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Abstract

Despite recent advances, the prognosis of glioblastoma (GBM), the most common brain
cancer, remains poor. Evidence suggests that the epidermal growth factor receptor
(EGFR)/matrix metalloproteinase-9 (MMP9) axis is implicated in gliomagenesis. Recent
studies have shed light on EGFR interaction with the highly-glycosylated
transmembrane mucin 4 (MUC4) with implication in carcinogenesis. MUC4 expression
in glioma grades and its link with EGFR/MMP9-driven glioma progression have not been
studied so far. Changes in the glycosylation pattern through alterations of glycoproteins,
such as mucins, in brain cancer represent potential biomarkers in glioma diagnosis and
monitoring.

In this thesis, EGFR, MUC4, and MMP9 tissue expression was investigated to assess
their utility as a panel of biomarkers. Secondly, this thesis aimed to define the molecular
mechanisms underlying their role in GBM. Lastly, Raman spectroscopy (RS) with
combined bioinformatic analyses were used to monitor changes in glycosylation for
glioma diagnosis and monitoring.

Immuno-staining techniques and ELISA were used in fixed tissue samples and blood
serum samples. MUC4 was overexpressed in glioma grades, and especially in GBM,
with MMP9. This expression was found in neoplastic cells and in the microvasculature.
The two proteins combined had prognostic value. In-vitro assays using cellular models
was employed to define the molecular mechanisms of the pathway and suggested that
MUC4 might be involved in cancer cell dissemination and may interact with EGFR in
glioma cells. Gene expression analysis supported the involvement of the three proteins
in a common pathway.

The utility of Raman spectroscopy combined with classification learning was lastly
demonstrated on cellular models. This methodology showed a promising high sensitivity
potential for the detection of subtle glycoprotein patterns in cell lines. Importantly, this
approach was found useful in discriminating glioma grades with high accuracy in tissue
and serum samples. Discrimination was possible owing to a significant change in

glycosylation.
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Chapter 1: Introduction

1.1 Glioblastoma (GBM)

1.1.1 Disease and epidemiology

Gliomas represent a category of tumours of the central nervous system arising in the
non-neural compartment of the brain occupied by glial cells. Glial cells are divided into
three main cellular populations: astrocytes, the most abundant of glial cells, which play
a salient role in metabolic homeostasis in the brain; oligodendrocytes, which participate
in axon myelination; and microglial cells, which are involved in pathogen phagocytosis.
Although gliomas may arise from any of the above-mentioned glial cell populations,
the vast majority is believed to arise from astrocytes and are thereby termed
‘astrocytomas’.  Gliomas arising from  oligodendrocytes are  termed
‘oligodendrogliomas’ and are the least frequent type of gliomas (Larjavaara et al.
2007). Astrocytomas can be further categorised into different grades according to the
2016 World Health Organization (WHO) classification, based on histological
characteristics: the low-grades, grade | (Pilocytic) and Il (Diffuse), and the high-grades,
grade 11l (Anaplastic) and grade IV (Glioblastoma) (Wesseling 2018).

Grade | Grade ll Grade llI Grade IV
Pilocytic Astrocytoma Diffuse Astrocytoma Anaplastic Astrocytoma  Glioblastoma Multiforme
el (

7o L 7

/ TN TN \ TN

}%~ o § o BB | A
& . M i </

~—L Z. = A~ / L_\r

Benign Benign, well differentiated Malignant Malignant, highly invasive
Children Young adults, adults Young adults, adults Adults, elderly adults
90% 10-years survival <60% 5-years survival <30% 5-years survival 5% 5-years survival

Figure 1.1 2016 WHO classification of astrocytoma. Incidence of the tumour by
anatomic regions is represented for each grade (the size of the circle is proportional to
incidence in each location). The degree of malignancy, the most affected category of
age, and the survival rate are summarised for each grade. (Larjavaara et al. 2007,
Tove et al. 2012, Collins et al. 2015, Davis 2016, Grimm et al. 2016, Wesseling 2018).



Low-grade astrocytomas encompass pilocytic (grade 1) and diffuse (grade II)
astrocytomas (Fig.1.1). Pilocytic astrocytoma is a benign tumour that typically arises
in the cerebellum of young children and displays good prognosis (Collins et al. 2015)
(Fig.1.1). Conversely, diffuse (Grade Il) and anaplastic (Grade Ill) astrocytomas mainly
originate from adult hemispheres and display much lower survival rates (Larjavaara et
al. 2007, Tove et al. 2012) (Fig.1.1). Although qualified as ‘low-grade’, high mortality
is still observed among grade Il astrocytomas as it is characterised by a progressive
growth that often leads to grade lll. This type of tumour is referred to as ‘diffuse’ as it
usually does not contain a solid tumour mass but instead comprises isolated single
tumour cells. After malignant transformation, a solid mass can appear in this type of
tumour (Pallud et al. 2011).

High-grade astrocytomas encompass anaplastic (grade IIl) and glioblastoma (grade
IV). Anaplastic astrocytoma (grade IIl) is a malignant tumour with dedifferentiated cells,
that displays poor prognosis and can progress towards glioblastoma (GBM) (Grimm
et al. 2016). GBM represents the most advanced stage of gliomas and is both the most
common and most lethal of all gliomas and brain tumours (Paw et al. 2015). GBM is
diagnosed in older adult hemispheres and displays very poor prognosis, with a median
survival of 15 months and a 5-year survival rate of 5% (Davis 2016, Dong et al. 2016)
(Fig.1.1). This type of tumour is characterised by a solid central core surrounded by
highly invasive cells. Most GBM cases are primary tumours, meaning they arise rapidly
de novo, without pre-malignant lesions or evolution from lower-grades (Ohgaki et al.
2013). Secondary GBMs, which are associated with better survival, arise from a lower
grade glioma (Grade Il or lll). Primary and secondary GBM exhibit the same
histological features but have different genetic profiles and are believed to have

different precursor cells of origin (Ohgaki et al. 2013).

1.1.2 Clinical features of GBM

GBMs are often diagnosed at late stage, when patients present severe symptoms
associated to the tumour size and ensuing intra-cranial pressure. These symptoms
include speech and motor deficits, seizures, and cognitive dysfunctions such as
personality changes and memory deficits. The delayed diagnosis can be attributable
to the non-specificity of the early symptoms (e.g., fatigue, headaches). GBM is

diagnosed with the help of imaging techniques such as computerized tomography (CT)



or magnetic resonance imaging (MRI) (Davis 2016, Weller et al. 2021). However,
histology characterisation of the tissue obtained after resection has been crucial so far
for grading of gliomas (Taal et al. 2015). Histological hallmarks of GBM include cellular
atypia and anaplasia (i.e., cellular abnormality and dedifferentiation), increased cell
density, presence of a necrotic core, microvascular proliferation (MVP), and
importantly, diffused widespread infiltration of isolated GBM cells into the otherwise
healthy surrounding parenchyma (Shergalis et al. 2018). Of note, GBM cells rarely
penetrate the blood circulation and therefore hardly ever metastasise to other parts of
the body (Pasquier et al. 1980).

1.1.3 Molecular features of GBM

GBM displays wide morphological and molecular heterogeneity and is believed to
derive from various cell types including mature glial cells and neurons, as well as
neuron stem cells and progenitor populations (Friedmann-Morvinski et al. 2012). GBM
stem cells and/or dedifferentiated astrocytes are the most commonly accepted cells of
origin for glioma (Beiriger et al. 2022) . GBM can be classified into three main subtypes
according to the molecular characteristics of the cells: classical, pro-neural, and

mesenchymal.



Preferential localization

Clinical features

Molecular signature

Molecular alterations

Pro-neural

Temporal and frontal lobes, left
size
Proximity to SVZ

Lower treatment response
Better prognosis
Younger patients

Contain secondary GBM
Grade lll and IV
Lower angiogenesis and cell
density

Neuroblast/neurons (ex: NCAM)
Oligodendrocytes

PDGFRA mutated
IDH1/2 mutated
TP53 mutated (LOF)
PTEN and EGFR intact

Classical

Temporal, right size of the
cortex
Distant from SVZ

Low treatment response
Bad prognosis
Grade IV
High angiogenesis and cell
density

Proliferative
Transit implying cells (ex: OLIG2)
Astrocytic cells

EGFR amplification
Expression of EGFRvlII
Notch pathway affected
SHH pathway affected

Rb pathway affected
Loss of chr.10q

Mesenchymal

Temporal, left size of the cortex
Distant from SVZ

Low treatment response
Bad prognosis
Grade IV
Moderate angiogenesis and cell
density

Invasive, EMT
Neuronal stem cells (ex: CD44)
Cultured astroglia cells
Main signature at recurrence
May arise from other subtypes

EGFR amplification
Expression of EGFRvIII
NF1/PTEN mutated (LOF)
NFkB pathway affected
Loss of chr.10q
Gain of chr.9q

Figure 1.2 Molecular classification of high-grade glioma. Preferential localisation,

clinical features, and molecular characteristics of pro-neural, classical, and
mesenchymal subtypes. These subtypes, defined by their molecular signature, can
each be analogised to a cell phenotype (neurons, proliferative, invasive cells), a
neurogenesis state (neuronal, neuroblast, transit amplifying cells, neuronal stem cells)
according to markers that they express, and a cellular type (oligodendrocytes,
astrocytic cells, cultured astroglia cells). [Supraventricular zone (SVZ), Epithelial-to-
mesenchymal transition (EMT), Chromosome (chr.)]. (Phillips et al. 2006, Rak et al.
2006, Verhaak et al. 2010, Friedmann-Morvinski et al. 2012, Steed et al. 2016, Rathore

et al. 2018).

The classical subtype, which displays the most proliferative molecular signature, is
characterised by amplification of EGFR, expression of EGFR variant Ill (EGFRuvIII),
and loss of chromosome 10q, which contains the PTEN gene (Verhaak et al. 2010).
The pro-neural subtype, containing nearly all secondary GBMs, is generally identifiable
by molecular alterations in PDGFRA, IDH1/2 (isocitrate dehydrogenase 1/2), and TP53
and is associated with better survival, younger age, and lower treatment response
(Phillips et al. 2006). Finally, the mesenchymal subtype, which displays the most
invasive signature, is characterised by amplification of EGFR, expression of
angiogenic markers such as VEGF1, as well as NF1 and PTEN mutations (Fig.1.2)

(Phillips et al. 2006). Overall, the critical oncogene and tumour-suppressor gene



involved in GBM development are respectively EGFR and PTEN, and mutations in
these two genes have been shown to emerge during transition from anaplastic glioma
towards GBM (Rak et al. 2006). EGFR and PTEN are intact in the pro-neural subtype,
which principally encompasses anaplastic astrocytomas, whereas classical and
mesenchymal subtypes contain mainly GBM and display loss of PTEN function (i.e.,
loss of the inhibition of the proliferative PI3K pathway) and amplification of EGFR.

Each subtype has a characteristic signature that can be compared to neurogenesis
state and cellular type and assigned to a preferential anatomic localisation (Fig.1.2)
(Steed et al. 2016, Rathore et al. 2018). 40% of GBM exhibit EGFR amplification
inducing an elevated EGFR expression, which is often associated with additional
expression of the constitutively activated variant form EGFRvIII. EGFRvIII, which is
present in extracellular vesicles from the serum of GBM patients, has been shown to
be a specific marker for glioma (Nishikawa et al. 1994). Other mutations found in GBM
also include deletion of p16 and overexpression/amplification of MDM2 (the inhibitor
of the tumour-suppressor p53), which are commonly found during late disease stages.
Eventually, GBM cells carry many different mutations at recurrence, resulting from
clonal and sub-clonal evolution, and therefore display high adaptation potential to
chemotherapy (Kim et al. 2015).

Importantly, brain cancers have been reclassified during the course of this study (2021
WHO classification or WHO CNS5). The WHO classification system is no longer purely
based on histological features alone but incorporates molecular and cytogenetic
features. This classification update led to a change of guidelines by the European
Association of Neuro-oncology (EANO) (Louis et al. 2021, Weller et al. 2021)
summarised in Figure 1.3. Briefly, the new system states glioma is now classified in
three basic groups based on the IDH genotype (IDH1 or more rarely IDH2): mutant-
IDH (m-IDH) astrocytoma, wild-type-IDH (wt-IDH) GBM, and m-IDH with 1p/19q co-
deletion oligodendroglioma. The most common mutation for IDH is IDH1 R132H (more
than 90% of cases) (Melhem et al. 2022). This means that m-IDH astrocytoma can no
longer qualify as GBM, even when showing evidence of histological features of last
grade glioma. Instead of diffuse, anaplastic, and GBM, these gliomas should be
referred as grade 2, 3, or 4 m-IDH astrocytomas, using Arabic numbers (Louis et al.
2021). GBM is now defined by an astrocytic glioma with an absence of mutation in IDH



genes and histone H3 genes in addition to presenting histological features such as
necrosis and/or microvascular proliferation. Glioma that are wild type for IDH and H3
genes but do not present histological features can still be classified as GBM if
presenting specific molecular features: TERT promoter mutation, EGFR amplification,
and/or loss of chromosome 10 with gain of chromosome 7 (+7/-10), since they are
markers of poor prognosis. Consequently, almost all non-paediatric wt-IDH glioma now
qualify as GBM, even in the absence of histologic hallmarks (Fig.1.3) (Weller et al.
2021). This represents an important change. However, as the histological classification
was already very useful at predicting the IDH genotype, it is important to recognise that
only a few GBM patients would likely be assigned to a different category following the

new classification system.

| Histological (2016) | Cytogenetic (2021)

Histological features

Grade Il Grade Ill Grade IV =

(Diffuse) (Anaplastic)

Cytogenetics more important than histology
Importance of molecular alterations

No progression from one grade to another
GBM = wild-type primary tumour systematically

- + 1p/19q co-deletion = oligodendroglioma
- = grade 2, 3, or 4 astrocytomas
wild type-IDH i .
- wild type-IDH+ histone H3 status
Most frequent Less frequent l
De novo tumour | | Grade III‘to v Necrosis and/or vascular proliferation?
progression
Primary GBM v '
Better prognosis YES NLO
Secondary GBM Evaluaticlm of EGFlR, TERT, +7/-10

YES NO

Lo
Not GBM (usually paediatric)

Figure 1.3 Comparison between WHO 2016 and 2021 classification of glioma.
(Louis et al. 2021, Weller et al. 2021).

1.1.4 GBM treatments

The current conventional treatment for GBM consists of the combination between the
common alkylating agent temozolomide (TMZ) and radiotherapy (or radiotherapy
only), following surgical resection of the tumour (Davis 2016). Oligodendrogliomas and

m-IDH diffuse astrocytomas are treated with procarbazine, lomustine, and vincristine



(PCV treatment) (Weller et al. 2021). The diffuse infiltration of isolated GBM cells into
the surrounding tissue makes the complete surgical removal impossible, thus resection
is rarely curative and recurrence at the resection site is almost systematically observed
(Wick et al. 2011). The standard treatment (Stupp protocol), consisting of combined
TMZ with radiotherapy after surgery, allows for prolonged progression-free survival
(Stupp et al. 2005). Unfortunately, however, the treatment inexorably fails to stop GBM
progression and maintenance of TMZ with radiotherapy do not prolong survival in wt-
IDH astrocytomas (Weller et al. 2021). This treatment strategy presents several
limitations since glioma cells that are left after surgery remain untreated for several
weeks. These cells are already composed of different subclones when targeted by the
treatment. In addition, surgery itself is believed to increase hypoxia. Therefore, it has
been suggested that the Stupp protocol might contribute to early progression (Wagar
et al. 2022). Maximal resection is still favoured as it extends survival and can be
performed safely thanks to imaging techniques that are able to locate eloquent areas
(Mukherjee et al. 2011, Taal et al. 2015). Another anti-angiogenic chemotherapeutic
drug, the anti-VEGF bevacizumab, is also used in case of recurrence; however, this
drug is not approved in Europe as it did not significantly improve overall survival in
GBM patients (Hovey et al. 2017). Nitrosoureas treatment, such as lomustine, can also
be given in case of recurrence (Taal et al. 2015). Both TMZ and lomustine function by
adding an adduct to the O° position of guanine within the DNA, which triggers cell

apoptosis (Taal et al. 2015).

In addition to TMZ and radiotherapy, a high number of targeted therapies have been
investigated in GBM, although the molecular heterogeneity of GBM cells makes their
efficacy very limited. For instance, therapies targeting proliferation pathways have
been tested; those promoting superior improvement of overall survival during phase Il
clinical trials include the inhibitor of EGFR, erlotinib (Wick et al. 2011), the inhibitor of
RAF, VEGFR, PDGFR, C-Kit, RAS, sorafenib (Hainsworth et al. 2010), and the
inhibitor of mMTOR, everolimus (Hainsworth et al. 2012). Other pathways have been
targeted with limited efficacy in several studies. Targeting of integrin-modulated
migration has also been tested with satisfactory results by using cilengitide (Stupp et
al. 2010). Finally, studies using the drug rindopepimut, which targets EGFRuVIII, led to
limited improvement in overall survival (Babu et al. 2012). Although such treatments

have shown promise, this has been undermined by limited efficacy and severe side



effects. There is therefore a need to develop more efficient and specific
chemotherapies targeting new or currently investigated molecular targets, or

alternative therapeutic strategies.

In addition to targeted therapy failure, GBM cells develop various resistance
mechanisms against TMZ and radiotherapy. Chemotherapy resistance can be partly
explained by the presence of GBM cell subpopulations exhibiting stem-like properties.
These cells display proliferative and self-renewal properties and have been shown to
develop high resistance after radiation (Haar et al. 2012). Additionally, cancer cells
residing within the hypoxic centre of the tumour are believed to be protected from anti-
proliferative chemotherapy as they are both quiescent and distant from the
vasculature. Alternatively, cancer cells can resist death from chemotherapy via several
molecular mechanisms, including expression of efflux proteins and DNA repair
proteins (Haar et al. 2012). Indeed, TMZ cannot be given to patients with an active
methylguanine-DNA methyltransferase (MGMT) enzyme (unmethylated MGMT
promoter). MGMT is a DNA repair protein that specifically removes pro-mutagenic
alkyl/methyl group from O°® position of guanine, hence preventing mutations without
causing DNA strand break. Resistance to radiotherapy has also been demonstrated
within the context of GBM treatment. Radiotherapy was shown to promote transition
from pro-neural to mesenchymal subtype (PMT), a process comparable to the
epithelial-to-mesenchymal transition (EMT) observed in carcinoma (Nakano 2014).
Following radiotherapy, an ensuing senescence-associated secretory phenotype
(SASP) was also shown to induce the release of proteases and pro-inflammatory

molecules, which in turn, led to increased cancer cell invasion (Jeon et al. 2016).

Finally, immunotherapeutic approaches have hold potential to treat GBM in recent
years: 1) mRNA-pulsed dendritic cells, where dendritic cells are extracted from the
peripheral blood of patients and re-injected with cancer-associated mRNAs for antigen
presentation; 2) checkpoint inhibition, representing therapies targeting the inhibitory
brakes of T-cells; 3) vaccine therapy, where dendritic cells are directly loaded with
antigen and re-injected; and 4) modified autologous chimeric antigen receptor T-cells
(CAR T-cells). However, these strategies present several limitations specific to brain
tumours. Glioma and more specifically GBM, is known to have an immunosuppressive

microenvironment coupled with a low immune surveillance in the brain and contains a



glioma stem cell niche with self-renewal capacity. For this reason, the most widely
used checkpoint inhibition therapies anti-PD1 and anti-CTLA-4 have only showed
modest results in glioma so far, although immunotherapeutic approaches using the
whole tumour RNA have shown improvement of survival in glioma patients (Melnick et
al. 2022; Vazquez Cervantes et al. 2021).

1.1.5 Biomarkers for GBM

The diagnosis of glioma is determinant for therapeutic decisions, yet, the grading highly
depends on the observers, which can lead to subjectivity and ineffective therapeutic
decision. Therefore, biomarkers that can help to guide diagnosis and choice of
treatment in glioma are needed (Gravendeel et al. 2011). So far, several biomarkers
with prognostic and diagnostic values have been identified in GMB. Those most
investigated include loss of chromosome 10q heterozygosity, mutations in IDH genes,
presence of the EGFR variant (EGFRvIII) (McNamara et al. 2013), and methylation
status of MGMT and PTEN promoters (Riemenschneider et al. 2010).

Loss of heterozygosity of 10g chromosome is observed in 70% of primary GBM and is
regarded as being crucial for both primary and secondary GBM formation (in the 2016
classification). Loci lost within the 10g chromosome frequently contains the PTEN gene
(10923 location), which is the phosphatase responsible for PI3K inactivation and one
of the most potent and frequently mutated tumour-suppressor gene in cancer. The 10q
loss is considered as a predictive biomarker for shorter survival in GBM patients
(Ohgaki et al. 2004, McNamara et al. 2013).

IDH1/2 mutations are associated with the pro-neural subtype and secondary GBM as
well as low-grade gliomas and are therefore an indicator of good outcome. They are
rarely found in primary GBM; however, they also predict good prognosis when found
in this type of tumour. GBM patients with mutated IDH1/2 have improved survival than
those without (Riemenschneider et al. 2010, McNamara et al. 2013). The neomorphic
mutation (leading to a new function) in IDH1 causes the conversion of the a-
ketoglutarate cytosolic enzyme to the D-2-hydroxyglutarate enzyme. The neomorphic
enzyme produced then leads to tumour initiation partly through an increase of histone
and DNA methylation (hypermethylation), which is called ‘CpG islands hyper-
methylator phenotype’ (CIMP) (Alzial et al. 2022, Rodriguez-Camacho et al. 2022).



Mutually exclusive mutation of the mitochondrial isozyme IDH2 is less common (Dang
et al. 2009, Turcan et al. 2012, Cohen et al. 2013). The IDH genotype now plays a
crucial role in the most recent WHO classification (2021) since it discriminates GBM
(former wt-IDH GBM or primary GBM) from grade 2, 3, and 4 astrocytoma (former m-
IDH glioma that could be classified in any grades depending on their histology with
correspondence to secondary GBM in the case of grade IV) (Louis et al. 2021). In
glioma patients, presence of the wild type version of IDH is correlated with increased
infiltrating lymphocytes in the tumour and reduced anti-tumour T-cell response (Barthel
et al. 2022).

Another type of biomarker in GBM is the presence of the constitutively activated EGFR
variant EGFRuVIII, which is observed in 20 to 30% of primary GBM. Identification of this
variant in GBM patients is a predictor of poor prognosis (Riemenschneider et al. 2010,
McNamara et al. 2013). EGFRUVIII can be observed in microvesicles extracted from
blood serum of some GBM patients and is thus a potential biomarker for liquid biopsies
(Skog et al. 2008). In general, biomarkers that can be detected in liquid biopsies (blood
serum, cerebrospinal fluid, urine) display several advantages compared to those
detected in solid tissue. First, tissue biopsies may fail to be representative of the entire
tumour. Besides, biomarkers from body fluids can be assessed several times as the
method used to extract them is less invasive compared to solid biopsies; thus, they
can serve in monitoring the progression of the disease. This type of biomarker has not
been the most studied in GBM. Indeed, solid biopsies are almost always available in
GBM, but furthermore in grade Il and grade Ill gliomas, as maximal resection of the

tumour is recommended as part of the standard treatment (Wager et al. 2011).

As mentioned above, methylation state of MGMT predicts the response of GBM to
TMZ and is therefore used as a biomarker for treatment-response prediction
(Riemenschneider et al. 2010). MGMT mRNA has been observed in extracellular
vesicles of GBM patients and is believed to transfer resistance to TMZ between the
cells (Simon et al. 2020). Therefore, monitoring extracellular vesicles in GBM patients,
which can also be obtained from liquid biopsies, could be useful to evaluate and
anticipate therapeutic response. Other genes whose promoter methylation state is
found relevant in GBM include PTEN. Methylation of PTEN promoter is only observed

in low-grade gliomas, in addition to secondary GBM that arise from them, and seems
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to be mutually exclusive with mutations affecting the gene. Methylation of PTEN
promoter, which leads to PTEN silencing, seems to be an alternative mechanism for
aberrant activation of the proliferative PI3K signalling pathway in these tumours
(Wiencke et al. 2007).

1.2 The invasive nature of GBM microenvironment

1.2.1 The extracellular matrix of GBM

In the brain, the normal extracellular matrix (ECM) is enriched in hyaluronic acid,
tenascin, and lecticans (aggrecan, neurocan, versican, and brevican), whereas
fibronectin and fibrillary collagen are relatively low and are exclusively found in
vascular and perivascular areas (Bellail et al. 2004). The low level of fibrillary collagen
and fibronectin confers a characteristic soft consistency to the brain. The blood-brain
barrier is formed by endothelial cells surrounded by the basement membrane, with
embedded pericytes. This capillary network is further surrounded by astrocytes that
provide the cellular link to neuronal cells (Rempe et al. 2016). The ECM network in the
brain is primarily produced by astrocytes and oligodendrocytes. Overall, the ECM
density in GBM tends to be higher compared to the healthy brain, owing to both high
GBM cell density and overexpression of ECM components (Mammoto et al. 2013). For
instance, collagen is a rare component of the healthy brain microenvironment but is
significantly increased during glioma development and progression (Dong et al. 2010).
Interactions between GBM cells and the ECM components, such as collagen, play an
important part in the invasion dynamics and GBM cell dissemination is facilitated in
ECM-enriched regions (Seker-Polat et al. 2022). In brain tumours, collagen acts as a
scaffold, providing adhesion sites for cell migration, and as a reservoir for ECM
components, growth factors, and ligands for diverse signalling pathways. In particular,
glioma cells produce their own collagen, particularly type IV collagen, instead of type
I, which contributes to the high invasiveness observed in this tumour (Pointer et al.
2017).

During glioma progression, high dysregulation of the ECM composition is observed
with glioma cells expressing their own pro-invasive matrix (Gritsenko et al. 2012).
Alterations in the tumour microenvironment during GBM development and progression

dramatically enhance the invasive properties of GBM cells (Akiyama et al. 2001,
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Mahesparan et al. 2003, Sabari et al. 2011). Alterations in ECM composition is
believed to support GBM cell migration, partly through modulation of their interaction
between integrin receptors, present on the cell surface, and the ECM components. For
instance, augmentation of a2f1, which interacts with collagen, laminin, and tenascin,
is observed in GBM, and seems to be involved in adhesion and migration abilities of
GBM cells. Similarly, avp3 is overexpressed with its ligand vitronectin at the invasive
edge of the tumour as well as in new blood vessels and interaction between the two is

believed to play a role in cancer invasion (Bellail et al. 2004).

1.2.2 GBM tumour microenvironment and mechanisms of progression

Histologically, the progression of anaplastic glioma towards GBM stems from a
vascular occlusion occurring within the tumour, which induces severe hypoxia and
necrosis. This process is sustained by concomitant downregulation of anticoagulants
during tumour progression (Sawaya et al. 1995). Tumour cells migrate away from the
hypoxic regions, subsequently creating a diffuse cellular wave from the central necrotic
area towards the tumour edge (infiltrating/invasive edge). These cells, referred to as
‘pseudopalisading’ cells, have been observed and described only in GBM tumours.
They are typically found around necrotic areas and they overexpress and secrete pro-
angiogenic factors, such as VEGF, HIF-1, and IL-8 (Rong et al. 2006, Sovrea et al.
2022) (Fig.1.4). At the invasive edge, both pseudopalisading cells and tumour-
associated macrophages (TAMs) co-exist, with the latter comprised of both resident
microglia-derived cells and blood-borne macrophages, that secrete pro-invasive
cytokines and growth factors. The newly formed vasculature is leaky and poorly
developed with abnormal basement membrane composition, which produces an
oedema (Cribaro et al. 2021). In GBM, both vasculogenesis (de novo vessel formation)
and angiogenesis (resulting from the migration and proliferation of existing endothelial
cells) occur as a consequence of hypoxia (Sovrea et al. 2022). They cause the
multiplication of clusters of glomeruli-shaped vessels, a phenomenon called
microvascular proliferation (MVP) or vascular hyperplasia, characteristic of GBM. The
resulting microvasculature is often located near the infiltrative edge (Fig.1.4) (Sovrea
et al. 2022). Overall, the vessel network is greatly increased and disrupted in GBM,
with open ends and virtually no basement membrane, but also aberrant receptor

expression and vessel dilatation (Uyar 2022).
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Tumour cells migrate in the white matter zone of the brain, through myelinated axon
tracts and the perivascular space (Seker-Polat et al. 2022). Proteolytic enzymes
secreted by tumour cells can cleave inhibitory molecules, present on the myelin
surface, which may then serve as an adhesion surface for cancer cell migration
(Gritsenko et al. 2012). During migration in the perivascular space, tumour cells are
able to detach the astrocyte end-feet from vessels, contributing to the subsequent
detachment of pericytes, and as such, the overall disruption of the blood-brain barrier
(Watkins et al. 2014). In the GBM microenvironment, the communication of tumour
cells with other cells or the ECM is also permitted by transfer of exosomes or
extracellular vesicles. Extracellular vesicles carry a lot of different molecules and can
thus be used as a reservoir of biomarkers, but they are also directly involved in GBM
progression, principally via increasing angiogenesis. For instance, extracellular
vesicles released from glioma stem cells transport miRNAs in addition to EGFRVIII to
endothelial cells, where they regulate signalling pathways and increase production of
VEGF. In addition, vesicles derived from hypoxic GBM cells contain VEGFA protein,

which was shown to increase the blood-brain barrier permeability (Simon et al. 2020).

Among other molecules, various proteolytic enzymes including matrix
metalloproteinases (MMPs), have been shown to play a critical role in GBM
progression and tumour invasion (Quesnel et al. 2020). GBM and stromal cells interact
within the tumour microenvironment via the expression and activity of a variety of
proteolytic enzymes. These enzymes act from the first stage of cell invasion observed
in progression from anaplastic glioma towards secondary GBM. During this process,
cells anchor to the ECM via a panel of surface ligands including integrin receptors and
the ECM is degraded by the proteolytic networks consequently supporting cell
migration (Fig.1.4) (Friedl et al. 2008). Proteases, and especially MMPs, have also
been shown to be either secreted directly or transported by extracellular vesicles within
the tumour microenvironment. Alternatively, their expression can also be triggered
indirectly by transcriptional factors transported through extracellular vesicles in cancer
and stromal cells (Quesnel et al. 2022). The involvement of MMPs in GBM progression,

and more particularly MMP9, will be further detailed in the next section.
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Figure 1.4 Mechanisms of invasion in GBM. GBM is composed of pseudopalisading
cells constituting the infiltrative edge, surrounding the solid necrotic core. These cells
have high invasive properties and detach from the core tumour to invade the
surrounding tissue with the help of matrix metalloproteinases’ (MMPs) secretion, and
more particularly MMP9. The solid tumour core and the infiltrative edge can be
discriminated with MRI images. [glioblastoma (GBM), extracellular matrix (ECM)].
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1.3 Matrix metalloproteinases (MMPs) in GBM invasion and progression

1.3.1 The matrix metalloproteinase (MMP) family

Matrix metalloproteinases (MMPs) and adamalysins (ADAMs and ADAMTS) are
protein subfamilies belonging to the broad metzincin family. The 26 human MMPs are
highly homologous and can be categorised by their structural features and preferential
substrates. They share three common domains: the pro-domain, the catalytic domain,
and the hemopexin-like C-terminal (Hpx) domain linked to the catalytic site (Fig.1.5).
MMPs can be either anchored to the cell surface or secreted. The pro-MMP (or
zymogen) inactive protein can become active after the proteolytic removal of the pro-
domain in the intracellular and extracellular space (Gialeli et al. 2011). Secreted MMPs
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can be further classified according to their preferential ECM substrates. For instance,
interstitial collagenases (MMP1, 8, and 13) mainly target fibrillar collagens (type I, Il
and IIl), whereas gelatinases (MMP2 and 9), also called type IV collagenases, mainly
target basement membrane collagens, gelatine, and elastin. Stromelysins (MMP3, 10,
and 11) are unable to degrade collagens, but instead target several ECM proteins,
such as proteoglycans, fibronectins, and laminins. Finally, matrilysins (MMP7 and 26)
target similar substrates as stromelysins, but lack the Hpx domain (Johansson et al.
2000) (Fig.1.5).

MMPs are also able to cleave inactivated forms of other MMPs (proMMPs), as well as
pro-forms of growth factors, resulting in their subsequent activation. MMPs localised
to the cell surface (MMP14, 15, 16, 17, 24, 25) are activated during their trafficking to
the cell membrane (Johansson et al. 2000). In the extracellular space, MMPs are
susceptible to inhibition by tissue inhibitors of metalloproteinases (TIMPs). TIMPs can
bind to the active site of proteases to form a complex that will be recognised by
macrophages (Visse et al. 2003). MMPs are further activated when secreted with only
a low amount of their respective inhibitors; therefore, cell compartmentalisation is
critical for the tight regulation of their activity. MMPs function in a variety of
physiological processes that require a specific ECM (re)arrangement, as well as in
multiple pathological processes, such as inflammation, autoimmunity, and cancer. In
the brain, they significantly contribute to tissue formation, neuronal network
remodelling, and blood-brain barrier integrity. Importantly, MMPs are involved in most
brain diseases with a neuro-inflammatory component (e.g., Alzheimer's and
Parkinson’s diseases) and in brain cancers including glioma (Rempe et al. 2016).
MMPs implicated in cancer progression are mainly expressed in the tumour cells, but

also in the tumour-associated stromal cells (Tang et al. 2004).
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Transmembrane (TM)]. Adapted from (Quesnel et al. 2020).

1.3.2 Involvement of MMPs in GBM progression

Both ECM remodelling and degradation mediated by MMP-induced proteolytic
cleavage play a prevailing role in cancer cell invasion. MMP14 disrupts fibrillar
collagen, therefore inducing its rearrangement in the pericellular space and
contributing to cancer cell invasion (Friedl et al. 2008). In general, there is evidence
demonstrating that MMPs, along with ADAM proteins, contribute to cancer progression
and are part of podosome-related proteases. In actin-rich podosomes of migrating
cells, the scaffold protein Tks5/FISH binds to ADAMs where MMP2, 9 and 14 are

present and promote invasion via direct ECM degradation (Sahin et al. 2004).

In glioma, the expression of multiple MMPs has been shown to be positively correlated
with glioma histological grades (Hagemann et al. 2012), while 11 MMPs have been
shown to be significantly overexpressed in GBM (Pullen, 2018, Quesnel et al. 2020)
(Table 1.1). Apart from MMP15 and 19, the overexpression of these MMPs is
correlated with poor survival. It is worth noting that the expression of furin, an enzyme

that activates MMPs, is strongly associated with poor overall survival in GBM
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(Shergalis et al. 2018), with the furin inhibition in astrocytoma cells leading to a
reduction in cell migration (Mercapide et al. 2002). In general, more than half of human
MMPs are correlated with GBM progression, with MMP2 and 9, being the most

significant ones.

Proteases Overexpression | Involvement | Diagnostic | Prognostic
in progression value value
MMPY, 2,7,9,11, 14 yes yes yes yes
MMP3, 13, 16, 26 no yes no yes
MMPS, 10, 23 yes no no yes
MMP12 no yes yes yes
MMP20, 21, 24 no no no yes
MMP15, 19 yes no yes no
Table 1.1 Overexpression, involvement in progression, and

diagnostic/prognostic value of MMPs in GBM. Involvement in progression: the
protein has been demonstrated to have a role in disease progression (invasion,
proliferation, angiogenesis) from experimental studies. Diagnostic value: the protein
has been shown to have the potential of discriminating between the different grades of
glioma and to be differentially expressed in GBM compared to lower grades.
Prognostic value: the expression of the protein has been demonstrated to be

associated with poor survival. Adapted from (Quesnel et al. 2020).

1.3.3 Involvement of MMP9 in GBM progression

MMP9, among all MMPs, has been shown to be considerably involved in GBM
progression (Quesnel et al. 2020). IHC analysis showed that its active form was not
found in healthy brain, but in half of GBM tissue samples (Choe et al. 2002). The
expression of MMP9 also correlates significantly with high-grade glioma and is
considered as a potential significant prognostic factor (Xue et al. 2017). Low MMP9
expression is associated with favourable outcome and good response to TMZ
treatment (Li et al. 2016). Overexpression of MMP9 triggers proliferation in GBM cell

lines, while its blockade decreases the volume, weight, and microvascular density of
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the tumour in mice (Sun et al. 2013). Importantly, MMP9 expression seems to be
involved in resistance to treatment as its expression increases after radiation in
recurrent GBM (Zhou et al. 2019).

Several mechanisms of regulation have been suggested for MMP9 expression and
activation in GBM proliferative foci (Fig.1.6A), including the uPA/uPAR-mediated
pathway. Urokinase plasminogen activator (UPA) is a serine protease, upregulated in
high-grade gliomas (Sawaya et al. 1995) that converts plasminogen into plasmin, with
better efficacy when anchored to its receptor (UPAR). Plasmin, in turn, is responsible
for both MMPs and uPA activation (Shergalis et al. 2018). uPA is also capable of
directly activating MMP9, which in turn can degrade fibronectin and has therefore been
suggested to participate in GBM progression (Fig.1.6B) (Yamamoto et al. 1994, Zhao
et al. 2008). MMP9 has been shown to be part of several intracellular signalling
pathways. In GBM, MMP9 expression positively correlates with EGF and EGFR
expression. MMP9 transcription is both stimulated by EGFR and EGFRUVIII in GBM,
with signalling pathways involved such as PISK/AKT (PKB), STAT3/5, NFk-B, ERK,
and Sonic hedgehog (SHH) (Fig.1.6B) (Choe et al. 2002, Chang et al. 2015, Chen et
al. 2017).

MMP9 promotes cell migration via various mechanisms in the invasive edge
(Fig.1.6A). First, via its ability to degrade several ECM components, preferentially type
IV collagen, gelatine, and elastin; but also, via cleavage of cell-cell adhesion molecules
and release of growth factors bound to the ECM (Fig.1.6C) (Huang 2018). Additionally,
MMP9 can act on cell motility via direct cleavage of CD44. CD44 is a surface
glycoprotein involved in cell-ECM interaction via binding to several ECM ligands,
mainly hyaluronic acid. The direct shedding of CD44 by MMP9 releases its
extracellular portion in the extracellular space and contributes to cell migration and
invasion (Fig.1.6C) (Chetty et al. 2012). In addition, an in vitro model of GBM carrying
PTEN mutation showed that deficiency of PTEN phosphatase activity leads to
hyaluronic-acid-induced MMP9 expression (Park et al. 2002).

Finally, MMP9 has been shown to function as a mediator of angiogenesis. In GBM,

MMP9 is expressed in proliferative endothelial cells (Rao et al. 1996) and induces
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basement membrane degradation, enabling the migration of endothelial cells for neo-
vasculature formation (Fig.1.6D). This is further supported by the fact that MMP2, 9,
and 14 expression correlates with VEGF expression in GBM, which is the most crucial
regulator of angiogenesis. Proliferation and migration of endothelial cells induced via
VEGF in GBM is dependent on the binding of VEGF to VEGFR-2 (Munaut et al. 2003).
MMP9 is induced by the hypoxic factor HIF-1 and increases VEGF action by cleaving
its bound to the ECM and therefore acting on its bioavailability within the extracellular
space (Du et al. 2008). MMP9 is also expressed in cells that correspond to vascular
smooth muscle cells and pericytes and contributes to their proliferation (Fig.1.6D)
(Forsyth et al. 1999).
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Figure 1.6 MMP9-mediated mechanisms of GBM progression. (A) GBM and its
microenvironment, with the central necrotic tumour and the invasive edge with cells
migrating away from the hypoxic centre (pseudopalisading cells); foci of proliferative
GBM cells; and angiogenesis areas with vascular proliferation and new vessel
formation. (B) Proliferative foci of GBM cells, pro-MMP9 is converted into active MMP9
by plasmin. Plasmin is converted from plasminogen by uPA/UPAR, whose expression
increases in GBM. EGFR, EGFRuvIll, and EGF are increased in GBM and lead to
MMP9 expression via downstream proliferative pathways. MMP9 controls
bioavailability of growth factors (GF) bound to the ECM. (C) Infiltrative edge of GBM,
MMP9 is directly converted into its active form by uPA and leads to CD44 and E-
cadherin dissociation as well as ECM degradation, promoting cell migration away from
the edge. (D) Perivascular area of the tumour, MMP9 is expressed in endothelial cells
and invasive cells and leads to VEGF release from the ECM; and basement membrane
(BM) degradation, which leads to endothelial cell migration. VEGFR-2 expression is
upregulated in GBM and promotes angiogenesis via VEGF binding. MMP9 is
expressed in endothelial cells and pericytes and promotes their proliferation. Adapted
from (Quesnel et al. 2020).
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1.3.4 Therapies targeting MMPs in GBM

Small molecule MMP inhibitors have been previously developed for impeding
proteolysis-driven cancer progression. The mechanisms of their action are divided into
different categories. The peptidomimetic inhibitors (i.e., batimastat and marimastat)
mimic the structure of collagen at the MMP cleavage site and, as such, act as
competitive inhibitors. On the other hand, non-peptidomimetic inhibitors (i.e.,
tanomastat and prinomastat) mimic the tertiary conformation of the MMP active site
(Gialeli et al. 2011). In addition, chemically modified tetracyclines have been used to
inhibit MMP activity via zinc binding. Other specific molecules developed to inhibit
specific MMPs (MMP2 and 9) have also been suggested for therapies, such as CGS-
27023A and SB-3CT (Gialeli et al. 2011).

