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Abstract

Breast cancer is the most common cancer for women around the world and advances in its
treatment, such as in radiation therapy, have significantly improved prognosis and survival
rates. Quality of life of survivors are, however, impacted by late side effects of treatment, like
fibrosis, which is prevalent in breast radiotherapy patients. Current knowledge on the
physiopathology of radiation-induced late side effects remains incomplete. Research had
focused on the cellular impact of radiation while in contrast, the extracellular matrix (ECM)
had been overlooked despite their importance in governing cellular behaviour and outcomes.

To improve the understanding of roles that ECM proteins may play in mediating radiation-
induced side effects, this PhD aimed to test the hypothesis that breast associated ECM
proteins are profoundly altered by therapeutic doses of x-rays, using biomolecular techniques
and a mass spectrometry-based analysis—peptide location fingerprinting (PLF). PLF is highly
sensitive to the changes in proteolytic susceptibility of large ECM assemblies, allowing
detection of regional structural changes within ECM proteins.

Purified human collagen | and plasma fibronectin were first chosen as exemplar ECM proteins
given their distinct composition and molecular structure. Collagen | and fibronectin
responded differently to therapeutic x-rays; the primary structure of x-ray exposed collagen
was fragmented with minimal impact to its triple helical structure, while irradiated fibronectin
had structurally altered binding sites, resulting in increased binding to collagen.

Many ECM components, including fibrillar collagens, exist as higher-order assemblies in
tissue. To examine if the packing of fibrillar collagen | could impact its response to therapeutic
x-rays, three increasingly complex forms of rat collagen were investigated: solubilised
monomeric collagen, reconstituted collagen gel, and ex vivo tendon collagen. While
solubilised collagen was fragmented by therapeutic x-rays, fibrillar collagen (gels and
tendons) were not. However, proteolytic susceptibility (as analysed by PLF), and therefore
structure, was altered in gel and tendon. The ultrastructure of collagen | appears to be crucial
in determining its peptide fingerprint’s response to therapeutic x-ray exposure.

Finally, the impact of therapeutic x-ray doses in complex ECM-rich proteomes (in vitro
fibroblast derived ECM (fECM) with ex vivo tissue ECM (tECM)) were analysed using PLF to
screen for ECM proteins compromised by therapeutic x-rays. Mass spectrometry revealed
similar collagen composition in both fECM and tECM. Collagen | was also found to be
structurally similar in both matrices, but not for FN and basement membrane proteins.
However, therapeutic x-rays was found to alter the proteolytic susceptibility of these ECM
proteins regardless of their source, which may implicate their biological functions in vivo.

In conclusion, this thesis successfully characterised the impact of therapeutic x-rays on crucial
ECM proteins and demonstrated the capabilities of PLF as a multiscale proteomics tool. The
work also identified a body of ECM proteins found in tissues, including the breast stroma,
which are vulnerable to therapeutic x-rays. Further work will be needed to establish if these
proteins are also affected by x-ray exposure in vivo and what the consequences might be for
tissue physiology and the development of radiotherapy related pathologies.
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Thesis Outline

This thesis is organised into six main chapters. Chapter 1 encompasses the introduction to
the motivation behind working on therapeutic x-rays, its clinical importance for breast
cancer treatment, and why the extracellular matrix (ECM) was chosen as our focus. A
background of current literature on electromagnetic radiation and its biological impact was
given, and studies showing the impact of radiation on ECM proteins were highlighted. A
brief overview of breast tissue and its ECM components were also mentioned.

Chapter 2 comprises the methodologies used in all experiments throughout the thesis. This
includes how the material were sourced, biochemical methods like gel electrophoresis,
protein characterisation techniques like light scattering and circular dichroism. Atomic force
microscopy and mass spectrometry methods were also described. The peptide location
fingerprinting method and modifications were also illustrated.

Chapter 3 to 5 contains the thesis main findings and results, with chapter 3 starting off with
the work on the simple purified collagen | and fibronectin to illustrate isolated molecular
responses of ECM proteins with differing molecular structure. Chapter 4 brings the focus
back to collagen | but in different hierarchical structures. Therapeutic x-ray responses were
compared between solubilised collagen |, reconstituted collagen gel, and rat tail tendons.
Finally, chapter 5 explores the responses of therapeutic x-ray exposure on in vitro fibroblast
derived ECM with ex vivo breast tissue using PLF to screen for ECM proteins vulnerable to
radiation damage.

Chapter 6, the final chapter, concludes the thesis and provides the limitations of the
techniques and work presented. Future work that could derive from this study was also
discussed.
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1 Introduction

Breast cancer is the leading cancer in females around the world, with an estimated 53,889
new cases in the UK alone for 2020 (more than double those due to the next leading cancer
— lung (25000))[2] (Figure 1.1). A key treatment modality for breast cancer is radiotherapy,
which utilises ionising radiation (usually photons in the MeV range) to target and kill cancer
cells through deoxyribonucleic acid (DNA) damage via the production of reactive oxygen
species (ROS). Whilst proven highly effective as a non-invasive treatment that has helped
increased survival rates and decreased recurrence rates in breast cancer [3], breast
radiotherapy inadvertently damages normal tissues surrounding the tumour site, specifically
the heart and lung [4-6]. This can induce unwanted side effects, including fibrosis and
secondary cancers, in those tissues, which reduces overall quality of life for patients. This issue
is pertinent not only in breast radiotherapy, but also radiation therapy employed in the
treatment of other cancers. For example, gastrointestinal toxicity can occur for prostate
cancer radiotherapy [7], and osteoradionecrosis can result from radiation therapy of head

and neck cancers [8].

Estimated number of incident cases United Kingdom, females, all ages

Breast

Breast cancer
Lung incidence (2020):
Colorectum 53,889
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Graph production: Global Cancer
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Figure 1.1. Estimated cancer incidence for females of all ages in the UK in 2020. Breast cancer leads all other cancers
as the highest cancer incidence for females in the world and in the UK, with approximately 53,889 new incidents in the
UK and more than 2.1 million worldwide [1]. With radiation therapy as a key treatment modality for breast cancer,
there is a need to improve the post-treatment quality of life of patients by minimising the occurrence of side effects.
Figure adapted from Global Cancer Observatory (http://gco.iarc.fr), accessed on 27 Feb 2023.
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The pathology of acute high radiation exposure has been well understood, where high doses
of ionising radiation cause extensive DNA and protein damage, driving a cell to apoptosis.
However, it has become increasingly clear that lower, clinically relevant radiation doses may
have sub-lethal effects that are complex, difficult to eliminate and delayed (persisting over
long periods of time) [8—11]. These outcomes of radiation therapy are termed late side
effects, which occur months or even years post-treatment, and remains least well-studied
and understood as most investigations into the detrimental side effects of radiation on
biological tissues have largely focused on cellular damage, and in particular, the sensitivity of
DNA [12,13]. To understand the consequences of therapeutic radiation exposure and hence
to potentially prevent or reverse the damage, it is necessary to characterise the interactions
of ionising radiation with not only cells but also with their complex and dynamic extracellular

environment.

Recent advances in understanding the extracellular environment have elucidated the
importance of the extracellular matrix (ECM) in cellular behaviour. The ECM provides not only
mechanical support but also acts as a storage for biochemical factors, with multiple cellular
binding sites that translate mechanical cues to alter cell behaviour and even cell fate [14-19].
Current literature, however, does not provide a complete understanding of ECM proteins’
response to ionising radiation, and whether they play a crucial role in mediating side effects
of therapeutic ionising radiation exposure is still up for debate. This is in part due to how
molecular mechanisms of radiation damage to ECM proteins is poorly defined. This thesis thus
aims to improve the understanding of radiation damage to ECM proteins by utilising multiple
biochemical and biophysical methods to explore if therapeutically relevant doses of ionising
radiation can damage ECM proteins, specifically those found in breast and other radiation
susceptible organs and tissues. Further, this thesis seeks to interrogate how those ECM
proteins may respond differently in different states and experimental systems, which may

improve our molecular understanding of radiation damage to proteins beyond the ECM.

This thesis is organised into five chapters. The introduction (chapter 1), provides a brief
overview of breast cancer and ionising radiation and its biological effects, particularly in
breast tissues exposed to therapeutic X-rays [1]. Chapter 2 describes the methodologies used

in the subsequent sections to characterise the impact of radiation damage on the ECM.
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Chapter 3 to 5 presents three different studies that aim to elucidate different aspects of the

mechanism governing ECM response to ionising radiation exposure:

Chapter 3 — To compare therapeutic ionising radiation response between two

structurally different ECM proteins, collagen | (fibrillar) and fibronectin (globular).

Chapter 4 — To investigate the importance of ultrastructure of collagen I, using rat tail
collagen | in different forms, in mediating its response to therapeutic ionising

radiation.

Chapter 5 — To evaluate the radiation response of fibroblast derived ECM proteins (in

vitro) and tissue ECM from biopsies.

The final chapter discusses the key insights with reference to the peer reviewed literature,
considers the strengths and limitations of the studies conducted and suggests potential future

studies and outlook.

1.1 Breast cancer

1.1.1 Breast tissue
The breast is made up of three main tissue types: stromal tissue, which comprises mostly of
collagen |, adipose tissue, made primarily of adipocytes, and glandular tissue, which houses

the mammary glands (Figure 1.2).

Figure 1.2. Hematoxylin and eosin (H&E) stain of a histological section of breast tissue. The breast tissue
contains mammary glands, stromal tissue, and adipose tissue, which are indicated on the figure in the
red boxes.
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The primary functional architecture of breast tissue is the mammary gland, which contains
epithelial ‘trees’ surrounded by stroma and adipose tissue [20,21]. The stroma comprises
mainly collagens and an elastin fibre network that provides the mechanical structure and
integrity of the tissue [22,23]. The breast epithelium comprises a spherical alveoli with a
tubular ductal network, which contains a layer of apical luminal cells that make milk in
lactation, and a layer of basal myoepithelial cells that contracts around the alveoli to squeeze
milk into the ducts and to the nipple. A thin, continuous extracellular matrix (ECM) network,
also called the basement membrane, surrounds all of the breast epithelium and acts as a

barrier between the epithelium and the stroma.

1.1.2 Types of breast cancer

Breast cancer comprises four major classifications based on presence or absence of
progesterone/oestrogen receptors in the tumour cells. The classifications include luminal A
and B [24,25], human epidermal growth factor receptor-2 (HER-2) positive [26], and triple
negative breast cancer (TNBC) [27]. In general, luminal A/B breast cancer have both hormone
receptors are present, but luminal A lacks HER-2 expression, while luminal B may have HER-2
expression. HER-2 positive breast cancer lacks both hormone receptors but expresses HER-2,

and finally triple negative breast cancer lacks both the hormone receptors and HER-2.

1.1.3 Breast cancer treatment

Breast cancer treatment can be divided into surgery, systemic therapy, and radiotherapy.
Surgery is often employed for treatment of early breast cancer, which may be breast
conserving surgery [28] or mastectomy [29]. In some cases, this is preceded by neoadjuvant
systemic therapy such as chemotherapy (more commonly used in TNBC) [30,31], anti-Her2
therapy or endocrine therapy [32], either for tumour downstaging to facilitate smaller
resection, or with the aim of earlier systemic treatment [33]. Where appropriate, surgery is
followed by adjuvant treatments, again comprising chemotherapy, anti-Her2 therapy, or
endocrine therapy (in oestrogen receptor positive disease) [34]. Adjuvant radiotherapy,
which aims to reduce the chance of recurrence, is largely routine following breast conserving
surgery and is also given following mastectomy for larger or lymph node positive tumours

[35,36].

For hormone receptor positive breast cancers (Luminal A/B), endocrine therapy is often
suggested, which works by preventing oestrogen from getting to tumour cells where it would
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promote unwanted tumour growth [32]. Oestrogen/progesterone production can be limited
by drug suppression or through ovarian ablation [37,38]. Alternatively, selective oestrogen
receptor modulators could also be used to competitively bind to oestrogen receptors in
tumour cells [39], such as Herceptin, which is a blocker for HER2+ breast cancer [40,41]. TNBC
however, since lacking in specific receptors, is hard to target with blockers and hence requires

chemotherapy [42].

The UK National Institute for Health and Care Excellence recommends radiation therapy for
most types of breast cancer [43] as it has been shown to significantly reduce recurrence of all
breast cancer forms [44] (though suggested radiation doses and treatment regime can vary
between patients). There is increasing focus on radiation therapy due its tissue sparing
property and non-invasiveness. The impact of ionising radiation on breast tissues has been
extensively studied with a particular emphasis on the efficacy of radiotherapy in eliminating
cancer cells and reducing recurrence [3,35,45]. However normal tissues in the breast and
surrounding organs (including heart and lungs) are also subjected to a significant dose of
ionising radiation [4—6], which can induce side effects which impact on a patient’s long-term
quality of life. Short-term side effects (or acute side effects), such as radiation erythema [46]
and radiation fatigue [47], typically appear hours or days after radiotherapy treatment. In
contrast, late side effects, such as radiation fibrosis [9], typically surface after several months
or even years [48]. Prolonging patient lifespan at the expense of quality of life is not ideal —
there is a need to reduce or reverse radiation damage to normal tissues to mitigate these side
effects. This requires further understanding of the underlying mechanism of radiation impact

on tissues.

1.2 lonising radiation (X-rays/gamma rays)

The most common form of ionising radiation used for radiation therapy arises from the
electromagnetic (EM) spectrum, in which radiation exists as alternating electric and magnetic
waves that propagate energy. Particle radiation is another form of ionising radiation
consisting of accelerated particles such as electrons and protons. While equally important in
cancer therapeutics, proton/ion beam radiation therapy is out of scope for this thesis and is
better covered by this comprehensive review/book by Solov'yov [49]. Moving back to the EM
spectrum, ionising radiation here is comprised of X-rays (0.01 nm < typical A (wavelength) <

10 nm) and gamma rays (typical A < 0.001 nm) (Figure 1.3), where x-rays are generated by
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processes outside the nucleus, typically from electrons and gamma rays are produced from
the atomic nucleus. Both are sufficiently energetic to induce electronic transitions of most
biomolecules [50]. Such as transition involves an electron absorbing the radiation and
transiting into a higher electronic state, becoming less bounded to the nucleus and therefore
more reactive [51]. The electron can escape the coulomb attraction of the nucleus if adequate

amount of energy is imparted by the radiation, resulting in ionisation of the molecule.

