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Abstract

In the search for glycan disease biomarkers current glycoanalytical methods may not be
revealing a complete picture of precious biological samples, and we may be missing potentially
valuable information on structures that fall outside of current analysis approaches. The
separation capabilities of porous graphitized carbon liquid chromatography with electrospray
ionization mass spectrometry (PGC-LC-ESI-MS) is a powerful tool for the detailed
characterisation and relative quantitation of glycans released from glycoproteins in human
cells, tissues and body fluids. However the limitations of this approach have not been fully

explored and much of the data analysis can only be achieved by expert manual annotation.

This thesis expands on the capabilities of the PGC-LC-ESI-MS glycoanalysis and develops new
approaches that facilitate the interpretation of the resultant data to enable the discovery of
glycan structures that may be hidden from view. In this thesis, N-linked glycan structures
released from proteins were assigned based on PGC elution order, and MS fragmentation
patterns in the negative ESI mode. To further validate assignments the released glycans were
treated with a full array of exoglycosidase enzymes to confirm monosaccharide linkage and

terminal epitopes.

Subsequently, the improved PGC-LC-ESI-MS analytical approach was used to fully characterise
the N-glycosylation profile of melanoma lymph node tumour tissue and cultured cell samples.
Metastasis accounts for the majority of mortality associated with melanoma, as limited
treatment options exist for advanced stages of the disease. Alterations in cell surface protein
glycosylation, in particular, increase the highly branched N-glycan structures that contribute to
the invasive and metastatic potential of melanoma cells. Despite a growing understanding of
the role of N-linked oligosaccharides in melanoma biology, there has been little progress in

using glycosylation changes as a predictor of prognosis for patients with metastatic melanoma.

The global membrane N-glycosylation profile of lymph node melanoma tumour tissue of good
and poor prognosis patient samples from stage Ill and IV patient cohorts was compared.
Glycan structures were quantitated by LC-MS before and after selected exoglycosidase
combinations to confirm differences in structural features including the degree of branching,
sialylation and fucosylation. Over 90 glycan structures were identified, including high

mannose, pauci mannose, hybrid and complex type glycans. In addition, the glycosylation



profile of a human melanoma cell line was compared to the glycosylation of the known
melanoma prognostic marker, cell adhesion glycoprotein MCAM. Here we identified a group
of bi-antennary structures with the LacdiNAc epitope and a high abundance of tetra-antennary

glycans in the profile of MCAM that were not seen in the total cell membrane profile.

By reducing the complexity of glycan pools using specific exoglycosidase enzymes it was shown
that the abundance of tri- and tetra-antennary glycans were severely underrepresented in an
undigested profile. Therefore a targeted strategy was developed combining PGC-LC-ESI-MS
with exoglycosidases to improve the relative quantitation of tri- and tetra-antennary glycan
classes. This method was applied to determine if the abundance of tetra antennary N-glycans
could be correlated with clinical outcome.

The use of this strategy provided additional valuable structural information on the length of
poly LacNAc chains present, degree of sialylation, linkage of sialic acid residues and previously
unreported epitopes including LacdiNAc carried by cell surface proteins, which may play a role

in melanoma metastasis.

This is the first in-depth characterisation of melanoma samples enabled by the extension and
optimisation of PGC-LC-ESI-MS/MS. Our findings contribute to the understanding of
glycosylation alterations in melanoma metastasis and suggest the complementary use of

specific glycosylation changes as prognostic markers.
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Symbols and Nomenclature

Glycan nomenclature

All N-glycans have two core GlcNAcs; F at the start of the abbreviation indicates a core a,(1-6)
fucose linked to the inner GIcNAc; Mx, number (x) of mannose on core GlcNAcs; Ax, number of
antenna (GIcNAc) on trimannosyl core; A2, biantennary with both GIcNAcs as 1-2 linked; A3,
triantennary with a GIcNAc linked B1-2 to both mannose and a third GIcNAc linked 1-4 to the
a1-3 linked mannose; A3, triantennary with a GIcNAc linked $1-2 to both mannose and a third
GIcNAc linked B1-6 to the al-6 linked mannose; A4, GIcNAcs linked as A3 with additional
GIcNAc B1-6 linked to a1-6 mannose; B, bisecting GIcNAc linked B1-4 to f1-3 mannose; Gx,
number (x) of $1-4 linked galactose on the antenna; Sx, number (x) of sialic acids linked to
galactose; Round brackets are used to indicate the linkage type for example the number 3 or 6
in parentheses after S indicates whether the sialic acid is in an a2-3 or a2-6 linkage. Square

brackets indicate either the al-3 or a1-6 mannose arm of the glycan core.

Symbols and nomenclature

8
. Mannose O Galactose 6 |
[l GlcNAc [[] @GalNAc N
4 — 9
. Glucose A Fucose / |

Glycan structures have all been created using GlycoWorkbench' version 1.1.3 using CFG
monosaccharide symbols with oxford linkage placement notation in compact view and
exported with reducing end indicator. Linkages after a bracket drawn in default 1-4 position

are undefined.
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Introduction

Introduction

1.1 Melanoma

Melanoma, considered as one of the most aggressive human cancers, originates from the
melanin producing melanocytes. Primary melanoma tumours can develop in any tissue where
melanocytes are found and can be divided into two classes depending on whether the origin is
in either the epidermal skin layer (cutaneous melanoma) or elsewhere (non-cutaneous
melanoma). Although cutaneous melanoma is the most common form of the disease, non-
cutaneous melanomas do occasionally form in the eye, respiratory, gastrointestinal, and
genitourinary mucosal surfaces, or the meninges®. The work presented in this thesis focuses

on cutaneous melanoma.

1.1.1 Cutaneous melanoma

Cutaneous melanoma (CM) can be further divided into four major subgroups depending on
their clinical features: superficial spreading melanoma (SSM), nodular melanoma (NM), acral
lentiginous melanoma (ALM), and lentigo maligna melanoma (LMM)>**. Over 80% of
melanomas are classified as either SSM or NM and are distinguished by radial (SSM) or vertical
(NM) growth within the dermis. SSM is the most common form of cutaneous melanoma
(approximately 65% of cases) and grows horizontally in the epidermis, usually with an
asymmetric appearance. NM melanoma (20%) is the most aggressive of the subtypes as it has
no radial growth phase but instead invades vertically into the epidermis*>. Nodular
melanomas are characterised by a raised nodular lesion with an irregular border. LMM is
generally considered the least aggressive of the subtypes as it has a long radial growth phase.
This type of melanoma is most common amongst older people in areas of chronic UV
exposure. LMM presents as slowly enlarging pigmented patches, usually on the head and
neck. Lesions are characterised by an asymmetric appearance, an irregular peripheral border,
variegated colour, enlarging diameter, and change in appearance over time®. ALM occurs on
the palms, soles of feet and nails. ALM is the least common of the four major subtypes in
people with lighter skin, accounting for between 4 and 10% of primary melanomas, whereas it
is the most common subtype in darker skin populations who have a lower overall incidence of
melanoma. ALM is a distinct subclass due to its development in often sun-protected areas of

the body, and occurs in all races at the same rate’.
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1.1.2 Melanoma staging and prognosis

Staging of melanoma is determined by the guidelines outlined by the American Joint
Committee on Cancer (AJCC) staging and classification system that incorporates tumour
thickness, ulceration, mitotic index and the lymph node status®®. Melanoma is classified into
four stages from the development of the primary tumour (Stages | and Il), metastasis to
regional lymph nodes (stage lll) and distant metastasis to other organs (stage 1V) including the
lung, liver, brain and bone®™°. Despite significant advances in treatment of melanoma during
the past decade, the survival rate has not improved for late stage disease. The five year
survival rate for AJCC stage | and Il melanoma patients ranges from 97 to 53%, but once
metastasis to regional lymph nodes has occurred the five year survival rate decreases to
between 70 to 39% (AJCC stage Ill) and 18 to 6% for patients with distant metastases (AJCC

stage IV)®.

Epidermis

Dermis Stage IV

Subcutaneous tissue Stagelll lt\(ll)eDt;aSsttaa:tls
Stage Il Metastasis —
to Lymph 8
Tumour 1- nodes

Stage |

4mm deep 1

Tumour with a.! V O\
<Immdeep ulceration ; D g Y
( 7\”
Figure 1. Melanoma stages. Characteristics of melanoma progression from primary stages I/l
to lymph node metastasis Stage Ill and distant organ metastasis stage IV. Image taken and

modified from™.

1.1.3 Current Biomarkers

A contributory factor to the poor outcome for melanoma patients is a lack of sensitive and
specific diagnostic, prognostic and therapeutic response biomarkers'’. To date the search for
biomarkers has focused on serum, cell lines and tissue analysis, and although candidate
melanoma biomarkers have been identified, only a limited number have been validated for
use in a clinical setting.

Several clinical factors (patient age, the location of the tumour, the number of cancerous
lymph nodes and the presence of distant metastases) and histopathological factors (including

the depth of the tumour and the presence of ulceration) are currently used as the main

4
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prognostic factors''. However, recent advances in the genetic analyses of melanoma tumours
have led to a better understanding of the molecular pathways involved in the onset and
progression of the disease leading to the development of molecular subtype classification

systems®>*

. Oncogenic mutations in melanomas involving the mitogen-activated protein
kinase signal transduction (MAPK), Kit receptor (c-KIT), G protein (GNAQ), and Neuroblastoma
RAS (NRAS) signalling pathways have been identified and are the basis for molecular
classification as well as therapeutic targets”>. The most common mutations observed in
metastatic melanoma and typical phenotypic associations are summarised in Table 1. BRAF
mutations in the MPAK pathway are the most frequently observed and are associated with a

poorer prognosis in metastatic melanoma patients compared to other known gene

mutations®.

Table 1. Molecular classification scheme for metastatic melanoma (Table taken from™*)

Percentage of
melanomas with Phenotypic associations
mutation

Gene Signalling
Mutation Pathway

Young patient age
Intermittent sun-exposed primary
site
Trunk and limb primary locations

BRAF MAPK 50% High neavus count
Few freckles
Tan easily
Superficial spreading histogenetic
type
Intermittent sun-exposed sites
(weak association)
NRAS NRAS 15-20% Low or absent upward spreading
into the epidermis
Peripheral circumscription

2% (10-20% of
c-KIT c-KIT acral and mucosal
melanomas)
50% of Uveal
GNAQ GNAQ melanomas Uveal melanoma
blue naevus-like

melanomas

Acral and mucosal lentiginous
histogenetic melanoma types

The most valuable serum protein markers for melanoma to date are lactate dehydrogenase
(LDH) and S100 calcium-binding protein B (S100B). Although high LDH and S100B levels have
been correlated with poor prognosis in AJCC stage IlI/IV melanoma patients®'’, poor

sensitivity and specificity are major limitations for their routine use in all stages of disease™.
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Despite these limitations, elevated serum LDH is the only molecular biomarker that was
included in the classification of stage IV CM by the AJCC 6th edition as a predictor of survival
outcome '8, and S100B is used to monitor treatment response in patients with metastatic

disease as levels are linked to tumour burden, clinical stage and tumour progression***’.

1.1.4 Cell adhesion molecules in melanoma development and progression

A characteristic of invasive melanoma tumour cells which have migrated to form metastatic
tumours distant from the primary site is a change in the properties and expression of
glycosylated adhesion molecules belonging to the integrin, cadherin and immunoglobulin

0,21

superfamilies’®** (Figure 2).

(a) (b)

¢
R
Melanoma

A
Keratinocyte

Fibroblast MN-cadherin

Ci"é\(.b Melanoma

¢¢@ cell

Keratinocyte

Endothelial
cell

Figure 2. Cell-cell adheshion of melanocytes and melanoma cells. (a) Normal cell-cell contact
between melanocytes and keratinocytes through E-cadherin. (b) Interactions between
melanoma cells, fibroblasts and endothelial cells during melanoma progression via N-cadherin,

MCAM, L1-CAM, VCAM-1 and Integrin. Figure adapted from Hass et a/*.

The melanoma cell adhesion molecule, also referred to as MCAM, MUC18 or CD146, is a cell
surface glycoprotein belonging to the immunoglobulin superfamily class of proteins®®. MCAM
expression is regulated by direct cell-to-cell contact with keratinocytes these interactions are
diminished in advanced primary and metastatic melanoma cells®*. It is therefore frequently
over- expressed on the surface of advanced and metastatic melanoma cells and has been used
as a biomarker of melanoma progression since 1989. Increased cell surface expression

correlating with disease progression and poor prognosis of patients®>2°.

Genomics and proteomics have so far not identified biomarkers with the necessary specificity

and sensitivity for the prognosis and treatment response for metastatic melanoma. Therefore,

27-29

since glycosylation of proteins is known to alter in cancer and evidence for significant
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23,30,31

involvement of cell surface glycoproteins in the progression of melanoma this thesis

investigates changes in the membrane glycome of metastatic melanoma.

1.2 Glycosylation
Glycosylation is one of the most abundant posttranslational modifications and is of great
importance for the correct folding of proteins, protein stability and function, and also for

3233 Alteration in glycosylation

interactions between cells and the extracellular environment
can upset the normal functioning of proteins and cells and is implicated in many disease states
including Alzheimers, cancer, and autoimmunity. Glycans exist either as free molecules or
conjugated to other molecules. Glycans can be attached to proteins or lipids and these
glycoconjugates can be divided into the classes of glycoproteins (including N-linked or O-
linked), proteoglycans, glycosylphosphatidylinositol (GPI) anchored proteins and

33> Glycosylation is an enzymatic process involving the action of

glycosphingolipids
glycosyltransferases, glycosidases, glycan-modifying enzymes, nucleotide sugar donors and

transporter molecules®.

1.2.1 Protein glycosylation

Glycoproteins can be membrane bound or secreted. N-linked glycans are attached to the
nitrogen of asparagine residues of the consensus sequence: asparagine followed by any amino
acid except proline ending with serine or threonine (Asn-X-Ser/Thr)*’. O-linked glycans are
linked to the oxygen of OH groups of serine/threonine residues®. A range of monosaccharides
exist in N- and O- linked glycans on mammalian glycoproteins; most commonly N-
acetylgalactosamine (GalNAc), N-acetylglucosamine (GIcNAc), galactose (Gal), mannose (Man),
fucose (Fuc) and N-acetylneuraminic acid (NeuAc)*>. Protein N-glycosylation is the main focus

of this thesis and described further below.

1.2.2 N-glycosylation

The synthesis of N-glycans is a complicated process involving the building of a precursor that is
then transferred to a protein, trimmed back and then rebuilt to a specific glycoform structure.
The assembly of the dolichol-linked precursor begins on the cytoplasmic side of the

endoplasmic reticulum (ER) membrane and terminates in the lumen®**’

. Glycosyltransferases
encoded by the ALG (asparagine linked glycosylation) genes build a 14-residue glycan,
consisting of the chitobiose N-glycan core, plus nine mannose and three glucose residues
(GlcsMangGlcNAGC,)*, which once assembled, is transferred to the polypeptide catalysed by the

39,40

action of oligosaccharyltransferase (OST)>". Once transferred to the protein backbone,

terminal glucosidase enzymes remove the three glucose residues*’. After the glycan has been
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trimmed to the MangGIcNAc, structure the glycoprotein is then transferred to the Golgi
apparatus where further trimming of the mannose residues and rebuilding of hybrid and
complex glycans takes place. This is initiated by transfer of GIcNAc to MansGIcNAc,Asn by
GIcNACT-*? (Figure 3). N-glycans can be divided into four subclasses, paucimannose, high
mannose, hybrid and complex type. High mannose, hybrid and complex consist of a common
chitobiose core (Figure 4). Hybrid and complex type glycans can be elongated and modified
with different structural features including branching, bisecting GIcNAc (Figure 5), galactose,

fucosylation (Figure 7) and sialylation and sulphation (Figure 8)*.

@—r @-2,6 5T

@-uor -oe
Fuoe
Glel GalT m O-we
a-Gle

a-Glcll GnTlI E yGDP

ER a-Man | é a ) a E =
a-Man | GnTI a-Manll GnT Il GnT IV — PR

1 asn [1]] ][ Asn [LIR]]] Asn 1] M]]] Asn ([RTI] Asn JIRTI] Asn 1]
- a-2,35T
\#/ Golgi apparatus

Figure 3. Mammalian N-glycosylation pathway. The precursor GlcsMangGIlcNAc, glycan is
initially trimmed in the ER before maturation in the Golgi apparatus. In the ER glucosidases |
and Il remove two terminal Glc residues, which allows the lectins calnexin and calreticulin to
bind to the nascent glycoprotein promoting correct folding of proteins*. The final Glc residue
is hydrolysed by glycosidase Il followed by the removal of one mannose residue. The newly
processed glycoprotein is then transported to the Golgi apparatus and subjected to both
further trimming and elongation. This highly ordered maturation process can generate a
diverse repertoire of glycans using a range of nucleotide sugar substrates, the specificity of

glycosidases and glycosyltransferases as shown.

@ Manose () Galactose 6\ T

[[] Gainac || GleNAc e

A Ffuose @ silicacd /|
2

Pauci Mannose High Mannose Hybrid Complex @ Glucose :

Figure 4. The four common N-glycan sub- classes. All N-glycans are based on the common
chitobiose core (Man;GIcNAc,) that is further processed in the Golgi apparatus. Mammalian
high-mannose glycans contain between five and nine mannose residues and are denoted as
M5-M9. Pauci mannose glycans contain between one and four mannose residues with or

without core fucosylation. Hybrid glycans contain a mannose residue on the 6-arm and a
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GIcNAc residue linked to the 3-arm mannose. The addition of the GIcNAc residue and resulting
hybrid glycoforms initiates the synthesis of complex structures by providing the substrate for
alpha-mannosidase Il. Complex glycans are characterised by the presence of GIcNAc residues
on both the 3- and 6-mannose arms, which are typically then extended with other
monosaccharide residues. Complex glycans exist in bi-, tri-, and tetra- and (less reported non-

human) penta-antennary forms.

