unit in the peptide. Figure adapted from 
Choi et al. (2019)67. B) Glycopeptide formation by WT/BH GalNAc-T4 (100 nM) after overnight incubation at 
37 °C with glycopeptide 1 (50 μM) and UDP-sugars 1-16 (250 μM). Data are individual points and means 
from three independent replicates, with each independent replicate consisting of two technical replicates ± 
SD. 
 

To enable in cellulo work, WT GalNAc-Ts should not accept the UDP-GalNAc analogue. Choi 

et al. previously demonstrated that UDP-GalN6yne is not accepted by WT GalNAc-T1, -T2 

and -T1067, therefore we decided to pursue UDP-GalN6yne as a promising orthogonal 

GalNAc-T/UDP-sugar pair with the most favourable turnover compared to the other UDP-

sugars tested.  

  

2.1.2. Michaelis-Menten Kinetics 

To determine whether BH GalNAc-T4 retains the kinetic parameters of the native system, the 

Michaelis-Menten kinetics of WT and BH GalNAc-T4 were investigated. Enzymatic reactions 

can be generally described by Equation 3, where a substrate (S) binds to an enzyme (E) to 

form an intermediate enzyme-substrate (ES) complex, which either dissociates to the unbound 

substrate and enzyme, or proceeds to yield the product (P) and regenerate the enzyme230.  

 

Equation 3. General equation to describe a simple enzymatic reaction S→P230. 

𝐸 + 𝑆 
𝑘1
⇌
𝑘−1

𝐸𝑆 
𝑘𝑐𝑎𝑡
→  𝐸 + 𝑃 

 

The overall rate of product formation (v) is therefore directly proportional to the concentration 

of the ES complex as described by Equation 4230. This equation only holds true at the 

beginning of the reaction before the product accumulates and whilst the reverse reaction (E + 

P → ES) can be assumed to be negligible so there is no product inhibition230.  
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Equation 4. Overall rate of product formation230. 

𝑣 = 𝑘𝑐𝑎𝑡 [𝐸𝑆]  

 

Under the steady-state approximation, the rates at which the ES complex forms and 

disappears are equal, so the concentration of the ES complex remains small and constant230. 

The concentration of the ES complex can therefore be described in terms of the concentration 

of the free enzyme and free substrate using Equation 5230. This approximation only holds true 

at the beginning of the reaction, before the concentration of the substrate, and hence of the 

ES complex, changes appreciably230.  

 

Equation 5. Describing the concentration of the ES complex in terms of the concentrations of free enzyme 

and free substrate when the steady-state approximation is satisfied230. 

𝑘1[𝐸][𝑆] = 𝑘−1[𝐸𝑆] + 𝑘𝑐𝑎𝑡[𝐸𝑆] 

[𝐸𝑆] =
𝑘1[𝐸][𝑆]

𝑘−1 + 𝑘𝑐𝑎𝑡
 

 

The concentration of free enzyme [E] and free substrate [S] will be equal to the total enzyme 

[ET] or total substrate [ST] concentration minus the concentration of the ES complex [ES]230. 

However, since the enzyme is a catalyst, the concentration of the substrate will be much 

greater than the concentration of the enzyme230. It can therefore be assumed that the free 

substrate concentration [S] will be almost the same as the total substrate concentration ([S] ≈ 

[ST])230. Substituting for [E] and rearranging Equation 5 results in Equation 6230.    

 

Equation 6. Describing the concentration of the ES complex in terms of the concentrations of total enzyme 

and free substrate when the steady-state approximation is satisfied230. 

[𝐸𝑆] =
𝑘1 ([𝐸𝑇] − [𝐸𝑆])[𝑆]

𝑘−1 + 𝑘𝑐𝑎𝑡
 

[𝐸𝑆](𝑘−1 + 𝑘𝑐𝑎𝑡 + 𝑘1[𝑆]) = 𝑘1[𝐸𝑇][𝑆] 

[𝐸𝑆] (
𝑘−1 + 𝑘𝑐𝑎𝑡

𝑘1
+ [𝑆]) = [𝐸𝑇][𝑆] 

[𝐸𝑆] =
[𝐸𝑇][𝑆]

(
𝑘−1 + 𝑘𝑐𝑎𝑡

𝑘1
) + [𝑆]

 

 

Replacing Equation 6 into Equation 4 allows us to define the rate of product formation in 

terms of the total enzyme and free substrate concentrations using Equation 7230. 
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Equation 7. Rate of product formation in terms of total enzyme and free substrate concentration230. 

𝑣 =
𝑘𝑐𝑎𝑡 [𝐸𝑇][𝑆]

(
𝑘−1 + 𝑘𝑐𝑎𝑡

𝑘1
) + [𝑆]

  

 

When the enzyme is saturated with the substrate, the total enzyme concentration [ET] will be 

equal to the ES complex concentration ([ET] = [ES]), and the rate of product formation will 

reach a limiting maximum value (vmax)230. Under these criteria, we can combine Equation 4 

and Equation 7 and arrive at the Michaelis-Menten equation (Equation 8), where the term 

KM is the Michaelis constant230. This constant represents the substrate concentration at half-

maximal reaction rate, and it provides an indication of the enzyme’s affinity for its substrate230.  

 

Equation 8. Michaelis-Menten equation230. 

𝑣 =
𝑣𝑚𝑎𝑥 [𝑆]

𝐾𝑀 + [𝑆]
  

 

During my MSci project I determined the enzyme concentration at which 10-20% glycopeptide 

formation was achieved with the WT GalNAc-T4/UDP-GalNAc and BH GalNAc-T4/UDP-

GalN6yne pairs with glycopeptide 1208. This turnover was chosen as a reflection of the initial 

stage of the reaction (when minimal substrate consumption has occurred, but sufficient 

product is present to be detected by MS), thus fulfilling the prerequisites of Michaelis-Menten 

kinetics230. Incubation of the reaction mixtures for 1.5 h was chosen as a convenient endpoint 

to measure glycopeptide formation at the initial stage of the reaction208. 

 

To determine the kinetic parameters of the GalNAc-T4/UDP-sugar pairs, the reaction mixtures 

were prepared containing fixed enzyme and glycopeptide 1 concentrations and different 

concentrations of UDP-GalNAc or UDP-GalN6yne. The concentration of glycopeptide 1 was 

in excess to ensure that the reaction was pseudo-first order with respect to the UDP-sugar 

concentration (the KM of WT GalNAc-T4 with glycopeptide 1 has been reported as 41 ± 19 

μM74 and 50.7 ± 6.3 μM82)208. 
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GalNAc-T4 / UDP-sugar kcat (s-1) Km (mM) kcat /Km (mM-1s-1) R-square fit 

WT / UDP-GalNAc 1.6 0.2 8.9 0.87 

BH / UDP-GalN6yne 1.6 0.6 2.7 0.91 

Fig. 16. Michaelis-Menten kinetics of WT GalNAc-T4/UDP-GalNAc and BH GalNAc-T4/UDP-GalN6yne. 
Michaelis-Menten plots of A) WT GalNAc-T4/UDP-GalNAc and B) BH GalNAc-T4/UDP-GalN6yne. Initial 
rates were measured by incubating WT/BH GalNAc-T4 (4 nM) at 37 °C for 1.5 h with glycopeptide 1 (100 
μM) and varying concentrations of UDP-GalNAc or UDP-GalN6yne (15.6, 31.3, 62.5, 125, 250, 500 μM). 
Data are individual points and means from three independent replicates, with each independent replicate 
consisting of two technical replicates. C) Michaelis-Menten kinetic parameters of WT and BH GalNAc-
T4/UDP-sugar pairs. The non-linear Michaelis−Menten and kcat fitting programs in GraphPad Prism were 
used to calculate the kcat and the KM of both enzyme/substrate pairs.  

 

The catalytic constant (kcat) of both enzyme/substrate pairs was the same (1.6 s-1)(Fig. 16C). 

In contrast, the Michaelis constant (KM) of the WT GalNAc-T4/UDP-GalNAc pair (0.2 mM) was 

3-fold lower than that of the BH GalNAc-T4/UDP-GalN6yne pair (0.6 mM)( Fig. 16C), reflecting 

the higher affinity occurring within the active site of the WT enzyme. Consequently, the 

catalytic efficiency (kcat/KM) of the WT pair (8.9 mM-1s-1) was 3-fold higher than that of the BH 

GalNAc-T4/UDP-GalN6yne pair (2.7 mM-1s-1)( Fig. 16C). Nevertheless, since all the values 

are within the same order of magnitude, the kinetic parameters of both enzyme-substrate pairs 

were considered comparable.  
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2.1.3. Competition experiment with the native substrate (UDP-GalNAc) and the bumped 

analogue (UDP-GalN6yne) 

In the endpoint in vitro glycosylation experiments, comparable glycopeptide formation was 

observed between the WT GalNAc-T4/UDP-GalNAc (97%) and BH GalNAc-T4/UDP-

GalN6yne (94%) pairs (Fig. 15B). However, since some activity was also observed between 

the  WT GalNAc-T4/UDP-GalN6yne (5%) and BH GalNAc-T4/UDP-GalNAc (26%) pairs (Fig. 

15B), we decided to investigate the selectivity of the enzymes in the presence of a 1:1 mixture 

of the two UDP-sugars (Fig. 17A). This is important for in cellulo work as it better represents 

the substrate exposure in the secretory pathway231.  

 

To be able to assess the selectivity of the enzymes towards UDP-GalNAc or UDP-GalN6yne, 

we had to ensure that the reaction mixtures were under steady-state kinetics. I therefore used 

the enzyme concentration at which ~20% glycopeptide formation was achieved208 and 

incubated the reaction mixtures for 1.5 h as a convenient endpoint to measure glycopeptide 

formation at the initial stage of the reaction208. 

 

Upon incubation of WT GalNAc-T4 with a 1:1 molar ratio of both UDP-GalNAc and UDP-

GalN6yne, a 16:1 ratio of GalNAc- vs GalN6yne-modified products were found (Fig. 17B). 

Thus, WT GalNAc-T4 preferred the native substrate UDP-GalNAc. Upon incubation of BH 

GalNAc-T4 with a 1:1 molar ratio of both UDP-GalNAc and UDP-GalN6yne, only GalN6yne-

modified products were found (Fig. 17B). Thus, BH GalNAc-T4 exclusively accepted the 

bumped analogue UDP-GalN6yne.  

 

Taken together, these results demonstrated that in an environment that more closely mimics 

the secretory pathway, WT GalNAc-T4 preferentially reacts with UDP-GalNAc whilst BH 

GalNAc-T4 exclusively reacts with UDP-GalN6yne, confirming that the BH GalNAc-T4/UDP-

GalN6yne pair is an orthogonal enzyme-substrate pair to the native pair (WT GalNAc-T4/UDP-

GalNAc).  
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Fig. 17. Competition experiment with WT/BH GalNAc-T4 and UDP-GalNAc/UDP-GalN6yne. A) 
Schematic representation of competition experiments performed with WT/BH GalNAc-T4 and a 1:1 ratio of 
UDP-GalNAc and UDP-GalN6yne. Red T represents the peptide acceptor site used by GalNAc-T4. The 
yellow square depicts the prior GalNAc unit in the peptide. Figure adapted from Choi et al. (2019)67. B) 
Glycopeptide formation by WT/BH GalNAc-T4 (8 nM) after incubation at 37 °C for 1.5 h with glycopeptide 1 
(50 μM) and a 1:1 mixture of UDP-GalNAc and UDP-GalN6yne (250 μM). Data are individual points and 
means from three independent replicates, with each independent replicate consisting of two technical 
replicates ± SD. 

 

Overall, the in vitro glycosylation experiments validated the BH GalNAc-T4/UDP-GalN6yne 

pair as an orthogonal enzyme/substrate pair showing comparable glycopeptide formation and 

kinetic parameters as the native pair (WT GalNAc-T4/UDP-GalNAc). During my MSci project, 

I also confirmed that BH GalNAc-T4 emulated the known glycopeptide substrate preference 

of WT GalNAc-T4208. Altogether, these results demonstrated that BH GalNAc-T4 recapitulates 

the activity of the WT enzyme in vitro whilst displaying a UDP-sugar substrate switch from the 

native substrate to the bumped analogue. 
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2.2. Establishing a BH GalNAc-T4 system in BCCs 

 

2.2.1. Cell surface tagging of glycoproteins in T47DWT and T47DT4-KO cells  

With an orthogonal BH GalNAc-T4/UDP-sugar pair in hand, the next aim was to establish a 

BH GalNAc-T4 system in BCCs. The T47D cell line, an ER+ luminal BCC line displaying high 

GalNAc-T4 expression132, was identified as a promising model system for these experiments. 

Previous work on T47D cells has demonstrated the use of this cell line as a representative 

model of BC-associated alterations of O-GalNAc glycosylation due to its resemblance to the 

structural and antigenic profile of primary breast tumours232.  

 

Two T47DT4-KO clones (KO 1 and KO 6) and T47DWT cells were stably transfected with 

plasmids encoding the two enzymes of the artificial biosynthetic pathway for UDP-sugar 

biosynthesis (AGX1F383A and NahK) and WT or BH GalNAc-T4 (T47D-AGX1F383A-NahK-

GalNAc-T4WT and T47D-AGX1F383A-NahK-GalNAc-T4BH cells respectively)(Fig. 18A and SI 

Fig. 7). To have a control without OE WT or BH GalNAc-T4, the cells were also transfected 

with plasmids only expressing the artificial biosynthetic pathway (T47D-AGX1F383A-NahK 

cells). Since UDP-GalN6yne was shown to be epimerised by the enzyme GALE to the 

corresponding UDP-GlcNAc analogue193, resulting in undesired tagging of GlcNAc-containing 

glycoconjugates such as nucleocytoplasmic O-GlcNAc or extracellular N-glycans, these cells 

would also help assess any potential background tagging of glycoproteins.  

 

A dose-response experiment was initially performed to determine the concentration of 

Ac4GalN6yne to use in subsequent experiments. The transfected T47DT4-KO and T47DWT cells 

were fed with different concentrations of Ac4GalN6yne and reacted with the fluorophore 

CF680-picolyl azide, which undergoes a CuAAC reaction with the tagged glycoproteins (Fig. 

18B). DMSO-treated cells were included as a negative control. Cells treated with Ac4ManNAl, 

a well-characterised and promiscuous sialic acid precursor (Fig. 18E)233, were included as a 

positive control. Cell surface tagging of glycoproteins was assessed by in-gel fluorescence. 

Protein expression control by Western blot demonstrated the success of the transfection (Fig. 

18C). As expected, no fluorescent signal was seen in the DMSO-treated cells whilst a strong 

signal was seen in all cells treated with Ac4ManNAl regardless of whether BH GalNAc-T4 was 

present or not (except for sample 24 in Fig. 18C since there wasn’t enough CuAAC solution 

left for this sample).  
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Fig. 18. Cell surface tagging of glycoproteins in transfected T47DWT and T47DT4-KO cells using BH 
GalNAc-T4. A) Expression construct encoding genes for VSV-G-tagged WT/BH GalNAc-T4, FLAG-tagged 
AGX1F383A and HA-tagged NahK used to establish the BH GalNAc-T4 system in T47DWT and T47DT4-KO cells. 
B) Schematic representation of the workflow for the cell surface tagging experiments. The red star represents 
a fluorophore. Figure adapted from Schumann et al. (2020)193. C) Dose-response experiment of cell surface 
tagging of glycoproteins in transfected T47DWT and T47DT4-KO cell lysates as assessed by in-gel fluorescence. 
The dashed box indicates bands seen in the T47DT4-KO cells which were absent in the corresponding T47DWT 
cells. 15 µg of protein were used per lane. Antibody staining was performed using antibodies against VSV-
G (1:500, ab3861), FLAG (1:2000, PA1-984B) and HA (1:2000, ab130275). D) Cell surface tagging of 
glycoproteins in PNGase F-treated transfected T47DWT cell lysates as assessed by in-gel fluorescence. 15 
µg of protein were used per lane. Antibody staining was performed using an antibody against VSV-G (1:500, 
ab3861). Data are from one experiment. WT/BH T4 = WT/BH GalNAc-T4. 

 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH and T47DT4-KO-AGX1F383A-NahK-GalNAc-T4BH cells 

showed a concentration-dependent increase in fluorescence with Ac4GalN6yne, 

demonstrating that we can successfully tag glycoproteins using BH GalNAc-T4 in these cells. 

The strongest signal in all the BH GalNAc-T4 samples was observed in bands at a MW >160 

kDa. We speculated that these bands could be due to mucins, since MUC1 is one of the few 

validated substrates of GalNAc-T472, 156, 157, 234. To test our hypothesis, we decided to treat the 

lysates with StcE prior to in-gel fluorescence. StcE is a protease that selectively cleaves 

mucins containing the peptide sequence Ser/Thr*–X–Ser/Thr, where “X” is any amino acid 

and the asterix (*) represents a glycosylated Ser/Thr residue187. Cleavage occurs before the 

second Ser/Thr only if the first Ser/Thr is glycosylated187. The bands at a MW >160 kDa were 

sensitive to treatment with StcE (SI Fig. 8B), confirming their identity as mucins.  
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The signal in the T47DT4-KO-AGX1F383A-NahK-GalNAc-T4BH cells was higher than in the 

corresponding T47DWT cells, likely because of the competition for glycosylation sites between 

BH and endogenous GalNAc-T4 reducing the tagging in the T47DWT cells. A signal was 

observed in T47DWT-AGX1F383A-NahK and T47DT4-KO-AGX1F383A-NahK cells due to 

background tagging of glycoproteins. Based on these results, 1 μM Ac4GalN6yne was chosen 

for future experiments since at this sugar concentration a strong signal was observed in the 

cells expressing BH GalNAc-T4 whilst minimal signal was seen in the cells where BH GalNAc-

T4 was absent.  

 

Bands at a MW >160 kDa were seen in the T47DT4-KO-AGX1F383A-NahK cells that were not 

observed in the corresponding T47DWT cells (Fig. 18C, dashed box), indicating that 

compensatory mechanisms may be taking place upon KO of GalNAc-T4, as previously 

suggested by Wu et al.133 Since using these cells could result in misleading conclusions, only 

transfected T47DWT cells would be used in future experiments, without KO of endogenous 

GalNAc-T4. 

 

Having determined the optimal concentration of Ac4GalN6yne to use (1 μM Ac4GalN6yne), the 

cell surface tagging experiments were repeated with T47DWT-AGX1F383A-NahK, T47DWT-

AGX1F383A-NahK-GalNAc-T4WT, and T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells. Compared 

to the previous experiment (Fig. 18C), more background signal was seen in T47DWT-

AGX1F383A-NahK cells (Fig. 18D). To discern between N- and O-glycans and reduce 

background fluorescence, the lysates were treated with PNGase F prior to in-gel fluorescence 

analysis. The signal of all samples was reduced upon PNGase F treatment (SI Fig. 8C), 

demonstrating that tagged N-glycans were successfully removed. The remaining signal could 

be due to incorporation of the GlcNAc analogue product of the epimerisation by GALE into the 

protein-proximal core, making N-glycans PNGase F resistant204. Alternatively, the bulky 

fluorophore used to derivatise the tagged glycoproteins may reduce recognition by PNGase 

F. In the Ac4GalN6yne-treated samples, the strongest signal was observed in the T47DWT-

AGX1F383A-NahK-GalNAc-T4BH cells (Fig. 18D), with a 1.5-fold and 4.7-fold increase in mean 

fluorescent intensity over the T47DWT-AGX1F383A-NahK and T47DWT-AGX1F383A-NahK-

GalNAc-T4WT cells, respectively. The VSV-G blot demonstrated that BH GalNAc-T4 was more 

highly OE than WT GalNAc-T4 (Fig. 18D). Since this difference in expression levels would be 

a source of variation that could lead to artifacts, we decided not to use the T47DWT-AGX1F383A-

NahK-GalNAc-T4WT cells in future experiments. Instead, we would use the T47DWT-AGX1F383A-

NahK as a control to dissect BH GalNAc-T4-specific tagging from any potential background 

tagging of glycoproteins. 
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2.2.2. Tagging of glycoproteins in lysates and secretome of transfected T47D cells 

We next tested if we could tag intracellular and secreted proteins as well as cell surface 

proteins in T47DWT-AGX1F383A-NahK-GalNAc-T4BH and T47DWT-AGX1F383A-NahK cells. The 

cell surface tagging experiment was performed as described above (Fig. 19A). For the tagging 

of glycoproteins in lysates and the secretome of transfected T47DWT cells, 24 h after sugar 

feeding, the secretome was collected and the cells were lysed. The samples were treated with 

PNGase F to remove N-glycans and the glycoproteins were derivatised with biotin-picolyl 

azide by CuAAC. Tagging of glycoproteins was assessed by streptavidin blot (Fig. 19C).  

 

 

Fig. 19. Cell surface, lysate and secretome tagging of glycoproteins in transfected T47DWT cells using 
BH GalNAc-T4. Schematic representation of the workflow for the A) cell surface, C) lysate and secretome 
tagging experiments. B) Cell surface tagging of glycoproteins in PNGase F-treated transfected T47DWT cell 
lysates as assessed by in-gel fluorescence. Tagging of glycoproteins in PNGase F-treated D) lysates and E) 
the secretome of transfected T47DWT cells  as assessed by streptavidin blot. 15 µg of protein were used per 
lane for the cell surface and lysate samples and 5 µg for the secretome samples. Antibody staining was 
performed using antibodies against VSV-G (1:500, ab3861), FLAG (1:2000, PA1-984B) and HA (1:2000, 
ab130275). Streptavidin staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-32230).  
Data are from one experiment. BH T4 (+) = T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells, control (-) =  
T47DWT-AGX1F383A-NahK cells. 
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The results from the tagged cell surface glycoproteins supported the results from the cell 

surface tagging experiments described in Fig. 18 - minimal signal was seen in the DMSO-

treated samples, a strong signal was seen in both samples treated with Ac4ManNAl, some 

background signal was seen in the T47DWT-AGX1F383A-NahK cells treated with Ac4GalN6yne, 

but the strongest bands were still observed in the T47DWT-AGX1F383A-NahK-GalNAc-T4BH 

samples, especially at a MW >160 kDa (Fig. 19B). A strong band around 25 kDa was seen in 

all the lysates (Fig. 19D) and secretome (Fig. 19E) samples, perhaps due to endogenous 

biotinylated proteins. A higher background signal was seen in the T47DWT-AGX1F383A-NahK 

lysates treated with Ac4GalN6yne (Fig. 19D) compared to the corresponding cell surface (Fig. 

19B) and secretome (Fig. 19E) samples, probably due to the high abundance of tagged 

nucleocytoplasmic O-GlcNAc glycans62. Nevertheless, the highest signal in the Ac4GalN6yne-

treated samples was consistently observed in the T47DWT-AGX1F383A-NahK-GalNAc-T4BH 

samples (Fig. 19B and Fig. 19D-E) - demonstrating that we can successfully tag glycoproteins 

in the cell surface, lysates and secretome of T47D cells using BH GalNAc-T4.  

 

2.2.3. Cell surface tagging of glycoproteins in transfected MCF7 and MDA-MB-231 cells 

Once I had demonstrated that we could tag glycoproteins in T47DWT cells with BH GalNAc-

T4, we wanted to see if the BH GalNAc-T4 system would be applicable to other BCCs. For 

these experiments, we chose MCF7WT cells as a second ER+ luminal BCC line expressing 

comparable levels of endogenous GalNAc-T4 to T47DWT cells133, and the MDA-MB-231WT cell 

line as a TNBC cell line expressing GalNAc-T4 at much lower levels than luminal cells129, 133. 

Both cell lines were transfected with the plasmids encoding NahK, AGX1F383A, and WT or BH 

GalNAc-T4. Cell surface tagging experiments were performed as described for T47D cells 

(Fig. 20A). 

 

Protein expression control by Western blot confirmed the expression of the transgenes (Fig. 

20B-C). Some background signal was observed in the DMSO-treated samples (lanes 1 and 

2, Fig. 20B-C), most likely due to leftover CuAAC solution which should be removed with 

additional washes. A strong signal was seen in all samples treated with Ac4ManNAl (lanes 9 

and 10, Fig. 20B-C). Some background signal was seen in the AGX1F383A-NahK (lanes 3 and 

4, Fig. 20B-C) and AGX1F383A-NahK-GalNAc-T4WT (lanes 5 and 6, Fig. 20B-C) cells fed with 

Ac4GalN6yne despite PNGase F treatment. Interestingly, the signal from these samples was 

slightly different. A possible explanation for this observation could be that AGX1F383A and NahK 

are OE in the AGX1F383A-NahK cells compared to the AGX1F383A-NahK-GalNAc-T4WT cells, 

potentially due to the smaller former plasmid resulting in a higher transfection efficiency than 

the latter plasmid, which in turn leads to increased background tagging of glycoproteins.  
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Fig. 20. Cell surface tagging of glycoproteins in transfected MCF7WT and MDA-MB-231WT cells using 
BH GalNAc-T4. A) Schematic representation of the workflow for the cell surface tagging experiments. Cell 
surface tagging of glycoproteins in PNGase F-treated transfected B) MCF7WT and C) MDA-MB-231WT cell 
lysates as assessed by in-gel fluorescence. 15 µg of protein were used per lane. Antibody staining was 
performed using antibodies against VSV-G (1:750, PA129903), FLAG (1:500, ab1257) and HA (1:500, 
ab18181). Data are representative of two independent replicates, with each independent replicate consisting 
of two technical replicates. WT/BH T4 = WT/BH GalNAc-T4.  

 

Multiple intense bands due to the tagged glycoproteins were observed in the AGX1F383A-NahK-

GalNAc-T4BH samples for both cell lines (lanes 7 and 8, Fig. 20B-C), with the most intense 

bands consistently observed at a MW >160 kDa. Overall, these results demonstrated that we 

could tag the substrates of GalNAc-T4 in T47D, MCF7 and MDA-MB-231 cells. The different 

band patterns observed with the different cell lines could reflect the differing substrate 

specificity of GalNAc-T4. 
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CHAPTER 3: Characterising the substrates of GalNAc-T4 in breast 

cancer cells by MS-proteomics 

 

Having demonstrated that we could tag the substrates of GalNAc-T4 in T47D, MCF7 and 

MDA-MB-231 BCCs, the next step was to characterise the tagged glycoproteins by MS-

proteomics.  

 

3.1. Label-free MS-proteomics on lysates & secretome of transfected T47DWT cells 

I first performed a label-free MS-proteomics experiment to characterise the substrates of 

GalNAc-T4 in the lysates and secretome of T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells. For 

this experiment, I used the T47DWT-AGX1F383A-NahK cells as a control for background tagging 

of glycoproteins. I fed the cells with Ac4GalN6yne or DMSO. After overnight incubation I 

collected the secretome and lysed the cells. I then incubated the samples with neutravidin 

beads to remove endogenous biotinylated proteins (pre-clear), followed by PNGase F 

treatment to remove N-glycans. Tagged glycoproteins were derivatised with biotin-DADPS-

picolyl azide by CuAAC. To remove any excess CuAAC reagents, the proteins were 

precipitated with methanol overnight. The pellets were re-solubilised sequentially with 

Rapigest and urea, and the tagged glycoproteins enriched on neutravidin beads (Fig. 21A). 

Aliquots of the same volume were taken at different steps of the workflow to track the tagged 

glycoproteins by streptavidin blot. A strong band around 50-70 kDa was observed in the total 

protein of all secretome samples (lanes 4-6 and 10-12, Fig. 21B), perhaps due to leftover 

albumin (66.5 kDa) despite using FBS-free medium 24 h before collecting the secretome. This 

observation suggests that a longer incubation with FBS-free medium may be required to fully 

deplete albumin from the samples, however the viability of the cells decreased when the cells 

were grown in FBS-free medium for longer than 24 h. Some bands around 70-90 kDa were 

seen in the streptavidin blot of the lysate samples after the pre-clear step (lanes 1-3, Fig. 21B), 

suggesting that the removal of endogenous biotinylated proteins was incomplete for these 

samples. Mammalian cells have four known endogenously biotinylated proteins: the three 

mitochondrial proteins pyruvate carboxylase (130 kDa), methylcrotonyl-CoA carboxylase (75 

kDa), and propionyl-CoA carboxylase (72 kDa); and the cytoplasmic protein acetyl-CoA 

carboxylase (220 kDa)235. The bands around 70-90 kDa could therefore be due to leftover 

methylcrotonyl-CoA carboxylase and propionyl-CoA carboxylase. Nevertheless, Chandler and 

Ballard have provided evidence of other unknown biotinylated mitochondrial proteins which 

could be an alternative source of the bands236. No bands were seen in the streptavidin blot for 

the secretome samples after pre-clear (lanes 4-6, Fig. 21B), as anticipated as none of the 

endogenous biotinylated proteins are expected to be secreted.  
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Fig. 21. Tracking tagged glycoproteins in lysates and secretome of transfected T47DWT cells during 
neutravidin bead enrichment by streptavidin blot. A) Schematic representation of the workflow for the 
label-free MS-proteomics experiment. Figure adapted from Schumann et al. (2020)193. B) Tracking tagged 
glycoproteins in lysates and secretome of transfected T47DWT cells during neutravidin bead enrichment by 
streptavidin blot after removal of endogenous biotinylated proteins (pre-clear), PNGase F treatment and an 
initial CuAAC reaction overnight. C) Tracking tagged glycoproteins in lysates and secretome of transfected 
T47DWT cells during neutravidin bead enrichment by streptavidin blot after a second CuAAC reaction 
overnight and sample clean-up by protein precipitation and resuspension to remove excess CuAAC reagents 
before neutravidin bead enrichment. The supernatant after enrichment was also included. Streptavidin 
staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-32230). Data are from one 
experiment. BH T4 (+) = T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells, control (-) =  T47DWT-AGX1F383A-NahK 
cells, L = lysate, S = secretome. 
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The streptavidin signal in all the samples after CuAAC was comparable (lanes 7-9 and 10-12, 

Fig. 21B). Based on the previous results from tagging glycoproteins in lysates and the 

secretome of T47D cells (Fig. 19) we would have expected to see minimal signal in the DMSO-

treated samples and the strongest signal in the T47DWT-AGX1F383A-NahK-GalNAc-T4BH 

samples treated with Ac4GalN6yne. We therefore added more CuAAC solution to the samples 

and continued the incubation overnight to maximise the derivatisation of the tagged 

glycoproteins. Despite this, background signal was still observed in the DMSO-treated 

samples and the T47DWT-AGX1F383A-NahK control samples (lanes 1-2 and 4-5, Fig. 21C). We 

hypothesised that this could be due to leftover biotin-DADPS-picolyl azide from the CuAAC 

solution in the samples. Indeed, when we precipitated the proteins to remove excess CuAAC 

reagents and analysed the streptavidin signal after resuspension, a strong signal was 

observed in the lysate of Ac4GalN6yne-treated T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells 

(lane 9, Fig. 21C) whilst minimal signal was seen in the control lysates (lanes 7-8, Fig. 21C). 

However, the total protein of the former was also higher than the total protein of the control 

lysates. Indeed, the degree of protein precipitation and resuspension varied significantly 

between samples (even visible to the naked eye) which could affect the results obtained. The 

streptavidin signal of all the secretome samples was comparable even after protein 

precipitation and resuspension (lanes 10-12, Fig. 21C), suggesting that the tagging of 

glycoproteins with BH GalNAc-T4 may not have been as successful in these samples as in 

Fig. 19E. No streptavidin signal was seen in any of the supernatants after neutravidin bead 

enrichment (lanes 13-18, Fig. 21C), suggesting that the tagged glycoproteins remained bound 

to the beads. 

 

After neutravidin bead enrichment of the tagged glycoproteins, the unmodified peptides can 

be released from the beads by on-bead digestion with Lys-C, whilst tagged glycopeptides can 

be released from the beads by acid treatment due to the acid-labile diphenyldisiloxane moiety 

present in biotin-DADPS-picolyl azide. In this experiment we only focused on the peptide 

fraction as a preliminary test. After the on-bead digestion with Lys-C, the peptides were 

digested again with trypsin, desalted using UltraMicroSpinTM columns, and vacuum-dried by 

Speedvac. The samples were reconstituted in 0.1% (v/v) formic acid in LC-MS grade water 

and injected into an Orbitrap Eclipse™ Tribrid™ Mass Spectrometer coupled to an UltiMate™ 

3000 RSLCnano System by Lucia Di Vagno. The raw MS data was processed on MaxQuant 

and the output visualised in Perseus.  
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A two-sided two-sample Welch’s t-test was performed, choosing a Benjamini-Hochberg FDR-

adjusted p-value of 0.05 as a cut-off. Statistically-enriched peptides were detected in all the 

Ac4GalN6yne-treated BH GalNAc-T4 samples compared to the controls (Fig. 22) - however 

we couldn’t confirm that these proteins were enriched due to them being substrates of GalNAc-

T4 or due to differences in the levels of the proteins between samples caused by the variability 

in the protein precipitation and resuspension steps. Furthermore, we would have expected to 

detect statistically-enriched peptides due to MUC1 as the bona fide substrate of GalNAc-T472, 

156, 157, 234, however this was not the case in any of the samples. We therefore decided to 

optimise the workflow to obtain more confident and reproducible results.   