Two drugs that function as MMPs inhibitors, marimastat and prinomastat have both
revealed promise in treating GBM. Marimastat is a broad spectrum metzincin inhibitor,
which ultimately was shown to have limited impact on progression-free and overall
survival. In a recent study, the use of marimastat in combination with TMZ and radiation
resulted in downregulation of MMP14 via the parallel downregulation of microRNA374
and induction of cell cycle arrest. Of note, marimastat specifically inhibits the growth of
cancer cells but not that of normal astrocytes (Ulasov et al. 2013). However, in Phase
Il trial, the use of marimastat with TMZ in anaplastic glioma not only showed very
limited improvement of chemotherapy efficacy compared to standard treatment, but
also generated additional joint toxicity (Groves et al. 2006). Prinomastat, on the other
hand, targets MMP2, 3, 9, 13, and 14, which all together highly contribute to
angiogenesis and invasion observed in GBM as mentioned above. Prinomastat-
treated gliomas in mice are smaller in tumour size, have lower rates of proliferation,
and are less invasive compared to untreated gliomas (Price et al. 1999). This drug
has been associated with high toxicity and lack of efficacy during Phase Il clinical trials
(Bissett et al. 2005); hence, its potential applicability is currently on hold.

To sum up, small molecule MMP inhibitors have been previously developed, and some
of them have been tested in GBM patients. Nonetheless, these treatments so far have
shown limited efficacy in clinical trials for improving the patient outcome. This could be
partly due to the tumour suppressive roles that MMPs have been shown to display

during specific time-windows of tumour progression. For instance, MMP9 is
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responsible for a rapid increase of angiogenesis at early stage of tumour progression
during which it degrades basement membrane components. However, the resulting
products of basement membrane cleavage by MMP9 can have an anti-angiogenesis
effect. This has been demonstrated for tumstatin, a cleavage product of MMP9, which
hampers tumour development during the later stage of progression (Hamano et al.
2003). However, it is unclear if these MMPs also have tumour-suppressive effects in
GBM, but lessons should be learned from their application in other types of cancer,
and careful considerations should be made for avoiding similar drawbacks in the GBM

therapeutics field (Quesnel et al. 2020).

1.4 EGFR family of receptors

1.4.1 EGFR family and cancer

The epidermal growth factor receptor (EGFR) family is composed of four different
receptors: HER1 to HER4, with HER1 being simply known as EGFR. These receptors
interact with a variety of growth factor ligands present in the extracellular space and
transduce signals inside the cells that provoke a wide array of cellular mechanisms
including migration, growth, adhesion, and differentiation. Given the triggered cellular
mechanisms, these receptors have been shown to be commonly dysregulated during
cancer initiation, progression, and chemoresistance (von Achenbach et al. 2018).
Except for HER3, EGF receptors contain an intrinsic tyrosine kinase activity in their
cytoplasmic tail. However, HER3 and its neuregulin ligands can still be responsible for
signal transduction within the cell, when coupled with HER2 (HER2 has no affinity for
any ligand). The ligands able to act on EGF receptors include tumour growth factor o
(TGFa), epithelial growth factor (EGF), and amphiregulin (AREG), which have affinity
for EGFR (HER1); epiregulin (EREG), B-cellulin (BTC), and heparin binding (HB)-EGF,
which have affinity for heterodimers composed of EGFR and HER4; and the
neuregulins (NRGL1 to 4), which bind to either HER3 or HER4 (von Achenbach et al.
2018).

1.4.2 EGFR alterations in GBM
EGFR is the most commonly amplified gene in GBM and is overexpressed in some
10% of secondary GBM and 60% of primary GBM. This amplification is associated with

worsen prognosis and overall survival in GBM patients (Karpel-Massler et al. 2009).
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Besides, EGFR give rise to different aberrant transcript variants, the most common
one being the constitutively activated form EGFRVIII, which lacks the extracellular
ligand-binding domain (von Achenbach et al. 2018). This variant is found in half of
GBM carrying EGFR amplification and the mutation leading to this variant represents
60% of all mutations found in EGFR gene in GBM (Karpel-Massler et al. 2009). Other
EGFR variants are less common and less characterised. Like EGFR, HER2 displays
a very heterogenous expression in GBM samples but it has been estimated that this
receptor is mutated in 8% of GBM (Wager et al. 2011). HER3 and HER4 have an
extremely low expression but HER3 might be specifically expressed in GBM stem cells
(Duhem-Tonnelle et al. 2010). Besides, EGFR and HER3, as well as their respective
phosphorylated forms, are detected in GBM LN-18 cells whereas, high EGFR and
HERs expression are detected in GBM A-172 cells. HER3 is expressed by both cell
lines at MRNA level but to a lesser extent than EGFR and HER2, and HER4 is only
expressed at low level in A-172 cells (von Achenbach et al. 2018).

1.4.3 Therapies targeting EGFR in GBM

EGFR can be targeted by the tyrosine kinase inhibitors gefitinib and erlotinib, with the
latter inhibiting also the EGFRVIII variant. These treatments compete with ATP binding
within the intracellular tyrosine kinase domain. However, these chemotherapies have
failed in improving survival compared with standard treatments and thus are not
traditionally used to treat GBM. Considering the implications of EGFR in GBM
progression, it is surprising that targeting this pathway is not efficient and the
underlying reasons are not yet well understood. However, it seems that the existence
of alternative pathways as well as subpopulations of cells within the tumour that display
different combinations of EGFR variants may account for rapid adaptation and
resistance to tyrosine kinase inhibitors (Westphal et al. 2017). Overexpression of
EGFR is not sufficient to predict response to tyrosine kinase inhibitors and other
molecular alterations must be taken into considerations. For instance, loss of PTEN
seems to be involved in resistance mechanisms to these treatments (Karpel-Massler
et al. 2009).

1.5 Mucins

1.5.1 Family of mucins
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Mucins are heavily O-glycosylated proteins expressed at the cell surface of healthy
epithelial cells. Mucins can be either secreted or membrane-anchored
(transmembrane mucins). Secreted mucins form a mucous gel in the extracellular
space and serve as a protective barrier for epithelial cells. They are essentially
secreted by goblet cells within the healthy epithelial layer (Kufe 2009). Transmembrane
mucins include MUC1, MUC3, MUC4, MUC13, MUC14, MUC15, MUC16, MUC17,
MUC20, MUC21, and MUC22 (Dhanisha et al. 2018). MUCL1 is the best-characterised
mucin and is present at the apical membrane of secretory epithelial cells in normal
physiological conditions. Mucins comprise a domain rich in proline, threonine, and
serine residues, called the ‘PTS domain’, which constitutes tandem repeats for O-
glycosylation (Kufe 2009). The main physiological function of transmembrane mucins
is to lubricate the epithelial layer for protection against pathogen entrance (Chaturvedi
et al. 2008). Besides, the large, glycosylated PTS domain is thought to protect the
proteins against proteolytic cleavage by pathogens and host proteases (van Putten et
al. 2017).

Transmembrane mucins contain a sea urchin sperm protein (SEA) domain, unique to
the mucin family. Transmembrane mucins are typically composed of the PTS domain,
two EGF-like sequences, the SEA domain, the transmembrane domain, and the
cytoplasmic tail. After that the addition of O-glycans occurred, it accounts for 80% of
the total weight of the mature mucin (Jonckheere et al. 2013). The most commonly O-
linked sugars are N-acetyl-glucosamine (GIcNAc) and N-acetyl-galactosamine
(GalNAc). O-glycosylation is initiated by GalNAc transferase (GalNTs) on serine and
threonine residues to constitute the Tn-epitope during trafficking through the Golgi
apparatus. Subsequently, serial addition of galactose and GIcNAc occurs and forms
the primary glycan structure. The O-glycan chains can then be further extended by
other transferases with glucose, fucose, and sialic acid (N-acetyl-neuraminic acid) and
can reach over 100 nm (Hanson et al. 2016, Reily et al. 2019), while addition of
mannose and sulphate is more occasional. Glycosylation varies between cell type
since transferases are not expressed at the same level in all the cells. The highly
glycosylated extracellular part of transmembrane mucins can be released in the
extracellular space and be detected in several fluids. The cytoplasmic domain, and

sometimes the entire protein, have been observed in the nucleus. The extracellular
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part of transmembrane mucins can be released either via shedding at the SEA domain
or via cleavage by MMP14. After cleavage of the extracellular part, the cytoplasmic
domain can be cleaved by a y-secretase within the cell. However, it is not known yet if
phosphorylation of the cytoplasmic tail and signal transduction occur after release of

the extracellular part (van Putten et al. 2017, Dhanisha et al. 2018).

1.5.2 Mucin 4 (MUCA4)

Mucin 4 (MUC4) has a unique structure compared to the other transmembrane mucins.
The extracellular region of MUC4 embraces a Nidogen-like (NIDO) domain, an
adhesion-associated (AMOP) domain, a Von Willebrand factor (VWF) domain and,
between this latter domain and the transmembrane domain, three EGF-like sequences
(Fig.1.7). The VWF, AMOP, and NIDO domains replace together the SEA domain of
the other transmembrane mucins (Kufe 2009). The EGF-like sequences are highly
conserved, which suggests important function. This sequence is believed to act as a
ligand for the EGFR family members. Surrounding the EGF-like sequences, N-glycan
chains are added in the endoplasmic reticulum on asparagine residues (Jonckheere
et al. 2013, Dhanisha et al. 2018). The different domains of MUC4 and their functions
have been investigated and showed that: the NIDO domain could play a role in
invasion and extravasation in carcinomas (Senapati et al. 2012); the AMOP domain is
present in other cell adhesion proteins and as such, could have adhesion function; the
function of the VWF is lost in MUC4, and finally; the cytoplasmic tail may have a
function in signal transduction (Jonckheere et al. 2013). MUC4 is translated into a
single polypeptide divided at the GDPH site (Gly-Asp-Pro-His) into two subunits: the o
subunit covering the entire extracellular part, and the B subunit covering the
transmembrane and cytoplasmic domains (Fig.1.7) (Dhanisha et al. 2018). It is
believed that MUC4 can be cleaved at the GDPH site and be secreted in order to

strengthen the extracellular mucous gel in some conditions (Xia et al. 2017).
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Figure 1.7 Structure of MUC4 protein. MUC4 is a membrane-anchored protein
composed of a transmembrane (TM) domain, a cytoplasmic tail (CT), the Von
Willebrand factor (VWF) domain, the adhesion-associated (AMOP) domain, the
Nidogen-like (NIDO) domain, tandem repeats of PTS domains with O-glycosylation
chains attached to it, and the EGF-like domain with three EGF-like sequences

interspersed with N-glycosylation sites. Figure created with Biorender.com.

1.5.3 Mucins in cancer

Transmembrane mucins are overexpressed in various carcinomas including
pancreatic (MUC4, MUC1, MUC16), breast (MUC1, MUC3, MUC4), ovarian (MUC1,
MUC4, MUC13, MUCL16), colorectal (MUC1, MUC3, MUC13), gastric (MUC3), and
lung and prostate carcinomas (MUC1, MUC4) (Hanson et al. 2016, Dhanisha et al.
2018). It has been shown that shedding of the extracellular part of transmembrane
mucins is upregulated during cancer metastasis. Overexpression of these mucins in
carcinoma cells in vitro increases invasiveness as interaction between collagen and
laminin with the cells are hampered by the bulk of the PTS barrier. In addition to
decrease adhesion and increase invasion, the dense sugar barrier can also protect
cancer cells against destruction by the immune system and by anti-cancer drugs.
Besides, transmembrane mucins can inhibit anoikis (i.e., cell death induced by loss of

adhesion) by masking the Fas ligand at the surface of the cells with their PTS layer.
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Moreover, MUCL1 can form a complex with B-catenin via the cytoplasmic domain and
regulate genes involved in proliferation and differentiation. MUC16 can also directly

bind to the chromatin and interact with transcription factors (van Putten et al. 2017).

Aberrant glycosylation of mucins is observed in carcinoma where they constitute
tumour-associated carbohydrate antigens (TAAs) that can be used as glycosylation-
based biomarkers. O-glycan chains observed in cancer typically display more sialyl
motifs and less sulphate motifs compared to normal O-glycan chains. They can be
truncated because of incomplete synthesis, as well as aberrantly extended. Mucins
are thus both aberrantly expressed and glycosylated in cancer. Differential
glycosylation can be explained by differential expression of transferases between
healthy and tumour cells (Jonckheere et al. 2013, van Putten et al. 2017). Mucins are
present in the serum of patients, for instance MUC1, MUC13, MUC16, and their
aberrant glycosylated forms have been shown to have a prognostic value in cancer
(Filippou et al. 2018, Reily et al. 2019). These truncated carbohydrate antigens (Tn, T,
sialyl-Tn) can additionally serve as potential targets for immunotherapies (Hanson et
al. 2016). Differential glycosylation of proteins between healthy and tumour cells are
believed to play a role in cancer progression. Increased level of TAAs can be
associated with malignancy and poor prognosis in breast, pancreatic, and colorectal
cancer patients (MUC1) and in ovarian cancer patients (MUCL16). It is considered that
MUC4 and MUC1 expose the most potent TAAs (van Putten et al. 2017).

1.5.4 MUC4 in cancer

MUCA4 overexpression is observed at the surface of almost all carcinoma cells, notably
in pancreatic, gall bladder, ovarian, breast, prostate, oesophagus, and lung
carcinomas. In pancreatic ductal adenocarcinoma, overexpression of MUC4 is a
biomarker for poor prognosis. MUC4 is the most differentially expressed gene in this
type of cancer and its expression correlates with the disease grades (Kufe 2009).
Moreover, MUC4 is a biomarker for poor prognosis in other carcinomas including lung
(Tsutsumida et al. 2007), gall bladder (Lee et al. 2012), oral squamous cell (Hamada
et al. 2012) and, ovarian carcinomas (Subhash C Chauhan et al. 2006). In a rat model,
MUC4 was shown to act as a pro-oncogene as its overexpression induced a large

array of oncogenic mechanisms including disruption of cell-cell and cell-ECM
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interactions, promotion of cell survival, and augmentation of growth and invasion. Of
interest, the phosphorylation of the cytoplasmic domain of MUC4 and its involvement
in intracellular signal transduction has not yet been demonstrated (Xia et al. 2017).

MUCA4 is believed to act by blocking the surface of the cells with its large PTS layer
when overexpressed, impeding the fixation of antibodies like trastuzumab in the case
of breast cancer, thus rendering the cells resistant to monoclonal antibody-targeted
therapy (Jonckheere et al. 2013, Chugh et al. 2015, Mercogliano et al. 2017)
(Fig.1.8A). MUC4 silencing counteracted the resistance to trastuzumab in gastric
cancer cells (Jonckheere et al. 2014). Via a similar mechanism, MUC4 could prevent
ECM components to reach their receptors at the surface of the cells, like integrins and
CD44, during migration (Chaturvedi et al. 2007) (Fig.1.8A). In addition, in cancer cells,
MUC4 was shown to abrogate different normal cell mechanisms including apoptosis
(Komatsu et al. 2001), contact-inhibition (Pino et al. 2006) (Fig.1.8B), and recognition
by immune cells (Fig.1.8A). Besides these mechanisms, it is possible that aberrant
glycosylation of MUC4 in cancer can be, at least in part, responsible for its oncogenic
role. The PTS layer seems to promote cancer progression through several
mechanisms, but paradoxically, its absence was shown to have similar effects. For
example, a hypo-glycosylated form of MUC4 could expose its AMOP domain, which
was shown to play a role in metastasis of pancreatic cancer cells (Hanson et al. 2016).
Moreover, a splice variant of MUC4 lacking the PTS domain is upregulated in poorly
differentiated pancreatic tumours and induces proliferation, invasion, and adhesion to
the ECM (Jahan et al. 2018).

MUC4 also supports cancer progression and metastasis through different signalling
mechanisms. Galectin-3 (Gal-3) can bind to O-glycan chains of MUC4 (as it is
observed for MUC1) and induces the interaction between cancer cells and endothelial
cells (Senapati et al. 2011). MUCA4 interacts with Gal-3 via the T antigen on its surface,
which sparks off the clustering of MUC4 at the cell surface. Adhesion molecules, such
as integrins, are thus exposed and facilitate the docking of cancer cells to endothelial
cells for extravasation initiation (Fig.1.8C). In pancreatic cancer, MUC4 induces
trafficking of B-catenin to the nucleus via lysosomal degradation of E-cadherin.

Accumulation of B-catenin in the nucleus activates its targeted genes including VEGF
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and CD44 and thereby, promotes proliferation, metastasis, and angiogenesis (Zhi et
al. 2014). It was shown that MUC4 overexpression could trigger an EMT process
associated with increased MMP9 expression in ovarian cancer cells (Ponnusamy et al.
2010).

MUC4 expression can be regulated by diverse factors including cytokines. IFNy
induces MUCA4 expression in pancreatic cell lines. TGFB, TNFa, INFy, IL-6, and retinoic
acid positively regulate MUC4 via transcription factor activation, mainly the STAT
pathway. In turn, MUC4 can regulate several factors involved in tumourigenicity.
Importantly, in pancreatic cancer, the AMOP domain of MUC4 leads to increased
expression of VEGFA, MMP9, and ANG-2 via activation of the NOTCH3 signalling
pathway (Tang et al. 2016).
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Figure 1.8 MUC4 implication in carcinogenesis. (A) Overexpression of MUC4 on
cancer cells abrogates anti-HER antibodies’ binding, which leads to drug resistance;
interactions between cancer cells and the extracellular matrix (ECM), which promotes
invasion; and recognition of cancer cells by dendritic cells, which contributes to
carcinogenesis. (B) In non-carcinogenic epithelial cells, cell-cell interactions mediated
by cadherins maintain low activation of the RAF/ERK pathway in the cell. After
transformation, the cell polarity is lost and MUC4 is not restricted to the apical surface
anymore but expressed circumferentially, which prevents cadherin molecules to form
heterodimers at the lateral side of the cell. This abrogates normal contact-inhibition
and leads to increased level of activation of the RAF/ERK pathway, leading to tumour
growth. (C) Galectin-3 (Gal-3) is secreted by endothelial cells and binds to MUC4
expressed at the surface of cancer cells that penetrated the circulation, leading to
MUCA4 clustering at the surface of the cell and exposition of integrins. Integrins permit
the docking of cancer cells to endothelial cells, which initiates extravasation, the first
step of metastatic dissemination in carcinoma.(Pino et al. 2006, Chaturvedi et al. 2007,
Senapati et al. 2011, Jonckheere et al. 2013, Chugh et al. 2015, Mercogliano et al.

2017). Figure created with Biorender.com.
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1.5.5 MUC4-based targeted therapies

MUCA4 is not targeted yet in cancer by classical targeted chemotherapy, however, it
was suggested that its sequence may be directly targeted in the future by miRNA-
based therapy, such as miR200c, miR21913p, and miR150 in pancreatic cancer and
melanoma (Kufe 2009, Dhanisha et al. 2018). In addition, cancer vaccines based on
TAA presentation could be used for the production of tumour-specific antibodies. This
approach relies on the activation of T-helpers via antigen presentation, which in turn
can activate cytotoxic cells and B cells. Synthetic MUC4 glycopeptides carrying TAAs
could induce a specific immune response. In that case, the glycosylation pattern used
dictates the specificity and efficacy of the immune response and therefore, would need
to be carefully optimised beforehand (Torres et al. 2012).

Interestingly, some plant-derived compounds with antioxidant properties have proven
to downregulate MUC4 expression in several studies. Thymoquinone (TMQ), extracted
from Nigella sativa (black seed), was shown to decrease MUC4 protein level in
pancreatic cells potentially via removing sialic acid (N-acetyl-neuraminic acid) from the
PTS domain, which is involved in selectin recognition (Macha et al. 2015). Importantly,
TMQ is non-toxic to normal cells. However, the exact molecular targets are yet to be
characterised even though some pathways were identified. Importantly, TMQ was
shown to induce cell cycle arrest, apoptosis, and inhibition of proliferation. It was also
shown to inhibit angiogenesis, and to overcome chemoresistance. For these reasons,
TMQ could potentiate chemotherapy in GBM when administered in association. TMQ
has been shown useful in combination to various anti-cancer drugs in different cancer
cell lines and importantly, has been shown to reduce MMP2 and MMP9 expression in
breast cancer, lung, and pancreatic cell lines (Imran et al. 2018). Finally, TMQ has
been shown to reduce the MUCA4 protein level in pancreatic cancer cells (Torres et al.
2010), and to reduce secretion of MMP9 and MMP?2 protein level in GBM cells (Kolli-
Bouhafs et al. 2012).

1.5.6 Interaction between EGFR and mucins in cancer

MUC1 plays a role in carcinogenesis in part through activation of EGFR. MUC1 is
overexpressed at the surface of carcinoma cells and was shown to interact with several
growth factor receptors including c-MET (HGF receptor), EGFR, and PDGFRb
(Hanson et al. 2016). The truncated form of MUCL1 interacts with EGFR (HER1) and
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supports its activation when their respective ligands, Gal-3 and EGF, are available in
the extracellular space. MUC1 can activate EGFR when it is linked to its ligand EGF
without Gal-3. However, the binding of Gal-3, whose expression is altered in
carcinogenesis, on the truncated form of MUCL1 potentiates the activation of EGFR and
prolongs the downstream activation of the ERK1/2 pathway (Piyush et al. 2017). The
use of an inhibitory peptide blocking the interaction between MUC1 and EGFR led to
reduced malignancy of breast cancer cells in an in vitro assay and inhibited growth and
recurrence in vivo (Bitler et al. 2009).

MUCA4 has also been shown to interact with EGFR family members at the surface of
carcinoma cells. MUC4 forms a complex with HER2, which is located at the lateral side
of non-carcinogenic epithelial cells. This interaction induces their translocation at the
apical surface of the cell and prevents the pro-oncogenic interaction between HER2
and its partner HER3, which, in the presence of neuregulin, would induce proliferation,
invasion, and survival. Besides, the HER2/MUC4 complex activates the p38 pathway,
which maintains cell differentiation. Thus, interaction of HER2 and MUC4 in
physiological conditions maintains normal cell polarity and differentiation and prevents
HER?2 from exerting its oncogenic effects. During neoplastic transformation and loss
of cell polarity, the normal interaction between HER2 and MUC4 is lost over the
formation of an aberrant HER2/HER3 complex stabilised by MUC4 and neuregulin.
This new interaction leads to phosphorylation of the cytoplasmic domain of HER2 and
activation of the ERK and AKT pathways (Carraway et al. 2009) (Fig.1.9A).

MUC4 is also thought to act as a transmembrane ligand that induces the dimerisation
and transactivation of HER2, which does not have any extracellular ligand (Dhanisha
et al. 2018). Activation of HER2 has been shown to disrupt the PAR-2/PAR-6 complex
that controls and maintains cell polarity, leading to the disruption of tight junctions.
MUC4 may also be responsible for B-catenin sequestration via again interaction with
HER2 at the apical membrane, which would cause disruption of adherens junctions
(Kufe 2009). In addition, some MUC4 transcriptional variants lack the transmembrane
domain and thereby could be secreted. In this case the EGF-like sequences of MUC4
could directly act as a ligand on EGF receptors (Chaturvedi et al. 2008). In another

study, a model was proposed in which MUC4 forms a complex with HER2 at the
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surface of ovarian cancer cells, leading to upregulation of N-cadherin, which would
induce the EMT process with an increase of MMP9 through the N-cadherin/Akt/ERK
pathway (Ponnusamy et al. 2010). A similar model was recently proposed in pancreatic
cancer, where MUC4 and HER2 physically interact via the EGF-like sequences of
MUCA4 (Stoup et al. 2021) and induce invasion through activation of several signalling
pathways such as mTOR, Akt, and B-catenin. In parallel, it was also suggested that
MUC4 could induce invasion indirectly through MMP9 secretion and action in
pancreatic cells (Tang et al. 2016, Stoup et al. 2021). These observations support that
targeting of MUC4 in cancer with different strategies, as mentioned earlier (miRNA-
based therapy, anti-cancer vaccines, natural compounds) could be beneficial for
cancer patients through downregulation of MUC4-EGFR interaction and MMP9
expression (Fig.1.9B).
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Figure 1.9 Model of MUC4-EGFR interaction in cancer. (A) In normal epithelial cells,
HERS3 is restricted to the lateral side whereas interaction between MUC4 and HER2
leads to their translocation to the apical side where they maintain normal differentiation
of the cells. After oncogenic transformation, polarity and HERS lateral restriction are
lost, MUC4 forms a complex with HER2 and HER3. When neuregulin (NRG) binds to
HER3, the complex is activated, HER2 tyrosine kinase activity transduces the Akt and
ERK signalling pathway, which promotes downstream oncogenic responses. (B)
Interaction between MUC4 and HER2 through EGF-like sequences of MUC4 at the
surface of carcinoma cells promotes survival, proliferation, and invasion via
downstream activation of oncogenic pathways that are believed to trigger MMP9
expression. Potential strategies for MUC4 inhibition to stop cancer progression are
represented. (Carraway et al. 2009, Ponnusamy et al. 2010, Tang et al. 2016, Stoup

et al. 2021). Figure created with Biorender.com.
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1.5.7 Mucins in GBM

Taken together, these above-mentioned findings suggest that mucins play crucial roles
in carcinogenesis that are still under ongoing investigations. However, very few studies
on their expression and function in non-epithelial cancers have been conducted.
Research studies investigating the involvement of mucins in glioma progression are
limited, probably because mucins are not expressed in the healthy brain. A few studies
showed that mucins are being increasingly correlated with GBM progression. First, the
expression of MUC15 has been found upregulated in glioma samples compared with
healthy brain tissue and the expression of MUC15 correlated with both tumour
progression and shorter survival (Yang et al. 2014). Moreover, MUC13 was also found
overexpressed in GBM stem cells and its overexpression enhanced the cell migrative
behaviour (Li et al. 2017). MUCL1 C-terminal subunit expression was found to be higher
in grade 1l glioma and GBM compared to the lower grades. Its overexpression
increased colony formation ability of glioma cells in vitro. Expression of MUC1 C-
terminal subunit in glioma was shown to be regulated by miR-194 and the IncRNA

LINC00909, whose expression is dysregulated in glioma (Liu et al. 2019).

MUC4 was shown to be overexpressed in GBM samples and GBM cell lines. Ectopic
expression of MUC4 in GBM cell lines induced increased proliferation and invasion
abilities with similar effects to those observed after EGFR overexpression in these
cells. Besides, MUC4 inhibition in these GBM cell lines resulted in downregulation of
EGFR expression both at mRNA and protein levels, which indicates that EGFR and
MUC4 proteins may be part of a common pathway. Both proteins are found
overexpressed together in GBM samples (Li et al. 2014). To sum up, MUC1, MUC15,
MUC13, and MUC4 have been found overexpressed and involved in GBM and more

importantly this seems to be linked to the EGFR pathway in the case of MUCA4.

1.6 Hypothesis and aims

1.6.1 Hypothesis
In the light of the data mentioned above, one can posit that in GBM, aberrantly

glycosylated/regulated variants of MUC4 may interact with EGFR. Furthermore, this
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interaction could be, at least in part, responsible for high MMP9 expression observed
in GBM and therefore, might considerably account for GBM aggressiveness.

The components of this pathway, taken together, could constitute a panel of potential
biomarkers detectable from tissue and liquid biopsies, as well as therapeutic targets.
Of note, MUC4 could constitute a particularly interesting biomarker since it is heavily
glycosylated and therefore potentially easier to identify. In addition, its absence in
healthy glial cells makes MUC4 potentially a highly specific biomarker in brain cancer.
Anti-EGFR therapy in GBM has represented a promising treatment strategy but fails
at being efficient when given alone. Besides, MUC4 inhibition is not yet contemplated
for GBM treatment because of a knowledge gap on its involvement in such tumours.
Although MMP9 has been shown to be a promising target in GBM, current therapy
targeting directly this protein is not considered safe and specific enough. Moreover,
the exact biology of MMP9 and MUC4 during GBM progression must be better clarified
before these two proteins can be used in combination as therapeutic targets. This
would allow among others, to avoid the toxic effects that their inhibition may induce

and to determine the correct time windows for efficient delivery.

Innovative biomarkers are rarely deemed efficient for clinical decision-making. For this
reason, many recently discovered biomarkers are not used in clinics even if they have
been shown to be highly implicated in the disease progression, as is the case for
MMP9. However, biomarkers that have diagnosis and/or prognosis value can be used
to predict poor response to standard treatment and thus, can help to guide patients
towards more innovative treatments (e.g., enrolment in clinical trials). Moreover,
biomarkers that can be available from liquid biopsies are particularly helpful: they allow
disease progression and treatment response monitoring as they are less invasive; they
can be assessed during early stage of the disease (before surgical resection), and
finally, might be more representative of the cancer than tissue biomarkers detected

from a restricted portion of the tumour.

1.6.2 Aims

The aims of the research studies carried during this PhD thesis are to:
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1. Evaluate the diagnostic and prognostic potential of EGFR, MMP9, and
MUCA4 in glioma tissue and serum samples. The first chapter of this thesis
aims at characterizing the expression of MUCA4, alone and in association with
MMP9 and EGFR, in glioma and determine its prognostic (relation with survival)
and diagnostic (relation with histological grades and IDH genotypes) potential
as a biomarker. The localisation and putative co-localisation of the proteins
within the tissue will be assessed. To address this, immunohistochemistry (IHC)
and immunofluorescence (IF) labelling will be performed in formalin-fixed,
paraffin-embedded (FFPE) biopsy slides from grade IlI, grade lll, and grade IV
glioma patients. The association between protein expression and the survival
will be determined with the Kaplan-Meier method. Finally, to assess the value
of the proteins as non-invasive liquid biopsy biomarkers, the levels of MMP9
and MUC4 in the serum of the patients will also be studied by using ELISA

immunoassays.

2. Delineate the putative MUC4/EGFR/MMP9 pathway in GBM cells with in
vitro assays. The second chapter aims at deciphering the effect of MUC4 in
glioma cells, as well as the localisation and potential interaction of MUC4 and
EGFR, and to investigate the regulation of this pathway at the gene expression
level. To do this, GBM cell lines will be used. MUCA4 will be transfected in glioma
cells to observe the effect of the protein’s expression on the cell behaviour in
spheroids. Secondly, immunocytochemistry (ICC) will be performed to study the
proteins’ localisation. RT-gPCR will be used to study the gene expression after
the addition of different ligands and drugs, which will shed light on the regulation
of this pathway.

3. Determine to which extent biomolecular and glycosylation changes
between different glioma cells can be captured with Raman spectroscopy
(RS). The third chapter aims at assessing the efficacy of Raman spectroscopy
at discriminating between glioma grades and more importantly between grade
[l and grade IV based on the level of glycosylation patterns present in live cells,
notably the one introduced by MUC4 overexpression. Changes in the bio-
composition of the samples in the different glioma grades will be explored using
an in-house glycosylation database and a more general database from the

literature.
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4. Assess the potential of Raman spectroscopy (RS) for glioma diagnosis
and glycosylation monitoring in clinical samples. The fourth chapter aims
at determining whether the findings of the preceding chapter can be applied in
clinical FFPE samples for objective glioma grade discrimination. In addition, the
biomolecular changes will be assigned by comparison to the database and
parallel monitoring of biological changes between the grades will be performed
with a particular focus on glycosylation. Finally, the same approach will be used
on serum sample (liquid biopsy), which would constitute a better type of sample

since collected in a less invasive way for the patients.
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Chapter 2: The EGFR/MUC4/MMP9 diagnostic and prognostic
value in glioma tissue and serum samples

ABSTRACT

Background: There is currently an urgent need for novel biomarkers and therapeutic
targets for GBM patients. In this chapter, the combined role of mucin 4 (MUC4), matrix
metalloproteinase-9 (MMP9), and the epidermal growth factor receptor (EGFR) in the
progression and clinical outcome of glioma patients was investigated.

Method: Immunohistochemistry (IHC) and immunofluorescence (IF) in formalin-fixed,
paraffin-embedded (FFPE) tissue samples were used to evaluate the expression and
localisation of EGFR, MMP9, and MUCA4 in glioma. Kaplan-Meier survival analysis was
also performed to test the prognostic significance of the proteins for glioma patients.
Finally, the protein levels were assessed with enzyme-linked immunosorbent assay
(ELISA) in blood serum of glioma patients, to further investigate their potential as non-
invasive liquid biomarkers.

Results: Both MUC4 and MMP9 expression was significantly correlated with the
histological glioma grades and IDH1 genotypes, with the highest expression observed
in GBM/wt-IDH1 patients. Moreover, MUC4 and MMP9 were co-expressed in the
proliferative microvasculature of GBM, suggesting a new combined role for
MUC4/MMP9 in angiogenesis and microvascular proliferation (MVP). The combined
high expression of MUC4/MMP9, and MUC4/MMP9/EGFR was significantly
associated with poor overall survival (OS). Finally, MMP9 levels were significantly
higher in the serum of GBM patients compared to grade lll patients, whereas MUC4
level was low in all cases.

Conclusion: These results strengthen the hypothesis that MUC4, along with MMP9,
might account for GBM progression, representing a potential novel therapeutic target.
Moreover, this suggests the ‘MUC4/MMP9/EGFR axis’ may be used in GBM

diagnostics and prognostics.
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2.1 Introduction

Glioma diagnosis is usually made by assessing histological characteristics and IHC
staining of biomarkers in solid tissue samples and is thus susceptible to pathologist-
dependent bias. Naturally, accurate diagnosis in glioma patients is crucial for treatment
decisions. Usually, using a single protein as a biomarker is insufficient for an accurate
and specific diagnosis; thus, there is the tendency to combine several biomarkers in
multi-analyte panels to improve diagnostic accuracy (Yurkovetsky et al. 2006, Borgia
et al. 2009). So far, several biomarkers have been identified in GBM. IDH1/2
genotyping is the prevailing current marker for distinction between GBM and m-IDH
grade 4 astrocytoma in the 2021 WHO classification (Chen et al. 2017). However, as
the prognosis of GBM remains poor, a need for novel biomarkers and potential

therapeutic targets is warranted.

MUCA4 is overexpressed in various carcinomas and has been demonstrated to interact
with various EGFR family members (Carraway et al. 2009, Dhanisha et al. 2018).
However, only a few studies (Li et al. 2014, Yang et al. 2014, Cheng et al. 2020) have
investigated the implication of mucins in glioma. According to the Human Protein Atlas
database, MUC4 is not expressed in the healthy brain. Nonetheless, MUC4
overexpression is observed in GBM patient samples and cell lines. In addition, in vitro
assays have shown the implication of MUCA4 in proliferation and invasion properties of
GBM cells (Li et al. 2014). Of note, MUC4 was one of the three most frequently mutated
genes in grade lll patients progressing towards histological grade IV astrocytoma,
suggesting its involvement in gliomagenesis (Seifert et al. 2020). In GBM, EGFR is the
most commonly amplified gene (Karpel-Massler et al. 2009), while MMP9 has been
previously suggested as a prognostic and diagnostic factor in glioma (Xue et al. 2017).
MMP9 has been shown to be transcriptionally regulated by EGFR signalling and
involved in the regulation of key signalling pathways in glioma (Choe et al. 2002, Chang
et al. 2015, Chen et al. 2017). In general, EGFR interacts with members of the mucin
family in cancer (Carraway et al. 2009, Dhanisha et al. 2018), and as such, MUC4 may
physically interact with EGFR in a ligand-dependent manner. This interaction may lead
to downstream signalling and MMP9-mediated glioma initiation and progression.

In this chapter, EGFR, MMP9, and MUC4 were hypothesised to be part of a common

signalling axis that could constitute a panel of novel biomarkers for diagnosis and
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prognosis of glioma patients. The goal of this chapter was to evaluate the diagnostic
and prognostic potential of EGFR, MMP9, and MUC4 in glioma tissue and serum
samples. First, the protein expression and cellular (co)-localisation were investigated
in tissue samples from patients diagnosed with grade I, grade lll, and grade IV
gliomas, as well as their association with clinicopathological features. The prognostic
significance was next evaluated by analysing the association between protein
expression levels and clinical outcome of glioma patients using the Kaplan-Meier
survival analysis method. Finally, the potential of MUC4 and MMP9 as liquid
biomarkers was explored by measuring the protein levels in serum samples of high-
grade glioma patients (grade l1ll, IVV) and non-glioma (control) individuals.

2.2 Material and methods

2.2.1 Patients and clinical samples

To analyse the significance of the three potential biomarkers (EGFR, MMP9, and
MUCA4) in glioma patients, tissue sections from grade Il (diffuse astrocytoma and
oligodendroglioma), grade 1l (anaplastic astrocytoma and anaplastic
oligodendroglioma), and grade IV (GBM) gliomas were assessed. Since grade | glioma
(pilocytic astrocytoma) is molecularly and histologically distinct from the other glioma

grades, this grade was considered to be non-relevant to this study (Arcella et al. 2020).

20 um-sections of 60 formalin-fixed, paraffin-embedded (FFPE) tumour sections,
obtained from tumour debulking surgery or biopsy, were investigated in total. 10 grade
II, 10 grade Ill, 10 grade IV samples were obtained from the Manchester Cancer
Research Centre (MCRC) Biobank (Manchester, UK) and corresponding numbers
from the NovoPath Biobank Newcastle (Newcastle-upon-Tyne, UK). Non-glioma brain
tissue samples used as controls (2 patients) were obtained from Newcastle Brain
Tissue Resource (NBTR) (Newcastle-upon-Tyne, UK). All diagnoses were performed
by a local consultant neuropathologist, following the 2016 WHO classification of the
central nervous system tumours (the samples have been collected before the 2021

WHO classification update).
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30 blood serum samples (10 non-glioma benign tumours (controls), 10 grade lIll, and
10 grade 1V) were obtained from the MCRC biobank (Manchester, UK). The serum

samples were stored at —80 °C prior to analysis.

2.2.2 Ethical approval

The Research Ethics Boards approved sample collection of the respective Biobanks
(Manchester Cancer Research Centre (MCRC) (REC ref 18/NW/0092) and NovoPath
Biobank Newcastle (REC Ref 17/NE/0070), UK) and the Teesside University Research
Ethics Committee upon receipt of the ethical approval. Brain tissue was obtained from
the NBTR, a UK Human Tissue Authority-approved research tissue depository, and
ethical approval granted by the Newcastle University ethics board and the Joint Ethics
Committee of Newcastle and North Tyneside Health Authority (ref: 08/H0906/136). Al
procedures followed The Declaration of Helsinki.

2.2.3 Immunohistochemistry (IHC)

IHC is a well-established method that allows to visualise the localisation of a protein of
interest within a tissue section, or other types of organic samples, using antibodies
(primary and secondary). The primary antibody is designed to specifically bind to the
protein of interest, while the secondary antibody is designed to bind to the primary
antibody. The latter is linked to an enzyme (peroxidase) producing a brown-coloured
reagent (chromogen) after the addition of a substrate, usually diaminobenzidine
tetrahydrochloride (DAB) (Erskine et al. 2019). The tissue slide can then be mounted
and visualised easily with microscopy. The localisation pattern and the intensity of the
staining, which is representative of the protein expression, can then be analysed
visually from microscope images. Statistical analyses can also be performed on
categorised variables. For instance, samples can be assigned to different intensity
IHC-scores or different scores corresponding to different percentages of expression
on which later, statistical tests can be performed. Qualitative (localisation of the
protein) and quantitative (level of expression categorised) approaches were both used
in this study for EGFR, MUC4, and MMP9 expression.