1.2.3 N-glycan diversity

Complex-type N-glycans exist in bi-, tri-, and tetra-antennary structures (Figure 5), which are
formed by the action of N-acetyl-glucosamine transferase enzymes, GnT I-V. The addition of
GIcNAc linked to the core 3- and 6- arm mannose residues by the action of GnT | and II,
respectively, results in the bi-antennary class of structures. Tri-antennary structures exist with
either a B1-4 linked GIcNAc attached to the 3-arm mannose (GnT IV) or with a B1-6 linked
GIcNAc attached to the 6- arm mannose residue (GnT V)®. Tetra antennary structures are
formed by the action of both Gnt IV and V on the bi-antennary structure. GIcNAc can also be
B1-4 linked to the core mannose by GnT Ill to produce the bisected class of N-glycans

structures™.

B1-6 branch

A3’

soua

W A A3 A4

Bisect

Figure 5. N-glycan core branching.

Complex bi- to tetra- antennary branching are then elongated by the addition of galactose
residues B1-4/3 linked to GIcNAc (LacNAc). Antennae can be further elongated by the addition

of multiple LacNAc repeats B1-3 linked to galactose (polylactosamine extension).
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@{G'

Poly LacNAc

LacNAc

Figure 6. The addition of B1-4 linked galactose residues to form the LacNAc unit (GlcNAc-Gal)

present on hybrid and complex type glycans and multiple lactosamine repeats (poly LacNAc).

Fucose residues can either be linked to the N-glycan core (a1-6) or linked to GIcNAc (a1-3) and
galactose (a 1-2) residues of the antennae (Lewis antigens) (Figure 7). Core fucosylation is
catalysed by the action of the FUT8 al,6-fucosyltransferase which transfers a fucose in a al-6
linkage to GIctNAC®. The addition of outer arm fucosylation is catalysed by al-3/al-4- and

al-2 fucosylatransferases which result in the Lewis blood group antigens®.

Le* Le®
? ? Core Fucose
x

Le’ LeY

Figure 7. Core and outer arm Fucosylation.

Sialic acid can be either a2-3 or a2-6 linked to galactose. a2-3 linked sialic acid is the precursor

for a2-8 linked polysialic acids (PSA)*(Figure 8).

a2-3

Figure 8. Sialic acid linkages to galactose.

Terminal B-linked GalNAc can also be added to antennae GIcNAc of N-glycan structures,
referred to as the LacdiNAc epitope (Figure 9). This epitope can be further modified by the

addition of a2-6 linked sialic acid, fucose and or sulphate46.
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Figure 9. LacdiNAc. N-glycan structures with terminal GalNAc.

Alterations in the N-glycan features described above seen in cancer are discussed in the

following review article.

1.3 Cell surface protein glycosylation in cancer (publication 1)
The cell surface protein glycosylation alterations observed in melanoma were reviewed from
the published literature and the resultant manuscript was an equal contribution to a

comparative review on the changes in glycosylation occurring in five different cancers:

Review article: Christiansen MN, Chik J, Lee L, Anugraham M, Abrahams JL, Packer NH. Cell

surface protein glycosylation in cancer. Proteomics. 2014; 14(4-5):525-46.

Author contributions: All authors contributed equally to the concept, design and preparation

of the manuscript. | prepared the sections on melanoma, branching and bisecting GIcNAc.
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1.4 Glycan analysis strategies

Glycans can be analysed as either part of an intact protein, as glycopeptides, released glycans
or hydrolysed monosaccharides. Many different methods exist for the analysis of glycans
including  high/ultra-performance liquid chromatography  (HPLC/UPLC), capillary
electrophoresis (CE), nuclear magnetic resonance (NMR) and mass spectrometry (MS)*
(Figure 10). No single universal method is available for the complete glycosylation analysis of
complex biological samples, therefore the most appropriate method or combination of
methods providing complementary information must be chosen for each individual research

goal®.

1.4.1 Glycoproteomics

Glycoproteomics is the site-specific analysis of the glycoproteome™’. Although glycoproteomic
analysis remains relatively immature compared to glycomics due to the higher level of
complexity, it is becoming increasingly popular as it yields a more detailed picture of an
individual glycoprotein; including information on the protein itself, site occupancy and site-
specific glycosylation patterns. Glycopeptides are more frequently analysed than intact
glycoproteins because of the available technologies. Challenges in glycopeptide analysis
include the resistance of glycoproteins to tryptic digestion, missed cleavages and the
production of large glycopeptides, which could potentially contain multiple glycosylation
sites®. The glycopeptide analysis of multiple glycoproteins simultaneously from a complex
biological sample is a lot more challenging compared to a single purified glycoprotein
therefore when looking at biological samples including serum and tissue glycans are often

analysed after removal from proteins.

1.4.2 Glycomics
Glycomics based approaches are used to analyse the total glycan population released from

biological samples™.

1.4.2.1 Glycan release

Glycans can be released from glycans either enzymatically or chemically. For the release of N-
glycans several endoglycosidases exist including the widely used Peptide N-Glycosidase F
(PNGase F), which cleaves the bond between the glycan core and asparagine residue of the
protein. A second member of the PNGase family of enzymes, Peptide N-Glycosidase A
(PNGase A) is used for N-glycan structures containing a 1,3 linked core fucosylation seen on
plant and insect glycan structures as PNGase F is ineffective at cleaving glycans with this

structure®. Endoglycosidase H (endo H) cleaves glycan structures between the two GlcNAc
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residues of the chitobiose core of high mannose and selected hybrid structures but does not

have activity toward complex glycan classes™.

For the release of O-linked glycans so far only one O-glycanase is available which is highly
specific for the cleavage of the core 1 O-glycan structure (Galf1-3GalNAc) but not to any
extended O-glycans®. Enzymatic release of glycans has the advantage of keeping the protein
intact for further analysis whereas the chemical release needed for samples with O-
glycosylation results in degradation of the protein. These methods include reductive and non-

%657 The harsh chemical reaction

reductive alkaline B- elimination, and hydrazinolysis
conditions can cause degradation or “peeling "’ reactions of O-glycans® unless they are rapidly
reduced using sodium borohydride that reduces the free reducing end of the glycan to an

alditol™®

. Ammonia-based non-reductive B- elimination can be a useful technique when a free
reducing end is required for derivatisation®. Hydrazinolysis procedures can also be used to
release glycans with a free reducing end at high yield, and by using milder conditions

degradation can be minimised®.

Glycans can be released from proteins successfully under different conditions; including after

immobilisation on PVDF membranes®, from SDS-gel separated protein bands/spots®"°*

, in gel
block® or in solution. Each technique has distinct advantages depending on the sample type.
For the analysis of both N-and O -glycans from the same sample, immobilisation onto PVDF
membrane either directly or by electro-transfer of proteins after SDS-PAGE is the method of
choice as N-glycans can first be released using PNGase F, followed by reductive B-elimination

to release O-glycans®.

1.4.2.2 Derivatisation of glycans

Enzymatically released sugars contain a single reactive carbonyl group at the reducing end,®
to which fluorophores or chromophores can be attached using reductive amination to enable
fluorescence or UV detection. Fluorescent amine tags including 2-aminobenzamide (2AB), 2-
aminopyridine (2AP) and 2-amino-benzoic acid (2AA) are successfully used for HPLC analysis
and 8-aminopyrene-1,3,6-trisulfonic acid (APTS) or 8-aminonaphthalene-1,3,6-trisulfonic acid
(ANTS) for CE analysis of released N-glycans. On the other hand, permethylation is the
replacement of all the hydrogen atoms of -OH, -NHAc and -COOH groups with a methyl group
and results in uniform ionisation and reduced polarity of both acidic and basic oligosaccharides

which can improve the reproducibility of LC separation and MS analysis>”.
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1.4.2.3 Separation of released glycans

Due to the high complexity and varying abundances of glycan pools released from valuable
biological sample sources including patient biopsies, powerful separation techniques are
necessary to maximise the information that can be obtained from a single sample run. These
methods include liquid chromatography (LC), capillary electrophoresis (CE) or ion mobility (IM)
separations coupled with either electrochemical, optical, or mass spectrometric (MS)
detection. LC separation coupled to MS was the chosen method for the analysis of released

glycans in this thesis.

1.4.2.4 LC Separation of Glycans
There are a number of different chromatographic separation phases used in HPLC, UPLC or
chip-based systems combined with either fluorescence or mass spectrometry detection that

are commonly used in the analysis of sugars released from proteins.

Reversed Phase (RP)
Reversed phase separation is based on hydrophobicity using a non-polar stationary phase and

a polar mobile phase. RP materials generally do not retain the hydrophilic non-derivatised
native glycans but this can be overcome by derivatisation to increase hydrophobicity and allow
sensitive detection®®®®, for example by the addition of the fluorescent label aminobenzoic acid

(2-AA).

Hydrophilic Interaction Liquid Chromatography (HILIC)

Hydrophilic interaction liquid chromatography offers selectivity based on a polar stationary
phase and non-polar mobile phase®. The separation of derivatised glycans using HILIC is a
reproducible method for the analysis of N-glycans based on polarity and size®. This
reproducibility and development of a retention based elution mapping based on comparison
to a hydrolysed similarly derivatised dextran ladder has led to the development of databases
and bioinformatics resources to aid the assignment of structures and has increased in

63,69

popularity’”. Used in combination with fluorescence detection HILIC has successfully been

shown to be compatible with high throughput analysis using robotic platforms, desirable for

the fingerprint analysis of large sample cohorts™®”.

Figure 10. Glycan analysis strategies. Approaches to analysis of intact glycoproteins,

glycopeptides, released glycans and monosaccharides. Figure modified from Domann et al ™.
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Weak Anionic Exchange (WAX)

Weak anionic exchange chromatography is used to separate glycan classes based on charge
and is often used in combination with HILIC separation to pre-fractionate derivatised glycans
in order to simplify the profile of complex glycan pools and increase the confidence of
structural assignment of samples analysed with fluorescence detection. It is also useful for the
relative quantitation of charged glycan classes within a sample. Assignment of separated
fractions is based on the number of sialic acid residues by retention time comparison to a
standard of N-glycans released from fetuin, that is run in parallel with each sample batch®.
With the improvement of columns available and separation conditions it is now also possible
to separate each charged fraction further to collect peaks which are separated based on both
charge and size. This technique has been valuable for the analysis of samples like
erythropoietin with a high degree of sialylation and lactosamine extensions that are more

difficult to assign when using HILIC alone®®”*.

Porous graphitised carbon (PGC)

Porous graphitised carbon offers unique properties as a liquid chromatography stationary
phase. It is stable over a wide pH and temperature range, and is robust with longer column
lifetime and regeneration capabilities’””. PGC shares characteristic behaviours with reversed
phase material in its strong retention of non-polar analytes, but unlike RP materials PGC also

877 These retention behaviours

shows exceptional retention towards polar compounds
combined with its ability to separate structurally similar isomeric non-derivatised glycans

offers advantages over other LC phase materials when applied to the analysis of sugars.

Although the retention mechanisms and influencing factors of PGC chromatography for glycan
analysis are not fully understood it nevertheless has become a valuable tool for on-line LC-ESI-
MS analysis of complex glycan samples. PGC has the ability to separate glycan classes including
bisecting and tri-antennary, galactose arm isomers and a2-3 and a2-6 sialic acid linkage

isomers’®®!

. The separation of N-glycans by PGC combined with MS detection is the main
method used through this thesis work. PGC elution behaviour and isomer separation is further

explored in chapters 2 and 3.

Mixed mode columns

Recently mixed mode columns for the analysis of glycans combining WAX with HILIC or RP
materials have become available®?>. This has allowed for more efficient analysis by removing
the need for a multistep approach, which involves pre-fractionation of samples based on

charge using WAX columns and then further separation by either HILIC or PGC HPLC. This
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eliminates various salt removal steps and potential sample loss and speeds up analysis times.
The column and mobile phase conditions are also compatible with both fluorescence and MS

detection.

Columns on CHIP

A recent advancement in LC-MS glycan analysis was the introduction of the chipLC system®.
The chipLC format includes a miniaturised trapping column, switching valve, and LC column in
the form of a microfluidic chip interfaced directly to the inlet of an ESI source for MS

53,84

detection®™*". Integrated LC microchips have the advantage of online sample enrichment prior

to chromatographic separation, simplified operation, higher sensitivity and improved

85 Chips are now available with RP¥, HILIC®® and PGC*®' micro separation

reproducibility
columns and have been used in numerous glycomic studies. A more advanced chip design
includes an immobilised PNGase F reactor for online glycan release after short incubation (6s

for 1gG)™.

1.4.2.5 Mass spectrometry

Mass spectrometry (MS) is a widely used technique for the analysis of glycans either alone or
in combination with pre-separation techniques as discussed above, of which LC is most widely
used. MS not only provides a link between mass and composition but can also yield valuable

information required to assign structure based on fragment ion patterns.

lonisation methods
Matrix assisted laser desorption ionisation (MALDI) and electrospray ionisation (ESI) are the

939 These are both soft

most frequently used ionisation techniques for the analysis of glycans
ionisation techniques imparting lower amounts of energy to the samples and minimising the
risk of fragmentation during the ionisation process compared to other methods such as fast
atom bombardment (FAB)®. Glycans can be analysed in positive or negative ion mode using
either of these techniques depending on the sample type. Samples containing acidic groups
such as sialic acids, are usually analysed in negative mode®. These methods are very good for
giving an initial picture of a sample but in order to elucidate the structures present further
fragmentation of the parent ion (MS/MS) is required™.

MALDI produces mainly singly charged ions, which means the spectra produced are less
complex than ESI spectra that contain multiply charged ions, and for neutral glycans the

6566 MALDI is more tolerant to

ionisation efficiency is consistent even for larger masses
contaminants than ESI. However, acidic residues including sialic acid, sulphate, and phosphate

are easily lost during MALDI®® and for this reason samples analysed by MALDI are often
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desialylated or permethylated to stabilise the acidic groups (detailed above) prior to analysis*.
ESI produces better-resolved peaks than MALDI due to the absence of peaks from matrix
adducts®, but is less tolerant to salts and contaminants than MALDI and generates multiply

charged states that have to be taken into account when quantitating structures®>®

. ESI may
be used either by direct infusion of samples or coupled to LC*. Advantages of combining ESI
with chromatography separation include the removal of salts and contaminants and also
separation of isomeric structures which allows individual fragmentation spectra to be

acquired™”.

Mass analysers

Types of mass analysers currently used for glycomic analysis include ion-traps, Quadrupole
Time-of-Flight (Q-TOF) and Orbitrap instruments. Each has its advantages and disadvantages in
terms of sensitivity, mass accuracy, resolution, speed of data acquisition and tandem MS
capabilities™. Instruments used for MS/MS include Q-TOF (ESI) and TOF-TOF(MALDI) and ion

%97 'Q-TOF and Orbitrap are favoured because of their high mass

traps for multistage MS
accuracy that can distinguish phosphate from sulphate groups, which cannot be achieved

using ion-traps*® such as was used in this study.

Fragmentation of released glycans

Fragmentation of glycans is dependent on a number of factors including the fragmentation
mode, the type of mass analyser used, ion polarity, use of adducts and derivatisation
method*®®®. There are two types of fragmentation commonly observed for glycans; glycosidic
bond cleavage between neighbouring sugar residues and cross-ring cleavage of one or more of
the monosaccharide sugar ringsss. Glycosidic cleavages give sequence and composition
information, whilst cross-ring cleavages give details on linkage types®™. The glycan
fragmentation nomenclature proposed by Domon and Costello® is the most widely used to

describe observed glycan fragment ions (Figure 11).

Collision-induced dissociation (CID)

Collision-induced dissociation (CID) remains the most common choice for tandem mass
spectrometric fragmentation of glycan parent ions®®. Positive mode CID produces mainly
glycosidic cleavages, which yields sequence information but no linkage information with the
use of metal adducts resulting in more cross-ring cleavages®™. Negative mode CID however
produces A-type crossring cleaveage ions and more C-type than B and Y-type fragments™.
Structural features that can be determined from negative ion spectra include the absence or

presence of core fucose, antennae composition and the presence of bisecting GIlcNAc.
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Common diagnostic ions (Figure 12) for the assignment of the detailed sequence and linkages
of N- glycans are obtained by negative mode tandem mass fragmentation and are further
discussed and reviewed in Chapter 2.

Y, Z, Y, Z,

Figure 11. The Domon and Costello nomenclature system for labelling glycan fragment ions
commonly observed in tandem mass spectra including the cross-ring X and A ions, B and Y
type ions and C and Z type ion fragments. The systematic representation is taken and modified

from®.