Increasing energy

Ionizing radiation (IR) Non-ionizing radiation
y rays Xrays | UV Infrared | Microwave |[FM AM Long radio waves
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Figure 1.3. lonising radiation (x-rays and gamma rays) lie on the high energy/low wavelength region of the electromagnetic
spectrum. Non-ionising radiation includes ultraviolet radiation (UVR) (UV-A and UV-B) and subsequent lower energy EM
radiation.

Human exposure to ionising radiation may arise from naturally occurring radon gases and
cosmic radiation, which provide a constant background of ionising radiation that, on average,
adds up to 2.4 mSv a year [52] (Sv, or sieverts, is a measure of effective radiation dose and
represents the risk of radiation induced carcinogenesis [53]). On the other hand, man-made
sources of ionising radiation, such as in mammography, would commonly only expose the
patient to a dose of 0.36 mSv per screening [53,54]. Radiation therapy, however, lies in the
range of 100-400 mSv [55] for whole body effective dose, or 40-60Gy (Gy, or gray, is a measure
of radiation energy absorbed, i.e. J/kg) for the dose imparted to the cancer tissue [44,56,57],

and the treatment is typically fractionated into 5-15 smaller doses over a few weeks [58].

The efficacy of radiotherapy lies in the ability of ionising radiation to penetrate biological
tissues, allowing non-invasive targeting and killing of aberrant cells by causing irreparable
DNA damage. Historically, radiotherapy utilised naturally occurring sources such as Co-60,
which emits 1.2 MeV gamma rays. Modern external beam radiotherapy treatment regimens

use linear accelerators (LINACs) to accelerate electrons towards a metal target to produce
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ionising radiation [59], with exposures up to doses of 50Gy for breast cancer radiotherapy
patients [60]. Other forms of radiotherapy include Brachytherapy, where a radioactive source
is placed within the patient near the tumour (commonly prostate cancer) site [61].
Inadvertent exposure of healthy tissues along the irradiation path can lead to detrimental
side effects, including radiation fibrosis [9] and secondary cancers [62]. While there are newer
radiotherapy machines utilising proton or heavy ion beams to reduce exposures to healthy
tissue by exploiting the Bragg peak [63], these treatment options are less widely available and
are often reserved for paediatric patients [64]. X-ray/gamma ray radiotherapy remains the
foremost therapeutic option, and hence, the impact of these radiation exposures on healthy

tissues is a key biological and medical issue.

Photons of ionising radiation are energetic enough to ionise most molecules and atoms [50],
potentially leading to the disruption of intermolecular bonds [65]. An abundance of water
molecules in biological systems results in a large percentage of ionising radiation being
absorbed by water in a process called water radiolysis [66], producing multiple ROS species
(Figure 1.4). Water radiolysis induces the formation of not only hydrogen peroxide, and the

superoxide anion [67], but also an abundance of highly reactive hydroxyl radicals [68].
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1.3 Biological consequences of exposure to ionising radiation

The biological effects of ionising radiation can be crudely split into two categories:
deterministic and stochastic [46]. Deterministic effects are often apparent only when tissues
receive high doses of ionising radiation beyond a threshold level [69], while stochastic effects

are probabilistic without any threshold dose [70].

1.3.1 Acute total body exposure to ionising radiation

A wide array of deterministic effects can be observed in humans exposed to acute doses of
radiation to the whole body, such as in nuclear fallouts [71] or from the atomic bomb [72].
Whole body exposure had also been used clinically for suppressing the immune system, such

as in preventing bone marrow rejection after transplant, or for low grade lymphoma [73].

In whole body exposure, lower doses between 1-7Gy primarily affects the hematopoietic
system, with a significant decrease in population of blood progenitor stem cell and blood cell
count [74]. At higher doses (>8Gy), radiosensitive organs such as the gastrointestinal and

respiratory system are implicated [73,75,76].

1.3.2 Organ exposure to ionising radiation

In a controlled, clinical setting, ionising radiation can be exposed to organs and the effects on
each of those organs can differ even at the same radiation dose. The radiosensitivity of organs
can be measured based on the risk of carcinogenesis from exposure, and is highest in the

bone marrow, stomach, lungs, colon, and breast [53].
Some organ specific examples are as follows:

For the gastrointestinal (Gl) system, exposure to 8-14Gy of clinical radiation can result in acute
Gl syndrome, such as intestinal crypts formation, mucosal barrier breakdown, haemorrhage,
vomiting or diarrhoea [77]. Skin, the organ exposed during most radiation therapy can suffer
from radiation burns, erythema, and fibrosis [78,79]. Lungs exposed to clinical levels of
ionising radiation can lead pneumonitis, inflammation and fibrosis of lung tissue, thus
detrimentally affecting pulmonary volume [80,81]. For a more comprehensive review of the
effects of ionising radiation on other organs which is outside of the scope of this thesis, the

reader is directed to the following review by Wang and Tepper [82].
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1.3.3 Cellular impact of ionising radiation

Outcomes of organs exposed to ionising radiation depends largely on how those cells respond
to radiation damage and is thus influenced by the type of cell population and the
microenvironment within the organs. However, the principal cellular damage arising from
ionising radiation is largely indiscriminate. The damage cells receive from ionising radiation
can be direct (radiation is absorbed by the biomolecule) or indirect (radiation is absorbed by
water molecules, producing ROS that goes on to be absorbed by the biomolecule). Regardless,

the primary targets of both are DNA and proteins, which disrupts cellular homeostasis.

1.3.3.1 DNA damage from ionising radiation

Most well studied cellular impact is damage to DNA in cells, which influences cellular
behaviour, such as migration or protein translation and synthesis. Damage to DNA comes
from induction of oxidation via deprotonation or electron removal, producing photolesions
such as 8-oxoguanine [83]. Hydroxyl radicals produced from water radiolysis can also disrupt
the bonds in the sugar backbone of DNA, resulting in single-strand breaks (SSBs) in the DNA
[84,85]. As ionising radiation is highly energetic, electrons ejected from radical formation
could potentially cause further radiolysis of nearby water molecules, resulting in a high
density of hydroxyl radicals [68,86], increasing the probability of SSB occurring close enough
in a DNA strand (within 10 base pairs) to promote the formation of double-stranded breaks
(DSBs) [13,87]. DSBs are potentially highly cytotoxic due to the risk of failed repair, such as in
non-homologous end joining (NHEJ) or homologous recombination, resulting in gene

mutations [88,89], clastogenic effects [90], teratogenesis [91] and carcinogenesis [87].

1.3.3.2 Protein damage from ionising radiation

lonising radiation-induced water radiolysis can also cause significant ROS-mediated damage
to proteins through disruption of peptide bonds, protein oxidation [92], and lipid peroxidation
[93], adversely altering protein structure and function [94-96]. The direct impact of ionising
radiation on proteins can be observed during X-ray diffraction studies of protein crystals,
where cryogenic temperatures reduce the effects of radicals produced by the solvent [97].
These studies demonstrate that disulphide bonds and carboxyl groups are most susceptible
to localised radiation damage [98,99]. However, this damage may not be evenly distributed
throughout the protein [100]. For example, Weik et al. (2000) have shown that the specific

disulphide bond between Cys-254 and Cys-265 residues for Torpedo californica
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acetylcholinesterase, as well as the disulphide bond between Cys-6 and Cys-127 for hen egg
white lysozyme, are most susceptible to radiation damage. Radiation damage may also
localise at active sites in proteins [99,101,102] such as for bacteriorhodopsin [103], DNA
photolyase [104], malate dehydrogenases [105], and carbonic anhydrase [106]. This damage
localisation has been hypothesised to be mediated either by the presence of metalions, which
have high proton numbers and hence more electrons for photo-absorption to propagate
subsequent ionisation events [107], or by the relative accessibility of exposed active sites to

ROS [99].

1.3.3.3 Cellular response to ionising radiation damage

In response to the damage due to photodynamically produced ROS, cells can initiate repair
mechanisms, including nucleotide excision, to remove photolesions in the DNA [108].
Enzymes in the cell can repair reversibly oxidised proteins, such as cystine, which can be
reduced back to cysteine by the thioredoxin reductase system [109], or may break down
irreversibly oxidised proteins, typically products of hydroxylation and carbonylation processes
[110,111]. In addition, ROS scavengers, such as superoxide dismutase, help restore the ROS
balance in the intracellular and extracellular spaces by converting the superoxide anion to
hydrogen peroxide [112,113], which is then converted to water and oxygen by catalase and
glutathione peroxidase 3 to prevent the formation of hydroxyl radicals [114,115]. To repair
DNA damage specific to ionising radiation, cells utilise base excision repair (BER) for oxidised
nucleotides, such as 8-oxoguanine [116,117], while NHEJ and homologous recombination

repair (HRR) is activated to remove DSBs [118-120].

1.3.4 Cellular response to ionising radiation damage in breast tissue

In breast tissue, mammary fibroblasts secrete and regulate ECM proteins in the stromal
microenvironment, which provides structural support for mammary glands. Human
mammary fibroblasts exposed to physiological doses of ionising radiation adopt a senescent-
associated secretory phenotype (SASP), enhancing the secretion of ECM-degrading proteases
promoting epithelial cell invasiveness and growth in 3D culture [121-123]. Key secreted
proteases include MMP2 and MT1-MMP1, which drive not only ECM degradation but also
epithelial cell migration in the basement membrane by exposing a cryptic site in laminin-332
for cell receptors to bind to [124,125]. Mammary epithelial cells exposed to ionising radiation

were also found to become more susceptible to epithelial-mesenchymal transition when
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exposed to TGF-B1 [126], which can lead to carcinogenesis and metastasis [127]. lonising
radiation has also been shown to activate latent TGF-B1 in the ECM [128], which binds to

fibroblasts, triggering their differentiation into myofibroblasts [129].

lonising radiation can also mediate the release of the growth factors due to ROS-mediated
proteolytic cleavage of ECM components [130]. The basement membrane, a key ECM
structure that provides architectural support and acts as a barrier to the mammary gland, can
act as a source of matrikines and growth factors, such as the insulin-like growth factor (IGF)
[131], which are often sequestered in the ECM. Paquette et al. have shown that reconstituted
basement membrane containing these growth factors, when irradiated with ionising
radiation, enhanced the invasiveness of breast cancer cells (MDA-MD-231) [130]. The release
of other growth factors such as TGF-1, which is commonly localised in the ECM [132], can
also stimulate upregulation of MMPs (e.g., MMP-2, MT1-MMP) in fibroblasts or cancer cells
to remodel the ECM [133].

1.4 The extracellular matrix as a target of radiation damage

Whilst the impact of radiation exposure on cells and cellular components is well
characterised, ECM-radiation interactions and the downstream biological consequences are
not well understood. Crucially, damage to ECM may mediate long-term radiation effects as a
consequence of the long half-life and limited repair of key ECM components [134]. The
synthesis of many ECM proteins is usually highest during development and diminishes over
time [135,136]. Elastin, for example, may persist over the human lifetime [137], whilst dermal
and cartilage collagens have half-lives of 15 and 95 years, respectively, [138-140]. The slow
replacement of damaged ECM proteins would allow changes in, for example, mechanistic

signals from ECM to persist, which can lead to long-term complications.

To improve our understanding of the repercussions of ionising and non-ionising radiation
damage to the ECM, there is a need to investigate the impact of radiation on three key
mechanisms through which ECM influences cells, namely molecular structural changes,

mechanical changes, and biochemical changes.

1.4.1 Radiation and ECM Mechanical Properties
lonising radiation is capable of inducing molecular changes in large ECM proteins, many of

which govern the mechanical properties of tissue. These ECM proteins include collagens,
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elastin, and laminins [141], which form interconnecting networks or fibrillar structures to
allow cells to bind to. Changes to their tertiary and quaternary structures, such as by exposure
to ionising radiation, could impact the function of these proteins, thereby altering the
mechanical properties of the ECM [142,143]. In addition, structural damage to cell-adhesive
proteins such as fibronectin could diminish cell-ECM interactions [18]. This implies that
radiation exposure may compromise mechanosensing pathways. Altered tissue stiffness and
elasticity may trigger different cellular responses including: initiating epithelial to
mesenchymal transition in cancer cells [144,145], triggering senescence in fibroblasts
[146,147], determining the fate of differentiating mesenchymal stem cells [148] and even
enhancing replication of glioma cells [149]. Determining the mechanical effects of radiation
exposure on complex extracellular matrices may provide a better picture of biological
radiation response by helping to differentiate between the direct and indirect responses of

cells to radiation.

1.4.2 Radiation and ECM Biochemistry

Radiation can also alter the biochemistry of the cellular environment by triggering the release
of growth factors that are sequestered in the ECM. Paquette et al. [130] had shown that
ionising radiation exposure (20Gy, Co-60) of Matrigel, which are made from reconstituted
basement membranes, released pro-invasive growth factors that enhanced invasion of MDA-
MB-231 cells. A plausible mechanism for the release of these factors could be attributed to
radiation-induced structural changes to key ECM proteins, such as fibronectin [150-152],
which binds to a variety of sequestered growth factors, including insulin-like growth factors
(IGFs), fibroblast growth factors (FGFs), TGF-B1 and vascular endothelial growth factors
(VEGFs) [131,153]. These factors serve as important signals to alter cell behaviour typically via
integrins binding [154], MMP-mediated ECM degradation [155] or in wound healing [16].
Radiation damage to fibronectin and other similar ECM proteins may diminish their ability to
bind to growth factors, thus increasing the availability of these factors [131] in the
extracellular space. Abnormal levels of such growth factors would be taken up by cells,
potentially triggering unwanted proliferation and migration due to FGFs [156] or ECM
deposition due to TGF-f1 [157].