Primary antibodies were first tested and concentrations optimised on a few glioma
samples (several slides were available for each patient). Negative controls in one

sample of each grade were also used, following the same procedure with the only
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difference that the addition of the primary antibodies was omitted, to verify that the
non-specific background staining was low. FFPE tissue sections were deparaffinised
by serial incubation for 10 minutes in xylene (Honeywell, #534056-4L) and decreasing
concentrations of ethanol (VWR chemicals, #20821.330) mixed with distilled water
(100%, 95%, 70%, and 50% ethanol) before being soaked in pure distilled water. Heat-
induced antigen retrieval was then performed to unmask the target protein by boiling
the slides in citrate buffer pH 6 or Tris-EDTA buffer pH 9 (Table 2.1), depending on
the manufacturer’s instruction for each antibody (Table 2.2). Tissue slides were
soaked in the antigen retrieval buffer and boiled using a microwave for 15 minutes. A
hydrophobic pen (Merck, #2377821) was used to draw a liquid-repellent barrier around
the samples and the following incubation was performed by directly placing the
appropriate solution onto the sample (200 to 500 ul depending on the sample size).
Endogenous peroxidases were blocked to avoid unspecific staining by incubation in a
H202 3% solution (Sigma-Aldrich, #7722-84-1) at room temperature for 20 minutes.
Samples were also blocked to avoid unspecific binding with host immunoglobulins by
incubation with a blocking solution (Table 2.1) for one hour at room temperature.
Samples were incubated with the primary antibodies (Table 2.2) diluted in the blocking

solution overnight at 4°C.

The next day, universal probe horseradish peroxidase (HRP) and DAB (A. Menarini
diagnostic kit, #MP-860-K100) were used to reveal the primary antibodies by using the
same incubation time for all the samples stained with the same antibody. The slides
were then mounted with Eukitt quick-hardening mounting medium (Sigma-Aldrich,
#03989) and let to dry. Images were taken with a Leica microscope DM75 (Leica
microsystem, UK) at total magnifications of x200 and x400. Haematoxylin (Sigma-
Aldrich, #517-28-2) staining was performed on a parallel slide for each case to confirm
histological grading. To avoid the inclusion of artefacts, slides were scored by the
investigator, who was blind to clinicopathological data, rather than by automated
techniques using software tools. Both the intensity and the proportion of expressing
cells were considered during the quantitative analysis. Blinded scoring was performed
from 10 views at a total magnification of x200 for each slide and each marker. 1800
images were analysed in total (60 patients x 3 antibodies x 10 images).
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Since the IDH genotype is crucial in the 2021 classification of glioma, IHC staining for
IDH1 mutant R132H was performed on the samples that had not been genotyped for
IDH in the hospital. The same protocol described was followed by using citrate buffer
as an antigen retrieval. The antibody used was IDH1 (mutant R132H) rabbit

monoclonal antibody (Thermofisher scientist, #Z2010RT) used at a 1:200 dilution.

Buffers Composition

0.05 % Tween-20

Citrate buffer pH 6 : :
3 mM sodium citrate

1 mM EDTA
Tris EDTA pH 9
10 mM Tris
150 mM NacCl
Tris-buffered saline (TBS) (1X)
20 mM Tris

2% bovine serum albumin (BSA)

Blocking solution 10% normal horse serum

TBS (1X)

Table 2.1 Composition of buffers used for IHC staining.

Protein Dilution Reference Antigen Species

retrieval buffer

MUC4 1:250 Abcam, ab60720 | Citrate, pH 6 Mouse
MMP9 1:750 Abcam, ab76003 | Citrate, pH 6 Rabbit
EGFR 1:100 Abcam, ab52894 | Tris-EDTA, pH 9 | Rabbit

Table 2.2 Primary antibodies used for IHC staining.
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2.2.4 Immunofluorescence (IF)

IF is a technique very similar to IHC with the difference that the secondary antibody is
linked to a fluorophore, which can be visualised directly with a fluorescent microscope
(Joshi et al. 2017). This technique allows to label more than one protein of interest on
the same sample, since different fluorophores can be used and discriminated by the
microscope thanks to their different excitation and emission wavelengths. Therefore,
this technique can be used to reveal co-expression of pairs of biomarkers (double IF).
Different technical aspects need to be carefully considered before performing double
IF. First, the primary antibodies need to be produced from different species (in this
study, mouse, and rabbit) whenever possible, to avoid cross-binding, and should not
be produced from the host species (human) to avoid cross-reaction with the host
immunoglobulins. The secondary antibodies (linked to different fluorophores) need to
be produced from a fourth species (goat), and serum from that species (goat serum)
should be used as a blocking agent during the blocking step. Finally, each secondary
antibody needs to be targeted against the species of that the first antibodies it should

recognise and label (Im et al. 2019).

FFPE slides were chemically dewaxed by serial incubation in xylene and decreasing
concentrations of ethanol as described earlier. Antigen retrieval was performed by
boiling the slides in citrate buffer pH 6 as described before. The slides were incubated
in blocking solution (TBS, 0.05% Tween (TBS-T), 7% goat serum, 5% BSA) for one
hour at room temperature and next with each primary antibody solution containing the
primary antibody at the appropriate dilution (Table 2.3) diluted in antibody diluent
solution (TBS-T, 2% goat serum, 5% BSA) at 4°C overnight. Fluorescently labelled
secondary antibodies used were goat anti-rabbit IgG H&L (Alexa Fluor® 647 pre-
adsorbed; Abcam, ab150083) and goat anti-mouse IgG H&L (Alexa Fluor® 555;
Abcam, ab150114) diluted in the same antibody diluent as described before (1:500
dilution for both). The slides were incubated in the secondary antibody solution for one
hour at room temperature and mounted with fluorescent mounting medium, which
contained DAPI (Abcam, ab104139) to stain the nuclei. The mounting medium was left
on the samples for one minute before mounting the slides. The slides were then left to
dry overnight at room temperature in the dark and then stored at 4°C in the dark.
Images were captured with a Leica SP8 fluorescent microscope (Leica microsystem,
UK).
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Protein Dilution Reference Species
Anti-MMP9 1:500 Abcam, ab58803 Mouse
Anti-MMP9 1:1000 Abcam, ab38898 Rabbit
Anti-MUCA4 1:250 Abcam, ab60720 Mouse
Anti-EGFR 1:400 Abcam, ab52894 Rabbit
Anti-CD31 1:200 Sigma, SAB5700639 | Rabbit

Table 2.3 Primary antibodies used for IF staining.

2.2.5 ELISA immunoassays

ELISA is a well-established analytical technique that uses the same principle as IHC
to detect the presence of a protein of interest in a liquid sample. It is typically used to
assess the precise concentration of a specific protein in blood serum, cell line
supernatant, or cell/tissue extract with high sensitivity and specificity. In this technique,
micro-wells contained on a plate are coated with a capture antibody specific for an
antigen present on the protein of interest. The bound antibody is incubated with the
protein solution whose concentration needs to be determined. The detection antibody
IS next added and binds to another antigen present on the protein, so that the protein
of interest is in the middle of the capture antibody and the detection antibody
(sandwich-type technique). The latter is biotinylated and therefore binds to the enzyme
streptavidin-peroxidase after its addition, or alternatively, the enzyme can be pre-linked
to the detection antibody. The addition of a substrate generates a blue chromogen
(product formation) when in contact with the enzyme. Sulfuric acid is added to stop the
reaction before optical density measurement. This technique allows a precise
determination of the concentration as a standard curve is performed with the protein

of interest.

ELISA immunoassays were used to assess the concentration of MMP9 and MUC4

proteins in the serum samples. Measurement of the two forms of MMP9 (92 KDa pro-
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form and 82KDa activated form) was performed using the Human MMP9 Quantikine
ELISA kit (R&D systems, #DMP900). Human MMP9:TIMP-1 Complex DuoSet ELISA
kit (R&D systems, # DY1449) was used to measure MMP9:TIMP-1 complex. Detection
of MUC4 was performed using the Human MUC4 ELISA kit (Fine Bioteck co, #

EH1160). Each kit was used according to the manufacturer’s instructions.

For the MMP9 Quantikine and MMP9:TIMP1 ELISA assays, samples and standards
were incubated for two hours in a plate pre-coated with a monoclonal antibody specific
for human MMP9 at room temperature. For detection of MMP9, an HRP-conjugated
anti-MMP9 antibody was directly added before addition of the substrate solution. For
detection of MMP9:TIMP1, a biotinylated anti-TIMP1 antibody was added to each well
before a two-hours incubation at room temperature followed by a 20-minutes
incubation with Streptavidin-HRP. The substrate solution, tetramethylbenzidine
chromogen (TMB) was added and left for 30 minutes at room temperature before a
stop solution of sulfuric acid was added and optical density measured in each well.

Three washes were performed between each step.

For the human MUC4 ELISA immunoassay, samples and standards were incubated
for 90 minutes at 37°C in a plate pre-coated with a captured antibody specific for
human MUCA4. A biotinylated antibody was added to each well and left for one hour at
37°C. Then, an HRP-streptavidin conjugate was added for 30 minutes at 37°C and
finally, the TMB substrate was added for 20 minutes in the dark at 37°C before the
stop solution was added and optical density was measured. Three washes were

performed between each step.

Optical density was measured with an Epoch 2 microplate spectrophotometer (BioTekK,
VT, USA) at 450 nm with a wavelength correction set at 540 nm, made in duplicate for
each sample. The mean blank value was subtracted. A standard curve for each protein
(using different concentrations of the protein standard) was made for each assay from
averaged duplicates and used to determine the protein concentration in each sample.
The concentration of total protein content in each sample was also determined using
a Quick start Bradford assay (Bio-Rad, CA, USA) in which a standard curve of BSA

was used. The protein concentration was calculated using the relevant standard curve
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for each ELISA (ng/ml) and normalised based on the total protein concentration
(mg/ml) determined by the Bradford assay.

The MUC4 ELISA kit used was able to detect a minimal standard concentration of
0.31ng/ml, with a limit of detection of 0.188 ng/ml. For this assay, some values,
calculated from the standard curve (for four patients) were inferior to this concentration.
These values were arbitrarily defined as 0. All other MUC4 concentrations for each
patient were multiplied by the dilution factor, then adjusted to the total concentration of
protein in the serum of each patient (measured beforehand using the standard
Bradford method).

2.2.6 Statistical analysis

Chi? test, Tukey’s multiple comparison test, and log-rank test were performed using
GraphPad Prism 9 software (GraphPad software, CA, USA). The Chi? test was used
to evaluate the dependence between more than two categorical variables in glioma
tissue samples. Tukey’s multiple comparison test is used for pair-wise comparison of
means of two populations. One-way ordinary ANOVA, followed by Tukey’s multiple
comparison test, was used to test whether the mean concentrations of proteins in the
serum between pairs of grades were significantly different. All p-values given were 2-
sided and a p-value < 0.05 at a 95% confidence interval was considered statistically
significant. p-values significance are defined as followed: *** indicates a p-value
<0.001; ** indicates a p-value <0.01; * indicates a p-value <0.05.

The number of months between surgery and death (if any) was used to define the
overall survival (OS) and the number of months between the surgery and relapse (if
any) was used to define the progression-free survival (PFS). The Kaplan-Meier method
and log-rank test were used to test the null hypothesis of no difference between two
survival curves. The EGFR-high group comprised score-2 and the MMP9-high and
MUC4-high groups comprised score-1 and score-2. This decision was made to

compare groups of similar size since EGFR was expressed in most patients.
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2.3 Results

2.3.1 Patient clinicopathological characteristics of tissue samples

The histological 2016 WHO classification was followed in this study as the samples

were collected in 2019 before the 2021 WHO classification update, which now mostly

relies on cytogenetic characteristics (Arcella et al. 2020). However, IDH-genotype,

which is the most important feature in the 2021 WHO classification, was also available

for almost all the patients. Therefore, for patients not clinically IDH-genotyped (6 grade

IV patients), IHC staining for IDH1 mutant R132H, which is the most common IDH

mutation (more than 90%) (Parsons et al. 2008), was performed on parallel glass

slides. GBM cases with a known IDH1 genotype were used as controls (one mutated

(m) and one wild-type (wt)). All six GBM patients with an unspecified genotype were

wt-IDH1 (negative staining) from the IHC. Eventually, IDH1 genotypes for all the glioma

patients in the study were known.

Patient characteristics are listed in Table 2.4 with 20 patients per grades (60 in total).

month month
Case Grade Sex Age (yrs) at IDH o (sin:et sRelapst-z Treatment Case Grade Sex Age (yrs) at  IDH o gin::et ’ Relapse Treatment
surgery  genotype surgery) pre-surgery surgery genotype surgery) pre-surgery
1 1l F 40 m 31 1l M 68 m
2 1l F 60 m 78 Yes 32 1l M 57 WT 3
3 1l F 54 m 33 1l F 64 m
4 1l F 28 m 34 1l M 76 WT 14
5 1l M 49 m 35 1l M 56 WT 16
6 I} F 24 m Yes 36 1 M 33 m
7 1l F 72 m 37 1l M 59 WT 20
8 1l M 37 m Yes 38 1l M 36 m 89 Yes XRT
9 1l F 67 m 20 39 1l M 36 m
10 1l F 58 m Yes 40 1l M 54 m
11 1l M 63 m 41 \% F 64 WT 18 Yes
12 I} M 67 m 42 v M 58 WT Yes
13 1l F 41 m 10 43 [\ M 56 WT 10 Yes
14 1l F 79 WT 4 Yes 44 \% M 64 WT 0
15 1l M 52 m 45 \% F 52 WT 3 Yes
16 1l F 57 m 46 \% F 73 WT 7
17 1l M 23 m 47 \% F 74 WT
18 1l F 38 m 63 Yes 438 \% M 69 WT 18 Yes
19 1l M 26 m Yes 49 \% F 41 WT 17 Yes
20 1l M 25 m 50 \% F 70 WT 6
XRT, PCV,
21 1] M 53 m 30 Yes ™Z 51 \% F 67 WT 3 Yes
22 ] M 53 m 93 52 \% M 84 WT
23 ] F 36 m Yes 53 \% M 40 WT 6 Yes
24 1] F 44 m 54 \% M 44 WT 8
25 ] F 68 m 67 XRT 55 \% M 73 WT 2 Yes
26 ] M 41 m 37 Yes XRT 56 \% F 57 WT 7 Yes
27 1 F 42 WT 28 Yes PCV 57 [\ F 44 m 60 Yes XRT
PCV and
28 ] F 56 m 33 Yes T™MZ 58 \% M 61 WT 14
29 ] F 25 m 59 \% M 68 WT
30 1] F 42 m 60 \ M 61 WT 12

49



Table 2.4 Patient characteristics in fixed glioma tissues. [Years (yrs), Overall
survival (OS), Radiotherapy (XRT), procarbazine, lomustine, vincristine (PCV),
temozolomide (TMZ), mutated (m), wild-type (WT)].

The number of wt-IDH patients significantly increased with the glioma grade
(p<0.0001, Chi?). This was expected as m-IDH IV gliomas are generally scarce and
are likely to have arisen from a lower-grade glioma (Wesseling 2018, Louis et al. 2021)
(Fig.2.1A). There was no significant difference between the number of women and
men in each grade (p=0.42, Chi?), nor in the number of relapses between the grades
(p=0.23, Chi?). The mean age was 48 years old for grade Il patients, 50 for grade I,
and 61 for grade IV, and the number of patients younger than 65 years old was not
significantly different between the grades (pairwise comparison, Fisher's exact)
(Fig.2.1A).

Overall survival (OS) is defined by the number of months between surgery (tissue
collection) and death. The number of patients surviving less than 12 months was
significantly higher in grade IV than in grade Il (p=0.006, Fisher’s exact) (Fig.2.1A).
There were 15 patients still alive in the grade 1l group, 9 in the grade Il group, and 4
in the grade IV group at the time of data collection. The mean OS was 35, 39, and 12
months for grade Il, lll, and IV, respectively. The mean OS for grade IV when excluding
the only m-IDH patient was reduced to 8.7 months. Finally, the difference between the
survival curves of m-IDH patients and wt-IDH patients showed high significance
(p<0.0001, Log-rank) by using the Kaplan-Meier method (Fig.2.1B).
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A B

N(%) Gradell Gradelll GradelV P-value (Chi-2)
IDH-m 19(316) 15(25) 1(1.6)
IDHgenotype hwr  1(16) 5@3) 19316 00001
- Female 12(60)  8(40) 9 (45) 042 (ns) OS IDH genotype
Male 8(40)  12(60)  11(55) .
Yes 7 (35) 6 (30) 11 (55) 100 -
Relpes o 13(65) 14(70) 9 (45) 028 (na] =
N (%) Grade ll Grade lll P-value (Fisher's exact) %
<65 16(80) 17 (85) 5 ]
Age 65 4200  3(15) 2099 (ns) @
<12 2 (40) 1(9) S 50
oS 2 3(60)  10(91) B2 2 —— m-IDH
Grade lll Grade IV P-value (Fisher's exact) a
Age 65 17.(85)  12(60) 0.15 (ns) _§ WT-IDH
>65 3(15) 8 (40) & . p-value<0.0001
<12 1(9) 10 (62) s
o8 >12 10 (91) 6 (38) Q081 0 X : | > ,
Grade ll Grade IV P-value (Fisher's exact) 0 20 40 60 80 100
Age <65 16 (80) 12 (60) 03 (ns) Months after surgery
>65 4 (20) 8 (40) ’
<12 2 (40) 10 (62)
% 3(60)  6(38) 0810s)

Figure 2.1 Association between patient characteristics. (A) Association between
IDH genotype, sex, and relapse, with glioma histological grades was assessed by chi?
test; and association between age and overall survival (OS) with glioma grades was
assessed by Fisher's exact test. The association between wt-IDH and higher glioma
grades was strongly significant (****) and OS was significantly lower in grade IV
patients compared with grade Ill patients (**). (B) Overall survival (OS) curves of
mutated-IDH (m-IDH) and wild-type-IDH (wt-IDH) patients were generated with the
Kaplan-Meier method. The OS of wt-IDH patients was significantly lower than the one

of m-IDH patients as assessed by the Log-rank test (p<0.0001).

2.3.2 Protein expression in non-glioma tissue samples

Staining of glioma tissue samples with EGFR antibodies is very well characterised
(Jeuken et al. 2009, Burel-Vandenbos et al. 2013, Sartori et al. 2017), which is
considerably less the case with MMP9 and MUCA4. Therefore, the expression of MMP9
and MUC4 was first tested in non-glioma brain tissues (n=2 per condition). The
samples used were from normal brains (brain of patients who deceased from a cause
unrelated to brain pathology) and brains from Alzheimer’s disease patients, so that two
different types of non-cancer brain tissues were tested. This decision was made to
confirm the absence of MUC4 and MMP9 expression in normal brain and non-cancer
brain, but also to ensure that the antibodies would give a negative staining in tissue
with expected negative expression (negative control). In normal conditions, MMP9 is

highly expressed in lymphocytes, bone marrow, and testis, while MUC4 is highly
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expressed in the genital and gastrointestinal tracts, and respiratory system, and both
show a very low to negative expression in the brain (data from Human Protein Atlas).
The antibodies showed negative to very low expression for MMP9 and MUC4 in both

normal and Alzheimer’s Disease cells and surrounding matrix (Fig.2.2).

Non-cancerous brain

MMP9

MUC4

Figure 2.2 MMP9 and MUC4 expression in control non-glioma tissue samples.
MMP9 and MUCA4 protein expression was assessed by IHC in control tissue samples
(normal and Alzheimer’s disease brain). Both proteins showed very low to no
expression in non-cancerous brain tissue. Total magnification, x400, scale bar = 50

um, and 25 um in zoomed panels (bottom left).

2.3.3 EGFR/MUC4/MMP9 tissue expression in glioma grades

EGFR, MMP9, and MUC4 expression levels were assessed in FFPE tissue biopsies
from the 60 glioma patients (n=20 per grade). 1800 images were analysed in total. The
tumours were categorised into three IHC scores (0, 1, and 2) for each protein,
depending on both the proportion of expressing cells (0-30%, 30-70%, or 70-100%)
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and the expression intensity (low, medium, or high) (Fig.2.3A). Examples of scored
images are shown for each protein and for each score (Fig.2.3B).

A
Intensit
IHC scores Low |[Medium High
% of 0-30% 0 1 1
expressing 30-70% 1 1 2
cells 70-100% 1 2 2
B

EGFR

L IR e

3

R

MMP-9
i

of,

3
§

MUC4

Figure 2.3 Tissue expression scoring system. IHC was performed on glioma tissue
sections with EGFR, MMP9, and MUC4 antibodies. (A) The slides were categorised
into three scores according to the percentage of area and intensity of staining. Score
2 represents the highest expression. (B) Examples of expression of EGFR, MUC4,

MMP9 for each score are shown. Total magnification, x200, scale bar = 100 um.
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MMP9 and MUCA4 tissue protein expression were significantly correlated with glioma
histological grades. Specifically, MUC4 and MMP9 expression was higher in grade IV
compared to grade lll, and in grade Ill compared to grade IlI, and the association
between the expression and the grades was significant for both proteins, as assessed
by the Chi? test (p=0.0001 for MUC4 and p=0.0008 for MMP9) (Fig.2.4A-B). When
comparing ‘negative expression’ (score 0) versus ‘positive expression’ (score 1 and 2
combined) to augment the number of samples per group, the results were similar, with
the positive association between the grades and the protein expression significant for
both MUC4 and MMP9 (p=0.0003 and p=0.0001, respectively) (Table 2.5). High
expression of MUC4 (score 2) was observed in some grade Il tumours. This was not
the case for MMP9, which was totally absent from low grade cases (grade 1l). Among
all grades, the number of patients with high expression was higher for MUC4 than for
MMP9 (26.6% vs 11.6% in total). A high number of patients expressed EGFR (91.7%),
and although the number of patients showing high expression was higher in the
malignant grades (lll and 1V) than in the lower grade (lIl), no statistically significant
differences were observed between any of the groups for this marker. 62% of high-

grade glioma patients (grade Il and V) overexpressed EGFR (score 2).
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A
Number (%) X2 p-value
EGFR score 0 1 2
i 3(5) | 10(16.6) | 7(11.7)
m 1(1.6) 6(10) | 13(21.6) | 0.323 (ns)
v 1(1.6) 7011.7) | 12 (20
MMP9 score 0 1 2
n 15 (25) 5(8.3) 0
L 11(183) | 7(11.7) | 2(3.3) | 0.0008 (***)
v 2(3.3) | 13(21.7) | 5(8.3)
MUC4 score 0 1 2
Ul 14(233) | 4(67) | 2(33)
i 6(10) | 11(183) | 3(5) | 0.0001 (***)
v 2(33) | 7(11.7) | 11(183)

Number of samples

IHC-scores distribution

X2 p=ns (0.323) X2 p=***(0.0008) x2 p="** (0.0001)

20

154

10

Score 0
B3 Score 1
=1 Score 2

Figure 2.4 Association between IHC scores (tissue expression) and glioma

histological grades. (A) Statistical differences were assessed with the Chi? test (95%

confidence interval). For EGFR, there was no statistical significance (ns= non-

significant). For MMP9 and MUC4, the rate of high expression significantly increased

during glioma progression (higher in GBM compared to Il and I1). (B) For visualisation

purpose, stacked bar graphs represent the distribution (contingency) of scores in grade
II, grade lll, and grade IV glioma for EGFR, MMP9, and MUC4 (N=60 cases; 20 per

grade).
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MUC4A-MMP9 0 1 2 X2 p-value

N(%)

Il 16 (80) 2 (10) 2 (10) 0.0019 (**)
I 10 (50) 6 (30) 4 (20)

\% 4 (20) 5 (25) 11 (55)

MUC4A-MMP9 0 (no expression) 1-2 (expression) X2 p-value
I 16 (80) 4(20) 0.0007 (***)
Il 10 (50) 10 (50)

\Y 4 (20) 16 (80)

Muca 0 (no expression) 1-2 (expression) X2 p-value
I 14 (70) 6 (30) 0.0003 (***)
I 6 (30) 14 (70)

v 2 (10) 18 (90)

MMP9 0 (no expression) 1-2 (expression) x2 p-value
Il 15 (75) 5 (25) 0.0001 (***)
I 11 (55) 9 (45)

\% 2(10) 18 (90)

Table 2.5 Association between combined MMP9-MUC4 IHC-scores and glioma
grades. Statistical differences were assessed with the Chi? test (95% confidence
interval). The combined high expression of MMP9 and MUC4 was significantly and
positively associated with the grades (p=0.0019; and p=0.0007 when comparing ‘no
expression’ with ‘expression’). MUC4 high expression and MMP9 high expression
were significantly and positively associated with the grades when comparing ‘no

expression’ with ‘expression’ status (p=0.0003 and 0.0001, respectively).

2.3.4 Correlation of protein expression with clinicopathological parameters
The clinicopathological features of the patient cohort were compared with the tissue
expression for each protein separately (Table 2.6). Overall, there was no significant

correlation between age or sex and the expression for any of the three proteins.

Since IDH1 genotype is crucial in the current cytogenetic classification, protein tissue
expressions were also correlated with IDH1 genotype (mutant or wild type). For MMP9

and MUC4, but not EGFR, there was a significant association between high expression
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and presence of wild type IDH1 and the significance was higher in the case of MUC4
(p=0.002 and p=0.0007, for MMP9 and MUC4 respectively). This observation was
expected since wt-IDH, a marker predictive of worse survival in glioma, is strongly
associated with higher histological grades (90% of wt-IDH are grade IV glioma in the
2016 WHO classification) (Table 2.6) (Cohen et al. 2013). When comparing ‘no
expression’ (score 0) with ‘expression’ (score 1 and 2) to increase the number of
patients per group and therefore the statistical power, the results were similar (p=0.001
for MUC4 and p=0.0002 for MMP9, Fisher’s exact, data not shown). This result further
confirms that MUC4 and MMP9 proteins are positively correlated with GBM (both
histologically and cytogenetically) among glioma samples, and therefore with glioma

progression and aggressiveness.
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MMP-9 N (%) IHC-scores

X2 p-value
0 1 2
Gender Female 16 (26.6) 16 (26.6) 4 (6.6) 0.59 (ns)
Male 12 (20) 9 (15) 3(5)
Age <65 22 (36.7) 30 (18) 5(8.3) 0.84 (ns)
>65 6 (10) 7 (11.7) 2 (3.3)
IDH gene Mutated 23 (38.3) 10 (16.6) 2(3.3) 0.002 (**)
wild type 5 (8.3) 15 (25) 5 (8.3)
MUC4 N (%) IHC-scores x2 p-value
0 1 2
Gender Female 14 (23.3) 9 (15) 6 (10) 0.19 (ns)
Male 8 (13.3) 13 (21.7) 10 (16.7)
Age <65 17 (28.3) 17 (28.3) 11(18.3) 0.8 (ns)
>65 5 (8.3) 5(8.3) 5 (8.3)
IDH gene Mutated 19 (31.6) 12 (20) 4 (6.6) 0.0007 (**¥)
Wild type 3 (5) 10 (16.6) 12 (20)
EGFR N (%) IHC-scores x2 p-value
0 1 2
Gender Female 5 (8.3) 11 (18.3) 13 (21.7) 0.05 (ns)
Male 0 12 (20) 19 (31.7)
Age <65 4 (6.7) 20 (33.3) 21 (35) 0.2 (ns)
>65 1(1.7) 3(5) 11 (18.3)
IDH gene Mutated 4(6.6) 14 (233) 17(28.3) 0.5 (ns)
Wild type 1(1.6) 9 (15) 15 (25)

Table 2.6 Association between tissue protein expression and patient
characteristics. Statistical differences were assessed with the Chi? test (95%
confidence interval). MMP9 and MUC4 lower expression was significantly associated
with m-IDH patients (p=0.002 and 0.0007, respectively).

2.3.5 Localisation of EGFR, MUC4, and MMP9 proteins in GBM tissue

Next, the localisation of the protein expression was assessed in the tissue. In GBM
patients, EGFR was variably expressed in the cytoplasm of neoplastic cells, ranging
from moderate to strong expression, across the entire section (Fig.2.5, four examples
shown). The expression was homogeneous among all neoplastic cells, but EGFR did
not appear in endothelial cells of some visible microvascular proliferation (MVP)
structures in all the samples (Fig.2.6A, four representative examples are shown).
These structures can be identified easily as they contain a lumen that can be filled with

red blood cells and/or small rounded structures that can be surrounded by several
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layers of cells with a characteristic glomeruli-like shape. However, when analysed
more thoroughly, the inner endothelial wall of some MVP structures was positive for
EGFR with similar intensity as observed in the surrounding neoplastic tissue (Fig.2.6B,
four representative examples are shown).

Figure 2.5 Expression of EGFR in GBM. EGFR expression was assessed in GBM
tissue with IHC. Total magnification, x400, scale bar = 50 um. Images are zoomed at

the bottom right of each image, scale bar = 10 um.
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Figure 2.6 Expression of EGFR in GBM microvascular proliferation (MVP)
structures. EGFR expression was assessed in GBM tissue with IHC. Total
magnification, x200, scale bar = 100 um. Images are zoomed at the bottom right of
each image, scale bar = 20 um. (A) EGFR was absent from visible microvascular
proliferation (MVP) structures. (B) EGFR was expressed in endothelial cells in some

patients (representative GBM samples shown). Black arrows indicate endothelial cells.

60



The expression of MMP9 in GBM patients was less dispersed and more
heterogeneous than for EGFR, with cytoplasmic and nuclear expression showing in
pleomorphic cells (cells highly heterogeneous in shapes and sizes and characteristic
of GBM) (Fig.2.7A, four representative examples shown). The same observation was
made for MUC4 (Fig.2.7B, four representative examples shown).
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Figure 2.7 Expression of MMP9 and MUC4 in GBM
zoomed at the bottom right of each image, scale bar

expressed in GBM tissue



In addition, MMP9 was strongly and specifically expressed in nucleated cells located
inside or near blood vessels, corresponding most probably to neutrophils or
monocytes/lymphocytes, which is a normal localisation of MMP9 expression in healthy
conditions (data from the Human Protein Atlas). The number of these MMP9-
expressing cells increased in higher grades (Fig.2.8, two examples shown per grade).
MMP9 was also strongly expressed in a small portion of nascent MVP structures in
GBM (characterised by their glomeruli-like shape), which is in accordance with MMP9

implication in angiogenesis (Fig.2.9, four representative examples shown).
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Figure 2.8 MMP9-expressing haematological cells in glioma. MMP9 was
expressed in haematological cells inside vessels in glioma (indicated by black arrows)
as assessed by IHC. The number of these cells increase in higher grades. Examples
shown in grade Il (case 8 and 18), grade Ill (case 36 and 32), and GBM (case 60 and
54). Total magnification, x200, scale bar = 100 um . Images are zoomed at the bottom

right of each image, scale bar = 20 um
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Figure 2.9 MMP9 expression in MVP structures in GBM. MMP9 was expressed in
small microvascular proliferation (MVP) structures (indicated by black arrows) as

assessed by IHC. Total magnification, x200, scale bar = 100 um.

In GBM cases displaying the highest MUC4 expression, MUC4 was prominently
expressed in cancer cells (Fig.2.7B). In GBM patients expressing MUCA4, the protein
was found in the cytoplasm of cancer cells, like EGFR. Strikingly, MUC4 was also
undoubtedly expressed in the endothelial cells of the GBM-associated MVP structures

(Fig.2.10, six examples shown).
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NS

Figure 2.10 MUC4 expression in MVP areas in GBM. MUC4 was expressed in MVP
structures (indicated by black arrows) as assessed by IHC. Total magnification, x200,

scale bar = 100 um . Images are zoomed at the bottom right of each image, scale bar

=20 pum.

2.3.6 MMP9, EGFR, and MUC4 co-localisation in MVP structures of GBM tissue

Firstly, to confirm that MMP9 and MUC4 were individually expressed in the MVP
structures of GBM, double IF staining with the common pan-endothelial marker CD31,
used to mark MVP in brain cancer (Peddinti et al. 2007), was performed in selected
GBM patients. Patients showing obvious MMP9 or MUC4 expression in MVP
structures from the IHC staining results were selected. The staining showed that CD31
was expressed in cellular structures that appeared to be MMP9 and MUC4-positive in
these patients (Fig.2.11A and B, respectively). CD31 appeared to co-localise in
merged images with MMP9 and MUCA4, separately. This further confirmed that
structures expressing either MMP9 or MUC4 indeed corresponded to CD31-positive

regions (MVP structures).
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A Case 55

Figure 2.11 MMP9 and MUC4 expression in MVP structures in GBM. (A) MMP9
and (A) MUC4 (B) were expressed in vascular cells using IHC and co-localised with
the MVP/angiogenesis marker CD31 in double IF, respectively. Red blood cells (RBC)
emit natural strong fluorescence. White arrows indicate co-localisation. Total
magnification, x200 for IF images and x400 for IHC images, scale bar = 100 um. IHC

and IF images are represented in parallel for reference only.
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14 out of 20 GBM patients expressed MMP9 in the MVP structures, and 12 out of 20
expressed MUC4 in the MVP structures, while 8 out of 20 expressed both. To test
whether MMP9 and MUC4 could be expressed together within the same MVP
structures, some of these patients (showing both MMP9 and MUC4 expression in MVP
structures from the IHC staining) were selected and analysed. Double IF staining
revealed in these patients that MUC4 and MMP9 proteins were expressed together in
the same MVP structures (Fig.2.12A).

MUC4 has also been shown to interact with EGFR family members in several cancer
types (Carraway et al. 2009, Dhanisha et al. 2018). In the GBM samples, some cases
also displayed a similar pattern of MUC4 and EGFR expression, with both proteins
being expressed in MVP structures. Again, double IF staining revealed that MUC4 and
EGFR proteins were expressed together in the same MVP structures in the selected
patients (Fig.2.12B).
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Case 53 Case 51

Figure 2.12 MUC4 co-localisation with MMP9 and EGFR in MVP structures in
GBM. (A) MMP9 and MUC4 concomitant vascular expression in representative
glioblastoma (case 53). Co-localisation of both proteins is observed in the vascular
areas with double IF. (B) EGFR and MUC4 concomitant expression in vascular areas
in representative case (case 51) of GBM observed by IHC and IF. Co-localisation of
both proteins is observed with double IF. White arrows indicate co-localisation. Total
magnification, x200 for IF images and x400 for IHC images, scale bar = 100 um and

50 um in zoom merged images.
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2.3.7 Association between tissue expression and patient survival

Next, the clinical outcome was compared between patients with a low level of protein
tissue expression and patients with a high level of protein tissue expression, using
the Kaplan-Meier survival analysis method. This aim of that method is to assess the
impact of the protein tissue expression on the patients’ survival. This type of analysis
can help determining whether these proteins can be used as prognostic biomarkers.
The clinical outcome was evaluated by looking at two different variables: the overall
survival (OS), defined by the number of months between surgery and death (if any
at the time of analysis), and, the progression-free survival (PFS), defined by the
number of months between surgery and relapse of the disease (if any). The three
IHC-scores were first categorised into two groups: High and Low expression, and

the clinical outcome was compared for each protein.

When investigated individually, MMP9-High and MUCA4-High expression groups
tended to indicate worse prognosis than MMP9-Low and MUC4-Low groups,
respectively, for both OS and PFS. However, the difference was not significant (OS:
p=0.105 for MMP9; p=0.136 for MUC4, PFS: p=0.35 for MMP9; p=0.36 for MUC4,
Log-rank) (Fig.2.13A-D).

For EGFR, no difference was observed between the two groups for both OS and

PFS and the two survival curves overlapped in each case (OS: p=0.63, PFS: p=0.6,
Log-rank) (Fig.2.13E-F).
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Figure 2.13 Association between patient survival and protein tissue
expression. Comparison of overall survival (OS) and progression-free survival
(PFS) in all glioma patients using the Kaplan-Meier method, between two tissue
expression groups (low and high) for (A-B) MMP9, (C-D) MUC4, and (E-F) EGFR.
(A-D) High expression of MMP9 or MUCA4 predicts worse survival (OS and PFS),
but the difference was not significant. (E-F) There was no visible difference for

EGFR. p-values are indicated on the graphs.
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The protein expression was next combined and correlation with clinical outcomes
was made. First, clinical outcomes were investigated by combining MMP9 and
MUCA4 proteins without EGFR (Fig.2.14A-D). For MMP9 and MUC4 combined, two
different approaches were tested with one by generating three groups (Fig.2.14A-
B) of combined expressions and one generating four groups of combined
expressions (Fig.2.14C-D). First, three groups were generated: one containing
patients with both MMP9 and MUC4 proteins with low tissue expression (L-L), one
with both proteins at high expression (H-H), and one with one of the proteins only at
high expression and the other one at low expression (L-H and H-L). With this
approach, the L-L group appeared to predict better outcome for both OS and PFS
than the two other groups. The difference between the L-L curve and the H-H curve
was more important than in the survival analysis looking at MMP9 and MUC4
individually. For the OS, the difference was significant (p=0.023, Log-rank) between
the L-L groups and the H-H group, but not for PFS (p=0.27, Log-rank) (Fig.2.14A-
B).

In the second approach, four groups were generated for the pair of proteins
containing the different combinations of expression: Low MMP9 expression-Low
MUC4 expression (L-L), High-High (H-H), Low-High (L-H), and High-Low (H-L).
Overall, this approach did not change the results since patients displaying MUC4
low expression with a high MMP9 expression were very scarce [n=2 (3.3%)].
Overall, combining MMP9 with MUC4 was more useful to predict the outcome than
looking at the protein individually, since the difference between the L-L group and
the H-H group was significant. The intermediate combinations, corresponding to the
patients that express the two proteins at different levels, displayed an intermediate
outcome (Fig.2.14C-D).

Next, all three proteins were combined, and four groups were generated: ‘triple low’
contained patients with low expression for the three proteins; ‘triple high’ patients
with high expression for the three proteins; ‘double low’ patients with low expression
for two proteins out of three; and ‘double high’ patients with high expression for two
proteins (Fig.2.14E-F). The MUC4/MMP9/EGFR combined low expression
significantly predicted better survival in glioma patients in comparison with the

‘double high’ group and the difference was again more significant than the previous
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analysis that combined MMP9 and MUC4 only (without EGFR) (OS: p=0.004, PFS:
p=0.087, Log-rank). Therefore, adding EGFR was useful to improve the accuracy
of outcome prediction even though there was no prognostic significance for this
protein when used alone. The biggest difference was observed between ‘triple low’
and ‘double high’ and not between ‘triple low’ and ‘triple high’ (p=0.15 for OS).
However, this was likely due to the smaller size of ‘triple high’ (n=8) in comparison
with the ‘double high’ group (n=15) (Fig.2.14E).
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Figure 2.14 Association between patient survival and MUC4/MMP9 or
MUC4/MMP9/EGFR combined tissue protein expression. Comparison of OS
and PFS in all glioma patients using the Kaplan-Meier method, between (A-B) three
tissue expression groups combining MMP9 and MUC4 expression, (C-D) four
expression groups combining MMP9 and MUC4 expression, and (E-F) four
expression groups combining MMP9, MUC4, and EGFR. (A-B) MMP9-MUC4
combined high expression predicted worse prognosis than MMP9-MUC4 combined
low expression, which was significant for the OS as assessed by the Log-rank test
(p=0.023). (C-D) The same results were observed when using four expression
groups. (E-F) The combined high expression of MMP9, MUC4, and EGFR predicted
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worse prognosis than the group containing high expression for two proteins only
(double high), which was significant for OS as (p=0.004). The combination of the
three proteins gave more significance than combination of MMP9 and MUC4 only

(p=0.004 vs p=0.023 respectively).