Composition of
6-antenna

Composition of
3-antenna

Antenna cl
sequence

Antenna
composition

Figure 12. Hybrid glycan showing the major fragment ions used for assigning antenna
sequence and composition. These well-established ions diagnostic of specific fragmentation
cleavages were proposed by Harvey et al "' . The D ion: 6-antenna and the branching
mannose residue, E ion: °*A and F ion: »*A cleavage of the mannose residues attached to the

core branching mannose. Figure taken and modified from'®.
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1.4.2.6 Quantitation

It is important to accurately determine the identity of glycans present within biological
samples but also to accurately quantitate changes in the abundance of glycans between
individual samples. Methods for the quantitative analysis of glycans are less established than
that for proteins or peptides but recent advances are providing both label and label-free
options'®. These include the use of isotopically labelled glycan standards of known
concentration'® or incorporation of stable isotopes via permethylation®. Determining the
quantity of each individual glycan within a sample (absolute quantitation) is a difficult task
especially when using MS based analysis approaches. This is due mainly to differences in the
ionisation efficiency of different glycan species within a sample and instrument response. For
these reasons relative quantitation is still the best strategy for glycan samples analysed using
MS techniques, although this method is still susceptible to errors from ionisation efficiency,
instrument performance variability and sample handling®®. However by calculating the relative
abundance of glycans with a sample, a comparison can be made with other samples analysed

in the same manner™2.

1.4.2.7 Bioinformatics

The availability of databases and tools to aid data interpretation and assignment of glycan
structures from both LC and MS data has significantly improved in recent years. These
resources can be categorised into integrated databases which provide curated published data
and associated information, structural databases and tools for annotation (Table 2). Tools and
databases used to assist data analysis throughout this thesis include Glycomod'®,

GchoWorkbenchl, GchoSuiteDBm, UnicarbkB'® and Unicarb-DB*®.
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Table 2. Glyco databases and electronic resources and tools.

Type Name URL
UnicarbkB http://unicarbkb.org
GlycomeDB http://www.glycome-db.org/
EUROCarbDB http://www.ebi.ac.uk/ eurocarb/

Integrated databases | CFG
GlycoSuiteDB
Glycosciences DE

http://functionalglycomics. org/
http://glycosuitedb.expasy.org/glycosuite/glycodb
http://www.glycosciences. de/index.php

JCGGDB http://jcggdb.jp
Glycan biosynthetic | KEGG-Glycan http://www.genome.jp/ kegg/glycan
and catabolic CazyDB http://www.cazy.org
pathways GGDB http://riodb.ibase.aist. go.jp/rcmg/ggdb
Unicarb-DB http://www.unicarb-db.com
GlycoMob http://www.glycomob.org
GlycoBase

(Oxford/Dublin/NIBRT)
CCSD (CarbBank)

GMDB (Glycan Mass
Spectra Database)
BCSDB (Bacterial
Carbohydrate Structural
Database)

Structural glycan
characterisation

http://glycobase.nibrt.ie/ glycobase.html

http://boc.chem.uu.nl/ sugabase/carbbank.html
http://riodb.ibase.aist. go.jp/rcmg/glycodb/
Ms_ResultSearch

http://www.glyco.ac.ru/ bcsdb3/

Tridimensional

structure Glycoconjugate databank

http://www.glycoconjugate.jp

Glycan Pathway Predictor
(GPP) Tool
GlycoWorkbench
GlycoMod

Analysis Tools

http://www.rings.t.soka.ac.jp/

https://code.google.com/p/glycoworkbench/
http://web.expasy.org/glycomod/

Table updated and adapted from49

1.5 Glycan analysis strategies applied to melanoma research

Important components of functional glycomics are the in-depth characterisation of the
repertoire of glycan structures found on proteins in cells and tissues, and the heterogeneity of
these glycans that results from their non-template-driven biosynthesis. Establishing
connections between glycan structure and biological functions are important research goals;
to this end various glycoanalytical methodologies have been developed over recent years
including mass spectrometry and high-performance liquid chromatography, as described
above. However, regardless of the method, a balance is needed between complete structure
determination (explicitly assigning monosaccharide residues, branching and linkages) and
high-throughput analysis. No single robust method is available for the rapid and reliable

identification of all glycan structures.

Aberrant changes in glycosylation have been reported to contribute towards the invasive and

metastatic potential of melanoma cells. Most of these studies have focused on
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glycosyltransferase expression profiling, the use of lectins to probe glycan changes, sialic acid
profiling with HPLC, and targeted tandem mass spectrometry of glycans released from isolated
glycoproteins, summarised in Figure 13. The majority of studies to date have involved the use
of cell line and B16 Mouse models to evaluate glycosylation changes between primary and
metastatic disease at both the global and glycoprotein level. The limited studies involving
tumour tissue from patients have so far only provided potential glycan epitope biomarkers at
the primary tumour levels using lectin and immunohistochemistry techniques, these
candidates have yet to be verified using MS based methods. Cell line models combined with
targeted lectin approaches have provided some potential targets for further investigation
including the abundance of fucose, sialic acid and B1-6 branched containing glycans from cell
lysates of different disease stages. Although these glycan features have been identified and
correlated with changes in cell motility and invasiveness, the structures carrying these features
have yet to be confirmed. Investigations at the glycoprotein level have mainly focused on the
identity of proteins carrying B1-6 branched glycans by L-PHA lectin isolation and mass

spectrometry analysis has also been carried out™*'"

. Glycans released from individual
glycoproteins isolated from cell lines including Integrin subunits have also been characterised
by MALDI MS/MS™** and more recently HILIC-HPLC analysis of 2AB labelled glycans with
exoglycosidase digestion of the glycans on the glycoprotein LLCAM isolated from melanoma

cell lines of different metastatic potential has been described*™.

Figure 13. Summary of specific observations on glycosylation changes in melanoma from cell

. . . . 29,110-
line, tumour tissue and mouse models. Figure generated from the following references*'*

112,114-124
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1.6 Thesis Aims

Overall aim

The overall aim of this thesis work was to optimise new strategies for the comprehensive

membrane protein glycomic characterisation combining Porous Graphitised Carbon (PGC)

separation, mass spectrometry fragmentation and exoglycosidase digestion, and to apply

these techniques to the analysis of metastatic melanoma cells and tissues to identify potential

new biomarkers.

Specific aims

46

e To investigate and optimise analysis parameters for the facilitated detection and

relative quantitation of multi-antennary N-glycan structures in complex biological

samples.

To this end

@)

To map the PGC elution behaviour of N-glycans and build a retention time
library covering a full spectrum of biologically significant N-glycans from pauci
mannose to sialylated tetra-antennary classes.

To produce high quality annotated mass spectrometry data sets in order to
facilitate the development of bioinformatics tools and resources to aid future

glycan analysis.

e To characterise the membrane N-glycosylation profile of metastatic melanoma cell

line models, prognostic marker protein and lymph node tumour tissues.

To this end

O

To confirm glycosylation characteristics associated with metastatic melanoma
including B1-6 branched structures documented in the literature and to
identify new glycan features.

To characterise the N-glycosylation profile of the melanoma cell adhesion
molecule (MCAM) prognostic biomarker.

To investigate potential glycosylation features associated with melanoma

stage, prognosis and primary subtype in patient lymph node tissues.



Chapter 2
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Chapter 2

Negative ion CID MS spectra of released N-glycans contain ions that are diagnostic for specific
structural features such as antennae composition, the presence of bisecting GIcNAc and the
location of fucose residues. Previous studies have shown that negative ion CID fragmentation
can provide more detailed structural information than corresponding positive ion

101102125 Thjs difference is due to the abundance of C-type glycosidic cleavages formed

spectra
following deprotonation and A-type cross-ring cleavages rather than the B- and Y-type

glycosidic cleavages that are common to the fragmentation of positive ions.

In this chapter we present a PGC-LC-ES-MS/MS (negative mode) strategy that can be used to
carry out in-depth structural analysis of mixtures of glycans released from proteins in complex
biological samples. We investigate the fragmentation of these glycans and demonstrate that
informative structural information can be obtained by producing abundant cross ring
fragmentation products, and that improvements in isomer recognition can be further obtained
by porous graphitised carbon chromatography in combination with exoglycosidase treatment.
The method was developed on the heavily N- and O- linked glycosylated human salivary
glycoproteins and characterized over 200 N- and O- released glycans; thereby validating the

method and providing an information rich spectra resource of annotated glycan structures.

Publication: Everest-Dass AV, Abrahams JL, Kolarich D, Packer NH, Campbell MP. Structural
feature ions for distinguishing N- and O-linked glycan isomers by LC-ESI-IT MS/MS. J Am Soc
Mass Spectrom. 2013. 24(6):895-906.

Author contributions: Experimental design- AD, JA and MC, data collection and analysis- AD

and JA, manuscript preparation- AD, MC and JA, editing and reviewing- NP and DK.

| was responsible for the design, data collection and interpretation of exoglycosidase digestion

experiments.
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Chapter 3
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Chapter 3

In Chapter 2 we demonstrated that negative ion mode PGC-LC-ESI-MS/MS can be efficiently
applied to analyse the structural details of released, reduced N-glycans. An important feature
of this study was the efficient mapping of various diagnostic MS/MS ions to confidently assign
many glycan structures. For complex samples the analytical challenge lies in the discrimination
of the numerous isomers and elongated structures that cannot be easily distinguished by MS
alone. One of the advantages of using PGC-LC is the high separation power for structural and
linkage isomers, which complements MS analyses as isobaric compounds exhibiting exactly the

same m/z can be separated and analysed.

Analysing the N-glycans released from well characterised glycoprotein standards provides the
opportunity to elucidate and understand not only the unique fragmentation properties of
individual glycans compared to their corresponding isomers, but also to determine their
retention behaviours using PGC chromatographic retention. Little work has been published on
the retention order of N-glycans (on PGC) and, consequently, in this chapter we demonstrate
its usefulness for inferring structural features that are difficult to identify by mass
spectrometry alone. By analysing a full range of N-glycan classes the retention order of
different glycan structures was mapped and a comprehensive knowledge base created with
supporting MS/MS spectra. In addition, we show that an efficient mapping of various isomeric
fucosylated, sialylated and complex branched glycans by negative ion mode PGC-LC-ESI-
MS/MS of glycans released from cells and tissues can benefit from the resource described

(Chapters 5 and 7).

Prepared Manuscript: Abrahams JL, Campbell MP, Packer NH. Using standard glycoproteins to

build a PGC-LC-MS retention library and retention mapping resource.

Author contributions: Experimental design- JA and MC, data collection and analysis- JA,

manuscript preparation- JA and MC, editing and reviewing- NP.
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Exoglycosidase enzymes are an important resource available to glycobiologists to aid in the
elucidation of glycan structures. The results of exoglycosidase treatment provide information
on the type and linkage of the cleaved monosaccharide residues. Used alone or in array
format, exoglycosidases can reveal a wealth of information on a specific glycan species or
mixture, including the sequence of a glycan and quantitative assessment of the abundance of
sialylation, fucosylation, the degree of branching. Traditionally exoglycosidases have been
used in combination with HPLC combined with fluorescence detection to confirm glycan
structures, but their use with other platforms including CE and LC-MS is becoming increasingly

popular.

As demonstrated in the previous two chapters, combining PGC-LC-MS analysis with
exoglycosidase digestions is a powerful strategy for the characterisation of complex samples.
By using knowledge of known enzyme specificities and the number of monosaccharide
residues removed, terminal glycan moieties and linkages can be determined. Most importantly
experimental evidence such as is available in the database GlycoBase (for 2AB labelled glycans
analysed by HILIC-U/HPLC) and the data described here for MS/MS analysis of reduced glycans
in Chapters 2 and 3 (integrated into the MS/MS spectral database, UniCarb-DB) enables the
establishment of a defined set of controlled digestion rules, which can be used to aid glycan
analysis. Here, we present a bioinformatics tool, called GlycoDigest, which simulates the
exoglycosidase treatment of N-glycans and predicts digestion products for individual glycans
treated with either a single or panel of exoglycosidases. This chapter details the resulting
prediction tool, user guides and examples, and demonstrates how this tool can be used to
tailor a panel of exoglycosidases for the full characterisation of separated glycans. The
development of this tool was designed to further facilitate the detailed structural
characterisation of glycans released from complex mixtures of glycoproteins derived from cell

lines and tissues.

Publication: Gotz L, Abrahams JL, Mariethoz J, Rudd PM, Karlsson NG, Packer NH, Campbell
MP, Lisacek F. GlycoDigest: a tool for the targeted use of exoglycosidase digestions in glycan
structure determination. Bioinformatics. 2014 1; 30 (21):3131-3.

Author contributions: Experimental design- MC, JA and NP, Bioinformatics- LG, JM and MC,
data collection, analysis and supplementary material- JA, manuscript preparation- MC, editing
and reviewing- NP, NK, PR and FL.
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It has been suggested that abnormal expression of specific glycosyltransferases might serve as
useful biomarkers for cancer. In fact, many studies of melanoma have implicated the
importance of betal,6-N-acetylglucosaminyltransferase V (GnT V) activity in the progression of
the disease and the functional roles that the enzyme product, B1-6 branched N-glycans, on cell
surface glycoproteins have as important factors in the migration of primary melanoma cells.
To date, most studies have utilised lectin-based approaches (PHA-L) to recognise and assess
changes in specific glycan branched epitopes; however, detailed structural characterisation of

this class of B1-6 branched N-glycan structures has not yet been reported.

The melanoma cell adhesion molecule, also referred to as MCAM, MUC18 or CD146, is a cell
surface glycoprotein frequently over expressed on the surface of advanced and metastatic
melanoma cells, however, its expression is rare in benign nevi. Previously, it has been reported
that over-expression of MCAM plays an important role in progression of metastatic
melanoma, however the structural glycosylation on this prognostic biomarker has not been

determined.

Using the techniques described in Chapters 2, 3, and 4, the global N-glycosylation profiles of
the membrane glycoproteins, and of the immunoprecipitated metastatic glycoprotein marker
MCAM, from a metastatic melanoma cell line (MM253; lymph node derived) were analysed by
PGC-LC-MS/MS and structures determined, notably with focus on the identification and

relative quantitation of f1-6 branched structures.
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N-glycosylation in metastatic melanoma: Investigating the
presence of 31-6 branched N-glycans

5.1 Introduction

Melanoma is the greatest cause of skin cancer-related deaths worldwide despite only
accounting for 4% of all skin cancers. The only established curative treatment is the early
detection and removal of melanoma lesions at an early stage; unfortunately, once a patient

develops metastatic disease the prognosis is poor'?’'?

. There are five defined stages of
melanoma progression, starting with the development of a congenital nevus, then dysplastic
nevus, a radial growth phase (early primary melanoma), radial growth phase (advanced
primary melanoma) and metastasises first to the lymph nodes and then to distant organs.
Metastasis accounts for the majority of mortality associated with melanoma, as limited

treatment options exist for advanced stages of the disease'”.

Cells within the epidermal environment, mainly surrounding keratinocytes, tightly regulate
melanocyte growth and behaviour®. Changes that upset this delicate homeostatic balance
between melanocytes and their environment can lead to the altered expression of cell-cell
adhesion and communication molecules. This has been demonstrated by the culturing of
normal melanocytes in isolation leading to the expression of melanoma-associated
antigens®*"*°, but when co-cultured with keratinocytes, cell-to cell expression of melanoma-

associated antigens disappear™>'*

. Various types of adhesion molecules including integrins,
cadherins and members of the immunoglobulin (Ig) superfamily have been shown to undergo
significant changes in expression levels during progression of melanoma™:. Examples of
altered cell surface proteins include a shift from the E-cadherin to N-cadherin and an increase

in MCAM expression that benefit melanoma cell-melanoma cell interactions*.

An important role in cancer pathogenesis is attributed to N-glycans with bisecting GIcNAc and
B1-6 branches®®**** but the exact mechanisms still remain unknown. To date, the role of
glycosylation in the progression of melanoma has focused on glycoproteins bearing glycans
with a B1-6 branched GIcNAc linkage. Much of this work has been driven by Litynska and
colleagues who have shown a correlation between the presence of the B1-6 branch
(confirmed by lectin-based methods) and the invasive and migratory behaviour of melanoma

20,110,111,119,129

cells in culture . The addition of B1-6 linked GIcNAc residues to the six arm of the

tri-mannosyl core to form tri — and tetra-antennary glycan structures is catalysed by the action
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of the GIcNAc transferase V enzyme (GnT V) encoded by the MGAT 5 gene®®. The B1-6 GIcNAc
branch is a preferred substrate for the addition of poly-lactosamine extensions (B1-3 GIcNAc-

B1-4 Gal) * (Figure 1).

B 1-6 branch Poly- lactosamine

Figure 1. Products of GnT V activity. Tri- and tetra-antennary glycans with f1-6 branching, and

tetra-antennary with modification of the 1-6 branch by poly-lactosamine extensions.