In addition to growth factors, radiation is also hypothesised to be able to introduce

biologically active peptides in the extracellular environment through the fragmentation of
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ECM proteins. These peptides, often referred to as ‘matrikines’, may be derived from
abundant ECM proteins, such as collagen | and IV [158] or elastin [159], and are able to
influence cellular behaviour just like growth factors. Whilst there is experimental evidence for
the generation of matrikines by MMPs [160] there is a lack of evidence for the direct induction
of matrikines by radiation. However, the ability of both non-ionising and ionising radiation to
produce ROS that can fragment ECM proteins makes the possibility of radiation-produced
matrikines (albeit with less specificity than MMPs), an interesting phenomenon to explore. In
all, undertaking these biochemical studies may help explain certain non-local radiation

effects, such as bystander effects, where local mechanical influences are not applicable.

1.5 Challenges of studying the ECM and the current state of knowledge

Studying the ECM is critical for furthering our understanding of radiation damage, but ECM
proteins can be challenging to characterise due to their insolubility, necessitating the use of
strong dissociative reagents which may affect protein structure [161,162]. Secondly, studying
the ECM from tissues often requires decellularisation to prevent cellular influence, during
which the ECM may be damaged and altered by chemicals used to remove the cells. Various
models and experimental systems have been used in recent papers to study the ECM under
UV and ionising radiation, but due to their limitations, these systems produce results which
can be hard to interpret in relation to other literature. Summarised below are the four general
categories of approach for studying the ECM under radiation exposure found in current

literature, namely: (1) purified proteins; (2) decellularised cultures; (3) ex vivo; and (4) in vivo.

Purified protein experiments (Table 1.1), which is a bottom-up approach to target specific
ECM proteins, is advantageous in its ability to isolate the effects of radiation on the protein
of interest. For example, an increasingly common group of purified ECM “proteins” (better
termed as peptides) are the collagen mimetic peptides (CMPs). These peptides contain
multiple repeats of the tri-peptide sequence (Gly-X-X’), a key motif in collagen fibrils [65], in
hopes of mimicking collagen properties while being more conducive for biophysical and
biochemical methods, such as crystallographic studies [163—165]. Being able to control the
specific composition of these CMPs also allows isolation of individual contribution of each
type of amino acid in the overall stability of the collagen structure to radiation exposure. Using
CMPs, Schwob et. al. (2017) were able to show preferential cleavage of the Gly-Pro peptide

bond by absorption of near x-ray energies (slightly above UVC) [96]. Other studies have also
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purified whole collagen, such as from rat tendons, before exposing them to radiation. This
was done in a study by Miller et al. (2018) [142] where collagen from rat tendons were
reconstituted into 3D collagen gels and were able to show reduction in stiffness of these gels
with 10-63Gy of y-ray exposure, thus shedding light on possible mechanical alterations of
collagen in tissue after irradiation. Purified proteins are thus useful for investigating the
chemical and structural changes of individual proteins that might occur during irradiation.
However, the results are difficult to extrapolate to the protein in actual tissues and the
potential downstream effects in vivo as the experimental system is not representative of the
protein’s natural environment or state in the ECM. Nonetheless, such a reductionist approach
can provide a fundamental picture of the molecular mechanisms that occur for the proteins
in question during radiation exposure and is a first step to predicting or understanding

complex phenomena in tissues.

Table 1.1. Selected studies utilising purified ECM proteins for radiation damage experiments are useful to elucidate
molecular mechanisms of radiation responses for individual ECM proteins. Most studies show that purified collagens
in solution exposed to ionising radiation induces significant structural change and peptide bond cleavages albeit at
non-physiological doses.

Dose Method Ref. Results

Lyophilised collagen
Irradiated samples were, in general, more than twice as
Co-60 y-ray at from rat tail tendon
soluble as non-irradiated in 0.02 M acetic acid, 6 M lithium
1.289kGy/hr, 5kGy— irradiated and tested for [166]
chloride and 6 M urea. Melting temperature reduces with
50kGy solubility and melting
increasing dose.
temperature

Grounded collagen

Solubility unchanged when irradiated wet due to cross-
irradiated in dry/wet

linking, and solubility increased when irradiated dry.

y-ray (1 MeV), (5%/80% moisture) state
[167] Significant molecular changes likely due to the breakage of
50kGy-500kGy in the presence and
peptide bonds. Degradation of Tyr; Hyp/Pro; Asp sensitive to
absence of

oxygen/nitrogen.
oxygen/nitrogen

Isolated collagen

mimetic peptides,

Near X-ray (13.8-22.1 Gly-Pro peptide bonds are more susceptible to cleavage,
photon absorption in gas[96]

eV) collagen triple helix stabilised by hydroxyproline.
phase + mass

spectrometry
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Decellularised cultures (Table 1.2) involve taking tissue samples from living organisms and
removing the cells from the tissue, leaving behind the ECM scaffold and proteins for cell
culture applications [168,169]. Utilising ECM from tissue provides the advantage of good in
vivo representation, with ECM structures, growth factors and binding ligands largely intact for
radiation studies. There is evidence of X-rays, in the kGy range, altering the stiffness of these
ECM scaffolds [170,171]. Behaviour of cells seeded onto X-ray irradiated ECM scaffold was
also altered with increased proliferation [168] or poor adhesion [172]. These studies show X-
rays’ ability to induce changes in mechanical properties of biologically relevant ECM scaffolds
and that cellular behaviour alteration may in part be attributed to an indirect contribution
from ECM damaged by radiation exposure. While decellularised cultures enables us to explore
the interplay between different components of the ECM, as well as post-irradiation cellular
remodelling of the ECM, the abundance of ECM components in the culture can also be
detrimental when attempting to identify the cause of downstream effects. Furthermore, the
variability of ECM proteins in different organisms, or even in different regions of the same
organism, can make experiments difficult to replicate. Lastly, the decellularisation process can
also alter ECM protein’s ultrastructure during the chemical removal of cells or during the
sterilisation process [171], making it difficult to control for unwanted changes.
Table 1.2. Decellularised tissues exemplify a highly representative ECMs that can mimic key aspects of in vivo

responses to radiation damage. Studies using these systems show X-rays’ ability to induce changes in mechanical
properties of ECM scaffolds, and that X-ray exposure can affect subsequent cell responses to the ECM.

Dose Method Ref. Results

y-ray (wavelength Rabbit kidney (170] Reduced tensile strength and young’s modulus with gamma
170

unspecified, 5000Gy) decellularised ray.

Increased stiffness/tensile strength, reduced elongation at
Gamma irradiation of
Co-60 y-ray, 25kGy [171] break after irradiation, due to fragmented collagen cross-
decellularised cornea
linking.

3kGy resulted in more than 50% loss in collagen content.
Cs-137 y-ray, 1k— Decellularised whole
[172] Human renal cortical tubular epithelium (RCTE) cells
10kGy porcine kidney
reseeded and resulted in poor adhesion/growth.

Murine mammary fat
Increased proliferation for murine TNBC reseeded on
Cs-137 y-ray, 20Gy  pads decellularised and [168]
irradiated hydrogel.
made into hydrogels.
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Ex vivo systems (Table 1.3) refer to tissues that are extracted from organisms and
experimented on (usually in less than 24 hours) with minimum alteration. A key advantage of
ex vivo experiments is their ability to provide clinically relevant insights into complex tissues,
making them useful for determining end point consequences of radiation effects. Radiation
studies on ex vivo tissues have shown changes in mechanical strength, even at
radiotherapeutic doses of X-rays [142,173,174], although they were not consistent between
different tissue types. These systems are often complicated to analyse as they contain both
ECM and cells that can influence the remodelling of the ECM after irradiation (Table 1.4).
Furthermore, the results are hard to generalise as the tissues used are made of specific cells

and ECM environments, which may only be applicable to that organism.
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Table 1.3. Ex vivo experiments utilise complex model systems that give biologically relevant consequences of radiation
effects. Studies show that radiotherapeutic doses of X-rays (around 50Gy) can alter the mechanical properties of ex-

vivo samples.

Dose

Method Ref. Results

Cs-137 y-ray, 10—
63Gy

Mammary tumours

(MMTV-PYMT transgenic

mice) immediately Significantly reduced tensile and compression modulus after
irradiated and frozen 60Gy irradiation (fractionated and single dose).

before tested for

compression

6-10 MeV clinical
(LINAC) X-rays, 30-

Biopsy from radiation
therapy treated breast

cancer patients.

No observable change in elastic fibres/collagen, but stiffness
Irradiated/non irradiated [173]

is higher for irradiated regions.

56Gy samples from the same

patient 10-96 months

after treatment

Lumbar vertebrae Monotonic strength (one direction) decreased at 17000Gy
21 KeV synchrotron x-excised and removed of and above. Increase in non-enzymatic cross-links at a lower
rays, 50-35000Gy soft tissue. Wrapped in 173l dose (50-1000Gy) by analysing AGEs. Crosslinks do not have

saline-soaked gauze a significant impact on vertebral strength.

Bovine pericardial tissue
For pericardial tissue, elastic modulus increased for small

6 MeV clinical (LINAC) (collagen), Bovine

X-rays, 10-100Gy

[174] strain and decreased at larger strain after irradiation. Elastin
ligamentum nuchae
has significantly reduced elastic modulus after irradiation.
(elastin)
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For in vivo systems (Table 1.4), mouse models are often used to observe longer-term tissue

responses to radiation. Such experiments are useful to account for the various effectors of

radiation response, allowing full interaction between different mediators and are helpful for

observing long-term effects such as secondary malignancies, fibrosis, and metastasis. In

addition, such models can elucidate if irradiated regions may exert a local or systemic

influence on, for example, the immune responses [176]. In vivo studies show that irradiated

animals experience ECM remodelling, which is likely to be mediated by MMPs. However,

therein lies the challenge of relating animal models back to humans, as genetic differences

could invalidate the radiation response elucidated in these models [176]. In addition, it is

difficult to determine if the radiation outcomes are associated with the acute effects of

radiation on ECM proteins or with long-term remodelling from cellular expression of MMPs.

Table 1.4. In vivo models allow for observations of long-term radiation responses not only in the targeted area but
also surrounding tissues or organs for bystander studies. In vivo studies showed that both UVR and ionising radiation-
exposed animals experience ECM remodelling as a consequence of protease action.

Dose

Method Ref

Results

Co-60 y-ray, 2-22Gy
in fractions of
2Gy/day

White, outbred rats,
irradiated in bladder and
rectum. For 2Gy, rats

were harvested 1 day/1 [177]
week/1month after
irradiation. Higher doses
harvested after 1 day.

One-month post-2Gy irradiation showed thickening of
collagen fibres and tight, parallel packing for the bladder and
rectum. One day post-irradiation for higher dose observed
the same effects with the severity dependent on dose. Skin
most sensitive showing similar damage at 8Gy.

300kVp X-rays (30—
60Gy) for local, Cs-
137 y-ray (6—-10Gy)
for whole body

C57BL/6 mice with

178
smad3 gene knockout [178]

Smad3 knockout mice have less TGF-B1 expression, less
inflammation, less myofibroblasts after radiation

Co-60 y-ray, 2—-40Gy,
1.7Gy/min

2-month-old, white wild
type outbred rats, ~
200g, harvested 1 day/1
week/1,2,3 months after
irradiation for rat’s tail
tendon

[179]

Differential scanning calorimetry showed a dose-dependent
increase in denaturing temperature 24 h after irradiation,
but dose-independent after 1 week. Negligible change was
observed for tertiary/secondary structures using second
harmonic generation/cross-polarisation optical coherence
tomography

While studies conducted across the four types of model systems were useful in elucidating

the outcomes of ECM proteins to radiation exposure in vivo, there remains a lack of

consensus and thus, a gap in understanding the underlying mechanisms, which this thesis

aims to address.
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1.6 Hypotheses and aims

Clinical outcomes of exposure of breast tissue to ionising radiation, such as the fibrosis or the
hardening of breast tissues, have been well documented and detrimentally impact patients’
quality of life. However, this is not limited to breast tissues (which is the focus of this study);
it is important to acknowledge that x-ray exposure can affect other organs, resulting in
adverse clinical consequences. For example, in breast radiotherapy, excessive ECM accretion
may occur in the lung leading to fibrosis [180]; In prostate radiotherapy, ECM degradation
often precedes radiation proctitis [181]; For lung radiotherapy, pneumonitis often develops
with aberrant ECM deposition [81]; In glioblastoma radiotherapy, the ECM is found to
increase the invasiveness of glioblastoma cells, possibly contributing towards the high relapse
of glioma patients after radiation therapy [182]. To mitigate these undesirable complications
post-radiotherapy, there is a significant necessity to explore the underlying mechanisms that
elicit such responses, and the role ECM may play in those mechanisms following therapeutic

radiation exposure.

Although the impact of X-ray exposure on breast cells is well characterised, tissue function
and physiology are determined by a complex interplay between both the cellular and the
extracellular (ECM) components. However, to date, the impact of ionising radiation on ECM
proteins remains poorly defined. The current literature (as seen in section 1.5) lacks
consensus in the impact of radiation on ECM, partly due to a wide range of radiation doses
and energies used. Furthermore, each study was often confined to addressing a single type
of experimental system, thus lacking the continuity required for a complete picture of the
impact of radiation on ECM proteins at multiple scales. To address this gap in knowledge, it is
crucial to characterise the interaction of clinical X-ray doses with appropriate biological
samples using methodologies which are sufficiently sensitive to detect low, clinically relevant

radiation dose effects across multiple experimental systems.

This thesis, hence, aimed to address these gaps in order to improve our molecular
understanding of ionising radiation damage to ECM proteins (both purified suspensions and
complex tissue-derived ECM mixtures) while using consistent, clinically relevant doses and
energy of X-rays (50-100Gy, 300kVp). X-ray dose of 50Gy was chosen as it represents the
typical total dose to the tumor bed for radiation therapy of many cancer patients

[58,183,184], while 100Gy was chosen to investigate possible dose dependent effects.
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The impact of X-ray exposure was characterised using complimentary biophysical and
biochemical characterisation including the newly developed approach of peptide location
fingerprinting (PLF), which has been previously been shown to detect small changes to
structure and enzyme susceptibility in large ECM molecules, such as fibrillin-1 and collagen VI
[185]. Furthermore, PLF can be applied to proteomic analysis of both purified ECM

suspensions and complex tissues due to the flexibility of mass spectrometry.
Using the principles mentioned, this thesis aims to address three hypotheses:

1. Therapeutic X-ray doses differentially affect the structure of proteins dependent on their

amino acid composition.