2.3.8 Patient characteristics of blood serum samples

Since blood samples are collected more easily and less invasively than solid
biopsies, liquid biomarkers are helpful for disease monitoring at different time points.
Therefore, the protein levels of MMP9 and MUC4, were next assessed in blood
serum samples from glioma patients (grade Il and 1V, n=10 each) and from non-
glioma control individuals (n=10) to test their potential use as liquid biomarkers.
Patient characteristics are listed in Table 2.7. Patients 21 to 29 (grade Ill) and 41 to
50 (all grade IV serum patients) corresponded to the same patients whose tissue
biopsies were used previously, while patients 61 to 63 (grade Ill) and non-glioma

control individuals were added to the study.
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Case Grade Tumour type Sex Age (yrs) IDH os PFS Treatment pre-

at surgery genotype (months) (months) surgery
Radiotherapy,

21 1l Tumour Progression to an Anaplastic Oligodendroglioma M 53 m 30 14 PCV, and TMZ
22 Il Anaplastic Oligodendroglioma M 53 m 93
23 1l Anaplastic Oligodendroglioma F 36 m 73
26 Il Anaplastic Oligodendroglioma M 41 m 37 23
27 Il Anaplastic Oligodendroglioma F 42 WT 28 25
28 Il Anaplastic Oligodendroglioma F 56 m 33 7 PCV and TMZ
29 Il Mutant Anaplastic Oligodendroglioma F 25 m
61 Il Recurrent Glioma (Anaplastic Astrocytoma) M 32 m 46 24
62 Il Anaplastic Astrocytoma M 28 WT
63 Il Anaplastic Astrocytoma F 62 WT 33
41 IV Glioblastoma F 64 WT 18 7
42 |V Glioblastoma M 58 WT 34
43 |V Glioblastoma M 56 WT 10 9
a4 IV Glioblastoma M 64 WT 0
45 IV Glioblastoma F 52 WT 3 3
46 IV Glioblastoma F 73 WT 7
47 IV Glioblastoma F 74 WT
48 IV Glioblastoma M 69 WT 18 12
49 |V Glioblastoma F 41 WT 17 7
50 IV Glioblastoma F 70 WT 6

Uterus: Sections of the fibroids from the myometrium show features 50
64 CTRL of benign leiomyomas F
65 CTRL Benign serous cyst or hyrosalpinx F 38
66 CTRL Ovary: Paratubal/Para-ovarian Benign Cyst, Uterus: Benign Leiomyoma F 44
67 CTRL Benign Mucinous Cystadenoma F 79
68 CTRL Benign Leiomyoma F 73 Non-glioma CTRL
69 CTRL Benign Leiomyoma F 80
70 CTRL Benign Hyperplasia, no evidence of malignancy M 76
71 CTRL Benign Serous Cystadenofibroma F 83
72 CTRL Benign Leydig Cell Tumour M 45
73 CTRL Right Lateral Wall of Orbit: Benign Meningioma F 52

Table 2.7 Glioma and control serum samples, patient characteristics. [Years
(yrs), Overall survival (OS), Radiotherapy (XRT), procarbazine, lomustine,
vincristine (PCV), temozolomide (TMZ), mutated (m), wild-type (WT), controls
(CTRL)].

The mean age was 43 years-old in the grade Il group and 62 years-old, both in the
grade IV and the control group. In total, the grade Ill group contained four wt-IDH1
patients and six m-IDH1 patients and the grade IV group contained wt-IDH1 patients
only. Among the patients who had deceased, the mean OS was 44.5 months in the
grade Il group and 10 months in grade IV group. Among the patients who had
relapsed, the mean PFS was 28.4 months and 12 months in grade Il and 1V,

respectively.

2.3.9 Protein levels of MMP9 and MUC4 in glioma serum

Next, the potential use of the MMP9 and MUCA4 proteins as serum biomarkers for
discrimination between grade Il and IV glioma was investigated. Since it was
previously found in this study that these proteins were upregulated in glioma, and

especially in GBM, their level in the serum of 30 patients (10 benign non-glioma
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tumours (controls), 10 grade Ill, and 10 GBM) were further investigated with ELISA

immunoassays.

First, the total amount of protein was measured in each serum sample using the
Bradford assay method. The mean total protein concentration was 57.25 mg/ml in
the control group, 59.1 mg/ml in the grade 1ll group, and 65.63 mg/ml in the grade
IV group. Then, the concentrations of MMP9 free form and TIMP1-bound form, as
well as MUC4, were measured in each sample with ELISA immunoassays. Since
the concentration of total protein tended to be higher in the glioma grades, even
though the difference was not significant after unpaired multiple t-tests, the
concentration for the proteins was normalised to 1 mg of total protein for each

sample to avoid any bias.

The ELISA immunoassay for MMP9 could detect two forms of MMP9 that can be
found in the blood (the 92 KDa pro-form and the 82 KDa activated form). The mean
MMP9 concentration in the control group was 4.92 ng/mg of total protein. The mean
MMP9 concentration in the grade 11l and grade IV group was 3.34 and 6.1 ng/mg,
respectively. The structures of the two MMP9 forms and the scatter graph of the
normalised values with the mean are represented in Figure 2.15A. Overall, MMP9
protein levels were more elevated in GBM compared to both grade Il and control
samples. The increase of mean MMP9 protein level in GBM compared to grade |l
was significant (p=0.022, Tukey’s multiple comparison), but the difference with the
control was not significant (p=0.25 for grade Ill and 0.46 for grade 1V). Moreover,
the inter-patient heterogeneity was high in the control group, which was not the case
in the grade Il group. This could be explained by the fact that the control group was
composed of patients affected by different benign non-glioma tumours rather than
healthy individuals.

Since MMP9 may also be bound to its inhibitor TIMP1, and this complex can also
have a potential diagnostic value (Marcus et al. 2010), the level of the MMP9:TIMP1
complex in the same samples was also measured. The MMP9:TIMP1 complex
concentration was respectively 0.28, 0.12, and 0.52 ng/mg of total protein in the
control group, grade Il group, and grade IV group. The structures of the two forms

and the scatter graph of the normalised values with the mean are represented in

76



Figure 2.15B. The trend for MMP9:TIMP1 complex was similar to the free MMP9
form, with a significant increase of MMP9:TIMP1 complex mean protein level in
GBM compared to grade Il (p=0.018, Tukey’s multiple comparison), but no
significant difference with the control (p=0.47 for grade Il and p=0.2 for grade V),
which again displayed higher heterogeneity compared with the grade 11l group. The
percentage of MMP9 protein bound to its inhibitor was low in all cases compared to
the MMP9 free forms, with ~5% of MMP9 bound to TIMP-1 in GBM on average,

twice than what was observed in controls and grade Il (2.7% and 2.4%,
respectively).
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Figure 2.15 MMP9 protein levels in serum. Scatter graphs showing the protein
levels of (A) two forms of MMP9 (MMP9 pro and active forms) and (B) MMP9 bound
to TIMP1 in the serum of non-glioma (CTRL: controls), glioma grade (lll), and
glioblastoma (GBM) patients. N = 10 for each group (30 patients in total). The
structures of the different MMP9 forms measured are represented. Protein levels
were normalised based on the total protein content; results are given as ng per mg
of total protein. MMP9 two forms and MMP9:TIMP1 complex mean protein level was
significantly higher in the GBM group than in grade Ill group (Tukey’s multiple
comparison test, p=0.022 and 0.018, respectively). The bars represent the means.
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Finally, mean MUC4 serum protein levels tended to be low overall, and higher in the
malignant glioma grades (0.014, 0.068, and 0.030 ng/mg). The structure of the
MUC4 and the scatter graph of the normalised values with the mean are
represented in Figure 2.16. The mean protein level of MUC4 was very low in all
cases and was only slightly more elevated in glioma compared with the controls and
the difference had no statistical significance (p= 0.42 and 0.92 for controls versus
grade Ill and IV, respectively, and p=0.64 for grade Ill versus grade IV, Tukey’s

multiple comparison).
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Figure 2.16 MUCA4 protein levels in serum. MUC4 structure and scatter graphs
showing MUC4 protein levels. The values are represented on a stretched Y axis.
Protein levels were normalised based on the total protein content; results are given
as ng per mgq of total protein. Higher concentrations of MUCA4 are found in malignant
glioma grades compared with controls but the difference does not reach significance
(Tukey’s multiple comparison test). [Nidogen-like domain (NIDO), Adhesion-
associated domain (AMOP), and Von Willebrand factor Domain (VWD)].
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2.4 Discussion

2.4.1 MMP9 and MUC4 overexpression in glioma

MUC4 is involved in carcinogenesis and suggested as a potential biomarker for
several cancers with epithelial origin including pancreatic (Kufe 2009), lung
(Tsutsumida et al. 2007), gallbladder (Lee et al. 2012), and oral squamous cell
carcinoma (Hamada et al. 2012). It was also demonstrated that MUC4 is
overexpressed in GBM solid biopsies and cell lines (Li et al. 2014). The interaction
between MUC4 and EGFR at the surface of the cells is believed to contribute to
carcinogenesis (Carraway et al. 2009, Dhanisha et al. 2018) and expression of
MMP9, whose involvement in glioma progression is well characterised (Choe et al.
2002, Chang et al. 2015, Chen et al. 2017, Quesnel et al. 2020). For these reasons,
it was hypothesised that these three proteins together should be assessed to further
elucidate their individual diagnostic value and to investigate their combined effect
that may improve glioma diagnosis and prognosis. With that aim, the expression of
MUC4, EGFR, and MMP9 in glioma biopsies of different histological grades was
investigated. This study showed that MMP9 and MUC4, but not EGFR, tissue
expression was correlated with increased glioma grades and wt-IDH1 genotype,
which is used in the most recent glioma classification to define GBM. Overall, MMP9
has been shown to be a significant potential prognostic and diagnostic factor in
glioma by several previous studies (Choe et al. 2002, Zhao et al. 2012, Liu et al.
2015, Xue et al. 2017). In the present study, MUC4 was at least as helpful as MMP9
for grade discrimination. Although further investigation is needed, this entails that it
could serve as a potential biomarker in glioma diagnosis.

2.4.2 EGFR expression in GBM

EGFR has been shown to be overexpressed, amplified and/or mutated in GBM, and
to a lesser extent, in all the other glioma grades. Its prognostic and diagnostic value
as well as its therapeutic targeting have led to different and contradictory results
(Saadeh et al. 2018). Even though its involvement in glioma development is
undeniable, its relevance as a biomarker for glioma remains contestable. Here, it
was found that EGFR was expressed in most of the samples (91,7%) and
overexpressed in ~60% of the GBM patients, which certainly explains why it fails at

discriminating between glioma grades. EGFR is the most commonly amplified gene
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in GBM and is overexpressed in around 60% of primary GBM according to other
studies, which is in total agreement with the findings of the current study (Karpel-
Massler et al. 2009). These results imply that EGFR tissue expression, when
examined individually, is not a powerful biomarker in glioma diagnosis. However,
looking at EGFR amplification or the expression of specific EGFR variants rather
than its overall expression could yield different results.

In the present study, it was found that EGFR was highly expressed in the cytoplasm
of the neoplastic cells while being clearly absent from a high number of visible MVP
structures in IHC staining. It has been shown previously in vitro and in vivo that GBM
cells with stem cell abilities can transdifferentiate into endothelial-like cells that could
contribute to the tumour microvasculature. These cells of neoplastic origin are not
endothelial cells as they are negative for CD34 (Soda et al. 2011). Although they
cannot generate an endothelium, they can form structures resembling vessels, a
process which has been designhated as ‘vasculogenic mimicry’. It has been
suggested that this process could exist in GBM patients and may be responsible for
resistance to anti-VEGF treatments (Soda et al. 2011), although, this has not been
clearly demonstrated in clinics so far. In the proliferative microvasculature of GBM
tumours, cells carrying molecular alteration characteristics of GBM, like an EGFR
overexpression, are not found by using IHC (Rodriguez et al. 2012). This agrees
with the present study since even in GBM patients showing high EGFR expression,
it appeared that there was no EGFR expression within the visible MVP structures.
However, the IF revealed EGFR expression in some of these structures and when
looking back at the IHC staining, some vessels appeared to be indeed positive for
EGFR. This suggests that the majority of MVP structures could emerge from existing
endothelial cells (EGFR-negative) while others could be the results of vascular
mimicry from neoplastic cells (EGFR-positive), the latter being hard to identify in IHC
when the omnipresent and strong expression of EGFR masks the vasculature
shape. Recently, a study revealed that vascular mimicry is more frequent in samples
from GBM patients with radiotherapy history. This study does not consider these
parameters and most patients had not been treated with radiotherapy as standard
treatment for GBM is typically performed after the surgical resection. This could
explain why the phenomenon is not observed in abundance in the tissue biopsies
(De Pascalis et al. 2018).
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2.4.3 MMP9 expression in GBM

In this study, it was found that MMP9 displayed a specific expression and was not
systematically expressed across the tumour. For example, MMP9 was strongly
expressed specifically in cells that have a haematological origin and were located
inside vessels. Given their shape and their high number, these cells most probably
correspond to immune cells such as neutrophils, or monocytes/lymphocytes, which
is a healthy location for MMP9 expression according to the Human Protein Atlas.
MMP9 is involved in neutrophil migration across the basement membrane (Delclaux
et al. 1996) and is expressed by neutrophils contributing to the inflammatory
response (Bradley et al. 2012, Medeiros et al. 2017). Neutrophil-derived MMP9 has
also been shown to play a role in vessel remodelling/angiogenesis during tissue
regeneration (Heissig et al. 2010) and cancer progression (Acuff et al. 2006,
Nozawa et al. 2006, Bekes et al. 2011). Specifically, it has been demonstrated that
MMP9 released from neutrophils is in its free form (not bound to its inhibitor TIMP-
1) and is therefore an active and very potent angiogenic mediator (Ardi et al. 2007,
Bekes et al. 2011). Given the importance of angiogenesis in glioma progression and
the involvement of MMP9 in this process, it is reasonable to think that what is
observed in the investigated samples might correspond to MMP9-expressing
neutrophils increasing during glioma progression. This is in accordance with findings
in other types of cancer (Acuff et al. 2006, Nozawa et al. 2006, Bekes et al. 2011).
Interestingly, a recent study observed that MMP9 was mainly expressed in MVP
structures, neutrophils, and activated dendritic cells in GBM at initial diagnosis
(Jiguet-Jiglaire et al. 2022).

Strong expression of MMP9 was found in cells composing some of the MVP
structures in GBM samples, in accordance with previous studies (Rao et al. 1996,
Forsyth et al. 1999, Ricci et al. 2017). In GBM, the process of angiogenesis results
in an increase of the number of vessel cells with an aberrant organisation and an
anarchic endothelial cell proliferation, which yields structures forming the
microvasculature sometimes referred as ‘glomeruloid bodies’. These structures are
comprised of sprouting vessels that form extensions of vascular cells, resembling
renal glomeruli. In GBM, MMP9 is expressed in proliferative endothelial cells
(microvasculature or MVP) (Rao et al. 1996, Forsyth et al. 1999, Ricci et al. 2017)
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and induces basement membrane degradation, enabling the migration of
endothelial cells for neo-vasculature formation. This is further supported by the fact
that the expression of MMP9, along with MMP2 and MMP14, are correlated with
VEGF expression in GBM (Munaut et al. 2003). Moreover, MMP9 is induced by the
hypoxic factor HIF-1 and increases VEGF action by acting on its bioavailability within
the extracellular space (Du et al. 2008). Here, MMP9 was found strongly expressed
in some, but not all, MVP structures of GBM, whereas its expression in the vascular
areas in lower-grade gliomas was not observed. In GBM, this was confirmed by IF
with the vascular marker CD31, supporting MMP9’s involvement in angiogenesis
and proliferation of neoplastic vascular cells specific of GBM. Endothelial
proliferation of newly sprouted vessels sparked by hypoxia (vascular hyperplasia),
which form the microvasculature, is indeed observed in GBM, but not in lower
grades (Rong et al. 2006).

2.4.4 MUC4 expression in GBM

In glioma tumour samples expressing MUCA4, the protein was found to be expressed
across the tumour, mostly in the cytoplasm, with a more dramatic and less restricted
expression than MMP9. In those tumours, MUC4 was clearly expressed in
endothelial cells of MVP structures. A previous study showed MUC4 expression in
human blood vessels, indicating this may play a role in the non-adhesive property
of the endothelial lumen, which protects against pathogen entrance. Moreover,
MUCA4 was also found intensely expressed by the inner endothelial layer of vessels
in metastatic breast cancer (Workman et al. 2009). Additionally, it was suggested
by in vivo studies, that MUC4 could play a role in angiogenesis. First, in a mouse
model, the knockdown of MUC4 in breast tumours led to decreased blood vessel
formation associated with reduced level of EMT markers and reduced
phosphorylation of VEGFR2 (Rowson-Hodel et al. 2018). Secondly, in another
study, MUC4-knockdown cells in xenografts led to decreased vessel density and

VEGF expression in pancreatic cancer (Zhi et al. 2014).

Here, the IHC results indicated for the first time that MUCA4 is found in the tumour-
associated endothelial cells of GBM (MVP structures) and not in the lower-grade (Il
and Ill) gliomas. In addition, the results of this present study showed that MUC4

tissue expression was higher in GBM compared to lower grades (grades Il and 1lI).
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Importantly, a recent study demonstrated that MUC4 is part of the three most
frequently mutated genes, along with TP53 and IDH1, in mutated-IDH1 astrocytoma
(grade Ill glioma) patients progressing towards mutated-IDH1 grade 4 glioma
(secondary grade 1V) (Seifert et al. 2020). Overall, this could suggest that like
MMP9, MUC4 could be involved in glioma progression and in
angiogenesis/microvascular proliferation in GBM. Therefore, MUC4 should be
contemplated as a potential therapeutic target and biomarker in this type of cancer.
Finally, it was found in the present study that MMP9 and MUC4, as well as EGFR
and MUC4, co-localised in the microvasculature. This suggests that EGFR and
MUC4, both expressed on the cell surface, could interact and trigger MMP9
expression. This should be further investigated with in vitro assays.

2.4.5 Association of EGFR/MUC4/MMP9 protein expression and glioma
patient outcome

First, this study confirmed that IDHL1 is a very powerful prognostic marker for glioma
patients regardless of their histological grades (Cohen et al. 2013). The results
showed that when used individually, MMP9 and MUC4 tissue protein expression
could predict a trend of worse outcome in glioma patient diagnosis, which was not
observed with EGFR (no trend). However, this trend was not significant for the
individual proteins, which might be due to the moderate number of samples.
Therefore, the study could be underpowered and using a larger cohort of patients
could show a significant trend of worse survival in patients expressing high level of
MUC4 protein, which should be tested in the future. The correlation with
clinicopathological characteristics indicated no significant clinical association
between overall survival (OS), and MUC4 or MMP9 individual expression. However,
the difference observed for the OS was significant when combining MMP9 and
MUCA4 together, and even more when adding EGFR. This suggests that these
proteins could be useful as tissue biomarkers for glioma diagnosis and prognosis.
However, future studies in larger cohort of patients will allow the consideration of
additional clinical parameters, such as MGMT promoter methylation status, age,
tumour enhancement and extent of resection. Finally, correlation with treatment
could not be examined since most of the samples were collected for the first time,
before radiotherapy and chemotherapy had begun, as it is advocated in glioma

standard of care.
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2.4.6 MUC4 and MMP9 levels in serum samples

MMP9 and MUC4 are expressed in glioma tissue from grade I, and at a lower level
than in the more advanced grades. This means these proteins could be useful in
the early detection of the disease, when prognosis and treatment response are
better. From the present study, MUC4 and MMP9 proteins can be detected in solid
biopsies, which are systematically available in patients diagnosed with glioma as
tumour resection is part of the standard treatment. However, it would be ideal if
these proteins could be measured from biofluids (liquid biopsies). Liquid biopsies
have several advantages: 1) they are available from less invasive techniques,
allowing more frequent collection to monitor disease progression; 2) in some
instances, they may be more representative of the entire tumour in contrast to tissue
sample, which only represents a restricted portion, and 3) they can be detected at
an early stage of the disease (before resection) when the treatment is potentially
more efficient. Since MUC4 and MMP9 were detected from the lower grades, they

represent good candidates for detection in liquid biopsy.

For these reasons, the presence of MMP9 and MUC4 in the blood serum of glioma
patients and control individuals (non-glioma benign tumours) was tested and protein
levels of each protein were measured. MMP9 was significantly more expressed in
average in the serum of GBM patients compared with the serum of grade Il patients.
However, MMP9 was surprisingly not elevated in grade Il patients compared with
the control group. When looking retrospectively at clinical parameters of the cohort,
two things could be observed: 1) the grade Ill glioma patients were almost all
oligodendrogliomas (7/10 oligodendrogliomas versus 3/20 astrocytomas), and 2)
the control group was composed of different benign diseases. These two facts
potentially represent important methodology limitations as these two types of
gliomas (oligodendrogliomas and astrocytomas) are regarded as two distinct groups
nowadays. However, the inter-patient variation was low in the grade Il group, which
indicated that the issue probably raised from the control group, composed of
different types of non-malignant tumours. MMP9 has been shown involved in
different types of cancer (Gialeli et al. 2011). Therefore, MMP9 could be involved at

different extents in the diseases constituting the control group.
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These results suggest, however, that MMP9 could help discriminating between the
two malignant glioma grades (grade Ill and IV), although, this could also suggest
that MMP9, more specifically, may help discriminate the two glioma types
(oligodendrogliomas and astrocytomas). Further experiments with a different
classification (with distinct oligodendroglioma and astrocytoma groups) method is
required to answer that question. This type of distinction is recommended in the new

2021 classification.

Finally, MUC4 protein could be detected in the serum but only at very low levels.
MUC4 is a transmembrane mucin but is believed to be secreted in order to
strengthen the extracellular mucous gel in some conditions, including malignancy
(Xia et al. 2017). The results showed that though MUC4 level was low, it was
minimally elevated in higher glioma grades (lll and IV) compared to controls.
However, the difference was not significant and requires further investigations in a
larger cohort of patients. There are currently several glycosylated proteins used as
cancer biomarkers and some of them are mucins (Felder et al. 2014, Kudelka et al.
2015, Hanson et al. 2016, Filippou et al. 2018, Manne et al. 2021). They often
correspond to transmembrane proteins that can be secreted into the circulation after
cleavage, thus presenting lower levels in serum compared to secreted proteins.
However, they can still represent helpful diagnostic information, which justifies
combination with other cancer biomarkers. Finally, it would be interesting to verify
the level of MUC4 in the cerebrospinal fluid, although the use of this type of liquid
biopsy is significantly more invasive for the patient than blood collection. Given that
the event of transmembrane mucin secretion is potentially rare, their detection in a
fluid circulating in contact with the central nervous system might give rise to higher

levels and so more precision.

2.4.7 Conclusion

The results of this study entail that MUC4 and MMP9 could serve alone or in
combination as useful diagnostic and prognostic biomarkers in glioma patients as
their tissue expression correlates with higher glioma grades (grades Il and higher
in GBM) compared to lower (grade Il). Moreover, MMP9 and MUC4 were both found
to be expressed in GBM-associated MVP structures, which was a new finding for

MUC4 and suggests that this protein, alike MMP9, could be involved in
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microvascular proliferation/angiogenesis. When combined together in an
MUC4/MMP9 or MUC4/MMPY/EGFR axis expression pattern, these proteins may
be used to improve the prediction accuracy of the clinical outcome of glioma
patients. Finally, these makers could potentially be used in liquid biopsies, which
would represent a non-invasive strategy for the patients, although further studies
must be conducted to confirm the relevance of MUC4 in that case.
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Chapter 3: Interplay between EGFR, MMP9, and MUC4
and regulation of expression in glioma cell lines

ABSTRACT

Background: EGFR-dependent MMP9 and MMP2 expression plays an important
role in glioma progression. An upregulation of MMP9 and MUC4 expression in
glioma tissue was observed previously in Chapter 2. EGFR did not correlate with
higher glioma grades, yet this protein is overexpressed in most GBM cases. MUC4
is a large, glycosylated protein overexpressed at the surface of most carcinoma cells
and involved in cancer progression mostly through alteration of cell-cell interactions.
In carcinomas, MUC4 has been shown to interact with EGFR family members.
However, the putative MUC4/EGFR/MMP9 pathway in glioma needs further in vitro
characterisation.

Method: Transient expression with transfection of MUC4-plasmid in GBM cells
before spheroid formation was performed to evaluate the impact on the cellular
behaviour. The cellular localisation and protein expression of MUC4 and EGFR
were investigated using immunocytochemistry (ICC). The effect of the plant-based
molecule thymoquinone (TMQ), a MUC4 attenuator was also tested. Finally, gene
expression of MUC4, EGFR, MMP9, and MMP2 was studied by RT-gPCR, in
different conditions, including the presence of known ligands of the EGFR-MUC4
oncogenic interaction.

Results: MUC4 overexpression altered the cell-cell interactions in the GBM cellular
spheroid model. MUC4 and EGFR co-localised in GBM cells and were restricted at
the surface in some cells. TMQ abrogated spheroid formation and MUC4 protein
expression. The MUC4-EGFR ligands were able to modulate the expression of
EGFR, MMP9, and MMP2, whereas TMQ was able to downregulate MMP9
specifically. This downregulation was more potent than the one caused by the
standard chemotherapeutic drug TMZ.

Conclusion: These results support a potential role of MUC4 in GBM cell
aggressiveness. MUC4 seemed to be part of a common pathway comprising EGFR
and MMP9, with a parallel weaker regulation of MMP2. However, further studies will
be required to confirm and define the exact regulation mechanisms of that pathway

at both protein and mRNA level.
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3.1 Introduction

MMP9 is known to be implicated in GBM progression, specifically through its role in
angiogenesis, invasion, and proliferation (Quesnel et al. 2020), while EGFR is
expressed in most GBM cases (Karpel-Massler et al. 2009). As stated previously,
the correlation between EGFR and MMP9 expression has been demonstrated in
several cancer types (Mandel et al. 2018). In the context of GBM, it is known that
the level of EGF and MMP9 present in the cerebrospinal fluids of the patients both
decrease after tumour resection. Moreover, blocking EGFR in this type of cancer
reduced MMP9 protein level in cell lines via the PI3k/Akt and ERK1/2 pathways
(Chen et al. 2017). Nevertheless, the underlying mechanisms in GBM remain to be
better defined.

MUC4 has important implication in carcinogenesis (Carraway et al. 2009) and is
overexpressed and implicated in pancreatic cancer. Its induction in this cancer led
to metastasis and angiogenesis, as well as a shorter survival in mice. MUC4
overexpression also led to the expression of downstream angiogenic factors, such
as MMP9, through the NOTCH3 pathway (Carraway et al. 2009, Tang et al. 2016).
MUC4 was originally discovered in a metastatic rat adenocarcinoma. After N-
glycosylation in the endoplasmic reticulum and before the addition of O-glycans,
MUC4 is a 300 kDa polypeptide. MUC4 has four promoter start sites and can be
activated by various transcription factors. It was proposed that numerous possible
MUC4 transmembrane and secreted isoforms could be expressed from the gene
sequence. For these reasons, in vitro investigations of MUC4 have been often
presented to be somewhat challenging (Tang et al. 2016).

Although investigations of MUCA4 interaction with EGFRs have only been performed
in carcinomas, seminal studies have been conducted in leading laboratories. First,
it was shown that MUC4 was responsible for tumour growth and metastasis in
carcinoma cell lines, through direct interaction with HER2 and induction of its
activation in response to NRGL1. In addition, MUC4 induced the re-localisation of
HER2 and HER3 to the membrane and impeded their internalisation - and so their
degradation - when NRG1 was present (Funes et al. 2006). A stable transfection of
MUC4 in ovarian and pancreatic cell lines induced an increase of motility ability of

these cells with the apparition of lamellipodia and actine rearrangement, which was
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suspected to be due to the interaction between MUC4 and HER2 (Chaturvedi et al.
2008, Ponnusamy et al. 2008). In pancreatic cancer cells, the downregulation of
MUC4 led to the downregulation of FGFR1, MMP9, uPA, and EMT markers. The
authors proposed a model in which MUC4 interacts at the surface with an
HER2/HER1 (or HER3) complex activating the uPA/MMP9 through the PI3K
pathway (Rachagani et al. 2012). In triple negative breast cancer cells, MUC4 was
found involved in the aggressiveness and EMT process through the regulation of
HER1, HER2, and HER3, observed at the protein level. Specifically, MUC4
stabilised HER2 at the membrane with no effect on its transcription (Mukhopadhyay
et al. 2013). Importantly, the use of pan-EGFR inhibitors led to a co-reduction of
EGFR and MUC4 protein level (Seshacharyulu et al. 2015). These findings were
partially observed with MUC1, which was shown to stabilise EGFR at the surface to
prevent its degradation (Pochampalli et al. 2007). In carcinomas, the binding of Gal-
3 on MUC1 induced the formation of an MUC1-EGFR complex, which in turn,
activated and prolonged EGFR signalling in presence of EGF. In addition, the
interaction between mucins and EGFR was proposed to reduce the access of anti-
EGFR treatments (Piyush et al. 2017). Several studies taken together suggest that
the binding of NRG1 to complexes comprising mucins and EGFR members triggers
MMP9 expression in breast cancer cells (Yao et al. 2001, Cho et al. 2008, Tang et
al. 2008, Carraway et al. 2009, Momeny et al. 2015, von Achenbach et al. 2018).

One of the strategies proposed to reduce and/or abolish MUC4 is the use of
thymoquinone (TMQ). TMQ is a terpenoid extracted from Black seeds (Nigella
sativa), known as black cumin, which has been used as a traditional remedy in the
Middle East against a myriad of aches and diseases. At the appropriate dosage,
TMQ is well tolerated and presents a very low risk of side effects. Anti-cancer effects
of TMQ have been extensively reported in vitro in a variety of cancer cell lines such
as in acute lymphoblastic leukaemia, pancreatic cancer, breast cancer,
hepatocellular cancer, and GBM. However, no oncologic clinical trials involving
TMQ as an adjuvant drug have been conducted yet. Importantly, TMQ effects in
cancer cells include the downregulation of NFkB and its downstream regulators,
MMP2 and MMP9, among them. It also showed anti-proliferative affects through
increase of PTEN activity, and apoptotic effect via modulation of the p53 and STAT3
genes (Yarnell et al. 2011, Goyal et al. 2017). Importantly, TMQ has been shown to
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reduce MUC4 protein via proteasomal degradation in pancreatic cancer. This
reduction was only observed post-transcriptionally. MUCA4 inhibition led to increased
apoptosis and decreased invasion ability with reduced cellular projections (Torres
et al. 2010). Moreover, the reduction of GBM cells’ invasion ability was accompanied
by a reduction of MMP2 and MMP9 protein secretion and reduction of ERK
signalling (Kolli-Bouhafs et al. 2012).

Taken together, these studies, along with the results of the previous chapter 2,
support a potential common MUC4/EGFR/MMP9 pathway that remains to be
demonstrated and defined, especially in brain cancers, which are different from
carcinomas. Specifically, the link between MUC4 and the gelatinases (MMP9 and
MMP2) still remains to be clearly demonstrated and the ligands and the exact
mechanisms involved also need to be identified. This justifies extensive in vitro
investigations in GBM cell lines. In addition, TMQ represents an innocuous and
inexpensive attractive strategy to impede GBM progression by reducing the level of
MUC4 and thus blocking the downstream investigated pathway, as well as
rendering the cells more accessible to anti-EGFR treatments. This is represented in
Figure 3.1. Using a set of in vitro assays, the present study aims at elucidating this

putative pathway, its mechanisms of action, and its potential targeting.
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Figure 3.1 Investigated mechanisms of the MUC4-EGFR interaction in GBM
progression and therapeutic strategy. Mechanisms involving MUC4, EGFRs,
and MMPs in carcinoma progression are summarised together, they support the
existence of the putative pathway presented, including in non-carcinoma cancers.
The pathway represented is hypothetical and remains to be further specified in brain
cancer. This pathway is composed of MUC4 overexpressed at the cell surface
interacting with EGFRs via its EGF-like sequences, which leads to the EGFRs
sequestration to the membrane and ensuing downstream signalling activation that
triggers MMP9 expression, and with less evidence, MMP2 expression. This
activation would require the presence of EGFRs (NRG1, EGF) and MUC4 (Gal-3)
ligands. The presence of MUC4 (a large protein) at the surface impedes anti-EGFR
treatments. Thymoquinone (TMQ), a very well tolerated plant-based treatment,
could be used as a therapeutic strategy through proteasomal degradation of MUC4

protein. Figure created with Biorender.com.
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The aim of this chapter was to delineate the putative MUC4/EGFR/MMP9 pathway
in GBM cells with a set of in vitro assays. Glioma cells transfected with MUC4 and
grown in spheroids were used to decipher the effect of the protein on glioma cells.
Moreover, immunocytochemistry (ICC) was performed to study the proteins’
expression and interaction. Finally, RT-gPCR was used to study gene expression
after the addition of different ligands of EGFR and MUC4, as well as TMZ, and TMQ,
to shed light on the regulation of this pathway.
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3.2 Materials and methods

3.2.1 Cell lines

Cell lines used were SW1088 (#HTB-12), T98G (#CRL-1690), LN-18 (# CRL-2610),
and A-172 (#CRL-1620) obtained from the American Type Culture Collection
(ATCC) company (Table 3.1). The cell lines were all received and certified by the
ATCC company by short tandem repeat DNA profiling. A negative test for
mycoplasma contamination was also provided. Cells were first amplified, and stock
vials from each passage (<8" passage) were kept at -150°C or liquid nitrogen for
long term storage. The cells were grown in pre-warmed Dulbecco’s modified eagle
medium (DMEM) - high glucose (Sigma-Aldrich, #D5796) supplemented with 10%
Foetal bovine serum (FBS) (Sigma-Aldrich, #F2442) and 1X antibiotic-antimycotic
solution (Sigma-Aldrich, # A5955) at 37°C in a 5%-CO:2 incubator. The cells were
stored in cryogenic vials with additional 5% dimethylsufoxide (DMSO) (Sigma-
Aldrich, #67-68-5) freezing agent. The cells were grown in T-25 and T-75 cell culture
flasks and split when reaching 70-80% confluence with a trypsin-EDTA solution
(Sigma-Aldrich, #59417C) after being washed with phosphate buffered saline
(PBS). 1 ml or 3 ml of trypsin-EDTA were used respectively for T-25 and T-75 flasks
and the solution was left to incubate at 37°C for 10-15 minutes. Then, fresh (new)
medium containing 10% FBS was added to inactivate the trypsin. Cell suspension
was then spun down at 1000 rpm for two minutes and the pellet was collected,

resuspended, and sub-cultured with a fresh culture medium in flasks for next

passage.
Cell line Disease Reference | Morphology Origin Genome
SW1088 | Astrocytoma HAI'_I_BC102 Fibroblastic | 72-year-old male Hypertriploid
T98G | Glioblastoma Ciliré%% Fibroblastic | 61-year-old male Hyperpentaploid
. CRL-2610, L p53 mutated, p16
LN-18 | Glioblastoma ATCC Epithelial 65-year-old male deleted
A-172 | Glioblastoma CI?AI:I_éGBCZO Fibroblastic | 53-year-old male Hypertriploid

Table 3.1 Characteristics of the glioma cell lines.
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3.2.2 Cell treatments

The drugs and ligands were reconstituted according to the manufacturer’s
instructions at the concentration recommended (Table 3.2). IL-6 was dissolved with
a carrier protein (BSA) as recommended by the company. Cells were seeded in a
12-well culture plate (2 wells per condition) for treatment with different drugs and
ligands. 400 pl of medium containing 2.5x10° cells per ml was dispensed per well.
When the cells reached around 70% confluence, the medium was replaced with
fresh medium containing the drug or the ligand at the tested concentration (Table
3.2). The medium used to treat the cells only contained 5% of serum instead of 10%
to reduce the interference of the serum with the drug or ligand. The control was
treated with the same medium containing no drug or ligand. The final concentration
of the drug or ligand in the treating medium was never above 1% and the final
concentration of DMSO was 0.1% for temozolomide (TMZ) and thymoquinone
(TMQ) and 0.6% for MMP9 inhibitor. After 24h and 48h, the cells were collected for
gene expression analysis by using trypsin-EDTA as described previously. After
being spun down at 1000 rpm for two minutes, the cells were washed in PBS and

resuspended before RNA extraction.

Treatment Stock Reconstitution | Tested final Product reference
concentration buffer concentration
Galectin-3 50 pg/ml PBS 0.5 pg/ml R&D system, #8259-
GA-050
EGF 500 pg/ml 10mM acetic 50 ng/ml Sigma-Aldrich,
acid #324831
NRG1 100 pg/ml PBS 20 ng/ml R&D system, #5898-
NR-050
IL-6 100 pg/ml PBS 1% BSA 50 ng/ml R&D system, #206-
IL-010/CF
MMP9 inhibitor 10 mM DMSO 3 ug/mi Abcam, #ab142180
T™Z 10 mg/ml DMSO 10 pg/ml Sigma, #T2577
T™Q 10 mg/ml DMSO 10 pg/ml Sigma-Aldrich,
#274666

Table 3.2 Cell treatments specifications.
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3.2.3 RNA extraction and cDNA synthesis

Prior to RT-qPCR analyses, cDNA was first synthetised from the total RNA extracted
from the cells treated in each condition. RNA was extracted and cDNA was
synthetised just after cell harvesting, on the same day. RNA extraction was
performed using RNA extraction kits following several washing and centrifugation
steps according to the manufacturer’s instructions for the RNeasy mini kit (Qiagen,
#74104) or the GeneJET RNA purification kit (Thermofisher scientific, #K0702).
RNA concentration and quality was then determined by using a nonodrop
(NanoDrop One/oneC microvolume Uv-Vis spectrophotometer, Thermofisher
scientific) for each sample. The RNA was diluted in nuclease-free water at a
concentration of about 50 ng/ml each time and reverse transcription was performed
by using the iScript supermix cDNA synthesis kit (Bio-Rad, #1708896) according to
the manufacturer’'s instructions. Briefly, the iScript reaction mix containing the
reverse transcriptase was added to the diluted RNA solution (containing less than
1ug of RNA) at a ratio of 1 to 8. Priming was performed for 5 minutes at 25°C,
reverse transcription was performed for 20 minutes at 46°C, and reverse
transcriptase inactivation was performed for 1 minute at 95°C. cDNA product

concentration and quality were then determined before gPCR.

3.2.4 Real-time quantitative PCR (RT-qPCR)

RT-gPCR was used to measure the relative gene expression fold change between
the different conditions compared to the control condition (no treatment). gPCR was
then performed using SYBR technology and specific primers designed for the
targeted genes. SYBR is a dye that binds to the minor groove of the double-stranded
DNA molecule, so that its intensity, which is captured by the gPCR machine, will be

positively proportional to the cDNA amplification of the targeted gene.

RT-gPCR for the genes of interest (MUC4, EGFR, MMP9, and MMP2) was prepared
by using the SYBR green technology from Bio-Rad. The primers were the Biorad
primePCR ™ primers (MMP9 #gHsaCID0011597, MUC4 #gHsaCED0045245,
EGFR #gHsaCEDO0045334, and MMP2 #qHsaClD0015623) optimised by the
company to work optimally with the iScript cDNA synthesis kit and the Sso advanced

SYBR green universal master mix (Bio-Rad, #1725271) by using the same
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amplification cycle for all the genes. The primers were received in the form of a
‘super mix’ containing the forward and the reverse primers that could be used with
no dilution step. The efficiency of the primers for each gene of interest was provided
by the company and were all comprised between 98 and 101%. The reaction was
prepared in a 96-well plate by dispensing 2 ul of the diluted cDNA (~100 ng/reaction)
at the bottom of a 96-well plate (1 reaction), which was then covered for each gene
by the mix containing the primers (1ul), the Sso Advanced SYBR super mix (10ul),
and nuclease-free water (7ul). Negative control wells for each gene were prepared
with the same process, except that the cDNA was replaced by nuclease-free water.
Finally, the plate was centrifuged and gPCR was performed with a CFX96 Touch
RT-gPCR detection system (Bio-Rad). The activation was performed for 2 minutes
at 95°C, then, the denaturation (5 seconds at 95°C) and the annealing step (30

seconds at 60°C ) were performed for 40 cycles.