Candidate glycoproteins, expressing B1-6 branching glycans, have been isolated by lectin-
affinity chromatography using Phaseolus vulgaris agglutinin (PHA-L) and identified by tandem
mass spectrometry. These proteins include integrin, LLCAM, Mac-2 binding protein, melanoma
cell adhesion molecule (MCAM), intercellular adhesion molecule, melanoma associated
antigen, tumour rejection antigen-1, melanoma-associated chondroitin sulfate proteoglycan 4
and lysosome-associated membrane protein (LAMP- 1)'**. Characterisation by MALDI-MS of
glycans released from the integrin subunits a; and B, isolated from melanoma cell lines
representing different stages of disease has shown that the glycosylation profile of this protein
differs in the abundance of branched and sialylated species between disease classifications'*.
An important observation is the increased abundance of branching for more aggressive
melanoma cell lines'™. Recently, N-glycans released from the L1 cell adhesion molecule
(L1CAM) isolated from different stages of melanoma have been characterised by HPLC with
fluorescence detection combined with exoglycosidase digestion™*®. To date, this is the most
comprehensive glycan analysis of a potential melanoma glycoprotein prognostic marker, and
reports a novel mono-antennary structure containing a [ Gal-Gal epitope with a terminal
polysialic acid unit of variable length. This study also observed a loss of a2-3, and an increase
in a2-6, linked sialic acid residues on L1CAM glycans associated with metastasis. Although
L1CAM has been reported as a candidate protein for B1-6 branching glycans by previous

studies™**%

(as confirmed by lectin-binding studies), only two tetra-antennary species were
reported in this study, which were identified using HPLC with fluorescence detection and
confirmed by MALDI-MS. In addition, tri-antennary and polylactosamine species were

reported but the GIcNAc linkages were not fully defined™™*.
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The expression of the cell surface glycoprotein MCAM is known to be a prognostic indicator of
melanoma. MCAM was originally identified on the surface of melanoma cells but absent on
normal melanocytes®, however it is now known to be involved more generally in
development, signal transduction, cell migration, mesenchymal stem cell differentiation,

137 MICAM has been used as a biomarker of melanoma

angiogenesis and immune responses
progression since 1989 with its increased cell surface expression correlating with disease
progression and poor prognosis of patients®®. Furthermore, increased MCAM expression has
also been linked to the progression of other cancers including breast, prostate and

ovaria n23,138,139

. The mechanism of MCAM expression has been extensively studied. In brief,
MCAM expression is regulated by direct cell-to-cell contact with keratinocytes in normal
melanocytes, nevus, and early primary melanoma cells. Such interactions are diminished in
advanced primary and metastatic melanoma cells, in turn leading to up regulation of MCAM**.
Consequently, investigating the differences between normal melanocyte and metastatic
melanoma cell homeostasis, especially the physical properties of key cell surface proteins, is

vital to a better understanding of how melanoma cells escape the microenvironment created

by the epidermal keratinocytes.

MCAM, also known as MUC18, CD146, A32 antigen or S-Endo-1, is a 113 kDa member of the

13719 1t has many names as several independent research groups

immunoglobulin superfamily
identified it. Originally it was cloned and sequenced from a human melanoma cDNA library
and demonstrated to be a cell adhesion molecule and subsequently it was given the name

MCAM to reflect its function*>***

. It consists of five characteristic Ig-like extracellular domains
in the configuration V-V-C2-C2-C2, a short transmembrane region and a cytoplasmic tail. Two
isoforms exist that differ in the length of the cytoplasmic domain. The long form (CD146-) is
the main isoform expressed by melanoma cells compared with endothelial cells that express
both the long and short form (CD146-s). MCAM exists as a monomer and dimer on the cell
surface, with dimerisation mediated through a disulphide bond between cysteine residues in
the Ig domains®. In addition to the membrane-associated form of MCAM a soluble form also
exists (sCD146) which has been detected in cell culture supernatant and serum from normal
healthy individuals®®. MCAM has five potential protein kinase recognition motifs in the
cytoplasmic domain suggesting its involvement in cell signalling'*, and it was identified as a
sialylated glycoprotein after observation of a shift in molecular mass after treatment with

neuraminidase®. It has eight potential N-glycosylation sites located at positions 56, 418, 449,

467, 508, 518, 527 and 544°°. Approximately 35% of its molecular mass is composed of

125



Chapter 5

carbohydrates, including the abundant expression of sialic acid bearing glycans and evidence
for the HNK-1 epitope (3-O-sulfated glucuronic acid (GlcA) al-3 linked to galactose) verified by

reactivity with a monoclonal antibody specific for the HNK-1 epitope™***.

Cell lines from different stages of melanoma progression have helped in our understanding of
the stepwise progression from primary melanoma to metastases. Such investigations have
been facilitated by the accessibility of melanoma lesions and the fact that melanoma can be
adapted to tissue culture. There are an abundance of cell lines available for studying
melanoma from different stages of the disease, with an estimated 5000 types available for
research. Of these, approximately 200 established human cell lines have been thoroughly
characterised for genetic aberrations, global gene expression patterns, and biological
properties including invasion in vitro, and tumour and metastasis formation in
immunodeficient mice'*®. Notably, most studies have focused on understanding the genetic

etiology of disease.

Despite the importance of glycosylation in the progression of melanoma only a few studies
have investigated the glycan profiles of cell lines and/or individual glycoproteins™***1>13¢
Glycans on specific glycoproteins are recognised to play key roles in cell adhesion and
signaling®. It has been suggested by several reports that MCAM plays an important role as a
signalling molecule in human melanoma®®, therefore, a change in the glycosylation profile of

MCAM as well as increased expression may contribute to the metastatic phenotype by

changing signaling behavior and adhesion properties.

Studies in recent years have confirmed that MCAM is a target substrate for GnT-V activity and
that its glycosylation profile includes glycans bearing B1-6 linked GIcNAc branching that is the
product of GnT-V activity, as was shown by PHA-L lectin reactivity">"""'*’. The effect of
induced over expression of N-acetylglucosaminyltransferases Ill and V (GnT Il and V) on the N-
glycosylation profile of MCAM have recently been investigated in relation to its interaction
with endothelial cells'*’. Surprisingly, although this glycan characteristic has been confirmed,
along with information on the presence of terminal sialylation, the complete glycosylation

profile of MCAM has not yet been analysed.

In this chapter we characterise the N-glycosylation profile of the MM253 cell line (derived

from metastatic melanoma of the lymph node), as well as the glycosylation profile of MCAM
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isolated from this cell line, with a focus on the detailed characterisation of structures bearing

the B1-6 linked GIcNAc branch.

5.2 Materials and Methods

The human melanoma cell line MM253 (axillary lymph node metastasis) and MCAM purified
from MM253 cells were provided by Prof. Deirdre Coombe, Curtin University, Australia.

MCAM was immunoprecipitated using a mouse anti-human melanoma cell adhesion molecule
(MCAM) monoclonal antibody (mAb CC9) and provided in the form of 1D SDS gel bands for N-

glycan analysis.

Cell culture of MIM253 cells

MM253 cells were cultured in RPMI 1640 media supplemented with 2 mM L-glutamate, 10
mM HEPES, 1 mM sodium pyruvate (all from Gibco BRL, USA) and 10% foetal calf serum (CSL
Limited, Melbourne, Australia) (RPMI/10%) in a humidified incubator equilibrated with 5% CO,
at 37°C. Cells were grown to 70 - 80% confluence in Nunclon tissue culture flasks (Nalge Nunc
International, USA) as monolayers and harvested with 0.05% (w/v) trypsin/0.53 mM EDTA (TE)
(Gibco BRL). All cultures were free of Mycoplasma. Cell pellets (1 x 10’ cells) were washed

three times with PBS and pelleted by centrifugation prior to membrane protein enrichment.

Enrichment of membrane proteins form MM253 cell pellets

Total cell membranes were enriched by cell lysis and ultracentrifugation. Cell pellets were
homogenised on ice in 0.5 mL of lysis-buffer (50 mM Tris-HCI (pH 7.4), 0.1 M NaCl, 1 mM EDTA
and protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) using a Polytron
homogenizer (Omni TH, Omni International Inc, Kennesaw, GA). Cellular debris and un-lysed
cells were removed by centrifugation at 2000 x g for 20 mins at 4 °C. The supernatant was
diluted with 2.5 ml of Tris binding buffer (20 mM Tris-HCI, and 0.1 M NaCl, pH 7.4) and
sedimented at 120,000 x g for 80 min at 4° C. Pellets were resuspended in 100 pL of 20 mM
Tris-HCI, 0.1 M NaCl, pH 7.4 and proteins precipitated by acetone overnight at -20° C. proteins

were centrifuged at 1000g for 3 min and the resulting pellets resolubilised in 4 M urea™®.

N-glycan release
N-glycans were enzymatically released with PNGase F (Roche) from either PVDF membrane
(MM253 membrane proteins) or from SDS gel bands (MCAM) after reduction and alkylation.

Fetuin or IgG were used as positive controls to test the success of each release.
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MM253 cell membrane proteins

N-glycans were released from immobilised proteins as previously described®. Approximately
10 pg of protein was immobilised onto PVDF membrane (Millipore). Protein spots were dried
overnight to ensure maximum binding and stained with Direct Blue 71 (Sigma) before being
excised and transferred to a flat bottom 96 well plate. To prevent non-specific binding of
PNGase F, sample wells were blocked with 1% PVP 40 and washed with water. N-glycans were
released by overnight incubation with PNGase F (2.5 U in 10 pul water) at 37 °C. Released
glycans were recovered after sonication for 5 min and washing each sample well with 2x20 pl

of water. Samples were then dried in a vacuum centrifuge.

MCAM

N-glycans were released from 1D SDS-PAGE gel bands as previously described®. Gel bands
were excised and cut into 1mm? pieces. The gel pieces were washed alternately with 500 pl of
acetonitrile (x3) and 100 mM ammonium bicarbonate buffer (x2) while shaking on an orbital
platform shaker for 15 min each. After washing, PNGase F (3 U in 30 pl buffer) was added to
the gel pieces. The gel pieces were left and for 5 min before adding enough buffer to cover the
gel pieces (~100 pl). Samples were incubated at 37°C overnight. The released glycans were
extracted from the gel pieces by sonication for 15 min alternate water and acetonitrile washes
(200 pl each). All extractions were combined and filtered using 0.45 um PTFE syringe filters

(Millipore) before being dried in a vacuum centrifuge.

Reduction and desalting of N-glycans

Released N-glycans and glycan standards were treated with 10 pl of 100 mM ammonium
acetate for 1 h at room temperature and dried. Glycans were reduced to alditols with 0.5 M
NaBH4 in 50 mM KOH for 3 hours at 50°C. reduction was quenched by adding 2 pl of glacial
acetic acid. The reduced N-glycans were desalted using AG 50W X8 strong cation exchange
resin (30 pl bed volume) packed in C18 tips (Stage tips, Thermo) and dried in a vacuum

centrifuge. Samples were washed three times with methanol to evaporate residual borate®.

Exoglycosidase digestion

Aliquots of reduced N-glycans were dried by vacuum centrifugation before being digested with
an array of exoglycosidase enzyme combinations including ABS, ABS+BTG, ABS+BTG+BKF.

All reactions were carried out in a total volume of 10 ul including 2 pl of 5X incubation buffer

(50 mM sodium acetate pH 5) enzyme and water at 37 °C for 16 h**®. Enzymes were used at
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the concentrations described in Chapter 4. Enzymes were removed by carbon clean up before

being analysed by PGC- LC-ESI MS/MS.

Carbon clean up

Samples were subjected to carbon solid phase extraction before analysis by LC-MS.

Spin columns were prepared in-house by packing material from a carbon SPE cartridge into
C18 Stage tips (Thermo Fisher Scientific). Samples were eluted in 40% Acetonitrile containing

0.05% (vol/vol) TFA and dried in a vacuum centrifuge®.

Instruments and processing software
Glycans were analysed using Agilent 1260 capillary HPLC with Agilent LCD/ MSD Trap XCT Ultra
(Agilent Technologies Inc., USA). Instrument control, data acquisition and processing were

performed with Bruker DataAnalysis software version 4.0 (Bruker Daltonics, Germany).

Porous Graphitized Carbon (PGC) LC of N-glycans

N-glycans were separated using PGC (Hypercarb KAPPA Capillary Column; Thermo Fisher
Scientific) 0.18 mm inner diameter x 100 mm either 3 or 5 um particle size. Separations were
performed at 2 pl/min. Mobile phase A was 10 mM ammonium bicarbonate pH 8 and mobile
phase B 10 mM ammonium bicarbonate in 45% (vol/vol) acetonitrile. Samples were run for 85
min using the following gradient; 0-8 min 100% buffer A, 5-35% B over 45 min, 35-100% B over
20min, the column was then washed with 100% B for 5 min before equilibrating with 100% A

for 10 min®.

IT-ESI-MS/MS

Glycan masses were detected using an Agilent 6330 ESI ion trap (Agilent Technologies Inc., CA,
USA) The MS spectra were acquired in the negative ion mode over mass range of 440 to 2200
m/z. The following MS settings were used: drying gas temperature: 300°C, drying gas flow: 6
L/min, nebulizer gas: 12 psi, skimmer, trap drive and capillary exit were set at -40 V, -99.1 V
and -166 V, respectively. lons were detected in ion charge control (ICC) (target: 30,000 ions)
with an accumulation time of 200 ms. Induced collision was performed at 35 % normalized

collision energy and an isolation window of 4 m/z.
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5.3 Results

Previous studies of metastatic melanoma using cultured cell models and lectin-based methods
have implicated an increased expression of cell surface tri- and tetra-antennary N-glycans with
a B1-6 branch in the progression of melanoma. In order to assess the degree of antennae
branching and to identify N-glycans containing this structural feature we enriched the
membrane proteins of a metastatic melanoma cell line (MM253; lymph node derived) by
ultracentrifugation, released the N-glycans using PNGase F and analysed the structures
present by PGC-LC-MS/MS. Compositional glycan assignments were made after manual
interpretation of MS profiles and database matching with UniCarbKB (http://unicarbkb.org)
using the GlycoMod tool (http://web.expasy.org/glycomod/). Structural assignments were
made after further analysis of negative mode MS/MS fragmentation, PGC elution behaviour

and exoglycosidase digestion (Chapters 2 and 3).

Intensity (%).

’/f'bll.
lom, ™% :\
*jompmE % of ] :\
e LT #
for | . -+ 1‘ v ) % ] :\
0/\> \\ L :>'\ (.r ‘\,_.
:\.. s ‘/I *ompm £
e TN T e
: . @ I o _:F.'l h : on
\ \ : 1 P! el !
by A} I ! FRls? |
\\ \\ 1 . 1 ’ :
N . I Py |
\\ . : ! : P 1
'> \\ \\ : - ll': : :..}-I‘ :
| § BN N P 1 ' 1 I
N SR AP R S
L1 R ) I L I’/ul LR
~ it LL R - i
¢ AN . % : I ¢ 1
x\ .\w. \\ \.‘ N sy | 1 . | .
~. v ) \ ] . la o g oo
N N R R e e S
I 1 }ou | \om ] om
! I 1 PN ; : :‘\ : ,.r | Sm
o 19413, ') I omemm
! : s om
“emm: 7793 1 8603 :l ': AN : 0’\::>:\|
' ' o |
5 ! 1 1 I
1 | ,
! 1
: i
I

1

1

1

|

1 0:‘|l|>\.

1 13975 Rl

! 1513.1

1294 4 1367. 14|40_0 L1559-6
e - A

Y "
700 800 900 1000 1100 1200 1300 15-[]0 1!")00
miz

Figure 2. PGC-LC negative ion MS profile of N-glycans released from the enriched membrane
protein fraction of MM253 cells. Details of the structures are shown in Table 1. Structures are

drawn using CFG notation with linkage placement.
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Table 1. Structural assignments and relative percentage abundances of identified N-glycans

released from the membranes and MCAM of the metastatic melanoma cell line MM253.
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Mass (m/z) Relative % Abundance
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Mass (m/z) Relative % Abundance
-HT- o1z [M-3H]® o MCAM
Structure [M-HY  [M-2H]”  [M-3H] MM253 (n=3)
Rep Rep
Mean +SD
1 2
A2G25(3)2 e ' 1111.4 021 + 006 9.48 7.45
FA2G2S(6)1 e 1038.9 107 + 079 | 237 359
| &
FA2G25(3)1 < 1038.9 032 + 012 0.23 0.75
z ome mm
© FA2G25(6)2 1184.4 154  + 046 4.48 3.18
< *
3 &
[
3
: *
FA2G25(6,3)2 ' 1184.4 303 £+ 099 4.69 5.84
FA2G2S(3)2 e 1184.4 039 + 011 0.76 1.33
(
F(6)A2GalNAc2 ‘\{ [ ’ 1079.9 - - 0.62 1.13
s(6)1 : . .
lom
[
F(6)A2G1GalNA o ?h
ISt .\m‘ 1059.4 ; ; 047 060
n
[
F(6)A2G1GalNA .\3 'm 4
€15(3,6)2 ./o [ 1204.9 - - 0.97 1.21
m
- - 1.68 1.62
L _\.
-~ |
g F(6)A2G1F(3)1G ol 1132.4 - - 046 047
= alNAc1S1 E‘/i
z
Q
S
|
F(6)A2G1GalNA o h 4 1099.4 . - 3.26 2.87
c1S1+sulph y
i
F(6)A2GalNAc2 1014.3 - - 0.75 1.34
+sulph2 ’ ’ ’
F(6)A2GalNAc2 : \m h 4
s1+suph ,\‘ 1119.9 - - 1.32 0.91

133



Chapter 5

Mass (m/z) Relative % Abundance
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MM253 N-glycome

The annotated summed MS PGC-LC-ESI-MS spectra of N-glycans released from the enriched
membrane protein fraction of MM253 cells are shown in Figure 2. The structures identified
included pauci mannose, high mannose, hybrid and complex N-glycan classes. A total of 23 N-
glycan compositions were detected and 36 structures assigned. Relative quantitation of
individual structures and structural classes were calculated from triplicate glycan releases and
summarised in Table 1 and Figure 3. High mannose glycans (M5-M9Glcl) were the most
abundant class of structures (69.3%) and pauci mannose with and without core fucosylation
(M2-M4) accounted for (6.5%) of the total pool. The rest of the glycan profile consisted of

sialylated hybrid (7%) and sialylated complex type glycans (16.3%).