Collagen | is the most abundant protein in the human body and a key component of breast
stroma, while fibronectin is a large, ubiquitous glycoprotein which performs key roles in
cellular binding and signalling. In contrast to collagen |, fibronectin is rich in oxidation sensitive
amino acid residues and hence would be expected to suffer more radiation-induced damage
due to the radiolytic production of ROS. Using a consistent panel of biochemical and
biophysical techniques the impact of X-ray exposure on the structure of purified collagen |

and fibronectin is compared.

2. Exposure to therapeutic X-rays doses affects collagen | structure in an assembly-dependent

manner.

In common with other ECM components (principally of the elastic fibre system), collagen | is
present in tissues as large multi-component macro-molecular assemblies. Here the aim is to
determine if native, macro-molecular assemblies of ECM proteins, specifically collagen |
(fibrils), are affected by x-ray exposure and if so, whether assembly into fibrils affects relative
susceptibility. While other ECM proteins, such as elastin, are equally important in
biomechanical function as collagen |, they are much harder to isolate and purify, and their
structure is less distinct (unlike the triple helical structure of collagens). Thus collagen | has
been chosen as the focus of this study. It is suspected that the accessibility of water molecules
many cause localised differences in ROS concentrations in the suspension of collagen
monomers compared with the interior of densely packed collagen fibrils, which may influence

the outcome to therapeutic x-ray exposure.
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3. Mass spectrometry data can identify key targets of X-rays damage in complex proteomes.

The final aim is to compare the therapeutic radiation response of ECM proteins derived from
in vitro fibroblast cultures with ex vivo breast tissue samples. In addition to investigating
collagen | and fibronectin, a global search (or shotgun proteomics) was conducted using mass
spectrometry to screen for damaged ECM proteins flagged by PLF and compared between the
two sample types. Identifying these targets is a key step in understanding the impact of low-
dose ionising radiation on tissue biology and hence breast radiotherapy associated

pathologies.
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2 Materials and methods

2.1 Purified proteins, cell lines, and breast tissue sources

Purified human collagen | (from human placenta) were sourced from Sigma-Aldrich (UK)
(catalogue number: CC050); purified plasma fibronectin (from blood plasma) was purchased
from Abcam (Cambridge, UK) (catalogue number: ab80021). Solubilised rat tail collagen | was

purchased from Gibco (UK) (catalogue number: A1048301).

Immortalised human mammary fibroblast (HMFU-19) for in vitro ECM production were kindly
gifted by Alis Hales from the Gilmore lab at the University of Manchester. HMFU-19 are
normal primary human mammary fibroblasts immortalised by human telomerase reverse
transcriptase (hTERT) and a temperature-sensitive mutant of the simian virus 40 large-tumour

antigen (U19tsA58) [186].

Rat tails tendons were dissected from young, male Sprague Dawley rats. The care and use of
all rats in this study was carried out in accordance with the UK Home Office regulations, UK
Animals (Scientific Procedures) Act of 1986 under the Home Office Licence (#70/8858 or
I045CA465). Rats were culled by CO; inhalation and tails were immediately dissected and

stored at -80°C wrapped in phosphate buffer (pH 7.4) saturated gauze.

Ex vivo frozen normal breast tissue samples were obtained from biobank (Project number:
22 MISH_02, Sample serial number: HO00884T1Na, patient age at surgery: 64, patient
diagnosis: Grade Il Infiltrating Ductal Carcinoma) under the Manchester Cancer Research

Centre (MCRC) general ethics approval.

A summary table of all materials used, and the sample size is included in the table below

(Table 2.1).
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Table 2.1. Table of summary for all samples and materials used in the study and the sample size.

Sample Details Methods Sample size (n)
SDS-PAGE 3
Purified human Native-PAGE 1
Sigma-Aldrich (UK), CC050
collagen | CD 1
PLF 5
SDS-PAGE 3
Purified human
Abcam (Cambridge, UK), Native-PAGE 2
plasma
ab80021 Light scattering 3
fibronectin
PLF 5
SDS-PAGE 3
Rat tail collagen | Native-PAGE 3
Gibco (UK), A1048301
(Solubilised/Gel) CcD 1
PLF 5
SDS-PAGE 3
Dissected from young, male Native-PAGE 3
Rat tail tendon
Sprague Dawley rats CD 1
PLF 5
Human mammary
HMFU-19, passage 20-22 PLF 5
fibroblast ECM
Frozen normal tissue (at least
3cm from tumor site)
Biobank project: 22_MISH_02
Human breast Sample number:
PLF 1

biopsy

HO00884T1Na
Patient age: 64
Diagnosis: Grade Il Infiltrating

Ductal Carcinoma
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2.2 Reconstituted rat tail collagen gels

All solutions were kept on ice during the procedure (unless otherwise stated) to prevent
premature fibrillogenesis of collagen solutions. Protocol was adapted from manufacturer’s
instructions (MANOOO07327). Firstly, solubilised rat tail collagen (Gibco, UK) at 3mg/mL was
diluted to 1mg/mL with PBS (137mM NaCl, 2.7mM KCl, 10mM NazHPO4, 1.8mM KH>PO4, pH
7.4) (Sigma-Aldrich, UK). 37.5uL of 1M NaOH was added to the mix per 1mL of 3mg/mL
solubilised rat tail collagen used and mixed thoroughly by pipetting slowly without
introducing air bubbles. pH was verified to be neutral (pH 7) by pipetting 40uL of mix onto a
Whatman pH indicator paper strip (Cytiva, Amersham, UK) and allowing it to equilibrate for 1
minute. pH was adjusted with additional 1M NaOH if required. Neutralised collagen solution
was distributed into 0.5mL Lo-bind Eppendorf tubes and placed in a humidified incubator for
1 hour at 37°C to speed up fibrillogenesis. Following incubation, the collagen gel was visually
inspected for increased turbidity for successful gel formation, before storing at 4°C for up to

a week.

2.3 Sample preparation prior to x-ray exposure

2.3.1 Complex ECM production and decellularisation with in vitro immortalised human
mammary fibroblast (HMFU)
Immortalised human mammary fibroblast (HMFU-19) [186] were cultured at passage 20-22
and grown in RPMI-1460 media, with 1% Glutamax and 10% FBS. Cells were cultured in low
wall, 50mm p-Dish (Ibidi, Grafelfing, Germany) and in 6 well plates. Cells were seeded at 10°
per dish/well and grown for 2-3 days until confluent. Media was changed every 2 days and
cells were allowed to deposit matrix until 9 days post-confluence. Cells were subsequently
removed by incubating with PBS- (137mM NaCl, 2.7mM KCI, 10mM NazHPQO4, 1.8mM KH2PO4,
pH 7.4) (Sigma-Aldrich, UK) containing 0.5mL of 20mM NH4OH, 0.005% Triton-X 100 until no
cells were visible. Additional 1mL of PBS- was added to each well and allowed to incubate
overnight at 4°C. Plates/wells were carefully washed the next day with PBS- twice and PBS+
(PBS with 0.9 mM CacCl; and 0.5mM MgCl;) twice to remove detergent and remaining cells.
The leftover matrix was kept in PBS+ supplemented with 1% Penicillin/Streptomycin (P/S) at

4°C (for up to 5 days) until needed.
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2.3.2 Rat tail tendon extraction

Frozen rat tails dissected from young, male Sprague Dawley rats were left to defrost at room
temperature for 10 minutes, following which the skin was removed by making a vertical cut
with a scalpel along the tail and carefully peeling it off. Two horizontal cuts, approximately
2cm apart, were made near the base of the tail to expose tendon fascicles. Fascicles were
gently extracted using forceps while minimising extension and were immediately washed in
a tank of phosphate buffer (PBS) before transferring to a clean Eppendorf tube with PBS

containing protease inhibitor cocktail (Promega, Hampshire, UK) and stored at 4°C.

2.3.3  Exvivo breast tissue

Ex vivo breast tissue samples were cryosectioned prior to x-ray irradiation. Firstly, frozen
tissue was embedded in Tissue-tek optimal cutting temperature (OCT) compound (Sakura
Finetek, Torrance, CA, USA) and left in the cryostat to stabilise at -33°C for at least 20 minutes.
Subsequently, the tissue was sectioned to a nominal thickness of 20um. 20um was
determined to contain sufficient tissue sample for mass spectrometry while retaining similar
tissue composition (by H&E staining) across five sequential sections (Appendix 7.3). These five
sequential sections were collected on individual Epredia Superfrost™ microscope slide
(ThermoFisher, UK) to form a group. Each slide contained three cryosections from different
groups but of the same sequential position in their respective group (Figure 2.1). Slides were

kept at -20°C and transported on dry ice until x-ray exposure.
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Figure 2.1. Post-irradiation sample extraction and homogenisation steps for in vitro HMFU-19 cell culture and ex vivo breast
tissues from biobank. (a) For HMFU cell culture, cells were first removed by addition of extraction buffer containing Triton X-
100 and NH,OH. The leftover ECM in PBS was exposed to radiation, following which the supernatant was collected and
freeze-dried while the ECM was scraped off from the wells into SDS-containing lysis buffer. The lyophilised supernatant was
resuspended in the same lysis buffer and combined with the ECM fraction before being homogenised with ultrasonication.
(b) Ex vivo breast tissue samples were first cryosectioned into sequential sections of 20um thickness (E.g. In figure, A1 to A5
are sequential sections from a region of tissue. B1 to B5 are sequential sections from a different region of the same tissue.)
Five sequential sections were obtained for each region of the tissue, to a total of 9 regions, with 3 regions combined into a
slide. This gave a total of 3 sets of 5 = 15 slides. Within each set of slides, the first and last slides were kept for H&E staining,
while the 3 remaining slides were randomly chosen to be exposed to 0, 50, or 100Gy of radiation. After radiation exposure,
OCT was removed by a quick ethanol wash, and subsequently the sections were scrapped off the slides with a cell scrapper
and addition of lysis buffer. The detached sections were then ultrasonicated.

2.4 lonising (X-ray) irradiation

Samples were irradiated on the C1X3 Self-contained cabinet irradiator (Xstrahl, Camberley,
UK), fitted with a 0.7mm copper filter and placed on top of a rotating Perspex platform. The
dose rate was previously monitored at a setting of 300kVp tube voltage, 10mA tube current
and was calculated to give a dose rate of 2.2Gy/min to a water body (calibrated yearly) with
a half value layer of 2.3mm aluminium. Samples were irradiated to 50Gy or 100Gy in 22min
16s and 45min 27s respectively at room temperature. All samples were placed at room
temperature throughout the irradiation process (including control samples) until the last
sample has completed to minimise possible variation between samples due to sample

degradation.

Purified protein, rat tendons, and rat tail collagen reconstituted gels were irradiated while in
their respective Eppendorf tubes (thickness of plastic of Eppendorf tube estimated to have

negligible dose effect of about 5% reduction). In vitro HMFU-19 derived ECM was irradiated
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while in 6-well plates with lids removed. Ex vivo cryosectioned tissue samples were irradiated

while on the glass slides.

Fractionation of doses was not employed to investigate the direct impact of radiation on ECM
proteins without the influence of cellular remodelling. Without cells, ECM components are

unlikely to respond differently to radiation doses given in multiple fractions or in a single dose.

2.5 Sample extraction and homogenisation after x-ray exposure
After x-ray irradiation, all samples (except solubilised proteins) were extracted and

homogenised for subsequent biochemical analysis as follows.

2.5.1 Collagen gel

An equal volume of 20mM acetic acid to the volume of gel was added to the Eppendorf tube
and gently vortexed to lift the gel off the bottom of the tube. The mix was then left at 4°C
overnight. The solution was then mixed thoroughly by pipetting to ensure no remaining gel

was left.

2.5.2 Rat tendon fascicles

Extraction of collagen from rat tail tendon fascicles were based on protocol in previously
published work by Holmes et. al. (2010) [187]. Rat tail tendon fascicles were diced and snap
frozen in liquid N2. Next, they were placed under a cooled metallic cylinder (also cooled with
liquid N2) and crushed rapidly with a hammer. The crushed tendons were suspended with a
dounce homogenizer in 50mM Tris-HCI, 50 mM Ethylenediaminetetraacetic acid (EDTA), 150
mM NaCl, 100 mM sucrose (pH 7.4), supplemented with protease inhibitor cocktail (Promega,
Hampshire, UK). Samples were homogenised with ultrasonication using Covaris LE220+
(Covaris LLC, Woburn, MA, USA) at 500W peak power, 20% duty factor (100W average) for 5
minutes and concentration was subsequently determined by Direct Detect™ (Merck

Millipore, Darmstadt, Germany) assay before storage at -20°C.

2.5.3 HMFU-19 derived matrix

Previously prepared decellularised fibroblast (HMFU-19) derived ECM, post-exposure to
ionising radiation, was processed for LC-MS/MS analysis as follows (Figure 2.1). The
supernatant (PBS+ containing P/S) were collected into tubes and 400uL of lysis buffer is added
to the decellularised ECM in 6-well plates. Following which, the ECM was removed with the

buffer and collected into an Eppendorf tube by using a mini cell scraper (VWR, Radnor, PA,
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USA). Supernatant was frozen down in -20°C freezer and lyophilized in a freeze dryer
overnight. Subsequently, 100uL of lysis buffer was added to the lyophilised supernatant and
combined with the ECM samples to a total volume of 500uL. The samples were then
homogenised with ultrasonication using Covaris LE220+ (Covaris LLC, Woburn, MA, USA) at
500W peak power, 20% duty factor (100W average) for 5 minutes. Protein concentration was
subsequently determined by Direct Detect™ (Merck Millipore, Darmstadt, Germany) assay

before storage at -20°C.