3.2.5 RT-qPCR gene expression analysis

A housekeeping gene was used for normalisation in the gPCR since relative
expression was assessed over absolute expression. The housekeeping gene was
the key regulatory enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
GAPDH reverse and forward primers were from GeneArt gene synthesis
(Thermofisher scientific). The pair of primers was dissolved in ultra-pure water at a
concentration of 100 uM and aliquoted at 10 uM and used in the reaction at the final
concentration of 500 nM. To check the efficiency of the GADPH primers, cDNA from
glioma cell line SW1088 was used at 5 increasing dilution factors (3, 9, 27, 81, and
243) and the mean Ct was measured by RT-gPCR from two duplicates for each
dilution. The log10 (dilution factor)-mean Ct standard straight line was generated
and the slope of the line was used to calculate the efficiency of the primers with the
following formula: (10(/slope)-1y X 100.

Relative expression was assessed using the Livak method (Livak et al. 2001). First,
the two duplicated Ct were averaged. Then, the mean Ct was normalised for each
gene of interest (GOI) in each condition to the housekeeping gene (ACt = Ct o) —
Ct apph)), and the ACt was normalised for each gene and each condition to the

control AACt = ACt (condition) - ACt (controt). Finally, the expression ratio was calculated
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with the following formula: 2-22€t, The expression ratios of each gene were compared
between the different conditions by generating a graph with GraphPad Prism

version 9.3. Each condition was run once in duplicates.

3.2.6 Plasmid amplification by bacterial transformation, and purification

Insertion of the MUC4 DNA sequence into the glioma cell lines (transfection) was
performed with the pCMV3-MUC4 plasmid (Sino Biology Inc, #HG16066-UT) and
the empty plasmid pCMV6-XL5 (Origene) used as mock plasmid (control),
Information about the plasmid maps is detailed in Figure 3.2. The plasmids were
first amplified with bacterial transformation into ampicillin-resistant E. coli cells,
using the One Shot TOP10 Chemically E. coli kit (Invitrogen, #C404010). Briefly, 1-
3 ul of plasmid was added to 50 ul of competent E. coli for each transformation
reaction, and the vial was incubated on ice for 30 minutes. Then, the vial was
incubated at 42°C in a heating block for 30 seconds and placed again on ice. 250
ul of pre-warmed Super Optimal Broth (S.0.C) medium was added to the vial before
a one-hour incubation at 37°C. 200 nul of the mixture was then spread on a pre-
warmed Luria/Miller (LB) agar plate containing 100 pg/ml ampicillin for each
transformation. The plate was incubated overnight at 37°C. The day after, the
bacteria were collected with the first buffer used for plasmid purification and
centrifuged for five minutes at 8000 rpm. Then, the supernatant was discarded, and
plasmid purification was directly performed by using a Miniprep kit (Qiagen, #27104)
following a series of elution and centrifugation steps as per the manufacturer’s
instructions. Plasmid quality and concentration were checked using a nanodrop as

previously.
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Figure 3.2 pCMV6-XL5 and pCMV3-MUC4 plasmid maps. F1 origin:
bacteriophage origin of replication; CMV promoter: cytomegalovirus promoter; ORF:
open reading frame; Amp(R): resistance gene for ampicillin; pUC origin: procaryote
origin of replication; T7 promoter: RNA polymerase-specific promoter; SV40 early
promoter: simian virus 40 early promoter for eucaryotic gene expression; ColE1:

plasmid prototype vector. Figure created with Biorender.com.

3.2.7 Transfection of mammalian cells with pCMV6-XL5 and pCMV3-MUC4
plasmids

Glioma cells were chemically transfected with the plasmids by using Lipofectamine
2000 (Invitrogen, #1668030) when the cells reached about 70% confluence,
following the manufacturer’s instructions. Briefly, 15 ul of the purified plasmid and
11.3 pl of lipofectamine were diluted for 1 ml of Opti-MEM | reduced serum medium
(Gibco, # 31985070) and left to incubate for 20 minutes before 3.3 ml of additional
medium was added to constitute the transfecting medium. Lipofectamine works by
forming liposomes around the plasmid to facilitate its integration into the cells.
Incubation with the cells was performed with the transfecting medium for 5 hours.
At the end of the transfection, the medium was replaced by the appropriate medium
used for the following assay. The success of the transfection protocol was verified

by performing RT-gPCR for MUC4 gene expression.
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3.2.8 Spheroid formation assay

Spheroid generation assay was used to assess the impact of MUC4 expression and
the impact of TMQ addition on the cells’ ability to proliferate, form spheroids, and
interact with each other in a 3D context. The cells were seeded into two different
flasks and transfected with either the pCMV3-MUC4 plasmid or the pCMV6-XL5
control plasmid as described earlier. Then, the cells were collected with
trypsin/EDTA solution and washed before being diluted in fresh medium with or
without 10 ug/ml of TMQ treatment. Spheroids were generated with the hanging
drop method (Foty 2011, Kalli et al. 2018). Briefly, the cells were diluted to 2.10%
cells/ml and 20 pl-drops of the diluted cell solution were dispensed onto the inside
of a petri dish lid’s surface. The lid was then placed on the dish so that the drops
were hanging upside down, and the dish was filled with pure cell medium to prevent
any evaporation during incubation. This technique allows the cells to grow within the
drop in a spheric shape since contact with the culture plate is abrogated. The growth
medium used was serum-free. After 48 hours, images were taken to analyse size
and number of the spheroids with the Icy software (Institut Pasteur-France
Biolmaging, Copyright 2019 ) (Fig.3.3). The spheroids were left in the drops for
imaging, and not transferred to a new culture dish, to preserve their integrity
(number, size, and shape). 19 images were analysed for each condition (76 images
in total). The mean size for each condition was calculated and compared with
unpaired t-test using GraphPad Prism. The number of spheroids per image was
counted for each condition and also compared with Mann-Whitney U-test. p-values
significance are defined as followed: *** indicates a p-value <0.001; ** indicates a

p-value <0.01; * indicates a p-value <0.05.
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Figure 3.3 Measurement of relative spheroid size. Relative size of spheroids was
measured with the Icy software (Institut Pasteur-France Biolmaging, Copyright
2019), by surrounding the spheroids with the PolyLine 3D option.

3.2.9 Immunocytochemistry (ICC)

Immunocytochemistry (ICC) is a technique using the same principle as IF, except
that fluorescence staining is performed on cells grown on a microscope slide. ICC
was performed by first sterilizing glass coverslips with 70% ethanol. The coverslips
were placed in a petri dish after being rinsed with PBS, and then covered with
medium containing 2.5x10° cells per ml (15 ml was used to fill one petri dish). After
reaching 60-70% confluence, the cells were transfected as described before. The
transfecting medium was then replaced by fresh medium and the cells were left to
grow for one more day with or without treatment. Then, the cells were gently rinsed
twice with PBS and fixed in a 4%-formaldehyde solution (Sigma-Aldrich,
#1040021000) at room temperature for 20 minutes, washed in PBS and TBS-T, and
blocked with TBS-T containing 5% BSA and 2% goat serum for 45 minutes at room
temperature. Then, the coverslips were placed at the bottom of a plastic box covered
by a piece of parafilm, this allowed the use of a small volume of the antibody
solutions, directly dispensed onto the surface of the coverslip, with no risk of
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leakage. The primary antibodies EGFR rabbit monoclonal (Life technologies
#700308) and MUC4 mouse monoclonal (Abcam, ab60720) diluted in the blocking
solution (respectively at 1:1000 and 1:250) were left to incubate on the coverslips
overnight at 4°C. The next day, the coverslips were washed with TBS-T. Diluted
secondary antibodies (see IHC section in previous chapter) were left to incubate
with the cells for one hour in the dark at room temperature before being successively
rinsed with TBS-T, PBS, and distilled water. The coverslips were removed from the
dish (with a pipette’s tip) and placed on a piece of tissue with a drop of fluorescent
mounting medium containing DAPI. After one minute of incubation, the coverslips
were mounted on a naked microscope slide and images were captured with a Leica

DMIi8 fluorescent microscope (Leica microsystem, UK).

3.3 Results

3.3.1 Optimisation and gene expression in glioma cell lines

The Bio-Rad PrimePCR SYBR Green assay was chosen for gene expression
analysis. With this assay, primers for different commonly investigated genes can be
used with the same amplification program, the same SYBR, and the same protocol.
The assay is pre-optimised to work with the Bio-Rad qPCR thermal cycler and the
Bio-Rad Sso Advanced SYBR master mix, both used in this study. Thus, MMP9,
EGFR, MUC4, and MMP2 Bio-Rad PrimePCR SYBR Green assay primers were
selected and used with the Sso Advanced SYBR and the cDNA synthesis kit
recommended by the company (iScript). The validation data provided by the

company are listed in Table 3.3.
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Amplified sequence Ct at 50% RFU Melting Amplification
Gene (Ensembl (Iqink) amplification curve peak efficiency
(number of cycles) (°C) (%)
EGFR ENSG00000146648 26 81 98
MMP9 ENSG00000100985 32 86 101
MMP2 ENSG00000087245 24 87 99
MUC4 ENSG00000145113 30 87 99

Table 3.3 Bio-Rad PrimePCR SYBR Green assay primers and their validation

parameters. [Relative fluorescence units (RFU)].

To be able to interpret the gPCR results, first, the efficiency of the GAPDH primers

needed to be validated. The expression of this housekeeping gene was used in the

expression analysis to normalise the data (relative expression). The efficiency

should be ideally comprised between 98 and 101% and very similar for all the other

primers used in the study. The efficiency was measured by generating a standard

straight line plotting the mean Ct of five decreasing cDNA dilutions against the log10

of the dilution factor. The slope of the straight line was then used to calculate the

amplification efficiency, the efficiency for the GAPDH primers was 101%, which was

deemed acceptable (Fig.3.4).
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Figure 3.4 Standard line and efficiency evaluation of the GAPDH primers. (A)
Five decreasing dilutions of cDNA from SW1088 cells were analysed by gPCR,
mean Ct are represented with standard deviation. (B) Standard straight line of
mean Ct for all dilutions plotted against the corresponding dilution factor. The

slope of the line is used to calculate the efficiency (101%).

Next, the expression of the genes was tested with the standardised qPCR assay in
the different glioma cell lines, to examine gene expression before in vitro assays.
For cDNA samples extracted from each cell line, the housekeeping gene and the
genes of interest were tested with the primers and recommended protocols. The Ct
of the GAPDH gene was valid and very similar in all cell lines (Ct comprised between
19.3 and 20.9). MUC4 was not detected in the grade IIl SW1088 cell line and
expressed at low levels in the other GBM cell lines (Ct = 36.5-38). EGFR and MMP2
had an average expression in all the cell lines (Ct = 23-26 and 19.5-25, respectively),

and MMP9 was expressed at low-medium levels (Ct = 31-38) in the cells. Therefore,
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it was concluded that this gPCR assay could be used for the rest of the in vitro

experiments.

Since MUC4 was shown to be expressed only at low levels, a MUC4 transfection
protocol was optimised and validated. The plasmid for MUC4 mammalian cells
transfection was the pCMV3-MUC4 and the empty control plasmid was pCMV6-
XL5. After plasmid amplification via transformation of competent E. coli cells and
plasmid purification, the plasmid quality was checked and the cells were transfected
with the respective plasmids. SW1088 cells were used for validation of the
transfection process since these cells did not express MUC4 at detectable levels
according to the qPCR results. The cells were left to incubate with the transfecting
medium (containing lipofectamine and the plasmid) and toxicity was evaluated
phenotypically under the microscope. The transfecting medium did not affect the
viability of the cells after an overnight incubation. The cDNA synthesised from the
transfected cells was analysed with the gPCR assay. An incubation for 5 hours was
enough to observe a strong MUC4 overexpression in the SW1088 cells (raw data

are shown in Table 3.4).

Condition Gene Mean Ct (triplicate) | Standard deviation
Non-MUCA4- GADPH 23.3 0.69389
transfected MUC4 39/no detection X

GADPH 22.7 0.19245
MUCA4-transfected
MUC4 19.5 0.35355

Table 3.4 Validation of MUC4 transfection protocol in SW1088 cells. Triplicate
was used for each condition. MUC4 is not detected in SW1088 cells before
transfection (Ct = 39 or no Ct) and more expressed than the housekeeping gene

after transfection.

3.3.2 Effect of MUC4 overexpression and thymoquinone (TMQ) on spheroid
formation
To study the effect of MUC4 overexpression on the proliferation ability of glioma

cells, LN-18 GBM cells were transfected with either a control plasmid (pCTRL) or
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the MUC4 plasmid (pCMV3-MUC4) and spheroids were then grown from both
conditions. To further evaluate the effect of TMQ treatment, both types of spheroids
were grown with and without 10 ug/ml of TMQ in the medium. The spheroids were
generated by using the hanging drop method and images were taken in each drop
after two days. The medium containing the drug was not changed and was left until
all the images were taken. Both MUCA4-overexpressing spheroids and control
spheroids had formed after two days but in corresponding conditions grown with 10
ug/ml of TMQ, the spheroids did not form (Fig.3.5A). However, MUCA4-
overexpressing cells grown with TMQ seemed to form more small aggregates than

their control equivalent and single cells appeared to be less numerous (Fig.3.5A).

In the conditions containing no drug, the control spheroids formed were larger, while
the MUC4-overexpressing spheroids were smaller but more numerous. The number
and the size of all the spheroids in the images were reported and compared. Since
the distribution was not normal, Mann-Whitney U-test was used. This observation
was confirmed and the difference was highly significant (p<0.0001 for both size and
number) (Fig.3.5B).
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Figure 3.5 Spheroid formation assay on MUC4-overexpressing GBM LN-18
cells. (A) Images representing MUC4-overexpressing spheroids and control
spheroids after 48h with and without 10 pg/ml of TMQ. Spheroids did not form with
TMQ, especially from cells not expressing MUC4 (pCTRL). (B) The size of all
spheroids formed (with no TMQ) was measured (relative units) and compared with
Mann-Whitney U-test, spheroids formed from MUC4-overexpressing cells were
significantly smaller (p<0.0001). The number of spheroids per well was also
calculated, there was significantly more spheroids formed from MUC4-

overexpressing cells than from control cells (p<0.0001). Scale bar = 100 um.
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3.3.3 Effect of MUC4 overexpression and TMQ treatment on MUC4 and EGFR
protein localisation

Next, EGFR and MUC4 protein expression and localisation in the cells was
evaluated with immunocytochemistry (ICC) in LN-18 cells under three different
conditions: 1) control condition with no MUC4 transfection and no drug, 2) MUC4-
overexpressing cells, and 3) MUC4-overexpressing cells with 10 ug/ml of TMQ.
EGFR protein was expressed in GBM cells before MUC4 transfection, as expected,
and the expression was observed in the cytoplasm/surface of the cells, similar to
what was observed in the tissue. EGFR expression seemed to be considerably
higher than MUCA4 in the control cells (Fig.3.6). This was also expected since MUC4
was also only expressed at relatively low level in the gPCR results before

transfection.

As expected, after pCMV3-MUC4 plasmid transfection in LN-18 cells, MUC4 and
EGFR were expressed and MUC4 exceeded EGFR expression, especially in the
cytoplasm. The expression of these proteins appeared to be polarised within some
cells, with EGFR and MUC4 co-localizing at the surface of one side of the cells
(orange arrows) and an isolated MUC4 expression in the cytoplasm of the opposite
side (green arrows) (Fig.3.6). The co-expression at the surface was associated to
an exclusion of the proteins from the cytoplasm. This result suggests that all the
proteins on this side of the cells might co-localise at the surface and interestingly
this was not observed in all the cells, suggesting that this might happen only at a

certain stage of the cell cycle.

When treating the MUC4-overexpressing cells with 10 ug/ml of TMQ for 24 hours,
the protein level of MUC4 was reduced as assessed by the very low signal (Fig.3.6)
and the cells looked more similar to the control condition with a dominance of EGFR
expression in the cytoplasm and with MUCA4 signal that was not visually detectable.
In these cells, MUC4 appeared to be expressed at an even lower level than in the
control condition before MUC4 overexpression, although this would need
confirmation with another technique as subtle differences are difficult to visualise

with fluorescence.

107



Merged Merged zoom

pCTRL

pCMV3-MUC4

pCMV3-MUC4
+ 10 pg/ml TMQ

Figure 3.6 Immunocytochemistry (ICC) on MUC4-overexpressing LN-18 cells.
EGFR (in red) and MUC4 (in green) protein localisation and expression was
evaluated with ICC in control cells, and MUC4-overexpressing cells with and without
TMQ. The images show merged representations of the three colours (nuclei are
stained with DAPI and appear blue). The dotted white squares on the first panel are
zoomed in the second and third panel. In the middle row, the green arrows indicate
isolated MUC4 expression at one side of the cells and the orange arrows indicate

co-localisation of MUC4 with EGFR. Scale bar = 100 pum.
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3.3.4 Gene expression analysis in glioma cell lines at different time points

To investigate the putative EGFR/MUC4/MMP9 molecular pathway, RT-qPCRs
were performed in the GBM LN-18 cell line. As previously noted, MUC4 expression
was only expressed at low level in the cells, compared to the EGFR, MMP9, and
MMP2 in the control conditions. MUC4 was first included in the RT-gPCR analysis
to see if some conditions would significantly increase its expression, however, since
MUC4 was only expressed at low level in these cells, Ct values obtained were too
high to obtain good replicability. Therefore, MUC4 was not included in the RT-qgPCR

analysis.

In addition to the control condition, other conditions with ligand and drug treatments
were tested. Different ligands whose binding with EGFR/MUCA4 is expected to have
an effect on the investigated pathway were selected: EGF, the most common ligand
involved in EGFR activation; neuregulin-1/heregulin (NRG1), the ligand that binds
to the MUC4/EGFR complex in carcinomas; and galectin-3 (Gal-3), that binds to
MUC4 glycan chains in carcinoma with a role in carcinogenesis. In addition,
interleukin-6 (IL-6) was selected since this cytokine has been shown to activate
MUCA4. A permeable and reversible MMP9 inhibitor was added to the selection as
well as two treatments: TMZ, which constitutes the standard treatment in GBM; and

the plant-based TMQ treatment, expected to reduce MUC4 protein expression.

The results were generated with the Livak method (results are normalised to the
same housekeeping gene in each sample and treated cells are normalised to the
control condition). The results are given at two time points after treatment (RNA
extraction at 24h and 48h post-treatment) on GBM LN-18 cells. MMP2 was also
investigated in addition to EGFR and MMP9 since MMP9 and MMP2 are the two
gelatinases among the MMP family. These two proteins present high homology and
very similar substrates and are often found co-regulated in the context of EGFR
signalling (Menashi et al. 2003, Majumder et al. 2019). Including MMP2 in the gene
expression analysis will give indication on whether this gelatinase is part of the
pathway under investigation or rather, that MMP9 is specifically linked to EGFR.
Results for all the RT-qPCRs are represented in Figure 3.7 (in A for the ligands and
B for the drugs/inhibitors).
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Figure 3.7 EGFR, MMP9, and MMP2 gene expression analysis in glioma cells.
Gene expression was assessed in LN-18 cells at 24h and 48h after different
treatments with relative RT-qPCR assay. The results shown are relative to the
control. (A) RT-gPCRs after treatments with different ligands and (B) different
drugs/inhibitors. Control (CTRL); galectin-3 (Gal-3), 0.5 ug/ml; neuregulin 1 (NRG1),
20 ng/ml; thymoquinone (TMQ), 10 ug/ml; MMP9 inhibitor (MMP9inh), 10 mM,;
temozolomide (TMZ), 10 ug/ml. Error bars represent sampling variation (standard
deviation) between the duplicates of the same experiment. The highest standard

deviation was 0.35.

At 24h post-treatment, MMP9 inhibitor led to a decrease of MMP9 (3-fold reduction),
and to a lesser extent, EGFR and MMP2 (2-fold reduction for both), confirming that
these three genes code for proteins that might be part of a common pathway. The
addition of EGF ligand was responsible for an increase of MMP9 expression (~2-
fold increase). TMZ treatment led to a decrease of EGFR and even more MMP9
(~2-fold reduction), whereas MMP2 was not affected. TMQ led to a decrease of

MMP9 only, at a similar level that the standard drug TMZ (~2-fold for both).

EGFR and MMP9 expression appeared to be more affected by the different
treatments than MMP2 at 48h. Interestingly, this gene seems to behave (react to

the treatments) like MMP9 but at a much lesser extent. This suggests that MMP2
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might be linked to the EGFR/MMP9 pathway but this link must be indirect or weaker
that the EGFR/MMP9 signalling interaction. NRG1 and IL-6 - which can both act on
MUCA4 - increased the genes’ expression, and more particularly MMP9 (~4-fold and
~3-fold increase, respectively). MMP9 inhibitor led to a sharp increase of the genes
at 48h, which is expected since this inhibitor target MMP9 protein, which probably
induces the induction of the gene expression as a response to re-establish the
expression of the protein. The same observation was made with TMZ, with a sharp
augmentation at 48h (~3.5-fold increase for MMP9), while the genes were
decreased at 24h. Finally, TMQ was the only drug that did not lead to a responsive
augmentation but instead lead to an important decrease of MMP9 specifically (~3.5-
fold reduction), and not MMP2.

3.3.5 Gene expression analysis in MUC4-overexpressing GBM cells

Finally, LN-18 cells were transfected with the MUC4 plasmid to see the potential
impact of MUC4 overexpression on the other genes and to investigate the impact of
the treatments on MUC4 expression. As previously specified, the transfection
protocol was validated in SW1088 (because these cells do not express MUC4 at
detectable level) and gave a very high expression (superior to the housekeeping
gene). RT-qPCR was performed for all the genes in LN-18 GBM cell line on cDNA
synthesised from RNA extracted at 48h.

Induced MUC4 expression completely eliminated MMP9 and EGFR gene
expression in all conditions, but not MMP2. Given that this result was unexpected,
this was verified in the grade IIl SW1088 cell line separately and the RT-gPCR gave
exactly the same results (data not shown). Since the transfection led to a high MUC4
expression (overexpression), this result could be due to an ensuing high protein
expression and a negative feedback retro-control on the other pathways. These
results support that MUC4/EGFR/MMP9 are linked in a common regulatory
pathway, whereas MMP2 is linked to that pathway to a much lesser extent as
suggested previously. In respect of what is the precise effect of MUC4 on EGFR
and MMP9 expression, these results are not fully conclusive. Therefore, adjustment
and optimisation of the transfection protocol (transient and/or stable) should be
performed to allow the analysis of the exact detailed mechanisms of regulation
between EGFR, MUC4, and MMP9.
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3.4 Discussion

3.4.1 Effect of MUC4 overexpression on spheroid formation

A standard spheroid formation assay was first performed to evaluate the effect of
MUCA4 overexpression on GBM cells. The spheroid formation was observed in both
control and MUC4-overexpressing cells. However, the number and size of these
spheroids were significantly different in both conditions. From MUCA4-
overexpressing cells, spheroids formed were higher in number but smaller
compared with control cells (not overexpressing MUC4). This could be due to a
higher fusion rate of spheroids when MUCA4 is not present/or present at low levels
at the surface of the cells, or higher dissociation of the spheroids due the MUC4
overexpression. In both cases, this may be explained by the possible anti-adhesive
properties of MUC4 protein. Anti-adhesion is believed to be one of the main
functions of MUC4 in pathological conditions, including cancer where the induction
of the protein has been shown to make the cells detached from each other in vitro
(Komatsu et al. 1997). This is believed to be due to the glycan chains sterically
impeding the interaction between surface ligands (for example integrins) and their
receptors. In addition, in pancreatic cancer, where MUC4 is the most prevailing
oncogene, its overexpression provokes disruption of cell-to-cell interactions (Xia et
al. 2017). This phenomenon has been shown to be dependent on the glycosylation
extent of the protein (Chaturvedi et al. 2008). It is important to note that MUC4 is
also believed to facilitate cell-cell interactions in another context, by providing new
interaction sites, adhesion sites (AMOP domain), and potentially via ligand
sequestration facilitating the binding to their receptors (Chaturvedi et al. 2008).
Further experiments are needed with more tested conditions for further validation,
but this result supports a role of MUC4 in cancer cell dissemination, which was not

shown previously in GBM and especially in a 3D spheroid cellular model.

3.4.2 Effect of TMQ on MUC4-overexpressing and control spheroids

The spheroids did not form when TMQ was added to the medium at the
concentration of 10 ug/ml. TMQ has been shown to reduce the level of MUC4
protein expression by proteasomal degradation potentially via modifying the

glycosylation pattern on the protein (Torres et al., 2010). The concentration used
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correspond to one of the highest doses typically used in other in vitro studies. Since
TMQ is a very well tolerated drug — not granted with plant-based treatment - the use
of an even higher dose is conceivable. When looking more carefully, some very
small spheroids still formed in the MUC4-overexpressing condition, while single
cells were hardly present. The opposite was observed in the control (not transfected
with MUCA4) cells, with no spheroids formed and high number of single cells. This
result suggests that MUC4 overexpression still could give an advantage to spheroid
formation abilities or proliferation. Further experiments need to be conducted to
decipher this result. Moreover, some of the cells treated with TMQ seemed to be
bigger and more translucent when overexpressing MUC4, which suggests that
MUC4 might confer a survival advantage. Finally, the fact that TMQ was able to
impede spheroid formation even when MUC4 was only expressed at low level from
the RT-gPCR (control spheroids), suggests that the effect of this drug is potentially
very potent and confirms that it might act on other onco-molecular targets along with
MUC4 (Goyal et al. 2017).

3.4.3 Protein localisation and effect of TMQ

The ICC assay first confirmed the overexpression of MUC4 at the protein level after
transfection, as well as an average EGFR protein expression and a low MUC4
protein expression in the cells before transfection, that aligned with the RT-gPCR
results. After transfection, the pattern of EGFR localisation was altered and, in some
cells, a clear co-localisation at one pole of the cells was observed with little possible
doubt. However, in most of the cells the co-localisation did not appear to be
polarised. In the cells showing the polarised co-localisation, EGFR was totally
absent from the cytoplasm (appearing black in the image), which clearly suggests a
sequestration of the receptor to the membrane induced by the interaction with
MUCA4. This suggests that MUC4 could impede the internalisation — and so the
degradation and recycling - of EGFR (HERL1), supporting the prolongation of its
activation through exposition to ligands. This result aligns with a similar mechanism
to what has been described in carcinoma cell lines with HER2 and HER3 receptors
in previous studies (Funes et al. 2006, Mukhopadhyay et al. 2013). Therefore, this
phenomenon could exist in GBM tumours, since MUC4 was shown to be expressed
in most GBM patients in the previous chapter. These results could also suggest the

activation of downstream signalling pathways, which should be investigated in future
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studies. Finally, MUC4 protein was not observed in the cells anymore after TMQ
was added to the cell growth medium. This result shows that TMQ leads to a strong
MUC4 downregulation, at the protein level, which has been also observed in

pancreatic cancer cells (Torres et al. 2010).

3.4.4 Reqgulation of EGFR, MUC4, MMP9, and MMP2 at the mRNA level

The gene expression analysis on non-transfected GBM cells was then performed
and confirmed a co-regulation of EGFR and MMP9 in glioma cells (Chang et al.
2015, Chen et al. 2017) associated to a less obvious regulation of the other
gelatinase MMP2. The ligands tested included EGF, NRG1, and Gal-3, which have
all been shown to activate complexes formed by mucins and EGFRs (Funes et al.
2006, Piyush et al. 2017). The concentrations for the treatments were chosen to be
relatively high but still within the standard range. This analysis also showed that
TMQ, a non-specific MUCA4 protein inhibitor, was able to downregulate MMP9 at the
MRNA level. This downregulation was observed in previous studies, but only at the
protein secretion level (Kolli-Bouhafs et al. 2012). This downregulation was

compared with the one caused by the standard treatment TMZ.

The reduction of expression was at first very similar (24h), but after 48h, TMQ
maintained a downregulation of MMP9 gene expression, while TMZ seemed to
induce what looked like a positive retro-control on that gene, which could be due to
a strong inhibition at the protein level. This observation may be explained by the
different mechanisms of action of these two drugs. TMZ has been shown to
downregulate MMP9 and MMP2 at the protein level (Mirabdaly et al. 2020). It will
be important to conduct extensive dose-dependent assays at different time points
with these two drugs on different molecular actors of GBM progression, MMP9 being
an important one. MMP2 seemed to be regulated in a similar fashion to MMP9,
although at a lesser extent. There are only very few differences between the two
homologous proteins and previous studies have more often highlighted the co-
regulation of EGFR signalling with MMP9 only, although MMP2 is sometimes shown
to be co-regulated with MMP9. MMP9 has been shown to play the most important
role among other MMPs in GBM progression (Quesnel et al. 2020). Taken together,
these results suggest that MMP2 has remaining function and similar regulation to

MMP9 (aligned with the fact that they are almost identical) but that this protein has
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more attenuated function and EGFR-independent responses than its homologous
MMP9 counterpart.

In MUCA4-overexpressing cells, the EGFR and MMP9 gene expression levels were
undetectable. However, from the ICC, EGFR was still present at the protein level
after the same incubation time. Further optimisation of the transfection assay needs
to be done to solve this drastic effect and elucidate the exact molecular mechanisms
of this pathway. However, this phenomenon was consistent between two different

cell lines, and shows a strong influence of MUC4 on EGFR and MMP9 regulation.

3.4.5 Conclusion

By using in vitro assays, this study first confirmed the EGFR/MMP9 co-regulation in
glioma cells. In addition, several potential regulatory mechanisms observed were
new and coherent with previous findings made in carcinoma cells with other
approaches:

1) MUC4 protein seemed to display an anti-adhesive role and had an impact on cell-
cell interactions in cells grown in spheroids, further supporting its potential role in
cancer cell dissemination.

2) MUC4 and EGFR (HER1) co-localised at the surface of the cells after a MUC4
transient overexpression, which led to EGFR restriction to the membrane.

3) TMQ led to a drastic downregulation of MUC4 protein expression and abrogation
of spheroid formation.

4) TMQ downregulated specifically MMP9 (and not MMP2) at the mRNA level more
efficiently than the standard drug TMZ.
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Chapter 4: Monitoring biomolecular changes with a focus
on glycosylation using Raman spectroscopy on glioma
cells

ABSTRACT

Background: Raman spectroscopy (RS), a technique used since relatively recently
in the biomedical field, may lead to fast and objective cancer diagnostics, but also
provides information about changes in the bio-composition at the cellular level. The
aim of this chapter was to examine the application of RS in glioma cell models for
discrimination and identification of biological changes, with a focus on glycosylation.
This study further assessed the sensitivity and detection limit of this methodology
as a proof-of-concept.

Method: Glioma cell lines originated from two grade IV patients and one grade Il
patient were compared using RS combined with principal component analysis
(PCA) and classification learning method. Another grade IV cell line was then
transfected with MUCA4 protein to assess whether this method could detect more
specific changes introduced by the overexpression of the heavily glycosylated
protein. The cells were grown on a steel slide in monolayer and spheroids were
generated with the hanging drop method and dispensed on a steel dish for RS
acquisitions. The dataset was processed and analysed with PCA and classification
learning. Peak assignment was performed with an in-house glycosylation database
and a general literature-based database, both generated for this study.

Results: Grade Il and IV cell lines clustered after PCA when using the largest
principal components (PCs) and could be discriminated in both models. An increase
of DNA and proteins in grade IV could explain the highest difference between both
grades, as well as an increase in lipid content. A decrease of glycans in grade IV
was notably observed in the monolayer model and less marked in the spheroid
model. Finally, the subtle discrimination between MUC4-overexpressing glioma
cells and normal glioma cells was challenging, but still feasible as a clusterisation
was observed within the five largest PCs.

Conclusion: Different glioma grades and cell lines could be easily discriminated,
while more subtle differences due to the overexpression of a single highly-
glycosylated protein was possible but would require more acquisitions for more

detailed analysis.
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4.1 Introduction

Raman spectroscopy (RS) is a label-free spectroscopic tool that can be combined
with standard microscopy and provides a molecular signature of any type of sample,
including live or fixed cells. First, the use of Raman on cells have been suggested
and optimised for an in-vivo intra-operative application. Manoeuvrable RS optical
probes have been tested during surgery, these probes can be used in direct contact
with the brain and detect glioma cells that are not detectable with MRI only. This
method identified invasive glioma cells with good accuracy beyond three
centimetres of the MRI margin and therefore could potentially be implemented to
refine surgical resection (Jermyn et al. 2016). Other implications embrace single cell
diagnostic and identification/monitoring of biological changes occurring during

cancer development at the cellular level.

In vitro studies have used RS on cancer cell lines to demonstrate diagnostic
applications and to identify biomolecular changes. These studies were able to detect
broad differences between different types of cells and changes observed during
different cancerous events such as transformation and metastasis. Fixed prostate
cancer cell lines were successfully used to study the effect of irradiation on the lipid
content and concentration in the cytosolic lipid droplets (Roman et al. 2020), while
metabolic alterations were identified between breast cancer cell lines with different
metastatic tropisms (Marro et al. 2018). Some cancers have been studied
extensively with this technique. In breast cancer, it was found and confirmed by
independent studies that the most important difference between the highest
aggressive type and other cell types (transformed cells, normal cells) could be
assigned to an increase and alteration of the lipid content (Damayanti et al. 2013,
Chaturvedi et al. 2016, lwasaki et al. 2021), but also a decrease of polysaccharides
(Damayanti et al. 2013). Therefore, RS has proven to be a useful tool for

biomolecular identification in cancer cells.

Other elegant in-vitro studies attempted to identify smaller and more subtle
differences. For instances, Raman micro-spectroscopy was used to monitor
treatment resistance in non-small cell lung cancer cell lines. Patients with known
resistance to an anti-EGFR drug displayed fewer Raman changes after treatment

with that drug than with other anti-EGFR treatments. Importantly, this was shown to

117



be dependent on the presence of one EGFR mutation, which was in accordance

with western blot results (Hammoud et al. 2018).

From extensive comparison of the literature on RS performed on cells, a pattern of
potential limitations could be identified, such as for example, the use of different
substrates. The traditional glass and quartz substrates are affordable and have
been used extensively, but these types of substrate give relatively low signal and
the high noise contribution to the spectrum requires additional data correction (Kerr
et al. 2015). Certain substrates seem potentially too costly for clinical routine
application (e.g., gold, and calcium fluoride CaF2). Other limitations include the use
of different complex and in-house bio-informatic methods for data analysis, different
cell treatments before acquisitions (fixation, drying process), different numbers of
acquisitions per cell, the use of automated acquisitions that prevents a good control
of the laser focus, the use of quick acquisitions that reduces the spectral resolution
and finally, a bias during spectral assignments to different biological components
(Damayanti et al. 2013, Chaturvedi et al. 2016, Hammoud et al. 2018, Marro et al.
2018, Roman et al. 2020, Iwasaki et al. 2021). For example, changes in the 1000-
1200 cm spectral region at the cellular level, has been assigned to proteins
(Corsetti et al. 2018) or fatty acids only (Marro et al. 2018), while only a few studies
(Chaturvedi et al. 2016) have assigned this region to carbohydrates, potentially

overlooking the importance of glycosylation.

The aim of this chapter was to assess whether RS could be used for cell
discrimination between grade Ill and grade IV glioma cell lines and for biological
component identification at the cellular level in glioma. In addition, MUC4-
overexpressing LN-18 cells were compared with normal glioma cells to further
assess the sensitivity of RS at capturing more subtle changes induced by the
overexpression of a heavily glycosylated protein upregulated in GBM patients. For
this, cells were grown both in monolayer and in spheroids and RS acquisitions were
performed on mirrored stainless-steel slide. This type of substrate was shown to
present several advantages in comparison with CaF: slides that has been used
frequently with cell culture: it gives a lower standard deviation, a better spatial
resolution permitted by a double beam reflection, and a better signal-to-noise ratio
(Lewis et al. 2017).
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Moreover, in addition to the use of steel substrates, this study was designed so as
to bypass different other potential limitations: 1) the cells were targeted only once
by the laser to ensure the viability and integrity of the cells, 2) live cells were targeted
while being in their native state (non-fixed), 3) manual and precise acquisitions were
used to preserve the reproducible focus between each cell and the spectral
resolution, 4) the analysis performed on the data consisted of a simple method
comprised of standard Raman processing, PCA, and classification learning already
built in MATLAB, and finally, 5) the combined use of both an in-house glycosylation
database and a general literature database were used as an attempt for objective

spectral assignments.

4.2 Materials and methods

4.2.1 Principles of Raman spectroscopy

Raman spectroscopy (RS) is a type of vibrational spectroscopy that relies on the
interaction between incident photons from a monochromatic laser beam and the
molecules contained within the targeted sample. In general, when light interacts with
matter, the incident photons are mostly scattered following the Rayleigh scattering
effect, meaning with no frequency shift, while a small fraction (1 photon out of 108)
is scattered inelastically following the Raman effect (i.e., with a change of
frequency), producing what is called a ‘Raman shift’. When the scattered photon is
lower in energy than the incident photon, the emission is shifted toward the red
wavelengths and is called the Stokes effect, while the converse phenomenon is
called the anti-Stokes effect (Fig.4.1A). The Stokes effect is the most likely effect to
occur at room temperature and therefore is the effect observed when using RS.
One of the biggest advantages of this technique is that no label is required since the
Raman effect is based on the intrinsic vibrational properties of the biomolecules.
Different vibrational modes represent different positions of the atoms within the
molecule, namely, stretching, which can be asymmetrical or symmetrical: and
bending, for instance, twisting and wagging (Ferraro, 2003). The association of all
the intensities of the Raman shifts (represented by different spectral peaks
corresponding to different wavenumbers) constitutes a molecular fingerprint of the

sample that can be studied to evaluate the relative presence and ratio of all the
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different biomolecules of life (proteins, lipids, DNA, etc) in the interrogated organic
samples. Typically, a reduced intensity for a wavenumber indicates a reduced
concentration of the biomolecule assigned to this specific wavenumber.
Consequently, RS has been used in biology for sample identification, classification,
and tissue delineation, even though it was not specifically intended for biological
purposes (Crow et al. 2003, Mamede et al. 2021, Iturrioz-Rodriguez et al. 2022). As
the Raman scattering effect is very weak, it needs to be coupled with a powerful
laser, a sensitive charge-coupled device (CDD) detector, and different optical
components to successfully capture subtle changes (Fig.4.1B). In addition, it can
be coupled to a traditional optical microscope to allow visualisation and precise
targeting of the sample. Finally, excitation with a near-infrared laser overcomes the
problem of sample alteration as well as interference caused by autofluorescence
(Daniel C. Harris 1990, Ferraro, 2003, Srinivasan 2010).
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Figure 4.1 Principles of Raman spectroscopy. (A) Schematic representation of
Raman scattering effect (Stokes and anti-Stokes versus Rayleigh). (B) The different
parts of Raman spectrometer (in Via Qontor, Renishaw, Gloucester, UK) are

represented. Figure created with Biorender.com.

4.2.2 Rationale and methodology overview

RS can give the molecular fingerprint of any organic sample in the form of a spectral
signature, thereby, RS can be used to capture significant and subtle changes
between samples. Unlike with infrared spectroscopy, water does not generate a

strong Raman signal and thus, RS is suitable to study aqueous solutions and
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interrogate in vitro/in vivo samples (Auner et al. 2018). The frequency of the Raman
shift corresponds to the x-axis of the spectral signature and is measured in
wavenumbers (cm), while the intensity is represented in the y-axis in relative units
as a function of the frequency. The Raman peaks can afterwards be assigned to
biological components by comparison with an empirical Raman database. Database
extracted from the literature can be used, but an in-house database for specific
biomolecules can also be generated by using reference spectra generated from
standards of these biomolecules. This is justified by the fact that different machines
and differences in the method processing can generate slightly different Raman
shifts for the same components. Therefore, since this study focuses in part on the
identification of glycosylation changes in glioma cells, an in-house glycosylation
database containing the seven most common glycan motifs was generated to serve

as a database for peak assignment.