Complex-type glycans ranged from mono- to tetra-antennary sialylated structures with and
without core fucose. The most abundant complex-type class was the family of bi-antennary
glycans (10%) that include fully galactosylated forms with and without core fucose, and either
one or two terminal sialic acid residues. Multiple mass peaks corresponding to sialylated
hybrid and bi-antennary structures revealed the presence of sialic acid linkage isomers. By
using the previously defined PGC elution order of sialic acid linkages (described in Chapter 4),
it was possible to assign both a2-3 and a2-6 linkages for S1 (single sialic) structures and a2-3,
02-6 and a mixture of linkages for S2 (disialic) structures. Quantitation of structures with
defined sialic acid linkages showed an overall higher abundance of a2-6 linked sialic acids

compared to a2-3 linked sialic acids (Figure 4).
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Figure 5. PGC-LC negative ion MS profile of MCAM N-glycans released from purified MM253

cells. A summary of the determined structures is shown in Table 1.

MCAM N-glycome

To characterise the specific glycoprotein implicated in melanoma metastasis, MCAM was
immunoprecipitated from MM253 cell lysate using a mouse anti-human melanoma cell
adhesion molecule (MCAM) monoclonal antibody (mAb CC9) and its precipitation was
confirmed by western blotting. The total glycan profile released from MCAM is shown in
Figure 5 and the relative abundance of each structure is summarised in Table 1 from duplicate
preparations of MCAM. A total of 38 individual structures were identified including structural
isomers spanning high-mannose, hybrid, neutral complex and sialylated complex-type glycans.

The relative abundance of glycan classes are shown in Figure 3.

Unlike the total cell membrane glycome, the most abundant class of structures on MCAM
were bi-antennary structures (~¥45% compared to 10%) which includes both neutral and

sialylated structures the majority of which are core fucosylated. No pauci mannose glycans
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were detected on MCAM and only a selection of high-mannose species were present (M5-M8)
which account for 20-30% of the glycan pool compared to the 68% high mannose structures

seen on the total cell membrane glycome (Figure 3).

g S(6)
B s
B s3)

Time [min]

Figure 6. PGC separation of hybrid and bi-antennary sialic acid linkage isomers released from
MCAM. Isomers were assigned based on elution order and time relative to M5 as described
previously in Chapter 3 S(3) = a2-3 linked sialic acid, S(6) = a2-6 linked sialic acid, S(3,6) = S2

structures with one a2-3 and one a2-6 linked sialic acid residue.

Sialic acid linkages of hybrid and bi-antennary structures were assigned by PGC elution order
as shown in Figure 6. As observed for the total membrane protein glycome there was a higher
overall abundance of a2-6 (18.5%) compared to a2-3 (10%) linked sialic acid residues to hybrid
and bi-antennary structures (Figure 4), however, a higher abundance of the a2-3 linkage was
observed in disialic S2 structures of MCAM compared to the total cell membrane.
Interestingly, an abundant group (~10%) of bi-antennary structures containing the LacdiNAc
(GalNAc-GIcNAc) epitope was also confirmed by MS* fragmentation (Figure 7) on MCAM, but
were not detected in the global cell membrane glycome. These structures were further

modified with sialic acid residues, sulphation and outer arm fucose residues (Table 1).

138



Intensity (%)

Intensity (%)

Chapter 5

9774
100
80 o ? Yi v
804.2 §
* .L [ ] l
607 HH
N 15855 m/z1059.4>
’ 696.3
858,
40 7528
B2 m 13885 16576
17507 18308
207 3621 554.2 5
i 1251 525.BI 5213 H \ 11145 13154 l wsazu I ‘ i
Lo 1 | 1A | chl W | Ll \
0
2198
100 |
M e mu
80 7 .;)~
|
607 m/z1205.0%
40 O '% - >'\'
ot |
¢ s > 11965 " ? ’ }h
20 &;..‘ . ’\ﬁ. 10204 10044 ]
o 11320 18285
w2 ¥ 6342 6960 8358 9232 | “ Ll 1314337 3 1827 1751 L
o i e R i Luluht P | Y L
1908.7
100 .
. J-}l "\. ,
Dl}h?
20 | -
o <
60
m/z1099.3%
40 };I—v
= I>
P )
20 - [ & 9148 9888 10898 om
om 8352
850 B4 anwi l l “ I l 1278,31387.1 o i1 17485 15309
0 . I A e I TR (R A i L1y TeT R T
400 600 800 1000 1200 1400 1600 1800 2000 m/z
8238 2
1001 m/z1079.9

N ,
| §
ol .| &@,;\ ,
cra
60 m/z1119.9%
40 :
CHme
20 1 mr 1
\ \ 935 3 mng 4 11098 = ,543 .
Sz B9 7372 4 58843 dl 1744 | 16856174‘7\7 18718
0 I 1l 1 ) "
] 15436 s §
100 S . E : i \‘FI}}IQ
4851
] s 1
80 - g |
m/z1014.3%
60
:\@.h:
i 10058
40 P75
1743
15778 19348
20 4113
2830 359 | 14825 \ k
04 | 1) h e B [0 W M 1
400 600 800 1000 1200 1400 1600 1800

2000 m/z

Figure 7. MS’ fragmentation spectra of bi-antennary N-glycans containing the LacdiNAc

epitope identified on MCAM. To confirm the presence of the epitope the diagnostic ions for

identification of a sialylated LacdiNAc m/z 696 and the HexNAc-HexNAc disaccharide m/z 465

were used®*%.

139



Chapter 5

- - MM253 N-glycan profile

100 -

50 -

13175
- " A

(=]

T
<
> ABS+BTG
e
E 100 -
50 =
1397.6
989 31022.3 1073.4
. rmnﬂ.i o b b Y M
ABS+BTG+BKF
100 .
9413
50 -
911.3
] gejgmzlza 107844114 4101 o 12 5_41276_513175 13155
LN TS N TON UG G Y W s o .
700 800 900 1000 1100 1200 1300 1400 1500

mi/z

Figure 8. PGC-LC- negative ion MS profile of N-glycans released from the enriched membrane
protein fraction of MM253 cells before and after digestion with an array of exoglycosidase
enzymes to confirm the presence of bi-, tri- and tetra-antennary glycan classes. ABS (a2-3,6,8
sialidase), ABS+BTG (a2-3,6,8 sialidase and B1-3,4 galactosidase), ABS+BTG+BKF (a2-3,6,8
sialidase, B1-3,4 galactosidase and al1-6 fucosidase). Highlighted masses represent the collapse
of bi- (red), tri- (blue) and tetra- (grey) antennary classes to single mass peaks (A2, A3 and A4)

after removal of sialic acid, galactose and fucose residues.
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B1-6 branched N-glycans

Masses corresponding to sialylated tri- and tetra-antennary structures were detected at only
low abundance in the total membrane protein profile, 3.31% and 2.02% respectively. MCAM
however had a much higher abundance of these structures compared to the total cell profile
with tri- and tetra-antennary structures contributing 5-8% and 9-18% of the total glycans on
the two samples of MCAM respectively. These masses were detected as multiple peaks in the
MCAM profile, which could be due to the presence of polylactosamine units attached to the
bi- and tri-antennary structures. For example, the mass of the N-glycan core with five
lactosamine groups, one fucose residue and four sialic acids was detected (m/z 1348.5%); this
mass was assigned as a core fucosylated, fully sialylated, tetra-antennary with one lactosamine

extension (~2.5%) Table 1.

Due to the heavy sialylation of these tri- and tetra-antennary masses, MS fragmentation did
not provide informative diagnostic ions for the composition of the 6-antennae (D ion’®),
therefore it was not possible to accurately confirm the presence of the B1-6 linked GIcNAc
residues connected to the N-glycan core from MS? data alone. In order to confirm the identity
and abundance of structures with B1-6 linked GIcNAc and thus to distinguish multi-antennary
structures from polylactosamine (B1-3 linked) GIcNAc extensions, the total glycan pool was
digested with an array of exoglycosidase enzymes in the following combinations; 1) a2-3,6,8
sialidase (ABS), 2) a2-3,6,8 sialidase and B1-3,4 galactosidase (ABS,BTG), 3) a2-3,6,8 sialidase,
B1-3,4 galactosidase and al-6 fucosidase (ABS,BTG,BKF). The masses corresponding to tri- and
tetra-antennary glycans and their predicted digestion products based on enzyme specificities
were monitored in the summed MS and PGC elution profiles after each digestion step (Figure
8 and 9). Once sialic acid and galactose residues had been removed, the composition of the 6-
antennae could be determined using MS” fragmentation spectra (Figure 10) and compared to
a commercial standard (Supplementary Figure 2). By using the results of exoglycosidase
digestion both the tri- and tetra-antennary classes with B1-6 linked GIcNAc branch were
confirmed in the N-glycosylation profile of MM253 melanoma cell membrane proteins. These
structures were assigned as fully galactosylated, highly sialylated and core fucosylated (Table

1).
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PGC separation of the sialidase treated glycan pool revealed the presence of multiple isomers
of mass (m/z 1075.9%) corresponding to the core fucosylated and fully galactosylated tri-
antennary structure (Figure 9, panel A). These isomers were confirmed as one structure with
two lactosamine groups linked to the 3-antennae mannose and one structure with two
lactosamine groups linked to the 6-antennae mannose of the N-glycan core. Only one isomer
was observed for the glycan mass (m/z 1258.5%) corresponding to the core fucosylated, fully
galactosylated tetra-antennary structure (Figure 9, panel B) and MS fragmentation confirmed
two lactosamine groups attached to each mannose antennae of the glycan core
(Supplementary Figure S1). Complete removal of galactose residues after sialidase and
galactosidase treatment confirmed that the structures did not contain polylactosamine

extensions.

Unfortunately, due to a limited amount of material, it was not possible to digest the MCAM
glycans with exoglycosidase enzymes to fully elucidate all structures but the information
generated from the PGC elution behaviour, comparison to the total membrane glycosylation
analysis, tissue analysis (Chapter 7) and MS fragmentation allowed us to confidently assign the

glycans present.

5.4 Discussion
Changes in cell surface glycosylation have been identified in the progression of early to
metastatic stages of melanoma; in particular the expression of proteins bearing B1-6 linked

110119,121,129.199 |y this study we aimed to profile the total membrane N-

branched N-glycans
glycosylation profile of a metastatic melanoma cell line MM253 and purified cell surface
glycoprotein MCAM from the same cell line to determine the degree of antennae branching
and identify the particular structures with f1-6 linked GIcNAc. By using a combination of
information generated by PGC isomer separation, exoglycosidase digestion to remove sialic
acid and galactose residues and MS®> fragmentation to determine 6 arm antenanne
composition we confirmed that tri- and tetra-antennary glycans containing a B1-6 linked
GIcNAc branch are a relatively minor glycan feature of the membrane glycosylation profile of
the metastatic melanoma MM253 cells. The specific structures were characterised as core
fucosylated fully sialylated species F(6)A3[3,6,6]G3S3 and F(6)A4G4S4 (Table 1). Other features
of the membrane glycome included a high abundance of mannose (pauci and high mannose)

and hybrid type compared to complex type structures. The relative abundance of the tetra-

antennary structure (m/z 1226.8*) was very low (2%) in comparison to high mannose, hybrid
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and bi-antennary structures. However, when the glycans released from the whole cell
membranes were treated with an array of exoglycosidase enzymes to confirm the identity of
structures with the underlying B1-6 linked GIcNAc, we observed an increase in intensity of
mass ions corresponding to the tri- and tetra-antennary digest products, compared to the high
mannose and bi-antennary glycan masses (Figure 8). This increase in the relative abundance of
these structures made us question which profile represented the true relative abundance of
these particular high mass, charged structures, and whether they were being accurately
detected in the LC-MS/MS conditions used to determine the total cell membrane glycome.
Therefore we investigated method parameters for the detection and quantitation of these
multi-antennary structures. This work is detailed in the following chapter (Chapter 6) including
an analysis of the optimal conditions for accurately determining the relative abundance of

these highly branched glycan classes.

Increased expression of these GnT V and tri- and tetra-antennary glycan products have been
implicated in various cancer metastases including melanoma®****. Therefore the identity of
protein targets for Gnt V activity and also the characterisation tri-and tetra-antennary glycans
are of great importance to advance our understanding of the role and regulation of
glycosylation in melanoma. Previous studies of total cell lysate and MCAM isolated from
lymph node derived metastatic cell lines identified MCAM as a target protein for Gnt V activity

111,150

using the PHA-L lectin . Consistent with these results we confirm the presence of masses
corresponding to tri- and tetra-antennary glycans as well as evidence for bi-, tri- and tetra-
antennary structures with lactosamine extension on MCAM. We also identified a high
proportion of complex bi-antennary structures with and without core fucosylation. An
interesting observation was the presence of a group of bi-antennary core fucosylated
structures with a HexNAc-HexNAc disaccharide on one or both antennae modified with sialic
acid, sulphate or fucose. These structures have not been previously reported on MCAM
however, bi-antennary glycans containing the LacdiNAc (GalNAcB1-4GIcNAc) motif, with or
without sulphation/a2-6 sialylation, have been identified on Bowes melanoma tissue

plasminogen activator™****,

Both the glycosylation profile of MCAM and total cell membrane exhibited a number of
sialylated structures. The presence of highly sialylated branched structures on the cell surface
are characteristic of a highly invasive variant of the murine melanoma model B16*!. The

expression and distribution of sialic acid linkage has been investigated in non-melanoma skin
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cancer. Lectin histochemistry showed a difference in linkage between both stage and tumour
origin™2. Analysis of another member of the Ig superfamily cell adhesion molecules L1CAM
identified a loss of a2-3, and an increase in a2-6, linked sialic acid residues that was associated
with metastasis''*. We also observed a higher overall abundance of a2-6, compared to a2-3

linked sialic acid residues in both the total membrane and MCAM profiles.

Comparison of the MCAM and total cell membrane revealed that individual protein
glycosylation is not consistent with total membrane glycosylation. The total cell membrane
profile contained a high abundance of mannose glycans especially M9 and M9Glc1, which may
be derived from intra-cellular membrane proteins that were not present in the glycosylation
profile of MCAM. Additionally, there were glycan features only present in the MCAM profile,
including glycans with an LacdiNAc epitope and/or a polylactosamine extension. This data
suggests that glycans present on low abundant membrane proteins are being masked by the
less processed glycans released from internal cell membranes in a global cell analysis
approach. Therefore, in a total membrane sample preparation we are not seeing a complete
representation of the cell surface glycosylation and in order to identify changes that relate to
specific or low abundant protein targets that accompany metastasis we need to enrich for cell

surface and individual protein candidates.
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5.5 Supplementary Figures
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Figure S1. MS® negative ion fragmentation spectra of the masses of tri- (m/z 1075.9%) and
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Figure S2. PGC retention and MS? fragmentation spectra comparison of the tetra-antennary

digestion product (m/z 861.3%) from MM253 released glycans compared to a commercial

glycan standard containing B1-6 linked GIcNAc. PGC elution is compared relative to the elution

of the Man 8 (M8) structure.
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Following the previous study of a melanoma cell line (Chapter 5) it was observed that the
existing analysis method used was not optimal for the quantitation of tri- and tetra-antennary

N-glycan structures.

PGC-LC-MS is a powerful tool for glycomic studies yielding both qualitative and quantitative
information. Although this method allows for a reliable representation of the relative
abundance of bi- and tri- antennary structures, changes in the more highly branched and
extended N-glycans can be lost in complex samples as they are retained longer on the PGC
matrix and ionise less favourably. The under-representation of these larger glycan classes may
be a limiting factor in the clinical application of this platform, such as for biomarker discovery
and for monitoring the glycosylation profiles of bio-therapeutic proteins. Exoglycosidase
enzymes are not only useful for determining linkage information and confirming terminal
epitopes but can also be used to reduce the complexity of glycan mixtures to quantitate

specific glycan features.

Here, we focus on how a targeted method combining PGC-LC-MS with exoglycosidase
digestion can be used for the relative quantitation of tetra-antennary glycans released from
metastatic melanoma tissue and cultured cell samples. In order to determine the degree of
branched structures within the N-glycan pool, released glycans were treated with a
combination of sialidase and beta-galactosidase to trim structures back to the antennae
GIcNAc residues. The method described was initially optimised with commercially available
glycan standards, then used for the quantitative analysis of the melanoma cell line MM253
and tissue samples from patient cohorts to include whether the abundance of tetra antennary

N-glycans can be correlated with clinical outcome (Chapter 7).

Publication: Abrahams JL, Packer NH, Campbell MP. Quantitation of multi-antennary N-glycan
classes: combining PGC-LC-ESI-MS with exoglycosidase digestion. Analyst. 2015. 140(16):5444-
9

Author contributions: Experimental design, data collection and analysis- JA, Manuscript
preparation- JA, Editing and reviewing- MC, NP.
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Cell surface glycoproteins are known to play an important role in the development and
progression of melanoma. The prognosis of patients with melanoma lymph node metastasis
varies significantly and there is a need to identify improved prognostic markers to better
predict an individual’s outcome. The N-glycans attached to the cell surface proteins of
surgically excised lymph node tissue from stage IllI/IV melanoma patients were analysed by
PGC-LC-MS in order to characterise and quantitate the glycosylation profile of tumour tissue

and to investigate potential glycan markers of prognosis.
Structures were assigned using the optimised methods developed in Chapters 2 and 3, and

quantitated before and after exoglycosidase digestion as detailed in Chapter 5 and further

developed in Chapter 6.
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The Glycosylation Profile of Metastatic Melanoma Lymph Node
Tumours

7.1 Introduction

Melanoma is considered one of the most aggressive human cancers, increasing in worldwide
incidence faster than any other cancer in recent decades™’. If diagnosed early the best
treatment option is surgical removal of the primary tumour (American Joint Committee on
Cancer, AJCC stages I/11) resulting in a 97% five-year survival rate®. Metastasis occurs very early
in disease progression and accounts for the majority of mortality associated with melanoma,
as limited treatment options exist for advanced stages of the disease. Once metastasis to
distant organs has occurred (stage IV) the five-year survival rate dramatically decreases (18 to
6%). The first stage of melanoma metastasis is to regional lymph nodes; the prognostic
outcome for patients diagnosed at this stage (AJCC stage lll) differs widely ranging from 70%
to 39%>"* five-year survival. Due to the variability in survival within this population of
patients, there is a critical need to identify the subset of individuals most likely to benefit from

available chemo- and immune-therapy treatment options***>>.