2.5.4 Exvivo breast tissue samples

After x-ray irradiation, the breast tissue cryosections were first processed to remove the OCT
compound as follows. Slides were dipped in 70% EtOH for 30s, 100% EtOH for 30s, followed
by ten quick dips in two different containers of deionised H0O (five dips each). The slides were
then given the same EtOH treatment (70% EtOH 30s, 100% EtOH 30s) and left to dry for 30

minutes at room temperature.

Each cryosection was re-hydrated with approximately 200uL of lysis buffer (5% SDS, 50 mM
triethylammonium bicarbonate (TEAB), pH 7.5), and carefully loosened from the slides using
a mini cell scraper (Figure 2.1). The tissue and the buffer on the slides were then transferred
over to a microTUBE-500 (Covaris LLC, Woburn, MA, USA) by careful pipetting. Additional lysis
buffer was added to the slides to collect as much cellular material leftover as possible and
subsequently combined into the microTUBE-500. Total volume was topped up with lysis
buffer to 500uL. Ultrasonication using the Covaris LE220+ (Covaris LLC, Woburn, MA, USA) at
500W peak power, 20% duty factor (100W average) for 5 minutes. Protein concentration was
subsequently determined by Direct Detect™ (Merck Millipore, Darmstadt, Germany) assay,

before storage at -20°C.

2.6 Biochemical techniques (Gel electrophoresis)

2.6.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was conducted in XCell surelock mini-cell electrophoresis system (ThermoFisher,
UK) with 4-12% Bis-tris NUPAGE gels (ThermoFisher, UK), in 3-morpholinopropane-1-sulfonic
acid (MOPS) SDS running buffer (ThermoFisher, UK) at 200V for 60 min according to

manufacturer’s instructions (unless otherwise stated). Gels were stained with ReadyBlue
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Protein Gel stain (Sigma-Aldrich, UK) for coomassie stains, or Pierce silver staining for Mass

spectrometry kit (ThermoFisher, UK) for silver stain.

2.6.2 Acidic native-PAGE

Acidic native-PAGE (AN-PAGE) protocol was adapted from the methodologies published by
Ornstein [188] and Lebendiker [189]. Gels were cast at 5%/7% using formulations in Table 2.2.
The running buffer was 35mM B-alanine, 14mM acetic acid at pH 4.3. Gels were run at 100V

for 8 hours and subsequently 200V for 16 hours at 4°C.

Table 2.2. Composition of separating and stacking gel for acidic-Native PAGE adapted from Ornstein and Lebendiker.

Acidic-Native PAGE gel recipe

Separating gel
Stacking gel
(7% acrylamide)
30% Bis/Acrylamide 6.4mL 1.0mL
50% Glycerol 6.0mL
dH20 6.6mL 6.4mL
0.25M Acetic Acid — KOH, pH 4.3 2.5mL
1.5M Acetic Acid — KOH, pH 4.3 6.7mL
10% APS 320uL 100pL
TEMED 40uL 10pL

2.7 Atomic force microscopy (AFM)

2.7.1 Atomic force microscope mechanical testing

Mechanical testing on the AFM was conducted using the Peakforce Quantitaive
Nanomechanics (QNM) mode in fluid on the BioScope Catalyst AFM (Bruker, Santa Barbara,
CA, USA). Briefly, Peakforce QNM is a recently developed AFM mode designed to minimise
sample and probe damage by limiting the force experienced by the probe while scanning and
mapping the sample [190]. A spherical probe of 5um diameter with cantilever spring constant
of 0.14-0.16N/m was used (CONT-Silicon-SPM-Sensor with colloidal particle, sQUBE,
Bickenbach, Germany). Prior to the start of each experiment, the probe deflection sensitivity
and spring constant were calibrated. The deflection sensitivity was set by ramping/indenting
onto an empty glass slide at least three times and calibrating on the approach curve. Once

the deflection sensitivity was set, the probe was withdrawn from the surface and thermal
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tuning was conducted to obtain the spring constant of the probe [191]. Following calibration,
indentation of the sample was conducted by indenting the probe to a depth of 50nm into the

sample at a rate of 6pm/s to obtain the force curve (Figure 2.2).

------ Approach f
—————— Retract /

75% of peakforce ................................. ]L

Region of approach curve |

used for fitting force =) ‘
—_—

curve with Hertz model /

Force (o)
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/

Figure 2.2. An example force curve obtained using the AFM Peakforce QNM mode from indentation of a collagen

gel with a spherical probe. The force curve was further analysed by fitting the approach curve in the region between
75% and 25% of the peak force with the Hertzian model to obtain the reduced modulus.

Approximately 225 force curves were obtained in a region of 15um x 15um spaced 1um apart,
with a total of three regions tested per sample. For each force curve, the approach curve was
used to estimate the reduced modulus of the sample based on the Hertzian model (spherical)
by fitting the curve within the region bounded between 75% and 25% of the peak force. The
hertzian model assumes the force curve is derived from the collision of two perfectly elastic
spheres, which, in the case for the AFM, the material is assumed to be a sphere with infinite
radius [192]. The fitting equation used (according to the manufacturer’s manual) for the

Hertzian spherical model is:

2
2 4 3
F3=36 (§E*\/§>

Where F is the force from the force curve, R is the radius of the spherical tip, § is the
indentation depth, and E* is the reduced modulus to be obtained. The reduced modulus,
which accounts for the stiffness of both the cantilever and the indentation material, can be
related to the Young’s modulus (E) by the following equation:

E

E* =
1—v2
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Where v is the poisson’s ratio, which is typically estimated to be around 0.2-0.5. For this
study, the results are kept as reduced modulus. The data collected was then filtered to
exclude data with an r? value below 0.9, and subsequently for values that lie beyond two

standard deviations of the original raw dataset.

2.7.2 Atomic force microscope imaging

AFM imaging was conducted using the ScanAsyst Air mode on the BioScope Catalyst AFM
(Bruker, Santa Barbara, CA, USA). The ScanAsyst-Air probe (Bruker, Santa Barbara, CA, USA)
with cantilever spring constant of 0.4-0.8N/m was used. 5um to 10um images were taken at
512 x 512 or 1024 x 1024 resolution respectively at a rate of 0.5Hz per line. The peak force
error images were processed using Gwyddion 2.63 [193] to obtain their 2D-fourier

transformed images.

2.8 Solid phase enzyme-linked immunosorbent assay for collagen-fibronectin
binding

This assay was conducted to test for protein-protein binding between purified human
collagen | and human plasma fibronectin and generally follows previously published protocol
by Biesiadecki [194] with modifications to blocking and antibody solutions. In brief, human
collagen | (ab7533, Abcam, Cambridge, UK) was diluted to 2.5pg/mL using PBS- (Sigma-
Aldrich, UK) and added to 96-well plates at 50ul/well for overnight coating at 4°C. Plates were
washed three times (0 min, 2 min, 3min incubations) with 25mM Tris, 2.7mM KCI, 137mM
NaCl, 0.05% Tween-20, pH 7.4 (Prepared from 20X TBS (ThermoFisher, UK) and Tween-20
(Sigma-Aldrich, UK)) (TBST) then blocked with 200ulL/well of 5% skim milk (SERVA
Electrophoresis GmbH, Germany) in TBST at room temperature (RT) for 1.5 hours. Following
the same wash procedure, plasma FN (ab80021, Abcam), which was diluted to a range of 20
- 0.05pug/mL in 20mM HEPES, 150mM NaCl, was added at 50ul/well and incubated overnight
at 4°C. Subsequently, the fibronectin solution was removed from the plates by washing with
TBST, before addition of FN mouse monoclonal 1° antibody (66042-1-Ig, Proteintech Europe,
UK) at 1:2000 with 100uL/well for overnight incubation at 4°C. The primary antibody was
washed out with a stricter wash procedure (5X wash: 0 min, 2 min, 2 min, 3 min, 3 min
incubations), before addition of the 2° antibody (HRP-conjugated Affinipure Goat anti-rabbit
IgG(H+L), SAO0001-2, Proteintech Europe, UK) at 1:2000, 100uL/well, for 1.5 hours incubation
at RT. Finally, following a strict 5X wash with TBST, 100uL of 3,3’,5,5’'-tetramethylbenzidine
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(TMB) substrate (ab171522, Abcam, Cambridge, UK) is added per well and incubated for 40
minutes. The reaction was stopped by adding equal volume (100uL) of 1M HCI to the wells.

The absorbance was recorded at 450 nm with Multiskan FC (ThermoFisher, UK).

2.9 Protein structure and thermal stability characterisation

2.9.1 Differential scanning fluorimetry and light scattering

Protein melting temperature (Tm) and aggregation temperature (Tag) of purified proteins
were determined using differential scanning fluorimetry (DSF) and light scattering, both static
and dynamic, on the UNcle protein stability screening platform (Unchained labs, Malvern, UK)
based on manufacturer’s guidelines. 8.5uL of 0.5mg/mL purified protein samples were added
to each well on the Uni cassette (Unchained labs, Malvern, UK). For Tm/ Tage experiments,
samples were incubated at 15°C for 180s, following which the samples were exposed to
266nm and 473nm laser and the static light scattering (SLS) spectrum was measured.
Subsequently, the temperature of the samples was raised by 1°C and held for 60s before
repeating the same measurements, until a temperature of 90°C was reached. The change in
intensity of scattered light at 266nm and 473nm were monitored separately and was used to
determine protein aggregation (Tag) (266nm for smaller molecules, 473nm for larger
molecules) [195], while the shift in barycentric mean (BCM) of tryptophan fluorescence (305
- 355nm) was used as indication of the extent of tryptophan exposure to surrounding

hydrophilic solvent molecules and used to determine the melting temperature (Tm) [196].

2.9.2 Circular dichroism

Collagen | triple helical structure was investigated using circular dichroism (CD) conducted on
the J-810 spectropolarimeter (Jasco, Heckmondwike, UK) according to manufacturer’s
guidelines. Collagen samples were prepared to a concentration of 0.5mg/mL. Purified
collagen | samples (solubilised rat tail collagen/reconstituted rat tail collagen gel) were diluted
in 20mM acetic acid to obtain the required concentration. Rat collagen | from homogenised
rat tail tendons fascicles were first dialysed into 20mM acetic acid using Slide-A-Lyzer mini
dialysis device (ThermoFisher, UK) overnight at 4°C with a single change of 20mM acetic acid

after the first 2 hours.

160uL of sample was pipetted into a demountable quartz cuvette (Jasco, Heckmondwike, UK)

with a path length of 0.5mm. The CD spectrum was obtained between 250 — 195nm
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wavelengths at a resolution of 0.2nm, at lowest temperature possible (10°C) to avoid thermal
denaturation. The exposure time was set to 0.5 s, with 1nm bandwidth and the spectrum was
averaged over three to five accumulations. To investigate thermal stability of protein
secondary structure, heating experiments were also conducted. Samples were first incubated
at 20°C for 5min, before measuring the CD signal at a chosen specific wavelength (222nm for
collagen to observe triple helical structure) every 0.1°C from 20°C to 50°C at a heating rate of

20°C/hour.

2.10 Liquid chromatography — tandem mass spectrometry (LC-MS/MS) sample
preparation and analysis

LC-MS/MS was conducted to examine proteome composition as well as peptide location

fingerprinting (PLF) analysis to investigate changes in proteolytic susceptibility of proteins,

from which localised structural changes in proteins were inferred [185,197]. The overall

workflow is described in the figure below (Figure 2.3). Preparation of

solubilised/homogenised samples prior to LC-MS/MS injection follows previously established

protocol from the BioMS core facility at University of Manchester.
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Figure 2.3. Workflow of LC-MS/MS protein database search to peptide location fingerprinting analysis (PLF), starting from top
left. After exposure to ionising radiation, samples were prepared accordingly (depending on sample type) and digested with
trypsin to produce peptide fragments. Peptides were then identified through LC-MS/MS and protein database search using
Proteome Discoverer. The MS1 intensity of all peptides and the respective amino acid sequences were exported into excel and
processed for PLF analysis using python. (a) Briefly, the peptides are aligned according to the sequence of their respective master
protein. Following which the master protein sequence is segmented into arbitrarily chosen sized bins (10 amino acids (AA) for the
example at bottom left). Based on the overlap of the peptides at each bin, the MS1 intensity was averaged at each bin across the
whole protein sequence to obtain a graph (b) of the peptide fingerprint of the protein. (c) By subtracting the MS1 intensity of
irradiated sample from the control sample, we obtain a graph of MS1 intensity difference.

2.10.1 Reduction, alkylation, and trypsin digestion

10ug of purified protein samples (solubilised rat collagen, plasma fibronectin, reconstituted

rat collagen gel) or 100ug of homogenised complex protein mix (Rat tail tendon, HMFU-19

derived ECM, ex vivo breast tissue) were diluted to 130uL (purified protein) or 500uL (complex

protein mix) containing 5% SDS, 50 mM triethylammonium bicarbonate (TEAB), pH 7.5, prior

to reduction with 5mM Dithiothreitol (DTT) and alkylation with 15mM lodoacetamide (IAM).

Next, phosphoric acid was added to a final concentration of 1.2% to acidify the samples,

following which binding buffer (100mM TEAB, 90% Methanol, pH 7.1) was added in ratio of

6:1 (binding buffer to volume of samples) to precipitate the proteins. Precipitated proteins

were then concentrated by an S-trap column (ProtiFi LLC, Fairport, NY, USA), and the column

was washed with binding buffer to remove impurities and excess DTT/IAM before addition of
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1:10 trypsin in 20uL of 50mM TEAB (based on the ratio 1:10 trypsin to estimated amount of
sample, i.e. 1ug trypsin for 10ug sample, 10ug trypsin for 100ug sample), and left overnight
in a 37°Cincubator (16-24 hours).