 

 
Fig. 22. Statistical analysis of the label-free MS-proteomics experiments on lysates and secretome of 
transfected T47DWT cells. MS analysis of the peptide fractions from A) lysates or C) the secretome of 
T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells treated with Ac4GalN6yne or DMSO as a control. MS analysis 
of the peptide fractions from B) lysates or D) the secretome of GalN6yne-treated T47DWT-AGX1F383A-NahK-
GalNAc-T4BH cells or T47DWT-AGX1F383A-NahK cells as a control. Differentially enriched peptides were 
determined by performing a two-sided two-sample Welch’s T-test using Perseus software. Data are 
visualised as a scatter plot, with each dot representing a different peptide detected, choosing a Benjamini-
Hochberg FDR-adjusted p-value of 0.05 as a cut-off. Data are representative of  three technical replicates. 
BH T4 = BH GalNAc-T4.  
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3.2. Optimisation of MS-proteomics workflow 

Since the protein precipitation and resuspension steps were the main source of inter-sample 

variability in the MS-proteomics workflow, the Malaker group (Yale University) recommended 

testing Amicon filters for sample clean-up and buffer exchange after the CuAAC reaction 

instead. T47DWT-AGX1F383A-NahK-GalNAc-T4BH or T47DWT-AGX1F383A-NahK cells were fed 

with Ac4GalN6yne and lysed. Tagged glycoproteins were derivatised with biotin-picolyl azide 

by CuAAC, followed by sample clean-up with Amicon Ultra-0.5 Centrifugal Filters (3 kDa 

MWCO). Protein recovery and tagging of glycoproteins was assessed by streptavidin blot (Fig. 

23A).  

 
 

 

Fig. 23. Testing Amicon filters as an alternative approach to protein precipitation and resuspension 
for sample clean-up and buffer exchange after the CuAAC reaction. A) Schematic representation of the 
experiment. B) Protein recovery and tagging of glycoproteins was assessed by streptavidin blot. 50 µg of 
protein were used per lane. Streptavidin staining was performed using IRDye® 800CW Streptavidin (1:5000, 
926-32230). Data are representative of two independent replicates. BH T4 (+) = T47DWT-AGX1F383A-NahK-
GalNAc-T4BH cells, control (-) =  T47DWT-AGX1F383A-NahK cells. 

 

The total protein signal was reduced after the CuAAC reaction and sample clean-up with the 

Amicon filters (Fig. 23B), perhaps due to the proteins sticking to the filters. Nevertheless, the 

protein recovery was comparable between the two samples and the signal observed in the 

streptavidin blot looked analogous to the results previously obtained in the cell surface tagging 

experiments (Fig. 18-20). Based on these results, we decided to use Amicon filters instead of 

protein precipitation and resuspension in future MS-proteomics experiments.  
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We also decided to shift from label-free MS-proteomics to Stable Isotope Labelling by Amino 

acids in Cell culture (SILAC)-based MS-proteomics. In this approach, cells are grown in 

medium containing isotopically heavy or light Lys and Arg amino acids237. Since trypsin 

cleaves at the C-terminus of these amino acids, all tryptic peptides will contain at least one 

labelled amino acid238. Heavy and light samples are combined at the beginning of the 

workflow, reducing variability due to sample preparation237. The source of the sample can be 

identified from the mass difference caused by the presence of the heavy or light isotopes. The 

relative abundance of the proteins can be measured by calculating the difference in the 

intensities between the heavy and light peptides, allowing relative protein quantitation237.  

 

3.3. SILAC-based MS-(glyco)proteomics on lysates of transfected T47DWT cells 

I first attempted the SILAC-based MS-proteomics strategy using lysates of T47DWT-AGX1F383A-

NahK-GalNAc-T4BH cells. For this experiment, I used the T47DWT-AGX1F383A-NahK cells as a 

control for background tagging of glycoproteins. The cells were first cultured in growth medium 

containing isotopically heavy or light amino acids for 5-6 doublings to maximise the heavy 

SILAC label incorporation237. The growth medium also contained light Pro to minimise the 

metabolic conversion of Arg to Pro237. The cells were then treated with Ac4GalN6yne or DMSO 

and lysed after overnight incubation. An aliquot from the heavy lysates was processed using 

the SP3 technology220 and injected into an Orbitrap Eclipse™ Tribrid™ Mass Spectrometer 

coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno. The raw MS data was 

processed on MaxQuant and the incorporation of the heavy SILAC label was determined using 

Perseus. The incorporation efficiency of all heavy samples was >95% (Table 2), as required 

for SILAC experiments237.  

 

Table 2. Determining the incorporation efficiency of the heavy SILAC label on lysates of transfected 
T47DWT cells.  

Cell line Treatment 
Incorporation efficiency (%) 

R1 R2 R3 Average 

T47DWT-AGX1F383A-NahK Ac4GalN6yne 97 96 96 96 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH DMSO 96 97 98 97 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH Ac4GalN6yne 97 96 96 96 
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1:1 mixtures of the heavy and light lysates were prepared according to Fig. 24A. The samples 

were first incubated with neutravidin beads to remove endogenous biotinylated proteins (pre-

clear), followed by PNGase F treatment to remove N-glycans. The tagged glycoproteins were 

then derivatised with biotin-DADPS-picolyl azide by CuAAC for 72 h to maximise the 

derivatisation of the tagged glycoproteins. Sample clean-up and buffer exchange to PBS was 

subsequently performed using Amicon Ultra-0.5 Centrifugal Filters (3 kDa MWCO), followed 

by enrichment of the tagged glycoproteins with neutravidin beads (Fig. 24B). Aliquots of the 

same volume were taken at different steps of the workflow to track the tagged glycoproteins 

by streptavidin blot (Fig. 24C). As seen in the label-free MS-proteomics experiment, some 

bands around 70-90 kDa were seen in the streptavidin blot of the lysate samples after the pre-

clear step (Fig. 24C), suggesting that the removal of endogenous biotinylated proteins was 

incomplete. A boost in streptavidin signal was seen in all samples after the CuAAC reaction 

(Fig. 24C), as expected since all samples contained a BH GalNAc-T4/Ac4GalN6yne 

component, demonstrating that the reaction was successful. Minimal streptavidin signal was 

seen in the supernatants after neutravidin bead enrichment (Fig. 24C), suggesting that the 

tagged glycoproteins remained bound to the beads.  

 

After neutravidin bead enrichment of the tagged glycoproteins, the unmodified peptides were 

released from the beads by on-bead digestion with Lys-C, followed by a second digestion with 

trypsin. The samples were fractionated using UltraMicroSpinTM columns, vacuum-dried by 

Speedvac, reconstituted in 1% (v/v) formic acid/ 1% (v/v) LC-MS grade acetonitrile in LC-MS 

grade water, and injected into an Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer 

coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno (Fig. 24B). The tagged 

glycopeptides were eluted from the beads by acid treatment, digested with trypsin, desalted 

using UltraMicroSpinTM columns, vacuum-dried by Speedvac, reconstituted in 0.1% (v/v) 

formic acid in LC-MS grade water, and injected into an Orbitrap Eclipse™ Tribrid™ Mass 

Spectrometer coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno (Fig. 

24B).  
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Fig. 24. Characterising the substrates of GalNAc-T4 in lysates of transfected T47DWT cells by SILAC-
based MS-proteomics. A) 1:1 mixtures of heavy and light T47D lysates. B) Schematic representation of the 
workflow for the SILAC-based MS-proteomics experiments using lysates of transfected T47DWT cells. Figure 
adapted from Cioce et al. (2022)204. C) Tracking tagged glycoproteins during neutravidin bead enrichment by 
streptavidin blot. Streptavidin staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-
32230). D) Venn Diagram showing the number of proteins enriched in each comparison from transfected 
T47DWT lysates. Peptides that were assigned more than one protein group were excluded from this 
calculation. E) MS analysis of the peptide fractions from lysates of T47DWT-AGX1F383A-NahK-GalNAc-T4BH 
cells treated with Ac4GalN6yne or DMSO as a control. E) MS analysis of the peptide fractions from lysates 
of Ac4GalN6yne-treated T47DWT-AGX1F383A-NahK-GalNAc-T4BH or T47DWT-AGX1F383A-NahK cells as a 
control. Differentially enriched peptides were determined by performing a two-sided one-sample T-test using 
Perseus software. Data are visualised as a scatter plot, with each dot representing a different peptide 
detected, choosing a Benjamini-Hochberg FDR-adjusted p-value of 0.05 as a cut-off. Only peptides with non-
zero values were plotted. Data are from three independent experiments, each independent replicate 
consisting of three technical replicates. BH T4 = BH GalNAc-T4. 
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The raw data from the peptide samples was processed on MaxQuant and the output visualised 

in Perseus. The data were grouped in MaxQuant to obtain two distinct comparisons. In the 

first comparison, the data from samples 1 and 2 were grouped to assess the effect of using 

different treatments on the same cell line (“treatment comparison”: GalN6yne vs DMSO)(Fig. 

24A). In the second comparison, the data from samples 3 and 4 were grouped to assess the 

effect of using the same treatment on two different cell lines (“cell line comparison”: T47DWT-

AGX1F383A-NahK-GalNAc-T4BH vs T47DWT-AGX1F383A-NahK cells)(Fig. 24A). A two-sided one 

sample t-test was performed on the two comparisons separately, choosing a Benjamini-

Hochberg FDR-adjusted p-value of 0.05 as a cut-off. Statistically-enriched peptides were 

detected in all the Ac4GalN6yne-treated BH GalNAc-T4 samples compared to the controls 

(Fig. 24E and 24F). Promisingly, one of the proteins with statistically-enriched peptides was 

MUC1 (Fig. 24E and 24F), which is the bona fide substrate of GalNAc-T472, 156, 157, 234, hence 

validating the results obtained. 

 

The Venn diagram in Fig. 24D shows the number of proteins statistically-enriched in each 

comparison. In the treatment comparison, the statistically-enriched proteins will include 

proteins tagged by BH GalNAc-T4 but also enriched due to background tagging of 

glycoproteins (e.g. from GlcNAc-containing glycoproteins after epimerisation of UDP-

GalN6yne by GALE). In the cell line comparison, the statistically-enriched proteins will include 

proteins tagged by BH GalNAc-T4 but also enriched due to differences in the protein 

expression levels between the two cell lines. For example, since BH GalNAc-T4 is OE 

compared to the endogenous enzyme (SI Fig. 8A), peptides due to GalNAc-T4 were enriched 

in the T47DWT-AGX1F383A-NahK-GalNAc-T4BH samples compared to the T47DWT-AGX1F383A-

NahK samples. The commonly enriched hits from both comparisons should therefore 

represent the substrates of GalNAc-T4. 

  

Peptides from 42 proteins were commonly enriched in both comparisons, with 98% (41/42) of 

these proteins previously annotated as O-glycosylated in the Glygen database239. From these 

proteins, MUC1, GOLM1, CD46 and JTB were enriched over 2-fold in all the Ac4GalN6yne-

treated BH GalNAc-T4 samples compared to the controls. These results demonstrated that 

we can successfully characterise the substrates of GalNAc-T4 in lysates of T47D cells by 

SILAC-based MS-proteomics. The identified substrates are listed in SI Table 2. 
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The raw data from the glycopeptide samples was processed on Byonic. The data was first 

searched to generate a FASTA file containing only the proteins found in the sample. This 

reduced the search time of the subsequent glycan search, where the data was searched again 

with the following glycan modifications in the “Glycans” tab: HexNAc(1), HexNAc(1)-NeuAc(1), 

HexNAc(1)-Hex(1), HexNAc(1)-Hex(1)-NeuAc(1), HexNAc(1)-Hex(1)-NeuAc(2), HexNAc(2)-

Hex(1)-NeuAc(1), HexNAc(2)-Hex(2) and HexNAc(2)-Hex(2)-NeuAc(1) and an additional 

287.1389 m/z to account for the chemical modification182, 193, 203, 204. The output excel file was 

filtered for glycans and specific cleavage sites. If any hits satisfied these criteria, the MS 

spectra was manually examined by Lucia Di Vagno using Xcalibur software to validate the 

glycosite hits. However, none of the expected HCD signature ions due to the presence of the 

chemically modified sugar were detected, suggesting that the peptides were incorrectly 

annotated by the software203. There are multiple challenges in determining glycosylation site 

information as described in the “Substrate identification of individual GalNAc-Ts” section. 

We therefore decided to focus only on the peptide fraction for future experiments – this would 

allow us to identify the substrates of GalNAc-T4 in our samples, whilst further optimisation on 

the glycopeptide sample processing would be required for glycosylation site localisation.  

 

3.4. SILAC-based MS-proteomics on the secretome of transfected T47DWT cells 

I next repeated the SILAC-based MS-proteomics experiment using the secretome of T47DWT-

AGX1F383A-NahK-GalNAc-T4BH or T47DWT-AGX1F383A-NahK cells and only focusing on the 

peptide fraction. The workflow was the same as the one used for the T47D lysates, the only 

differences were that on the day of sugar treatment the medium was replaced to FBS-free 

medium to minimise interference due to serum proteins and that after overnight incubation 

with the sugar the secretome was collected, concentrated and the medium replaced with PBS 

(Fig. 25B).  

 

An aliquot from the heavy secretome samples was processed using the SP3 technology220 

and injected into an Orbitrap Eclipse™ Tribrid™ Mass Spectrometer coupled to an UltiMate™ 

3000 RSLCnano System by Lucia Di Vagno. The raw MS data was processed on MaxQuant 

and the incorporation of the heavy SILAC label determined using Perseus. The incorporation 

efficiency of the heavy SILAC label in the heavy secretome samples (Table 3) was lower than 

in the corresponding lysate samples (Table 2), which could affect the results obtained. To 

overcome this, I should have allowed the cells to grow for longer.  
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Table 3. Determining the incorporation efficiency of the heavy SILAC label on the secretome of 
transfected T47DWT cells. 

Cell line Treatment 
Incorporation efficiency (%) 

R1 R2 Average 

T47DWT-AGX1F383A-NahK Ac4GalN6yne 91 81 86 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH DMSO 92 80 86 

T47DWT-AGX1F383A-NahK-GalNAc-T4BH Ac4GalN6yne 91 82 87 

 

When tracking the tagged glycoproteins by streptavidin blot, no bands were observed in the 

streptavidin blot after the pre-clear step (Fig. 25F), demonstrating the absence of endogenous 

biotinylated proteins in the samples. A strong band around 50-70 kDa was observed in the 

total protein stain of all samples (Fig. 25F), likely due to leftover albumin (66.5 kDa) despite 

using FBS-free medium 24 h before collecting the secretome. A boost in streptavidin signal 

was seen in all samples after the CuAAC reaction (Fig. 25F), as expected since all samples 

contained a BH GalNAc-T4/Ac4GalN6yne component, demonstrating that the reaction was 

successful. Minimal streptavidin signal was seen in the supernatants after neutravidin bead 

enrichment (Fig. 25F), demonstrating that the tagged glycoproteins remained bound to the 

beads.  

 

Statistically-enriched peptides were detected in all the Ac4GalN6yne-treated BH GalNAc-T4 

samples compared to the controls (Fig. 25D and 25E), with 3 proteins (AGRN, C3 and 

EFEMP1) commonly enriched in both comparisons (Fig. 25C). These 3 proteins have been 

previously annotated as O-glycosylated in the Glygen database239 (SI Table 3). These results 

demonstrated that we can also characterise the substrates of GalNAc-T4 in the secretome of 

T47D cells.   
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Fig. 25. Characterising the substrates of GalNAc-T4 in the secretome of transfected T47DWT cells by 
SILAC-based MS-proteomics. A) 1:1 mixtures of heavy and light T47D secretome samples. B) Schematic 
representation of the workflow for the SILAC-based MS-proteomics experiments using the secretome of 
transfected T47DWT cells. Figure adapted from Cioce et al. (2022)204. C) Venn Diagram showing the number 
of proteins enriched in each comparison from the secretome of transfected T47DWT cells. Peptides that were 
assigned more than one protein group were excluded from this calculation D) MS analysis of the peptide 
fractions from the secretome of T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells treated with Ac4GalN6yne or 
DMSO as a control. E) MS analysis of the peptide fractions from the secretome of Ac4GalN6yne-treated 
T47DWT-AGX1F383A-NahK-GalNAc-T4BH or T47DWT-AGX1F383A-NahK cells as a control. Differentially enriched 
peptides were determined by performing a two-sided one-sample T-test using Perseus software. Data are 
visualised as a scatter plot, with each dot representing a different peptide detected, choosing a Benjamini-
Hochberg FDR-adjusted p-value of 0.05 as a cut-off. Only peptides with non-zero values were plotted. Data 
are from two independent experiments. F) Tracking tagged glycoproteins during the SILAC-based MS-
proteomics experiment on the secretome of transfected T47DWT cells by streptavidin blot. Streptavidin 
staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-32230). BH T4 = BH GalNAc-T4. 
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3.5. SILAC-based MS-proteomics on lysates of transfected MCF7WT and MDA-MB-

231WT cells 

Having characterised the substrates of GalNAc-T4 in T47D cells, we next repeated the 

experiments on the MCF7WT-AGX1F383A-NahK-GalNAc-T4BH and MDA-MB-231WT-AGX1F383A-

NahK-GalNAc-T4BH cells. For this experiment, I used the MCF7WT-AGX1F383A-NahK and MDA-

MB-231WT-AGX1F383A-NahK cells as a control for background tagging of glycoproteins. Since 

the secretome analysis proved to be more technically challenging as a greater number of cells 

was required to maximise the starting protein content, and the cells had to be cultured for 

longer to maximise the incorporation of the heavy SILAC label, we decided to focus on the 

lysate analysis instead.  

 

The workflow of the experiment was the same as the one used for the T47D lysates but only 

analysing the peptide samples. The incorporation efficiency of the heavy SILAC label was 

>95% in all heavy samples for both cell lines (SI Table 4 and SI Table 5), satisfying the SILAC 

requirements237. The results when tracking the tagged glycoproteins by streptavidin blot were 

comparable to those obtained with the T47D lysates (Fig. 24C)  – some bands were observed 

after the pre-clear step (SI Fig. 9B-C), suggesting incomplete removal of endogenous 

biotinylated proteins; a strong signal was seen in all samples after CuAAC reaction (SI Fig. 

9B-C), confirming the success of the reaction; and minimal signal was observed in the 

supernatant after enrichment (SI Fig. 9B-C), suggesting that the tagged glycoproteins 

remained bound to the beads.  

 

After neutravidin bead enrichment of the tagged glycoproteins, the unmodified peptides were 

released from the beads by on-bead digestion with Lys-C, followed by a second digestion with 

trypsin. The samples were fractionated using UltraMicroSpinTM columns, vacuum-dried by 

Speedvac, reconstituted in 1% (v/v) formic acid/ 1% (v/v) LC-MS grade acetonitrile in LC-MS 

grade water, and injected into an Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer 

coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno. The raw data from the 

peptide fraction was processed on MaxQuant, and statistical analysis was performed in 

Perseus after grouping the data to obtain the same two distinct comparisons as with T47D 

cells -  the “treatment comparison” and the “cell line comparison” (Fig. 26A). Statistically-

enriched peptides were detected in all the Ac4GalN6yne-treated BH GalNAc-T4 samples 

compared to the controls (Fig. 26B-E), including peptides due to MUC1 in the Ac4GalN6yne-

treated BH GalNAc-T4 MCF7 samples (Fig. 26B-C). Commonly enriched hits from both 

comparisons were obtained for both cell lines (Fig. 26F-G).  
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Fig. 26. Characterising the substrates of GalNAc-T4 in lysates of transfected MCF7WT and MDA-MB-
231WT cells by SILAC-based MS-proteomics. A) 1:1 mixtures of heavy and light MCF7 and MDA-MB-231 
lysates. MS analysis of the peptide fractions from lysates of B) MCF7WT-AGX1F383A-NahK-GalNAc-T4BH and 
D) MDA-MB-231WT-AGX1F383A-NahK-GalNAc-T4BH cells treated with Ac4GalN6yne or DMSO as a control. 
MS analysis of the peptide fractions from lysates of Ac4GalN6yne-treated AGX1F383A-NahK-GalNAc-T4BH or 
control AGX1F383A-NahK C) MCF7 and E) MDA-MB-231 cells. Differentially enriched peptides were 
determined by performing a two-sided one-sample T-test using Perseus software. Data are visualised as a 
scatter plot, with each dot representing a different peptide detected, choosing a Benjamini-Hochberg FDR-
adjusted p-value of 0.05 as a cut-off. Only peptides with non-zero values were plotted. Data are from three 
independent experiments, each independent replicate consisting of three technical replicates. Venn Diagram 
showing the number of proteins enriched in each comparison from F) MCF7 and G) MDA-MB-231 lysates. 
Peptides that were assigned more than one protein group were excluded from this calculation. BH T4 = BH 
GalNAc-T4. 
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Peptides from 114 proteins were commonly enriched in the Ac4GalN6yne-treated BH GalNAc-

T4 MCF7 samples, with 98% (112/114) of these proteins previously annotated as O-

glycosylated in the Glygen database239. From these proteins, MUC1 and GOLM1 were 

enriched over 2-fold in the Ac4GalN6yne-treated BH GalNAc-T4 samples compared to the 

controls. Peptides from 68 proteins were commonly enriched in the Ac4GalN6yne-treated BH 

GalNAc-T4 MDA-MB-231 samples, with 96% (65/68) of these proteins previously annotated 

as O-glycosylated glycosylated in the Glygen database239. From these proteins, only GOLM1 

was enriched over 2-fold in the Ac4GalN6yne-treated BH GalNAc-T4 samples compared to 

the controls. These results demonstrated that we can also successfully characterise the 

substrates of GalNAc-T4 in lysates of MCF7 and MDA-MB-231 cells by SILAC-based MS-

proteomics. The identified substrates in MCF7 and MDA-MB-231 cells are listed in SI Table 6 

and SI Table 7 respectively.  

 

Comparing the data from the SILAC-based MS-proteomics experiments with the 3 BCCs, most 

hits were cell-line specific, nevertheless some substrates were conserved between the 

different BCCs as shown in Table 4. MUC1, the bona fide substrate of GalNAc-T472, 156, 157, 234, 

was conserved in both luminal T47D and MCF7 cells but not the basal-like MDA-MB-231 cells. 

This was anticipated since MUC1 is physiologically expressed in the apical surface of luminal 

epithelial cells of the mammary gland240. Upon malignant transformation, MUC1 loses its 

apical polarity and instead becomes aberrantly expressed over the whole cell surface and 

within the cytoplasm of BCCs241. Indeed, MUC1 overexpression has been associated with 

lower grade, ER+ tumours and the aberrant localisation of MUC1 (rather than its level of 

expression) has been associated with worse prognosis241, 242. Only GOLM1 was conserved in 

all 3 BCCs. GOLM1 is also upregulated in BC tissue compared to healthy mammary tissue243. 
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Table 4. GalNAc-T4 substrates conserved between BCCs based on the SILAC-based MS-proteomics 
experiments. GOLM1 is highlighted in red, MUC1 is highlighted in blue. 

T47D & MCF7 T47D & MDA-MB-231 MCF7 & MDA-MB-231 

GOLM1 CPD FLNB 

LAMP2 GOLM1 GOLM1 

LRPPRC TLN1 HDLBP 

MUC1  NUCKS1 

PLEC  NUMA1 

POLR2A  UGDH 

RANBP2   

SLC5A6   

SNRNP200   

VPS35   

 

3.6. Validation of the SILAC-based MS-proteomics experiments by neutravidin bead 

pulldown 

When performing statistical analysis on MS-proteomics data, a separate statistical test is 

performed on each protein244. For each independent test, there is a probability of a false-

positive result (5% when the level of significance (α) is set to 0.05)244. The probability of false-

positives increases with the number of independent tests performed244. To control the number 

of false-positives, multiple testing correction methods must therefore be performed244. In the 

SILAC-based MS-proteomics experiments described above, the Benjamini-Hochberg FDR 

correction was performed, where the FDR controls the proportion of significant tests that are 

false-positives (i.e. an FDR adjusted p-value of 0.05 implies that 5% of significant tests will 

result in false-positives)244. In the Benjamini-Hochberg correction, the p-values of all tests are 

first ranked in increasing order244. An adjusted p-value (q-value) is then calculated for each 

item on the list using Equation 9 depending on the number of tests (n) and the position in the 

rank (k)244. If the q-value is smaller than a pre-defined α (0.05 in this case), the protein will be 

considered statistically significant244.  

 

Equation 9. Multiple testing correction using the Benjamini-Hochberg FDR method. Adjusted q-values 
(q) are calculated from the corresponding p-values (p), the number of tests (n) and the position of each item 
in the rank (k)244. 

𝑞 = 𝑝 (
𝑛

𝑘
) 
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Despite multiple testing corrections, a proportion of the tests will still be false-positives. We 

therefore decided to validate some of the MS-proteomics results by performing neutravidin 

bead pulldown experiments. For this experiment I tested GOLM1 as the only protein that was 

conserved in all three cell lines (Fig. 27A, Table 4); MUC1 as the bona fide substrate of 

GalNAc-T472, 156, 157, 234 which was a common hit in both T47D and MCF7 cells but not in the 

MDA-MB-231 cells (Fig. 27A, Table 4); and CD46 as a putative T47D-specific hit, as this 

protein was enriched over 2-fold in the BH GalNAc-T4 T47D samples compared to the controls 

but it wasn’t a hit in the other cell lines (Fig. 27A).   

 

T47DWT/MCF7WT/MDA-MB-231WT-AGX1F383A-NahK-GalNAc-T4BH and T47DWT/MCF7WT/MDA-

MB-231WT-AGX1F383A-NahK cells were fed with Ac4GalN6yne (Fig. 27C). After overnight 

incubation, the cells were lysed (Fig. 27C). The samples were first incubated with neutravidin 

beads to remove endogenous biotinylated proteins (pre-clear), followed by PNGase F 

treatment to remove N-glycans (Fig. 27C). The tagged glycoproteins were then derivatised 

with biotin-picolyl azide by CuAAC for 72 h (Fig. 27C). Sample clean-up and buffer exchange 

to PBS was subsequently performed using Amicon Ultra-0.5 Centrifugal Filters (3 kDa MWCO) 

(Fig. 27C). An aliquot of each sample was taken at this point (Input). Tagged glycoproteins 

were enriched with neutravidin beads (Fig. 27C). The glycoproteins were eluted by boiling the 

beads (Eluate).  

 

Aliquots of the same volume were taken at different steps of the workflow to track the tagged 

glycoproteins by streptavidin blot. No bands were observed in the streptavidin blot after the 

pre-clear step, indicating the successful removal of endogenous biotinylated proteins (lanes 

1-6, Fig. 27D). A boost in streptavidin signal was seen in all samples after the CuAAC reaction, 

demonstrating that the reaction was successful (lanes 7-12, Fig. 27D). Interestingly, the 

intensity of the signal after the CuAAC reaction was different between the different cell lines - 

the highest in the T47D cells (lanes 7-8, Fig. 27D) and the lowest in the MCF7 cells (lanes 9-

10, Fig. 27D). This difference could reflect different protein expression levels between cell 

lines, or different efficiencies of the CuAAC reaction between samples. Minimal streptavidin 

signal was seen in the supernatants after neutravidin bead enrichment (lanes 13-18, Fig. 

27D), demonstrating that the tagged glycoproteins remained bound to the beads.  
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Fig. 27. Validating the results of the SILAC-based MS-proteomics experiments by neutravidin bead 
pulldown. A) Venn diagram summarising the results of the SILAC-based MS-proteomics experiments. The 
numbers represent the number of proteins identified in each section. Peptides that were assigned more than 
one protein group were excluded from this calculation. B) Updated Venn diagram following the validation of 
the SILAC-based MS-proteomics experiments by neutravidin bead pulldown. The numbers represent the 
number of proteins identified in each section. Peptides that were assigned more than one protein group were 
excluded from this calculation. C) Schematic representation of the workflow for the neutravidin bead pulldown 
experiments to validate the SILAC-based MS-proteomics results. D) Tracking tagged glycoproteins during 
the neutravidin bead pulldown experiments by streptavidin blot. Streptavidin staining was performed using 
IRDye® 800CW Streptavidin (1:5000, 926-32230). E) Protein expression control by Western blot from the 
neutravidin bead pulldown experiments. The antibody stainings were performed on the same membrane in 
the order displayed. Red/Green refers to the imaging channel. Antibody staining was performed using 
antibodies against GOLM1 (1:500, HPA010638), MUC1 (1:500, MA106503) and CD46 (1:500, 12494-1-AP). 
Data are representative of two independent replicates. BH T4 = AGX1F383A-NahK-GalNAc-T4BH cells; control 
= AGX1F383A-NahK cells; MB231 = MDA-MB-231; I = input; E = eluate. 
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The Input and Eluate samples were analysed by Western blot (Fig. 27E). The intensity of the 

bands in the Input samples was always comparable between BH GalNAc-T4 (AGX1F383A-

NahK-GalNAc-T4BH) and control (AGX1F383A-NahK) samples (lanes 1 & 3/5 & 7/9 & 11, Fig. 

27E). Some signal was always observed in the control Eluate samples (lanes 4/8/12, Fig. 

27E), likely due to background tagging of glycoproteins.  

 

When staining against GOLM1, intense bands were observed between 50-90 kDa and 

between 125-160 kDa due to the presence of the GOLM1 monomer and dimer in the samples 

(Fig. 27E)245. A 1.1-fold, 1.2-fold, and 1.3-fold increase in mean fluorescent intensity was 

observed in the Eluate BH GalNAc-T4 T47D, MCF7 and MDA-MB-231 samples over the 

controls, respectively (lanes 2 vs 4/6 vs 8/10 vs 12, Fig. 27E), validating GOLM1 as a GalNAc-

T4 substrate in the three cell lines. The intensity of the bands due to GOLM1 was stronger in 

the T47D and MDA-MB-231 samples compared to the MCF7 samples, most likely due to 

differences in expression levels between the cells.  

 

When staining against MUC1, bands were observed in the T47D and MCF7 samples at a MW 

>260 kDa due to full-length MUC1 (lanes 1-8, Fig. 27E)246. No MUC1 bands were observed 

in the MDA-MB-231 samples (lanes 9-12, Fig. 27E), validating the MS-proteomics results with 

this cell line. A 2.5-fold and 1.4-fold increase in mean fluorescent intensity was observed in 

the Eluate BH GalNAc-T4 T47D and MCF7 samples over the controls, respectively (lanes 2 

vs 4/6 vs 8, Fig. 27E), validating MUC1 as a GalNAc-T4 substrate in T47D and MCF7 cells.  

 

When staining against CD46, multiple bands were observed between 38-50 kDa due to the 

existence of multiple CD46 splice variants (Fig. 27E)247-249. As a putative T47D-specific hit, we 

would have expected to see CD46 bands only in the Eluate T47D samples (lane 2, Fig. 27E). 

Instead CD46 bands were also observed in the Eluate MCF7 (lane 6, Fig. 27E) and MDA-

MB-231 (lane 10, Fig. 27E) samples. A 1.5-fold, 1.4-fold, and 3.3-fold increase in mean 

fluorescent intensity was observed in the Eluate BH GalNAc-T4 T47D, MCF7 and MDA-MB-

231 samples over the controls, respectively (lanes 2 vs 4/6 vs 8/10 vs 12, Fig. 27E), 

suggesting that CD46 was a GalNAc-T4 substrate in the three cell lines (Fig. 27B).  
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Looking back at the data from the MS-proteomics experiments, no peptides were detected for 

CD46 in the MCF7 or MDA-MB-231 samples, suggesting an issue with the detection of the 

protein in these cells due to low expression levels. We therefore compared the expression 

levels of CD46, MUC1 and GOLM1 in the panel of WT and transfected T47D, MCF7 and MDA-

MB-231 cells. Staining against VSV-G and HA confirmed the expression of BH GalNAc-T4 

and NahK respectively, and hence the identity of the cells (Fig. 28). The levels of CD46, MUC1 

and GOLM1 were comparable between WT and transfected cells, demonstrating that 

transfection did not affect the protein expression levels (Fig. 28). The most intense bands for 

all three proteins were seen in the T47D cells (Fig. 28), suggesting that these cells express 

the highest levels of the proteins. The weakest bands for CD46 (Fig. 28A) and GOLM1 (Fig. 