Cutaneous melanoma can be divided into four major subgroups depending on their clinical
histology: superficial spreading melanoma (SSM), nodular melanoma (NM), acral lentiginous
melanoma (ALM), and lentigo maligna melanoma (LMM)>. Current classification of patients is
based on clinical and histological parameters but it has been shown that tumours with
identical classification can have strikingly different mRNA expression profiles, which could

14,155-157

account for the variability in patient prognosis . Clinical, histological, serum and more

recently gene and protein expression profiles have been investigated in an attempt to find

11154155158~ sarum has been a limited source

informative prognostic markers for these patients
of biomarkers to date, with only one validated for use as a prognostic factor for stage IV

melanoma (serum lactate dehydrogenase)®®.

Aberrant cell surface protein glycosylation is a well-established event in oncogenesis and
cancer progression. An in-depth overview of literature on the changes of cell surface protein
glycosylation for five different cancer types originating from the breast, colon, liver, skin and
ovary is provided in Chapter 1. In brief, there are key similarities and differences between the
glycosylation profile of these cancers that reflect the importance of glycan structural changes

including sialylation, fucosylation, and degree of branching. In particular, increases in highly
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branched tetra-antennary N-glycan structures on cell adhesion proteins appears to correlate

with increased invasive and metastatic potential of melanoma cells*?

. As yet there has been
little progress towards the identification of prognostic glycan markers of melanoma despite
growing evidence for the role of cell surface glycoproteins in the progression from primary to

metastatic disease?®?%°,

Several tissue biomarkers have been identified by immunohistochemistry-based studies that
change in expression during melanoma progression. Many of these proteins are cell surface
glycoproteins, with notably increased expression of three glycosylated cellular adhesion
molecules, melanocyte-specific MCAM/MUC18, neuron-specific L1-CAM, and glandular tissue—

associated CEACAM-1, which are significantly associated with worse case prognosis*>.

Studies of melanoma cell lines have also implicated the importance of cell surface
glycosylation and expression of glycoproteins in metastasis. Typically, lectin based and gene
manipulation methods have been used to investigate glycosylation features including B1-6
branching, lactosamine repeats, sialylation, and bisecting GIcNAc, Lewis-type and HNK-1
epitopes from cells representing different stages of disease. We have further extended these
findings by performing an in-depth mass spectrometry analysis of glycans released from the
MM253 cell line (Chapter 5). In addition, the role of glycosylation, (in particular B1-6
branching) has been implicated in melanoma progression as demonstrated by cell adhesion,

motility and invasion assaysm'm'118'”9'121'159.

Proteomic, genomic and surface antigen expression profiling of tissue from stage Ill patients
has started to yield strategies for categorising patients into prognostic subgroups®>**>*1810:161
but as yet there has been no comprehensive structural glycan analysis of the global

glycoproteome of either melanoma cell lines or secondary metastatic tumour tissue.

Here we describe the first glycomic analysis of lymph node tumours from patients with stage
Il and stage IV melanoma. In this study we have characterised the membrane protein
glycosylation of lymph node tissue from individuals with metastatic melanoma to assess the
degree of diversity amongst individuals, to compare differences in the cell surface
glycosylation pattern of stage Ill and stage IV individuals, and to identify potential prognostic

markers within a stage IlI/IV patient cohort.
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7.2 Materials and Methods

Stage Ill/IV melanoma tumour tissue

Fresh-frozen Melanoma lymph node tumour tissue samples (n=10, Table 1) were provided by
the Melanoma Institute Australia Biospecimen Bank in collaboration with the Royal Prince
Alfred Hospital, Sydney. Macquarie University Human Research Ethics committee and NSW
Health Sydney Local Health Network granted ethics approval for the analysis of melanoma
tissue samples. (Appendix 2). Tissue samples (~30 mg) were washed three times with PBS prior
to the addition of lysis buffer for membrane protein enrichment.

Methods for membrane enrichment, PVDF N-glycan release, exoglycosidase digestion and
analysis by PGC-LC-MS were as described in Chapter 5.2. N-glycans were released and

analysed in duplicate from membrane protein preparations of each patient sample.

Table 1. Patient sample information

. . Survival Prognostic
Patient ID Stage Primary subtype Sex (Months) e
196 1] SSM Male 23.5 Poor
259 1l SSM Female 67.4 Good
53 11 SSM Male 86 Good
179 1] ALM Male 25.5 Good
61 1 Unknown Female 6.3 Poor
88 1l NM Female 130.4 Good
322 1] SSM Male 6.7 Poor
148 v SSM Male 154 Poor
175 v SSM Male 13.7 Poor
313 \ NM Female 7.7 Poor

For all associated clinical data refer to Appendix 1
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7.3 Results

Characterisation of N-glycans of lymph node melanoma tumour tissue

To determine the overall N-linked glycan profile of lymph node tissue derived from melanoma
metastasis, the total membrane protein global N-glycosylation profiles of ten pooled lymph
node tumour tissue samples from patients with stage IlI/IV metastatic melanoma (Table 1)
were characterised by capillary PGC-LC-MS (Figure 1). The ultracentrifugation enriched
membrane protein fractions were dot blotted onto PVDF membrane, and the N-glycans
released enzymatically with PNGase F. Released and reduced N-glycans from individual
tumours were pooled and analysed by LC-ESI-MS in the negative mode before and after
treatment with an array of exoglycosidase enzymes to confirm monosaccharide linkages.
Glycan structures were assigned based on manual interpretation of MS’ fragmentation spectra
and diagnostic ions (as summarised in Chapter 3), combined with information generated from
treatment with exoglycosidase enzyme combinations and PGC elution orders (refer to Chapter
4). A total of 66 compositions of N-glycans on the membrane proteins of lymph node tumour
tissue were identified by MS and 97 N-glycan structures were completely assigned, including

pauci mannose, high mannose, hybrid and complex type structures (Table 2).

Determination of N-glycan structural features

The global N-glycan profile of total membrane proteins was confirmed by treating the released
N-glycan pool with different exoglycosidase enzyme combinations in order to confirm
structural features, including the degree of branching (a2-3,6,8,9 —Sialidase), ABS; B1-3,4-
Galactosidase, BTG), core fucosylation (a1-2,3,4,6 -Fucosidase, BKF), sialic acid linkage (a2-
3,6,8,9 -Sialidase, ABS; a 2-3 -Sialidase, NAN1) and terminal epitopes (using a combination of
all previous exoglycosidases in addition to B-N-Acetylhexosaminidase, GUH; and (al-3,4-
Fucosidase, AMF). This analysis involved monitoring retention time of undigested N-glycan
masses after each digestion step along with the appearance of expected digestion product
masses. Figure 2 shows the extracted ion chromatograms for all glycan masses reported in
Table 2. The collapse of peaks after exoglycosidase treatment is indicative of terminal
monosaccharides cleaved by the enzymes; therefore, the corresponding abundance of each

epitope/feature can be (relatively) quantitated.
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Figure 2. Structural features analysis of pooled lymph node melanoma tumour tissue (n=10
using exoglycosidase enzymes. Extracted ion chromatograms of (a) the total glycan masses
(Figure 1); and digestion product masses after exoglycosidase treatment(s) as follows: (b)
NAN1 removal of a2-3 linked sialic acid, (c) Galactosylated (G1-4) structures after ABS removal
of all terminal sialic acid residues, (d) ABS+BTG removal of terminal sialic acid and galactose,
(e) ABS+BTG+BKF removal of core fucose, terminal sialic acid and galactose. Structures in

panel (e) are summarised in Table 3.
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Sialylated structures were confirmed by the presence of prominent B-cleavage ions at m/z
290 and m/z 655 and by comparing the total glycan masses with the profile after treatment
with sialidases ABS and NAN1, which are specific for a2-3,6 and a2-6 linkages respectively.
The resulting sialidase-treated profile was used to determine the degree of galactosylation
(Figure 2, panel c) and to investigate whether there were structures present with outer arm
fucosylation. As demonstrated in Chapter 4, bi-antennary structures with multiple fucose
residues co-elute or appear as shoulder peaks with sialylated species of similar mass and are
difficult to quantitate. Analysis of the sialidase treated glycan pool confirmed that outer arm
fucosylation of bi-antennary species was not present.

A combination of sialidase and beta-galactosidase (BTG) was used to further investigate the
presence of terminal epitopes and to confidently assign lactosamine extensions, tri-antennary
isomers, LacdiNAc and structures with bisecting GIcNAc using a combination of PGC retention
order and MS® fragmentation (Figure S2). The addition of BKF was then used to assess the
degree of core fucosylation (Figure 2, panel d). A total of 26 digestion products were
identified, assigned and quantitated in individual samples after digestion with ABS, BTG and

BKF as summarised in Figure 5 and Table 3.

Sialic acid linkage

Sialic acid linkage types were differentiated (where possible) based on PGC retention order
and the use of the sialidases with different specificities. EIC peaks of sialylated structures were
monitored before and after NAN1 digestion. Loss of peaks after NAN1 treatment (Figure 2,
panel b) indicated the presence of at least one a2-3 linked sialic acid residue, while the
stability of a peak following NAN1 treatment but peak loss following ABS (broad spectrum
sialidase) treatment indicated that all sialic acid residues on that structure were a2-6 linked.
Mono- and di-sialylated linkage isomers are well separated by PGC for hybrid, mono and bi-
antennary classes but are not so well resolved for tri- and tetra- antennary structures, so
structures with more than two sialic acids and a mixture of linkages could not have the sialic

acid linkage assigned.

Mannose and hybrid glycans

Glycan masses corresponding to the pauci mannose structures M2, M3 and M4 were
identified consistently in the glycan profile before and after exoglycosidase treatment. Only
single peaks were observed upon generation of extracted ion chromatograms for the masses
of M2 and M3 with three structural isomers separated for M4. Based on PGC retention times

and comparison to known glycan standards the M2 structure was assigned as the six-arm
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isomer (M[6]2). In addition, fucosylated pauci mannosidic structures were confirmed by
comparison of glycan profiles before and after the addition of BKF (a-1,2,3,4,6) fucosidase and
the observation of the diagnostic ions m/z 350 and 368 derived from core fucose attachment.

High-mannose glycans from M5 to M9 were identified and confirmed by MS? fragmentation. A
glycan with ten hexoses was also observed and assigned as M9GIc1 based on the biosynthetic
pathway. Furthermore, isomers of M6 and M7 were resolved by PGC and have been
tentatively assigned based on high mannose PGC elution behaviour reported in Chapter 4 and

previous studies’.

Two masses corresponding to M4A1 (M4 with one antennary GIcNAc) and M5A1 (M5 with
one antennary GIcNAc) were detected after digestion with exoglycosidases ABS, BTG and BKF
confirming the presence of hybrid structures that were seen as galactosylated and sialylated
in the total glycan profile. The presence of both a2-6 and a2-3 sialic acid linkages were

confirmed by PGC retention order after NAN1 treatment as detailed above.

Complex Type glycans

Profiling of the N-glycan masses released from the tumour tissue membrane proteins
indicated the presence of highly complex structures (Figure 1). To assess the degree of
branching in the profile a combination of sialidase, galactosidase and fucosidase enzymes was
used to trim structures back to the antennary GlcNAc. Mono-, bi-, tri- and tetra-antennary
structures were verified by interpretation of MS? spectra acquired for the digestion products
using the diagnostic ions as described in Chapter 3. The presence of both tri-antennary
isomers (position of third antennary GIcNAc residue on the 3- or 6-arm mannose) was
confirmed by PGC separation and MS” fragmentation (Supplementary Figure S2).

Additionally, bisecting GIcNAc was confirmed to be expressed on bi-, tri- and tetra-antennary
classes. Bi-antennary structures containing bisecting GIcNAc were distinguished from tri-
antennary structures of the same mass based on known PGC elution behaviour (refer to

100

Chapter 4) and the presence of the diagnostic D-221 ion— (Supplementary Figure S3).

LacdiNAc terminal epitope

Sialylated bi-antennary structures carrying the LacdiNAc (GalNAc- GIcNAc) epitope on one or
both arms were confirmed by the fragment ion at m/z 696 (b3 ion) that corresponds to Sia-
GalNAc-GIcNAc (Figure 3, panels a, b and e). Structures with a LacdiNAc on one arm and
LacNAc (Gal-GIcNAc) on the other could also be assigned. These structural assignments were
further validated by the appearance of the diagnostic F ion, m/z 465 (two HexNAc residues)

after digestion with ABS (Figure 3, panels c and d). These glycans were also separated from
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their tri- and tetra- antennary mass isomers by PGC retention differences. GalNAc residues
were differentiated from GIcNAc, where in doubt, by enzyme digestion with GUH, a
hexaminidase specific for terminal GIcNAc but not GalNAc. The digestion products
F(6)A1GalNAcl (m/z 731.3) and F(6)A2GalNAc2 (m/z 934.4) were detected after treatment
with a combination of ABS, BTG and GUH confirming the presence of terminal GalNAc

residues belonging to LacdiNAc motif.
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Figure 3. MS” fragmentation spectra of bi-antennary glycans with the LacdiNAc epitope
identified from melanoma lymph node tissue. Diagnostic ions for identification of sialylated

LacdiNAc m/z 696 (a, b and e) and the HexNAc-HexNAc disaccharide m/z 465 (b, c, d and f).

Lactosamine extensions

The masses of sialylated tetra-antennary structures (m/z 1348.5%, m/z 1470.2*) with
lactosamine extension(s) were observed as low intensity peaks in the total N-glycan profile,
but could not be quantitated due to poor quality EICs. Also bi- and tri-antennary classes with
one lactosamine unit could not be distinguished from isomers by MS’> fragmentation alone.
However, confident assignment of the lactosamine extension units was possible after
treatment with ABS and BTG, whereby galactose residues remain intact if they are extended

with the $1-3 linked GIcNAc on lactosamine extensions, as the enzyme is not able to access
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the galactose residue. The BTG digestion products of structures with lactosamine extension(s)
were confirmed as bi-, tri-, and tetra-antennary with one lactosamine repeat and tetra-
antennary with two lactosamine repeats on a single arm of the chitobiose core. Evidence for
isomers in the PGC chromatogram suggested that these were arm isomers of the structures
but this could not be fully assigned by MS® fragmentation. The fragment masses m/z 627
(GIcNAc-Gal-GIcNAc on 6-antenna) and m/z 585 (GlcNAc-Gal-GIcNAc, C-type ion) were
common in all fragmentation profiles of the lactosamine digestion products and were used as

diagnostic ions (Figure 4).
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Figure 4. MS’ fragmentation spectra of the digestion products of bi-, tri- and tetra-antennary
structures with one lactosamine extension after treatment with ABS, BTG and BKF (Table 2).
Diagnostic ions used for the identification of polylactosamine m/z 585 and m/z 627 are

highlighted.
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Relative quantitation of N-glycan structures in lymph node melanoma tumour tissue from
individual patients

Having determined in detail the N-glycan structures displayed on the cell membrane proteins
of released glycans pooled from different lymph node melanoma tumour tissue samples, the
relative abundance of the 97 fully characterised N-glycan structures were calculated from the
EICs of each mass in the glycoprofile (Table 2). These structures were grouped into different
glycan classes based on the structural determinants, and were used as the basis to compare
the similarities and differences between 10 individuals and patient sub groups as classified by
disease stage, prognosis and primary tumour subtype.

The overall glycosylation profiles of 10 individuals’ lymph node melanoma tissue samples
were compared (Supplementary Figure S1). There was a high variance between individuals in
abundance of both the major components of bi-antennary glycans (19.2-59.1%) and high-
mannose (18.3-40.9%) structures (Figure 6) with M8 and M9 the most abundant structures
within the high-mannose group. Complex type glycans with core fucosylation made up
between 27 and 55% of the glycan population. Between 40 and 63% of glycans were

sialylated.

Quantitation of glycan classes after exoglycosidase digestion (Figure 7) allowed us to
accurately compare the apparently lower abundance higher antennary classes, as well as
allowing quantitation of individual tri-antennary isomeric structures and the amount of

lactosamine extension(s) (as discussed in chapter 6).
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Table 2. N-glycans released from lymph node melanoma tumour tissue of Stage IlI/IV
individual patients (n=7, n=3 respectively). Relative % abundance was calculated by
integration of the EICs of each mass and expressed as a percentage of the total glycan
abundance. The mean relative abundance and standard deviation for Stage Ill and Stage IV

samples are shown here.