2.10.2 Peptide desalting

Following digestion with trypsin, the resultant peptide suspension was sequentially eluted
with 50mM TEAB, followed by 0.1% (v/v) aqueous Formic acid (FA), and finally 0.1% (v/v) FA
in 30% (v/v) acetonitrile to give a final 5% (v/v) acetonitrile concentration in the combined
elute. The samples were further desalted using Oligo R3 beads added to 96-well Corning
FiltrEX desalt filter plates. Samples were loaded into wells with primed beads and washed
with aqueous 0.1% formic acid to remove impurities and salt. Subsequently, peptides were
eluted with 0.1% formic acid in 30% (v/v) acetonitrile and dried with Heto speed vacuum
concentrator centrifuge (ThermoFisher, UK) without heating for 90 minutes. Vacuum-dried
peptide samples were then stored at 4°C and resuspended in 5% (v/v) acetonitrile in 0.1%

(v/v) FA prior to LC-MS/MS.

2.10.3 Mass spectrometry

LC-MS/MS was performed by the BioMS core facility at the University of Manchester with
previously published protocol. Briefly, LC-MS/MS was conducted on UltiMate® 3000 Rapid
Separation LC system (RSLC) (Dionex Corporation, Sunnyvale, CA, USA) coupled to either an
Orbitrap Exploris 480 (ThermoFisher, UK) (all samples except ex vivo breast tissue) or Orbitrap
Fusion Lumos (ThermoFisher, UK) (ex vivo breast tissue) with buffer A as 0.1% formic acid in
water and buffer B as 0.1% formic acid in acetonitrile. Resuspended peptides were first
injected an analytical column (nanoEase M/Z Peptide CSH C18 Column, 1304, 1.7 um, 75 pm
X 250 mm) (Waters Corporation, Milford, MA, USA) at a flow rate of 300nl/min. Peptides were
separated over a multistage gradient as follows: 1% B to 6% B over 2 min, 6% B to 18% B over
44 min, 18% B to 29% B over 7 min and 29% B to 65% B over 1 min. MS2 data were acquired

in a data-dependant manner over a scan range of 300 to 1750Th.
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2.10.4 Protein identification and quantification with Proteome Discoverer
Protein identification was implemented using Proteome Discoverer 2.5 (ThermoFisher, UK)
with a pre-optimised workflow consisting of spectrum search using SEQUEST within the

Proteome Discoverer software with the following parameters:

Table 2.3. Search parameters for SEQUEST in Proteome discoverer

For human collagen I, human plasma fibronectin, HMFU, breast tissue:
Homo sapiens/swissprot, 2022

Database retrieved from UniProtKB release 2022 01
Species/

Database
For rat tail collagen I (solubilised/gel/tendons):

Rattus norvegicus/swissprot, 2022

Database retrieved from UniProtKB release 2022 01

Fixed: Carbamidomethylation of cysteine residues
Modifications

Variable: Oxidation of lysine/methionine/Proline/Arginine

For Orbitrap/Exploris 480:  Peptide tolerance — 10 ppm
MS/MS tolerance — 0.2 Da
Error
tolerance For Orbitrap Lumos/lon trap: Peptide tolerance — 5 ppm
MS/MS tolerance — 0.3 Da

For both, False discovery rate (FDR) for peptides were set at 1%

Within the ProteomeDiscoverer software, peptides identified were filtered to remove those
with poor pre-cursor ion (MS1) intensity quantification or lack thereof (‘Quaninfo’ is not
‘None’ or ‘not reliable’). Only peptides that were unique to a single protein were accounted
for (‘Master protein’ is ‘1’). The peptide data crucial for analysis were normalised abundances,
which were used for MS1 intensity quantification. For the protein data, total peptide
spectrum matches (PSMs) for each protein were needed for abundance approximations in

chapter 5. All data were exported to an excel file for post-processing on Python.
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2.10.5 Detecting protein structural changes with peptide location fingerprinting

A python program was developed from ground up for peptide fingerprinting (PLF) analysis
based on published work by Eckersley et. al. (2020) [185] (Figure 2.3), with added
modifications. Briefly, peptide sequences, their respective MS1 intensities, and master
protein accession were obtained from the Proteome Discoverer exported search data.
Peptides were sorted into their respective master protein, and the peptide’s MS1 intensity is
added onto the amino acids in their respective protein’s sequence. After all peptides were
located and their intensities accounted for, each protein is arbitrarily segmented into 20
amino acid-sized bins (remaining amino acid that does not fit into the last bin is combined
into the last bin). Within each bin, the MS1 intensity of the amino acids are averaged amongst
themselves to obtain the MS1 intensity for that specific bin and specific protein. The MS1
intensity of the bins across the entire protein sequence is termed the peptide fingerprint of
the protein. The peptide fingerprint data is obtained from python and input into GraphPad
Prism 9.0 (GraphPad Software, Boston, MA, USA) for testing statistical significance. Python
code can be accessed on Github: (https://github.com/RJTuieng/MS1 PLF.git) (also attached

in Appendix 7.6)

2.10.6 Enrichment analysis using STRING webtool
To test for enrichment of biological pathways or protein categories amongst the proteins
detected by peptide location fingerprinting analysis, the list of proteins were entered into the

STRING webtool [198] (accessed from https://string-db.org/ on 20 June 2023). Search was

conducted using the 'Multiple proteins’ option by inputting the list of uniport accession
obtained from MS. Proteins with less than 45 unique peptide spectrum matches (PSMs) were

excluded from subsequent steps.

2.11 Statistical analyses

Statistical testing of data were conducted on Graphpad Prism 9.0 (GraphPad Software,
Boston, MA, USA) for SDS-PAGE/Native-PAGE/PLF. Unpaired student’s t-test were used for
comparing differences between SDS-PAGE/Native-PAGE band intensities. Two-way repeated
measures ANOVA with with Geisser-Greenhouse correction and Bonferroni-corrected
multiple comparisons test was conducted for PLF analysis. Data are presented as mean with
standard deviation as error bars. Level of significance is defined as p < 0.05 unless otherwise

specified.
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For STRING enrichment analysis, the statistical background group of proteins were set to be
the complete set of proteins identified by LC-MS/MS for the particular sample type.
Enrichment analysis was computed using a hypergeometric test with Benjamin and Hochberg
correction for multiple testing [199]. Gene ontology categories and UniProtKB associated

keywords with false discovery rate of less than 5% were labelled as significantly enriched.

54



3 Differential response of Collagen | and Fibronectin to therapeutic
ionising radiation

3.1 Introduction

Although it is well established that breast cells are affected by therapeutic does of X-rays
[200], the impact of ionising radiation on ECM components remains poorly defined. The
complexity of tissue ECMs make it difficult to study and identify key targets of radiation in
vivo. Therefore, two abundant ECM proteins in breast stroma were selected as potential
targets of therapeutic X-ray doses. Collagen | is the major structural protein in breast stroma
[201] whilst fibronectin (FN) facilitates cell-ECM interactions [18,202]. In addition to their
important biological functions, they have distinct amino acid compositions, which may
influence their sensitivity to radiation damage as it has previously been found that proteins
with higher compositions of oxidation sensitive amino acids were more susceptible to UV
radiation [152,203]. Furthermore, collagen | and FN differ in secondary and tertiary structures
(fibrillar for collagen I, and globular for FN). Protein structure can alter the type and number
of amino acid side chains that are exposed to the environment and hence oxidative damage
through water radiolysis [204,205]. Studying these two proteins may thus provide valuable
insights into how protein sequence and structure can impact the outcome of radiation

exposure on biomolecules.

3.1.1 Collagen |

Collagens make up 30% of our body’s dry weight [206], making it the most abundant protein
in the body. Collagens are comprised of three amino acid chains characterised by a repeating
-Gly-X-Y- (X, Y being other amino acids) motif along the primary sequence, forming a triple
helical structure. Amongst fibrillar collagens, collagen | is the most common, comprising 80-
90% of all types of collagens, and being the most abundant protein in skin, tendons and even

bone.

The collagen | monomer consists of two a1 chains and a single ay chain. They are first
transcribed as individual chains, after which they spontaneously form the triple helix within
the cell. They are then secreted into the extracellular space, where their N- and C- terminal
propeptides are cleaved off by metalloproteinases to allow self-association, and thereby, fibril

formation to occur. Collagen | fibrils provide tissues with a mechanically resilient scaffold to
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maintain structural integrity, while also serving as cellular binding sites [207,208]. Being the
underlying foundation for tissue strength, collagen | is consequently a key player in overall
mechanical stiffness of tissue and alterations to collagen content are thought to play critical

roles in mechanosensitive pathways that can alter cell behaviour or cell fate [145,146].

3.1.2 Fibronectin

Fibronectin (FN) is a dimeric glycoprotein consisting of multiple repeating units (namely FN |,
FN I, and FN Ill) along its primary sequence. There are two isoforms: cellular FN (cFN) is
secreted by fibroblasts, and plasma FN (pFN) by hepatocytes. Cellular and plasma FN are
produced via alternative splicing of FN mRNA. In pFN there is a lack of EDA and EDB domains
and the interconnecting region (ICSIII) domain exists only on one of the pFN subunits in a
dimer. Circulating in blood plasma, pFN plays a role in mediating early wound healing
responses. pFN is therefore a major component of the fibrin clot formed during wound
healing, and is crucial for allowing cells to bind to the fibrin matrix to facilitate downstream
repair processes [209,210]. Cellular FN (cFN) comprises a mixture of alternatively spliced
isoforms that contain either EDA domain, EDB domain, or both, with the ICSII| domain in both
FN units of the dimer [211]. Fibroblasts secrete cFN into the ECM of the breast where it self-
associates to form fibrils [212] and mediates cell-ECM interactions via integrins, most notably
a5B1 [213] through the RGD sequence. This tissue bound isoform can also bind to the ECM
through collagen | [214] and plays a role in collagen | fibrillogenesis [215,216]. Its interaction
with collagen and other ECM proteins allow cFN to play a key role in transducing mechanical

cues from the ECM to the cells through the integrin-cytoskeleton network [202,217].

3.1.3 Molecular impact of ionising radiation on ECM proteins

Given the abundance and functional importance of collagen | and FN in the breast stroma, it
is important to characterise their susceptibility to ionising radiation. Changes to protein
structure, especially to such large, multi-functional ECM proteins, may trigger a wide cascade
of altered binding affinities to cells or other proteins in the ECM [218-220]. However, current
literature lacks studies that probe the ECM without cells, concentrating instead on radiation-

induced outcomes associated with altered cell behaviour.
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3.2 Hypothesis

To avoid conflating cellular and acellular mechanisms of radiation-induced degradation of
ECM proteins, this study aimed to investigate the impact of X-ray exposure on purified,
solubilised forms of collagen | and pFN to test the hypothesis that therapeutic x-ray doses
would differentially affect the structure of proteins based on their amino acid composition
and native protein shape. To address this, the study was further split into three sub-

hypotheses:

1) Collagen | and FN are differentially susceptible to therapeutic doses of X-ray radiation
2) X-ray exposure will induce region-specific structural changes in both collagen | and
pFN.

3) X-ray-induced remodelling of molecular structure will impact FN/collagen | binding.

Purified human collagen | and plasma FN (pFN) sourced from Abcam (Native human collagen
I, Ab7533; Native human plasma fibronectin, Ab80021) were used for all experiments. pFN
was chosen as it has less structural variation (i.e. it comprised of mainly dimeric fibronectin)
and has high purity. In comparison, cellular FN (cFN) sourced from manufacturers comprised
a mixture of monomeric and dimeric FN, and contained significant amount of contaminating
proteins that were co-purified. All samples were exposed to 50Gy and 100Gy of x-ray dose

from the Xstrahl CIX3 x-ray cabinet.

To test the first hypothesis, SDS- and Native-PAGE were used to detect changes in
electrophoretic mobility and structure (n=3, technical replicates, unless otherwise stated).
Further investigation on changes to thermal stability was carried out using differential
scanning fluorimetry (n=3), light scattering (n=3), and circular dichroism (n=3). For the second
and third hypotheses, LC-MS/MS was conducted and data were examined with peptide

location fingerprinting (PLF) analysis (n=5) [185,197].
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3.3 Results

3.3.1 lonising radiation disrupts collagen | primary structure while triple helical structure and
thermal stability appear unaffected
Following SDS-PAGE, x-ray exposed collagen | had increased background staining between the
o monomer, B dimer, and y trimer bands, and this increase in background was observed in
both 50Gy and 100Gy exposed samples (n=3) in a dose dependant manner (Figure 3.1a). This
indicates possible oxidation and breakage of the a1 and a; strands due to exposure to ionising
radiation, forming smaller peptide strands that constitutes the increased background stain.
The non-specific smearing suggests that X-ray induced protein fragmentation is random and
hence that there are likely no specific intermediates formed from the effects of X-rays on the
primary structure. The background-corrected mean intensity of the regions with increased
background staining were obtained using Imagel. In between the a monomer and B dimer
bands (fragment region 1, Frl) a 22% increase in mean intensity was observed at 50Gy
(p=0.06) and 31% increase at 100Gy (p=0.06). In the region below the a monomeric chains
(fragment region 2, Fr2), the increase in mean intensity was greater with a 180% increase for
the 50Gy exposure (p=0.02) and 415% increase at 100Gy (p=0.008) (highlighted in red
brackets). This suggests that the fragmentation of collagen | by therapeutic x-rays is dose

dependant and increases with increasing dose.