28C) were seen in the MCF7 cells, as previously observed in the neutravidin bead pulldown 

experiments. Very weak bands were seen in the MDA-MB-231 samples when staining against 

MUC1 (Fig. 28B), suggesting that these cells express very low levels of MUC1. This 

observation could explain why no MUC1 peptides were detected in the MDA-MB-231 samples 

in the MS-proteomics experiments. The results from this experiment agreed with the data 

published on the Human Protein Atlas250. The results obtained with MUC1 also agreed with 

previous findings by other groups246, 251. Overall, this experiment highlighted how low 

expression levels may affect the detection of proteins by MS, as evidenced for CD46 in MCF7 

and MDA-MB-231 cells and for MUC1 in MDA-MB-231 cells. Nevertheless, the neutravidin 

bead pulldown experiments validated that MUC1 is a GalNAc-T4 substrate in both luminal 

cells whilst CD46 and GOLM1 are substrates of GalNAc-T4 in the three BCCs tested (Fig. 

27B).  

 

 

Fig. 28. Comparing the expression levels of CD46, MUC1 and GOLM1 in WT and transfected BCCs. 
Western blots against A) CD46, B) MUC1 and C) GOLM1. The same samples were used for all blots but 
antibody stainings were performed on three separate membranes: CD46 and MUC1 on one membrane (in 
the order stated), VSV-G and HA on a second membrane (in the order stated), and GOLM1 on a third 
membrane. The VSV-G and HA blot shown in the three panels is the same blot. 10 µg of protein were used 
per lane. Antibody staining was performed using antibodies against CD46 (1:500, 12494-1-AP), MUC1 
(1:500, MA106503), GOLM1 (1:500, HPA010638), VSV-G (1:500, ab50549) and HA (1:500, ab18181). Data 
are representative of two independent replicates. BH T4 = AGX1F383A-NahK-GalNAc-T4BH cells; control = 
AGX1F383A-NahK cells; MB231 = MDA-MB-231.  
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Statistical significance implies that the mean abundance of a protein is different between two 

experimental groups244. However, statistical significance does not necessarily equate to 

biological relevance244. Biologically relevant results lie above the technical variation of an 

experiment (e.g. due to sample handling or LC-MS/MS instruments), which is why fold change 

cut-offs are typically applied in MS-proteomics experiments244. As mentioned above, CD46, 

MUC1 and GOLM1 were enriched over 2-fold in the Ac4GalN6yne-treated BH GalNAc-T4 

samples compared to the controls, suggesting that these hits are likely biologically relevant. 

We therefore decided to focus on these 3 proteins for downstream experiments. Nevertheless, 

future work should also validate some of the other hits obtained in the MS-proteomics 

experiments, such as JTB as another protein enriched over 2-fold in the Ac4GalN6yne-treated 

BH GalNAc-T4 T47D samples compared to the controls (Fig. 27B).  

 

3.7. Analysing the expression of CD46, MUC1 and GOLM1 in WT and GalNAc-T4 KO 

BCCs 

Since there was a statistically significant growth defect upon GalNAc-T4 KO in vivo (Fig. 13 

and Fig. 14) we wondered if this could be due to differences in the expression levels of its 

substrates upon KO of GalNAc-T4. I therefore compared the expression of CD46, MUC1 and 

GOLM1 in WT and GalNAc-T4 KO cells by Western blot. However, comparable expression 

levels of the three proteins were observed between WT and GalNAc-T4 KO cells (Fig. 29). 

These results suggested that GalNAc-T4-mediated glycosylation must serve an alternative 

purpose other than affecting the expression levels of these proteins. To help draw structural 

conclusions on the role of GalNAc-T4-mediated glycosylation, the next objective was therefore 

to determine the GalNAc-T4-mediated glycosylation site(s) by MS-glycoproteomics. 

 

 

Fig. 29. Comparing the expression levels of CD46, MUC1 and GOLM1 in WT and GalNAc-T4 KO BCCs. 
Western blots against A) CD46, B) MUC1 and C) GOLM1. The same samples were used for all blots but 
antibody stainings were performed on three separate membranes. 10 µg of protein were used per lane. 
Antibody staining was performed using antibodies against CD46 (1:500, 12494-1-AP), MUC1 (1:500, 
MA106503), and GOLM1 (1:500, HPA010638). Data are representative of three independent replicates. T4 
= endogenous GalNAc-T4, (+) = WT BCCs, (-) = GalNAc-T4 KO BCCs. 
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CHAPTER 4: Facilitating MS-glycoproteomic analyses on O-GalNAc 

glycoproteins using bioorthogonal reporter reagents 
 

The work described in this chapter has been published in Calle et al. (2021)182. 

 

Having characterised the substrates of GalNAc-T4 in a panel of BCCs, the next step was to 

identify the GalNAc-T4-mediated glycosylation site(s). Determining the exact glycosylation 

sites that affect disease can help inform on therapeutic strategies and can help draw structural 

conclusions on the role of GalNAc-T4-mediated glycosylation in BC. However, as described 

in the “Substrate identification of individual GalNAc-Ts” section, there are multiple 

challenges when performing glycosylation site-localisation of O-GalNAc glycans by MS-

glycoproteomics, including but not limited to the lack of a consensus sequence, the poor 

ionisation efficiency of O-glycopeptides, and ion suppression due to unmodified peptides182, 

183, 187-190. These issues are worsened with glycoproteins containing mucin-like domains due 

to their complex and highly O-glycosylated nature183. All these challenges make O-GalNAc 

glycosylation one of the most difficult PTMs to study by MS182. We believe that these 

challenges are likely why no glycopeptide hits were observed in the SILAC-based MS-

(glyco)proteomics experiment on the lysates of transfected T47DWT cells (Section 3.3). 

 

Despite these challenges, successful glycosylation site-identification by MS-glycoproteomics 

was previously achieved by Schumann et al. with BH GalNAc-T1 and -T2193, as described in 

the “GalNAc-T Bump-and-Hole Engineering” section. In these experiments, cells expressing 

the artificial biosynthetic pathway for UDP-sugar biosynthesis and BH GalNAc-T1 or -T2 were 

fed with a membrane-permeable substrate precursor, the tagged glycoproteins were 

derivatised with biotin-DADPS-picolyl azide, enriched with neutravidin beads, and analysed 

by LC-MS/MS193. The analyte solution was converted into gaseous ions by electron spray 

ionisation (ESI) on positive ion mode193. Upon entering the mass analyser, the gaseous ions 

were separated by their mass/charge ratio (m/z)252. The most abundant peak in the MS1 

spectrum is termed the base peak252. The abundance of every peak in the spectrum is then 

determined relative to the base peak to obtain an MS1 ion relative abundance252. Since ESI is 

a soft ionisation technique, little dissociation of the molecules takes place, and the peptides 

are predominantly detected as a protonated molecular ion [M+H]+252. The protons will be 

localised on the most basic amino acids present in the peptide (e.g. Arg, Lys or His)252. 

Depending on the number of basic groups present, the peptide may be detected as a multiply 

protonated species instead.  
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Fragmentation of the MS1 precursor ions was then performed by HCD and ETD193. In HCD, 

glycopeptides are bombarded with nitrogen atoms182. Kinetic energy is converted to internal 

energy which results in the most labile bonds being cleaved183. HCD often leads to cleavage 

of the amide bonds (which results in b- and y-type fragment ions, Fig. 30) and loss of the 

sugar from the glycopeptide due to the labile nature of glycosidic bonds183, 253. HCD 

fragmentation of GalNAc-modified glycopeptides generates a canonical “HCD HexNAc 

fingerprint”, consisting of the HexNAc oxonium ion (204.086 m/z) and five fragments from this 

ion at 126.055 m/z ([HexNAc – C2H6O3]+), 138.055 m/z ([HexNAc – CH6O3]+), 144.065 m/z 

([HexNAc – C2H4O2]+), 168.066 m/z ([HexNAc – 2H2O]+), and 186.076 m/z ([HexNAc – 

H2O]+)254.  

 

In ETD, an electron is transferred from an anionic reagent to the  positively-charged peptides, 

resulting in charge reduction and fragmentation253. ETD often leads to cleavage of the N-Cα 

bonds, which results in c- and z-type fragment ions (Fig. 30)183, 253. The higher the charge 

density of the peptide, the more efficient the electron transfer and hence the fragmentation 

induced by ETD183. Since ETD occurs with little vibrational energy redistribution, glycans often 

remain intact during fragmentation, enabling glycosylation site-localisation183, 253.  

 

 

Fig. 30. Nomenclature for peptide fragmentation. HCD results in the formation of b- (in blue) and y- (in 
pink) type fragment ions. ETD results in the formation of c- (in green) and z- (in orange) type fragment ions. 
The subscript indicates the number of amino acids contained in the fragment ion relative to the N- or C-
terminus. Figure adapted from Macias et al. (2020)253. 
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When analysing the data from the MS-glycoproteomics experiments with BH GalNAc-T1 and 

-T2, the group noticed that the tagged glycoproteins displayed unique MS signatures. Instead 

of the canonical “HCD HexNAc fingerprint”, new HCD oxonium ions were detected at 491.225 

m/z, 330.156 m/z, 413.133 m/z and 302.150 m/z (indicated in green, Fig. 31B)182, 193. These 

new HCD oxonium ions were used to trigger product-dependent ETD (HCD-pd-ETD)182, 193. A 

unique fingerprint ion was consistently observed in all the ETD spectra at 194.10 m/z when 

the MS1 precursor charge was >3, and weakly detected in most ETD spectra when the MS1 

precursor charge was 2 (Fig. 31D)182. The presence of these new HCD oxonium ions and ETD 

fingerprint ions facilitated glycopeptide assignment182, 193. 

 

 

Fig. 31. Unique MS signatures of GalN6yne-modified glycopeptides derivatised with biotin-DADPS-
picolyl azide. A) GalN6yne-modified glycopeptides derivatised with biotin-DADPS-picolyl azide after acid 
treatment and cleavage of the acid-labile diphenyldisiloxane moiety. B) Representative HCD spectrum of a 
chemically-tagged glycopeptide showing the unique HCD oxonium ions (in green). B ions are represented in 
blue, and y ions in pink. C) Proposed structure of the ETD fingerprint ion at 194.10 m/z. D) Representative 
ETD spectrum of a chemically-tagged glycopeptide showing the ETD fingerprint ion (in red). C ions are 
represented in green, and z ions in orange. Figure adapted from Calle et al. (2021)182. 
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Encouraged by these results, we decided to investigate whether alternative reporter reagents 

could impart glycopeptides with unique HCD and ETD fingerprint ions as mentioned above, 

as well as an increased charge density to facilitate ETD fragmentation - altogether improving 

site-localisation of glycopeptides182. We built up on previous work performed by the Schumann 

lab with GalNAc-T2 and set up in vitro glycosylation experiments with WT GalNAc-T2, a 

synthetic peptide substrate (peptide 1) and either UDP-GalNAc (UDP-sugar 1), UDP-GalNAz 

(UDP-sugar 3) or UDP-GalNAlk (UDP-sugar 11). Soluble His-tagged WT GalNAc-T2 (lacking 

the transmembrane domain but with the catalytic and lectin domains intact) was expressed in 

Expi293F cells and purified by Ni-NTA purification. Peptide 1 was identified by Gerken et al. 

as an optimal and selective GalNAc-T2 substrate255. We chose UDP-GalNAz and UDP-

GalNAlk as azide- and alkyne-containing UDP-GalNAc analogues, respectively, showing 

comparable glycopeptide formation with WT GalNAc-T2 as the native substrate UDP-GalNAc 

(based on unpublished data from the Schumann lab). Ganka Bineva-Todd and I then 

derivatised the tagged glycopeptides by CuAAC with a panel of reporter reagents with 

increasingly basic or charged groups to improve the ionisation efficiency and increase the 

charge density of the tagged glycopeptides182.  

 

The commercial reagent F (Biotin-DADPS-picolyl azide) is the biotin-based reporter reagent 

originally used by Schumann et al. to characterise the substrates of BH GalNAc-T1 and BH 

GalNAc-T2193, and it is also the probe used herein in the SILAC-based MS-proteomics 

experiments (Results Chapter 3). The commercial reagent C (Biotin-DADPS-alkyne) is 

another biotin-based reporter reagent used by the Schumann lab in related studies with azide-

containing sugars256. Both reagents contain an acid-labile diphenyldisiloxane moiety. Upon 

acid treatment, the corresponding alcohol is produced. The commercial reagent A (2-

Ethynylpyridine) was previously used by Amant et al. to derivatise azide-containing peptide 

nucleic acid sequences by CuAAC to generate pyridyl-triazole ligands which can reversibly 

bind metal cations in vitro257. The commercial reagent D (3-Azido-1-propanol) was previously 

used by Bumpus and Baskin to profile Phospholipase D enzyme activity by CuAAC in cells258. 

Imidazolium tag (iTag)-containing reagents have been successfully used by other groups to 

analyse and purify glycans in vitro and in cellulo259-266. The iTag-containing reagents used 

herein were a gift from Prof. Carmen Galan (reagent B) and synthesised by Dr Andrea 

Marchesi (Schumann lab)(reagent D). Since these compounds contain a permanent positive 

charge, we envisioned that the iTag would impart a higher charge density to the tagged 

glycopeptides and hence result in greater ETD fragmentation efficiency182. 
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The in vitro glycosylation reaction mixtures containing WT GalNAc-T2, peptide 1, and UDP-

sugar 1, 3 or 11 were incubated at 37 °C for 25 h (Fig. 32A). An aliquot was taken for LC-MS 

analysis and glycopeptide formation was determined by MS+ peak integration using Equation 

2. Glycopeptide formation (>75%) was confirmed in all samples (SI Fig. 10B). To maximise 

glycosylation, the reaction mixtures were incubated for an additional 17 h. The samples were 

then treated with CuAAC solutions containing the different reporter reagents A-F (Fig. 32B). 

The success of the CuAAC reaction was confirmed in all samples, although the reaction 

efficiency varied between reagents (SI Fig. 10D). Nevertheless, all samples were injected into 

an Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer coupled to an UltiMate™ 3000 

RSLCnano System by Helen Flynn from the Proteomics STP at the Francis Crick Institute. 

Manual analysis of the MS spectra was performed with Xcalibur software by Dr Stacy Malaker.  

 

Looking at the MS1 intensities, the glycopeptides containing the underivatized modified sugars 

(samples 1, 2 and 6) were exclusively detected as a +2 ion (Fig. 32C)182, where protonation 

occurs in the Lys amino acid and the terminal NH2 group from the peptide. In contrast, for the 

glycopeptides derivatised with the reporter reagents, the abundance of the +3 ion correlated 

with the basicity of the chemical tag182. The lowest 3+ ion abundance was observed in the 

glycopeptides derivatised with the reporter reagents containing the aliphatic alcohols (samples 

5 and 7, Fig. 32C), where the weakly basic triazole (pKaH(H2O) = 1.17)267 product of the CuAAC 

reaction accepts an additional proton182. The pyridine and picolyl groups in reagents A and F, 

respectively, contain another basic nitrogen which increased the abundance of the 3+ ion 

(samples 3 and 9, Fig. 32C)182. The basic nitrogen in the picolyl group is located within a 

nicotinamide moiety (pKaH(H2O) = 3.35)268, where an electron-withdrawing amide reduces the 

basicity of the nitrogen compared to the pyridine group (pKaH(H2O) = 5.23)267, which is reflected 

on the abundance of the 3+ ion182. The samples containing the iTag-containing reagents 

(samples 4 and 8, Fig. 32C) showed 100% abundance of the +3 ion, likely due to the 

permanent positive charge of the iTag182.  
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Sample # Sugar Reporter reagent 
MS1 ion relative abundance (%) 

+2 ion +3 ion 

1 1 - 100 n.d. 

2 

3 

- 100 n.d. 

3 A 100 45 

4 B 50 100 

5 C 100 0.8 

6 

11 

- 100 n.d. 

7 D 100 0.8 

8 E 40 100 

9 F 100 10 

Fig. 32. Testing different bioorthogonal reporter reagents to facilitate MS-glycoproteomic analyses. 
A) Schematic representation of in vitro glycosylation experiments performed with WT GalNAc-T2, peptide 1, 
and UDP-sugars 1, 3 and 11. Red T represents the peptide acceptor site used by GalNAc-T2. Figure adapted 
from Choi et al. (2019)67. B) Schematic representation of the CuAAC reaction between the tagged 
glycopeptides and a panel of bioorthogonal reporter reagents A-F. C) Relative abundance of the MS1 ions 
from the glycopeptides tagged with sugars 1, 3 and 11 and derivatised with reporter reagents A-F. Table 
adapted from Calle et al. (2021)182. n.d. = not detected. 
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We next investigated the fragmentation behaviour of the synthetic glycopeptides by HCD. 

When analysing the HCD spectra, one of the most abundant ions present in all samples was 

the peptide ion without the glycan (i.e. [M+H-glycan]+)(Fig. 33)182. As seen in the MS-

glycoproteomics experiments with BH GalNAc-T1 and -T2193, unique HCD oxonium ions that 

were distinct from the canonical HexNAc fingerprint ions were seen in all the samples 

containing the modified sugars derivatised with the reporter reagents (indicated in green, Fig. 

33)182. For reagent A the most abundant oxonium ion was at 348.131 m/z (M + H), with a 

second less abundant ion at 330.120 m/z due to the loss of water (Fig. 33A)182. For reagent 

B a single oxonium ion was detected at 379.173 m/z (M + H)(Fig. 33B)182. For reagent C the 

most abundant ion was at 329.146 m/z (M + H) with a second less abundant ion at 311.136 

m/z due to the loss of water (Fig. 33C)182. For reagent D two abundant ions were detected at 

343.161 m/z (M + H) and at 182.092 m/z due to the loss of hexosamine, as well as two less 

abundant ions detected at 325.151 m/z due to the loss of water and at 265.130 m/z (Fig. 

33D)182. For reagent E the most abundant ion was at 407.204 m/z (M + H) with a second less 

abundant ion at 325.151 m/z due to the loss of water (Fig. 33E)182. For reagent F an abundant 

ion was detected at 477.209 m/z (M + H), although the most abundant ion was detected at 

316.140 m/z due to the loss of hexosamine, as well as less abundant ions detected at 399.177, 

288.134 and 178.203 m/z (Fig. 33F)182. The presence of at least one of these unique HCD 

ions was used to trigger HCD-pd-ETD in all samples182.  

 

 

Fig. 33. HCD spectra of the synthetic glycopeptides derivatised with reporter reagents A-F. B ions are 
represented in blue, y ions in pink, and unique HCD oxonium ions in green. Red T represents the peptide 
acceptor site used by GalNAc-T2. Figure adapted from Calle et al. (2021)182. 
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We next investigated the fragmentation behaviour of the synthetic glycopeptides by ETD. We 

were able to trigger ETD on all glycopeptides182. The greatest number of c- and z-type 

fragment ions (and hence the highest sequence coverage) was detected with the iTag-

containing reagents B and E, most likely due to the increased charge density imparted by the 

iTag inducing high ETD fragmentation efficiency182. An ETD fingerprint ion was observed at 

178.21 m/z with reagent B (Fig. 34B)182, comparable to the one previously observed at 194.10 

m/z with biotin-DADPS-picolyl azide in the MS-glycoproteomics experiments with BH GalNAc-

T1 and -T2 (Fig. 31D)193, allowing confident glycopeptide assignment. A possible mechanism 

for the formation of this ion could be electron transfer to the iTag-containing reagent causing 

dissociation of the triazole from the hexosamine (Fig. 34A)182.  

 

 

Fig. 34. ETD spectrum of the synthetic glycopeptide modified with sugar 3 and derivatised with the 
iTag-containing reagent B. A) Proposed structure of the ETD fingerprint ion at 178.21 m/z. B) ETD 
spectrum of the glycopeptide modified with sugar 3 and derivatised with reagent B showing the ETD 
fingerprint ion (in red). C ions are represented in green, and z ions in orange. Red T represents the peptide 
acceptor site used by GalNAc-T2. Figure adapted from Calle et al. (2021)182. 

 

Overall, these experiments highlighted the unique MS properties that modified sugars and 

bioorthogonal reporter reagents can impart on glycopeptides to facilitate MS-glycoproteomics 

analyses, with the most promising results obtained with the iTag-containing reagents182.  
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CHAPTER 5: Determining the GalNAc-T4-mediated glycosylation 

site(s) in CD46 and GOLM1 by MS-glycoproteomics 

 

GOLM1 and CD46 were the two hits conserved amongst the three BCCs investigated in the 

MS-proteomics experiments (Fig. 27B). As mentioned above, GOLM1 is upregulated in BC 

tissue compared to healthy mammary tissue and it has been shown to promote proliferation 

and invasion of BCCs in vitro and in vivo, putatively through regulation of the EMT process 

and expression of MMP-13243. GOLM1 is glycosylated245, and Jiang et al. demonstrated that 

removal of N-glycans at Asn144 enhances metastasis of hepatocellular cancer cells269 - 

revealing a role of GOLM1 glycosylation in cancer. GOLM1 is also predicted to carry O-

GalNAc glycans as reported in GlycoDomainViewer192, however the role of O-GalNAc glycans 

on the function of GOLM1 is unknown. 

 

CD46 is also upregulated in BC tissue compared to healthy mammary tissue270, 271. CD46 acts 

as a cofactor for complement factor I, which cleaves and inactivates the complement proteins 

C3b and C4b, hence protecting cells from complement-mediated damage (Fig. 35A)272, 273. 

CD46 is also thought to regulate the adaptive immune response by controlling T cell activation, 

contraction, and homeostasis (Fig. 35B)274. Upon T cell stimulation, autocrine engagement of 

CD46 leads to the MMP-mediated shedding of the CD46 ectodomain and cleavage of its 

cytoplasmic tail by γ-secretase (Fig. 35B)274. The cytoplasmic tail is then translocated into the 

nucleus where it triggers downstream signalling (Fig. 35B)274. Alternative splicing of CD46 

results in 2 possible cytoplasmic tails termed CYT-1 or CYT-2274. Resting CD4+ T cells 

predominantly express CYT-2-containing CD46 isoforms274. During T cell activation, CYT-1-

containing CD46 isoforms are upregulated274. Nuclear translocation of CYT-1 results in IFN-γ 

production and a T helper 1 effector cell (TH1) phenotype (Fig. 35B)274. Upon T cell 

contraction, T cells revert to predominantly expressing CYT-2-containing CD46 isoforms274. 

Nuclear translocation of CYT-2 results in IL-10 production and a type 1 regulatory T cell (Tr1) 

phenotype (Fig. 35B)274. CD46 contains a domain which is enriched in Ser, Thr and Pro amino 

acids termed the STP domain272. Liszewski et al. demonstrated that deletion of the STP 

domain reduced the cofactor activity of CD46275. Similarly, Ni Choileain et al. demonstrated 

that deletion of the STP domain reduced CD46 shedding, impaired the recruitment of CD46 

to the immune synapse, and the ensuing switch from TH1 into Tr1 cells following T cell 

stimulation276. Altogether, these results demonstrated that the STP domain is crucial for fine-

tuning the function of CD46. Since the STP domain is heavily O-glycosylated273, it also 

indirectly inferred a role of O-glycosylation in the function of CD46. 



134 | P a g e  
 

 

Fig. 35. Function of CD46 in the innate and adaptive immune system. A) Schematic representation of 
the cofactor activity of CD46. Factor I cleaves and inactivates deposited C3b only when bound to CD46 (or 
alternative receptors on erythrocytes and other lymphoid cells). This cleavage produces smaller fragments 
which are incapable of continuing further complement activation. Factor I also cleaves and inactivates 
deposited C4b by the same mechanism. Figure adapted from Riley-Vargas et al. (2004)273. B) Schematic 
representation of role of CD46 in T cell activation and contraction. Bi) CD4+ T cells contain intracellular 
stores of C3. Upon T cell stimulation, C3 is cleaved to C3b. Bii) Intracellular C3b is translocated to the cell 
surface where it binds to CD46. Biii) Autocrine engagement of CD46 leads to MMP-mediated cleavage of 
the CD46 ectodomain. Biv) The cytoplasmic tail of CD46 is cleaved by γ-secretase and translocated to the 
nucleus. Bv) Nuclear translocation of CYT-1 results in IFN-γ production and a TH1 phenotype. Nuclear 
translocation of CYT-2 results in IL-10 production and a Tr1 phenotype. Figure adapted from West et al. 
(2018)274. 
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We therefore decided to focus on determining the GalNAc-T4-mediated glycosylation site(s) 

of GOLM1 and CD46 due to their clinical relevance and the putative role of glycosylation on 

the function of these proteins. The T47D cell line was chosen for these experiments since 

Müller et al. demonstrated that the repertoire of glycan structures found in T47D cells is 

limited160, which should facilitate MS-glycoproteomics analyses on these cells. We transduced 

the transfected T47DWT cells with viruses expressing full-length GOLM1 or secreted CD46 

tagged with GFP and a His-tag (Fig. 36A). After feeding the cells with the modified sugar the 

tagged proteins can be purified by Ni-NTA and/or GFP-affinity purification (Fig. 36B). 

Simplifying the complexity of the sample by performing the experiment on purified recombinant 

proteins should facilitate the glycosylation site identification by MS-glycoproteomics.  

 

 

Fig. 36. Determining the GalNAc-T4-mediated glycosylation site(s) in CD46 and GOLM1 by MS-
glycoproteomics. A) Expression construct encoding the protein of interest (POI) tagged with GFP and a 
His-tag used in the MS-glycoproteomics experiments. B) Schematic representation of the workflow for the 
MS-glycoproteomics experiments with purified recombinant CD46 and GOLM1.  

 

5.1. Identifying the GalNAc-T4-mediated glycosylation site(s) in CD46 

I first attempted to obtain the GalNAc-T4-mediated glycosylation site(s) in CD46. CD46 is a 

type I membrane protein that is expressed by all cells except erythrocytes272. The N-terminal 

portion of CD46 consists of four short consensus repeats (SCR1-4) which constitute the bulk 

of the extracellular region of CD46 and mediate C3b and C4b binding (Fig. 37)247. CD46 is N-

glycosylated at Asn49 (SCR1), Asn80 (SCR2) and Asn239 (SCR4)247. The four SCRs are 

followed by a short region which is rich in Ser, Thr, and Pro amino acids termed the STP 

domain which is heavily O-glycosylated (Fig. 37)273. The STP domain is followed by a 

transmembrane domain and a cytoplasmic tail (Fig. 37)272. Alternative splicing of the CD46 

gene results in multiple splice variants, however most cells primarily express four of these 

isoforms in approximately the same ratio277. The four isoforms (BC1/BC2/C1/C2) have 

identical SCRs but differ in the STP domain and the cytoplasmic tail (Fig. 37)248, 272. The BC 

isoforms differ from the C isoforms in the presence of an additional 15 amino acids within the 

STP domain (Fig. 37)248, 272. BC1 and C1 isoforms express the cytoplasmic tail CYT-1, whilst 

the BC2 and C2 isoforms express the cytoplasmic tail CYT-2248, 272. 
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Fig. 37. Structure and isoforms of CD46. Schematic representation of the four most common isoforms of 
CD46 – BC1, BC2, C1 and C2. The four SCRs are represented in grey, the STP domain in green, the 
transmembrane domain in black and the cytoplasmic tail in white. The amino acid sequence of the STP 
domain and the cytoplasmic tail splice variants are boxed. Figure adapted from Manchester et al. (1994)248. 

 

For these experiments we used T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells (“BH T4” cells), 

and the T47DWT-AGX1F383A-NahK cells as a control (“control” cells). I transduced the cells with 

viruses encoding soluble versions of the CD46 BC and C isoforms tagged with GFP and a 

His-tag, where the extracellular region of CD46 was intact but the transmembrane and 

cytoplasmic domains were absent. The sequences of the CD46 BC and C constructs used in 

these experiments are available in SI Fig. 11 and SI Fig. 12 respectively. We chose to express 

soluble versions of CD46 since secreted proteins offer easier expression in mammalian cells 

compared to transmembrane proteins and to simplify the issue of the two different cytoplasmic 

tails. Furthermore, previous work has successfully expressed soluble versions of CD46 and 

then confirmed its ability to inhibit complement activation in vitro and in vivo249, 278. 

Transduction success was confirmed by checking for GFP expression using a fluorescence 

microscope and protein expression control by Western blot (SI Fig. 13).   
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5.1.1. Protein expression and Ni-NTA/GFP-affinity purification of recombinant CD46 

The CD46 constructs were predominantly present in the secretome of the transduced cells (SI 

Fig. 13B). I therefore collected the secretome of the transduced cells fed with Ac4GalN6yne 

and performed an initial Ni-NTA purification (Fig. 38A). In this experiment, I used normal 

growth medium instead of FBS-free medium to recapitulate the native glycosylation state of 

the cells. Aliquots of the same volume were taken at different steps of the Ni-NTA purification 

to track the presence of CD46 by SDS-PAGE. A strong band around 50-70 kDa was observed 

in all samples (Fig. 38B), likely due to leftover albumin (expected MW = 66.5 kDa) - the 

intensity of which decreased throughout the procedure. To elute the protein from the beads, I 

treated the samples with an increasing concentration of imidazole. The expected MW of the 

CD46 construct was 65 kDa. Weak bands at this MW were seen in all the eluted fractions (Fig. 

38B). However, additional bands were also observed due to impurities co-eluting with CD46 

(Fig. 38B). The eluted fractions were hence combined, and an additional GFP-affinity 

purification was performed using the same methodology I used during my MSci project with 

recombinant WT/BH GalNAc-T4 (Fig. 38A)208. Aliquots of the same volume were taken at 

different steps of the GFP-affinity purification to track the presence of CD46 by SDS-PAGE. 

The expected MW of the CD46 constructs after TEV cleavage was 37 kDa. Weak bands at 

this MW were seen in the eluted fractions for all samples (Fig. 38C). Bands between 50-70 

kDa were also observed in the eluted fractions (Fig. 38C), most likely due to the uncleaved 

proteins (expected MW = 65 kDa). The weak band seen between 25-30 kDa in the eluted 

fractions was likely due to TEV (expected MW = 28 kDa). The E1-E3 samples were combined, 

and the protein concentration was determined by Nanodrop. The concentration of all the 

samples was quite low (Table 5), especially the BH T4 CD46 BC samples. Looking at the gels, 

there still seemed to be some uncleaved protein bound to the beads (Fig. 38C). After the 

beads had been left over the weekend at 4 °C, we performed a second TEV cleavage to collect 

as much recombinant CD46 as possible. The amount of protein obtained after this second 

TEV cleavage was much greater (Table 5).  
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Fig. 38. Protein expression and Ni-NTA/GFP-affinity purification of recombinant CD46. A) Schematic 
representation of the protein expression and purification of recombinant CD46. B) SDS-PAGE gels of the 
fractions after Ni-NTA purification. The expected MW of the CD46 BC and C constructs before TEV cleavage 
is 66 and 64 kDa respectively (arrow pointing). The expected MW of albumin is 66.5 kDa. C) SDS-PAGE 
gels of the fractions after GFP-affinity purification. The expected MW of the CD46 BC and C constructs after 
TEV cleavage is 38 and 36 kDa respectively (arrow pointing). The expected MW of both TEV and the GFP-
His construct is 28 kDa. Data are from one experiment. rCD46 = recombinant CD46; S = supernatant; FT = 
flow-through; W1-3 = wash 1- 3; E1-4 = elution 1-4; B1 = beads before elution; B2 = beads after elution; BH 
T4 = T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells; control =  T47DWT-AGX1F383A-NahK cells. 
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Table 5. Protein concentration and amount in each sample (50 µL) of the recombinant CD46 samples 
after Ni-NTA and GFP-affinity purification. BH T4 = T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells, control 
=  T47DWT-AGX1F383A-NahK cells 

Sample 

1st TEV cleavage 2nd TEV cleavage 

Concentration 
(mg/mL) 

Amount of 
protein (µg) 

Concentration 
(mg/mL) 

Amount of 
protein (µg) 

BH T4  

CD46 BC 
0.07 3.5 2.85 142.5 

Control 

CD46 BC 
0.45 22.5 3.01 150.5 

BH T4  

CD46 C 
1.86 93.0 3.61 180.5 

Control 

CD46 C 
0.56 28.0 3.29 164.5 

 

To confirm whether recombinant CD46 was tagged by GalNAc-T4, I treated the recombinant 

CD46 samples with PNGase F to remove N-glycans, performed a CuAAC reaction with biotin-

picolyl azide, and assessed the tagging of recombinant CD46 by streptavidin blot (Fig. 39A). 