The general overview of the experimental pipeline for this chapter is schematically
represented in Figure 4.2. Careful technical considerations need to be addressed
before performing RS analysis including the choice of substrate used for
interrogation; but also, choice of excitation length, sample preparation method, and
types of processing and statistical analysis. All the acquisitions were performed on
stainless-steel slides with a 785 nm laser and after processing, the dataset was
analysed with PCA and machine learning classification. Then, the mean spectra
were compared and the differences between them were assigned by comparison
with the database. The rationale for the methodology and processing steps will be

further explained in each of the following sections.
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Figure 4.2 Methodology overview of Raman spectroscopy on gliomacell lines.
Cell lines from glioma patients, grown in monolayer or spheroids, were interrogated
with a Raman confocal microscope. After processing, normalisation, principal
component analysis (PCA), and machine learning methods, the study tested
whether the different cell lines and cell conditions (monolayer versus spheroids and
control versus MUC4-overexpressing) could be discriminated/classified. Spectral
changes were assigned to biological changes, by comparison with an in-house
glycosylation database for glycosylation patterns and with a more general biological

database extracted from the literature. Figure created with Biorender.com.

4.2.3 Raman spectrometer and acquisition parameters

All single spectral acquisitions were taken manually with a Raman spectrometer
inVia Qontor (Renishaw, Gloucestershire, UK). All spectra were taken between 400
and 1800 cm™ with a 50X objective, corresponding to the biological fingerprint
region (Chau et al. 2008). A 785 nm (near infra-red) laser was used as it usually
gives a low fluorescence background while generating a good Raman intensity with
minimal sample alteration (Kerr et al. 2015). An integration time of 10 seconds was
used with a 50% (55mW) power and a pinhole was applied to focus the laser. Each
manual measurement was about 2-3 minutes long. The laser was calibrated by

using the 520 cm™ peak of a silicon wafer before acquisition as that peak is well
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characterised and has been shown useful for calibration (Roman et al. 2020,
Surmacki et al. 2022). Mirrored stainless-steel slides were chosen as the substrate
for all acquisitions since this type of substrate has been shown to enhance the
signal-to-noise ratio compared to the CaF2 substrate that is more traditionally used
for Raman. Stainless-steel slides also represent an advantage for potential clinical
use in routine as they are significantly less expensive and susceptible to damage
(Lewis et al. 2017). In addition, glass substrates produce high fluorescence
background when using a 785 nm laser (Kerr et al. 2015). Since a 785 nm laser was

used, the stainless-steel slide was considered a better option for this study.

4.2.4 Generation of the in-house glycosylation database

To generate the glycosylation database, Raman spectra of several glycan standards
were collected with the Raman spectrometer (InVia Qontor, Renishaw, Gloucester,
UK), following the parameters described before, which were the same used for
sample acquisitions. Glycan standards (in powder form) used were Mannose
(Sigma, #92683), Fucose (Sigma, #931887), N-acetyl-galactosamine (Sigma,
#A2795), N-acetyl neuraminic acid (Sigma, #19023), Galactose (Sigma, #G0750),
Glucose (Sigma, #G8270), and N-acetyl-glucosamine (Sigma, #A8625). Standards
were dissolved in ultra-pure water at least at two different concentrations (50 mg/ml,
25 mg/ml, and/or 12.5 mg/ml) to verify that the characteristic peaks would change
intensity proportionally to the concentration to assure specificity of the peaks. Since
glucose has a well-characterised Raman signature, its spectrum was used as a
reference control to check the quality of the protocol (Arboleda et al. 2000). A 20 pl-
drop of the solution was dispensed on a mirrored stainless-steel slide for each
concentration of each standard. Duplicates were then averaged for each glycan and
each concentration. Only the highest peaks (reaching at least 100 intensity counts)
were considered as specific and were selected to be included in the listed database.

4.2.5 Data processing

WIRE software (Renishaw, Gloucestershire, UK) was used for automatic baseline
subtraction and cosmic ray removal. A 5" order polynomial smoothing (Stavitzky-
Golay) of the curve was applied to suppress the noise in order to make the spectra
easier to interpret and compare. Cosmic rays are due to particles with extra-

atmospheric origin that randomly hit the detector producing a spurious signal that
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can interfere with the data. They appear as very narrow and sharp peaks that are
quite easy to detect by an experienced eye (Anthony et al. 2017). After automatic
removal of cosmic rays, additional manual removal was performed if their presence

was still detected.

The dataset was processed in a matrix format of around 1300 wavenumber points
given by the software (in txt. Format) with their corresponding intensity for each
acquisition. The following processing steps were performed in Excel software. First,
the acquisitions were normalised to be rescaled between 0 to 1 (Minimum-maximum
normalisation) with the formula (x-min(data))/Max(data)-min(data)), where ‘min’ is
the minimum value contained in the dataset. This type of hormalisation rescales the
values across the dataset to make them easier to compare and interpret. Applying
this type of normalisation before analysing Raman data is relevant, since erratic
variations in the signal intensity can be observed between each acquisition. Thus,
the 0 to 1 normalisation is used to prevent one acquisition from over-influencing the
final analysis. Obvious outliers (repeats presenting high deviation from the
characteristic mean signature) were removed from the dataset before statistical
analysis, since they were believed to be non-specific to the sample.

4.2.6 Principal component analysis (PCA)

PCA is a method that can be used to reduce the dimensionality of a large dataset.
This techniqgue makes the interpretation of the dataset easier without removing
important statistical information by transposing the variances between the samples
into new variances called principal components (PCs), which are smaller and easier
to visualise. PCA allows the instant visualisation of the variance between the
samples as well as their clusterisation as a function of the different PCs plotted
(Jolliffe et al. 2016). The largest variances explaining the differences observed
between the samples correspond to the first PCs (PC1, PC2, PC3). Each PC explain
a certain percentage of all the variances between the samples and so the larger
they are, the more they potentially contribute to a meaningful classification of the
samples. The PCA plot can be represented in different dimensions. n dimensions
(nD) PCA plots can help visualise the clusterisation of the samples according to n
PCs. The two or three first PCs are generally plotted since they account for the

largest variations that discriminate the samples. However, other more subtle
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variances can also have a biological significance and thus different PCs can be
explored.

Consequently, this technique is particularly helpful to analyse dataset generated
with RS. First, because the dataset is large and significant information needs to be
extracted from it. Secondly, because the PCA plots generated make all the potential
sample classifications appear. The goal of this chapter was firstly to determine if
glioma cells could be classified with the RS according to their cell line/grade.
Therefore, if the samples are clustered on the PCA plots according to their category,
the technigue of RS combined with PCA can represent an objective tool for glioma
classification with biological meaning. For these reasons, the PCA technique is
commonly chosen to interpret Raman data in biology (Crow et al. 2003, Auner et al.
2018, Kang 2020, Kopec et al. 2021, lturrioz-Rodriguez et al. 2022).

After processing, PCA was performed and 2D/3D plotted for the averaged and
normalised samples for tissue and serum by exporting the dataset matrix into
MATLAB R2021b software (The Mathworks, Inc., Massachusetts). Then, a simple
sequence of code entries was determined to generate the PCA plots with colours
that corresponded to the category for each sample. All the variables corresponding
to one discrete wavenumber point, were used for the PCA to represent the entire
spectral range between 400 and 1800 cm-2.

The code lines used in the software were the following:

>A=table2array(data) converts the table containing the data in a homogenous

array on which PCA can be performed.

>[coeff,score,latent,explained] = pca(A) performs the PCA on the array A and gives
the coefficients (loadings), the scores, the variances, and the percentages of

variances between the samples explained by each PC.
>x=score(:,1) assigns the x-axis of the 3D/2D PCA plot to PC1

>y=score(:,2) assigns the y-axis of the 3D/2D PCA plot to PC2
>z=score(:,3) assigns the z-axis of the 3D PCA plot to PC3
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>scatter3(x,y,z,size,A(1:n,1:1));colormap(jet(colour number code));

axis equal

xlabel('name")

ylabel('name’)

zlabel('name') generates the 3D PCA plot with the three largest PCs assigned
previously (x, y, and y). ‘size’ is the size of the dots on the plot, ‘“1:n’ refers to the
lines in the data table that needs to be plotted, n being the number of samples (the
number of lines) so that all the samples are plotted in this example. ‘“1:1’ corresponds
to the first column that contains the information about the category of each sample
and that gives a different colour for each group. ‘name’ is the name chosen for each

axis title.

>gscatter(x,y,A(1:n,1:1))
axis equal
xlabel('name’)

ylabel('name’) generates a 2D PCA plot in the same manner.

To generate the loading plot, the ‘plot’ function was used in MATLAB as follows:
plot(1:1270,coeff(:,1:3),"-"); where 1270 was the total number of variables in this
example and 1:3 defined PC1 to PC3.

4.2.7 Classification learning and statistics

Then, the built-in classification learner application was used in MATLAB to generate
the accuracy rates of each classification model. All classification models were tested
for each comparison. The three largest components were chosen for the
classification as they were enough to discriminate the patients according to their
grade on the PCA plots. A 5-fold cross-validation was used for the classification to
protect the classification against overfitting. p-values significance are defined as
followed: *** indicates a p-value <0.001; ** indicates a p-value <0.01; * indicates a
p-value <0.05.

4.2.8. In vitro acquisitions on live cells grown in monolayers
For acquisitions performed on cells, the cell lines used were the glioma cell lines A-
172, SW1088, and T98G (ATCC) (for cell lines discrimination) and LN-18 (ATCC)
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(for MUCA4 transfection). For the monolayer cell culture, the cells were seeded in a
petri dish containing a stainless-steel slide covered with 10 ml of DMEM medium
containing the 2.5x10° cells (< passage 10) supplemented with 10% FBS and 1X
antibiotic-antimycotic. The stainless-steel slide (Renishaw) was sterilised
beforehand with 70% ethanol and UV light exposure. After 48 hours of incubation
(37 °C, 5% COy2), the slide covered by the cells was collected and rinsed with PBS.
Acquisitions were then performed while the cells were still viable, and the slide was
kept wet by adding PBS onto the surface of the cells every 10 minutes to prevent
dryness caused by the microscope’s laser and light. Viability of the cells was
evaluated by eye. All the acquisitions were performed within 30 minutes for each
slide and one cell was targeted for each acquisition. 12 cells were interrogated for
grade 11l and 28 for grade IV (n=9 for A-172, and n=19 for T98G).

4.2.9 In vitro acquisitions on live spheroids

Spheroids were generated with the hanging drop method as previously described
using 2x10* cells per ml. After 48 hours, the drops containing spheroids were
collected with a pipette and washed once with PBS. The spheroids were left in a
small volume of PBS and dispensed inside a 48-well stainless-steel culture plate
just before acquisition. One spheroid was targeted for each acquisition. 12
spheroids interrogated for grade Il and 32 for grade IV (n=10 for A-172, and n=22
for T98G).

For spheroid cell cultures using transfected cells, the GBM LN-18 cells were
transfected as previously described, with either the empty plasmid (pCTRL) for the
control cells, or the MUC4 plasmid (pMUC4) for the MUC4-overexpressing cells as
previously described. The cells were grown in culture flasks until 70% confluence
was reached and then, the growing medium was replaced by the transfecting
medium (containing the plasmid and the lipofectamine). The effect of the
transfecting medium on the cells’ viability was first evaluated visually and was
deemed non-toxic for the cells. The day after, the cells were trypsinised and seeded
for spheroid generation with the hanging drop method as described previously.
Raman acquisitions were performed on 13 different spheroids in control and MUC4-

overexpressing spheroids respectively.
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4.3 Results

4.3.1 Characterisation of an in-house glycosylation database

An in-house glycosylation database was first generated for glycosylation monitoring.
The seven glycan motifs most commonly found on heavily glycosylated proteins,
such as in mucins (Chugh et al. 2015, Tondepu et al. 2022), were chosen to be
included in this database, namely, glucose, fucose, galactosamine, galactose,
glucosamine, mannose, and neuraminic acid (sialic acid). Standards of the different
glycans dissolved in water, were interrogated by RS. To ensure that the different
peaks generated by the Raman were specific to the glycan, each standard was
interrogated at two different concentrations. Peaks that did not decrease in intensity
when lowering the concentration were not considered specific. Only a peak at about
1645 cm* was non-specific in all the glycan signatures because the intensity of this
peak was not proportional to the concentration (Fig.4.3). This peak corresponded
to the liquid water contribution according to the literature (Turcotte et al. 1992). All
the other peaks reaching at least 100 intensity counts had an intensity proportional
to the concentration and were included in the glycosylation database. These peaks
are listed in Table 4.1. Overall, the protocol was therefore associated with very low
background noise. All the glycans clearly shared a common increased intensity in

their signature in the 950-1200 cm* regions (Fig.4.3).

The mean spectra for each glycan (representative signatures) are represented in
Figure 4.4A. The glucose signature was in accordance with the reference spectrum
from previous studies (Arboleda et al. 2000). Glycan signatures shared common
increased intensities, in the 800-910 cm™ and especially in the 950-1200 cm™ region
(pink area), but also in the 400-600 cm™ region (except for neuraminic acid). As a
demonstration of concept of the PCA approach performed on biological
spectroscopic data, PCA of the different glycans (in duplicates and used at the same
concentration) was performed. Since the glycan standards are giving different
signatures and are corresponding to different organic components, the PCA must
be able to discriminate these standards and the first principal component (PC1)
should account for almost the totality of the discrimination since the difference is
expected to be obvious and large and the noise should be very low. The results are

presented in Figure 4.4B. The clusterization was clear: the different glycans
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clustered by pair of duplicates and PC1 accounted for 96.5% of the variance
between the samples. The Raman and PCA approach on spectroscopic data with

possibility of glycan identification was thus demonstrated with success.

Glucose Fucose

Liquid H,0

!

400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
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Figure 4.3 Specificity of glycan Raman signatures. The standards for the seven
most common glycans found on glycoproteins were interrogated at two different
concentrations to ensure the specificity of the peaks. Shaded pink area highlights
the most significant intensity increase shared by all the glycans. Blue arrows indicate
the liquid water peak that was not specific to the glycans and not included in the

database.
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Peak WN
(cm™)
417
434-436
440
445
476

510

517-519
536

615
662
700
706
819
836
857-859
863
873
912
944
958
819-969
990
998

Component(s)
assigned

Glucose
Galactosamine, fucose
Glucose

Glucosamine, galactose

Mannose

Glucosamine, galactose,
mannose
Galactosamine,
galactose, fucose

Glucosamine

Galactosamine
Fucose
Galactose
Galactosamine
Galactosamine
Neuraminic acid
Fucose, glucose
Neuraminic acid
Galactose
Glucose
Neuraminic
Glucosamine
Galactosamine
Glucosamine
Neuraminic acid

Peak WN

(cm)

1023
1036
1046
1055
1059

1063

1078
1085

1094
1000-1200
1100-1109
1122
1130
1143
1169
1261
1269
1323-1326
1369
1377
1460
1772

Component(s) assighed

Fucose
Neuraminic acid
Glucosamine
Galactosamine
Glucose, mannose

Fucose

Glucosamine
Galactosamine

Mannose

Galactose

Fucose, neuraminic acid
Glucose, glucosamine
Mannose

Neuraminic acid

Fucose

Glucose, galactose
Galactosamine
Glucosamine, galactosamine
Glucose

Glucosamine, neuraminic acid
Glucose

Galactose

Table 4.1 In-house glycosylation database. [wavenumber (WN)].
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Figure 4.4 Representative signatures of glycans and their clusterization after
PCA. A) Spectral regions highlighted in pink give strong Raman intensity and are
shared by the different glycan signatures. B) The different glycans (2 acquisitions

per glycan) clusterize clearly after PCA.
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4.3.2 Discrimination of glioma cell lines from different glioma patients and
grades

To investigate the changes observed between grade 11l and grade IV at the cellular
level, different in vitro cellular models (monolayers and spheroids) were used.
Specifically, this study aims at assessing whether grade Ill and grade IV viable cell
lines could be discriminated, whether there is a difference in spectra between single
cells and multicellular spheroids, and, further, whether biological changes between
the different types of cells could be monitored by RS. Therefore, grade 111 (SW1088)
and grade IV (T98G and A-172) cell lines were grown in monolayers and spheroids
in the same growth media (DMEM). Cells were seeded directly on a stainless-steel
slide at the bottom of a petri dish containing the growth medium. Cells were able to
grow on the stainless-steel slide, meaning that the acquisitions could be performed
directly on the cells adhering to the steel substrate, which permits a good signal-to-

noise ratio.

Spheroids were first generated with the hanging drop method, then collected and
dispensed in a stainless-steel dish before acquisitions. Both cell monolayers and
spheroids were washed once with PBS before acquisition and a low volume of PBS
was left to cover the cells that needed to be enough to avoid dryness. However, the
volume of PBS needed to stay low to avoid interference with the laser and so that
the laser could be focused on the cells easily. The method was optimised a few
times before collecting the final data. Representative spheroids images for each cell
line are shown in Figure 4.5A. For each cellular model, different cells or spheroids

were targeted once with RS microscopy (Fig. 4.5B).
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Figure 4.5 Visualisation of cellular models. (A) Images representing the
spheroids generated by the hanging drop method for the three cell lines using
standard inverted microscopy, total magnification, x200. (B) Images representing
cells grown in monolayers and in spheroids under the Raman confocal microscope

on the steel substrate, before acquisition.
To be able to assign peaks to biomolecular components, a general database

relevant for cancer monitoring was extracted from the literature, to be used in

addition to the glycosylation database (Table 4.2).
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Peak (cm™) Component(s) Peak (cm) Component(s)
assigned assigned
446-476 Cholesterol, proteins 1095 Mannose
498 Nucleic acid 1120-1121 GAG, glucose
500-550 Proteins 1127 Proteins
589 Amide | band 1129 Lipids
636-638 Tyrosine, lactose 1131-1139 Mannose
640-646 Proteins 1157 Carotenoids
670 Haemoglobin 1206-1207 Proteins
676 DNA 1225 Haemoglobin
700-703 Proteins, cholesterol 1242 GAG
725-729 Proteins, nucleic acid 1230-1306 Amide lll, proteins,
collagen, lipids
743-790 DNA, proteins, 1300 Proteins
haemoglobin
818 Collagen 1263 Lipids
823 Tyrosine 1313 Phospholipids
843 Glucose 1322 Collagen, proteins
857 Proteins, collagen, 1331-1338 Nucleic acid, proteins,
glycans, GAG glucose
870 Glucose 1358 Cytochrome C
880-890 Tryptophan, 1365 Tryptophan
galactosamine
910-911 Glucose 1378 DNA
933 Proteins 1380 Glucose
935-940 Proteins, collagen 1402 Phospholipids
959 Proteins 1441-1445 Collagen,
phospholipids
997 Glucose 1450 Proteins
1003-1005 Phenylalanine, collagen 1521 Carotenoids
1000-1200 Glucose 1541-1546 Amide II, cytochrome
C
1032 Proteins 1573-1585 Nucleic acid, proteins,
haemoglobin
1064-1068 Lipids 1602-1607 Proteins
1074 Phospholipids, collagen 1654-1657 Amide I, collagen,
lipids
1732 Lipids

Table 4.2 General Raman database from the literature. (Arboleda et al. 2000,
Feng et al. 2010, Kast et al. 2014, Lin et al. 2014, Wiercigroch et al. 2017,
Abramczyk et al. 2018, Aubertin et al. 2018, Galli et al. 2019, Zhang et al. 2020,
Riva et al. 2021).
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The cell lines grown in monolayers (Fig.4.6A and C) or spheroids (Fig.4.6B and D)
were first compared using PCA. For single cells grown in monolayers, the three
largest PCs explained together 67.6% of the variance between the samples. The
discrimination rate between the cell lines was 85% when using a 5-fold cross-
validation (linear discriminant analysis). For cells grown in spheroids, the first three
PCs explained 77.3% of the variance and the discrimination rate between the cell
lines was 68.2% (up to 79.5%, quadratic discriminant). The mean spectra of grade
[l and grades IV cells were compared for both monolayers (Fig.4.6C) and spheroid
models (Fig.4.6D). To generate the grade IV mean signature, all the grade IV cells
(from the two different cell lines) were averaged. The intensities were rescaled
between 0 and 1. Between 400 and 900 cm™, grade IV cells displayed much higher
overall intensity in both models. The higher intensity observed in grade IV (GBM)
cells in this region could reflect a higher level of protein content since this region is
widely associated with proteins (446-476, 500-550, 640-646, 700-703, 725-779, 859
cm?) as well as DNA (498, 676, 725-729, and 743-790 cm™).
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Figure 4.6 Discrimination in glioma cells. (A) PCA plot of the individual cells (one
dot represent one cell) grown in monolayer using the three largest PCs. (B) PCA
plot of all the individual spheroids using the three largest PCs. (C) Pair-wise
comparison between the mean spectra of grade Il and grade IV individual cells. (D)
Pair-wise comparison between the mean spectra of grade Ill and grade IV
spheroids. (E) Pair-wise comparison between the mean spectra of grade IV
monolayer and grade IV spheroids. Circles drawn on PCA plot highlight trends

assessed subjectively by eye.

For monolayers, within the 1000 and 1100 cm™ region, which is part of the glycan-

shared signature, a decrease in intensity was observed in grade IV compared to
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grade Il, as well as in the 1760-1775 cm™ region, assigned to galactose. Finally,
the augmentation in the 1400, 1610-1660, and 1700-1750 cm™ could easily

correspond to an increase in the lipid composition.

Targeting the spheroids, the signature was similar between 1000 and 1800 cm™
with some differences. An increase in the 1200-1400 cm region in grade IV
compared with grade Ill was observed, which could be assigned to lipids and the
amide Il vibration of proteins, while the difference of this region in the monolayer
model was less marked. The decrease of the glycan region in grade IV was however
less pronounced in the spheroid model, the signature of the two grades in this region
was instead very similar. Overall, the grade IV signature was higher in intensity than
the grade Il in the spheroid model, except in the glycan-rich region where the

signatures seemed to overlap.

The grade IV signatures from the monolayer and spheroids were also compared
(Fig.4.5E). The intensity given by the spheroids was lower between 400 and 1200
cm™ in regions largely assigned to proteins and glycans, while the intensity was
higher in the 1200-1400 cm-? region, corresponding to lipids, DNA, and amide III.

4.3.3 Identification of MUC4-induced glycosylation in GBM spheroids

Next, another grade IV cell line (LN-18) was used to further study the impact of
MUCA4-induced glycosylation increase on the Raman signature. The Raman
acquisitions were collected and analysed as previously described on two groups of
LN-18 spheroids, control LN-18 spheroids, that were formed from LN-18 cells
transfected with the empty plasmid (pCTRL); and MUC4-overexpressing LN-18
spheroids, formed from LN-18 transfected with the MUC4 plasmid (whose efficiency
was checked previously by RT-qPCR). Spheroids were used over traditional cell
cultures, as they represent a multicellular model with cellular interactions in all three

dimensions.
MUC4 is expected to be expressed at the surface of the cells, potentially highly

affecting cellular interactions and the level of glycosylation at the cell surface. This

study aims at evaluating to which extent the Raman is a sensitive enough tool, able
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to detect a slight change due to the dysregulation of one single protein among
several thousands. MUC4 is a heavy and highly glycosylated protein with potential
impact on the expression of other proteins, as well as cell surface organisation,
proliferation, and spheroid size. The transfection performed here led to a high
overexpression of MUCA4 protein. Therefore, capturing the change is expected to be
challenging but still conceivable with the appropriate analysis. Finally, this study
may be useful to confirm that glycosylation changes will mostly account for a
spectral change localised between 950 and 1200 cm™, a region particularly

assigned to glycans.

The results are presented in Figure 4.7. The seven largest PCs are usually
considered enough to explain the variation between the samples in a PCA (Chen et
al. 2015). Since this time, the difference was expected to be significantly more subtle
than previously, different combinations of all seven largest PCs were tested. The
first largest PCs did not seem to give clusterisation of the two groups (pCTRL and
pMUC4 spheroids), only the fifth PC (PC5), explaining only ~3% of all variances
between the observations, seemed to give a good clusterisation of the two groups
visually (Fig.4.7A). The most obvious clusterisation was obtained by plotting PC3,
PC5, and PC7 (Fig.4.7B), but all 3D plots containing PC5 was enough to separate
the two groups (data not shown). When comparing the averaged spectra of the two
groups (n=13 spheroids averaged in each group), the two signatures were very
similar, with the exception that pMUC4 gave higher intensities in the 950-1200 cm-
! region compared with pCTRL. Since the difference studied here is expected to be
subtle and that only the fifth PC gave a visual discrimination, standard deviation
throughout the spectrum was examined. The standard deviation in the 950-1200
cm? region was relatively high and not exactly consistent between both groups
(Fig.4.7C). Peaks at 1280 cm™ and 1470 cm* also showed a slight difference in
intensity (Fig.4.7C). Therefore, unpaired t-tests for these peaks were performed to
compare the intensity values between both groups. By comparing the intensities
values between the two groups at 1015, 1050, 1080, 1280, and 1470 cm™, no
significant difference was detected with that strategy (data not shown).
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Figure 4.7 Discrimination between MUC4-overexpressing and control LN-18
spheroids. (A) PCA 2D plots using different combinations of PCs are represented
for the comparison between individual spectra obtained from LN-18 spheroids.
Percentages of the variance explained by each PC is represented on the axes. One
dot represents one acquisition obtained from one spheroid. Comparison is made
between spheroids formed from LN-18 cells transfected with MUC4 plasmid
(pPMUC4, in blue, n=13) and spheroids formed from normal LN-18 cells (pCTRL, in
orange, n=13). The first largest PCs, accounting for the highest variance between
the acquisitions, are not enough to separate pMUC4 cells and pCTRL cells. PC5
(2.9% of the variance) discriminate successfully between the two groups of
spheroids. (B) 3D PCA plot using PC3, PC5, and PC7 gives the best visual
clusterisation between the two groups. (C) Mean spectra of both groups are

compared with the standard deviation values represented (STDV).
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PCA loadings were therefore plotted across the spectrum (Fig.4.8) to identify what
variables (Raman shifts) could be associated to PC5. PCA loading is a
representation that allows the visualisation of the contribution of each PC across the
variables (across the spectrum). If the loading value for a particular peak is highly
positive or negative, then fluctuation in that peak contributes widely to the PC. The
largest PC (PC1), which was identified as not being responsible for the
discrimination of the two cell types, seemed to account, at least partly, for the
difference observed at 950-1200 cm*. This suggests that the high difference in this
region observed in this particular comparison was mostly due to noise, and other
variations between the cells that were not due to the presence of MUC4. PC5,
identified as the variation of interest between the absence and the presence of
MUC4, seemed to be very dispersed across the entire spectrum, making
interpretation complex. For that reason, all Raman shifts that correlated with an
important contribution of PC5 (reaching at least 0.03 or -0.03 of loading counts)
were aligned with the spectrum to make the visualisation easier (Fig.4.8). The most
important differences identified were in the amide | and amide IIl peaks (1650 and
1230-1300 cmt), which correspond to a change in the peptide backbone structure,
and therefore a change in secondary structure of proteins. This aligns with the fact
that the two groups of cells should differ mostly by a change of MUC4 protein level
expression at the surface of the cells. Other changes were more subtle. To a
relatively small extent, the 950-1200 cm™ region could account for the cell
discrimination, more specifically the peaks at 1042, 1100, and 1165 cm™. From the
database used previously, these peaks could correspond to a contribution of
glycans and proteins. Other peaks could correspond to glycans (420, 660, 700, 880,
1400 cm?). The peaks at 700 and 1042 cm could also reflect a change in proteins,
while the peak at 660 cm™ could be associated to a change in DNA. Finally, the
1270, 1680, and the 1042 cm™ peaks have also been associated to a rearrangement

of lipids.
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Figure 4.8 PCA loadings plot of comparison between MUC4-overexpressing

cells and control cells. PCA loadings of PC5 only and all largest PCs are

represented and compared with the spectral comparison between the two types of

cells. For PC5, the most important changes are in the 1650 and 1230-1300 cm

peaks, which correspond to amide | and amide Ill and therefore a change in protein

level.



4.4 Discussion

4.4.1 Discrimination of glioma cells

In this study, the ability of RS at discriminating grade Il and grade IV glioma at the
cellular level was investigated. Different cell lines from grade Il and IV glioma
patients could be discriminated by PCA when using monolayer and spheroids with
good accuracy, indicating that grade discrimination may be achievable on single live
cells with one single acquisition. However, repeating this approach on a higher
number of cell lines or patient-derived cell lines could be more representative. Both
methods gave similar but different biomolecular signatures for GBM cells. An
increase of DNA, proteins, and lipids was observed in grade IV compared to grade
[l in both models. There was a decrease of glycans in grade 1V compared to grade
[1l, which was more pronounced in the monolayer model. However, in the spheroid
model, the overall intensity of the grade IV signature was higher than the one of the
grade Il signature, with the exception that the glycan-rich region (950-1200 cm™)

was instead very similar.

As expected, targeting a single cell or a multicellular spheroid did not provide the
same biomolecular signature reflecting their differences in cellular metabolism and
other biomolecular pathways. These results suggest that targeting a single cell or
whole tissue for cancer diagnosis might lead to different clinical predictions. This
result can be explained considering the complex tumour microenvironment of the
tissue compared to the single cell. The increased intensity in the spheroid grade IV
signature could reflect an increased level of lipid, DNA, and amide IIl explained by
the targeting of several nuclei by the laser but also a change of lipid and protein
configuration due to cellular interactions. More importantly, targeting single cells
with the proposed RS approach could provide an additional benefit to the current

single-cell technologies in cancer personalised medicine.

4.4.2 Detection of MUC4-induced glycosylation in GBM spheroids and
limitations

Discrimination between MUCA4-overexpressing spheroids and control spheroids was
then performed. Only the fifth PC, explaining around 3% of the overall variation,

gave a clear clusterisation of the two groups, which implies that the largest PCs
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(PC1 to PC4, explaining together ~83% of the overall variation) did not account for
significant difference between the two groups, since a priori, the only significant
difference between the two groups is the induced MUC4 overexpression that was
used to generate them. One explanation could be that the difference is so subtle
that the signal corresponding to this difference is covered by the noise, higher in
intensity. For the comparison at the spectral level, it is thus impossible, since no
difference was significant by using t-tests, to be certain that the relevant difference
(PC5) corresponds to a specific region of interest, but rather to an accumulation of
small differences spread across the spectrum, as confirmed by the PCA loading
plot. Among these small differences, changes in glycosylation could be identified
and the most important differences identified could be assigned to a change in the

protein level (amide | and amide Il peaks).

In this chapter, a number of decisions were made to overcome potential limitations
usually encounter with this technigue. In addition to the choice of the substrate that
was discussed before, the cells were targeted while being viable on the substrate
with only one acquisition per cell. This decision was made to avoid the inclusion of
acquisitions on cells that could have been altered by the laser exposure. Indeed,
since high spectral resolution and therefore long acquisitions were used, multiple
acquisitions on the same cells could have led to cell damage. It is yet not clear to
what extent long or repeated laser acquisitions could damage the cells. RS is a
technique that does not lead to sample destruction, although, the impact of long
laser exposure on a live cell have not been extensively studied. Since viability
assessment can only be performed by eye under the Raman microscope during the
process, it was decided here to only target each cell once. This technique was
sufficient to obtain very good discrimination between the different cell lines.
Nonetheless, better discrimination between significantly different cell types, or
identification of smaller difference between cells might be improved by multiple
acquisitions. It might be thus important in the future to assess the exact impact of

laser exposure on live cells.

Finally, it is important to point out that the application of RS in the biological and
medical field remains under relatively recent investigation with the number of

publications each year increasing rapidly. RS was originally not designed for
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biological application. Therefore, many of RS studies have focused on proof-of-
concept and optimisation, rather than using RS as a tool to answer biological
qguestions. This leads to several limitations when interpreting these results,
especially in terms of identifying biological components. First, the method and
analytical processes are inconsistently used between different laboratories and one
can observe the heterogeneity in the choice of materials used (substrate, types of
machines...), protocols (number of repeats, enhancement technique...), and the
numerous statistical analyses available to extract differences. Despite this
inconsistency, the reproducibility of the results is relatively preserved since different
studies led to the same conclusions and that different machine learning processes
successfully discriminated the investigated samples. This supports the power of RS

in biological and medical investigations.

However, a bias in the peak assignments is still present. Unlike other comparable
techniques, such as mass spectrometry, there is still no official Raman database
that would permit an automatic and objective peak assignment. This yields a relative
freedom in the biological interpretation of these changes that renders the process
quite complex, with the need of good knowledge of the previous studies, and
therefore potentially biased. This is exacerbated by the fact that different
components overlap the same Raman shifts. In this study, an in-house database
with a particular focus on glycans was used to answer this challenge. This
represented an asset since glycans seem to be - more than other biocomponents -
overlooked in the literature. However, this could also have accentuated a bias
toward glycan identification, a limitation that was partly bypassed by the use of a

more general database extracted from previous studies.

4.4.3 Conclusion

To conclude, Raman spectroscopy (RS) is showing promise of high sensitivity in the
discrimination and clusterization of cancer cells, and PCA allows the extraction of
relevant differences. However, subtle alterations probably require a very high
number of observations so that the relevant variable of interest can overcome the
noise in intensity. Moreover, the current lack of a universal Raman database
hampers objective biological interpretation. This study contributed to the

understanding of the RS sensitivity and limit of detection in the biological field

144



application, using a reasonable acquisition time. It can be concluded that a long
acquisition time would be necessary to detect subtle changes. This would represent
technical challenges at the cellular level since, contrarily to fixed tissue or freezable
samples (serum), whether it be live cells, tissue, single cells, or real-time biopsy,
multiple acquisitions would have to be performed quickly and so the number of
repeats will constitute a limit. As for acquisitions performed on cellular models, such
as in this study, the number of acquisitions possible on a short time period
(necessary for rigorous comparison with RS) is limited by different factors: the
complexity of spheroids formation, the life expectancy of the cells under the Raman
microscope and laser, and the time length of manual acquisitions. Improvement of
RS specifically intended for clinical use may overcome this problem, for example,
intelligent automatisation of laser focus between different localisations and more

rapid precise acquisition ability.
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Chapter 5: Monitoring biomolecular signatures with a
focus on glycosylation, using Raman spectroscopy in
glioma tissue and serum

ABSTRACT

Background: Raman spectroscopy (RS) may lead to automated cancer diagnostics
but also provides information about changes in the bio-composition of the sample.
Aberrant glycosylation is one of the most important post-translational modifications
in brain cancer cells and can impact several steps in tumour progression. Cancer-
associated aberrant glycosylation represents an opportunity for cancer monitoring
and was captured successfully with different accuracies by RS in the previous
chapter. This chapter aimed at testing the efficacy of RS at classifying glioma clinical
samples, with a particular focus on monitoring the changes in the glycosylation
pattern.

Method: FFPE tissue sections and serum samples from glioma patients diagnosed
with different glioma grades were interrogated using RS and classification was
tested by using PCA combined with classification learning methods. In addition,
Raman spectra were compared with the in-house glycosylation database generated
for the most common glycans found on mucins, as well as with the broader
literature-based database.

Results: RS combined with PCA and machine learning classified glioma grades
from dewaxed FFPE tissue with an 85% accuracy and was even successful at
discriminating grade Il and IV malignant glioma samples with an accuracy of 90%
using a drop of liquid serum. Changes in the glycosylation pattern seemed to largely
account for the successful discrimination between the different grades in the clinical
samples using the in-house glycosylation database. Peaks assigned to glycans
could be used individually to show significant difference. The serum method
presented several advantages compared to the diagnostic method using tissue,
which included better discrimination but also, significant reduction of the acquisition
time.

Conclusion: Glycosylation-based RS monitoring could be used to classify glioma
grades in patient samples, including serum samples that are collected in a non-

invasive way.
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5.1 Introduction

Grade Ill, and IV gliomas remain challenging to discriminate as they share
overlapping characteristics (Wood et al. 2019). The diagnosis currently lacks
objectivity as it relies partly on the investigator's eyes and pathology staining
methods; thus, molecular biomarkers and/or more objective and label-free imaging
techniques that rely on the biological composition would help improve glioma
accurate diagnosis (D'Amico et al. 2017). Raman spectroscopy (RS) presents many
advantages that makes it a good candidate diagnostic tool to be routinely used: 1)
it does not lead to sample destruction; 2) it does not require any external labels
(label-free technique); 3) unlike infrared spectroscopy, it is not influenced by water
molecules and hence, can be used to study aqueous solution; and finally, 4) the

sample preparation is not demanding (Larkin 2011, Auner et al. 2018).

RS has been used in cancer diagnosis as it can generate a specific spectral
signature for any tissue and capture any subtle changes in their composition.
Cancerous tissues and their healthy counterparts produce different Raman
signatures as they do not contain the same composition in biomolecules (Auner et
al. 2018). RS can have different applications in cancer diagnosis (Krafft et al. 2012).
First, it can be used to objectively and rapidly predicts the type and the grade of a
cancerous tissue (Crow et al. 2003, Kopec et al. 2021, Mamede et al. 2021). Normal
brain, meningioma, glioma, and brain metastasis have been discriminated from
dewaxed FFPE tissues (Gajjar et al. 2012). In addition, RS can be used for
application in liquid biopsies: discrimination between low-grade (I and II) and high-
grade (lll and IV) glioma has been suggested (Chenxi Zhang 2020), however, the
accuracy and the approach remain to be optimised, more particularly, the
discrimination between grade Il and 11l and between grade Ill and IV remains to be

demonstrated.

In addition to diagnostic improvement, RS can be used to assess general changes
in the bio-composition throughout cancer progression. Raman studies investigating
the differences between GBM and healthy brain tissue have shown that brain cancer
tissue had altered collagen and lipid levels compared to normal brain. Haemoglobin
has also been found to be increased in GBM, which is in accordance with the high

perfusion rate observed in this type of cancer (Krafft et al. 2012). More recently, RS
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has also been used to monitor post-translational modification (PTM) on proteins (Ma
et al. 2020). PTM pattern of proteins is highly altered in cancer compared with
healthy tissues. Glycosylation pattern in the brain is important and is expected to be
highly modified in cancer. Indeed, half of all proteins found in the brain are
glycosylated with impact on their functions and interaction with other proteins.
Glycosylation is involved in cell motility, cell-to-cell adhesion, and cellular signalling.
Glycans (the carbohydrate portion of glycoproteins) can be O-linked (to serine and
threonine) or N-linked (to asparagine) and different transferases are involved in

these modifications (Veillon et al. 2018).

Proteins found dysregulated in cancer tissue and secreted in the serum are very
often glycosylated and are therefore being considered as potential biomarkers and
overall, glycans are currently used as suggested biomarkers in cancer (Silsirivanit
2019). There are currently only a few glycosylation-based cancer biomarkers and
most of them are mucins (Fig.5.1) (Tabarés et al. 2006, Felder et al. 2014, Kudelka
et al. 2015, Hanson et al. 2016, Munkley 2019, Manne et al. 2021). However, these
biomarkers tend to be present only at low level in the serum since they do not always
have a high secretion rate. Therefore, detection of the overall glycosylation changes
by RS would be beneficial to monitor disease progression and to understand
metabolic changes happening during cancer progression with more significance. In
the preceding chapter, it was found that changes in the glycan pattern found on
mucins and other glycoproteins as well as the more subtle changes induced by
overexpression of MUC4 in glioma cells, could be captured and exploited with RS.
The impact of laser exposure on the data interpretation in fixed tissue and serum

samples is expected to be lower than in live cells.
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Figure 5.1 Glycosylation-based tissue and serum cancer biomarkers.
Glycoproteins expressed in cancer cells, which can be then present in the blood
serum after secretion or cleavage, have the potential to serve as liquid biomarkers
to monitor cancer progression. (A) MUC4 and MUCS5AC are heavily glycosylated
transmembrane proteins that contain a cleavage site and are overexpressed by
pancreatic cancer cells. (B) The transmembrane MUC16 and the secreted Kallikrein
3 both contain a specific glycan antigen (CA125 and PSA, respectively) that have
been shown to correlate with ovarian and prostate cancer aggressiveness,
respectively. (C) Carcinoma cells overexpress specific truncated or aberrant
glycans that can be detected in the serum and serve as cancer biomarkers, such as
the CA19-9 antigen. [Antigen (Ag), Kallikrein (KLK)]. (Tabarés et al. 2006, Felder et
al. 2014, Kudelka et al. 2015, Hanson et al. 2016, Munkley 2019, Manne et al. 2021).

Figure created with Biorender.com.