SDS-PAGE denatures the collagen from its triple helical state and separates the monomer into
individual alpha chains, thus do not allow detection of any x-ray induced changes to the
collagen native structure. Hence, native-PAGE was also conducted in parallel to characterise
any possible changes in native structure and protein folding of collagen post irradiation. Due
to isoelectric point of collagen, acidic native PAGE (AN-PAGE) was conducted for collagen 1.
Electrophoretic mobility of native collagen monomers did not appear to be altered by
radiation as observed on native-PAGE (Figure 3.1b). Collagen | produced two bands on AN-
PAGE, neither of which showed observable difference in intensity between irradiated and
control samples (n=1) (Figure 3.1b). This suggest that collagen monomers remain intact (as
triple helical assemblies of three alpha chains) at doses of up to 100Gy. However, by running
a 2" dimension SDS-PAGE on excised lanes from AN-PAGE (Figure 3.1b), both the lower and
upper bands were determined to contain both a; and a» strands of collagen I. The 2™

dimension SDS-PAGE exhibited similar smearing/fragmentation signature from the 1-
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dimension SDS-PAGE, but only in the upper band and not the lower band. In addition, all three

samples had smearing of a; chains along the native gel between the two bands.
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Figure 3.1. SDS-PAGE and acidic native-PAGE of human collagen | exposed to therapeutic x-ray doses. (a) SDS-PAGE for Collagen |
showed 50Gy of therapeutic X-rays is sufficient to induce significant fragmentation of the primary backbone of collagen al and a2
strands, exhibited by a 22% increase in background-corrected mean staining intensity between the 8 dimer and y trimer bands (Fr1)
(p=0.06) and a 180% increase in staining intensity in the lower molecular weight region (Fr2) (p=0.02) (highlighted in red brackets).
This effect seems to be dose dependant and is greater for the 100Gy exposed sample, with Frl appearing 31% higher in mean
intensity (p=0.06) and 415% higher for Fr2 (p=0.008). Statistically significant differences were observed (using t-test) in Fr2 while for
Fr1 the p values were only close to significant.

(b) Acidic native-PAGE (AN-PAGE) for human collagen | showed no discernible difference between control and irradiated samples
(50/100Gy) (n=1). Native structure seems unaffected by therapeutic radiation. (c) In subsequent 2D-Native-SDS-PAGE, smearing
observed from 1D-SDS-PAGE data seem to appear only on the upper bands of the native gel (regions indicated by red arrows),
implying possible contribution of fragments to aggregation of the protein.
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To confirm the AN-PAGE observation that the monomeric assembly of collagen | was
unaffected by therapeutic x-rays, circular dichroism (CD) was also used to characterise the
impact of X-ray exposure on the collagen triple helical structure. The CD peak value at 222nm
was used as proxy for the abundance of triple helical structure within the sample [221-223].
There was no observable difference in peak value at 222nm between control and radiation
exposed samples (n=2) (Figure 3.2a), indicating that the triple helical structure of collagen was
unaffected by therapeutic doses of X-rays. The thermal stability of the triple helix of collagen
| was also investigated using the CD peak at 222nm (n=1). Upon heating the samples (Figure
3.2b), two melting points were observed where the CD signal dipped: 36°C (Tm1) and 43°C
(Tmz2). The melting points were obtained by taking the first derivative of the melting curve and
finding the position of the peak values [224]. The CD value was observed to start off slightly
higher for the irradiated samples than the control, but subsequently dropped to the same
level after the first melting point near 36°C (Tm1). All samples underwent a sharp decrease in
CD signal at approximately 43°C (Tm2), indicating denaturation and melting of the triple helical
structure. The absence of observable changes to the melting points of collagen | imply

therapeutic x-rays did not compromise the thermal stability of the monomeric collagen.

(b) Human collagen | CD @ 222nm melting curve
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Figure 3.2. CD spectrum and melting curve of human collagen I. (a) Therapeutic x-ray had no observable effect on the CD
spectrum and the 222nm triple helical structure peak for collagen | at 50/100Gy exposure (n=3). This suggests that the triple
helical structure was unlikely compromised. (d) A melting curve was obtained by measuring the CD value at 222nm over a
temperature ramp from 20 to 50°C (n=1). The melting points were obtained by taking a derivative of the melting curve and
determining the position of the peaks. The CD value was initially higher for the irradiated samples than the control but
dropped to the same level near 36°C (Tm1). All samples underwent a sharp decrease in CD signal at approximately 43°C
(Tm2), indicating denaturation and melting of the triple helical structure. No difference in melting temperature was observed
between control and radiation exposed samples.
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Overall, SDS-PAGE showed that therapeutic x-rays fragment the primary structure of
monomeric collagen |, but CD and AN-PAGE suggests that it did not have measurable impact

on the triple helical structure nor the thermal stability of monomeric collagen |

3.3.2 Therapeutic ionising radiation altered regional susceptibility to tryptic digestion of
collagen |

LC-MS/MS was performed for non-irradiated and irradiated collagen | and the data analysed
with peptide location fingerprinting (PLF) (n=5). PLF is an analytical tool that uses mass
spectrometry data to detect regional changes in proteolytic (trypsin) susceptibility of large
ECM proteins [197,225]. Here, PLF was implemented in-house using a python program
developed from scratch with added modifications (see section on methods for more details).
Briefly, two improvements were made to the PLF workflow: 1. MS1 peptide intensities were
used instead of peptide spectrum counts, which is a more accurate representation of the
peptide amounts [226]; 2. The MS1 intensities for each peptide were averaged across the
arbitrarily chosen sized bins while taking into account the overlap of peptides in each bin,
instead of crude counting of peptides at each bin that it overlaps into without averaging. To
better illustrate the process of analysis, the peptide fingerprint of collagen a1 chain is shown
(Figure 3.3) (Peptide fingerprint for both collagen a chains and pFN can be found in Appendix
7.1) . This fingerprint represents the regional sum of MS1 intensities of all peptides identified
from LC-MS/MS data mapped onto the protein sequence, which has been arbitrarily split into
bins of 20 amino acids (Figure 3.3). The size of 20 amino acids was chosen as it is close enough
to the maximum peptide limit for the search parameters (5kDa, approximately 45 amino acids
assuming average mass of 110Da) to minimise peptide overlaps into multiple bins, while at
the same time provide sufficient resolution for the various domain positions along the protein

sequence.
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Figure 3.3. Peptide fingerprint for collagen | a; chain. Mass spectrometry MS1 intensity of peptides were summed across the

primary sequence of collagen | a; chain. The protein was arbitrarily subdivided into bins of 20 amino acids, and the MS1 intensity

of peptides falling within those regions are weighted according to their overlap and summed. Each bin contains three bars

representing MS1 intensities for control, 50Gy, and 100Gy samples respectively (n=5 each). The pattern of intensities across the

bins are unique to the protein and sample, hence termed a peptide fingerprint.

Peptide fingerprints of control samples were compared separately with fingerprints of 50Gy
and 100Gy x-ray exposed samples by calculating the difference in MS1 intensities between
control and the x-ray exposed sample at each bin. From this, a plot of MS1 intensity difference
was obtained (Figure 3.4). Regions where the MS1 intensity difference was significantly

different (p<0.05) are marked red and deemed as ‘flagged’ by PLF analysis.

PLF analysis of collagen | chains show that difference in peptide MS1 intensity appear to
correlate well across the protein for both 50Gy and 100Gy samples (values of MS1 intensity
difference and the relative intensities between bins are similar). Only small exceptions were
detected such as in bins 38-39 for a; and bins 37-38 for a. This implies the effects of radiation
on collagen | peptide fingerprint could be relatively consistent. a; chains also had greater
number of regions flagged by PLF analysis than the a1 chain. Although there were more
flagged regions at the lower dose of 50Gy than 100Gy. Crucially however, the PLF analysis
demonstrates, as did SDS-PAGE analysis, that therapeutic X-ray doses can affect the structure
of collagen | alpha chains (hypothesis 1), and that these changes are localised and repeatable

(hypothesis 2).
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Figure 3.4. Difference in peptide MS1 intensities along collagen | o; (COL1A1) (top) and a; (COL1A2) (bottom) chains compared
between control and treated groups (50Gy and 100Gy). The collagen | sequence is divided into equal bins of 20 amino acids and
bins where peptide intensities were significantly altered (p<0.05) are marked in red (circle for 50Gy, star for 100Gy). Positive
values indicate peptide intensities were greater in control, while negative values indicate it was greater in treated samples. 50Gy
exposed collagen | a; chain appeared to have greater number of regions where there was significantly altered peptide intensities
compared to the a;chain.

3.3.3 The primary and tertiary structures of plasma fibronectin are resistant to ionising
radiation when analysed by gel electrophoresis and differential scanning fluorimetry
In contrast to collagen I, pFN did not exhibit any significant changes in its electrophoretic
mobility or band intensity post-radiation exposure up to 100Gy (Figure 3.5a, b). Background
intensity and monomer and dimer band intensities remained unchanged (n=3) (p<0.05) by
SDS PAGE, indicating there was no observable fragmentation of the primary structure for pFN
or induced aggregation. Blue native-PAGE (BN-PAGE), which was utilised to characterise
possible changes to the native tertiary structure of pFN, did not find any significant changes
to pFN from exposure to therapeutic x-rays (Figure 3.5c). The main band in native-page was
further confirmed to be the dimer by its apparent molecular weight in 2D-SDS PAGE (Figure
3.5d). No differences were observed between control and irradiated samples for all bands,
implying there were no significant changes to the pFN self-interaction or molecular weight

following ionising radiation exposure.
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Figure 3.5. SDS-PAGE and blue native-PAGE for pFN exposed to therapeutic x-rays. (a) Both reducing and (b) non-reducing
SDS-PAGE for of pFN indicated that 100Gy of therapeutic x-rays has no significant effect on the electrophoretic mobility of
fibronectin dimer or monomer (n=3).

(c) Blue native-PAGE (BN-PAGE) for human plasma fibronectin (pFN) indicated that exposure of up to 100Gy of therapeutic
X-rays has no significant effect on the overall native dimeric structure or its electrophoretic mobility (n=3). (d) 2D-BN-SDS-
PAGE for plasma fibronectin confirmed that the high intensity band observed in BN-PAGE is indeed the dimer with a
molecular weight of ~500kDa.
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Differential scanning fluorimetry was unable to detect any alteration to the melting point (Tm)
and aggregation temperature (Tagg) of pFN. Tr was investigated by observing the barycentric
mean of the emissions from tryptophan residues (BCM) as a proxy for the melting of pFN
structure [196] (Figure 3.6a). By taking a first derivative of the BCM curve (Figure 3.6b), the
melting point (Tm) can be located at the position of highest gradient, which corresponded to
59.3 + 0.6°C for control, 59.3 + 0.6°C for 50Gy, and 59 * 1°C for 100Gy x-ray exposed pFN
(n=3). The aggregation temperature (Tag) was probed by studying the scattered intensity of
266nm wavelength laser incident on the sample, which was used to correlate with particle
size in sample [195] (Figure 3.6c). Increased scattering indicated increased mean particle size
and thus, aggregation. Tagg was determined by the onset of aggregation, which was found to
be 59 + 0.3°C for control, 59.3 + 0.6°C for 50Gy and 60 * 1°C for 100Gy x-ray exposed pFN
(n=3). The 100Gy samples appear to aggregate at a slower rate seen by the gentler increase
in 266nm scattering compared to control and 50Gy. However, no statistically significant
change in Tmnor Tagg Was found for x-ray exposed pFN, suggesting that overall thermal stability

of the protein was not compromised.
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Figure 3.6. Differential scanning fluorimetry was conducted to probe the melting (Tm) and aggregation (Tagg) temperature of
PFN. (a) The barycentric mean of the emissions from tryptophan residues (BCM) was used to detect melting of the protein
structure. (b) The first derivative of the BCM curve was used to locate the maximum gradient, inferred to be the melting
temperature, and was determined to be 59.3 + 0.6°C for control, 59.3 + 0.6°C for 50Gy, and 59 + 1°C for 100Gy x-ray
exposed pFN (n=3). (c) To obtain Tugq, light scattering at 266nm wavelength was used and the increase in scattering intensity
correlates with increased particle size in sample, thus aggregation. Toqq was determined by the onset of aggregation, which
was found to be 59 + 0.3°C for control, 59.3 + 0.6°C for 50Gy and 60 * 1°C for 100Gy x-ray exposed pFN (n=3). Post-
irradiated pFN did not have statistically significantly different T, nor Taqq from control samples, suggesting that overall
thermal stability of the protein was not compromised.
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MS1 intensity difference

3.3.4 Therapeutic ionising radiation altered regional susceptibility to tryptic digestion of
plasma fibronectin
Although X-ray exposure had no discernible effect on the ultrastructure of pFN as analysed
by gel electrophoresis or differential scanning fluorimetry, PLF analysis of LC-MS/MS data
indicates that x-ray irradiation impacts tryptic digestion (and possibly localised structure) of
pFN in a dose dependent manner (Figure 3.7). Exposure to 50Gy resulted in a single region,
between amino acids (AA) 920 to 940, where the fingerprint differed significantly (p<0.05)
from that of the control sample (n=5). Exposure to 100Gy, however, resulted in multiple
(seven) remodelling events including in regions which coincide with pFN binding sites for,
fibrin, integrin (cell attachment), and collagen. This supports the hypotheses (hypothesis 1
and 2), showing that pFN, while resistant to fragmentation (unlike collagen), also appears to

have structural changes when exposed to x-rays.