Protein expression control was simultaneously performed by Western blot. Since the 

concentration of the samples from the 1st TEV cleavage was very low, I used the samples from 

the 2nd TEV cleavage instead (Table 5). Multiple bands were observed in the total protein stain 

for all samples due to impurities co-eluting with recombinant CD46 (Fig. 39B). This suggested 

that the second GFP-affinity purification step did not substantially improve the purity of the 

sample. When staining against CD46, bands were observed between 30-50 kDa in all samples 

(Fig. 39B), confirming the presence of CD46. The intensity of the bands varied between 

samples (Fig. 39B), reflecting the different levels of recombinant CD46 expressed. The 

expected MW of the CD46 BC and C constructs after TEV cleavage was 38 and 36 kDa, 

respectively, however the bands observed in the BC samples were closer to 50 kDa instead 

(Fig. 39B). A possible reason for this difference in MW could be due to O-glycosylation of the 

proteins, since the B domain has ten potential O-GalNAc glycosylation sites (in red: 

VSTSSTTKSPASSAS) whilst the C domain only has two (in red: GPRPTYKPPVSNYP). Two 

bands were observed for CD46 in all samples (Fig. 39B), perhaps due to non-uniform 

derivatisation of tagged recombinant CD46 during the CuAAC reaction. A signal was observed 

in the streptavidin blot for all samples; however, the signal was very low and not specific to 

the CD46 bands (Fig. 39B). The low intensity could be due to the low amount of protein used 

in the experiment (2 µg) and the non-specific bands could be due to the high background 

signal caused by leftover total protein stain despite destaining the membrane before 

performing the antibody stainings.  
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Fig. 39. Tagging and protein expression control of recombinant CD46. A) Schematic representation of 
the experiment. B) Tagging and protein expression control by Western blot after the eluted fractions were 
subjected to PNGase F treatment and CuAAC reaction with biotin-picolyl azide. The stainings were 
performed on the same membrane in the order displayed. Red/Green refers to the imaging channel. The 
expected MW of the CD46 BC and C constructs after TEV cleavage is 38 and 36 kDa respectively (arrows 
pointing). 2 µg of protein were used per lane. Stainings were performed using IRDye® 800CW Streptavidin 
(1:5000, 926-32230) and an antibody against CD46 (1:500, 12494-1-AP). Data are from one experiment. BH 
T4 (+) = T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells; control (-) =  T47DWT-AGX1F383A-NahK cells. 
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To confirm successful tagging of recombinant CD46 by GalNAc-T4 I repeated the experiment 

using a higher amount of protein (25 µg). I also wanted to confirm whether the CD46 bands 

were observed at a higher MW than expected due to glycosylation of the protein. As mentioned 

above, CD46 is known to be N-glycosylated in the SCR domains247, and O-glycosylated in the 

STP domain272, 273. I therefore treated the samples with the glycosidases SialEXO (digests 

sialic acids) and OglyZOR (digests core 1 and core 3 O-glycans in the presence of SialEXO) 

in addition to PNGase F (digests N-glycans) and compared the MW of the CD46 bands against 

undigested samples by Western blot (Fig. 40A). To dissect the contribution of N- and O-

glycans to the shift in the MW of the bands, I also repeated the experiment and compared the 

MW of the CD46 bands in samples treated with PNGaseF/SialEXO/OglyZOR against samples 

treated with PNGase F but not SialEXO/OglyZOR (Fig. 40B) – the latter should contain O-

glycans only. 

 

When loading a higher amount of protein and staining against CD46, bands were observed in 

all samples (Fig. 40B-C), confirming the presence of the CD46 constructs. In the undigested 

samples, the CD46 bands were observed between 40-70 kDa (lanes 1/3/5/7, Fig. 40B). In the 

samples treated with PNGase F but not SialEXO/OglyZOR, the CD46 bands were observed 

between 30-50 kDa instead (lanes 1/3/5/7, Fig. 40C). Treating the samples with PNGase 

F/SialEXO/OglyZOR shifted the bands to the expected MW of CD46 (expected MW of the 

CD46 BC and C constructs after TEV cleavage is 40 and 36 kDa respectively)(lanes 2/4/6/8, 

Fig. 40B-C). This confirmed that the bands were previously observed at a higher MW than 

expected due to glycosylation of CD46, and that CD46 is N- and O-glycosylated. The shift in 

MW was greater in the BC samples (lanes 1-4, Fig. 40C) compared to the C samples (lanes 

5-6, Fig. 40C), confirming that the former contain more O-glycans than the latter, as 

hypothesised above since the B domain has ten potential O-GalNAc glycosylation sites whilst 

the C domain only has two. As seen in the composite images, the streptavidin signal 

overlapped with the CD46 bands (Fig. 40B-C), suggesting that recombinant CD46 was tagged 

by BH GalNAc-T4. The streptavidin signal was maintained after SialEXO/OglyZOR treatment 

(lanes 2/4/6/8, Fig. 40B-C), suggesting that unmodified O-glycans can be removed whilst the 

modified sugar remains intact. Some signal was observed in the control samples (lanes 

3/4/7/8, Fig. 40B-C), probably due to leftover tagged N-glycans despite PNGase F treatment. 

The signal in the BH T4 CD46 C samples (lanes 5/6, Fig. 40B-C) was comparable to the signal 

in the control samples (lanes 3/4/7/8, Fig. 40B-C). In contrast, there was a boost in the 

streptavidin signal in the BH T4 CD46 BC samples (lanes 1/2, Fig. 40B-C), suggesting that 

BH GalNAc-T4 may preferentially glycosylate the CD46 BC isoform. Since the only difference 

between the BC and C isoforms is the presence of the STP B domain in the former, this would 

suggest that the glycosylation site of GalNAc-T4 in CD46 is in the STP B domain.  
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Fig. 40. Glycosidase treatment of recombinant CD46. A) Schematic representation of the experiment. B 
and C) Tagging and protein expression control by Western blot after the eluted fractions were subjected to 
CuAAC reaction with biotin-picolyl azide and glycosidase treatment. In B) the controls weren’t treated with 
any glycosidase whilst in C) the controls were treated with PNGase F but not SialEXO or OglyZOR. The 
stainings were performed on the same membrane in the order displayed. Red/Green refers to the imaging 
channel. The expected MW of the CD46 BC and C constructs after TEV cleavage is 38 and 36 kDa, 
respectively (arrows pointing). 25 µg of protein were used per lane. Stainings were performed using IRDye® 
800CW Streptavidin (1:5000, 926-32230) and an antibody against CD46 (1:500, 12494-1-AP). Data are from 
one experiment. BH T4 (+) = T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells, control (-) =  T47DWT-AGX1F383A-
NahK cells. 
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5.1.2. Optimisation of the MS-glycoproteomics workflow for CD46 

Having confirmed the identity and the tagging of the recombinant CD46 constructs by BH 

GalNAc-T4, we next sought to optimise the MS-glycoproteomics workflow to determine the 

GalNAc-T4-mediated glycosylation site(s) in CD46. For these experiments we used the 

recombinant CD46 samples from the 1st TEV cleavage since these samples had a greater 

amount of CD46 even if the total protein content was lower (SI Fig. 14). Since the BH T4 CD46 

C sample had the highest protein concentration (Table 5), we used this sample for the 

optimisation experiment. To maximise the coverage of CD46, we chose to include 

chymotrypsin (68 cleavage sites) in the workflow in addition to trypsin (27 cleavage sites). 

Since our results suggested that the glycosylation site of GalNAc-T4 in CD46 was in the STP 

B domain, which is a mucin-like domain, we hypothesised that including a mucinase in the 

workflow might help maximise the coverage of this domain. We chose to use the mucinase 

SmE for this workflow, which cleaves N-terminally to a glycosylated Ser or Thr residue190. SmE 

can accommodate a variety of O-glycans at the glycosylated Ser/Thr, as well as O-

glycosylation at the adjacent C-terminal residue190. We also included the glycosidases 

SialEXO and OglyZOR in the workflow, since the results of the glycosidase experiment 

demonstrated that we could remove unmodified sugars whilst leaving the modified sugar intact 

(Fig. 40B-C). Reducing the glycosylation state of the proteins should help with protease 

digestion by facilitating access to the peptide backbone, as well as helping with the ionisation 

and detection of the glycopeptides by MS. I therefore incubated the samples with PNGase F 

to remove N-glycans, followed by CuAAC reaction with the iTag-containing reagent E (iTag-

azide) and treatment with SmE, SialEXO and OglyZOR. Sample clean-up and protease 

digestion was performed using S-Trap™ micro spin columns. The samples were vacuum-

dried by Speedvac, reconstituted in 0.1% (v/v) formic acid in LC-MS grade water, and injected 

into an Orbitrap Eclipse™ Tribrid™ Mass Spectrometer coupled to an UltiMate™ 3000 

RSLCnano System by Lucia Di Vagno. All conditions tested in this experiment are shown in 

Table 6.  

 

The raw MS data was processed using Byonic as described in Section 3.3 but adding 

217.1329 m/z instead of 287.1389 m/z to account for the chemical modification from the iTag-

azide instead of the biotin-DADPS-picolyl azide182. The output excel files were filtered for 

CD46 (since many additional proteins were also detected due to the impure nature of the 

samples) and for specific cleavage sites. No glycopeptide hits satisfying these criteria were 

detected in any of the samples, however this wasn’t totally unexpected since minimal 

streptavidin signal had been observed with the BH T4 CD46 C sample (lanes 5/6, Fig. 40B-

C).  
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Table 6. Conditions tested to maximise the coverage of CD46 for MS-glycoproteomics. The sequence 
coverage achieved with each condition calculated by Byonic is also included in the table.  

# PNGaseF CuAAC SmE OglyZOR Trypsin Chymotrypsin Coverage (%) 

1 ✓ ✓    ✓ 55 

2 ✓ ✓ ✓   ✓ 55 

3 ✓ ✓  ✓  ✓ 60 

4 ✓ ✓   ✓ ✓ 51 

5 ✓ ✓ ✓ ✓  ✓ 49 

6 ✓ ✓ ✓  ✓ ✓ 49 

7 ✓ ✓  ✓ ✓ ✓ 50 

8 ✓ ✓ ✓ ✓ ✓ ✓ 51 

 

 

Since the highest coverage was obtained with condition 3 (Table 6), I repeated the experiment 

with all the recombinant CD46 samples using this condition. We processed the raw MS data 

using Byonic with the human FASTA file downloaded from Uniprot219 for the search. Between 

70-99 proteins were detected in all the samples, especially different forms of keratin, 

highlighting the impurity of the samples. The output excel files were filtered for CD46 and for 

specific cleavage sites. No glycopeptide hits satisfying these criteria were detected in any of 

the samples.   

 

The canonical CD46 sequence in Uniprot219 is the sequence of the ABC1 isoform, which is 

predominantly expressed in EBV-B cells and leukemic cells219 and contains an additional 15 

amino acids (VLPPSSTKPPALSHS) in the STP domain272. We therefore decided to repeat 

the raw data processing using Byonic with the FASTA files from the CD46 BC and C isoforms 

for the search instead. When analysing the CD46 C samples, we used the FASTA file from 

the CD46 C1 and C2 isoforms for the Byonic search. The output excel files were filtered for 

CD46 and specific cleavage sites. The Thr of the STP C domain appeared as a hit in all the 

CD46 C samples. However, when manual analysis of the MS spectra was performed with 

Xcalibur software by Lucia Di Vagno, none of the expected HCD signature ions due to the 

presence of the GalN6yne modified with the iTag-azide were detected, demonstrating that this 

hit was a false positive.   
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When analysing the CD46 BC samples, we used the FASTA file from the CD46 BC1 and BC2 

isoforms for the Byonic search. The output excel files were filtered for CD46 and specific 

cleavage sites. No glycopeptide hits satisfying these criteria were detected in any of the 

samples. However, none of the samples detected the VSTSST peptide from the STP B 

domain, suggesting that the GalNAc-T4 glycosylation site could be in this region.  

 

Since we had performed the workflow optimisation experiment with the BH T4 CD46 C sample, 

we wondered if the reason we missed the VSTSST peptide was due to unsuitable digestion 

conditions of the STP B domain. I therefore repeated the optimisation experiment using the 

control CD46 BC sample instead. The raw data was processed using Byonic with the FASTA 

files from the CD46 BC1 or BC2 isoforms for the search. Depending on the FASTA file used 

for the search, the results obtained were slightly different (Table 7). The coverage obtained in 

all samples was much lower compared to the previous experiment (Table 6). Nevertheless, 

the VSTSST sequence was detected with condition 4 and 7 (when using the BC2 FASTA file 

for the search). The output excel files were filtered for CD46 and for specific cleavage sites. 

No glycopeptide hits satisfying these criteria were detected in any of the samples. 

 

Table 7. Conditions tested to maximise the coverage of CD46 for MS-glycoproteomics using the 
control CD46 BC construct and the CD46 BC1/BC2 FASTA files for the Byonic search.  The sequence 
coverage achieved with each condition calculated by Byonic is also included in the table. The table also 
includes information on whether the VSTSST region of the STP B domain was detected or not. 

# PNGaseF CuAAC SmE OglyZOR Trypsin Chymotrypsin 

Coverage (%) VSTSST? 

BC1 BC2 BC1 BC2 

1 ✓ ✓    ✓ 14 43 ✘ ✘ 

2 ✓ ✓ ✓   ✓ 15 11 ✘ ✘ 

3 ✓ ✓  ✓  ✓ 21 39 ✘ ✘ 

4 ✓ ✓   ✓ ✓ 54 51 ✓ ✓ 

5 ✓ ✓ ✓ ✓  ✓ 4 4 ✘ ✘ 

6 ✓ ✓ ✓  ✓ ✓ 13 13 ✘ ✘ 

7 ✓ ✓  ✓ ✓ ✓ 36 49 ✘ ✓ 

8 ✓ ✓ ✓ ✓ ✓ ✓ 13 13 ✘ ✘ 
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We wondered if the low abundance of the glycopeptide of interest and the impure nature of 

the samples was resulting in the glycopeptide of interest being suppressed by more abundant 

species. To overcome this issue, neutravidin bead enrichment could be performed to enrich 

the glycopeptide of interest. Since the abundant contaminant proteins were predominantly 

different forms of keratin, reduced sample handling should improve sample purity. 

Furthermore, since the second GFP-affinity purification did not substantially improve the purity 

of the sample, we decided to perform a single Ni-NTA purification. We also hypothesised that 

the glycopeptide of interest could be too hydrophilic due to its highly O-glycosylated nature to 

be released from the S-Trap™ micro spin columns when performing the sample clean-up. We 

therefore decided to use condition 7 for future experiments - not only did we obtain the second 

highest coverage and were able to detect the VSTSST region with this condition (Table 7), 

but also incorporating OglyZOR should help reduce the hydrophilicity of the glycopeptides by 

removing unmodified sugars.   

 

5.1.3. Protein expression and Ni-NTA purification of recombinant CD46 BC 

Since our results suggested that the CD46 BC isoform was the main substrate of GalNAc-T4, 

we decided to focus only on the BH T4 CD46 BC sample. I therefore expressed more protein 

and performed a single Ni-NTA purification (Fig. 41A). To minimise protein loss in the flow-

through and washes, I excluded imidazole from the wash buffer. To minimise non-specific 

binding to the beads, I increased the salt concentration of the wash buffer from 125 mM to 300 

mM. I also increased the number of elution steps to collect as much protein as possible. For 

this experiment, I performed the Ni-NTA purification from both the secretome and the lysate 

of transduced cells fed with Ac4GalN6yne to increase the yield of tagged recombinant CD46. 

The expected MW of the CD46 construct was 66 kDa. A band around this MW was observed 

in the secretome samples but no clear band was observed in any of the lysate samples (Fig. 

41B). Nevertheless, the eluted fractions (E1-E5) were combined, and the protein 

concentration of the samples purified from the lysate and the secretome was determined by 

Nanodrop (SI Table 8). Due to technical issues, I couldn’t determine the protein concentration 

in the sample purified from the secretome. Since the samples purified from the secretome 

contained contaminations of what could be albumin which could disturb downstream analyses 

(Fig. 41B), we focused on the sample purified from the lysate instead. 
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To confirm whether recombinant CD46 BC was tagged by GalNAc-T4, I treated the 

recombinant CD46 sample purified from the lysate with PNGase F to remove N-glycans, 

performed a CuAAC reaction with biotin-picolyl azide, and assessed the tagging of 

recombinant CD46 by streptavidin blot (Fig. 41C). Protein expression control was 

simultaneously performed by Western blot. When staining against CD46, a strong band was 

observed at the expected MW of the construct (66 kDa)(Fig. 41D), confirming the presence of 

recombinant CD46 in the sample. A streptavidin signal was seen at the same MW as the CD46 

bands (Fig. 41D), suggesting that CD46 was tagged by BH GalNAc-T4. Since the streptavidin 

signal overlapped with the CD46 bands (Fig. 41D), incubation with neutravidin beads should 

selectively enrich for CD46, helping overcome the impurity of the sample. 

 

 
Fig. 41. Protein expression and Ni-NTA purification of recombinant CD46 BC. A) Schematic 
representation of the protein expression and Ni-NTA purification of recombinant CD46 BC. rCD46 = 
recombinant CD46. B) SDS-PAGE gel of the fractions after Ni-NTA purification of BH T4 CD46 BC. S = 
supernatant; FT = flow-through; W1-3 = wash 1- 3; E1-5 = elution 1-5; B1 = beads before elution; B2 = beads 
after elution. C) Schematic representation of the tagging and protein expression control experiment. D) 
Tagging and protein expression control by Western blot after the eluted fractions were subjected to PNGase 
F treatment and CuAAC reaction with biotin-picolyl azide. The stainings were performed on the same 
membrane in the order displayed. The expected MW of the CD46 BC construct is 66 kDa (arrow pointing). 5 
µg of protein were used per lane. Staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-
32230) and an antibody against CD46 (1:500, 12494-1-AP). Data are from one experiment.  
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5.1.4. MS-glycoproteomics experiment on recombinant CD46 BC 

To determine the GalNAc-T4-mediated glycosylation site(s) of CD46 BC, I incubated the 

recombinant CD46 BC sample with PNGase F to remove N-glycans, followed by CuAAC 

reaction with biotin-DADPS-picolyl azide for 72 h (Fig. 42A). Sample clean-up and buffer 

exchange to PBS was subsequently performed using Amicon Ultra-0.5 Centrifugal Filters (3 

kDa MWCO), followed by SialEXO and OglyZOR glycosidase treatment to remove unmodified 

sugars whilst leaving the modified sugar intact (as demonstrated in Fig. 40B-C). Enrichment 

of the tagged recombinant CD46 was performed with neutravidin beads (Fig. 42A). 

 

Aliquots of the same volume were taken at different steps of the workflow to track the tagged 

recombinant CD46 by Western blot. The intensity of the total protein stain from the supernatant 

after enrichment was lower compared to the other samples (Fig. 42B), suggesting unequal 

loading of the samples on the gel. When staining against CD46, a strong band was observed 

at the expected MW of the construct (66 kDa)(Fig. 42B), confirming the presence of 

recombinant CD46 in the samples. The CD46 bands were shifted to a lower MW after SialEXO 

and OglyZOR glycosidase treatment (Fig. 42B), confirming the successful removal of O-

glycans. A band due to CD46 was detected in the supernatant after enrichment (Fig. 42B), 

suggesting the presence of untagged CD46 in the sample. This implied that the tagging of 

recombinant CD46 by CuAAC was not quantitative, as suggested by previous work in the 

field279, 280. 

 

A streptavidin signal was observed after the CuAAC reaction (Fig. 42B), demonstrating that 

the reaction was successful. The streptavidin signal was retained after SialEXO and OglyZOR 

glycosidase treatment whilst the bands were shifted to a lower MW (Fig. 42B), confirming the 

removal of unmodified sugars whilst the modified sugar was left intact. No streptavidin signal 

was seen in the supernatant after enrichment (Fig. 42B), confirming that the tagged proteins 

remained bound to the beads. The streptavidin signal overlapped with the CD46 bands (Fig. 

42B), suggesting that recombinant CD46 was tagged by BH GalNAc-T4. 
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Fig. 42. Determining the GalNAc-T4-mediated glycosylation site(s) on recombinant CD46 BC by MS-
glycoproteomics. A) Schematic representation of the workflow for the MS-glycoproteomics experiment on 
recombinant CD46 BC. B) Tracking tagged recombinant CD46 during the MS-glycoproteomics experiment 
by Western blot. The stainings were performed on the same membrane in the order displayed. Red/Green 
refers to the imaging channel. The expected MW of the CD46 BC construct is 66 kDa (arrow pointing). 
Staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-32230) and an antibody against 
CD46 (1:500, 12494-1-AP). Data are from one experiment. Glycosidase = SialEXO and OglyZOR. 
 

After neutravidin bead enrichment, the unmodified peptides were released from the beads by 

on-bead digestion with Lys-C. The tagged glycopeptides were eluted from the beads by acid 

treatment, digested with trypsin and chymotrypsin, desalted using UltraMicroSpinTM columns 

and vacuum-dried by Speedvac. The samples were reconstituted in 0.1% (v/v) formic acid in 

LC-MS grade water, and injected into an Orbitrap Eclipse™ Tribrid™ Mass Spectrometer 

coupled to an UltiMate™ 3000 RSLCnano System by Lucia Di Vagno. The raw MS data was 

first processed using Byonic with the human FASTA file for the search to gain insight into the 

purity of the sample. 232 proteins were detected in this sample compared to the 88 detected 

in the previous experiment. In the previous experiment the samples had been purified by Ni-

NTA and GFP-affinity purification, whilst in this experiment they were purified by a single Ni-

NTA purification followed by neutravidin bead enrichment of the tagged glycoproteins. We 

would have expected selective enrichment of recombinant CD46 since the strongest 

streptavidin signal overlapped with the CD46 bands (Fig. 42B), suggesting that other proteins 

were binding non-specifically to the neutravidin beads. The coverage of the CD46 sequence 

was also much lower in this experiment regardless of the FASTA file used for the search. 

When using the human FASTA, the coverage was 11%, when using the CD46 BC1 FASTA, 

the coverage was 9%, and when using the CD46 BC2 FASTA the coverage was 31%, whilst 

in the previous experiment the lowest coverage was 59% when using the human FASTA.  
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The output excel files were filtered for CD46 and for specific cleavage sites. No glycopeptide 

hits satisfying these criteria were detected, nor was the VSTSST region detected in any of the 

searches. In the previous experiment, we used the iTag-azide reagent to derivatise the tagged 

glycoproteins by CuAAC, whilst in this experiment we used the biotin-DADPS-picolyl azide 

reagent instead to allow enrichment of the tagged glycoproteins. As seen in Chapter 4, the 

positive charge imparted by the iTag facilitated ETD fragmentation, which enhanced the 

peptide sequence coverage. This could explain why a lower sequence coverage was seen in 

this experiment compared to the previous experiment. Furthermore, the greater number of 

contaminant proteins detected in this experiment could lead to the glycopeptide of interest 

being suppressed by more abundant species. Alternatively, the glycopeptide of interest may 

be retained in the columns used for peptide desalting. Furthermore, no glycopeptide hits were 

detected in any of the experiments, even when we detected the VSTSST peptide in the 

optimisation experiment using the control CD46 BC sample, suggesting that alternative 

digestion conditions may be required to detect the glycopeptide of interest. Further 

optimisation would therefore be required to obtain the GalNAc-T4-mediated glycosylation site 

in CD46. 

 

5.2. Identifying the GalNAc-T4-mediated glycosylation site(s) in GOLM1 

Due to the difficulties in determining the GalNAc-T4-mediated glycosylation site in CD46, we 

decided to shift our focus to GOLM1 instead. The GOLM1 sequence contains 34 Thr and Ser 

residues as potential O-GalNAc glycosylation sites but no mucin-like domains, which should 

facilitate MS-glycoproteomics analyses on GOLM1 compared to CD46. Furthermore, GOLM1 

has 52 tryptic sites compared to the 27 tryptic sites in CD46, which should also allow for 

greater sequence coverage of GOLM1 compared to CD46 without requiring an additional 

protease like chymotrypsin. GOLM1 is a type II transmembrane protein predominantly 

expressed by epithelial cells245, 281. It consists of a short N-terminal cytoplasmic domain, 

followed by a transmembrane domain, a coiled-coil domain, a flexible loop, and a C-terminal 

luminal domain (Fig. 43)245, 282. GOLM1 is N-glycosylated at Asn109, Asn144 and Asn398 – the 

first two N-glycosites are in the coiled-coil domain whilst the third is in the C-terminal luminal 

domain245, 282. This protein resides in the cis- and medial-Golgi but also undergoes endosomal 

trafficking, which results in GOLM1 being proteolytically cleaved by furin and the luminal 

portion secreted to the extracellular space283. GOLM1 exists as a disulfide-bonded dimer245. 

The exact function of GOLM1 has not been clearly defined, but it is thought to play a role in 

the Golgi structure284 and in the secretory pathway - regulating expression, trafficking, 

secretion, and recycling of proteins282, 285.  
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Fig. 43. Structure of GOLM1. GOLM1 consists of a short N-terminal cytoplasmic domain (in white), followed 
by a transmembrane domain (in black), a coiled-coil domain (in blue), a flexible loop (in purple), and a C-
terminal luminal domain (in orange). GOLM1 has a furin cleavage site at Arg55. The region from Ala56 to 
Phe152 within the coiled-coil domain mediates the dimerisation of endogenous and secreted GOLM1. The 
dimer is stabilised by disulfide bonds at Cys159 and Cys170. Three N-glycosylation sites have been reported 
at Asn109, Asn144 and Asn398 and two potential O-glycosylation sites have been predicted at Thr218 and Thr235. 
The numbers represent the amino acid positions. Figure adapted from Hu et al. (2011)245. 

 

Previous work on GOLM1 has demonstrated that, since GOLM1 lacks a signal sequence286, 

the transmembrane domain and a positively charged residue at the cytoplasmic end are 

necessary for Golgi localisation, and that Golgi localisation is crucial for its proper glycosylation 

status245. I therefore transduced T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells (“BH T4” cells) 

with viruses encoding full-length GOLM1 tagged with GFP and a His-tag (Fig. 36A). The 

sequence of the GOLM1 construct used in this experiment is available in SI Fig. 15. 

Transduction success was confirmed by checking for GFP expression using a fluorescence 

microscope (SI Fig. 16).  
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5.2.1. Protein expression and Ni-NTA purification of recombinant GOLM1 

Ni-NTA purification was performed on lysates of T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells 

transduced with tagged GOLM1 and fed with Ac4GalN6yne (Fig. 44A). Aliquots of the same 

volume were taken at different steps of the purification to track the presence of GOLM1 by 

SDS-PAGE. The expected MW of the GOLM1 construct was 74 kDa. No clear band was 

observed at this MW in any of the samples (Fig. 44B). Nevertheless, the eluted fractions (E1-

E5) were combined, and the protein concentration was determined by Nanodrop (SI Table 8).  

 

 

Fig. 44. Protein expression and Ni-NTA purification of recombinant GOLM1. A) Schematic 
representation of the protein expression and Ni-NTA purification of recombinant GOLM1. rGOLM1 = 
recombinant GOLM1. B) SDS-PAGE gel of the fractions after Ni-NTA purification of recombinant GOLM1. S 
= supernatant; FT = flow-through; W1-3 = wash 1- 3; E1-5 = elution 1-5; B2 = beads after elution. C) 
Schematic representation of the tagging and protein expression control experiment. D) Tagging and protein 
expression control by Western blot after the eluted fractions were subjected to PNGase F treatment and 
CuAAC reaction with biotin-picolyl azide. The stainings were performed on the same membrane in the order 
displayed. The expected MW of the recombinant GOLM1 monomer and dimer is 74 and 148 kDa respectively 
(arrows pointing). 5 µg of protein were used per lane. Staining was performed using IRDye® 800CW 
Streptavidin (1:5000, 926-32230) and an antibody against GOLM1 (1:500, HPA010638). Data are from one 
experiment.  
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To confirm whether recombinant GOLM1 was tagged by GalNAc-T4, I treated the recombinant 

GOLM1 sample with PNGase F to remove N-glycans, performed a CuAAC reaction with biotin-

picolyl azide, and assessed the tagging of recombinant GOLM1 by streptavidin blot (Fig. 44C). 

Protein expression control was simultaneously performed by Western blot. When staining 

against GOLM1 intense bands were observed between 50-90 kDa and between 125-160 kDa 

due to the presence of the GOLM1 monomer (expected MW = 74 kDa) and dimer (expected 

MW = 148 kDa) in the sample (Fig. 44D)245. The streptavidin signal overlapped with the 

GOLM1 bands (Fig. 44D), suggesting that recombinant GOLM1 was tagged by BH GalNAc-

T4 

 

5.2.2. MS-glycoproteomics experiment on recombinant GOLM1 

To determine the GalNAc-T4-mediated glycosylation site of GOLM1, I incubated the 

recombinant GOLM1 sample with PNGase F to remove N-glycans, followed by CuAAC 

reaction with biotin-DADPS-picolyl azide for 72 h (Fig. 45A). Sample clean-up and buffer 

exchange to PBS was subsequently performed using Amicon Ultra-0.5 Centrifugal Filters (3 

kDa MWCO), followed by SialEXO and OglyZOR glycosidase treatment and enrichment of 

the tagged recombinant GOLM1 with neutravidin beads (Fig. 45A). Aliquots of the same 

volume were taken at different steps of the workflow to track tagged recombinant GOLM1 by 

Western blot. The results obtained were comparable to those obtained previously for CD46 

(Fig. 42B). The intensity of the total protein stain from the supernatant after enrichment was 

lower compared to the other samples (Fig. 45B), suggesting unequal loading of the samples 

on the gel. When staining against GOLM1, strong bands at the expected MW of the monomer 

(74 kDa) and dimer (148 kDa) were observed (Fig. 45B), confirming the presence of 

recombinant GOLM1 in the samples. The GOLM1 bands were shifted to a lower MW after 

SialEXO and OglyZOR glycosidase treatment (Fig. 45B), confirming the successful removal 

of O-glycans. Bands due to GOLM1 were detected in the supernatant after enrichment (Fig. 

45B), suggesting the presence of untagged GOLM1 in the sample, and that the tagging of 

recombinant GOLM1 by CuAAC was not quantitative. A streptavidin signal was observed after 

the CuAAC reaction (Fig. 45B), demonstrating that the reaction was successful. The 

streptavidin signal was retained after SialEXO and OglyZOR glycosidase treatment whilst the 

bands were shifted to a lower MW (Fig. 45B), confirming the removal of unmodified sugars 

whilst the modified sugar was left intact. No streptavidin signal was seen in the supernatant 

after enrichment (Fig. 45B), confirming that the tagged proteins remained bound to the beads. 

The streptavidin signal overlapped with the GOLM1 bands (Fig. 45B), suggesting that 

recombinant GOLM1 was tagged by BH GalNAc-T4. The strongest streptavidin signal was 

observed in the monomer bands (Fig. 45B), suggesting that dimerisation of recombinant 

GOLM1 could be disrupted when modified with the bulky biotin-DADPS-picolyl azide. 
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Fig. 45. Determining the GalNAc-T4-mediated glycosylation site(s) on recombinant GOLM1 by MS-
glycoproteomics. A) Schematic representation of the workflow for the MS-glycoproteomics experiment on 
recombinant GOLM1. Glycosidase = SialEXO and OglyZOR. B) Tracking tagged recombinant GOLM1 during 
the MS-glycoproteomics experiment by Western blot. The stainings were performed on the same membrane 
in the order displayed. Red/Green refers to the imaging channel. The expected MW of the GOLM1 construct 
is 74 kDa (arrow pointing). Staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-32230) 
and an antibody against GOLM1 (1:500, HPA010638). HCD spectrum of the GOLM1 glycopeptide at B) 
Ser204 and C) Thr218. B ions are represented in blue, y ions in pink, and unique HCD oxonium ions in green. 
ETD spectrum of the GOLM1 glycopeptide at D) Ser204 and E) Thr218. C ions are represented in green, and 
z ions in orange. Data are from one experiment.  
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After neutravidin bead enrichment, the unmodified peptides were released from the beads by 

on-bead digestion with Lys-C. The tagged glycopeptides were eluted from the beads by acid 

treatment, digested with trypsin, desalted using UltraMicroSpinTM columns and vacuum-dried 

by Speedvac. The samples were reconstituted in 0.1% (v/v) formic acid in LC-MS grade water, 

and injected into an Orbitrap Eclipse™ Tribrid™ Mass Spectrometer coupled to an UltiMate™ 

3000 RSLCnano System by Lucia Di Vagno. The raw MS data was processed using Byonic 

with the human and GOLM1 FASTA files for the search. Comparable results were obtained 

with both searches. We would have expected selective enrichment of recombinant GOLM1 

since the strongest streptavidin signal overlapped with the GOLM1 bands (Fig. 45B) – instead 

211 proteins were detected in the sample, suggesting that other proteins were binding non-

specifically to the neutravidin beads. The output excel files were filtered for GOLM1 and for 

specific cleavage sites. Ser204 and Thr218 were obtained as potential BH GalNAc-T4-modified 

glycosylation sites – one spectrum was found for the former and two for the latter 

corresponding to two different glycan compositions (HexNAc(1) and HexNAc(1)Hex(1)). 