Glycan Mass Relative % Abundance (mean £ s.d.)
Structure : o
Class [M-H] [M-2H] Stage Ill (n=7) Stage IV (n=3)
M2 Somm 749.3 051 % 032 | 052 * 025
M3 }H: 911.3 185 + 104 | 153 + 158
2 i
g M4 t|:>}r¢ 1073.3 08 + 027 | 074 * 009
% \
s
3 F(6)M2 NN 895.3 223 &+ 193 | 217 % 186
&
F(6)M3 }h 1057.4 223 + 094 | 289 170
[
F(6)M4 o : 1219.4 013 % 010 | 013 * 013
F(6)M5 >.>h_s 13815 006 * 006 | 013 +* 014
M5 >:>---, 12354 6172 391 + 221 | 177 £ 066
M6 >.)u+ 1397.5 6983 | 282 * 094 | 338 * 080
L]
2 M7 b.)uf 1559.5 7793 | 546 + 227 | 684 + 245
o
s ®
©
=
<
®
T L 5
M8 §>> 8603 | 922 + 365 | 1108 * 3.97
[ ]
o
M9 ?b’"* 9413 | 9.44 + 340 | 961 + 3.0
¢
[ ]
?.)II#
M9Glc1 10223 | 053 + 017 | 055 + 0.5
[ ]
M5A1G1 >.)r-+ 799.8 | 069 + 025 | 044 * 011
p=d o
S
>
T
M4A1G15(6)1 b—'—l—? 843 | 116 + 049 | 087 + 054
.\C-I
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Glycan Mass Relative % Abundance (mean * s.d.)
y
Structure . ~
Class [M-H]  [M-2H] Stage lll (n=7) Stage IV (n=3)
M4A1G1S(3)1 /} mms 8643 | 056 + 027 | 077 + 043
M5A1G1S(6)1 b}r 9453 | 138 + 065 | 080 * 026
.\o ]
M5A1G1S(3)1 >> . 9453 | 067 + 038 | 081 + 057
©
s F(6)M4A1G15(6)1 : 9373 | 078 + 081 | 047 + 0.14
* \3 ]
F(6)M4A1G15(3)1 /} = 9373 | 062 + 041 | 043 + 024
F(6)M5A1G1(6)1 bh 10184 | 027 + 023 | 039 + 050
.\o ]
F(6)M5A1G1(3)1 >> - 10184 | 026 + 032 | 021 + 029
F(6)A1[3] ?"\* 1260.5 015 + 009 | 034 + 033
F(6)A1[6] E)h 1260.5 020 + 012 | 021 + 011
F(6)A1[3]G1 Q.?h? 14225 7108 | 008 + 007 | 003 + 001
F(6)A1[6]G1 oi)r:\r 14225 7108 | 007 + 002 | 006 + 0.2
S A1[3]G15(6)1 . 7833 | 092 + 040 | 050 + 031
c
[J]
15
®
g A1[6]G15(6)1 .\&Erw 7833 | 025 + 011 | 040 + 0.0
A1G15(3)1 Pl}’* 783.3 010 + 012 | 002 + 004
F(6)A1[3]G1S(6)1 ,\Qr?h ' 8563 | 175 + 1.07 | 234 + 053
F(6)A1[6]G1S(6)1 ‘Me)h 8563 | 071 + 040 | 059 + 0.17
F(6)A1G1S(3)1 ‘pﬂ}h 8563 | 012 + 017 | 000 + 0.0
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Glycan Mass Relative % Abundance (mean *s.d.)
Structure . "
Class [M-H]  [M-2H] Stage lll (n=7) Stage IV (n=3)
F(6)A1G1S(3)1 of >h 8563 | 091 + 055 | 066 + 046
&
A2[6]G1 C‘;"“ 7393 | 007 + 002 | 014 + 015
| |
A2[3]G1 ;"“ 7393 | 009 + 004 | 012 + 005
oy |
A2G2 ‘-“'}'“* 8203 | 095 + 084 | 055 + 0.3
(8 |
A2G1S(6)1 *o f?’“ 8848 | 039 + 029 | 025 + 006
|\l
[f\ M
A2G25(6)1 4 |om ‘ 9658 | 291 + 149 | 281 + 117
lom
{
A2G15(3)1 /»{ ' 8848 002 + 003 | 010 #* 009
b
A2G25(3)1 ./-3?'“ 965.8 | 078 + 049 | 1.00 + 064
* .
z A2G25(6)2 oa : 11114 | 477 + 286 | 470 + 245
s X:-l
g
5 N ‘
@ A2G25(3,6)2 ./‘O'>““ 11114 | 112 + 061 | 1.00 + 0.9
fog |
A2G25(3,3)2 /}.: 11114 | 064 + 038 | 044 + 060
o
F(6)A2 ?"\“ 14635 7313 | 138 + 166 | 088 + 0.59
F(6)A2[6]G1 ‘-“')':'* 8123 | 059 + 041 | 045 + 021
| |
F(6)A2[3]G1 '>:'* 8123 | 050 + 043 | 036 + 023
(o8 |
F(6)A2G2 &'}:'* 8933 | 288 + 217 | 329 + 305
o
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Glycan Mass Relative % Abundance (mean * s.d.)
Structure . ~
Class [M-H]' [M-2H] Stage Ill (n=7) Stage IV (n=3)
F(6)A2G15(6)1 957.8 085 0.73 0.82 + 0.58
[
’\}’?h-:
1
F(6)A2G15(6)1 957.8 018 + 010 | 017 + 0.2
F(6)A2G25(6)1 ‘\|<i?h‘ 10389 | 426 + 168 | 641 *+ 209
F(6)A2G15(3)1 957.8 0.28 0.17 0.16 + 0.09
{
}HED—L—
0/ 1
F(6)A2G15(3)1 957.8 0.36 = 0.24 0.44 + 0.14
> F(6)A2G25(3)1 10389 | 481 + 416 | 576 + 477
£
S ‘
‘g o §
i r's
@ oy
F(6)A2G25(3)1 1038.9 088 1.76 0.31 + 0.48
F(6)A2G25(6)2 Ofg 1184.4 132 0.56 1.26 + 0.22
‘/4
“obein
F(6)A2G25(6,3)2 1184.4 3.03 1.89 2.30 + 1.25
&
F(6)A2G25(3,6)2 0/ :\.‘ﬂ' 1184.4 3.72 2.31 3.05 + 2.64
\3
F(6)A2G25(3)2 f% 1184.4 0.17 0.12 0.22 + 0.09
o)
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Glycan Mass Relative % Abundance (mean *s.d.)
Structure . "
Class [M-H] [M-2H] Stage Ill (n=7) Stage IV (n=3)
A2B &?I-ri 759.8 0.07 = 0.05 0.09 + 0.06
onm
A2B[3]G1 ?I—I—: 840.8 0.04 = 0.04 0.02 + 0.03
o8 |
A2B{6]G1 \,»?“; 840.8 0.13 = 0.09 0.17 + 0.21
[
A2BG2 wy?!—.—: 921.8 0.12 + 0.12 0.10 + 0.11
o8 |
A2BG1S(6)1 .\}?-I—i 986.4 0.04 = 0.04 0.06 + 0.05
M
[
A2BG25(6)1 .\l 1067.4 0.09 ¢ 0.04 0.10 + 0.11
lom
"
A2BG25(6)2 12129 0.02 = 0.02 0.01 + 0.03
‘\3
L
o 2
gé F(6)A2B 832.8 040 = 0.33 0.35 + 0.21
o
F(6)A2[3]BG1 ?}h 9138 | 011 + 004 | 025 + 028
o8 |
F(6)A2[6]BG1 \%: 913.8 054 = 0.46 1.04 + 0.79
[
F(6)A2BG2 \%: 994.9 0.85 0.87 0.12 + 0.07
o8 |
F(6)A2BG1S(6)1 ’\)—\ 1059.4 0.28 0.20 0.30 + 0.35
M
[
F(6)A2BG2S(6)1 .\l 3 11404 0.65 ¢ 0.46 0.49 + 0.53
lom
*
F(6)A2BG25(6)2 : 12859 | 020 + 015 | 025 + 0.8
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Glycan Mass Relative % Abundance (mean * s.d.)
y
Structure . ~
Class [M-H]  [M-2H] Stage lll (n=7) Stage IV (n=3)
.\\
F(6)A2GalNAC15(6)1 F’ 978.4 025 + 034 | 008 + 0.8
!
‘\[_n-l :
F(6)A2GalNAC25(6)1 | ’ 10799 | 024 + 037 | 014 + 0.5
lom
F(6)A2GalNAC25(6)2 E?h 12254 | 006 + 012 | 000 + 0.0
Q
<Z( [
o
3 F(6)A2G1GalNACc1S(6)1 ’\}f 1059.4 | 023 + 050 | 000 + 0.0
8 |
F(6)A2G1GalNAc1S1 *(D}!E)':\'* 1059.4 | 0.13 + 026 | 004 + 007
1 |
o B B
F(6)A2G1GalNAC1S2 '\_J ' 12049 | 009 + 019 | 000 + 0.0
1 |
F(6)A2G1GalNAC15(3,6)2 12049 | 043 + 057 | 028 + 0.2
A3[6,6,3]G3 10029 | 009 + 006 | 005 + 0.05
Al6,3,3]3G3 10029 | 008 + 009 | 017 + 008
A3G3S1 11484 | 026 + 0.14 | 042 + 0.02
A3G3S2 12939 | 021 + 009 | 022 + 0.05
A3G3S3 14395 | 034 + 018 | 017 + 0.9
c
g
c
g F(6)A3[6,6,3]G3 10759 | 018 + 013 | 029 + 0.23
5
=
F(6)A3[6,3,3]G3 10759 | 012 + 009 | 016 + 0.0
F(6)A2G2Lac c:+-}‘" 10759 | 012 + 011 | 002 + 0.04
*Om|
FA3G351 Gl‘l 12214 | 129 + 090 | 127 + 0.3
(0% |
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Glycan Mass Relative % Abundance (mean *s.d.)
Class [M-H  [M-2H]* Stage Ill (n=7) Stage IV (n=3)
*Om
FA3G3S2 H‘l ] 1366.9 1.10 £ 0.43 1.01 + 0.06
om
Lt o
FA3G3S3 O-C‘-I-‘l d 1512.5 1.09 =+ 0.35 1.37 + 0.34
Py |
e
A4G4S1 O-J‘ o-m 1331 0.03 = 0.03 0.05 + 0.01
om
| om
o [©
A4G4S4 :J‘ % | 1767.6 0.01 + 0.04 0.00 + 0.00
om
* onm
F(6)A4 934.4 040 = 0.85 0.13 + 0.08
z
g F(6)A4G4 1258.5 0.09 ¢ 0.06 0.08 + 0.01
[
=
©
© .
5 i
= * |
F(6)A4G4S(6)1 | o= 1404 0.18 = 0.15 0.22 + 0.06
om
| om
[0
F(6)A4G4S2 :J‘ % | 1549.6 0.14 = 0.18 0.18 + 0.18
om
| om
rl\
F(6)A4G4S3 O—J‘ % | 1695.1 0.03 = 0.05 0.04 + 0.03
* O
| om
r.s
F(6)A4G4S4 :J‘ % | 1840.6 1.22 + 1.56 1.31 + 0.62
om
| om
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Figure 5. PGC-LC chromatogram and summed MS spectrum of N-glycans released from pooled

lymph node melanoma tumour tissue after exoglycosidase treatment with ABS, BTG and BKF.

Structures shown are deduced from interpretation

of data on parent ion mass, LC isomer

separation, MS” fragmentation diagnostic ions and exoglycosidase specificities. Structures and

relative quantitation are summarised in Table 3.
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Figure 6. Relative percentage abundance of glycan classes for 10 individual lymph node tissue

samples quantitated from the total glycan profile of individual patients.
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Figure 7. Relative percentage abundance of glycan classes for 10 individual lymph node tissue
samples quantitated after ABS, BTG and BKF digestion. Including Tetra-antennary, Tri-
antennary isomers (Tri B1-4 branch and Tri’ B1-6 branch) and structures with lactosamine

extension (s) (Lac) which could not be accurately quantitated in the total glycan profile.
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Table 3. Structures resulting from exoglycosidase (ABS, BTG + BKF) treatment of N-glycans

released from lymph node melanoma tumour tissue of Stage llI/IV individual patients (n=7,

n=3 respectively). Relative % abundance was calculated by integration of the EICs of each mass

and expressed as a percentage of the total glycan abundance after exoglycosidase digestion

with ABS, BTG and BKF.

Mass Stage Il Stage IV
GI:/can Structure ms’
Class [M-HIY  [M-2H]® (n=7) (n=4)
+ +
o M2 oun: 749.3 221+ 162 | 199 + 060 Y
o
g
5 M3 }u 911.3 406 + 276 | 485 + 267 Y
‘S
g ,
& M4 &{}-l—r‘« 1073.3 118 + 065 | 114 + 038 Y
M5 >:)---, 1235.4 617.2 224 + 095 | 236 + 056 Y
M6 r} am | 13975 698.3 466 + 125 | 551 & 147 Y
M7 ',} am | 15595 779.3 651 + 164 | 685 + 204 Y
b3
o
g
s M8 5}"" 1721.6 8603 | 668 + 225 | 637 t 131 Y
fo [ ]
T [ ]
M9 §>“" 1883.7 941.3 457 + 114 | 360 t+ 1.14 Y
®
L ]
bll#
M9Glc1 e 2045.7 10223 | 035 + 011 | 025 + 0.20 Y
M4A1 ’ 1276.5 637.7 073 + 026 | 054 + 024 Y
b n
S
>
I
M5A1 b}r 14385 718.8 228 + 046 | 215 + 051 Y
| |
A2B ?& 1520.6 759.8 835 + 366 | 646 t+ 454 Y
Q
<< ‘
s |
° A3B rl g 861.3 071 + 038 | 098 + 049 Y
f=
43 1
b
2
A4B ; 962.8 013 + 015 | 026 + 0.17 Y
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Glycan Structure Mass Stage Il Stage IV ms’
Ola
E P
s A1[3] ' 1114.4 191 + 079 | 18 + 056 Y
8 n
[
T
o
S
S AL[6] ?—l—rb 1114.4 102 + 053 | 127 + 060 Y
>
g %ra;
o A2 1317.5 6582 | 1881 + 797 | 1690 + 6.86 Y
% |
S
> A3[6,6,3] : 15206 759.8 501 + 165 | 631 + 283 Y
z
[
€
i
= A3[6,3,3] .?'*: 15206 759.8 | 1266 + 3.60 | 1431 + 3.82 Y
>
b 2 .
5 E A4 861.3 849 + 406 | 1069 + 434 Y
-
©
|
A2GalNacl [+ ’ 759.8 167 + 187 | 045 + 060 Y
< |
=2
=
o
8 5
A2GalNac2 :?’* 861.3 067 + 095 | 000 + 000 Y
|
A2lacl {’IH. ; 840.8 171 + 093 | 103 + 073 Y
1 |
o A3lacl {‘1?'“‘ 942.3 124 + 036 161 + 047 Y
£ m
£
b |
o
8 AdLacl | e 10438 | 135 + 076 | 156 + 115 Y
= ‘..
m
:..
Adlac2 o e 12264 | 040 + 015 | 047 + 047 Y
nd 759.8 015 + 037 | 018 + 037 Y
nd 11454 | 024 + 033 | 008 + 0.15 Y

nd = not determined

194




50+

Relative % Abundance

Mannose Bisect

Glycan Class

Chapter 7

Il Good

Poor

Figure 8. Comparison of the relative abundance of mannose, bisecting GIcNAc and tetra

antennary glycan classes between good (n=3) and poor (n=3) prognostic stage lll patient

groups after enzyme digestion of the released glycans from lymph node melanoma tissue with

ABS, BTG and BKF.

151

Relative % Abundance
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“ T

Sialic Acid Linkage

Il Good

Poor

Figure 9. Comparison of the relative abundance of sialic acid linkages between good (n=3) and

poor (n=3) prognostic stage Ill patient groups calculated for mono- (S1) and di-sialylated (S2)

glycan structures released from individual tumour tissues. S(6) = a2-6 and S(3)= a2-3 linked

sialic acid.
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Comparison of individual patient variation in membrane protein glycoprofile

Detailed structural glycan features were quantitated relative to each other for each of the 10
patient samples. Overall, the most abundant structure was not consistent for all patients and
the data shows variation between M8 (n=3), M9 (n=3), bi-antennary fully sialylated (n=1) and
mono-sialylated core fucosylated bi-antennary (n=3) as the predominant structure ranging
from 10.2-14% of the total glycan profile (highlighted peaks Supplementary Figure S1). The
classification of glycan abundances into the main structural classes allows for the comparison
of relative changes between patients. Here, we observed that the highest degree of variation
between individuals was within the high mannose and bi-antennary classes (Figure 6); this
range was so high that no statistically significant trends related prognosis could be
determined. Additionally the percentage abundance of sialylated structures also showed

variation.

No significant differences in the glycosylation profile of stage Ill compared to stage IV

The two sample sets of lymph node melanoma tumour tissue were from stage Il (n=7) and
stage IV (n=3) patients. These two sample populations were compared to identify any stage
specific glycan characteristics. The mean abundances for individual glycans and standard
deviation are displayed in Table 2 and Table 3 (after digestion) for the two patient subgroups.
Overall it was found that it was not possible to significantly differentiate between the two

stages based on their expressed glycan structural classes.

Stage Il glycosylation profile and prognosis

An aim of this study was to investigate whether the prognosis of stage Ill patients could be
predicted by the glycosylation profile of the removed lymph node metastasis tissue. Stage lll
samples were divided retrospectively into a good prognostic group (n=3) who had a survival of
greater than 24 months and poor prognosis group (n=3) who had a survival of less than 24
months. No statistically significant differences were observed but there were clear trends in
some glycan class abundances between the two groups. The good prognostic group showed
an overall lower abundance of high mannose glycans compared to the poor prognostic group.
The good prognostic group also had a high average abundance of bisecting GIcNAc bi-
antennary glycans (Figure 8). The two groups had a difference in sialic acid linkages within the
bi-antennary class with the poor prognostic group having a higher amount of a2-6 linked
mono- and di-sialylated residues compared to the good prognostic group which had an overall

higher abundance of a2-3 linked sialic acid residues (Figure 9).
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Comparison of primary tumour subtypes of lymph node melanoma tumour tissue

Within the stage Il sample set there were samples classified as from three different primary
subtypes of melanoma: superficial spreading (SSM; n=4), nodular (NM; n=1) and acral
lentinginous (ALM; n=1). The glycosylation profiles of the three subtypes were compared to
investigate any differences in glycan classes. In this preliminary comparison, the SSM and NM
samples showed similar profiles but the ALM was very different (Supplementary Figure S1).
The ALM patient tissue had an overall higher percentage of complex type glycans compared to
high mannose and core fucosylation. Differences were also observed in the levels of sialylated

structures and also the amount of a2-3 linked sialic acid.