For these reasons the same approach tested earlier was applied on clinical

samples. The aim of this chapter was to test the ability of RS to accurately
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discriminate glioma grades from FFPE tissue and blood serum, and more
specifically the malignant grade Ill and grade IV, which remain challenging to
discriminate. Successful discrimination between different types of brain cancer, and
between normal brain and brain cancer (Gajjar et al. 2012) or benign and malignant
glioma has been previously achieved on dewaxed fixed tissue (Zhou et al. 2019).
However, to consider RS as a valuable diagnostic tool in clinics, its ability to
discriminate with very good accuracy grade lll and grade IV glioma with solid
biopsies, but also potentially with less invasive liquid biopsies, needs to be clearly
demonstrated. In parallel, changes in the bio-composition of the samples during
glioma progression were explored using the in-house glycosylation database
generated for this thesis, as well as the reference database containing different

types of components from the literature.

5.2 Materials and methods

5.2.1 Rationale and methodology overview

The approach of the previous chapter was applied on clinical samples (fixed tissue
and serum). Eventually, the method was designed to help answering the following
two main questions:

1) Whether RS is an objective tool for glioma grade discrimination, and most
specifically for discrimination between grade Il and IV (and/or the two IDH1
genotypes) from glioma samples.

2) Whether changes in the glycosylation pattern commonly found on mucins and

other glycoproteins accounts for this discrimination.

The methodology overview of this chapter is presented in Figure 5.2.
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Figure 5.2 Methodology overview of RS on tissue and serum samples.
Deparaffinised FFPE tissue sections (brain biopsy) and blood serum (liquid biopsy)
from glioma patients were interrogated with a Raman confocal microscope. After
processing, normalisation, principal component analysis (PCA), and classification
learning methods, the study tested if the different glioma grades could be
discriminated for diagnostic purposes. Spectral changes between the grades were
assigned to biological changes, by comparison with the in-house glycosylation
database for glycosylation patterns and with the general biomolecular database
extracted from the literature. Figure created with Biorender.com.

5.2.2 Patients and clinical samples

Serum samples were stored at —80 °C prior to analysis. FFPE samples, cut on
stainless-steel slides (Renishaw) for Raman acquisitions, and on glass for parallel
histological analysis, were obtained from tumour debulking surgery or biopsy. 30
glioma FFPE slides (10 grade Il, 10 grade lll, 10 grade IV) and one malignant
melanoma slide, were obtained from NovoPath Biobank Newcastle (Newcastle-
upon-Tyne, UK). Grades for each case were determined by a neuropathologist
beforehand, following the 2016 WHO histological classification. The grade Il and I
patients from the tissue sample set were diagnosed with astrocytic glioma
(respectively diffuse astrocytomas and anaplastic astrocytomas, but no
oligodendrogliomas). 30 blood serum samples (10 non-glioma benign tumour
(controls), 10 grade lll, 10 grade IV) were obtained from the MCRC biobank
(Manchester, UK).
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5.2.3 Ethical approval

The Research Ethics Boards approved sample collection of the respective Biobanks
(Manchester Cancer Research Centre (MCRC) (REC Ref 18/NW/0092) and
NovoPath Biobank Newcastle (REC Ref 17/NE/0070), UK) and the Teesside
University Research Ethics Committee upon receipt of the ethical approval.
Informed consent was collected for each patient and all procedures followed the

Declaration of Helsinki.

5.2.4 Serum and tissue acquisitions

For measurements on glioma tissues, the FFPE stainless-steel slides were first
chemically dewaxed with an 18 hours-incubation in xylene, as described in previous
studies (Faoldin et al. 2005), followed by a serial incubation in decreasing
concentrations of ethanol to remove paraffin contribution as much as possible. The
samples were then rinsed in distilled water and left to air-dry at room temperature
for at least 30 minutes before Raman measurements were taken. 25 single spectral
acquisitions were taken in each tissue sample individually at different arbitrary spots
corresponding to neoplastic regions (25 replicates, 750 acquisitions for all the
patients in total). To monitor the laser focus between each acquisition as best as
possible, manual acquisition was preferred over automated acquisition. To ensure
that only neoplastic regions were targeted, comparison with corresponding glass
slides stained with haematoxylin/eosin, glial fibrillary acidic protein (GFAP), and
EGFR (performed previously) was made by using the same staining protocol as
described previously. GFAP antibody was Sigma #G3893, produced in mouse and
used at a 1:750 dilution.

For blood serum, the samples were left to thaw on ice and a 20 pl-drop was
dispensed on a mirrored stainless-steel slide and was either left to air-dry for 30
minutes or directly processed while being still liquid. To verify that the spectra were
correct, presence of several characteristic peaks for human serum was assessed
(Ryzhikova et al. 2015, Parlatan et al. 2019). Each drop was repeatedly measured
five times in different locations (5 replicates) within the centre of the drop by using
the same focal distance each time.
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5.2.5 Statistical analyses

Data were processed and analysed exactly as described in the previous chapter
(processing, normalisation, PCA, and classification learning) with the difference that
several acquisitions were made per sample. The different replicates from different
locations within the sample were averaged to generate the mean spectra of each
patient, which were then averaged to generate the arithmetic mean spectra of each

grade before grade comparison.

To calculate the significance of the differences observed between two grades at
different manually selected peaks, two-tailed unpaired t-test was performed with
GraphPad Prism version 9.3 (GraphPad Prism software, California) on averaged

and normalised intensities of the samples.

5.3 Results

5.3.1 Samples and patient characteristics

The FFPE tissue sections were cut on mirrored stainless-steel slides and were from
30 glioma patients (10 grades Il, 10 grade lll, and 10 grade IV) and the serum
samples were from 30 patients (10 non-glioma controls; and 10 grade Ill, and 10
grade IV glioma). The serum samples were the same as the ones used in the clinical
study of the present thesis (from the Manchester Biobank) and the glioma tissue
sections were part of the Newcastle NovoPath set of patients used in the clinical
study. The melanoma sample, used as a control, was also from Newcastle
NovoPath. Sex, mean age, number of recurrent cases, and IDH1 genotypes are
summarised in Table 5.1 for all the patients interrogated with the Raman in this
chapter.
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Tissue

Grade Il
Total=10

Grade Il
Total=10

Grade IV
Total=10

Total=30

Gender

<T £

< T

[e2F >N

w

Mean Recurrent
age

47

54

60

IDH-
WT

Serum

Control
Total=10

Grade lll
Total=10

Grade
v
Total=10
Total=30

Gender —
age

F 6 62

M 2

F 5 43

M 5

F 4 62

M 6

IDH-
WT

10

Table 5.1 Tissue and serum samples, patient characteristics. [Female (F), Male
(M), Wild-type (WT)].

5.3.2 Grade classification from fixed glioma tissue sections

The diagnostic power of RS was first tested using FFPE tissue sections from grade
II, grade Ill, and grade IV patients in groups of equal size (n = 10 per grade). Manual
single spectral acquisitions were performed at different spots corresponding to
neoplastic tissue within the samples with a near-infrared laser. Three parallel glass
sections stained with haematoxylin/eosin, EGFR, and the glial fibrillary acidic protein
(GFAP), respectively, were used as guides when the neoplastic regions were

challenging to identify under the Raman microscope. This staining was useful to

label neoplastic cells in glioma tissues (Fig.5.3).
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Figure 5.3 Neoplastic region labelling in parallel glass FFPE slides.
Haematoxylin/eosin (H&E), EGFR, and GFAP staining were performed on three
parallel FFPE slides to help identifying neoplastic regions within the sections cut on
stainless-steel slides, for Raman acquisitions. The slides were stained for EGFR
and GFAP with the IHC method. Black arrows indicate expression of GFAP in glial

cells, revealing their shape.

Haematoxylin and eosin staining reveals the cellular density and so can be used to
identify neoplastic regions (Fig.5.3). EGFR can also be used to label neoplastic
regions since it is expressed by about 90% of glioma tumours and makes the MVP
regions of GBM more visible as most of them are EGFR-negative (Fig.5.3). GFAP
is a marker of the cytoskeleton of normal astrocytes and is also overexpressed by
glioma cells. The expression of this marker reveals the morphology of the cells
within the brain tissue and thus, allows the visual discrimination of normal and
neoplastic glial cells. Astrocytes lose their characteristic healthy shape in GBM.
Instead, GFAP expression in GBM reveals a dense network of aberrantly shaped
glial cells (Fig.5.3) (van Bodegraven et al. 2019).
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Visualisation of the tissue structures was possible under the microscope after
dewaxing so that vessels, which are abundant in grade IV glioma, and non-cellular
compartments (extracellular matrix) were avoided as best as possible (Fig.5.4A).
Next, the method was tested by using two samples from each grade category and
one melanoma sample, used as an external control to verify that a different type of
cancer would give a significantly different signature. This is important since RS is
not traditionally used with positive or negative controls. As the required number of
repeats per samples still needed to be determined, a relatively high number of
repeats (n=30 per sample) was used and averaged for each sample. Then, the
average spectral signature of the two samples for grade Il, grade lll, and grade IV
glioma, as well as the signature for the only melanoma sample, were compared.
The results are presented in Figure 5.4B and shows that visually, the melanoma
sample displayed a very different signature than the glioma signatures. The three
glioma signatures (corresponding to the three grades) were very similar.

Therefore, PCA was performed with the seven samples to assess the discrimination
between the sample types. The results looked promising before normalisation (data
not shown). A maximum-minimum normalisation (0 to 1 rescaling) was then applied
to the data and improved only slightly the clusterisation. The results are presented
in Figure 5.4C. The melanoma sample indeed behaved very differently. The largest
PC (PC1l) explained 94% of all the variance between the samples and was
responsible for the clear separation between the melanoma sample and the glioma
samples. The glioma samples were closer to each other but the two samples from
each grade clustered by pair. PC2 and PC3 were responsible for the more subtle
difference observed between the glioma samples. It was therefore concluded that
the method used was promising for glioma grade discrimination and that a number
of 25 repeats, which reduced slightly the acquisition time, may be enough to observe

the clusterisation.
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Figure 5.4 Evaluation of the method for glioma grade discrimination. (A)
Representative image of one dewaxed glioma tissue visualised with the Raman
microscope before acquisition. (B) 30 Raman acquisitions per slides were taken and
averaged. The two samples picked randomly for each glioma grades were averaged
and compared with the signature of the melanoma sample. The melanoma
signature behaved like an outsider and was different from the glioma signatures that
all looked very similar. (C) 3D PCA plot on all the samples (averaged and normalised
data) confirmed that the Raman method was specific enough and could distinguish
very clearly two types of tissue and potentially even the different glioma grades.

Percentages of variance explained by each PC is indicated on the axis.

The method was therefore applied next to the entire set of glioma samples (10
samples per grade, n=25 repeats minus obvious outliers, per sample). An averaged
spectrum generated from the different replicates for each patient after processing
and 0 to 1 rescaling. The averaged mean spectra from all the patients are
represented in Figure 5.5 for grade Il, 5.6 for grade lll, and 5.7 for grade 1V, each
spectrum is the arithmetic mean of all the replicates for the patient in A, and the

spectrum in B is the arithmetic mean of all the patients for the grade.
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Figure 5.5 Mean tissue spectra of grade Il glioma patients. (A) All mean spectra

for each patient (each sample). (B) Mean spectra (in purple) for grade Il with the
standard deviation (in grey).
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Figure 5.6 Mean tissue spectra of grade Ill glioma patients. (A) All mean spectra

for each patient (each sample). (B) Mean spectra (in purple) for grade Il with the
standard deviation (in grey).
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Figure 5.7 Mean tissue spectra of grade IV glioma patients. (A) All mean spectra

for each patient (each sample). (B) Mean spectra (in purple) for grade IV with the
standard deviation (in grey).
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PCA and classification were then performed to evaluate whether the main variations
between the samples could be assigned to their histological grades. The 2D PCA
plot for the two largest PCs is represented in Figure 5.8. The two largest
components PC1 and PC2 were enough to clearly discriminate all the patients as a
function of their histological grades and explained respectively 41.7% and 27.2%
(68.9% in total) of all the variance between the samples. The percentages of the

variance that each PC explains between the samples are summarised in Table 5.2.

Classification learning was then used to calculate the accuracy rate of this
discrimination by using a 5-fold cross-validation on different model types and with
the three largest PCs. The linear SVM model gave the best accuracy rate to
discriminate the tissue: 80% between grade Il and Ill, 85% between IIl and IV, and
75% between Il and IV. This suggests strongly that RS can predict the histological
grade of clinical samples with high accuracy from fixed glioma tissues and
importantly can discriminate grade Ill and grade IV glioma grades. All the
classification results are summarised in Table 5.3 and the confusion matrices for

the linear SVM classification are represented in Figure 5.9.

PC2 27.2%

PC141.7%

Figure 5.8 PCA analysis of grade Il, lll, and IV glioma tissue samples. All the
patients (averaged and normalised data) were plotted for the two largest PCs (PC1
and PC2) and seemed to cluster as a function of their grade.
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% of variance explained

Principal Tissue
component lvslll | lvsIV | lllvsIV | All grades

PC1 56.44 | 43.18 52.57 41.68
PC2 11.74 | 26.88 14.14 27.2
PC3 7.78 9.98 11.84 8.68
PC4 5.64 6.26 5.32 5.45
PC5 5.24 4.3 4.16 423
PC6 3.54 3.14 3 2.85
PC7 1.97 1.28 1.83 2.08
PC8 1.74 1.05 1.48 1.49
PC9 1.2 0.9 1.09 1.17
PC10 0.95 0.63 1.07 0.82
PC11 0.83 0.51 0.88 0.6

PC12 0.61 0.36 0.53 0.52
PC13 0.52 0.31 0.48 0.44
PC14 0.38 0.28 0.41 0.37
PC15 0.37 0.23 0.3 0.32
PC16 0.3 0.21 0.26 0.28
PC17 0.25 0.17 0.21 0.25
PC18 0.22 0.14 0.18 0.2

Table 5.2 Percentage of variance explained between glioma tissue samples.
The percentage of variance between the samples for each PC and each comparison

between the three grades (grade II-1V) are given.
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Classification
accuracy (%)

Tissue
Ilvs Il
s IV
Il vs IV
All grades

Linear
SVM

80%

75%

85%
63.3%

Linear

75%
70%
60%
60%

discriminant

Cosine
KNN

70%

60%

75%
53.3%

Logistic
regression

70%

70%

60%
X

Bilayered
neural
network

40%

45%

55%
36.7%

Narrow
neural
network

50%
55%
50%
30%

Table 5.3 Accuracy rates of glioma tissue classification. Classification

accuracies given by different models are represented. Accuracy rates higher than

70% are highlighted in green and rates equal or under 50% are highlighted in

orange. [Support vector machine (SVM)].

Tissue grade classification (Linear SVM)

All grades
] 50% 40% 10%
] 20% 70% 10%
v 10% 20% 70%
] ]| v

Grade Il vs grade Il

70%

30%

10%

90%

Grade Il vs grade IV

90% 10%
20% 80%
1} v

Grade |l vs grade IV

I 70% 30%
v 20% 80%
I v

Figure 5.9 Confusion matrices of glioma tissue comparison with linear SVM

classification. Rates of misclassified samples are represented in beige and rates

of correctly classified samples are in blue. The intensity of the colour is proportional

to the rate.
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5.3.3 Discrimination between IDH1 mutated and IDH1 wild type patients from
glioma tissue

Since IDH1 genotype is crucial in the current classification and diagnostic procedure
(updated in 2021), the discrimination of the two genotypes (wild type and mutated)
was tested to see if the methodology assessed in this chapter could be applied in
clinics for objective and up-to-date diagnostics. As expected, — since IDH1 genotype
was already very efficient at predicting the histology — the two genotypes
discriminated with high accuracy, like the histological grades. The three first PCs
explained 76% of the variance between the samples and the accuracy rate was 80%
(Linear SVM) (Fig.5.10). The wild-type group, which is strongly associated with
higher histological grades (Melhem et al. 2022), was slightly more dispersed on the
PCA plot. The mutated group, strongly associated with lower glioma grades
presenting better prognosis, displayed smaller variance between the samples.
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Classification .
Bilayered
accuracy (%) | Linear Linear Cosine Logistic X | Narrow neural
SVM discriminant KNN regression neura network
network
IDH m vs WT 80% 76.7% 76.7% 80% 63.3% 63.3%

Figure 5.10 Discrimination between m-IDH1 and wt-IDH1 patients in tissue. (A)
3D PCA plot of m-IDH1 and wt-IDH1 patients (grade I, Il and 1V). The circles drawn
on the plot represent the trend determined subjectively by eye. (B) Percentages of
variance explained by each PC. (C). Classification accuracy for different models of

classification learning. Accuracy rate above 75% are highlighted in green.

5.3.4 Analysis of the biomolecular changes in tissue

Next, a pair-wise comparison of the representative spectra of each histological
grade was performed. As the histological grades (and IDH1 genotypes)
discriminated well after PCA, it could be assumed that the main spectral differences
observed between the grades could have biological significance. Comparison of
grades Il and Il and grades Ill and IV are represented in Figure 5.11 since these
pairs represent two consecutive stages of glioma that are challenging to
discriminate in clinics because of overlapping histological characteristics (Wang et
al. 2019). As it has been shown in previous studies (Krafft et al. 2005, Aubertin et

al. 2018, Zhang et al. 2019), it is possible to identify changes in the tissue
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composition between two consecutive stages. Changes in intensities between
grades Il and Il were mainly present in the 400-790, 790-900, 950-1000, 1000-
1150, 1250-1350, 1500-1620, and 1750-1800 cm spectral regions (Fig.5.11, grade
Il vs Ill). To assign the regions and peaks that vary between the two grades to
specific components, the in-house glycosylation database and the literature-based
database described before were used. A detailed summary of all peak assignments

in tissue are presented in Table 5.4.
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Figure 5.11 Spectral pair-wise comparison of tissue glioma grades. Pair-wise
comparison between the averaged spectra of grade Il and grade 1ll (A), and grade
Il and grade IV (B). Asterisks indicate individual peaks for which the intensity values

were significantly different using unpaired t-test.
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Tissue observations

Tentative assignments

(em”)
400-790 All glycans except NA
790-900 Galactosamine, galactose, fucose, NA, glucose
950-1000 Glucosamine, galactosamine, NA, fucose
1000-1150 All glycans
1750-1800 Galactose
859 Glucose (843)
912 Glucose (910-911)
<l 1094 Mannose (1095)
Cholesterol and proteins (446-476, 700-703), proteins (500-550,
400-780 636-646), DNA (498, 676), proteins and DNA (725-729),
haemoglobin (670), DNA, proteins, and haemoglobin (743-790)
290-900 Collagen (818), proteins (823, 880-890), proteins, collagen, and
GAG (857)
950-1000 Proteins (959, 1003)
1000-1150 Proteins (1032, 1127), Iipicdos”(alg()e?(-igsii'1129), phospholipids and
1500-1620 DNA, proteins, haemoglobin (1573-1585), proteins (1602-1607)
400-790 All glycans except NA
850-920 Fucose, glucose, NA, galactose
v<Iil 950-1000 Glucosamine, galactosamine, NA, fucose
1750-1800 Galactose
1510-1550 Carotenoids (1521)
Haemoglobin (1225), GAG (1242), proteins, collagen, lipids (1230-
ni<iv 1210-1350 1306), lipids (1263), phospholipids (1313), collagen, proteins

(1322), DNA, proteins (1331-1338)

Table 5.4 Summary of biomolecular changes observed in tissue and their

tentative assignments. Assignments were made from the in-house glycosylation

database (in blue) and from the literature-based general database (in grey).
[Neuraminic acid (NA)]. (Arboleda et al. 2000, Feng et al. 2010, Kast et al. 2014, Lin
et al. 2014, Wiercigroch et al. 2017, Abramczyk et al. 2018, Aubertin et al. 2018,
Galli et al. 2019, Zhang et al. 2020, Riva et al. 2021).
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The frequency ranges that dominated in intensity in grade Il compared with grade
Il could be assigned from the in-house glycosylation database to different glycans
across the spectrum: all the glycans except neuraminic acid (400-790 cm™);
galactosamine, galactose, fucose, neuraminic acid, and glucose (790-900 cm™);
glucosamine, galactosamine, neuraminic acid, fucose (950-1000 cm?); all glycans
(1000-1150) cm; and galactose (1750-1800 cm™). The assignment of some
glycans was confirmed by the literature database, for instance glucose (859, 912
cm!) and mannose (1094 cm™) (Table 5.4). The most important difference seemed
to be localised in the 950-1200 cm region, which corresponds to the high intensity
regions shared by all glycans. In addition to the glycosylation changes, assignments
to other biocomponents present in several spectral areas could be made from the
literature database (Table 5.4): cholesterol, proteins, haemoglobin, DNA, GAG,
collagen, proteins, lipids, and phospholipids. There was a slight decrease observed
in grade Il compared with grade Il in the 1250-1360 cm region that contained
peaks that could be assigned to the amide Il and cytochrome C bands and that also
contained peaks assigned to lipids, phospholipids, and collagen from the literature
database (Table 5.4).

Changes in intensities between grades Il and IV were smaller and mainly present
in the 400-790, 850-921, 950-1000, 1210-1350, 1510-1630, and 1750-1800 cm
spectral regions (Fig.5.11, grade Ill vs IV). The 950-1200 cm* showed no
difference, meaning that the glycan increase observed in grade Ill compared with
grade Il in this region persisted in grade 1V. Outside this region, there was a slight
decrease in grade IV compared with grade 11l and most spectral ranges that differed
could be assigned to glycans (400-790, 850-920, 950-1000, 1750-1800 cm™) from
the in-house glycosylation database; but also, other biomolecules such as
carotenoids (1510-1630 cm) from the literature database. Increase of intensity in
the 1210-1350 cm in grade IV compared to grade Ill could also be interpreted as
an increase in collagen, proteins, lipids, haemoglobin, GAG, and DNA. Comparison
between grade Il and grade IV spectra (data not shown) showed only an increase
in grade IV compared to grade Il in the 950-1200 cm™t, which corresponded to the
high intensity spectral region shared by all glycans. From the literature, this region
could also be assigned to an increase in proteins, lipids, phospholipids, and

collagen, whereas all the other regions had very similar intensities (Table 5.4).
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To further assess the significance of these changes observed between the different
grades and to see if some specific individual peaks could be more useful for
diagnosis than others, peaks that showed the largest intensity difference between
two grades were selected. T-tests were then performed for these peaks, meaning,
intensity values for each specific peak were compared between both grades
(Fig.5.12, significance is indicated by asterisk in Fig.5.11). Differences between
grades Il and lll were overall more significant than differences between grade Ill and
IV and notably, the 950-1200 cm™ region, assigned to glycans, showed significant
difference for the four peaks selected (1015, 1042, 1050, 1070 cm?). These peaks
could not be assigned to any other components than glycans from the literature
database. The other peaks that showed significant difference could be assigned to
other well-characterised biocomponents from the literature database (Fig.5.12 and
Table 5.4). Overall, changes in glycosylation were obvious and significant between
grade Il and the higher grades, while these changes were smaller between grade Il
and IV.
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Figure 5.12 Pair-wise comparison of individual intensities between tissue
glioma grades and assignments. Scatter plots of intensity values (and mean +
standard deviation) at peaks showing significant difference using two-tailed
unpaired t-test, with their corresponding assignments. a.u. = arbitrary unit
(normalised spectral intensity). Grade I, 1ll, and IV samples are represented in red,

green, and blue, respectively.

The PCA loadings plot was next generated to visualise the contribution of each PC
to the variances observed between the grades across the spectrum. In addition to
the t-tests performed, this type of representation can further confirm what areas of
the spectrum contribute the most to the significant differences between the grades.
Since the three largest PCs allow the clusterisation of the grades, therefore these
PCs - representing the largest variance observed - are the ones that can be
correlated to the histological differences between the samples. These PCs can be
related to the different variables to identify the ones that account the most to the
histological differences. The results are represented in Figure 5.13. The different
PCs are usually widely distributed throughout the variables, which makes the

interpretation of these graphs complex. However, the plot showed clearly that two
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regions had major contribution in the grade distinction, namely, the 950-1200 cm!
and the 1250-1350 cm™ regions of the spectrum, which further confirmed the
importance of glycosylation changes discussed earlier but also the relevance of this

method.
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Variables (Raman shifts)
Figure 5.13 PCA loadings plot of glioma tissue discrimination. The PCA
loadings of the three largest PCs are plotted against the variables (Raman shifts).
This representation permits the identification of each PC’s contribution to the
variance observed between the grades at each point of the spectrum. The

importance of the 950-1200 cm* and 1250-1350 cm™ regions are further confirmed.

Finally, the Raman signatures of m-IDH1 and wt-IDH1 patients were compared. The
comparison between the two signatures looked very similar to the comparison
between the grade Il (containing almost only m-IDH1 patients) and grade IV
(containing almost only wt-IDH1 patients) as expected. Therefore, the wild-type
signature showed only an increase in the 1010-1140 cm (within the glycan-rich
region) in comparison with the mutated signature (Fig.5.14). This implies that the
level of overall glycosylation could account widely for the high accuracy of Raman

discrimination between m-IDH1 and wt-IDH1 patients.
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Figure 5.14 m-IDH1 and wt-IDH1 mean Raman spectra.

5.3.5 Grade classification from liquid serum samples

Next, the potential use of blood serum for grade Ill and grade IV distinction was
further evaluated as it can be collected less invasively and more frequently than
solid biopsies. Three groups of equal size (grade lll, grade 1V, and benign non-brain
cancer controls, 10 per group) were included in the study. Summary of the patients’
characteristics is presented in Table 5.1. The same technique, parameters, and
processing were used as described earlier for the tissue approach. A drop of liquid
serum was dispensed on the stainless-steel slide for RS acquisitions. The averaged
spectrum of the different replicates was generated for each patient after processing
and 0 to 1 rescaling. The number of replicates was reduced to 5 since liquid serum
is expected to not contain any intrinsic heterogeneity, unlike the tissue samples. The
Raman spectra signatures for all the patients are represented in Figure 5.15
(controls), 5.16 (grade IIl), and 5.17 (grade V), categorised by grade with the mean
of the patients for each grade and the standard deviation between the patients. The
standard deviation between the serum samples was visibly higher than for the
tissue, meaning, the inter-patient heterogeneity seemed to be high for all the groups
(control group and glioma grades). This may indicate that RS can detect more subtle
biological changes from liquid serum than from dewaxed fixed tissue, which could
be explained by the nature of this type of samples (non-paraffinized and in their

native state).
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Figure 5.15 Mean serum spectra of non-glioma control patients. (A) All mean
spectra for each patient (each sample). (B) Mean spectra (in purple) for controls
with the standard deviation (in grey).
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Figure 5.16 Mean serum spectra of grade Ill glioma patients. (A) All mean

spectra for each patient (each sample). (B) Mean spectra (in purple) for grade Il
with the standard deviation (in grey).
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Figure 5.17 Mean serum spectra of grade IV patients. (A) All mean spectra for
each patient (each sample). (B) Mean spectra (in purple) for grade IV with the
standard deviation (in grey).

176



The PCA plots of the liquid serum samples using the two or three largest PCs are
represented in Figure 5.18. The three PCs represented respectively 57.3%, 17.4%,
and 5.1% of all the variance between all the samples (79.8% in total). Unlike the
tissue samples, which showed very similar distribution sizes for the different grades,
the serum samples showed higher distribution differences between the grades.
Samples from control group were very close to each other and showed no big
difference or heterogeneity, whereas patients from grade Ill showed more

dispersion and so potentially, more heterogeneity in their composition (Fig.5.18).

The discrimination between the control and the grade Ill was very clearly made with
a high distance between both groups and no grade overlapping. The small size of
the control group distribution clearly suggests that distance between the glioma
samples could have biologically significance since it is expected that malignant
cancer samples would show more inter-patient heterogeneity compared with control
samples. In the 3D PCA plot of the grade Ill and grade IV groups, the three first
components represented respectively 67.7%, 11.1%, and 6% of all the variance
between the samples (84.8% in total).

Table 5.5 lists all the variances explained for liquid serum. When comparing grade
Il and grade 1V, grade IV samples also displayed a moderate increase in their
distribution size in comparison with grade Il samples that can indicate an increase
in heterogeneity between grade Il and grade 1V. When looking retrospectively at
the spectral comparison, the observed inter-patient heterogeneity at the 800 cm
peak appeared particularly high, especially for grade IV. Thus, corresponding
patients’ characteristics for samples displaying a high intensity at this peak were
checked and no known specific clinical parameter was found that could account for

this high difference.
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Figure 5.18 PCA plots of control, grade Ill, and grade IV liquid serum samples.
(A) 2D PCA plot of all grades compared. (B) 3D PCA plots of controls vs grade lll,
(C) controls vs grade IV, and (D) grade lll vs grade IV (D). Percentage of the

variance explained for each PC is indicated on the axes.
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% of variance explained

Principal
component
PC1
PC2
PC3
PC4
PC5
PC6
PC7
PC8
PC9
PC10
PC11
PC12
PC13
PC14
PC15
PC16
PC17

PC18

CTRLvs I
57.31
17.44
5.11
3.17
2.58
1.87
1.76
1.52
1.43
1.42
1.08
1.02
0.88
0.76
0.69
0.62
0.49
0.42

Fresh serum

CTRLvs IV
51.48
27.5
8.58
2.45
1.66
1.43
1.15
1.07
0.82
0.69
0.58
0.53
0.43
0.39
0.34
0.29
0.2
0.16

Il vs IV
67.68
11.15
6.02
2.43
2.25
1.81

1.39
1.15
1.06
0.98
0.85
0.72
0.63
0.51
0.45
0.3
0.22
0.16

All grades
54.25
19.99
6.84
4.36

1.85
1.53
1.39
1.02
0.92
0.85
0.82
0.73
0.72
0.6
0.52
0.46
0.45
0.38

Table 5.5 Percentages of variance explained between liquid serum samples.
The percentages of variance between the samples for each PC and each

comparison are given.

Classification learning were then performed to generate the accuracy rates with the
three largest PCs as described previously. Results are presented in Table 5.6. The
accuracy rates were improved with the liquid serum in comparison with the tissue
samples. The Bilayered neuronal network classification method gave the best

discrimination: 90% between control and grade 1ll, 85% between control and grade
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IV, and importantly, 90% between grade Ill and grade IV glioma patients (with a 5-

fold cross validation). The confusion matrices for the bilayered neuronal network are

represented in Figure 5.19.

Classification
accuracy (%)

Fresh serum
CTRL s llI
CTRL vs IV
s IV

All grades

Linear
SVM

75%

60%

60%
56.7%

Linear
discriminant

75%

65%

65%
53.3%

Cosine
KNN

80%
70%
65%
60%

Logistic
regression

85%

85%

75%
X

Bilayered
neural
network

90%

85%

90%
63.3%

Narrow
neural
network

80%

85%

85%
66.7%

Table 5.6 Accuracy rates of liquid serum classification. Accuracy rates higher

than 70% are highlighted in green and rates under 50% are highlighted in orange.

Serum grade classification (Bilayered NN)

CTRL
All grades
CTRL | 70% 10% 20% n
m 0% 70% 30%
i
Iv| 20% 30% 50%
CTRL n v v

Controls vs grade Ill

90% 10%
10% 90%
CTRL 1l
Grade Ill vs grade IV
80% 20%
10% 90%
] \")

Controls vs grade IV

CTRL 90% 10%
v 10% 90%
CTRL v

Figure 5.19 Confusion matrices of liquid serum glioma grades with Bilayered

NN classification. Rates of misclassified samples are represented in beige and

rates of correctly classified samples are in blue. The intensity of the colour is

proportional to the rate. [Neural network (NN)].
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Finally, the discrimination between the two IDH1 genotypes was tested as
previously with the tissue on the 20 glioma patients contained in the serum sample
set. The three first largest PCs explained 84.5% of the variance between the
samples and the accuracy rate was overall lower than for the IDH1 discrimination in
tissue (65% with Linear SVM). The clusterisation was visibly more challenging to
make on the PCA plot. However, a trend of clusterisation could be observed

(Fig.5.20) and the logistic regression gave an accuracy of 85%.
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Figure 5.20 Discrimination between m-IDH1 and wt-IDH1 patients in serum. (A)
3D PCA plot of m-IDH1 and wt-IDH1 patients (grade Il and IV). The purple line
indicates the discrimination trend between the two group as determined subjectively
by eye. (B) Percentages of variance explained by each PC. (C) Classification
accuracy for different models of classification learning. Accuracy rate above 75%

are highlighted in green.
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5.3.6 Grade discrimination from dried blood serum samples

The question of whether it is more suitable to use dried (Ryzhikova et al. 2015) or
fresh (liquid) serum (Nargis et al. 2021) samples for Raman cancer diagnostics have
not been elucidated yet and both techniques are tested in the literature. It might be
tempting to think that liquid serum is a better choice to represent the composition of
the samples since this type of sample remains in its native organic form. However,
dried samples could lead to better or worse discrimination accuracy rates. To further
investigate this notion, the same protocol was tested as previously described with
the only difference that the acquisitions were performed on dried serum. The results
are presented in Figure 5.21. Some differences could be seen between the groups
but overall, the differences were less obvious than from fresh serum (Fig.5.21A),
even though the discrimination from the PCA was good when using the three largest
PCs (explaining 89% of all the variance between the samples) (Fig.5.21B).
Variance explained are represented in Table 5.7. Interestingly, the increased
heterogeneity observed in glioma samples was strongly reduced when using dried
samples. Overall, there were less significant difference between the peaks from the
different groups and no significance between control and grade Ill samples
(Fig.5.21C). Classification results are represented in Table 5.8. The classification
accuracy was largely reduced when using dried serum instead of liquid serum. It
could be concluded that fresh (liquid) serum might be more suitable for Raman
cancer diagnostics. Moreover, the fresh serum method should be used if studying
inter-patient heterogeneity.
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Figure 5.21 Grade discrimination from dry serum glioma patient samples. (A)

Pair-wise comparison between the averaged spectra of control and grade Ill, and

grade Ill and grade IV with the dry serum method. Asterisks indicate the peaks that

were significantly different using t-test. (B) 3D PCA plot of the 30 dried glioma blood

serum using the first three principal components (PC1, PC2, PC3). (C) Scatter plots

of individual intensities (and mean

+

significant difference using two-tailed unpaired t-test.
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% of variance explained

Principal
component
PC1
PC2
PC3
PC4
PC5
PC6
PC7
PC8
PC9
PC10
PC11
PC12
PC13
PC14
PC15
PC16
PC17

PC18

CTRL vs Il
78.95
11.85
2.34

1.94
1.05
0.74
0.49
0.47
0.39
0.31
0.25
0.22
0.21
0.18
0.16
0.12
0.1
0.08

Dry serum
CTRL vs IV i vs IV
71.62 50.13
14.83 14.22
4.62 7.08
2.23 6.56
1.84 5.01
0.98 3.81
0.57 2.47
0.53 1.91
0.5 1.51
0.42 1.32
0.37 1.25
0.32 0.94
0.24 0.91
0.21 0.84
0.16 0.78
0.15 0.52
0.14 0.34
0.12 0.3

All grades
68.27
15.2
5.53
2.48
1.81
1.12
0.79
0.66
0.55
0.41
0.38
0.33
0.31
0.26
0.24
0.2
0.19
0.17

Table 5.7 Percentage of variances explained between dried glioma serum

samples. The percentages of variance between the samples for each PC and each

comparison are given.
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% Linear Linear Cosine Logistic
accuracy (%) ... ) neural neural
SVM discriminant KNN regression
network network

CTRL vs llI 65% 70% 70% 65% 60% 50%
CTRLvs IV 40% 45% 35% 55% 55% 50%
llvs IV 68.4% 73.7% 58% 73.7% 58% 63.2%
All grades 40% 43.30% 40% X 40% 40%

Table 5.8 Accuracy rates of dry serum glioma classification. Accuracy rates
higher than 70% are highlighted in green and rates under 50% are highlighted in

orange.

5.3.7 Analysis of the biomolecular changes in liquid serum

Pair-wise comparison of the representative normalised spectra of each group
(averaged patients) was then made to identify the biomolecular changes between
them as previously (Fig.5.22). Compared with the control group, grade Il patients
showed dominant intensities in wavenumber ranges that could mostly be assigned
to glycans (Table 5.9). A reduction observed in grade IIl could be assigned to
phospholipids and lipids. A similar trend was observed between grade Ill and grade
IV with grade Il samples showing increases compared to grade IV in the regions
that have previously been assigned to glycans. These regions could also be
assigned to cholesterol and lipids from the general literature database. The regions
assigned to carotenoids were decreased in intensity in grade IV compared with
grade Il (Table 5.9). In some regions assigned to glycans, intensities in the control
signature were slightly higher than grade 1V intensities (data not shown) in the 800-
850, 1000-1130, and 1210-1340 cm regions.

Overall, peaks that could be assigned to glycosylation changes seemed to increase

in intensity first in glioma (grade I11l) and then drop in grade IV, which would be in

accordance with what happened in the tissue.
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Figure 5.22 Spectral pair-wise comparison of liquid serum glioma grades. Pair-
wise comparison between the averaged spectra of control and grade Ill (A), and
grade Ill and grade IV (B). Asterisks indicate individual peaks that were significantly

different using unpaired t-test.
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Serum observations (cm™) Tentative assignments
400-610 Galactose, mannose, fucose, glucose, galactosamine
680-860
All glycans
HI>CTRL 1010-1120
1290-1340 Glucose, NA, glucosamine, galactosamine
1700-1750 Lipids (1732)
1420-1470 Phospholipids (1441-1445)
II<CTRL
1610-1660 Lipids (1654)
420-600 All glycans except NA
680-860 Galactose, galactosamine, NA, fucose, glucose
1000-1130 All glycans
1210-1340 Glucose, galactose, glucosamine, galactosamine
450-500
Cholesterols (446-476, 700-703)
689-750
v
1010-1070
1290-1340
Lipids (1064-1068, 1220-1306, 1400, 1732)
1380
1700-1750
1145-1160
Carotenoids (1157, 1521)
1500-1520
Hn<iv 880-920 Glucose (910-911), proteins (880-890)

Table 5.9 Summary of changes observed in fresh serum and their tentative
assignments. Assignments were made from the in-house glycosylation database
(in blue) and from the literature-based general database (in grey). [Neuraminic acid
(NA)].

To further assess the significance of these changes, t-tests were again performed
for the most discriminative wavenumbers. The peaks that showed significance are
represented in Figure 5.23 with their respective p-values and significance is
indicated by asterisks on Figure 5.22. The tyrosine peak contained in the 700-850
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cm! regions, broadly assigned to glycans, was significant between both controls
and grade Ill samples, and grade Ill and grade IV samples. The difference between
grade Il and grade IV in the 1000-1130 region cm was also significant. The 1455
cm® peak was the most significant for discrimination between controls and grade 1V
(p=0.0003) and controls and grade Il (p=0.002). In total, three peaks could be used
to significantly discriminate grade Ill and grade IV (830 cm™, p=0.01; 1050 cm,
p=0.05; and 1560 cm™, p=0.01).
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Figure 5.23 Pair-wise comparison of individual intensities between serum
glioma grades. Scatter plots of intensity values (and mean + standard deviation) at
peaks showing significant difference using two-tailed unpaired t-test, with their
corresponding assignments from the literature and from the glycosylation database.

Control, grade l1ll, and IV samples are represented in red, green, and blue,
respectively.
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5.4. Discussion

5.4.1 Classification of glioma grades from fixed tissue

In this chapter, RS combined with PCA and classification learning approaches was
first used to evaluate the discrimination efficiency of histological grades Il, Ill, and
IV in glioma FFPE samples. RS, coupled with an optical microscope, allows for the
accurate targeting of regions of interest through direct visualisation. The method
used in this study was designed to represent an objective and convenient mean of
routine brain cancer diagnostics. By using FFPE samples, it is ensured that the
spectral interrogation can be performed at any time after the surgery. In addition,
the use of labels or intensity enhancement techniques, that are sometimes used in
combination with RS (Canetta 2021, Mamede et al. 2021), were not used in this
study. This decision was made to test whether RS could be used as a single
diagnostic tool with no demanding sample preparation or supplementary materials
required. Finally, from a technical viewpoint, stainless-steel slides were preferred
over the more traditional CaF: slides, not only for their low signal-to-noise ratio, but
also for other advantageous characteristics such as their sturdiness and low price
(Lewis et al. 2017).