Manual analysis of the MS spectra was performed with Xcalibur software by Lucia Di Vagno 

to validate the glycosite hits. The expected oxonium ions at 491.225 m/z, 330.156 m/z and 

302.150 m/z182, 193 due to glycopeptides modified with GalN6yne and derivatised with biotin-

DADPS-picolyl azide were observed in all the HCD spectra (indicated in green, Fig. 45C-D), 

confirming unambiguously that the peptides were glycosylated. The presence of the unique 

HCD oxonium ions triggered ETD on the glycopeptides and allowed GalNAc-T4-glycosylation 

site localisation in GOLM1 (Fig. 45E-F).  

 

5.2.3. In silico evaluation of GalNAc-T4-mediated glycosylation of GOLM1 

To explore a possible structural role of GalNAc-T4-mediated glycosylation on GOLM1, we 

performed in silico evaluation on the molecular structure of GOLM1. Since no crystal structure 

has been published for full-length GOLM1, we obtained the predicted molecular structure from 

the AlphaFold Protein Structure Database287, 288(Fig. 46). However, the confidence score 

calculated by AlphaFold from Asn182 to Leu401 was low, which made it challenging to evaluate 

a possible structural role of GalNAc-T4 using this molecular structure.  
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Fig. 46. In silico evaluation of GalNAc-T4-mediated glycosylation of GOLM1. Predicted molecular 
structure of GOLM1 obtained from AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk)288. The 
N-terminal cytoplasmic domain is shown in grey, the transmembrane domain in black, the coiled-coil domain 
in teal (with the region mediating dimerisation in blue), the flexible loop in purple, the C-terminal luminal 
domain in orange and the two GalNAc-T4-mediated glycosylation sites in red (Ser204 and Thr218). Lys12 is 
positively charged residue at the cytoplasmic end of the transmembrane domain which is required for Golgi 
localisation. The GOLM1 dimer is stabilised by disulfide bonds at Cys159 and Cys170. 

 
Overall, we successfully identified CD46 and GOLM1 as novel GalNAc-T4 substrates 

conserved in all the BCCs tested herein by SILAC-based MS-proteomics. Whilst we couldn’t 

pinpoint the exact GalNAc-T4-mediated glycosylation site(s) in CD46, we established that the 

glycosylation site of GalNAc-T4 in CD46 must be located within the STP B domain. Ser204 and 

Thr218 were successfully identified as the GalNAc-T4-mediated glycosylation sites in GOLM1 

by MS-glycoproteomics and we detected elaboration of the Thr218 site up to the disaccharide 

Hex-GalN6yne (where Hex is likely a Gal residue typical of core 1 O-GalNAc glycans). 

Additional work will be required to confirm the GalNAc-T4-mediated glycosylation site(s) in 

CD46 and to evaluate a possible structural role of GalNAc-T4-mediated glycosylation on 

GOLM1.  

  

https://alphafold.ebi.ac.uk/
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CHAPTER 6: Developing BH GalNAc-T systems in vivo 

 

The experiments described up to this point were all performed in one-dimensional cellular 

model systems. However, these model systems cannot recapitulate the multifactorial nature 

of cancer involving the constant interplay between tumour and host cells204. We therefore 

endeavoured to extend the BH GalNAc-T4 system to an in vivo setting as a more biologically-

relevant model system to investigate the role of GalNAc-T4 and its substrates in cancer 

initiation, progression, and metastasis. We first established the model system on a different 

isoenzyme, GalNAc-T2, as a well-characterised glycosyltransferase with a rich glycoprotein 

substrate repertoire193, 204.  

 

6.1. Establishing a BH GalNAc-T2 system in vivo 

The work described in this section has been published in Cioce et al. (2022)204. 

 

Dr Anna Cioce had previously generated GFP+ 4T1 murine metastatic BCCs expressing the 

two enzymes of the artificial biosynthetic pathway for UDP-sugar biosynthesis (AGX1F383A and 

NahK) and BH GalNAc-T2 (henceforth referred to as “BH T2” cells)204. These cells were 

injected into the fat pad of female NSG mice by Dr Victoria Bridgeman, with mock-transfected 

GFP+ 4T1 cells injected into the other fat pad as an internal control (Fig. 47A)204. Tumour 

growth was monitored by Dr Victoria Bridgeman204. Eleven days after tumour cell injection, the 

mice harbouring the biggest tumours were treated intratumourally (i.t). with Ac4GalN6yne or 

the corresponding volume of vehicle once daily for 3 days by Dr Victoria Bridgeman204. 

Thirteen days after tumour cell injection, the remaining mice were treated intraperitoneally 

(i.p). with Ac4GalN6yne, Ac4ManNAl or the corresponding volume of vehicle once daily for 5 

days by Dr Victoria Bridgeman204. At the end of the sugar treatment, the tumours were 

harvested by Dr Victoria Bridgeman and Dr Tatiana Rizou204. Half of the tumour was digested, 

plated, and the cells cultured for protein expression control by Western blot by Dr Anna 

Cioce204. The other half was homogenised, incubated with neutravidin beads to remove 

endogenous biotinylated proteins, and reacted with biotin-picolyl azide204. Tagging of 

glycoproteins was assessed by streptavidin blot204.  
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Fig. 47. Establishing a BH GalNAc-T2 system in vivo. A) Schematic representation of the workflow for the 
in vivo tagging of glycoproteins using BH GalNAc-T2 (BH T2). BH T2 tumours were grown in the fat pad of 
NSG mice. Mock tumours were grown in the opposite fat pad from the same mouse as an internal control. 
After allowing for the tumour to be established, mice were i.t. or i.p. injected with either vehicle, Ac4GalN6yne 
or Ac4ManNAl by Dr Victoria Bridgeman. At the end of the sugar treatment, the tumours were harvested by 
Dr Victoria Bridgeman and Dr Tatiana Rizou. Figure adapted from Cioce et al. (2022)204. B) Protein 
expression analysis of the digested BH T2 tumours by Western blot (by Dr Anna Cioce). BH T2 or mock-
transfected parental 4T1 cell lines were included as a control and are indicated by an asterix (*). GAPDH 
was included as a loading control. The predicted MW of GalNAc-T2, AGX1, NahK and GAPDH is 65, 58, 41 
and 36 kDa respectively. 15 µg of protein were used per lane. Antibody staining was performed using 
antibodies against VSV-G (1:2000, ab3861), FLAG (1:1000, PA1-984B), HA (1:1000, ab9110) and GAPDH 
(1:5000, ab181602). Figure adapted from Cioce et al. (2022)204. C) Tagging of glycoproteins in tumour 
homogenates as assessed by streptavidin blot after fat pad injection of 4T1-BH T2 or 4T1-mock transfected 
cells into NSG mice. 55 µg of protein were used per lane. Streptavidin staining was performed using IRDye® 
800CW Streptavidin (1:5000, 926-32230). 4T1-BH T2 (+) = 4T1-AGX1F383A-NahK-GalNAc-T2BH cells, 4T1-
mock (-) =  mock-transfected 4T1 cells. 
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Protein expression control performed on the digested tumours by Dr Anna Cioce confirmed 

the expression of the transgenes (Fig. 47B)204. The expression levels of the enzymes were 

comparable to those of parental cells (Fig. 47B). However, when assessing tagging of 

glycoproteins in the tumour homogenates by streptavidin blot, comparable signal was seen in 

all samples regardless of the treatment and the expression of BH GalNAc-T2 (Fig. 47C). Since 

the samples had been incubated with neutravidin beads prior to the CuAAC reaction, no 

endogenous biotinylated proteins should be present that would give rise to background signal. 

We wondered whether one of the components of the CuAAC reaction could be the source of 

the non-specific signal instead. Dr Anna Cioce therefore incubated lung homogenates of 

untreated control mice with the different components of the CuAAC reaction. A signal was 

observed in the samples incubated with an aqueous solution of biotin-picolyl azide even when 

all other components were absent (SI Fig. 17C), demonstrating that this probe was the source 

of the non-specific signal.  

 

I next investigated the mechanism behind the background signal by biotin-picolyl azide. One 

hypothesis was that free thiols from cysteine-containing proteins could be interacting non-

specifically with the probe. To test this, I incubated vehicle-treated (negative control) and 

Ac4ManNAl-treated samples (positive control) with iodoacetamide before the CuAAC reaction 

to block any free thiols in the sample. To prevent the formation of free thiols after the reduction 

of disulfide bonds, I also excluded DTT from the loading buffer and skipped the boiling step. 

Minimal signal was seen in the vehicle samples whilst a strong signal was observed in the 

Ac4ManNAl-treated samples when DTT and the boiling step were excluded (lanes 3 and 4; 

Fig. 48A). Comparable results were observed when the samples were incubated with 

iodoacetamide prior to the CuAAC reaction (lanes 1 and 2; Fig. 48A), as well as when DTT 

was excluded but the boiling step was maintained (lanes 5 and 6; Fig. 48A). Higher 

background signal was observed in the vehicle samples when DTT was included, and the 

boiling step excluded (lanes 7 and 8; Fig. 48A). Altogether, these results demonstrated that 

the addition of DTT and boiling of the samples were likely the cause of the background signal 

by biotin-picolyl azide, possibly due to a non-specific interaction between the probe and free 

thiols formed from reducing disulfide bonds.  

 

 



160 | P a g e  
 

 

Fig. 48. Optimisation of ex vivo tagging analysis of BH GalNAc-T2 tumours by streptavidin blot. A) 
Identifying the source of background signal in BH GalNAc-T2 tumours. 40 µg of protein from tumours as 
depicted in Fig. 47 were used per lane. V = vehicle; M = Ac4ManNAl. B) Glycoprotein tagging analysis of 
tumour homogenates by streptavidin blot after fat pad injection of 4T1-BH T2 or 4T1-mock transfected cells 
into NSG mice (by Dr Anna Cioce). 15 µg of protein were used per lane. Figure adapted from Cioce et al. 
(2022)204. Streptavidin staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-32230). 4T1-
BH T2 (+) = 4T1-AGX1F383A-NahK-GalNAc-T2BH cells, 4T1-mock (-) =  mock-transfected 4T1 cells. 

 

Having identified the source of the background signal by biotin-picolyl azide, Dr Anna Cioce 

repeated the streptavidin blot of the tumour homogenates excluding the boiling step and DTT.  

Minimal signal was seen in the vehicle-treated samples (Fig. 48B)204. In contrast, a strong 

signal was seen in the homogenates from mice treated with Ac4ManNAl (Fig. 48B)204. In mice 

treated with Ac4GalN6yne, signal was only observed when the tumours expressed BH 

GalNAc-T2 (Fig. 48B)204. The results from both methods of compound administration were 

comparable, although a higher background was seen in the intratumoural samples (Fig. 

48B)204. Overall, the results demonstrated that we could successfully and selectively tag 

glycoproteins by BH GalNAc-T2 in vivo204. 

 

6.2. Extending the BH GalNAc-T in vivo system to GalNAc-T4 

The next objective was to extend the BH GalNAc-T in vivo approach to GalNAc-T4. T47DWT-

AGX1F383A-NahK-GalNAc-T4BH cells (“BH T4” cells) were injected into the fat pad of female 

NSG mice by Dr Victoria Bridgeman, with T47DWT-AGX1F383A-NahK cells injected into the other 

fat pad as an internal control (“control” cells)(Fig. 49A). When the tumours reached ~150 mm3, 

the mice were i.p. injected with either vehicle, Ac4GalN6yne, or Ac4ManNAl by Dr Victoria 

Bridgeman. In the experiment with BH GalNAc-T2, the dose of both sugars was 200 mg/kg204. 

In this experiment with BH GalNAc-T4 we performed a dose-response experiment and tested 

3 doses of Ac4GalN6yne: 200, 100 and 50 mg/kg. Since in the experiment with BH GalNAc-

T2 a stronger signal was observed in the samples treated with Ac4ManNAl compared to the 

samples treated with Ac4GalN6yne (Fig. 48B)204, we chose an intermediate Ac4ManNAl dose 

of 100 mg/kg for this experiment. 
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In the experiment with BH GalNAc-T2, we had to digest the tumours and culture the cells ex 

vivo to perform protein expression control since we struggled to perform protein expression 

control on the tumour homogenates204. In this experiment with BH GalNAc-T4, at the end of 

the sugar treatment, the tumours were harvested, digested, sorted through a MACS column 

for human CD298 and the positive selection collected and lysed by Dr Victoria Bridgeman 

(Fig. 49A). CD298 was chosen for this purpose since the T47D cells are human BCCs and 

CD298 was previously identified as a human-specific antigen, expressed in >99.9% of human 

BCCs with no background in mouse lines289. Isolating the tumour (CD298+) from the host 

(CD298-) cells and then analysing the CD298+ tumour digests should therefore facilitate 

protein expression control of the samples.  

 

 

Fig. 49. Extending the BH GalNAc-T in vivo system to GalNAc-T4. A) BH-GalNAc-T4 (BH T4) tumours 
were grown in the fat pad of NSG mice. Control tumours (where BH T4 was absent) were grown in the 
opposite fat pad from the same mouse as an internal control.103 days after tumour cell injection, the mice 
were i.p. injected with 200, 100 or 50 mg/kg of Ac4GalN6yne; 100 mg/kg of Ac4ManNAl; or the corresponding 
volume of vehicle once daily for 3 days by Dr Victoria Bridgeman. 24 h after the final injection, the tumours 
were harvested, digested, and sorted through a MACS column for human CD298 by Dr Victoria Bridgeman. 
The positive selection was collected and lysed by Dr Victoria Bridgeman. B) Tagging of glycoproteins in 
CD298+ tumour digests treated with vehicle, 200 mg/kg Ac4GalN6yne or 100 mg/kg of Ac4ManNAl as 
assessed by streptavidin blot after fat pad injection of T47D-BH T4 or T47D-control cells into NSG mice. 10 
µg of protein were used per lane. Antibody staining was performed using antibodies against VSV-G (1:500, 
PA129903), FLAG (1:500, ab1257), and HA (1:2000, ab130275). Streptavidin staining was performed using 
IRDye® 800CW Streptavidin (1:5000, 926-32230). C) Tagging of glycoproteins in CD298+ tumour digests 
treated with different doses of Ac4GalN6yne as assessed by streptavidin blot. 10 µg of protein were used per 
lane. Antibody staining was performed using antibodies against VSV-G (1:500, PA129903) and FLAG (1:500, 
PA1984B). Streptavidin staining was performed using IRDye® 800CW Streptavidin (1:5000, 926-32230). 
T47D-BH T4 (+) = T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells, T47D-control (-) =  T47DWT-AGX1F383A-NahK 
cells. 
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Tagging of glycoproteins was assessed by streptavidin blot. I first assessed the tagging of 

glycoproteins in CD298+ tumour digests treated with vehicle, Ac4ManNAl or the highest dose 

of Ac4GalN6yne (200 mg/kg). Minimal signal was seen in the vehicle-treated samples (Fig. 

49B). A boost in signal was seen in the sugar-treated samples compared to the vehicle-treated 

samples, however the intensity of all samples treated with Ac4GalN6yne was comparable 

regardless of whether BH GalNAc-T4 was present or not (Fig. 49B).  

 

We noticed that the expression levels of the enzymes from the artificial biosynthetic pathway 

were much lower in the BH GalNAc-T4 samples compared to the controls (Fig. 49B), which 

suggested silencing of the expression of AGX1F383A and NahK by the BCCs. When Dr Anna 

Cioce tested the 4T1-BH T2 cells in immunocompetent BALB/c mice, she observed silencing 

of the expression of AGX1F383A as well (SI. Fig. 17F). Silencing of the artificial biosynthetic 

pathway may occur because the expression of the BH GalNAc-Ts was under an EF-1α 

promoter whilst the expression of AGX1F383A and NahK was under a synthetic RPBSA 

promoter instead (SI Fig. 7)290. Using NSG mice instead of BALB/c ice maintained the 

expression of AGX1F383A and NahK in the 4T1-BH T2 cells as confirmed by Western blot (Fig. 

47B). However, since tumour growth was slower with the T47D-BH T4 cells (106 days) 

compared to the 4T1-BH T2 cells (18 days), the competition between the two promoters could 

result in silencing of the artificial biosynthetic pathway even in the immunocompromised 

background. 

 

Since a difference in signal was still observed between the vehicle- and sugar-treated samples 

(Fig. 49B) we wondered if residual expression of the artificial biosynthetic pathway could be 

enough to result in differential tagging of glycoproteins by BH GalNAc-T4. Since the samples 

used for Fig. 49B were treated with the highest dose of Ac4GalN6yne tested (200 mg/kg), we 

wondered if we were observing saturation of the background signal in the control samples. I 

therefore repeated the Western blot using all the samples treated with Ac4GalN6yne to see if 

lowering the dose 2-fold (100 mg/kg) or 4-fold (50 mg/kg) would reduce the background signal 

in the control samples. However, comparable signal was still observed between control and 

BH GalNAc-T4 samples at all sugar doses tested, suggesting that the reason we were 

observing a comparable signal between control and BH GalNAc-T4 samples was not 

saturation of the background signal due to the dose of the sugar (Fig. 49C).  
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All things considered, there was a boost in signal between sugar- and vehicle-treated samples, 

suggesting that the signal observed was dependent on sugar treatment. However, there was 

no difference between Ac4GalN6yne-treated control and BH GalNAc-T4 samples. Two 

possible hypotheses could explain this observation. If residual expression of the artificial 

biosynthetic pathway was enough to biosynthesise UDP-GalN6yne, one hypothesis for the 

comparable signal observed between control and BH GalNAc-T4 samples could be that there 

were not many GalNAc-T4-specific substrates in the samples and that the signal observed in 

the samples was predominantly due to background tagging of glycoproteins. If residual 

expression of the artificial biosynthetic pathway was not enough to biosynthesise UDP-

GalN6yne, an alternative explanation for the comparable results observed between control 

and BH GalNAc-T4 samples would be that the signal observed in the samples was not 

enzymatic glycosylation but instead a non-specific protein modification such as non-enzymatic 

S-glyco-modification between peracetylated sugars and protein cysteines291, 292. To confirm 

these hypotheses, an additional control would be required consisting of mock-transfected cells 

treated with Ac4GalN6yne. If the Ac4GalN6yne-treated control and BH GalNAc-T4 samples 

showed a boost in signal compared to mock-transfected cells this would suggest that the 

signal is dependent on the biosynthesis of UDP-GalN6yne so the former hypothesis would be 

more likely. However, we decided that it was not feasible to pursue these experiments further 

due to time constraints.  

 

Overall, preliminary work was performed to extend the BH GalNAc-T approach to an in vivo 

setting. We successfully tagged glycoproteins with BH GalNAc-T2 in vivo204, however further 

optimisation is required to extend the BH GalNAc-T in vivo system to BH GalNAc-T4. 
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DISCUSSION 

 

The overall aim of this project was to use the BH GalNAc-T4 system to characterise the 

substrates and glycosylation sites of GalNAc-T4 in BCCs to better understand the role of 

GalNAc-T4 in BC.  

 

The first objective of this project was to validate that GalNAc-T4 was implicated in BC by 

generating GalNAc-T4 KO T47D and MCF7 cells using CRISPR-Cas9 and comparing the 

growth of WT and GalNAc-T4 KO cells in vitro and in vivo using the same methodology for 

both cell lines. The difference between the WT and GalNAc-T4 KO cells was not statistically 

significant in the in vitro growth assays (Fig. 12), most likely due to the technical variability 

associated with the experiment. Nevertheless, there was a trend towards a greater number of 

apoptotic cells upon GalNAc-T4 KO with both cell lines (Fig. 12D and Fig. 12G), which could 

explain why a statistically significant growth defect was later observed with these cells in vivo. 

Herein a growth defect was observed with both T47D (Fig. 13) and MCF7 (Fig. 14) cells upon 

GalNAc-T4 KO whilst other groups had previously reported a growth defect upon GalNAc-T4 

KD in T47D cells132 and a boost in growth upon GalNAc-T4 KO in MCF7 cells133. Our results 

suggested that the contradicting phenotypes published previously were likely due to the 

different methodologies used by the two groups. Overall, the undisputable phenotype 

observed upon GalNAc-T4 KO in vivo, which is more representative of the growth and 

progression of BC tumours than one-dimensional cellular models, validated a role for GalNAc-

T4 in BC.  

 

Having confirmed that GalNAc-T4 is implicated in BC, the next objective was to evaluate the 

enzymatic activities of WT and BH GalNAc-T4 in vitro before extending the BH GalNAc-T4 

system to BCCs. During my MSci project I had confirmed that BH GalNAc-T4 emulates the 

known glycopeptide substrate preference of WT GalNAc-T4 whilst displaying a UDP-sugar 

substrate switch from the native substrate to the bumped analogue UDP-GalN6yne208. Herein, 

I tested a greater panel of UDP-GalNAc analogues to see if there were any alternative UDP-

sugars with more favourable glycopeptide formation and orthogonality than UDP-GalN6yne. 

Nevertheless, the most promising results were still observed with UDP-GalN6yne, where 

comparable glycopeptide turnover was observed between the BH GalNAc-T4/UDP-GalN6yne 

and WT GalNAc-T4/UDP-GalNAc pairs whilst reduced activity was observed with the opposite 

enzyme-substrate pair (Fig. 15), demonstrating the orthogonality of the BH GalNAc-T4/UDP-

GalN6yne pair. 
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The next objective was to determine whether BH GalNAc-T4 retained the kinetic parameters 

of the native system. I therefore compared the Michaelis-Menten kinetics of the WT GalNAc-

T4/UDP-GalNAc and BH GalNAc-T4/UDP-GalN6yne pairs. The kinetic parameters of both 

enzyme-substrate pairs were within the same order of magnitude (Fig. 16) and hence were 

considered comparable, demonstrating that the BH GalNAc-T4/UDP-GalN6yne pair retained 

the kinetic parameters of the native system. The KM of WT GalNAc-T4 with glycopeptide 1 had 

been previously reported as 41 ± 19 μM74 and 50.7 ± 6.3 μM82. These values are within the 

same order of magnitude as the value obtained for WT GalNAc-T4 herein (200 μM), validating 

the results obtained. In these reports, the glycosylation reaction mixtures contained 

recombinant WT GalNAc-T4, glycopeptide 1 and [3H]-radiolabelled UDP-GalNAc82. After 

quenching the reaction, free UDP and non-hydrolysed UDP-GalNAc were removed by 

passage over an anion exchange resin74, 82. Total UDP-[3H]-GalNAc utilisation was determined 

by the difference after scintillation counting 1/20 of the sample before and after passage over 

the anion exchange resin82. The extent of [3H]-GalNAc transferred to the peptide and the 

extent of hydrolysis was determined by gel filtration analysis82. Even though the reported 

GalNAc-T4 activity accounted for UDP-[3H]-GalNAc hydrolysis74, 82, they also stated that 

significant hydrolysis was observed with GalNAc-T474, which could explain the difference in 

the KM values reported previously and those obtained herein.  

 

The next objective was to compare the selectivity of WT and BH GalNAc-T4 in the presence 

of a 1:1 mixture of UDP-GalNAc and UDP-GalN6yne, which is more representative of the 

substrate exposure in the secretory pathway231. The results demonstrated that WT GalNAc-

T4 preferentially reacted with UDP-GalNAc whilst BH GalNAc-T4 exclusively reacted with 

UDP-GalN6yne in an environment that more closely resembles the secretory pathway (Fig. 

17). This is important for application in biological systems as WT GalNAc-Ts should not accept 

the bumped UDP-GalNAc analogue in the presence of UDP-GalNAc to ensure selective 

characterisation of the tagged glycoproteins by the BH GalNAc-T in the presence of all other 

members of the GalNAc-T family67. Choi et al. previously demonstrated that WT GalNAc-T2 

exclusively reacted with UDP-GalNAc in the presence of a 1:1 mixture of UDP-GalNAc and 

UDP-GalN6yne67. Future work should ensure that this selectivity towards UDP-GalNAc 

relative to UDP-GalN6yne is also observed with the other members of the GalNAc-T family. 

Altogether, the results of the in vitro glycosylation experiments demonstrated that the BH 

GalNAc-T4/UDP-GalN6yne pair is biochemically competent whilst orthogonal to the native 

enzyme-substrate pair. 
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With an orthogonal BH GalNAc-T4/UDP-sugar pair in hand, the next objective was to establish 

the BH GalNAc-T4 system in BCCs. Previous reports demonstrated that GalNAc-T4 is more 

highly expressed in ER+ luminal BC tumours and BCCs compared to healthy mammary 

epithelium129, 132. Previous reports also demonstrated that the expression of GalNAc-T4 was 

lower in basal-like BCCs compared to luminal BCCs132, 133, and that the expression of GalNAc-

T4 was comparable between basal-like BC tumours and healthy breast tissue129. Altogether, 

these results suggested that GalNAc-T4 appeared to be more implicated in luminal compared 

to basal-like BC. Nevertheless, for these experiments we decided to use a panel of BCCs 

encompassing both luminal and basal-like BC subtypes to reflect the heterogeneity in BC 

tumours and to see if determining the substrates of GalNAc-T4 in the different BCCs could 

help explain the preferential upregulation of GalNAc-T4 in luminal BC tumours. T47D, MCF7 

and MDA-MB-231 cells were chosen for this work as these cell lines were previously used to 

investigate the role of GalNAc-T4 in BC129, 132, 133 and they account for more than two-thirds of 

BCCs used for BC modelling studies36. T47D and MCF7 cells display a Luminal A phenotype 

whilst MDA-MB-231 cells display a TNBC phenotype36. 

 

T47D, MCF7 and MDA-MB-231 cells were stably transfected with plasmids encoding the two 

enzymes of the artificial biosynthetic pathway for UDP-sugar biosynthesis (AGX1F383A and 

NahK) and WT/BH GalNAc-T4. After feeding the cells with Ac4GalN6yne, the chemically-

tagged glycoproteins were derivatised with a fluorophore by CuAAC and visualised by in-gel 

fluorescence. Multiple intense bands were selectively observed in the presence of BH GalNAc-

T4 (Fig. 18-20), demonstrating that we could bioorthogonally tag the substrates of GalNAc-T4 

in BCCs using BH GalNAc-T4. In the experiments with T47D cells we saw that BH GalNAc-

T4 was more highly OE than WT GalNAc-T4 (Fig. 18D). Since this difference in expression 

levels would be a source of variation that could lead to artifacts, we decided not to use the 

cells where WT GalNAc-T4 was OE in future experiments. 
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The next objective was to characterise the chemically-tagged glycoproteins by MS-

proteomics. SILAC-based MS-proteomics was performed on T47D, MCF7 and MDA-MB-231 

cells transfected with plasmids encoding NahK, AGX1F383A and BH GalNAc-T4. Since UDP-

GalN6yne is epimerised to the corresponding UDP-GlcNAc analogue by GALE resulting in 

undesired tagging of GlcNAc-containing glycoconjugates193, cells transfected with plasmids 

only expressing AGX1F383A and NahK, (where UDP-GalN6yne can be biosynthesised but BH 

GalNAc-T4 is absent) were used as a control to dissect BH GalNAc-T4-specific tagging from 

any potential background tagging of glycoproteins. This allowed the successful 

characterisation of 42 (Fig. 24 and SI Table 3), 114 (Fig. 26 and SI Table 6) and 68 (Fig. 26 

and SI Table 7) proteins as substrates of GalNAc-T4 in the lysates of T47D, MCF7 and MDA-

MB-231 cells, respectively, as well as 3 proteins as substrates of GalNAc-T4 in the secretome 

of T47D cells (Fig. 25). Most hits were cell-line specific, but a minority were conserved 

between the BCCs (Table 4). MUC1, the bona fide substrate of GalNAc-T472, 156, 157, 234, was 

conserved in the two luminal cell lines (T47D and MCF7 cells) but not in the basal-like MDA-

MB-231 cells (Table 4 and Fig. 27B), as anticipated since MUC1 is physiologically expressed 

in the apical surface of luminal epithelial cells240. CD46 and GOLM1 were identified as the two 

novel substrates of GalNAc-T4 which were conserved in the three BCC lines (Fig. 27B). 

Overall, the results demonstrated that SILAC-based MS-proteomics allowed the successful 

characterisation of the substrates of GalNAc-T4 in BCCs.  

 

Since there was a statistically significant growth defect upon GalNAc-T4 KO in vivo (Fig. 13 

and Fig. 14), the next objective was to assess whether KO of GalNAc-T4 affected the 

expression levels of its substrates. Since CD46 and GOLM1 were conserved in the three cells 

lines, we decided to analyse the expression levels of these proteins as well as MUC1 as 

GalNAc-T4’s bona fide substrate72, 156, 157, 234. However, no differences were observed in the 

expression levels of CD46, GOLM1 and MUC1 between WT and KO GalNAc-T4 cells (Fig. 

29). Overall, these results demonstrated that GalNAc-T4-mediated glycosylation must serve 

an alternative purpose other than affecting the expression levels of these proteins.  
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To help draw structural conclusions on the role of GalNAc-T4-mediated glycosylation in the 

identified substrates, the next objective was to determine the GalNAc-T4-mediated 

glycosylation site(s) by MS-glycoproteomics. However, there are multiple challenges when 

performing glycosylation site-localisation of O-GalNAc glycans182, as evidenced by the lack of 

hits obtained when analysing the glycopeptide fraction from the T47D lysates during the 

SILAC-based MS-(glyco)proteomics workflow (Results Section 3.3). Previous work in the 

Schumann lab had demonstrated that bioorthogonal reporter reagents can impart 

glycopeptides with beneficial MS properties such as unique HCD oxonium ions and ETD 

fingerprint ions which could be leveraged for confident glycopeptide assignment (Fig. 31)193, 

256. Encouraged by these results, we wondered if we could use a similar strategy to increase 

the charge density of the tagged glycopeptides and hence facilitate ETD fragmentation to 

improve glycosylation site-localisation by MS-glycoproteomics182. We therefore generated 

synthetic glycopeptides bearing azide- or alkyne-containing sugars which we derivatised with 

a panel of reporter reagents with increasingly basic or charged groups by CuAAC and then 

analysed by LC-MS/MS182. We saw an increase in peptide charge and detected unique HCD 

oxonium ions with all the reagents tested (Fig. 32)182. The unique HCD oxonium ions were 

used to successfully trigger HCD-pd-ETD in all samples (Fig. 33)182. The most promising 

results were observed in the samples with the iTag-containing reagents, where the increased 

charge density imparted by the permanent positive charge from the iTag increased the ETD 

fragmentation efficiency and hence the peptide sequence coverage182. An ETD fingerprint ion 

was also detected with one of the iTag-containing reagents (Fig. 34), facilitating confident 

glycopeptide assignment182. Altogether these experiments demonstrated the unique MS 

properties that modified sugars and bioorthogonal reporter reagents can impart on 

glycopeptides to facilitate MS-glycoproteomics analyses182. 

 

Having validated biotin-DADPS-picolyl azide (for enrichment) and identified the iTag-

containing reagents (without enrichment) as promising bioorthogonal reagents to facilitate MS-

glycoproteomics analyses182, the next objective was to use these reagents to determine the 

GalNAc-T4-mediated glycosylation site(s) of CD46 and GOLM1 as the two hits conserved 

amongst the three BCCs investigated in the MS-proteomics experiments (Fig. 27B). Due to 

technical difficulties caused by the mucin-like nature of the STP domain of CD46, we couldn’t 

pinpoint the exact GalNAc-T4-mediated glycosylation site(s) in CD46. Nevertheless, we 

established that the glycosylation site must be located within the STP B domain since the 

strongest streptavidin signal was observed in the CD46 BC samples containing BH GalNAc-

T4 (Fig. 40).  
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C3b/C4b ligand binding to CD46 is mediated by the SCR domains (primarily SCR4), whereas 

the STP region was suggested to serve as a spacer between SCR4 and the cell membrane247. 

Liszewski et al. demonstrated that the CD46 BC isoforms display more cytoprotection and a 

greater cofactor activity than the C isoforms277. In a follow-up study, the same group 

demonstrated that STP deletion mutants had comparable cytoprotective and cofactor activity 

to the C isoforms, suggesting that the STP B domain is the key mediator for CD46’s 

cytoprotective and cofactor activities275. Persson et al. later hypothesised that CD46 can exist 

in two extreme conformations: one conformation where the SCR4 and STP domains project 

vertically from the cell surface, allowing ligand binding to SCR4 (Fig. 50A); and a second 

conformation where the STP region is bent and the SCR4 domain lies parallel to the cell 

surface, hence preventing ligand binding (Fig. 50B)247. A possible explanation for the 

observations reported by Liszewski et al. could be that the heavily glycosylated nature of the 

STP B domain affects the rigidity of the STP domain and makes the former conformation more 

favourable, facilitating ligand binding and promoting CD46’s cytoprotective and cofactor 

activities. GalNAc-T4-mediated glycosylation of the STP B domain may therefore contribute 

to the role of CD46 in protecting cells from complement-mediated damage and hence could 

explain why there was a trend towards a greater number of apoptotic cells upon GalNAc-T4 

KO with both T47D and MCF7 cells (Fig. 12D and Fig. 12G). Additional work will be required 

to reveal the GalNAc-T4-mediated glycosylation site(s) in CD46 and validate the role of 

GalNAc-T4-mediated glycosylation on CD46.  