7.4 Discussion
This is the first report of the detailed glycan characterisation of metastatic melanoma lymph

node tumour tissue.

Previous studies using melanoma cell lines demonstrated the importance of cell surface
glycosylation in the progression of disease. More specifically a correlation has been made
between the abundance of N-glycans with B1-6 branching and lactosamine extension(s) with

disease progressionm'lzl'lsg.

In the previous chapter, analysis parameters for the ratio of tri- and tetra-antennary glycans
compared to high mannose and bi-antennary glycans were investigated. Following the
observation that tetra-antennary glycans are underrepresented and the difficulty in
distinguishing tri-antennary branching isomers in a glycoprofile obtained by ESI-MS in negative
ion mode, the work described in this chapter analyses glycans released from tumour tissue
samples before and after exoglycosidase treatment. Using this approach the relative
abundance of all structures containing the B1-6 branch could be determined (Table 3),
whereas comparison of the abundances of the tri- and tetra-antennary structural classes was
previously limited due to their underrepresentation before exoglycosidase treatment.
Although B1-6 branched structures were a dominant feature of the global glycosylation profile
(14.5 + 3.5 %) of this sample set, there was no statistically significant difference in the
percentage abundance between patient sub groups. (Table 3, Figure 8). Therefore this
glycosylation feature may be characteristic of the progression from primary to metastatic
disease but the levels may not change at the later disease stages (l11/1V) at the global level. A
characteristic of melanoma is an increased expression of galectin-3 which binds to galactose

23,162

residues of poly LacNAc repeats . The increase in abundance of the B1-6 branch may play a

role in tumour cell adhesion and metastasis by facilitating the interaction of tumour cells with
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galectin-3 expressed on the surface of endothelial cells'®?

. Further investigation into the
branching on individual proteins isolated from tumour tissue of different disease stages from

the same individual is needed.

The LacdiNAc epitope was detected at low levels in both stage Ill and IV patient tumours but
was not present in all samples. GalNAc is added to GIcNAc residues by the action of a B1-4 N-
acetylgalactosaminyltransferase (B4GalNAcT3/4) to form the LacdiNAc group that can be

modified by sulfation®, sialylation™ and/or fucosylation®>**’

. This epitope has been
identified on a number of mammalian proteins commonly as part of bi-antennary N-glycan
structures produced by a variety of different cell types including lysosome-associated

168

membrane glycoproteins LAMPs-1 and -2 from 293 cells™, glycodelin from amniotic fluid®®,

erythropoietin and other proteins synthesised in a human ovarian cancer cell line, SKOV3'®

151

and tissue plasminogen activator isolated from a Bowes melanoma cell line™". Expression of

LacdiNAc and the B4GALNT3/4 genes have been associated with disease progression and

167,169 171 172

prognosis in a number of cancers'®. In colon'’®, ovarian , pancreatic’’” and prostate
cancers the increased abundance of the LacdiNAc epitope and/or expression of B4GALNT3/4
genes correlates with poor prognosis. An opposite observation was made in breast cancer'”
and neuroblastoma'’* where the increased presence was correlated with a good prognosis
and a suppression of cell migration and invasion of neuroblastoma cells. We did not find a
significant difference in abundance of LacdiNAc between the stage Ill poor and good classified
prognostic groups of patients in this study but the variation in abundance between individuals

should be explored in relation to other clinical features including mutation status.

Due to the small number of patients included in this study and very high degree of individual
variation in individual glycan structures, no significant differences were observed between the
patient subgroups compared. Nevertheless trends in the abundance of bi-antennary, high
mannose and sialic acid linkages were noticeable in this preliminary study of 10 patients. In
particular, an overall higher abundance of a2-3 linked sialic acid in patients with poor
prognosis. Previous studies have also reported a change in the abundance of a2-3 linked sialic
acid in variants of the B16 mouse model. A higher proportion of a2-3linked sialic acid was

observed in a highly metastatic variant compared to a2-6 in the low metastasising variant™*°.

The high degree of individual variation in the relative abundance of glycan classes is not
surprising given the diversity amongst the sample set (clinical table appendix 1). Although
samples are classified as either stage Ill or stage IV they are from individuals of different ages,

gender, primary subtypes, mutation status and excised from different lymph node locations
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within the body. It has been shown that the gene and protein expression profiles for
individuals classified with the same histological and clinical disease also exhibit a large degree
of heterogeneity™”. Studies using cell surface labeling have also shown that cell lines derived
from three different metastatic melanoma lesions isolated from the same individual, express
varying abundances of glycoproteins. These glycoproteins not only varied in abundance but

also in molecular weight distribution'”®

. That study highlights the high level of variability of the
cell surface proteins that occur in different metastatic lesions from a single person. This
observation could imply that glycosylation changes on these membrane proteins that are
specific to diverse groups of individuals may not exist. Alternatively, it may be that the
glycosylation changes that obviously do occur may be specific to only one or more

glycoproteins that are also correlated with cancer metastasis and were in too low abundance

to be observed in the global glycosylation profile.

Such questions require further investigation and larger sample sets in order to characterise
the glycosylation profile of specific cell surface glycoproteins that have been identified by
immunohistochemistry as potential prognostic indicators. Altered expression could be
accompanied by altered glycosylation, which could prove to be a more specific, or

complementary, marker of clinical stage or treatment prognosis.
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7.5 Supplementary Material

Figure S1. Summed MS spectra of N-glycans released from 10 individual stage lll (n=7) and
stage IV (n=3) lymph node melanoma tumour tissue samples. Primary subtypes SSM (n=6), NM
(n=2), ALM (n=1) and unknown (n=1) are indicated.

*= Good prognostic patients. Highlighted peaks represent the most abundant structures;
Red=High mannose M8 (m/z 860.3%) and M9 (m/z 941.3%) structures, blue= sialylated bi-
antennary F(6)A2G2S1 (m/z 860.3%) and A2G2S2 (m/z 1111.4%).
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Figure S2. (a) Extracted ion chromatogram and (b) MS” negative-ion fragmentation spectra of
the structural isomers of (HexNAc); +(Man)s(GIcNAc), m/z 759.8%. Four isomers of

(HexNAc)s+(Man);(GlcNAc), were confirmed using PGC elution order and MS? fragmentation.
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Chapter 7
Figure S3. (a) MS’ negative-ion fragmentation spectra and (b) Extracted ion chromatograms of

the masses corresponding to bi- (A2B), tri- (A3B) and tetra- (A4B) antennary species with
bisecting GIcNAc.
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Summary

Summary and Future Directions

8.1 Summary

In this study the N-glycosylation profile of metastatic melanoma was investigated using a
combination of PGC-LC-MS/MS and exoglycosidase enzymes. The identification of prognostic
markers of stage Il melanoma is of great importance in melanoma research as currently the
mortality rate for patients at this stage of disease is highly variable. As summarised in the
literature review (Publication 1) most studies to date have focused on cell line models and the
use of lectin based methods to investigate the role of glycosylation in melanoma progression. A
review of the literature highlights the lack of studies on the detailed characterisation of the
global cell surface glycosylation of melanoma tissue (summarised in Chapter 1 Figure 12).

In this work an orthogonal analytical workflow was optimised to accurately characterise cell-
surface oligosaccharides released from the proteins in melanoma tumour samples and cell line
models. The strategy-maximised information obtained from LC and MS/MS outputs combined
with exoglycosidases determined over 100 glycan structures, including isomers, on tissue and

cell line proteins.

Before analysing melanoma samples the benefits and limitations of existing methodologies (LC
retention, MS, MS/MS and exoglycosidase specificities) were optimised by analysis of well-
characterised N-glycans released from glycoprotein standards and application to the
characterisation of human saliva N-glycosylation. From these studies new experimental tools
and informatics resources were developed to aid data interpretation and the accurate
characterisation of complex N-glycan mixtures as analysed by capillary PGC-LC-ESI-MS/MS
(Chapters 2 to 4).

Specifically, the use of PGC LC separation and MS/MS diagnostic fragment ions were optimised
for the assignment of structural isomers of over 200 glycans released from human saliva and as a
result an annotated MS/MS spectral library (publication 2) was developed. In addition, the PGC
elution time behaviour of known N-glycan structures ranging from small pauci mannose to
branched multi-antennary complex type released from seven glycoprotein standards were
mapped and a retention time database of over 100 N-glycan structures with corresponding
MS/MS spectral data was compiled (publication 3) and deposited into Unicarb-DB. Together,
these studies emphasis how valuable the addition of PGC retention order is for the assignment
of N-glycan structures, as even though absolute retention times may vary, the elution order

based on glycan structural features is consistent.
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In both these optimisation studies, panels of exoglycosidase enzymes were used to confirm
specific residues linkages and to validate the structure assignments. In addition, these enzymes
were also used to simplify complex samples, for example to remove terminal epitopes and to
increase the range of determined structures and for the inclusion of digestion products in the
spectral database. Furthermore, to aid the data interpretation when using exoglycosidase
enzymes alone and in array format, a bioinformatics resource, GlycoDigest, was developed

based on literature and experimental evidence (publication 4).

The availability then of annotated MS* spectra derived from human saliva and glycoprotein
standards was also an important resource for the interpretation of the structures of glycans
released from previously uncharacterised samples including melanoma tissue and cell lines. By
combining information generated from LC and mass spectrometry, structures could be more
accurately assigned, especially by the capacity to distinguish isomeric and isobaric structures.
This work now forms a central resource including a knowledgebase of PGC elution behaviour
(Chapter 3), annotated MS/MS spectra (Chapter 2) and a tool for exoglycosidase specificity

(Chapter 4) in the UniCarbKB glycan knowledgebase being developed by our research group.

8.2 Melanoma glycosylation

The developed workflow was then applied to investigate glycosylation changes occurring in
metastatic melanoma. Initial experiments were conducted on a cell line model where analysis of
the global glycosylation of the membrane proteins of a metastatic melanoma cell line derived
from the lymph node (MM253) and the prognostic biomarker glycoprotein MCAM from the
same cell line confirmed the glycosylation characteristics documented in the literature, and
added specific glycan features, including structures containing the unusual LacdiNAc motif that

could be potential additional prognostic markers (Chapter 5).

The initial analysis of patient melanoma metastatic lymph node tissue samples (Chapter 7)
revealed that the previously reported class of glycans containing $1-6 linked GIcNAc, that have
been associated with metastasis, were detected at very low levels. More in-depth
characterisation of the glycan structures carrying this motif using exoglycosidase digestion led to
the observation that glycans with multiple antennae (> bi-antennary) and with poly LacNAc
extensions were under-represented in the total glycan profile when detected in the base peak

chromatogram as their undigested galactosylated and sialylated forms prior to exoglycosidase
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treatment. Due to the potential importance of these structural classes in melanoma, improved
analysis parameters including increasing the target mass window and the use of exoglycosidase
enzymes for detection and quantitation of these multi-antennary structures relative to the bi-
antennary and high mannose glycans, were investigated using the known tetra-antennary
structures released from a standard glycoprotein (al-acid glycoprotein). This approach was then
applied to the analysis of the glycans released from the membrane proteins of the MM253 cell

line (publication 5).

Comparison of the glycosylation profile of the isolated cell surface protein MCAM and the
enriched membrane fraction of the metastatic melanoma cell line MM253 (Figure 2) revealed
that glycan classes including structures with LacdiNAc and polylactosamine units carried by a
minority of cell surface proteins may be too low in abundance to be detected when analysing
the total membrane glycome. The high abundance of mannose type glycans in the profile of
total membranes and not on MCAM indicated that the total membrane enrichment method has
enriched both the inner (less-processed glycans) and outer (more processed glycans) membrane
proteins.

From this study it was decided to also use this approach to quantitate the glycans released from
melanoma lymph node metastatic tissue proteins both before and after exoglycosidase
digestion with sialidase, beta-galactosidase and alpha fucosidase. The abundances of structures
present in the total profile and the abundance of each branched class (after removing these
terminal epitopes) was compared in individual and subtype patient lymph node tumour tissue
samples. Mannose type glycans were also a dominant feature of the tissue glycan profile, but
were lower in abundance compared to the cell line model, suggesting the higher abundance of
mannose structures may be associated with cell culture conditions. Comparison of the cell line
and the pooled tissue profile after exoglycosidase treatment revealed that the scaffold bi-, tri-
and tetra-antennary structures were present in both sample types, although the number of
identified structures and relative abundance of complex type glycans were significantly greater
in the tissue samples. In the tissue samples there was also a presence of bisecting GIcNAc and

mono-antennary structures that were absent from the cell line profiles (Figure 2).

Figure 2. Venn diagram of common and unique N-glycan structures identified on membrane
proteins from the metastatic melanoma cell line MM253, stage llI/IV lymph node tumour tissue
and MCAM. Shaded regions indicate glycan structural features that differ between the three

samples.
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A feature of the glycosylation profile of the melanoma prognostic marker MCAM isolated from
MM253 cells was the presence of the LacdiNAc epitope. Although this low abundance epitope
was not observed in the total cultured cell membrane profile it was detected in patient tissue
samples in varying abundance. This may be explained by a variable amount of MCAM present on
the surface of the metastatic lymph node melanoma cells in different people at various disease

stages.

The glycosylation profile of the lymph node metastatic tissue from the different patient
subgroups including prognosis, primary histology type and disease stage were investigated with
an aim to identify any subtype-associated glycan features. Although trends in the abundance of
(2,3/2,6) sialic acid linkage types, high mannose, bisecting GIcNAc and tetra-antennary classes
between good and poor prognostic groups were observed, unfortunately no unique structures
or statistically significant changes in abundance were identified. Due to the small sample
population and individual variation observed, a larger study should be conducted before any
conclusions are drawn as to whether the glycosylation profile can be used as a parameter to

predict patient prognosis or not.

This in-depth N-glycan characterisation of tumour tissue complements existing studies using
lectin-based approaches''®****’® py confirming that glycan motifs previously identified in cell
models correlated with metastatic potential are present in patient samples. It also advances our
knowledge by identifying the individual structures that carry these motifs as well as potential

new MCAM specific glycan biomarkers.

Overall, this study highlights the benefits of orthogonal (LC retention, MS and MS/MS,
exoglycosidase) methods for analysis of the protein glycosylation of complex cancer tissue
samples, and has provided the first detailed characterisation of the N-glycan structures present
in metastatic melanoma lymph node cell and tissue samples as well as of the prognostic marker
MCAM, using mass spectrometry based methods. The data generated in this thesis has been
deposited into a cancer and tissue specific domain within UniCarb-DB (www.unicarbkb.org) and
will be available to aid future analysis of larger patient datasets. The study contributes to our
understanding of glycosylation alterations in melanoma metastasis and points towards using
specific glycosylation changes as prognostic markers of lymph node metastasis and potentially as

specific targets for therapeutic intervention.
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8.3 Future Directions

This study of stage IllI/IV melanoma tissue samples has provided a detailed representation of
the cell surface N-glycome and demonstrated the need to investigate larger sample
populations from individuals with less diverse clinical pathologies in order to better
understand normal individual variation compared to disease associated variations. Patient
matched normal lymph node tissue and tumour tissue should also be compared as the lymph
node samples contain both tumour and lymphatic cells. Unfortunately for this study we were
unable to obtain these samples but they are now being collected and stored to aid future
projects. It would also be useful to monitor glycosylation changes between primary, secondary
and distant metastasis from the same individual but primary melanoma tumour tissue is often

limited due to the small size of tumours.

Application of MALDI imaging technology for the analysis of surface glycan localisation in
combination with histopathology mapping could also be a useful approach to distinguish areas
of tumour from necrotic and lymph cells and to eliminate bias introduced from enrichment
methods. More detailed site-specific glycan analysis of targeted glycoproteins including that of
MCAM isolated from MM253 cell line model, tumour tissue and healthy tissue is also an area
of interest to gain a better understanding of individual protein glycosylation changes and the
functions of specific glycan signatures. The isolation and analysis of MCAM from patient tissue
samples was outside of the scope of this thesis as only limited amounts of tissue could be
obtained. It would be interesting to first identify whether all stage Ill and IV patient tumours
express MCAM and then to isolate and analyse MCAM from different prognostic groups.

Alternative approaches and technologies should also be explored for the detection and
analysis of N-glycan structures with multiple extended polylactosamine antennae including the
use of enzymes specific for lactosamine repeating units (for example endo-beta-galactosidase)

and MALDI-MS analysis which is useful for detecting glycans in the higher mass range.

Further investigation into whether the LacdiNAc epitope is MCAM specific in the cell lines and
tissue or is carried by other melanoma associated cell surface proteins could increase the
diagnostic potential of MCAM as a biomarker. It would also be interesting to analyse the
glycosylation profile of enriched membrane proteins from the MM253 cell line after culturing

in 3D to better represent a tumour and compare to 2D cultured cell profile.
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Re: "Glycosylation and melanoma”
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