This study showed that RS combined with classification learning could classify the
patients following the histological (2016) WHO classification, with high accuracy
(Louis et al. 2016). In addition, the three largest PCs were enough to observe this
discrimination and the two largest PCs alone explained almost 70% of all the
variances observed between the patients. This implies that the differences noted
between the patients could be largely explained by the histological classification and
the associated biological changes, justifying its use for diagnosis and biological
composition analysis. Some spectral differences showed significant difference when
using t-tests, which implies that this method could be used as an objective
diagnostic tool in clinics and that only a set of selected peaks could be assessed to

reduce the acquisition time.

5.4.2 Glycosylation changes between grade Il and lll tissue glioma
Between the grade Il and the grade lll tissue samples, which represent respectively

low-grade and high-grade glioma, increase of intensity in the signature could largely
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be assigned to glycans from the in-house glycosylation database as well as from
the literature. This is in accordance with the highly disturbed glycan biosynthesis
observed during cancer progression that has been shown to account for phenotypic
aggressiveness (Peixoto et al. 2019). This study included glycans that are typically
found on N and O-glycosylated proteins and whose addition results in a high
increase of the total protein weight. A high number of glycosylation alterations is
found in glioma with both a disturbed level of glycosylated proteins and an altered
expression of glycosylation enzymes that results in an aberrant glycosylation pattern
found on these proteins (Veillon et al. 2018, Tondepu et al. 2022). Some examples
of glycosylation aberration not found in healthy tissue but detected in glioma include
under-glycosylation of the ECM components such as brevican (Viapiano et al. 2005)
and increase of some heparane sulphate proteoglycans (HSPGs) such as
syndecan-1 (Veillon et al. 2018). In some cases, the link between the aberrant
glycosylation and glioma progression was found. For example, the increased
terminal sialylation on glycans, including integrins, was found to promote cell
invasion and immunosuppression (Veillon et al. 2018, Tondepu et al. 2022),
increased branching of N-glycans in GBM supports invasion, and overexpression of
heavily glycosylated mucins supports invasion through activation of oncogenic
signalling pathways (Li et al. 2014, Pang et al. 2022, Tondepu et al. 2022).
Importantly, these altered glycosylation events were shown to contribute to the
immune-suppressive nature of the glioma microenvironment. In a recent study,
GBM cells were shown to overexpress the truncated glycan motif Tn antigen, which
is then used to recruit the immune-suppressive tumour-associated macrophages
(TAMs) (Dusoswa et al. 2020). Overall, the glycosylation pattern of glioma tissue is
expected to be highly altered, which explains such differences observed between
low-grade and high-grade glioma tissue in the present study, when looking at
spectral ranges assigned to glycans. These glycan changes could be exploited in

the future as biomarkers for glioma.

5.4.3 Other biomolecular changes between grade Il and Ill tissue gliomas

In addition, changes of intensity between grade Il and grade Il patients could be
assigned to an increase of proteins, haemoglobin, DNA, collagen, and lipids.
Proteins, haemoglobin, and DNA are expected to increase during cancer

progression due to higher cell density and vascular proliferation. The level of lipid is
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more difficult to interpret from dewaxed fixed tissue since the dewaxing procedure
has been shown to largely affect the lipid content present in the tissue section (Al
et al. 2013). However, since only pair-wise comparison between two grades was
made, it is still reasonable to read the potential relative differences in the lipid
content. Overall, the lipid composition has been shown highly dysregulated in brain
tumour using RS in comparison with healthy cells (Kohler et al. 2009). GBM cells
are characterised by an increased de novo lipid synthesis for energy and plasma
membrane production that a high proliferation rate demand (Zhou et al. 2019,
Depciuch et al. 2020, Bukva et al. 2021). In addition, an abnormal accumulation of
lipid droplets in GBM tissue was shown to play a role in their proliferation (Taib et
al. 2019). Overall, the lipid content is commonly shown to be higher in GBM
(Banerjee et al. 2015), which agrees with this study, but this can also vary depending
on what type of lipids or cells are examined. For example, the lipid content was
shown to be reduced in GBM single apoptotic cells (Ricci et al. 2018). Finally,
collagen rearrangement, for example, a switch in the level of the different collagen
types, has been shown to occur during glioma progression and has been observed
using RS in previous studies (Zhou et al. 2012, Payne et al. 2013, Pointer et al.
2017, Riva et al. 2021). Collagen is a rare component in the healthy brain
microenvironment and significantly increases during glioma progression (Dong et
al. 2010).

5.4.4 Glycosylation changes between grade Ill and IV tissue gliomas

The overall difference between grade Ill and grade IV grades was smaller, which is
expected since these two grades are both classified as high-grade malignant
gliomas and remain challenging to discriminate with the current diagnostic methods
(Tian et al. 2019, Wang et al. 2019). However, peaks showing significant spectral
differences could still be identified. The diagnosis of these two grades can affect the
therapeutic decision as well as the prognosis, which justifies a search for more
objective and accurate mean of classification. Between these two high grades, the
spectral ranges assigned to glycosylation slightly decreased in this study; meaning,
the glycosylation signature was overall upregulated at a higher degree (compared
to grade Il) in grade lll than in grade IV, which was surprising at first sight, but was
also observed at lower extent at the cellular level in the previous chapter.

Glycosylation is a heavy modification that affects more than half of the proteins
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found in the brain (Veillon et al. 2018). In addition, it is not possible with Raman
spectroscopy to detect to which of the specific proteins each glycosylation can be
assigned. It is thus complicated to predict to what extent the total level of

glycosylation will be upregulated in each glioma grade.

Overall, an increase of the total glycans was observed in grade Ill, which persisted
in grade IV but was slightly reduced. This might appear surprising at first, however,
this finding seems to align with the previous finding of this thesis performed in glioma
cells in addition to what have been observed before in glioma. Furukawa et al.,
performed a serial oncogenic transformation in normal astrocytes, that eventually
mimic the four grades of glioma in vitro, to study the level of N and O-glycans in
each type of cells (Furukawa et al. 2015). An important number of glycans, such as
core 1 O-glycans, showed an upregulation in grade Il cells in comparison with grade
Il and IV, which showed a very similar level. In comparison to grade I, the level of
sialylation (the addition of a neuraminic acid) was largely more elevated in grade Il
than in grade IV (Furukawa et al. 2015). In addition, as previously mentioned,
different glycans have been found in their truncated version in grade IV glioma
(Dusoswa et al. 2020), which implies that the total level of glycans could be
downregulated in this type of cancer. Generally speaking, the total glycosylation
pattern follows a complex dynamic during transformation and could be further

exploited for glioma monitoring and diagnostics in future studies.

5.4.5 Other biomolecular changes between grade Ill and IV tissue gliomas

From the literature, the slight increase in grade IV compared with grade Il could
also be assigned to an increase in collagen, proteins, lipids, haemoglobin, and DNA,
which was already observed between grade Il and Il samples. This confirms an
overall augmentation of proteins, haemoglobin, and DNA during glioma progression,
which represents a confirmation of what has been described in previous RS studies
(Kast et al. 2014, Banerjee et al. 2015, Kopec et al. 2021). More specifically, this
probably reflected an increase in the cell density and a high perfusion rate caused
by microvascular proliferation, both histological characteristics of GBM (D'Alessio et
al. 2019), which have been observed in previous studies using RS (Kast et al. 2014).
In addition, there was a decrease of carotenoids in grade IV, which has been

observed often in RS studies investigating cancer (Mehta et al. 2018, Kopec et al.
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2021, Shrivastava et al. 2021) but also from studies measuring p-carotene levels in
the serum from different brain tumours (Aggarwal et al. 2006). Carotenoids are only
brought by food in the body and have antioxidant and anti-cancer properties.
According to some studies (Kopec et al. 2021), the peak reduction assigned to
carotenoids on RS spectra may be used as a biomarker in brain cancer to assess

the aggressiveness of the tumour.

5.4.6 Discrimination between m-IDH1 and wt-IDH1 patients in tissue

RS was able to predict with high accuracy the IDH1 genotype of the patients, which
is the marker used currently for cytogenetic classification (Louis et al. 2021). This
result was expected since histological features and the IDH1 genotype are strongly
correlated, as discussed earlier. Histological classification (WHO 2016) has been
replaced by a cytogenetic and molecular classification (WHO 2021) during the
course of this study. It was therefore important to verify if RS could be used in the
context of the current gold standard method of central-nervous-system tumour
diagnostics. This result is promising, especially since discrimination between two
groups (IDH1 genotypes) is expected to be less challenging than discrimination
between three groups (grade Il, 1ll, and 1V). The results of this chapter suggest that
clinically-available FFPE slides could be used for IDH1 genotyping. This diagnostic
method represents several advantages in comparison with the immunostaining and
sequencing examination used currently. First, RS does not require the purchase of
different reagents or labels, or any long preparation of the samples, it can be then
expected that this method would be less expensive but also faster than IHC labelling
or sequencing. In addition, the results are expected to be more objective compared
with IHC as they would be less dependent on the investigator’'s eyes or protocols

used.

Moreover, the difference between the two IDH1 genotypes from the comparison of
their respective averaged spectrum, was shown to be clearly condensed in the
region identified by the glycosylation database as being very characteristics of the
glycosylation changes, and no other important changes was observed within the
rest of the signature. This is also promising since the assessment of only a selected
portion of the spectrum would be potentially enough for diagnosis, which would

lower the diagnostic time as well as the complexity of the spectral interpretation.
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Finally, this result also shows that the utilisation of RS could lead to a better
understanding of the biological changes between the two IDH1 genotypes. Indeed,
this study suggests that m-IDH1 patients might have a different level of overall
glycosylation than their wild-type counterparts. This could have biological and

clinical importance and should be further confirmed and investigated.

5.4.7 Summary of the total biomolecular changes in glioma tissues

In conclusion from the tissue Raman spectral signatures, this approach could be
used to classify glioma grades from fixed tissue with high accuracy and was even
helpful for discrimination between grade Ill and IV glioma samples. Changes in the
glycosylation patterns seemed to largely account for the successful discrimination
between the different grades, with an increase of glycosylation specifically observed
in grade 11l followed by a decrease in grade IV, which permits a good discrimination
between the grades. Figure 5.24 summarises the changes occurring between the
grades in glioma at the cellular and tissue levels from the literature, that can be put
in parallel with the findings of the present study, which further supports the fact that

RS could permit the monitoring of biological changes during cancer progression.
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Figure 5.24 Summary of biomolecular changes identified in agreement with
known changes in glioma. (1) Changes observed between grade Il and grade lll,
and (2) between grade Ill and grade IV, according to the literature, can be put in
parallel with the results of this study. A number of glycosylation patterns increase
between grade Il and grade lll; and decrease between grade Il and grade IV. [N-
acetylglucosamine (GIcNAc)]. (Kast et al. 2014, Furukawa et al. 2015, D'Alessio et
al. 2019, Taib et al. 2019, Dusoswa et al. 2020, Kopec et al. 2021). Figure created
with Biorender.com.

One potential limitation of this approach was the collection length of single spectra
performed manually on the tissue samples, which was assumed to be necessary to
obtain a very clear discrimination between the three grades without any overlapping.
To compensate for the high intra-patient heterogeneity present in tissue, several
acquisitions on different spots across the tumour were interrogated in each patient.
The total acquisition time per each patient took about one hour, which remains

however potentially less time consuming than IHC analysis.
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5.4.8 Classification of glioma grades from blood serum

Using liquid biopsies such as blood serum would represent an advantage compared
to tissue biopsies since collecting this type of samples is minimally invasive and can
be done multiple times to monitor disease progression. Serum has the advantage
of not requiring any chemical processing or sample preparation before acquisition
and thus, can be interrogated while being in the native form as found in vivo.
Therefore, this type of sample conserves all the biological information that can be
lost during sample processing. It should also be noted that serum, unlike solid
biopsies that constitute only a portion of the tumour, can be more representative of
the tumour pathophysiology.

Using the same methodology as previously, serum samples from benign non-glioma
controls, grade lll, and grade IV were interrogated to see primarily whether it would
be useful for discrimination between the two high-grades glioma patient groups. A
higher accuracy was observed between the groups with fresh (liquid) serum, but not
with dried serum, in comparison with tissue. Using fresh serum, the three largest
PCs were enough to explain 85% of all variances between the samples.
Interestingly, high heterogeneity was observed within the high-grade glioma
samples when using liquid serum, while the control group showed a much smaller
distribution on the PCA plot. High inter-patient heterogeneity is expected among
blood samples from cancer patients and has been described by previous RS
studies, notably in nasopharyngeal cancer (Feng et al. 2010). This suggests that
biological changes occurring during cancer progression can take different
directions, which are purely patient-specific, and that importantly, are reflected in
their blood serum. This supports the idea that glycosylation could be exploited for

personalised medicine in liquid biopsies (Ferreira et al. 2021).

5.4.9 Glycosylation and other biomolecular changes in glioma blood serum

Overall, the changes between the groups were more obvious with more significant
spectral differences in the serum and the same trend was observed between the
tissue and the serum with an increased glycosylation level in high-grade glioma,
which was largely sharper in grade lll compared to grade IV and with a more
significant difference in the serum than in the tissue. This suggests a promising use

of the glycosylation pattern from liquid biopsies for cancer and specifically glioma
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diagnostics and progression monitoring permitted by minimal invasiveness of blood
collection. This also represents promise to understand the altered glycosylation
processes occurring during cancer progression. The presence of individual
glycoproteins in blood serum has already been shown useful for cancer diagnostics
(Kirwan et al. 2015, Veillon et al. 2018). Glycoproteins such as mucins, have been
shown to be in their truncated/hypoglycosylated forms (sialyl-Tn, Tn and T antigens)
specifically in advanced cancer and have already been suggested as serum
biomarkers (Singh et al. 2007, Nath et al. 2014, Radhakrishnan et al. 2014, Kudelka
et al. 2015, Hanson et al. 2016, Munkley 2019, Giamougiannis et al. 2021).

Some other biomolecular changes could be also assigned to some extent to
changes in the lipid content in the serum, which could be due to the dysregulated
lipid biosynthesis observed during cancer progression as earlier discussed. More
importantly, the level of carotenoids was reduced in the serum from grade IV glioma
patients compared with the lower grades. The carotenoid level has been shown to
be decreased in the serum of cancer patients in previous studies in cervical cancer
(Shrivastava et al. 2020), in meningioma (Mehta et al. 2018), or in breast cancer
(Eliassen et al. 2012) and therefore, it has been concluded that the high level of
circulating carotenoids, which have antioxidant properties, could protect against
cancer. Finally, a switch in intensity that could be assigned to proteins were also
observed in serum from grade IV patients. This could correspond to a change in the
secondary structure of proteins that can be explained by a high mutation rate a
change of their regulation (Depciuch et al. 2020).

5.4.10 Discrimination between m-IDH1 and wt-IDH1 patients in serum

RS was able to discriminate with good accuracy the two IDH1 genotypes from fresh
serum, although the number of patients in this case was limited (7 m-IDH1 and 12
wt-IDH1). Like for the tissue, this bolsters the use of RS in clinics, especially
because in the case of fresh serum, the sample can be collected less invasively at
multiple time points. A potential RS-driven IDH1 genotyping made possible from a
small drop of blood serum is very attractive, since it would represent a fast, non-
invasive, objective, and non-expensive diagnostic strategy for glioma. Therefore, it
is important to further investigate this strategy on a higher number of glioma

patients.
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5.4.11 Summary of the total biomolecular changes in glioma blood serum

To conclude, RS on blood serum gave very good classification accuracy, even for
discrimination between grade Ill and IV glioma, when using fresh serum. In addition
to give better accuracy, this method presented several advantages compared to the
diagnostic method using tissue. First, the acquisition time was reduced by five
(about 20 minutes per patient), owing to the reduced number of acquisitions that
were necessary to obtain the grade discrimination, which was made possible by
very good intra-patient homogeneity of the sample observed with liquid biopsies.
Even more than in tissue, changes in the glycosylation pattern seemed to account

greatly to the discrimination between the groups.
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Chapter 6: Discussion and future perspectives

6.1 Summary

6.1.1 General overview and discussion

MUC4 protein is a heavily glycosylated transmembrane protein implicated in
carcinogenesis and invasion, partly through interaction with EGFR family members
(Carraway et al. 2009). However, the role of MUC4 in the gelatinases’ expression
and more particularly MMP9 through interaction with EGFR remains to be defined.
Moreover, given that MUC4 is not expressed in the normal brain, this mechanism

has never been studied in brain cancer and warrants further investigations.

In this thesis, the role of three molecular players (MUC4, EGFR, and MMP9) in
glioma was evaluated. First, the importance of these markers needed to be
demonstrated in patients to justify their clinical relevance before further mechanistic
investigations could be conducted. The clinical study in glioma patients
demonstrated that MUC4 was at least as important as MMP9 in terms of grade
prediction (diagnosis) and outcome prediction (prognosis), its expression was even
more extended in the tissue and was present in the microvascular proliferation
(MVP) structures of more than half of the GBM patients. MUCA4 is not expressed in
the normal brain, and therefore, may present high specificity as a potential
biomarker for glioma. However, detecting MUCA4 in liquid biopsy, which represents
a less invasive mean of sample collection for the patients, showed only low protein
levels, which is generally the case with transmembrane markers as they are not all
secreted at high levels. MUC4 seems to be nevertheless a potent tissue
diagnostic/prognostic biomarker, with important implication in gliomagenesis,
especially if the clinical information can be combined with EGFR and MMP9

expression.

The expression of MUC4 in the MVP structures of GBM patients constitutes one of
the most important findings of the present study. MUC4 has been shown to promote
invasion and angiogenesis in carcinoma, which was associated in both cases with
an increase of MMP9 expression (Ponnusamy et al. 2010, Tang et al. 2016). The

present study indicates that it could also be the case in glioma. Although the
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mechanism remains to be defined, it can be proposed that MUC4 expression in
glioma cells might induce an angiogenic switch, which may be linked to MMP9
expression and therefore augmentation of VEGFR activation. MMP9 has been
proposed to act mostly at early stage of angiogenesis (Hamano et al. 2003) and
specifically expressed according to the present study in what seem to be nascent
small MVP structures. MUC4, on the other hand, seems to act only (or also) during
the latter stage of the process, since its expression was observed in larger and more

numerous MVP structures.

Next, in vitro assays were performed to demonstrate the mechanistic interaction —
physical and regulatory — between the different players of the pathway under
investigation, as well as the effect of MUC4 on the cells. A plant-based drug, TMQ,
that was shown to reduce MUC4 protein level in carcinomas (Torres et al. 2010),
was also tested as an attempt to demonstrate that this pathway not only exists and
is implicated in glioma, but also, can be therapeutically targeted. This study needs
confirmation and further experiments but, overall, these assays gathered indicate
that MUC4 indeed displayed anti-adhesive properties that might play a role in glioma
cell dissemination. Glioma is a cancer showing particular diffuse characteristics,
which aligns with high dissemination properties. MUC4 was undoubtedly interacting
with EGFR in some of the cells, which is coherent with the fact that these two
proteins were both extensively expressed in tissue samples from GBM patients
according to the IHC results. TMQ was able to drastically reduce the presence of
the protein, and consequently, this interaction. Finally, gene expression analysis
supported the existence of a common regulatory pathway and the relevance of TMQ
use for its downregulation. This plant-based treatment represents several
advantages such as a good tolerance, and might be a good strategy for glioma

patients, at least as an adjuvant or even a preventive drug in future clinical studies.

Using a broader approach on glioma cell lines, Raman spectroscopy (RS) was used
to assess whether this tool - with recent applications in biological/biomedical
research but not used in clinics yet - could represent an objective means of
monitoring and diagnosis for glioma patients with a particular focus on parallel

glycosylation detection. Glycosylation is highly affected in brain cancer (Veillon et
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al. 2018) and although MUC4 overexpression in tissue seemed important, its
aberrant glycosylation and expression would only represent one aspect of this broad
change. Moreover, by looking at the literature, glycan changes seemed to be under-
represented in Raman cancer studies and publicly-available Raman database. For
these reasons, the spectroscopic approach was focused on the general pattern of
glycosylation and a database containing the typical glycans found on mucins and
other glycoproteins was made for reference. This approach could be applied
successfully on live cells including the potential detection of small differences
induced by a specific change in the glycosylation pattern. This last aspect will need
to be confirmed with higher acquisition numbers and/or more optimisation. In
particular, improvement of Raman technology and methodology, as well as
improvement of the publicly-available database, will be needed for rigorous and

systematic application of Raman spectroscopy in the biological and medical field.

Importantly, this methodology combined with classification learning approaches was
useful to discriminate grade Il and grade IV glioma from tissue and serum samples
with an accuracy of 85% and 90%, respectively. The acquisition time was shorter
when using the serum and the sample preparation was also easier, since the
samples did not require deparaffinisation or any other preparation. Changes in the
glycosylation have been identified and were shown to be largely responsible for the
overall difference observed. In addition, a very small volume of the sample used as
a liquid in its native state was sufficient. Therefore, the liquid biopsy approach seems
to be more relevant for clinical applications, especially since it also represents a
better option for the patients’ wellbeing. Overall, RS hold great promise for objective

diagnosis and monitoring with minimal pain.

6.1.2 Summary of methodological approaches

The general goal of this study was to investigate new mechanisms of glioma
progression at the molecular level, to suggest new diagnostic/prognostic strategies
and potentially, therapeutic approaches for future improvements of the GBM
standard of care. More particularly, the study was articulated around mucins and

glycosylation, whose involvement and relevance were considered to be still
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overlooked in glioma. For this purpose, two methodological approaches were

followed:

A) A specific approach: To characterise a suggested MUC4-mediated pathway in

glioma, clinical and in vitro investigations were conducted as followed:

EGFR, MUC4, and MMP9 expression was investigated using
Immunohistochemistry (IHC) and immunofluorescence (IF) on 60 glioma
patients of different histological grades. Staining was scored considering both
intensity and extent of expression and the scores were compared between
the grades (quantitative IHC approach). The localisation of each protein was

also analysed in detailed (qualitative IHC approach).

The Kaplan-Meier method was used to correlate the different levels of
expression, in combination or separately, with the clinical outcome of the

patients.

ELISA assays were used to measure the level of the proteins (different MMP9
forms and MUC4) in the blood serum of the patients, to further assess the
clinical significance of these markers in liquid biopsies as non-invasive

approaches.

Spheroids were generated with the hanging drop method from control and
MUCA4-overexpressing GBM cells. The shape and the number of spheroids
could be used to evaluate the effect of MUC4 protein on the cells in a 3D
context (spheroids). This was performed with and without the addition of TMQ
to further understand how this drug could be relevant in MUCA4 targeting
therapies for GBM patients.

Immunocytochemistry (ICC) with EGFR and MUC4 antibodies in GBM cells
was also performed to visualise their localisation in the cells and to assess

the effect of TMQ on the protein levels.

RT-gPCRs in multiple contexts, notably, using in vitro cellular models grown
in the presence of the putative ligands of the proposed pathway, were finally

utilised to characterise the genetic regulatory mechanisms of this pathway.
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B) A broader approach: To optimise an objective mean of glioma monitoring and
discrimination, taking advantage of the highly altered glycosylation patterns, a
Raman spectroscopy study was performed on in vitro cellular models and clinical

samples:

e Raman spectroscopy (RS), a tool whose utilisation in biology is still under
optimization, was used and optimised in glioma cell lines. The detection
sensitivity of the RS approach was finally tested by comparing RS signals

between control and MUC4-overexpressing cells.

e The same methodology was followed on different clinical samples (fixed
tissue and serum). A high number of spectral acquisitions were collected,
processed, and averaged on both glioma tissue and serum samples.
Principal component analysis (PCA) and built-in classification machine
learning tools were used to show whether classification of glioma grades
with high accuracy was possible (according to their histology and even

potentially IDH1 genotype).

e In parallel, biological changes identification was attempted. Since no
objective RS database exists yet, peak assignments were made by
comparison with an in-house glycosylation database, as well as with a
general literature-based database as an attempt to avoid underestimating the

importance of any molecule.

6.1.3 Summary of results

The results of the present study first supported different previous observations and
were coherent when compared to the literature. First, EGFR overexpression was
not specific to GBM and seemed to be totally absent from the visible microvascular
proliferation (MVP) structures in GBM patients (Karpel-Massler et al. 2009,
Rodriguez et al. 2012, Saadeh et al. 2018). In addition, MMP9 behaved as a
diagnostic marker for glioma patients, expressed specifically in nascent MVP
structures and haematological cells (Choe et al. 2002, Jiguet-Jiglaire et al. 2022). In
addition, EGFR and MMP9 had common genetic regulation in GBM cells (Chang et
al. 2015, Chen et al. 2017). Finally, Raman spectroscopy showed potential to
objectively discriminate different cancer types and could detect characteristic

cancer-related biomolecular changes between the grades, such as increased
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protein, haemoglobin, lipid, DNA in grade IV, as well as a switch of collagen, and a

decreased level of carotenoids (antioxidants) (Krafft et al. 2012, Auner et al. 2018,
Kopec et al. 2021).

These observations were useful to confirm the successful conduct of this thesis and

to verify potential suggested mechanisms. More importantly, this PhD thesis

showed a set of novel findings, listed below in a point-by-point basis:

First approach (clinical and in vitro cellular model studies):

Two types of EGFR expression could be observed in GBM-associated
vessels: one expression in vessels that might result from neoplastic cells
(EGFR-positive) following a vasculo-mimicry event, and one in vessels
developing from existing normal vessels (EGFR-negative), which would
solve a controversy since vasculo-mimicry has been proposed in glioma but

EGFR-expressing vessels were not commonly reported in GBM tissue.

The number of MMP9-expressing haematological cells were observed in low-

grade and were increased in higher glioma grades.

MUC4 was overexpressed during gliomagenesis and could represent a
useful glioma diagnostic biomarker. The diagnostic and prognostic efficiency
of MUC4 was at least as good as the one of MMP9. MUC4 protein expression
in glioma tissue was more extended than the one of MMP9 with presence in
the entire tumour. The expression seemed to appear from low-grade, earlier
than MMP9, and then was elevated in the higher grades. The difference
between the grades was even more significant with MUC4 than with MMP9.
Finally, MUC4 was strongly associated with wt-IDH1 genotype, which is itself

associated with aggressive glioma.

MUC4 was expressed in the MVP structures of GBM patients and could play
an important role in GBM angiogenesis. In more than half of GBM patients,
MUCA4 was expressed in the glioma-associated vessels. This expression was
unambiguous and was observed in more than half of the patients, and more
dramatic and systematic than MVP MMP9 expression, which seemed to be

more restricted and confined to small nascent MVP structures.
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e MUC4 was expressed with EGFR and with MMP9 (separately) in the same
GBM MVP structures. This suggests that these three proteins could interact

in a common pathway in the GBM vessels, with a role in their formation.

e EGFR tissue expression alone was not useful at predicting the clinical
outcome of glioma patients. The difference between the two groups of
expression was not significant but there was no differential trend in OS and
PFS. On the other hand, MUC4 and MMP9 high expression seemed to
present a trend of worsen outcome although it was not significant. When
combining MMP9 with MUC4, with or without EGFR, the trend of worsen

prognosis was significant.

e The level of MMP9 protein, associated with its inhibitor TIMP1 and alone, in
the serum was significantly elevated in grade IV than in grade Il patients,

while MUC4 secreted protein levels were only minimally elevated.

e The transient overexpression of MUC4 in GBM cells using a spheroid (3D
model) led to smaller and more numerous spheroids either by impeding the
fusion or supporting the dissociation. In both cases, MUC4 seemed to trigger

GBM cell dissemination in 3D context.

e TMQ completely impeded spheroid formation in control (un-transfected)

GBM cells and to a lesser extent, in transfected MUC4-overexpressing cells.

e In GBM cells, EGFR expression dominated MUC4 expression. After
overexpression of MUC4, EGFR and MUC4 co-localised in the cells, more
particularly, both proteins seemed to be restricted to one pole of the

membrane. In parallel, EGFR expression was abrogated at the mRNA level.

e TMQ was able to downregulate MMP9 at the gene expression level. This
downregulation was more efficient than the one induced by the standard

chemotherapy drug TMZ.

Second approach (Raman spectroscopy and machine learning):

e Raman spectroscopy (RS) was able to discriminate with high accuracy

between different glioma cell lines, with only one acquisition per cell in

205



monolayer (2D) and in spheroid (3D) models, between grade Il and two
different types of grade IV cell lines.

The discrimination between normal GBM cells and MUC4-overexpressing
GBM cells, as expected, was more challenging with RS, but was still possible
within the first five PCs. This suggests that the changes induced by the MUC4

transient overexpression could be captured by the RS.

RS was able to discriminate with high accuracy between the glioma
histological grades and importantly, was even able to discriminate grade Il
and grade IV glioma with an accuracy of 85%. RS was also able to
discriminate between the two IDH1 genotypes (wild-type and mutated) with

an accuracy of 80%.

In serum samples, RS could discriminate between grade Ill and grade 1V with
an accuracy of 90%, which was even higher than the accuracy obtained from
the tissue. IDH1 discrimination from the serum samples needs to be repeated
on a higher number of samples but looked very promising (a trend of
discrimination was observed and an accuracy of 85% was reached with

logistic regression).

Some Raman spectral peaks could be used for objective diagnosis in future
clinical applications as they displayed significant changes between the

grades in both tissue and serum.

Overall, changes in glycosylation patterns seemed to account for the most
important biomolecular changes observed between the grades in both tissue

and serum.

6.2 Limitations and future perspectives of the current study

The present study was successful at reaching the main objectives stated in the

beginning of this thesis and to facilitate the understanding of the importance of

mucins and glycosylation changes in glioma. However, some limitations and further

questions could be raised and should be discussed. In the clinical study, IHC and

survival analysis were performed on 60 glioma patients. This number was

reasonable to conduct a quantitative analysis. However, the fact that these samples

were categorised led to a reduction of their number in their respective group. It would
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be more ideal to have a higher number of samples in each group, especially in the
GBM group, as the proteins of interest displayed an interesting pattern of expression
that could be quantitatively and qualitatively further analysed in a higher number of
samples. The IHC method remains dependent to the investigator's eyes and so
using more objective techniqgue such as RNA and exome sequencing will be
necessary from patient samples. Moreover, using laser micro-dissection to isolate
the microvasculature regions positive for MUC4 would be an efficient way to perform
transcriptomic analysis specifically in these structures to verify that MUC4 gene

regulation is altered.

In addition, the survival analysis should consider more parameters. Since the
potential biomarkers in this study were also analysed in combination, the groups
compared were of relatively modest size. In addition, the present study could be
underpowered, which would explain why the trend showing worse survival in
patients with high MUC4 and MMP9 individual expression was not significant. We
can predict that a study comprising more patients might show significant worsen
survival for high MUCA4 tissue expression alone. Therefore, a higher number of
patients should be involved in the future in a large clinical cohort, especially since
MUC4 might be an important oncogene in glioma. This protein should be analysed
in more details considering its association with more clinical features such as the

age and the time and extent of tumour resection.

The serum analysis was successful at showing a significant increase of MMP9 level
in GBM compared with grade Ill even though the number of patients was limited.
This should be repeated on a higher number of patients, chosen, and classified
according to the new brain cancer classification. The control group used in this study
contained patients with benign non-glioma samples. MMPs have been shown to be
involved in a wide variety of diseases (Rybakowski 2009) and it cannot be certain
that the level of MMP9 did not have clinical relevance in these patients, which would
explain why the inter-patient heterogeneity was high in this group, while it was not
in the grade Il glioma group. In addition, the grade Il glioma patients contained in
the serum study were in majority oligodendrogliomas (and not astrocytomas).
Finally, this study gave a good first indication of the relevance of MUC4 as a liquid

biopsy biomarker. The results were not surprising, since transmembrane proteins
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are only rarely secreted by definition. However, it has been shown that these types
of proteins, including mucins, had an elevated secretion in cancer (Kufe 2009,
Filippou et al. 2018). A slight elevation of a protein compared to the average
concentration could still give prognostic and diagnostic indication if significant. The
trend observed in this study was not significant in the serum, but it may be assumed
that measuring this marker in the cerebrospinal fluid would be more relevant, since
this type of fluid is in more direct contact with the central nervous system in
comparison to the blood. Investigating the incidence of MUCA4 elevation in this type

of fluid, combined with the one of MMP9, would be necessary.

Of important note, this study was designed in 2019, before the new 2021 WHO
classification of central-nervous-system tumours. Future investigations of MMP9
and MUC4 should focus on the comparison between the new glioma groups (i.e.,
oligodendroglioma, m-IDH1 grade 2,3, and 4 astrocytomas, and wt-IDH1 (new
GBM)). An effort was made to collect the IDH1 genotype of all patients to update
the analysis. Moreover, the new classification is not expected to significantly change
the diagnosis of GBM (histological GBMs were already wt-IDH1 in the vast majority
of the cases). Therefore, it is reasonable to say that this limitation was at least partly
overcome, but the investigation of oligodendroglioma as a specific separate entity
should be done in the future. In addition, in vitro studies can be suggested such as
assays designed to characterise the role of MUC4 in angiogenesis and invasion
using patient-derived cell lines and in vivo studies using mice models. In particular
it would be important to test if MUC4 expression in glioma is responsible for anti-
EGFR antibody therapy resistance in this type of cancer. More importantly, MUC4
specific overexpression in the GBM-related microvasculature could be responsible
for bevacizumab (anti-VEGFR anti-angiogenic antibody therapy) resistance
observed in GBM patients. Importantly, this GBM-specific bevacizumab resistance
remains to be elucidated. Experiments of MUC4 knockout and/or inhibition with
TMQ in mice should be conducted with concomitant bevacizumab administration to
answer that question. Combination of anti-MUC4 and anti-VEGFR treatments
should be tested and could represent a very interesting therapeutic strategy since
glioma is characterized by a highly disturbed vascular system and high angiogenic

rate. The implication of MUC4 protein in angiogenesis should also be tested after
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knockout or inhibition, the level of CD31-positive cells and haemoglobin within the
tissue should be measured.

Once the role of MUC4 protein is more characterized in glioma cells, it would be
crucial to identify the different glycosylation variants of MUC4 that could be more or
less related to cancer progression. Variations in the glycosylation pattern could
directly play a role in cancer progression and also be used as cancer bio-markers.
After isolation of MUC4 protein and/or MUC4-positive angiogenic structures, the
glycosylation pattern can be explored with techniques such glycoblotting, O-
glycomics, mass spectrometry, and Raman spectroscopy. Moreover, the effect of

TMQ on MUCA4 glycosylation could be tested with that approach.

To understand the molecular mechanisms behind the clinical results, a set of in vitro
assays was conducted. This study gave indications on the involvement of the three
proteins in a common pathway that might be responsible for gliomagenesis, as well
as the relevance of TMQ. However, it is clear that in vitro investigations will require
more time and efforts and that these experiments need to be repeated with more
studied conditions. Numerous additional in vitro assays can be suggested including
toxicity assays with TMQ in combination with standard therapies as well as gene
silencing of MUCA4 followed by invasion assay (e.g., assessment of the formation of
spheroid protrusions within a matrix). In addition, a stable MUC4 transfection assay
needs to be optimised to control the level of MUC4 expression in the cellular models.
Overall, it will be useful to measure the effect of MUC4 and the different drugs on
the overall cellular oncogenic behaviour (invasion, proliferation, survival,
chemoresistance). Co-immunoprecipitation assay would be necessary to prove the
MUC4-EGFR interaction. Using different MUC4 parts and variants as bait proteins
would allow the identification of critical domains for this interaction. Moreover, once
the critical MUC4 domain is identified, small molecules inhibitors of protein-protein
interaction could be used to prevent this interaction. This could represent a
therapeutic strategy as well as an in vitro approach to study the impact of this
interaction in glioma cells. To delineate the suggested pathway and regulation
between its constituents at protein and mRNA level, additional RT-gPCRs, and
western blots (or ELISA, which constitutes a more sensitive technique) will be

needed, and notably, the intermediate transcription factors implicated in the
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pathway remain to be identified. The level of MUC4 expression need to be
measured in different patients (patient derived-cells). One assay should consist in
transfecting MUC4 in glioma cells and measuring the impact on the cellular
morphology, appearance of lamellipodia, actin rearrangement, motility ability, and
activation of downstream invasion/angiogenesis actors (MMP9, MMP2, VEGF,
vimentin...).

Finally, it will be interesting to measure the level of MUC4 protein in extracellular

vesicles secreted from glioma cells.

Within the spectroscopic approach context, the most important limitation was
acquisition time. To be rigorous, RS comparison needs to be performed
preferentially between spectra acquired within a relatively short time-period. This is
justified by the overall high sensitivity of the Raman technique, which is influenced
by different parameters, even the temperature in the room (Fujioka, 1929). Given
the amount of time it takes to collect manual acquisitions at different spots in one
sample, the routine collection of numerous samples is expected to be somewhat
time-consuming for investigators. Moreover, a complete and publicly-available
database for the interpretation of the signal is necessary to overcome the current
situation that relies on a degree of subjectivity. This limitation was partly overcome
in this study using an in-house database in addition to a more general literature-
based database. Therefore, improvement of RS analysis will lie in the improvement
of the overall methodology and optimisation of its applicability in the medical field.
In respect of the present analysis, the discrimination of IDH1 genotypes from a small
drop of liquid serum deserves a special attention given the potential help it could

provide in the future.

6.3 Working model and conclusion

In conclusion, this present PhD thesis provided a set of evidence to support a
working model separated into two approaches that can be presented and further

investigated in parallel:
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1) The MUC4/EGFR/MMP9 is involved in gliomagenesis. This axis could constitute
a diagnostic/prognostic biomarker panel as well as a potential therapeutic target
axis.

2) The resulting aberrant glycan pattern observed in glioma could potentially be
captured by Raman spectroscopy from tissue samples collected after surgery, but
also at different time points from blood serum and cells. This pattern can be captured

broadly, but also more specifically after future methodological optimisation.

Figure 6.1 below represents the working model and the concluding remarks.
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Figure 6.1 Working model of the present study and concluding remarks. MUC4
protein is overexpressed in GBM. Its expression can be observed in glioma
neomorphic cells, as well as in MVP structures. This supports a new role of MUC4 in
angiogenesis. In some of these structures, the MUC4 expression is associated with
EGFR and MMP9 expression. Thus, these particular vessels could have oncogenic
origin, while other vessels, dominant in number, might be born from endothelial cells
(EGFR-negative), and still express potentially MUC4, which is abundantly expressed
in vessels and might have a direct role in classical angiogenic event. In glioma cells,
MUC4 and EGFR are overexpressed and interact in the presence of their respective
ligands (Gal-3, NRG1, and EGF). This activates the downstream signalling pathway of
MMP9, and to a lesser extent, MMP2, whose involvement in gliomagenesis have been
well described. This oncogenic pathway can be blocked or prevented by the plant-
based drug thymoquinone (TMQ) through MUCA4 protein degradation. This would also
permit anti-EGFR treatments to reach EGFR by rendering it more accessible. These
molecular players could be used as diagnostic and prognostic biomarkers. On the
other hand, broad and specific glycosylation dynamic can be captured by Raman
spectroscopy in the tissue to guide diagnosis and at different time points in the serum

for disease monitoring and glioma grade discrimination. Finally, this approach can be
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applied directly on GBM cells for in-vitro investigations. Figure created with

Biorender.com.
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Appendix 1. Immunohistochemistry controls. A) Negative control for IDH1
genotyping (with no haematoxylin staining). The antibody recognizing the most
common IDH1 mutation was used in an IDH-wild type sample. B) Positive control for
IDH1 genotyping. The IDH1 antibody was used in an IDH-mutated sample and gave
positive staining. C) Negative control for IHC protocol validation in grade 1l glioma with
primary antibody omitted. D) Negative control for IHC validation in grade IV glioma. E)
Positive control using GFAP (expressed by any glioma and brain tissue sample) in

grade lll glioma and F) in grade IV glioma. Scale bar = 100 pum.

214



BSA

Optical density
g & 2 =

o

0 0.5 1 15 2 25
ng/ml

MMP9-TIMP1

Optical density

0 0.5 1 15 2 25 3 3.5
ng/ml

MMP9

Optical density
e = Ind

25
ng/ml

MucC4

w
w in

N
n

Optical density
o =

(=]

12

ng/ml

Appendix 2. Standard curves for Bradford and ELISA assays.
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Appendix 3. Individual staining of the ICC assay for MUC4 and EGFR.
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