 

 

Fig. 50. Two possible extreme conformations of CD46 on the cell surface. A) In one conformation the 
SCR4 and STP domains project vertically from the cell surface, allowing ligand binding to SCR4. B)  In 
another conformation the STP region is bent and the SCR4 domain lies parallel to the cell surface, preventing 
ligand binding. Figure adapted from Persson et al. (2010)247. 
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Furthermore, C3 (the pivotal complement component293) was obtained as a GalNAc-T4 

substrate in the secretome of T47D cells (Fig. 25), providing further evidence for a possible 

role of GalNAc-T4 in regulating the complement system. Future investigation into the role of 

GalNAc-T4 in the complement system should be performed. 

 

Ser204 and Thr218 were successfully identified as the GalNAc-T4-mediated glycosylation sites 

in GOLM1 by MS-glycoproteomics. These two sites have been previously predicted to carry 

O-GalNAc glycans by NetOGlyc4.0 as reported in GlycoDomainViewer192. Nevertheless, as 

far as we are aware, this is the first time that these glycosites are confirmed by MS-

glycoproteomics experiments and are established as GalNAc-T4 glycosylation sites. 

Furthermore, we detected elaboration of the Thr218 site up to the disaccharide Hex-GalN6yne 

(where Hex is likely a Gal residue typical of core 1 O-GalNAc glycans). Whilst it is currently 

uncertain whether elaboration of these analogues recapitulates downstream glycosylation of 

the native GalNAc193, the BH GalNAc-T approach is the only strategy that allows GalNAc-T-

specific site and structural information beyond the initiating GalNAc.  

 

Ser191 is the closest Ser/Thr residue (13 residues away) upstream of Ser204. If other GalNAc-

Ts glycosylated this residue, it could promote lectin domain-mediated glycosylation of Ser204 

by GalNAc-T4. However, since Ser191 is not predicted to carry O-GalNAc glycans by 

NetOGlyc4.0192 and GalNAc-T4 is thought to display poor activity with naked peptides82, it was 

surprising to obtain Ser204 as a hit. Nevertheless, GalNAc-T4 and -T7 are the only GalNAc-Ts 

from the 11 investigated to date which have an N-terminal neutral flanking charge preference71 

like the one present in the QQLQALS204EPQPR peptide. In addition, this peptide contains a 

Pro-X-Pro motif, although in this case “X” corresponds to a Gln residue. The combination of 

these two factors may explain how Ser204 could be glycosylated by GalNAc-T4. Since Ser204 

is located 14 residues upstream from Thr218, once the former is glycosylated by GalNAc-T4 it 

could promote lectin domain-mediated glycosylation of the latter.  

 

  



171 | P a g e  
 

The glycosite at Thr218 is at the beginning of the flexible loop of GOLM1. The function of the 

flexible loop remains poorly understood, although evidence suggests that its truncation leads 

to decreased survival rates and pathological changes to the kidney and liver in mice294. The 

glycosite at Ser204 is at the end of the coiled-coil domain. This domain has a protein-protein 

interaction function295, and it was shown to be the key structural motif mediating the interaction 

with the extracellular chaperone clusterin296 and the autophagy adaptor LC3297. Furthermore, 

the region from Ala56 to Phe152 within the coiled-coil domain is sufficient to mediate the 

dimerisation of GOLM1, whilst disulfide bonds only serve to stabilise the dimer245. Whilst it has 

been previously reported that endogenous and secreted GOLM1 exit as disulfide-bonded 

dimers245, recent findings suggested that secreted GOLM1 may exist as a tetramer instead286.  

Bai et al. recently reported a crystal structure of the coiled-coil domain (from Thr111 to Val177) 

which demonstrates that secreted GOLM1 exists as two anti-parallel dimers which assemble 

to form a tetramer286. This group also assessed the oligomeric state of recombinantly 

expressed GOLM1 (from Arg54 to Gln201) in solution and confirmed that its tetrameric structure 

was not merely a result of crystallisation286. Based on their results, they hypothesised that 

membrane-bound full-length GOLM1 may be restricted to exist as a parallel dimer whilst 

secreted GOLM1 loses the restriction after furin cleavage and can form the tetrameric 

structure instead (Fig. 51)286. 

 

To explore a possible structural role of GalNAc-T4-mediated glycosylation on GOLM1, we 

performed in silico evaluation on the molecular structure of GOLM1. Since no crystal structure 

has been published for full-length GOLM1, we obtained the predicted molecular structure from 

the AlphaFold Protein Structure Database (Fig. 46)288. However, the confidence score 

calculated by AlphaFold from Asn182 to Leu401 was low, which made it challenging to evaluate 

a possible structural role of GalNAc-T4-mediated glycosylation using this molecular structure. 

Nevertheless, when tracking tagged recombinant GOLM1 by streptavidin blot during the MS-

glycoproteomics workflow, the strongest streptavidin signal was observed in the monomer 

bands (Fig. 45B), suggesting that GalNAc-T4-mediated glycosylation may affect GOLM1’s 

ability to oligomerise (Fig. 51). A similar mechanism had been previously suggested for 

TGFBR2 by Wu et al., where GalNAc-T4-mediated O-GalNAcylation of TGFBR2 prevented 

receptor dimerisation and inhibited downstream signalling129. Nevertheless, we would have to 

confirm that this observation is also maintained using endogenous GalNAc-T4 and GalNAc to 

ensure that it is not an artifact of the chemically-tagged protein. Previous findings have 

suggested that GOLM1 may exhibit different roles intracellularly and extracellularly by 

dynamically changing its oligomeric state286, so it would be important to understand if GalNAc-

T4-mediated glycosylation plays a role in the oligomeric state of GOLM1.  
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Fig. 51. Oligomerisation of GOLM1. Endogenous GOLM1 forms a dimer through the coiled-coil domain 
(the region mediating the interaction is indicated in the figure), which is stabilised by disulfide-bonds. GOLM1 
undergoes endosomal trafficking, which results in GOLM1 being proteolytically cleaved by furin and the 
luminal portion secreted to the extracellular space. When GOLM1 is secreted two anti-parallel dimers can 
assemble into a tetramer. Glycosylation by GalNAc-T4 may inhibit the oligomerisation of GOLM1. The N-
terminal cytoplasmic domain, the transmembrane domain, the coiled-coil domain, the flexible loop, and the 
acidic C-terminal luminal domain are represented in white, black, blue, purple, and orange respectively. The 
furin cleavage site is represented as a dashed line. Figure adapted from Bai et al. (2024)286. 

 

Since the coiled-coiled domain has a protein-protein interaction function295, glycosylation of 

GOLM1 by GalNAc-T4 may affect the interaction between GOLM1 and its binding partners 

instead. To investigate this, we could harness the ability of UDP-sugar 15 to identify binding 

partners of tagged glycoproteins thanks to the diazirine moiety which allows photocrosslinking 

to neighbouring molecules upon ultraviolet irradiation205, 229. Substantial turnover (>50%) was 

seen with the BH GalNAc-T4/UDP-sugar 15 pair whilst minimal activity was seen with the WT 

GalNAc-T4/UDP-sugar 15 pair in the in vitro glycosylation experiments (Fig. 15). Additional 

work will therefore be required to confirm the role of GalNAc-T4-mediated glycosylation on 

GOLM1.  

 

FOXA1132, Cullin-1133, and TGFBR2129 had been previously proposed as substrates of 

GalNAc-T4 in BCCs, however none of these proteins were obtained as hits herein. These 

proteins were elucidated as GalNAc-T4 substrates after GalNAc-T4 KD/KO in BCCs, followed 

by immunoprecipitation using VVL and characterisation of differential VVL-binding proteins 

between KD/KO and control samples129, 132, 133. Nevertheless, the complex interplay of the 20 

GalNAc-Ts can lead to compensatory mechanisms taking place upon KD/KO of GalNAc-T4193, 

as illustrated by findings that show an increase of VVL-binding proteins upon KO of GalNAc-

T4133.  
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In the cell surface tagging experiments performed herein some high MW bands were seen in 

the GalNAc-T4 KO T47D cells which were not seen in the corresponding WT cells (Fig. 18C), 

providing additional evidence of compensatory mechanisms taking place upon KO of GalNAc-

T4. Taking these findings into account, FOXA1, Cullin-1, and TGFBR2 may thus not be 

substrates of GalNAc-T4 and instead may have been obtained as hits due to compensatory 

mechanisms taking place upon KD/KO of GalNAc-T4.  

 

An alternative explanation as to why FOXA1, Cullin-1, and TGFBR2 weren’t obtained as 

substrates herein could be due to limitations with our approach. For example, with our current 

methodology we may only be detecting the more highly expressed proteins, as evidenced with 

CD46 which is more highly expressed in T47D cells compared to MCF7 or MDA-MB-231 cells 

(Fig. 28). CD46 was only obtained as a hit in T47D cells but not in MCF7 or MDA-MB-231 

cells in the MS-proteomics experiments, whilst it was subsequently confirmed as a hit in the 

three cell lines in the neutravidin bead pulldown experiments (Fig. 27). To confirm whether 

FOXA1, Cullin-1, and TGFBR2 substrates of GalNAc-T4 in BCCs, neutravidin-bead pulldown 

experiments could hence be performed.  

 

Another limitation of our approach is that the BH GalNAc-T will be in competition for protein 

substrates and glycosylation sites with the corresponding WT enzyme. Similarly, when the 

substrate specificity of BH GalNAc-T1 and BH GalNAc-T2 was investigated in vitro, the results 

demonstrated that the BH GalNAc-Ts glycosylated fewer peptides than the corresponding WT 

enzymes193. Both factors could suggest that we may be missing some hits with our 

methodology. Furthermore, the efficiency of GalN6yne incorporation or the chemical-tagging 

of glycoproteins may not be quantitative, as evidenced by the presence of untagged CD46 

(Fig. 42B) and GOLM1 (Fig. 45B) in the supernatants after neutravidin bead enrichment. To 

overcome the former factor, higher sugar concentrations or additional days of sugar feeding 

could be performed. To overcome the latter, after an initial incubation of the CuAAC reaction 

mixtures, the supply of the CuAAC reactants could be replenished by adding more CuAAC 

solution to the samples and incubating the reaction for longer to maximise the chemical 

tagging of the glycoproteins. On top of this, BH GalNAc-Ts are OE compared to the 

endogenous enzymes, as reported previously193, and as observed herein (SI Fig. 8A). Whilst 

previous findings demonstrated that BH GalNAc-Ts do not introduce new glycosylation sites 

in their protein substrates193 so no false-positive hits should be seen even if BH GalNAc-Ts 

are OE, a perfect discovery tool would assess native glycosylation levels203. In future work, 

dox-inducible promoters could be used to fine-tune the expression levels of BH GalNAc-Ts to 

overcome this limitation203. Alternatively, homology-directed repair editing222 could be 

performed to mutate the native allele to the corresponding BH mutant203.  
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Another limitation with our current approach is that when BH GalNAc-T2 was OE the sialylation 

of N- and O-glycans was reduced204, suggesting an alteration in the cellular glycome and that 

this approach doesn’t fully replicate the native biological system203. Nevertheless, this should 

not affect the overall aim of identifying the substrates and glycosylation sites of a specific 

GalNAc-T in living cells203. All things considered, the BH GalNAc-T approach is the only 

method that allows the identification of the substrates and glycosylation sites of a specific 

GalNAc-T in the presence of all other GalNAc-Ts, which is crucial due to the 

interdependencies and substrate redundancies of the GalNAc-T family193. 

 

While O-GalNAc glycosylation is found in many types of glycoproteins, it is abundantly present 

in mucin domains203. As described in the “Substrate identification of individual GalNAc-Ts” 

section and as evidenced with CD46 herein, it is challenging to study mucin domains by MS182, 

183, 187-190. Nevertheless, the Schumann lab and others are investing efforts in addressing these 

challenges, such as the use of iTag-containing reagents to improve glycopeptide 

assignment182, 259-266 as described herein; using mucin-selective proteases to break down 

mucin-like glycoproteins into smaller fragments that are more amenable to MS analysis183, 187, 

188, 190; or the use of mucin-selective enrichment strategies183, 187-189. Furthermore, Benito-

Alifonso et al. demonstrated that iTag-modified glycoproteins could be isolated directly from 

cell lysates using a HitrapTM Q HP affinity column and eluted using an imidazolium gradient259. 

Future experiments could therefore use a similar strategy to enrich the chemically-tagged 

glycoproteins derivatised with the iTag-containing reagents as an alternative to derivatising 

chemically-tagged glycoproteins with biotin-based reagents and enrichment with neutravidin 

beads, and hence still benefit from the unique MS properties imparted by the iTag-containing 

reagents. On top of this, we have demonstrated herein that O-GlyZOR can selectively remove 

unmodified O-glycans whilst leaving the modified sugar intact (Fig. 42B and Fig. 45B), which 

can also aid in mucin MS-glycoproteomics by facilitating access of proteases to the peptide 

backbone, reducing the hydrophilicity, and improving the ionizability of glycopeptides from 

mucin-like domains.  

 

Since the canonical localisation of GalNAc-Ts is the secretory pathway67, we would expect 

their substrates to be cell surface or extracellular proteins. However, some of the hits obtained 

in the MS-proteomics experiments were nucleocytoplasmic and mitochondrial proteins instead 

(SI Table 3 and SI Tables 6-7). Even though some nucleocytoplasmic GalNAc-T substrates 

have been previously proposed (e.g. FOXA1 as a GalNAc-T2162 and GalNAc-T4132 substrate, 

Cullin-1 as a GalNAc-T4 substrate133 or ERα as a GalNAc-T6 substrate170), the existence of 

nucleocytoplasmic O-GalNAc glycosylation is still heavily debated298, 299.  
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The genomic region of GalNAc-T4 may provide a possible mechanism for the 

nucleocytoplasmic activity of GalNAc-T4. GALNT4 is located on chromosome 12q21.3 within 

an intron of the POC1B gene, which encodes a cytosolic protein (Fig. 52A)224. Fusion 

transcripts have been reported where the catalytic and lectin domains of GalNAc-T4 are intact, 

but the transmembrane domain is replaced with the N-terminus of POC1B (Fig. 52B)224. The 

fusion protein POC1B-GalNAc-T4 could be redirected to the nucleocytoplasm and hence 

glycosylate nuclear and cytosolic proteins. Nevertheless, such a  fusion protein could not be 

formed with the BH GalNAc-T4 constructs used herein. Furthermore, since distinguishing 

between the isomeric O-GalNAc and O-GlcNAc glycans by MS is challenging298, and 

epimerisation of UDP-GalN6yne by GALE results in undesired tagging of O-GlcNAc glycans193 

(which are known to occur in the nucleocytoplasm and mitochondria62), future work will be 

required to investigate the nucleocytoplasmic activity of GalNAc-T4 and to validate that the 

nucleocytoplasmic and mitochondrial hits obtained herein are indeed substrates of GalNAc-

T4 and not O-GlcNAc glycans instead. Future investigation into alternative UDP-GalNAc 

analogues which are not epimerised by GALE to the corresponding UDP-GlcNAc analogue 

but show comparable glycopeptide formation and orthogonality to the BH GalNAc-T4/UDP-

GalN6yne pair should also be performed. 

 

 

Fig. 52. Alternative splicing of the POC1B-GALNT4 gene. A) GALNT4 is located on chromosome 12q21.3 
within an intron of the POC1B gene. B) Alternative splicing yields a fusion protein which retains the 542 
amino acids (aa) from GalNAc-T4’s glycosyltransferase domain, but the transmembrane (TM) domain is 
replaced with the N-terminus of POC1B.  

 

Once the substrates of GalNAc-T4 are validated, pathway enrichment analysis could be 

performed to determine if there are certain pathways enriched in luminal BCCs but not basal-

like BCCs that could explain the preferential upregulation of GalNAc-T4 in the former 

compared to the latter129.  
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Since one-dimensional cellular model systems cannot recapitulate the multifactorial nature of 

cancer involving the constant interplay between tumour and host cells204, we endeavoured to 

extend the BH GalNAc-T system to an in vivo setting as a more biologically-relevant model 

system to investigate the role of GalNAc-T4 and its substrates in cancer initiation, progression, 

and metastasis. Whilst we successfully tagged glycoproteins with BH GalNAc-T2 in vivo (Fig. 

48)204, additional work will be required to extend this approach to BH GalNAc-T4. Future work 

in the Schumann lab will endeavour to extend the BH GalNAc-T in vivo system to BH GalNAc-

T4 using 4T1 cells (as the ones used with BH GalNAc-T2)204 instead of the T47D cells used 

herein. Since 4T1 cells grow faster than T47D cells, this should help overcome the silencing 

of the artificial biosynthetic pathway observed herein (Fig. 49). 

 

Understanding the biological function of a single GalNAc-T is challenging due to substrate 

redundancies and overlapping glycosylation sites67. For this reason, we hypothesised that to 

investigate the specific function of GalNAc-T4-mediated glycosylation, we would first identify 

the GalNAc-T4-specific glycosylation sites. These sites could then be mutated to prevent 

GalNAc-T4-mediated glycosylation and the phenotype of WT and mutant proteins could be 

subsequently compared using functional assays. However, time did not permit full 

investigation into the function of GalNAc-T4-mediated glycosylation in BC, so this should be 

the direction of future research. Furthermore, whilst we only focused on CD46 and GOLM1, 

the GalNAc-T4-mediated glycosylation site(s) of the other substrates of GalNAc-T4 should 

also be determined. Due to the complex interplay and interdependencies between GalNAc-

Ts, it may be necessary to characterise the substrates and glycosylation sites of all the 

GalNAc-Ts that have been implicated in BC (as described in the section “GalNAc-Ts 

implicated in breast cancer”) to obtain a complete picture of the role of GalNAc-T-mediated 

glycosylation in BC.  

 

Aberrantly glycosylated MUC1 is currently used to monitor cancer progression and response 

to treatment in the clinic (CA15-3 and CA 27.29)41, 42, 300. A multi-centre first-in human phase I 

clinical trial has demonstrated that MUC1-chimeric antigen receptor T cells were expanded in 

all patients with MUC1-Tn positive solid tumours including TNBC and that there was no 

evidence of safety concerns or on-target/off-tumour toxicity (NCT04025216)301. Similar 

strategies could therefore be performed with the newly identified GalNAc-T-specific substrates 

and glycosylation sites to help yield new diagnostic or therapeutic options towards BC. 
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CONCLUSION 
 

Overall, we successfully used the BH GalNAc-T4 system to characterise the substrates of 

GalNAc-T4 in T47D, MCF7 and MDA-MB-231 BCCs. We also determined the GalNAc-T4-

mediated glycosylation sites in the newly identified substrate GOLM1 and hypothesised a 

putative role of O-GalNAcylation of GOLM1 in its oligomerisation state or protein-protein 

interactions. We also established that glycosylation of another newly identified substrate CD46 

by GalNAc-T4 occurs in the STP B domain and hypothesised a putative role of O-

GalNAcylation of the STP B domain in regulating the conformation of the extracellular domain 

of CD46 required for C3b/C4b ligand binding, hence mediating the cytoprotective and cofactor 

activities of CD46. We also extended the BH GalNAc-T system to an in vivo setting, and 

successfully tagged glycoproteins with BH GalNAc-T2 in mouse models. Future work will focus 

on validating the GalNAc-T4 substrates identified herein, characterising the GalNAc-T4-

mediated glycosylation sites, as well as investigating the role of GalNAc-T4-mediated 

glycosylation in BC using in silico, in vitro and in vivo methods. Once this has been completed 

for GalNAc-T4, the BH GalNAc-T approach can be extended to the other BC-associated 

GalNAc-Ts. Determining the GalNAc-T-specific substrates and the exact glycosylation sites 

that affect BC may help yield new diagnostic and therapeutic strategies. The BH GalNAc-T 

approach is the only strategy that provides GalNAc-T-specific site and structural information 

in the presence of all members of the GalNAc-T family, and hence is uniquely suited towards 

this end.  
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Supplementary Figures 
 

 

SI Fig. 1. Establishing GalNAc-T4 KO T47D and MCF7 cells. Representative allele frequency table of 
clones A) T47DT4-KO 6 and B) MCF7T4-KO 4 generated by CRISPResso2216 after PCR-based amplicon 
sequencing. Nucleotides are indicated by specific colours (A = green; C = red; G = yellow; T = purple). The 
vertical dashed line indicates the predicted cleavage site. Red rectangles highlight inserted sequences. 
Horizontal dashed lines indicate deleted sequences. Substitutions are shown in bold. 

 

SI Fig. 2. Premature stop codons generated in the GALNT4 sequence after deletion of A70 by CRISPR-
Cas9. Mutation observed in clones T47DT4-KO 1 and T47DT4-KO 6. 
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SI Fig. 3. Premature stop codons generated in the GALNT4 sequence after insertion of A70 by 
CRISPR-Cas9. Mutation observed in clones T47DT4-KO 1, T47DT4-KO 6 and MCF7T4-KO 4. 

 

 

SI. Fig. 4. Premature stop codons generated in the GALNT4 sequence after insertion of A70 and 
substitution of G87A by CRISPR-Cas9. Mutation observed in clone MCF7T4-KO 4. 
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SI. Fig. 53. In vitro growth assays of WT and GalNAc-T4 KO BCCs.  A) Schematic representation of the 
workflow to compare the growth of WT and GalNAc-T4 KO BCCs in vitro. The green count per image of WT 
and GalNAc-T4 KO B) T47D and C) MCF7 cells was determined for 4 days to assess differences in cell 
viability upon GalNAc-T4 KO.  

 

 

SI Fig. 54. Protein expression control of recombinantly expressed WT and BH GalNAc-T4 by Western 
blot. 25 µg of protein were used per lane. Antibody staining was performed using an antibody against 
GalNAc-T4 (1:200, 12897-1-AP). The predicted molecular weight of GalNAc-T4 after TEV cleavage is 62 
kDa. The predicted molecular weight of TEV is 27 kDa. 
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SI Fig. 55. SnapGene map of the plasmid co-expressing BH GalNAc-T4 and the two enzymes of the 
artificial biosynthetic pathway (AGX1F383A and NahK). VSV-G-tagged BH GalNAc-T4 was cloned into the 
backbone of the pSBbi vector encoding FLAG-tagged AGX1F383A and HA-tagged NahK using SfiI to digest 
the plasmid and the In-Fusion HD Cloning Kit to insert the GalNAc-T4 sequence. The pSBbi vector was 
designed based on the Sleeping Beauty transposable system to allow bidirectional constitutive expression 
and orientation-directed cloning of the genes of interest2. The 2A self-cleaving peptides (P2A) allow efficient 
expression of multiple proteins from one promoter3. The synthetic RPBSA promoter consists of a fragment 
of the RPL13a promoter (chosen for its strong ubiquitous transcription in different human tissues) fused to a 
region of the RPL41 gene (chosen for improved expression of transcripts containing introns)2. Co-transfecting 
cells with this plasmid and the SB100X transposase allows integration of the genes at the randomly 
distributed TA-dinucleotides sites in the host cell genome2. 
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SI. Fig. 56. Characterisation of T47DWT and T47DT4-KO cells transfected with BH GalNAc-T4. A) Western 
blot against GalNAc-T4 to compare the expression levels of endogenous and BH GalNAc-T4 in the 
transfected T47D cells. The predicted MW of GalNAc-T4 and GAPDH is 67 (arrow pointing) and 36 kDa 
respectively. High (top) and low (bottom) brightness images included to better visualise the difference in the 
expression levels. GAPDH was included as a loading control. 25 µg of protein were used per lane. Antibody 
staining was performed using antibodies against GALNT4 (1:200, 12897-1-AP) and GAPDH (1:10000, 
ab181602). B) Labelling analysis by in-gel fluorescence after treating the metabolically labelled T47D cell 
lysates with the glycosidases SialEXO (digests sialic acids) and OglyZOR (digests core 1 and core 3 O-
glycans in the presence of SialEXO) or StcE (digests mucin-type glycoproteins). 10 µg of protein were used 
per lane. C) ) Cell surface tagging of glycoproteins in transfected T47DWT cell lysates without PNGase F 
treatment as assessed by in-gel fluorescence. 15 µg of protein were used per lane. Data are from one 
experiment. 
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SI Fig. 57. Tracking tagged glycoproteins in lysates of transfected B) MCF7WT and C) MDA-MB-231WT 
cells during neutravidin bead enrichment by streptavidin blot. A) 1:1 mixtures of heavy and light MCF7 
and MDA-MB-231 lysates. Data is representative of three independent replicates. 
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SI Fig. 58. Testing different bioorthogonal reporter reagents to facilitate glycoproteomic analyses. A) 
Schematic representation of in vitro glycosylation experiments performed with WT GalNAc-T2 and UDP-
sugars 1, 3 and 11. . Figure adapted from Choi et al. (2019)4. B) Glycopeptide formation by WT GalNAc-T2 
(100 nM) after incubation for 25 h at 37 °C with acceptor peptide (50 μM) and compounds 1, 3 or 11 (51 μM). 
C) Schematic representation of the CuAAC reaction between the tagged glycopeptides and a panel of 
bioorthogonal reporter reagents. D) Conversion of the CuAAC reaction with the different reporter reagents. 
Data are from one experiment. 

 

 

SI Fig. 59. Expression construct of truncated CD46 BC tagged with GFP and a His-tag used in the MS-
glycoproteomics experiments. 
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SI Fig. 60. Expression construct of truncated CD46 C tagged with GFP and a His-tag used in the MS-
glycoproteomics experiments. 
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SI Fig. 61. Assessing transduction success of the transfected T47DWT cells with viruses expressing 
CD46 tagged with GFP and a His-tag. A) Cells were imaged using an EVOS fluorescence imager and a 
10X objective. B)  Protein expression control by Western blot. 15 µg of protein were used per lane. Antibody 
staining was performed using antibodies against CD46 (1:500, 12494-1-AP) and GFP (1:2000, 66002-1-Ig). 
T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells (“BH T4” cells), and T47DWT-AGX1F383A-NahK cells as a control 
(“control” cells) were used for these experiments. L = lysate, S = secretome. 
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SI Fig. 62. Glycosidase treatment of recombinant CD46. A) Schematic representation of the experiment. 
The eluted fractions after 1st and 2nd TEV cleavage were subjected to CuAAC reaction with biotin-picolyl 
azide and glycosidase treatment. B) Tagging and protein expression control by Western blot after the eluted 
fractions were subjected to CuAAC reaction with biotin picolyl azide and glycosidase treatment. The stainings 
were performed on the same membrane in the order displayed. Red/Green refers to the imaging channel. 
The expected MW of the CD46 BC and C constructs after TEV cleavage is 38 and 36 kDa respectively 
(arrows pointing). 2 µg (1st TEV) and 5 µg (2nd TEV) of protein were used per lane. Streptavidin staining was 
performed using IRDye® 800CW Streptavidin (1:5000, 926-32230). Antibody staining was performed using 
an antibody against CD46 (1:500, 12494-1-AP). 
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SI Fig. 63. Expression construct of GOLM1 tagged with GFP and a His-tag used in the MS-
glycoproteomics experiments. 

 

 
SI Fig. 64. Assessing transduction success of the transfected T47DWT cells with viruses expressing 
GOLM1 tagged with GFP and a His-tag. Cells were imaged using an EVOS fluorescence imager and a 
10X objective. 
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SI Fig. 65. Optimisation of the BH GalNAc-T2 in vivo system. A) Schematic representation of the workflow 
for the in vivo tagging of glycoproteins using BH GalNAc-T2 (BH T2) in a lung metastasis model. 4T1 cells 
transfected with the BH-GalNAc-T2 (4T1-BH T2) or 4T1-mock transfected cells (4T1-mock) were i.v. injected 
into the tail vein of BALB/c mice by Dr Victoria Bridgeman. 7 days after tumour cell injection, the mice were 
treated i.p. with Ac4GalN6yne once daily for 3 days by Dr Victoria Bridgeman. 24 h after the final injection, 
the lungs were harvested and homogenised by Dr Anna Cioce. Lungs from untreated mice were also 
collected as a control. Endogenous biotinylated proteins were removed by incubation with neutravidin beads. 
The supernatant was collected and reacted with biotin-picolyl azide. B) Tagging of glycoproteins in lung 
homogenates as assessed by streptavidin blot after i.v. injection of 4T1-BH T2 or 4T1-mock transfected cells 
into BALB/c mice. 55 µg of protein were used per lane. C) Identifying which component of the CuAAC reaction 
is the source of the non-specific signal using control lung homogenates (by Dr Anna Cioce). 30 µg of protein 
were used per lane.  D) Schematic representation of the workflow for the in vivo tagging of glycoproteins 
using BH T2 in a mammary fat pad model. BH T2 tumours were grown in the fat pad of BALB/c mice. Mock 
tumours were grown in the same mouse as an internal control. 14 days after tumour cell injection, the mice 
were treated i.p. with Ac4GalN6yne, Ac4ManNAl or the corresponding volume of vehicle once daily for 5 days 
by Dr Victoria Bridgeman and Tatiana Rizou. 24 h after the final injection, the tumours were harvested, 
homogenised, and reacted with biotin-picolyl azide. An extra piece of the BH T2 tumours was digested, and 
the cells plated for protein expression control by Western blot. E) Tagging of glycoproteins in tumour 
homogenates as assessed by streptavidin blot after fat pad injection of 4T1-BH T2 or 4T1-mock transfected 
cells into into BALB/c mice. 30 µg of protein were used per lane. F) Protein expression analysis of the 
digested BH T2 tumours by Western blot (by Dr Anna Cioce). The predicted MW of GalNAc-T2 and AGX1 is 
65 and 58 kDa respectively. 15 µg of protein were used per lane. Antibody staining was performed using 
antibodies against VSV-G (1:1000, ab386) and FLAG (1:1000, PA1-984B). Streptavidin staining was 
performed using IRDye® 800CW Streptavidin (1:5000, 926-32230). 
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Supplementary Tables 

 

SI Table 3. Supplier information for reagents and resources. 

REAGENT/RESOURCE SOURCE IDENTIFIER 

Antibodies 

Anti-CD46 antibody (rabbit, 
polyclonal) 

Proteintech (Rosemont, 
USA) 

Proteintech Cat# 12494-1-
AP; RRID: AB_2260042 

Anti-FLAG antibody (rabbit, 
polyclonal) 

Thermo Fisher Scientific 
(Waltham, USA) 

Thermo Fischer Scientific 
Cat# PA1-984B; RRID: 
AB_347227 

Anti-FLAG antibody (goat, 
polyclonal) 

Abcam (Cambridge, UK) 
Abcam Cat# ab1257; 
RRID:AB_299216 

anti-GALNT4 antibody 
(rabbit, polyclonal) 

Proteintech 
Proteintech Cat# 12897-1-
AP; RRID: AB_10643389 

anti-GAPDH antibody 
(rabbit, monoclonal) 

Abcam 
Abcam Cat# ab181602; 
RRID: AB_2630358 

Anti-GFP antibody (mouse, 
monoclonal) 

Proteintech 
Proteintech Cat# 66002-1-
Ig; RRID: AB_11182611 

Anti-GOLM1 antibody 
(rabbit, polyclonal) 

Atlas Antibodies 
(Stockholm, Sweden) 

Atlas Antibodies Cat# 
HPA010638, RRID: 
AB_1849886 

Anti-HA antibody (mouse, 
monoclonal) 

Abcam 
Abcam Cat# ab130275; 
RRID: AB_11156884 

Anti-HA antibody (mouse, 
monoclonal) 

Abcam 
Abcam Cat# ab18181; 
RRID: AB_444303 

Anti-HA antibody (rabbit, 
polyclonal) 

Abcam 
Abcam Cat# ab9110; RRID: 
AB_307019 

Anti-MUC1 antibody 
(mouse, monoclonal) 

Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# MA1-06503; RRID: 
AB_558126 

Anti-VSV-G antibody (goat, 
polyclonal) 

Abcam 
Abcam Cat# ab3861; RRID: 
AB_304118 

Anti-VSV-G antibody (rabbit, 
polyclonal) 

Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# PA1-29903; RRID: 
AB_1961363 

Anti-VSV-G antibody 
(mouse, monoclonal) 

Abcam 
Abcam Cat# ab50549; 
RRID: AB_883494 

IRDye® 680RD Donkey 
anti-goat IgG 

LI-COR Biosciences 
(Lincoln, USA) 

LI-COR Biosciences Cat# 
926-68074; RRID 
AB_10956736_ 

IRDye® 680RD Donkey 
anti-mouse IgG 

LI-COR Biosciences 
LI-COR Biosciences Cat# 
926-68072; RRID 
AB_10953628 

IRDye® 680RD Donkey 
anti-rabbit IgG 

LI-COR Biosciences 
LI-COR Biosciences Cat# 
926-68073; RRID 
AB_10954442 

IRDye® 680RD Streptavidin LI-COR Biosciences 
LI-COR Biosciences Cat# 
926-68079 

IRDye® 800CW Donkey 
anti-goat IgG 

LI-COR Biosciences 
LI-COR Biosciences Cat# 
926-32214; RRID 
AB_621846 
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IRDye® 800CW Donkey 
anti-mouse IgG 

LI-COR Biosciences 
LI-COR Biosciences Cat# 
926-32212; RRID 
AB_621847 

IRDye® 800CW Donkey 
anti-rabbit IgG 

LI-COR Biosciences 
(Lincoln, USA) 

LI-COR Biosciences Cat# 
926-32213; RRID 
AB_621848 

IRDye® 800CW 
Streptavidin 

LI-COR Biosciences 
LI-COR Biosciences Cat# 
926-32230 

Chemicals, peptides, and recombinant proteins 

0.05% Trypsin-EDTA (1X) Gibco (Grand Island, USA) Gibco Cat# 25300 

1 Kb Plus DNA Ladder Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# 10787018 

4X Protein Loading Buffer LI-COR Biosciences 
LI-COR Biosciences Cat# 
928-40004 

10X CutSmart Buffer 
New England Biolabs 
(Ipswitch, USA) 

New England Biolabs Cat# 
B6004S 

10X Tris/Glycine/SDS Buffer 
Bio-Rad Laboratories 
(Hercules, USA) 

Bio-Rad Cat# 1610772 

50X TAE (solution) 
Media Preparation Facility 
(Francis Crick Institute) 

N/A 

100 bp DNA ladder Invitrogen (Waltham, USA) Invitrogen Cat# 15628019 

Ac4ManNAl 
Click Chemistry Tools 
(Scottsdale, USA) 

Click Chemistry Tools Cat# 
1154-100; CAS No. 935658-
93-8 

Acetic acid glacial Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# A-0400-PB17 

Ac4GalN6yne 
Synthesised by Ganka 
Bineva-Todd (Schumann 
Lab) 

N/A 

Aminoguanidine 
hydrochloride 

Cayman Chemical 
Company (Ann Arbor, USA) 

Cayman Chemical 
Company Cat# 81530; CAS 
No. 1937-19-5 

Ammonium bicarbonate 
(solid) 

Sigma Aldrich (St. Louis, 
USA) 

Sigma Aldrich Cat# A6141; 
CAS No. 1066-33-7 

β-oestradiol Sigma Aldrich 
Sigma Aldrich Cat# E8875; 
CAS No. 50-28-2 

Bathocuproinedisulfonic 
acid 

Sigma Aldrich 
Sigma Aldrich Cat# B1125; 
CAS No. 52698-84-7 

BbsI Restriction Enzyme New England Biolabs 
New England Biolabs Cat# 
R0539S 

Benzonase® Nuclease 
Merck (Darmstadt, 
Germany) 

Merck Cat# E1014-5KU; 
CAS No. 9025-65-4 

Biotin-picolyl azide Sigma Aldrich Sigma Aldrich Cat# 900912 

BTTAA 
Jena Bioscience (Jena, 
Germany) 

Jena Bioscience Cat# CLK-
067-25; CAS No. 1334179-
85-9 

Calf Intestinal Alkaline 
Phosphatase 

Invitrogen Invitrogen Cat# 18009-019 

Chameleon® Duo Pre-
stained Protein Ladder 

LI-COR Biosciences 
LI-COR Biosciences Cat# 
928-60000 

Chymotrypsin, Sequencing 
Grade 

Promega (Madison, USA) Promega Cat# V1062 

CF680 picolyl azide Biotium (Fremont, USA) Biotium Cat# 96003 
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CloneAmp™ HiFi PCR 
Premix 

Takara Bio (Kusatsu, Japan) Takara Cat# 639298 

Compound 1 (UDP-GalNAc) Sigma Aldrich 
Sigma Aldrich Cat# U5252; 
CAS No. 108320-87-2 

Compound 2 (UDP-
GalN6yne) 

Synthesised by Ganka 
Bineva-Todd (Schumann 
Lab); Choi et al. (2019)4 

N/A 

Compound 3 (UDP-GalNAz) Choi et al. (2019)4 N/A 

Compound 4 (UDP-
GalNAzMe (R)) 

Choi et al. (2019)4 N/A 

Compound 5 (UDP-
GalNAzMe (S)) 

Choi et al. (2019)4 N/A 

Compound 6 (UDP-
GalNAzEt (S)) 

Choi et al. (2019)4 N/A 

Compound 7 (UDP-
NAzMeOMe (R)) 

Choi et al. (2019)4 N/A 

Compound 8 (UDP-
NAzMeOMe (S)) 

Choi et al. (2019)4 N/A 

Compound 9 (UDP-PrAzMe 
(R)) 

Choi et al. (2019)4 N/A 

Compound 10 (UDP-
PrAzMe (S)) 

Choi et al. (2019)4 N/A 

Compound 11 (UDP-
GalNAlk) 

Choi et al. (2019)4 N/A 

Compound 12 (UDP-
GalNAlkMe (R)) 

Choi et al. (2019)4 N/A 

Compound 13 (UDP-
GalNAlkMe (S)) 

Choi et al. (2019)4 N/A 

Compound 14 (UDP-
GalN6yneMe (S)) 

Choi et al. (2019)4 N/A 

Compound 15 (UDP-
GalNDAz) 

Gift from Jennifer Kohler 
(UT Southwestern Medical 
Center) 

N/A 

Compound 16 (UDP-
GalNCyoc) 

Synthesised by Ganka 
Bineva-Todd (Schumann 
Lab) 

N/A 

Copper (II) sulfate 
pentahydrate 

Sigma Aldrich 
Sigma Aldrich Cat# C8027; 
CAS No. 7758-99-8 

DEVD-NucView488 peptide 
Chemical Biology STP 
(Francis Crick Institute); Cen 
et al. (2008)5 

N/A 

DNase I Sigma Aldrich 
Sigma Aldrich Cat# DN25; 
CAS No. 9003-98-9 

DMEM Gibco Gibco Cat# 41966 

DMEM for SILAC Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# 88364 

DMSO Sigma Aldrich 
Sigma Aldrich Cat# D2650; 
CAS No. 

DMSO Cell Culture reagent 
Santa Cruz Biotechnology 
(Dallas, USA) 

Santa Cruz Biotechnology 
Cat# SC-358801; CAS No. 
67-68-5 

DTT, molecular biology 
grade (solid) 

Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# R0862 
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DTT (solution) Sigma Aldrich 
Sigma Aldrich Cat# 646563; 
CAS No. 3463-12-3 

EDTA pH 8 (solution, 0.5M) Media Preparation Facility  N/A 

Ethanol Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# E-0555DF-17 

FBS Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# A3840402 

FBS (dialysed) Labtech (Heathfield, UK) 
Labtech Cat# FB-
1001D/500 

GalNAc-T2 peptide 
substrate: NH2-
GAGAPGPTPGPAGAGK-
CONH2 

Chemical Biology STP 
(Francis Crick Institute); 
Calle et al. (2021)6 

N/A 

GalNAc-T4 glycopeptide 
substrate: NH2-
KGGGGAT*GAGAGAGTTP
GPG-CONH2 

Chemical Biology STP; 
Calle (2020)7 

N/A 

GelGreen Nucleic Acid Stain Biotium  Biotium Cat# 41005 

Gel Loading Dye Purple 
(6X) 

New England Biolabs 
New England Biolabs Cat# 
B7024A 

GFR Matrigel Corning (New York, USA) Corning Cat# 356231 

GFP-clamps 
Structural Biology STP 
(Francis Crick Institute) 

N/A 

Glycerol Sigma Aldrich 
Sigma Aldrich Cat# G2025; 
CAS No. 56-81-5 

HaltTM Protease Inhibitor 
Cocktail (100X) 

Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# 1861279 

HBSS without CaCl2 or 
MgCl2 

Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# 14175-053 

HEPES pH 7.5 (solution, 
1M) 

Media Preparation Facility N/A 

Hygromycin B Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# 10687010 

Imidazole Sigma Aldrich 
Sigma Aldrich Cat# 56750; 
CAS No. 288-32-4 

Intercept Blocking Buffer LI-COR Biosciences 
LI-COR Biosciences Cat# 
927-60001 

Intercept Protein-Free 
Blocking Buffer 

LI-COR Biosciences 
LI-COR Biosciences Cat# 
927-80001 

Iodoacetamide (solid) Merck 
Merck Cat# I5161, CAS No. 
144-48-9 

K0 L-Lysine 
Cambridge Isotope 
Laboratories (Tewksbury, 
USA) 

Cambridge Isotope 
Laboratories Cat# ULM-
8766 

K8 L-Lysine 
Cambridge Isotope 
Laboratories 

Cambridge Isotope 
Laboratories Cat# CNLM-
291-H 

L-ascorbic acid sodium salt 
(sodium ascorbate) 

ACROS Organics (Geel, 
Belgium) 

ACROS Organics Cat# 
352685000; CAS No. 134-
03-2 

LC-MS grade acetonitrile Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# 51101, CAS No. 75-
05-8 
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LC-MS grade formic acid 
Honeywell Research 
Chemicals (Morris Plains, 
USA) 

Honeywell Cat# 14265, CAS 
No. 64-18-6 

LC-MS grade methanol Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# A456-1, CAS No. 67-
56-1 

LC-MS grade water Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# W6-212, CAS No. 
7732-18-5 

Liberase TH Roche (Basel, Switzerland) Roche Cat# 05401151001 

Liberase TM Roche Roche Cat# 05401127001 

Lys-C, Mass Spec Grade Promega (Madison, USA) Promega Cat# VA1170 

Methanol Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# M-3900-17 

MgCl2 (solution) Sigma Aldrich 
Sigma Cat# 63069; CAS 
No. 
7786-30-3 

MnCl2 (solid) Sigma Aldrich 
Sigma Cat# M5005; CAS 
No. 
13446-34-9 

NaCl (solution, 5M) Media Preparation Facility N/A 

Ni-NTA® Agarose beads Qiagen (Hilden, Germany) Qiagen Cat# 30210 

NiSO4 (solid) Sigma Aldrich 
Sigma Cat# 227676; CAS 
No. 
10101-97-0 

Nuclease Free Water Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# AM9937 

OglyZOR Genovis (Lund, Sweden) Genovis Cat# G2-OG1-020 

Opti-MEM® I Reduced 
Serum Medium 

Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# 31985062 

PBS (with CaCl2 and MgCl2) Sigma Aldrich Sigma Cat# D8662 

PBS (without CaCl2 and 
MgCl2) 

Sigma Aldrich Sigma Cat# D8537 

P0 L-Proline 
Cambridge Isotope 
Laboratories 

Cambridge Isotope 
Laboratories Cat# ULM-
8333-PK 

Penicillin Streptomycin 
(PenStrep) 

Gibco Gibco Cat# 15140-122 

Phosphoric acid Sigma Aldrich Sigma Cat# 49685 

Polyethylene Glycol 400 
(PEG-400) 

Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# P-3676-08 

PNGase F Promega Promega Cat# V4831A 

PUGNAc Sigma Aldrich 
Sigma Cat# A7229; CAS 
No. 
132489-69-1 

Puromycin dihydrochloride Santa Cruz Biotechnology 
Santa Cruz Biotechnology 
Cat# SC-108071, CAS No. 
58-58-2 

Q5® High-Fidelity 2X 
Master Mix 

New England Biolabs 
New England Biolabs Cat# 
M0494S 

SafeBlue Protein Stain 
NBS Biologicals 
(Huntingdon, UK) 

NBS Biologicals Cat# NBS-
SB1L 
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SDS (solid) Sigma Aldrich 
Sigma Cat# 75746; CAS 
No. 
151-21-3 

SDS (solution, 20% (v/v)) Media Preparation Facility N/A 

Sera-Mag™ SpeedBead 
Carboxylate-Modified [E7] 
Magnetic Particles 

Cytiva (Marlborough, USA) 
Cytiva Cat# 
45152105050250 

Sera-Mag SpeedBead 
Carboxylate-Modified [E3] 
magnetic particles 

Cytiva 
Cytiva Cat# 
65152105050250 

Sera-Mag SpeedBeads 
Neutravidin-Coated 
Magnetic Particles 

Cytiva 
Cytiva Cat# 
78152104011150 

Sodium deoxycholate (solid) Sigma Aldrich 
Sigma Cat# D6750; CAS 
No. 
302-95-4 

R0 L-Arginine 
Cambridge Isotope 
Laboratories 

Cambridge Isotope 
Laboratories Cat# ULM-
8347-PK 

R10 L-Arginine 
Cambridge Isotope 
Laboratories 

Cambridge Isotope 
Laboratories Cat# CNLM-
539-H-PK 

RapiGest SF Waters (Milford, USA) Waters Cat# 186002122 

Recombinant full-length 
GOLM1 

This paper N/A 

Recombinant soluble BH 
GalNAc-T4 

Structural Biology STP; 
Calle (2020)7 

N/A 

Recombinant soluble CD46 
BC 

This paper N/A 

Recombinant soluble CD46 
BC 

This paper N/A 

Recombinant soluble CD46 
C 

This paper N/A 

Recombinant soluble CD46 
C 

This paper N/A 

Recombinant soluble WT 
GalNAc-T2 

Structural Biology STP; 
Calle et al. (2021)6 

N/A 

Recombinant soluble WT 
GalNAc-T4 

Structural Biology STP; 
Calle (2020)7 

N/A 

Reporter reagent A (2-
Ethynylpyridine) 

Sigma Aldrich 
Sigma Aldrich Cat# 469920; 
CAS No. 1945-84-2 

Reporter reagent B (iTag-
alkyne) 

Gift from Carmen Galan 
(University of Bristol) 

N/A 

Reporter reagent C (Biotin-
DADPS-alkyne) 

Click Chemistry Tools 
Click Chemistry Tools Cat# 
CCT-1331 

Clickable reagent D (3-
Azido-1-propanol) 

Sigma Aldrich 
Sigma Aldrich Cat# 776130; 
CAS No. 72320-38-8 

Reporter reagent E (iTag-
azide) 

Synthesised by Andrea 
Marchesi (Schumann Lab) 

N/A 

Reporter reagent F (Biotin-
DADPS-picolyl azide) 

Schumann et al. (2020)8; 
subsequently custom 

N/A 
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synthesized from Sussex 
Research Laboratories 
(Ontario, USA) 

RIPA buffer Sigma Aldrich Sigma Aldrich Cat# R0278 

RPMI-1640 Medium Merck Merck Cat# R8758 

RPMI 1640 Media for SILAC Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# 88365 

SialEXO Genovis Genovis Cat# G1-SM1-020 

SmE 
Gift from Stacy Malaker 
(Yale University) 

N/A 

Sodium deoxycholate (solid) Sigma Aldrich 
Sigma Cat# D6750; CAS 
No. 
302-95-4 

StcE Gift from Stacy Malaker N/A 

T4 DNA Ligase Reaction 
Buffer 

New England Biolabs 
New England Biolabs Cat# 
B0202S 

T4 Polynucleotide Kinase New England Biolabs 
New England Biolabs Cat# 
M0201 

TEV protease Structural Biology STP N/A 

TransduceIT Transduction 
Reagent 

Mirus Bio (Madison, USA) Mirus Bio Cat# MIR 6620 

TransIT-BrCa Transfection 
Kit 

Mirus Bio Mirus Bio Cat# MIR 5500 

Trypsin Gold, Mass 
Spectrometry Grade 

Promega Promega Cat# V528A 

Tris-HCl pH 6.5 (solution, 
1M) 

Media Preparation Facility N/A 

Tris-HCl pH 7.5 (solution, 
1M) 

Media Preparation Facility N/A 

Tris-HCl pH 8 (solution, 1M) Media Preparation Facility N/A 

Triton X-100 Merck 
Merck Cat# 108643; CAS 
No. 9035-19-5 

Tween-20 Ultra-Pure Rockland (Limerick, USA) Rockland Cat#TW0020 

UltraPureTM Agarose Invitrogen Invitrogen Cat# 16500 

Urea Sigma Aldrich 
Sigma Cat# 51456; CAS 
No. 
57-13-6 

Commercial assays 

NucleoSpin® Gel and PCR 
Clean-up Kit 

Macherey-Nagel (Düren, 
Germany) 

Macherey-Nagel Cat# 
740609.50 

PierceTM BCA Protein Assay 
Kit 

Thermo Fischer Scientific 
Thermo Fischer Scientific 
Cat# 23227 

QIAquick Gel Extraction Kit Qiagen Qiagen Cat# 28704 

QIAprep Spin Miniprep Kit Qiagen Qiagen Cat# 27106 

Quick Ligation™ Kit New England Biolabs 
New England Biolabs Cat# 
M2200 

PureLinkTM Genomic DNA 
Mini Kit 

Invitrogen Invitrogen Cat# K1820-01 

Revert™ 700 Total Protein 
Stain Kit 

LI-COR Bioscience 
LI-COR Bioscience Cat# 
926-11016 
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Trans-Blot Turbo RTA Midi 
0.2 µm Nitrocellulose 
Transfer Kit 

Bio-Rad Laboratories 
Bio-Rad Laboratories Cat# 
1704271 

ZymoPURETM II Plasmid 
Maxiprep Kit 

Zymo Research (Irvine, 
USA) 

Zymo Research Cat# D4203 

Experimental models 

4T1-AGX1F383A-NahK- 
GalNAc-T2BH (“4T1-BH T2”) 
cells 

Cioce et al. (2022)9 N/A 

4T1 mock transfected (“4T1-
mock”) cells 

Cioce et al. (2022)9 N/A 

BALB/c mice 
Biological Research Facility 
(Francis Crick Institute) 

N/A 

MCF7T4-KO 4 cells This paper N/A 

MCF7WT cells 
Cell Services (Francis Crick 
Institute) 

N/A 

MCF7WT-AGX1F383A-NahK 
cells 

This paper N/A 

MCF7WT-AGX1F383A-NahK-
GalNAc-T4BH cells 

This paper N/A 

MCF7WT-AGX1F383A-NahK-
GalNAc-T4WT cells 

This paper N/A 

MDA-MB-231WT cells Cell Services N/A 

MDA-MB-231WT-AGX1F383A-
NahK cells 

This paper N/A 

MDA-MB-231WT-AGX1F383A-
NahK-GalNAc-T4BH cells 

This paper N/A 

MDA-MB-231WT-AGX1F383A-
NahK-GalNAc-T4WT cells 

This paper N/A 

NSG mice Biological Research Facility N/A 

T47DT4-KO 1 cells This paper N/A 

T47DT4-KO 6 cells This paper N/A 

T47DWT cells Cell Services  N/A 

T47DWT-AGX1F383A-NahK 
cells 

This paper N/A 

T47DWT-AGX1F383A-NahK-
CD46BC (“Control CD46 
BC”) cells  

This paper N/A 

T47DWT-AGX1F383A-NahK-
CD46C (“Control CD46 C”) 
cells 

This paper N/A 

T47DWT-AGX1F383A-NahK-
GalNAc-T4BH cells 

This paper N/A 

T47DWT-AGX1F383A-NahK-
GalNAc-T4BH-CD46BC (“BH 
T4 CD46 BC”) cells 

This paper N/A 

T47DWT-AGX1F383A-NahK-
GalNAc-T4BH-CD46C (“BH 
T4 CD46 C”) cells 

This paper N/A 

T47DWT-AGX1F383A-NahK-
GalNAc-T4BH-GOLM1 (“BH 
T4 GOLM1”) cells 

This paper N/A 
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T47DWT-AGX1F383A-NahK-
GalNAc-T4WT cells 

This paper N/A 

Stellar™ Competent Cells Takara Bio Takara Bio Cat# 636763 

Oligonucleotides 

sgRNA oligonucleotide 
(forward): 5’-
CACCGAACAGTGGCCTAT
ATCTTCG-3’ 

Calle (2020)7 N/A 

sgRNA oligonucleotide 
(reverse): 5’-
AAACCGAAGATATAGGCC
ACTGTTC-3’ 

Calle (2020)7 N/A 

Sanger sequencing primer 
for GalNAc-T4 sgRNA-
coding plasmid: 5’-
GAGGGCCTATTTCCCATG
ATT-3’ 

This paper N/A 

Amplicon sequencing primer 
to validate GalNAc-T4 KO 
(forward): 5’- 
TCGTCGGCAGCGTCAGA
TGTGTATAAGAGACAGGA
ATCTGCAGGGGGCTTCTT
-3’ 

This paper N/A 

Amplicon sequencing primer 
to validate GalNAc-T4 KO 
(reverse): 5’- 
GTCTCGTGGGCTCGGAG
ATGTGTATAAGAGACAGT
AGGGAGAGAGGAGTTGG
GC-3’ 

This paper N/A 

Recombinant DNA 

pCMV(CAT)T7-SB100 Addgene (Watertown, USA) 
Addgene Cat# 34879; 
RRID: Addgene_34879 

pSBbi-AGX1F383A-NahK Cioce et al. (2022)9 N/A 

pSBbi-AGX1F383A-NahK-
GalNAc-T4BH 

Calle (2020)7 
N/A 
 

pSBbi-AGX1F383A-NahK-
GalNAc-T4WT 

Calle (2020)7 
N/A 
 

pSpCas9(BB)-2A-GFP 
plasmid 

Addgene 
Addgene Cat# 48138; 
RRID: Addgene_48138 

GalNAc-T4 sgRNA-coding 
plasmid 

This paper N/A 

Software and algorithms 

AlphaFold Protein Structure 
Database 

Varadi et al. (2021)10; Varadi 
et al. (2023)11 

N/A 

Byonic 
Protein Metrics (Cupertino, 
USA) 

N/A 

CRISPResso2 Clement et al. (2019)1 N/A 

GraphPad Prism (non-linear 
Michaelis-Menten and kcat 
fitting programs) 

Dotmatics (Boston, USA) N/A 

Perseus Tyanova et al. (2016)12 N/A 
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PyMOL 
Schrödinger, Inc. (New 
York, USA) 

N/A 

MaxQuant Cox et al. (2008)13 N/A 

SnapGene Dotmatics N/A 

Other 

4–20% Criterion™ TGX™ 
Precast Midi Protein Gel, 
12+2 well, 45 µl 

Bio-Rad Laboratories 
Bio-Rad Laboratories Cat# 
5671093 

4–20% Criterion™ TGX™ 
Precast Midi Protein Gel, 18 
well, 30 µl 

Bio-Rad Laboratories 
Bio-Rad Laboratories Cat# 
5671094 

4–20% Criterion™ TGX™ 
Precast Midi Protein Gel, 26 
well, 15 µl 

Bio-Rad Laboratories 
Bio-Rad Laboratories Cat# 
5671095 

Amicon Ultra-0.5 Centrifugal 
Filters (3 kDa MWCO) 

Merck Merck Cat# UFC500396 

Amicon Ultra-0.5 Centrifugal 
Filters (10 kDa MWCO) 

Merck Merck Cat# UFC501024 

Amicon Ultra-0.5 Centrifugal 
Filters (30 kDa MWCO) 

Merck Merck Cat# UFC503024 

Amicon Ultra-15 Centrifugal 
Filters (3 kDa MWCO) 

Merck Merck Cat# UFC900308 

Amicon Ultra-15 Centrifugal 
Filters (10 kDa MWCO) 

Merck Merck Cat# UFC901024 

Amicon Ultra-15 Centrifugal 
Filters (30 kDa MWCO) 

Merck Merck Cat# UFC903024 

ACQUITYTM QDaTM Detector Waters Waters Cat# 176003208 

ACQUITYTM UPLC BEH C18 
column 

Waters Waters Cat# 186002350 

ACQUITYTM H-Class PLUS 
(CH-A) Core System 

Waters Waters Cat# 176015101 

Orbitrap Eclipse™ Tribrid™ 
Mass Spectrometer 

Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# FSN04-10000 

Orbitrap Fusion™ Lumos™ 
Tribrid™ Mass 
Spectrometer 

Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# 
IQLAAEGAAPFADBMBHQ 

Acclaim™ PepMap™ 100 
C18 HPLC Columns 

Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# 164535 

Protein LoBind® Tubes, 0.5 
mL 

Eppendorf (Hamburg, 
Germany) 

Eppendorf Cat# 022431064 

Protein LoBind® Tubes, 1.5 
mL 

Eppendorf 
Eppendorf Cat# 
0030108116 

Protein LoBind® Tubes, 2 
mL 

Eppendorf 
Eppendorf Cat# 
0030108132 

NalgeneTM 0.2 µM PES 
syringe filter 

Thermo Fisher Scientific 
Thermo Fisher Scientific 
Cat# 720-1320 

Odyssey CLx LI-COR Bioscience 
LI-COR Bioscience Model # 
9140 

Precellys Lysing Kit 
Bertin Technologies 
(Montigny-le-bretonneux, 
France) 

Bertin Technologies Cat# 
P000916-LYSK0-A 

S-Trap™ micro spin 
columns 

ProtiFi (Fairport, USA) ProtiFi Cat# CO2-micro 
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Stericup® Quick Release 
Vacuum Filtration System 

Merck Merck Cat# S2GPU05RE 

Strata-X columns Phenomenex 
Phenomenex Cat# 8B-
S100-AAK 

Ultrafree-MC Centrifugal 
Filter 

Merck Merck Cat# UFC30GVNB 

UltraMicroSpinTM columns 
The Nest group, Inc. 
(Ipswich, USA) 

The Nest group, Inc. Cat# 
SUM SS18V 

UltiMate™ 3000 RSLCnano 
System 

Thermo Fisher Scientific 
Thermo Fischer Scientific 
Cat# 
ULTIM3000RSLCNANO 

 
SI Table 4. GalNAc-T4 substrates in lysates of T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells. Cellular 
localisation was first checked in Uniprot14 and the Human Protein Atlas15 (enhanced, approved & supported 
locations included; uncertain locations excluded). If there was a disagreement between both databases 
regarding the localisation of the proteins, literature was also investigated. Previous reports on the 
glycosylation status of the proteins were checked in the GlyGen database16. N/A = no entries were detected 
for the protein of interest in the database. 

Gene 

name 
Protein name 

Cellular localisation Glycosylatio

n status Uniprot HPA Other 

CAPZB 
F-actin-capping protein 

subunit beta 
Cytoplasm 

Nucleoplasm

/ cytosol/ 

vesicles 

- O-linked 

CD46 Membrane cofactor protein 

Plasma 

membrane/ 

extracellular 

space 

Plasma 

membrane 
- 

N- and O-

linked 

CPD Carboxypeptidase D 
Cell 

membrane 
Cytosol 

Golgi 

apparatus17 

N- and O-

linked 

CS 
Citrate synthase, 

mitochondrial 

Mitochondri

a 
Mitochondria - 

N- and O-

linked 

DDX1 
ATP-dependent RNA helicase 

DDX1 

Nucleus/ 

cytoplasm/ 

mitochondri

a 

Nucleoplasm

/ cytosol 
- 

N- and O-

linked 

DECR1 

2,4-dienoyl-CoA reductase 

[(3E)-enoyl-CoA-producing], 

mitochondrial 

Mitochondri

a 
Mitochondria - N/A 

FAM49B 
CYFIP-related Rac1 interactor 

B 

Mitochondri

a 

Nucleoplasm

/ cytosol 

Nucleus/ 

cytoplasm/ 

mitochondria1

8-20 

O-linked 

GALNT2 

Polypeptide N-

acetylgalactosaminyltransferas

e 2 

Golgi 

apparatus / 

secreted 

Golgi 

apparatus 
- O-linked 

GART 

Trifunctional purine 

biosynthetic protein 

adenosine-3 

Cytosol 
Cytosol / 

mitochondria 
- O-linked 
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GLG1 Golgi apparatus protein 1 

Golgi 

apparatus / 

cytoplasm 

Golgi 

apparatus 
- 

N- and O-

linked 

GOLGA4 Golgin subfamily A member 4 

Golgi 

apparatus / 

cytoplasm 

Golgi 

apparatus / 

nucleoplasm 

- 
N- and O-

linked 

GOLM1 Golgi membrane protein 1 
Golgi 

apparatus 

Golgi 

apparatus 
- 

N- and O-

linked 

GTF2I General transcription factor II-I 
Nucleus/ 

cytoplasm 
Nucleoplasm - O-linked 

H2AFY2 Core histone macro-H2A.2 Nucleus Nucleoplasm - O-linked 

IQGAP1 
Ras GTPase-activating-like 

protein IQGAP1 

Cell 

membrane/ 

nucleus/ 

cytoplasm 

Plasma 

membrane / 

cell junctions 

- 
N- and O-

linked 

JTB Protein JTB 

Mitochondri

a / 

cytoplasm 

Vesicles 

Cell 

membrane/ 

mitochondria/ 

cytoplasm21, 22 

O-linked 

KRI1 Protein KRI1 homolog Nucleolus Nucleoli - O-linked 

LAMP2 
Lysosome-associated 

membrane glycoprotein 2 

Cell 

membrane / 

lysosomes / 

endosomes 

Vesicles - 
N- and O-

linked 

LGALS1 Galectin-1 
Secreted/ 

cytoplasm 

Cytosol / 

secreted 
- 

N- and O-

linked 

LRPPRC 

Leucine-rich PPR motif-

containing protein, 

mitochondrial 

Mitochondri

a / nucleus 
Mitochondria - 

N- and O-

linked 

MTA1 
Metastasis-associated protein 

MTA1 

Nucleus / 

cytoplasm 

Nucleoplasm 

/ cytosol 
- O-linked 

MUC1 Mucin-1 

Cell 

membrane / 

secreted / 

cytoplasm / 

nucleus 

Plasma 

membrane / 

secreted 

- 
N- and O-

linked 

MYOF Myoferlin 

Cell 

membrane / 

nucleus 

membrane / 

cytoplasmic 

vesicle 

membrane 

Vesicles / 

plasma 

membrane 

- 
N- and O-

linked 
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NCAPD2 Condensin complex subunit 1 
Nucleus / 

cytoplasm 

Nucleoplasm 

/ cytosol / 

nucleoli 

- O-linked 

PARN 
Poly(A)-specific ribonuclease 

PARN 

Nucleus / 

cytoplasm/ 

nucleolus 

Nuclear 

speckles 
- 

N- and O-

linked 

PDCD11 Protein RRP5 homolog 
Nucleus / 

nucleolus 
Nucleoli - O-linked 

PLEC Plectin 

Cytoplasm / 

cytoskeleton 

/ cell 

junction 

Intermediate 

filaments / 

cytosol / 

focal 

adhesion 

sites 

- 
N- and O-

linked 

PMPCA 
Mitochondrial-processing 

peptidase subunit alpha 

Mitochondri

a 
Mitochondria - O-linked 

POLR2A 
DNA-directed RNA 

polymerase II subunit RPB1 

Nucleus / 

cytoplasm 

Nucleoplasm 

/ cytosol 
- 

N- and O-

linked 

PSMD1 
26S proteasome non-ATPase 

regulatory subunit 1 

Nucleus/ 

cytosol / 

extracellular 

region /  

proteasome 

Nucleoplasm 

/ actin 

filaments 

- 
N- and O-

linked 

RAD50 DNA repair protein RAD50 Nucleus 

Nucleoplasm

/ nuclear 

bodies 

- O-linked 

RANBP2 
E3 SUMO-protein ligase 

RanBP2 

Nucleus/ 

nucleus 

membrane 

Nuclear 

membrane/ 

nucleoplasm

/ vesicles 

- 
N- and O-

linked 

SLC5A6 
Sodium-dependent 

multivitamin transporter 

Cell 

membrane 

Plasma 

membrane 
- 

N- and O-

linked 

SNRNP20

0 

U5 small nuclear 

ribonucleoprotein 200 kDa 

helicase 

Nucleus Nucleoplasm - O-linked 

SORL1 Sortilin-related receptor 

Golgi 

apparatus/ 

endosomes/ 

cell 

membrane/ 

cytoplasmic 

vesicle/ 

secreted 

N/A 

(predicted to 

be secreted) 

- 
N- and O-

linked 
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SPTAN1 
Spectrin alpha chain, non-

erythrocytic 1 

Cytoplasm / 

cytoskeleton 

/ cell cortex 

Microtubules - 
N- and O-

linked 

TLN1 Talin-1 

Cell 

projection/ 

cytoplasm / 

cytoskeleton

/ cell 

surface/ cell 

junction/ 

focal 

adhesion 

Focal 

adhesion 

sites / 

cytosol/ 

plasma 

membrane/ 

centriolar 

satellite 

- O-linked 

TRPS1 
Zinc finger transcription factor 

Trps1 
Nucleus Nucleoplasm - O-linked 

UBR4 
E3 ubiquitin-protein ligase 

UBR4 

Cytoplasm/ 

cytoskeleton

/ nucleus 

Nucleoplasm - 
N- and O-

linked 

VPS35 
Vacuolar protein sorting-

associated protein 35 

Cytoplasm/ 

endosomes 

Endosomes/ 

lysosomes 
- O-linked 

XRCC5 
X-ray repair cross-

complementing protein 5 

Nucleus/ 

nucleolus 
Nucleoplasm - O-linked 

 

SI Table 5. GalNAc-T4 substrates in the secretome of T47DWT-AGX1F383A-NahK-GalNAc-T4BH cells. 
Previous reports on the glycosylation status of the proteins were checked in the GlyGen database16. 

Gene 

name 
Protein name 

Glycosylation 

status 

AGRN Agrin N- and O-linked 

C3 Complement C3 N- and O-linked 

EFEMP1 
EGF-containing fibulin-like extracellular matrix protein 

1 
O-linked 
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SI Table 6. Determining the incorporation efficiency of the heavy SILAC label on lysates of transfected 
MCF7WT cells. 

Cell line Treatment 
Incorporation efficiency (%) 

R1 R2 R3 Average 

MCF7WT-AGX1F383A-NahK Ac4GalN6yne 98 98 98 98 

MCF7WT-AGX1F383A-NahK-GalNAc-T4BH DMSO 98 98 97 98 

MCF7WT-AGX1F383A-NahK-GalNAc-T4BH Ac4GalN6yne 98 98 97 98 

 

SI Table 7. Determining the incorporation efficiency of the heavy SILAC label on lysates of 
transfected MDA-MB-231WT cells. 

Cell line Treatment 
Incorporation efficiency (%) 

R1 R2 R3 Average 

MDA-MB-231WT-AGX1F383A-NahK Ac4GalN6yne 98 97 98 98 

MDA-MB-231WT-AGX1F383A-NahK-GalNAc-T4BH DMSO 97 97 98 97 

MDA-MB-231WT-AGX1F383A-NahK-GalNAc-T4BH Ac4GalN6yne 97 97 98 97 

 

SI Table 8. GalNAc-T4 substrates in  lysates of MCF7WT-AGX1F383A-NahK-GalNAc-T4BH cells. Cellular 
localisation was first checked in Uniprot14 and the Human Protein Atlas15 (enhanced, approved & supported 
locations included; uncertain locations excluded). If there was a disagreement between both databases 
regarding the localisation of the proteins, literature was also investigated. Previous reports on the 
glycosylation status of the proteins were checked in the GlyGen database16. N/A = no entries were detected 
for the protein of interest in the database. 

Gene name Protein name 
Cellular localisation Glycosylatio

n status Uniprot HPA Other 

ABHD10 

Palmitoyl-protein 

thioesterase ABHD10, 

mitochondrial 

Mitochondria Mitochondria - O-linked 

ACO1 
Cytoplasmic aconitate 

hydratase 

Cytoplasm/ 

cytosol 

Mitochondria

/ cytosol 
- 

N- and O-

linked 

ACO2 
Aconitate hydratase, 

mitochondrial 
Mitochondria Mitochondria - 

N- and O-

linked 

AIFM1 
Apoptosis-inducing factor 1, 

mitochondrial 

Mitochondria

/ cytoplasm/ 

nucleus 

Mitochondria - 
N- and O-

linked 

ALDH18A1 
Delta-1-pyrroline-5-

carboxylate synthase 
Mitochondria Mitochondria - 

N- and O-

linked 

ALDH7A1 

Alpha-aminoadipic 

semialdehyde 

dehydrogenase 

Mitochondria

/ cytoplasm/ 

nucleus 

Mitochondria

/ cytosol 
- O-linked 

ALDH9A1 

4-

trimethylaminobutyraldehyd

e dehydrogenase 

Cytoplasm/ 

cytosol 
Cytosol - O-linked 
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ASH2L 

Set1/Ash2 histone 

methyltransferase complex 

subunit ASH2 

Nucleus 

Nucleoplasm

/ plasma 

membrane 

- 
N- and O-

linked 

ATP5A1 
ATP synthase subunit 

alpha, mitochondrial 

Mitochondria

/ cell 

membrane 

Mitochondria - O-linked 

ATP5B 
ATP synthase subunit beta, 

mitochondrial 
Mitochondria Mitochondria - O-linked 

CALR Calreticulin 

Endoplasmic 

reticulum/ 

cytoplasm/ 

secreted/ 

cytoplasmic 

vesicle/ cell 

surface 

Endoplasmic 

reticulum 
- 

N- and O-

linked 

CAPN1 Calpain-1 catalytic subunit 

Cytoplasm/ 

cell 

membrane 

Cytosol - 
N- and O-

linked 

CCDC93 
Coiled-coil domain-

containing protein 93 
Endosome 

Vesicles/ 

plasma 

membrane 

- O-linked 

DCTN1 Dynactin subunit 1 

Cytoplasm/ 

cytoskeleton/ 

cell cortex 

Microtubules

/ cytokinetic 

bridge/ 

mitotic 

spindle 

- O-linked 

DDX23 
Probable ATP-dependent 

RNA helicase DDX23 
Nucleus 

Nucleoplasm 

/ nucleoli 
- O-linked 

DDX39B 
Spliceosome RNA helicase 

DDX39B 

Nucleus/ 

cytoplasm 

Nuclear 

speckles 
- O-linked 

DHX9 
ATP-dependent RNA 

helicase A 

Nucleus/ 

nucleolus/ 

cytoplasm/ 

cytoskeleton 

Nucleoplasm 

/ nucleoli 
- 

N- and O-

linked 

DLD 

Dihydrolipoyl 

dehydrogenase, 

mitochondrial 

Mitochondria

/ nucleus/ 

cytoplasmic 

vesicle 

Mitochondria

/ 

nucleoplasm 

- 
N- and O-

linked 

DLST 

Dihydrolipoyllysine-residue 

succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase complex, 

mitochondrial 

Mitochondria

/ nucleus 
Nucleoplasm - O-linked 
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DNPEP Aspartyl aminopeptidase Cytoplasm Cytosol - O-linked 

EFTUD2 

116 kDa U5 small nuclear 

ribonucleoprotein 

component 

Nucleus 

Nucleoplasm

/ vesicles/ 

cytosol 

- 
N- and O-

linked 

EPPK1 Epiplakin 

Cytoplasm/ 

cytoskeleton/ 

cell junction/ 

cell 

projection 

Intermediate 

filaments 
- O-linked 

FH 
Fumarate hydratase, 

mitochondrial 

Mitochondria

/ nucleus/ 

cytoplasm 

Mitochondria - O-linked 

FLNB Filamin-B 

Cytoplasm/ 

cytoskeleton/ 

cell cortex 

Plasma 

membrane/ 

Golgi 

apparatus/ 

actin 

filaments/ 

cytosol 

- 
N- and O-

linked 

GANAB 
Neutral alpha-glucosidase 

AB 

Endoplasmic 

reticulum / 

Golgi 

apparatus/ 

melanosome 

Endoplasmic 

reticulum 
- 

N- and O-

linked 

GFRA1 
GDNF family receptor 

alpha-1 

Cell 

membrane/ 

Golgi 

apparatus/ 

endosomes 

Golgi 

apparatus/ 

nucleoplasm 

- 
N- and O-

linked 

GOLM1 Golgi membrane protein 1 
Golgi 

apparatus 

Golgi 

apparatus 
- 

N- and O-

linked 

GOT2 

Aspartate 

aminotransferase, 

mitochondrial 

Mitochondria

/ cell 

membrane 

N/A 
Mitochondria2

3 
O-linked 

HADH 

Hydroxyacyl-coenzyme A 

dehydrogenase, 

mitochondrial 

Mitochondria Mitochondria - O-linked 

HADHA 
Trifunctional enzyme 

subunit alpha, mitochondrial 
Mitochondria Mitochondria - 

N- and O-

linked 

HADHB 
Trifunctional enzyme 

subunit beta, mitochondrial 

Mitochondria

/ 

Endoplasmic 

reticulum 

Mitochondria - O-linked 
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HDGF 
Hepatoma-derived growth 

factor 

Nucleus/ 

cytoplasm/ 

secreted 

Nucleoplasm

/ secreted 
- O-linked 

HDLBP Vigilin 
Nucleus/ 

cytoplasm 

Endoplasmic 

reticulum / 

nuclear 

bodies 

- 
N- and O-

linked 

HNRNPA0 
Heterogeneous nuclear 

ribonucleoprotein A0 
Nucleus Nucleoplasm - O-linked 

HNRNPA2B

1 

Heterogeneous nuclear 

ribonucleoproteins A2/B1 

Nucleus/ 

cytoplasm/ 

secreted 

Nucleoplasm - O-linked 

HNRNPA3 
Heterogeneous nuclear 

ribonucleoprotein A3 
Nucleus Nucleoplasm - 

N- and O-

linked 

HNRNPH1 
Heterogeneous nuclear 

ribonucleoprotein H 
Nucleus Nucleoplasm - 

N- and O-

linked 

HNRNPK 
Heterogeneous nuclear 

ribonucleoprotein K 

Cytoplasm/ 

nucleus/ cell 

projection 

Nucleoplasm - 
N- and O-

linked 

HNRNPR 
Heterogeneous nuclear 

ribonucleoprotein R 

Nucleus/ 

cytoplasm 
Nucleoplasm - O-linked 

HNRNPU 
Heterogeneous nuclear 

ribonucleoprotein U 

Nucleus/ 

cytoplasm/ 

cell surface 

Nucleoplasm - 
N- and O-

linked 

HSD17B10 
3-hydroxyacyl-CoA 

dehydrogenase type-2 
Mitochondria N/A 

Mitochondria2

4 
O-linked 

HUWE1 
E3 ubiquitin-protein ligase 

HUWE1 

Cytoplasm/ 

nucleus/ 

mitochondria 

Nucleoplasm

/ cytosol 
- 

N- and O-

linked 

HYOU1 
Hypoxia up-regulated 

protein 1 

Endoplasmic 

reticulum 
N/A 

Endoplasmic 

reticulum25 

N- and O-

linked 

IDH2 
Isocitrate dehydrogenase 

[NADP], mitochondrial 
Mitochondria Mitochondria - O-linked 

INTS3 
Integrator complex subunit 

3 

Nucleus/ 

cytoplasm 

Nucleoli/ 

nucleoplasm 
- O-linked 

KDM1A 
Lysine-specific histone 

demethylase 1A 
Nucleus Nucleoplasm - O-linked 

KHSRP 
Far upstream element-

binding protein 2 

Nucleus/ 

cytoplasm 
Nucleoplasm - 

N- and O-

linked 

LAMP1 
Lysosome-associated 

membrane glycoprotein 1 

Cell 

membrane / 

lysosomes / 

endosomes 

N/A 
Lysosomes / 

endosomes26 

N- and O-

linked 
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LAMP2 
Lysosome-associated 

membrane glycoprotein 2 

Cell 

membrane / 

lysosomes / 

endosomes 

Vesicles - 
N- and O-

linked 

LMNA Prelamin-A/C Nucleus 
Nuclear 

speckles 
- O-linked 

LRPPRC 

Leucine-rich PPR motif-

containing protein, 

mitochondrial 

Mitochondria 

/ nucleus 
Mitochondria - 

N- and O-

linked 

LRRC59 
Leucine-rich repeat-

containing protein 59 

Endoplasmic 

reticulum 

Endoplasmic 

reticulum 
- O-linked 

MATR3 Matrin-3 Nucleus Nucleoplasm - O-linked 

MCCC1 

Methylcrotonoyl-CoA 

carboxylase subunit alpha, 

mitochondrial 

Mitochondria Mitochondria - 
N- and O-

linked 

MCCC2 

Methylcrotonoyl-CoA 

carboxylase beta chain, 

mitochondrial 

Mitochondria Mitochondria - O-linked 

MDH1 
Malate dehydrogenase, 

cytoplasmic 
Cytoplasm 

Centrosome/ 

cytosol 
- 

N- and O-

linked 

MRPL1 
Large ribosomal subunit 

protein uL1m 
Mitochondria Mitochondria - O-linked 

MRPL28 
Large ribosomal subunit 

protein bL28m 
Mitochondria Mitochondria - O-linked 

MRPS7 
Small ribosomal subunit 

protein uS7m 
Mitochondria Mitochondria - O-linked 

MSH2 
DNA mismatch repair 

protein Msh2 
Nucleus Nucleoplasm - 

N- and O-

linked 

MUC1 Mucin-1 

Cell 

membrane / 

secreted / 

cytoplasm / 

nucleus 

Plasma 

membrane / 

secreted 

- 
N- and O-

linked 

NAT10 
RNA cytidine 

acetyltransferase 

Nucleus/ 

nucleolus/ 

midbody 

Nucleoli/ 

midbody 
- 

N- and O-

linked 

NDUFA6 

NADH dehydrogenase 

[ubiquinone] 1 alpha 

subcomplex subunit 6 

Mitochondria N/A 
Mitochondria2

7 
O-linked 

NUCKS1 

Nuclear ubiquitous casein 

and cyclin-dependent 

kinase substrate 1 

Nucleus 
Nucleoplasm

/ nucleoli 
- O-linked 

NUMA1 
Nuclear mitotic apparatus 

protein 1 

Nucleus/ 

cytoplasm/ 

Nucleoplasm 

/ cytosol 
- O-linked 
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cytoskeleton/ 

cell 

membrane 

NUP160 
Nuclear pore complex 

protein Nup160 
Nucleus N/A 

Nucleus/ 

cytoplasm28 
O-linked 

NUP93 
Nuclear pore complex 

protein Nup93 
Nucleus N/A Nucleus29 

N- and O-

linked 

OPA1 
Dynamin-like GTPase 

OPA1, mitochondrial 
Mitochondria 

Nucleoplasm

/ 

mitochondria 

- O-linked 

PCYOX1 Prenylcysteine oxidase 1 Lysosome N/A Lysosome30 
N- and O-

linked 

PDHB 

Pyruvate dehydrogenase 

E1 component subunit beta, 

mitochondrial 

Mitochondria Mitochondria - O-linked 

PLEC Plectin 

Cytoplasm / 

cytoskeleton 

/ cell junction 

Intermediate 

filaments / 

cytosol / 

focal 

adhesion 

sites 

- 
N- and O-

linked 

POLR2A 
DNA-directed RNA 

polymerase II subunit RPB1 

Nucleus / 

cytoplasm 

Nucleoplasm 

/ cytosol 
- 

N- and O-

linked 

POP1 
Ribonucleases P/MRP 

protein subunit POP1 

Nucleus/ 

nucleolus 
Nucleoli - 

N- and O-

linked 

PRKDC 
DNA-dependent protein 

kinase catalytic subunit 

Nucleus/ 

nucleolus 
Nucleoplasm - 

N- and O-

linked 

PRPF6 
Pre-mRNA-processing 

factor 6 

Nucleus/ 

nucleus 

speckle 

Nuclear 

speckles 
- O-linked 

PRPF8 
Pre-mRNA-processing-

splicing factor 8 

Nucleus/ 

nucleus 

speckle 

Nucleoplasm - O-linked 

PSMC6 
26S proteasome regulatory 

subunit 10B 

Nucleus/ 

cytoplasm 

Nucleoplasm 

/ cytosol/ 

plasma 

membrane 

- O-linked 

PSME1 
Proteasome activator 

complex subunit 1 

Cytoplasm/ 

nucleoplasm 

Cytosol/ 

nuclear 

bodies 

- O-linked 

RAB12 Ras-related protein Rab-12 

Endosome/ 

Lysosome/ 

Golgi 

apparatus/ 

Vesicles - N/A 



235 | P a g e  
 

cytoplasmic 

vesicles 

RALY RNA-binding protein Raly Nucleus 
Nucleoplasm

/ vesicles 
- O-linked 

RANBP2 
E3 SUMO-protein ligase 

RanBP2 

Nucleus/ 

nucleus 

membrane 

Nuclear 

membrane/ 

nucleoplasm/ 

vesicles 

- 
N- and O-

linked 

RPL27A 
Large ribosomal subunit 

protein uL15 
Cytoplasm 

Endoplasmic 

reticulum / 

cytosol 

- 
N- and O-

linked 

RPN2 

Dolichyl-

diphosphooligosaccharide--

protein glycosyltransferase 

subunit 2 

Endoplasmic 

reticulum 

Endoplasmic 

reticulum 
- 

N- and O-

linked 

RRBP1 Ribosome-binding protein 1 
Endoplasmic 

reticulum 

Endoplasmic 

reticulum 
- 

N- and O-

linked 

RRP12 RRP12-like protein 

Nucleus 

membrane/ 

nucleolus 

Nucleoli/ 

vesicles/ 

plasma 

membrane/ 

cytosol 

- O-linked 

SCD Stearoyl-CoA desaturase 
Endoplasmic 

reticulum 

Endoplasmic 

reticulum 
- O-linked 

SF3B2 Splicing factor 3B subunit 2 

Nucleus/ 

nucleus 

speckle 

Nuclear 

speckles 
- O-linked 

SFXN1 Sideroflexin-1 Mitochondria Mitochondria - O-linked 

SLC25A5 ADP/ATP translocase 2 Mitochondria Mitochondria - O-linked 

SLC5A6 
Sodium-dependent 

multivitamin transporter 

Cell 

membrane 

Plasma 

membrane 
- 

N- and O-

linked 

SMARCA5 

SWI/SNF-related matrix-

associated actin-dependent 

regulator of chromatin 

subfamily A member 5 

Nucleus 

Nucleoplasm

/ nucleoli 

fibrillar 

centre 

- 
N- and O-

linked 

SND1 
Staphylococcal nuclease 

domain-containing protein 1 

Cytoplasm/ 

nucleus/ 

melanosome 

Cytosol - O-linked 

SNRNP200 

U5 small nuclear 

ribonucleoprotein 200 kDa 

helicase 

Nucleus Nucleoplasm - O-linked 

SQRDL 

Sulfide:quinone 

oxidoreductase, 

mitochondrial 

Mitochondria Mitochondria - 
N- and O-

linked 
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SRPRB 
Signal recognition particle 

receptor subunit beta 

Endoplasmic 

reticulum 

Plasma 

membrane 
Cytoplasm31 O-linked 

STXBP3 Syntaxin-binding protein 3 

Ctyoplasm/ 

cell 

membrane 

Nucleoplasm

/ cytosol 
- N/A 

SUCLA2 

Succinate--CoA ligase 

[ADP-forming] subunit beta, 

mitochondrial 

Mitochondria Mitochondria - O-linked 

TFRC 
Transferrin receptor protein 

1 

Cell 

membrane/ 

melanosome

/ secreted 

Endosomes/ 

lysosomes/ 

secreted 

- 
N- and O-

linked 

TMED7 
Transmembrane emp24 

domain-containing protein 7 

Endoplasmic 

reticulum / 

Golgi 

apparatus/ 

cytoplasmic 

vesicle 

N/A 
Golgi 

apparatus32 

N- and O-

linked 

TNPO2 Transportin-2 
Nucleus/ 

cytoplasm 

Nucleoplasm

/ nucleoli 
- O-linked 

TOP1 DNA topoisomerase 1 
Nucleus/ 

nucleolus 

Nucleoplasm

/ Nucleoli 

fibrillar 

centre 

- 
N- and O-

linked 

TOP2B DNA topoisomerase 2-beta 
Nucleus/ 

nucleolus 
Nucleoplasm - O-linked 

TRAP1 
Heat shock protein 75 kDa, 

mitochondrial 
Mitochondria Mitochondria - 

N- and O-

linked 

TRIM28 
Transcription intermediary 

factor 1-beta 
Nucleus Nucleoplasm - 

N- and O-

linked 

UBTF 
Nucleolar transcription 

factor 1 

Nucleus/ 

nucleolus 

Nucleoli 

fibrillar 

centre 

- 
N- and O-

linked 

UGDH 
UDP-glucose 6-

dehydrogenase 

Cytosol/ 

nucleus 
Nucleoplasm - O-linked 

UQCRC1 
Cytochrome b-c1 complex 

subunit 1, mitochondrial 
Mitochondria Mitochondria - 

N- and O-

linked 

UQCRC2 
Cytochrome b-c1 complex 

subunit 2, mitochondrial 
Mitochondria Mitochondria - 

N- and O-

linked 

USO1 
General vesicular transport 

factor p115 

Cytoplasm/ 

Golgi 

apparatus 

Golgi 

apparatus/ 

Nucleoli 

fibrillar 

centre 

- O-linked 
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VDAC3 
Voltage-dependent anion-

selective channel protein 3 
Mitochondria Mitochondria - 

N- and O-

linked 

VPS35 
Vacuolar protein sorting-

associated protein 35 

Cytoplasm/ 

endosomes 

Endosomes/ 

lysosomes 
- O-linked 

VRK1 
Serine/threonine-protein 

kinase VRK1 

Nucleus/ 

cytoplasm 

Nucleoplasm

/ cytosol 
- O-linked 

VWA8 
von Willebrand factor A 

domain-containing protein 8 

Mitochondria

/ peroxisome 

Vesicles/ 

lipid droplets 

Mitochondria3

3 

N- and O-

linked 

XRCC6 
X-ray repair cross-

complementing protein 6 
Nucleus Nucleoplasm - 

N- and O-

linked 

 

SI Table 9. GalNAc-T4 substrates in lysates of MDA-MB-231WT-AGX1F383A-NahK-GalNAc-T4BH cells. 
Cellular localisation was first checked in Uniprot14 and the Human Protein Atlas15 (enhanced, approved & 
supported locations included; uncertain locations excluded). If there was disagreement between both 
databases regarding the localisation of the proteins, literature was also investigated. Previous reports on the 
glycosylation status of the proteins were checked in the GlyGen database16. N/A = no entries were detected 
for the protein of interest in the database. 

Gene 

name 
Protein name 

Cellular localisation Glycosylation 

status Uniprot HPA Other 

AARS 
Alanine--tRNA ligase, 

cytoplasmic 
Cytoplasm Cytosol - O-linked 

ABCE1 
ATP-binding cassette sub-

family E member 1 

Cytoplasm/ 

mitochondria 
Cytosol - 

N- and O-

linked 

ACTR3 Actin-related protein 3 

Cytoplasm/ 

cytoskeleton/ 

cell projection/ 

nucleus 

Cytoplasm - O-linked 

AHNAK 
Neuroblast differentiation-

associated protein AHNAK 
Nucleus 

Plasma 

membrane/ 

cytosol 

Plasma 

membrane/ 

cytoplasm/ 

vesicles34 

N- and O-

linked 

ARHGAP18 
Rho GTPase-activating 

protein 18 
Cytoplasm Cytosol - O-linked 

ARPC4 
Actin-related protein 2/3 

complex subunit 4 

Cytoplasm/ 

cytoskeleton/ 

cell projection/ 

nucleus 

N/A 
Cytoskeleton/ 

nucleus35 
O-linked 

CAPZA2 
F-actin-capping protein 

subunit alpha-2 

Cytosol/ 

cytoskeleton/ 

extracellular 

region 

Cytosol - N/A 

CARS 
Cysteine--tRNA ligase, 

cytoplasmic 
Cytoplasm Cytosol - 

N- and O-

linked 

CCT2 
T-complex protein 1 

subunit beta 
Cytoplasm Cytosol - 

N- and O-

linked 
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CMAS 
N-acylneuraminate 

cytidylyltransferase 
Nucleus Nucleoli - O-linked 

CNDP2 
Cytosolic non-specific 

dipeptidase 
Cytoplasm 

Nucleoplasm/ 

cytosol 
- O-linked 

COPB1 Coatomer subunit beta 

Cytoplasm/ 

Golgi 

apparatus/ 

cytoplasmic 

vesicle/ cell 

membrane 

Golgi 

apparatus/ 

vesicles/ 

cytosol 

- O-linked 

CPD Carboxypeptidase D 
Cell 

membrane 
Cytosol 

Golgi 

apparatus17 

N- and O-

linked 

CTNNA1 Catenin alpha-1 

Nucleus/ cell 

membrane/ 

cell junction 

Plasma 

membrane/ 

cell junctions 

- 
N- and O-

linked 

CYR61 CCN family member 1 Secreted Secreted - O-linked 

DNMBP Dynamin-binding protein 

Cytoplasm/ 

cell junction/ 

Golgi 

apparatus 

Cytosol/ 

Golgi 

apparatus/ 

nucleoli/ 

nuclear 

bodies 

- O-linked 

EDC4 
Enhancer of mRNA-

decapping protein 4 

Cytoplasm/ P-

body/ nucleus 

Cytoplasmic 

bodies/ 

nucleoplasm 

- O-linked 

EEF1D Elongation factor 1-delta Nucleus 

Nucleoplasm/ 

nucleoli 

fibrillar centre 

- O-linked 

EEF1G Elongation factor 1-gamma 
Cytoplasm/ 

nucleus 
Cytosol - 

N- and O-

linked 

EIF2S1 
Eukaryotic translation 

initiation factor 2 subunit 1 
Cytoplasm Cytosol - 

N- and O-

linked 

EIF4G1 
Eukaryotic translation 

initiation factor 4 gamma 1 

Cytoplasm/ 

nucleus 
Cytosol - 

N- and O-

linked 

ERC1 

ELKS/Rab6-

interacting/CAST family 

member 1 

Cytoplasm/ 

cytoskeleton 

Cytosol/ 

vesicles/ 

plasma 

membrane 

- 
N- and O-

linked 

ERCC6L 
DNA excision repair protein 

ERCC-6-like 

Chromosome/ 

centromere/ 

kinetochore 

N/A 
Cytoplasm/ 

nucleus36 
O-linked 

EXOC4 
Exocyst complex 

component 4 

Cytoplasm/ 

cytoskeleton/ 

midbody 

Nucleoli 
Cytoplasmic 

vesicles/ 

N- and O-

linked 
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plasma 

membrane36 

FAM129B Protein Niban 2 
Cytoplasm/ 

cell junction 

Plasma 

membrane/ 

cytosol/ 

nucleoplasm 

- O-linked 

FARSB 
Phenylalanine--tRNA ligase 

beta subunit 
Cytoplasm 

Cytosol/ 

nucleoplasm 
- O-linked 

FEN1 Flap endonuclease 1 
Nucleus/ 

mitochondria 

Nucleoplasm/ 

nucleoli 
- O-linked 

FLNA Filamin-A Cytoplasm 

Plasma 

membrane/ 

actin 

filaments/ 

cytosol 

- 
N- and O-

linked 

FLNB Filamin-B 

Cytoplasm/ 

cytoskeleton/ 

cell cortex 

Plasma 

membrane/ 

Golgi 

apparatus/ 

actin 

filaments/ 

cytosol 

- 
N- and O-

linked 

GBE1 
1,4-alpha-glucan-branching 

enzyme 
Cytoplasm Cytosol - O-linked 

GOLM1 Golgi membrane protein 1 
Golgi 

apparatus 

Golgi 

apparatus 
- 

N- and O-

linked 

GPKOW 
G-patch domain and KOW 

motifs-containing protein 
Nucleus Nucleoplasm - O-linked 

GSTP1 
Glutathione S-transferase 

P 

Cytoplasm/ 

mitochondria/ 

nucleus 

Cytosol/ 

mitochondria 
- O-linked 

HDLBP Vigilin 
Nucleus/ 

cytoplasm 

Endoplasmic 

reticulum / 

nuclear 

bodies 

- 
N- and O-

linked 

HSD17B4 
Peroxisomal multifunctional 

enzyme type 2 
Peroxisomes Peroxisomes - 

N- and O-

linked 

KIF5B Kinesin-1 heavy chain 

Cytoplasm/ 

cytoskeleton/ 

lysosomes 

Cytosol/ 

centriolar 

satellite 

- 
N- and O-

linked 

KPNB1 Importin subunit beta-1 

Cytoplasm/ 

nucleus 

envelope 

Nuclear 

membrane/ 

nucleoplasm/ 

cytosol 

- O-linked 
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LDLR 
Low-density lipoprotein 

receptor 

Cell 

membrane/ 

Golgi 

apparatus/ 

endosomes/ 

lysosomes 

N/A 

Cell 

membrane/ 

endosomes/ 

Golgi 

apparatus37 

N- and O-

linked 

MAP4 
Microtubule-associated 

protein 4 

Cytoplasm/ 

cytoskeleton 
Microtubules - 

N- and O-

linked 

MRE11A 
Double-strand break repair 

protein MRE11 
Nucleus Nucleoplasm - O-linked 

NANS Sialic acid synthase Cytoplasm 
Nucleoplasm/ 

cytoplasm 
- O-linked 

NAP1L1 
Nucleosome assembly 

protein 1-like 1 

Nucleus/ 

melanosome/ 

cytoplasm 

N/A 
Cytoplasm/ 

nucleus38 
O-linked 

NMT1 
Glycylpeptide N-

tetradecanoyltransferase 1 
Cytoplasm 

Cytosol/ 

plasma 

membrane 

- O-linked 

NQO2 
Ribosyldihydronicotinamide 

dehydrogenase [quinone] 
Cytoplasm 

Cytosol/ 

nucleoplasm 
- N/A 

NT5DC1 
5'-nucleotidase domain-

containing protein 1 
N/A  

Nucleoplasm/ 

cytosol 
Cytosol39 O-linked 

NT5E 5'-nucleotidase 
Cell 

membrane 

Plasma 

membrane 
- 

N- and O-

linked 

NUCKS1 

Nuclear ubiquitous casein 

and cyclin-dependent 

kinase substrate 1 

Nucleus 
Nucleoplasm/ 

nucleoli 
- O-linked 

NUFIP2 
FMR1-interacting protein 

NUFIP2 

Nucleus/ 

cytoplasm 

Nucleoplasm/ 

nuclear 

bodies/ 

cytosol 

- 
N- and O-

linked 

NUMA1 
Nuclear mitotic apparatus 

protein 1 

Nucleus/ 

cytoplasm/ 

cytoskeleton/ 

cell 

membrane 

Nucleoplasm 

/ cytosol 
- O-linked 

PGM3 

 

Phosphoacetylglucosamine 

mutase 

Cytosol 
Nucleoplasm 

/ cytosol 
- O-linked 

PHLDB1 
Pleckstrin homology-like 

domain family B member 1 

Cytosol/ 

plasma 

membrane 

Cytosol/ 

plasma 

membrane/ 

vesicles 

- 
N- and O-

linked 

PLS3 Phospholipid scramblase 3 Mitochondria Mitochondria - N/A 
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PRKACA 

cAMP-dependent protein 

kinase catalytic subunit 

alpha 

Cytoplasm/ 

cell 

membrane/ 

nucleus 

Cytosol - O-linked 

RPA1 
Replication protein A 70 

kDa DNA-binding subunit 
Nucleus Nucleoplasm - O-linked 

RPL4 
Large ribosomal subunit 

protein uL4 
Cytoplasm 

Endoplasmic 

reticulum / 

cytosol/ 

nucleoli, 

nuclear 

bodies 

- 
N- and O-

linked 

SEPT2 Septin-2 

Cytoplasm / 

cytoskeleton/ 

cell projection 

Actin 

filaments/ 

cytokinetic 

bridge 

- O-linked 

SLK 

STE20-like 

serine/threonine-protein 

kinase 

Cytoplasm Cytosol - O-linked 

SPTBN1 
Spectrin beta chain, non-

erythrocytic 1 

Cytoplasm/ 

cell 

membrane 

Cytosol - 
N- and O-

linked 

TDRD7 
Tudor domain-containing 

protein 7 
Cytoplasm 

Cytoplasmic 

bodies/ 

nucleoplasm 

- O-linked 

TKT Transketolase 

Cytosol/ 

nucleoplasm/ 

Endoplasmic 

reticulum / 

peroxisome 

Nucleoplasm - 
N- and O-

linked 

TLN1 Talin-1 

Cell 

projection/ 

cytoplasm / 

cytoskeleton/ 

cell surface/ 

cell junction/ 

focal 

adhesion 

Focal 

adhesion 

sites / 

cytosol/ 

plasma 

membrane/ 

centriolar 

satellite 

- O-linked 

TXNL1 Thioredoxin-like protein 1 
Cytoplasm/ 

nucleus 
Cytosol - O-linked 

UBA2 
SUMO-activating enzyme 

subunit 2 

Cytoplasm/ 

nucleus 
Nucleoplasm - O-linked 

UGDH 
UDP-glucose 6-

dehydrogenase 

Cytosol/ 

nucleus 
Nucleoplasm - O-linked 
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USP9X 
Ubiquitin carboxyl-terminal 

hydrolase 9X 

Cytoplasm/ 

cell projection/ 

cytoskeleton 

Cytosol - O-linked 

UTRN Utrophin 

Cell 

membrane/ 

cytoplasm/ 

cytoskeleton 

Plasma 

membrane 
- 

N- and O-

linked 

ZC3HAV1 
Zinc finger CCCH-type 

antiviral protein 1 

Cytosol/ 

nucleus 

Cytosol/ 

Golgi 

apparatus 

- 
N- and O-

linked 

ZHX3 
Zinc fingers and 

homeoboxes protein 3 
Nucleus Nucleoplasm - O-linked 

 

SI Table 10. Protein concentration and amount from recombinant BH T4 CD46 BC and BH T4 
GOLM1 after Ni-NTA purification. 

Sample Concentration (mg/mL) Amount of protein (µg) 

BH T4 CD46 BC 3.25 325 

BH T4 GOLM1 2.15 215 
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