Plasma FN MS1 intensity difference

2x10° Fibrin/Heparin %* —— Control vs 50Gy
binding region 50Gy #—  Control vs 100Gy
— ° / % =P p<0.05 *
1x10° * 100Gy Cell attachment region Fibrin binding region
; ] coptdment o o

Heparin/Fibulin-1

Collagen binding region
1x10° M binding region

10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95 100 105 110 115 120
Bins (20 AA)

Figure 3.7. Difference in peptide MS1 intensities along pFN sequence between control and treated groups (50Gy and

100Gy). pFN sequence is divided into equal bins of 20 amino acids and bins where peptide intensities were significantly

altered are marked in red (circle for 50Gy, star for 100Gy). Positive values indicate peptide intensities were greater in

control, while negative values indicate it was greater in treated samples. Greater number of regions were flagged in 100Gy

exposed pFN, and those regions are associated with fibrin, heparin, and collagen binding sites.
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3.3.5 Presence of oxidation sensitive amino acid does not correspond with PLF data

Given that previous reports have shown that suscpetibiliy to UVR and oxidative damage may
be related to the presence of reactive oxygen species (ROS) susceptible amino acids, namely
tryptophan, tyrosine, methionine, cysteine, and histidine, similar differences in amino acid
composition was suspected to drive localised remodelling in x-ray (and therfore ROS) exposed
proteins [152,185,203]. To test that hypothesis, the composition of each bin was analysed for
the percentage make-up of these ROS susceptible amino acids (Figure 3.8). However, there
were no observable correlation between the percentage of these amino acids and the

likelihood of those regions being flagged by PLF.
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Figure 3.8. The composition of each bin (that were arbitrarily chosen) in PLF analysis was analysed for the percentage of
reactive oxygen species (ROS) susceptible amino acids. The regions flagged in PLF analysis in both 50Gy and 100Gy results
are indicated in the graphs. No observable correlation was found between the percentage of ROS susceptible amino acids
within the bins and the likelihood for PLF to detect significant alteration of peptide intensities at those regions.
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3.3.6 Therapeutic radiation may increase plasma fibronectin’s binding affinity to collagen |

The apparent structural remodelling within the collagen binding region of pFN by x-ray
exposure provided an opportunity to test the third hypothesis, that x-ray induced remodelling
of molecular structure will impact binding of FN with collagen I. PLF data of pFN highlighted a
significant increase in tryptic peptide yields from the collagen binding region of pFN exposed
to 100Gy of ionising radiation, implying that the region may be structurally compromised thus
resulting in increased proteolytic accessibility to those regions. Its binding affinity to collagen
I, which is likely sensitive to the conformation of the binding sites, could thus be altered. To
test the hypothesis, a solid-phase ELISA assay was conducted, with unirradiated collagen | as
the substrate coated on 96-well plates and 50Gy or 100Gy irradiated pFN as the binding
partner (Figure 3.9). A monoclonal FN antibody paired with horseradish peroxidase
conjugated secondary antibody was used to detect the amount of pFN bound to the collagen

substrate.
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Figure 3.9. Solid-phase ELISA of pFN with collagen | substrate show that exposure of pFN to 100Gy of ionising
radiation had increased binding affinity to collagen I, with 29% and 27% increase in absorbance for the 50Gy (p=0.04)
and 100Gy (p=0.006) respectively at 10ug/mL. A consistent increased binding rate was also observed for both 50Gy
and 100Gy exposed pFN across 1-10ug/mL concentrations although they were not statistically significant. Curve
fitting was done with GraphPad Prism 9.0 software’s built-in sigmoidal 4-parameter logistic curve (4PL) with R? values
of 0.91 (Control), 0.96 (50Gy) and 0.97 (100Gy).

The ELISA results displayed a 29% and 27% increase in absorbance for the 50Gy (p=0.04) and
100Gy (p=0.006) exposed pFN respectively at the coating concentration of 10ug/mL (n=3).,
This indicates a statistically significant increase in the amount of pFN bound to the collagen
substrate for radiation exposed pFN at 10upg/mL. Whilst not significant at other
concentrations, irradiated pFN (both 50Gy and 100Gy) consistently bound to collagen | with

higher affinity than unirradiated pFN.
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3.4 Discussion
3.4.1 Collagen | and plasma fibronectin exhibit differential susceptibility to therapeutic x-rays

3.4.1.1 Impact on collagen

The conventional biochemical techniques used in this study found that collagen | primary
structure was profoundly altered. The smearing observed on the SDS-PAGE from radiation
exposed collagen | represents a stochastic fragmentation of the collagen | primary structure,
similar to that produced chemically by oxidative mechanisms [227]. This implies that collagen
I’'s primary structure could be compromised at therapeutic levels of x-rays (50Gy). In contrast,
investigations on its native structure by native-page and CD revealed that the triple helical
structure appear radioresistant even at twice the therapeutic dose of x-rays. Taken together,
the result indicates that after x-ray exposure, collagen chains peptide backbone fragments,

but remains in the triple helical state.

To investigate the thermodynamic stability of collagen triple helix, a thermal ramp was
conducted while monitoring the CD spectra of the collagen suspension, in which two melting
points (36°C and 43°C) were observed. Previously published work by Mu et. al. (2007)
observed the same phenomenon and attributed the first ‘shoulder’ transition at the lower
temperature (36°C) to the disassociation of a small group of fibrils formed amongst the
monomers [228]. Here, x-ray exposed samples appear to have slightly higher initial CD values
but dropped to similar values to control samples immediately after the first transition. This
may only be possible if therapeutic x-rays induced a small amount of fibrillar structure
formation, of which were then degraded by the heating process. However, the mechanism of
how therapeutic x-rays might induce collagen fibril formation (if there is any) is still not known
and no other literature has reported to investigate x-rays impact on collagen fibrillogenesis.
Additionally, the increase in CD values may simply be a technical error due to the low number
of repeats (n=2). The data presented here is insufficient to provide irrefutable evidence of

fibrillogenesis and further work needs to be conducted to confirm this phenomenon.

The mass spectrometry and PLF analyses could provide some possible mechanistic insights on
how the collagen monomer is affected by therapeutic x-rays. The regions flagged by PLF is
indication that proteolytic susceptibility in those regions had been altered and could imply
changes to regional conformation. Analysing the PLF results from collagen | show that there

are greater number of regions affected in a; chains than ai, implying that proteolytic
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accessibility to oz was preferentially altered. This may be due to the inherent resistance of the
oy to proteolytic cleavage [229], which confers greater potential for altered proteolytic
susceptibility. The higher proteolytic resistance of a; chain in a native collagen monomer may
be due to the wrapping of two ai chains it, possibly providing some protection against
proteolysis by reducing the accessibility of trypsin cleavage sites in a native collagen monomer
[229,230]. After x-ray exposure, however, the fragmentation of the collagen primary
structure (as was observed by SDS-PAGE), may destabilise the triple helix during preparation
for mass spectrometry, where an elevated temperature was used while performing trypsin
digestion (37°C) [222,231]. This destabilisation may explain why 8 out of 11 flagged regions
indicated increased peptide yields (negative MS1 peptide intensity differences) after 50Gy x-
ray exposure for a, chain, suggesting that proteolytic susceptibility of a, has generally

increased.

Overall, the work on collagen | revealed that collagen | peptide backbone is susceptible to
oxidative cleavage by therapeutic x-rays, and this may destabilise the collagen triple helix at

in vivo temperature, exposing the a; chain to proteolytic cleavage.

3.4.1.2 Impact on of X-ray exposure pFN

Investigating pFN’s response to therapeutic x-rays using similar biochemical techniques
employed for collagen |, no significant changes were detected in its structure, electrophoretic
mobility, nor thermal stability even at twice the therapeutic dose of x-rays. Comparing this
with the results from collagen |, this supports the hypothesis that collagen | and pFN respond
very differently on exposure to therapeutic x-rays. pFN'’s relative resistance to fragmentation
may be attributed to its globular shape, which allows ROS susceptible hydrophobic residues,
which are often buried within the protein, to avoid hydroxyl radicals produced from water
radiolysis [105,205]. Oxidation of amino acid side chains that are on the surface of the protein
could be less prone to drastically alter the overall protein shape, compared with oxidation of
amino acids within hydrophobic regions [232,233]. In contrast, the elongated nature of
collagen | monomers provides high solvent accessibility to its protein backbone and thus
allows hydroxyl radicals to readily access and oxidise amino acids or the peptide backbone
along the collagen chains. Hence, collagen | seems to be more readily damaged by ionising
radiation compared to pFN. This however, appears to contradict previous studies on

ultraviolet radiation (UVR), whereby aggregation was observed for FN exposed to 500mJ/cm?
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of UVB while collagen | was insensitive to the same amount of UVB [152] . Given the
significantly higher energies of x-rays (about 100 times of UVB) and radiation dose used in this
study compared to UVR, this was unexpected at first glance. However, considering that UVB
has much lower probability of being absorbed by water [234] than 300keV x-rays [235]
(approximately 30 times less by rough calculations, see appendix 7.4), there is a higher chance
of UVB penetrating into the centre of globular domains in pFN, where it could be subsequently
absorbed by chromophores. Oxidation of these chromophores within the hydrophobic core

would have a more profound effect on the folding of the protein [233,236].

In contrast, x-rays are more likely to be preferentially absorbed by water molecules surround
the protein (approximately 99.88% of all absorbed photons would be absorbed by water, see
appendix 7.4 for calculations), thus producing hydroxyl radicals in the solvent surrounding the
protein and oxidising amino acids at the surface. In fact, synchrotron x-rays have been used
as a method for mapping the surfaces of proteins by looking oxidised side chains using water

radiolysis [237,238].

The results from the peptide location fingerprinting (PLF) analysis further support the idea
that the surface amino acids in pFN are likely damaged by therapeutic ionising radiation. The
regions highlighted by PLF analysis of pFN encompassed numerous binding regions, such as
for fibrin, heparin, fibulin and collagen, specifically after 100Gy of therapeutic x-ray exposure.
These protein binding sites are often at the surface of the protein [218,239], and thus
reinforces the idea that therapeutic x-rays are mainly indirectly oxidising and damaging amino
acids on the surface, without drastically altering the overall protein folding of pFN nor causing
fragmentation of the peptide backbone. Given that binding sites are sensitive to local
conformation and chemistry, if PLF truly indicated an alteration in regional structure, then the
impact of therapeutic radiation on pFN should encompass a change in binding affinity of pFN

with other ECM proteins.

The data from the ELISA binding test support the PLF observations that structural changes in
the collagen binding region affect function. This data seems promising but raises a conundrum
— the MS1 difference flagged by PLF was strongly positive at the collagen binding region,
indicating reduced proteolytic cleavage at the collagen binding region in radiation exposed
pFN. With the absence of fragmentation of pFN detectable by SDS-PAGE, the reduction in
peptide intensities may be attributed to crosslink formation, which should have reduced
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collagen’s ability to bind as well. How does this lead to increased collagen | binding to pFN?
Crystallographic studies by Erat el. al. (2010) on FN’s collagen binding region revealed that it
comprises two regions (FNIs-FNII1-2FNI7, and FNIs.g) that are possibly acting synergistically
[240], while work by Kubow et. al. (2015) showed that mechanical stretching of the FN
molecule can abrogate collagen-FN binding, and thus postulated that the physical separation
of the domains may be crucial for successful binding between collagen and FN [241]. The
observed increased binding of x-ray exposed pFN to collagen could hence be mediated by
improved stability in the distance between the domains by radiation induced crosslinking of
residues between the domains. When compared to the native state of pFN where thermal
motion (or Brownian motion) can perturb and vary the distances between the domains, the
crosslinked binding site may hence facilitate improved collagen binding to FN. Further work
needs to be done to verify the claim and better understand the mechanism underlying it, and
to further test other binding proteins like fibrin and heparin to compare if their binding was

similarly altered like for collagen.

3.4.2 Biological consequences of therapeutic x-rays on collagen | and fibronectin

While collagen | primary structure was compromised and fragmented, molecular
ultrastructure of collagen | remain relatively unchanged, as seen in native-PAGE and CD.
However, experiments here were conducted at low temperatures (below 10°C) to prevent
protein degradation. In vivo, the higher body temperature would destabilise the collagen
triple helix, especially for collagen monomers that have yet to form fibrils [222]. Studies have
hypothesised there is a constant and reversible “micro-unfolding” of collagen triple helix in
vivo at body temperatures [242—-244], which, in x-ray exposed and fragmented collagen, may
cause irreversible unfolding instead once fragments leave the triple helix. The release of such
fragments can act as matrikines to influence cellular behaviour beyond its local region
[158,245,246]. One such example is the proline-glycine-proline (PGP) fragment, which is an
abundant peptide arrangement scattered throughout the sequence of collagen | a; and a;
chains, and has been shown to act as a chemoattractant to neutrophils, possibly playing a role
in neutrophilic inflammation in cystic fibrosis [247]. In addition to radiation-induced
fragmentation, destabilisation of the collagen triple helix can also enhance MMP-1 mediated
degradation of collagen | [160,248,249], thereby increasing matrikine production, and

possibly reducing mechanical integrity of collagen fibrils. This could further influence
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mechanosensitive pathways, such as cellular migration rates [250], or influence cell behaviour

due to change in stiffness sensed by the cells [148,251].

The results for pFN suggests that therapeutic x-rays may impact the binding affinity of
fibronectin to other proteins. Here, ELISA was used to demonstrate a statistically significant
increase in collagen binding to pFN. In vivo, the effects of this increased binding is speculated
to negatively impact collagen | fibrillogenesis [252]. On one hand, transitory FN binding to
collagen | has been found to facilitate initiation of collagen | fibrillogenesis [216], while at the
same time, high binding affinity of FN to collagen Ill adversely affects collagen lll fibrillogenesis
[253]. It was hence argued FN’s transient and relatively weak binding to collagen | is essential
to facilitate proper nucleation and subsequent fibrillogenesis. Increased binding affinity to
collagen | may disrupt this delicate balance and tip FN binding to become adversarial to
collagen | fibrillogenesis, which may be detrimental to the tissue mechanics and structural

integrity over time.

While PLF is a powerful tool to interrogate changes to the intricate, local structure within a
protein’s overall shape, it lacks the ability to pinpoint the actual location of radiation damage
within the protein. The change in proteolytic degradation in a protein region can be caused
by radiation damage to regions far away in the primary sequence but spatially nearby when
folded, such as in globular proteins like FN, or damage to a secondary chain bound together
in a multimer, such as in collagen I. This makes predicting the location of x-ray damage to
proteins non-trivial; it does not simply correlate with regions of highly abundant ROS sensitive
amino acids seen from our results. Further work is needed to incorporate three-dimensional
configuration of proteins to visually investigate not only regions flagged by PLF, but other
close-by regions that may impact trypsin’s accessibility as well. This may be done by
incorporating protein structure databases, such as AlphaFold, which is a contemporary

machine learning-enabled predictive tool for whole protein structures.

This study is also limited by the idealistic nature of purified samples. Given that the collagen |
used in this study is pepsin treated and acid-solubilised, the radiation impact observed may
not be replicated in vivo where it is insoluble, crosslinked, and bound to other proteins.
Furthermore, pFN in its soluble form is not fully representative of its structure in its active
form when recruited into the fibrin clot, where it would undergo conformational changes into
an extended form due to binding and crosslinking with fibrin [209,254]. Given the change in
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configuration of pFN when bound [255], the targeted regions of therapeutic x-rays could be
completely distinct to those identified here in this study. The following chapter thus attempts
to examine the effects of therapeutic x-rays on collagen | in the fibrillar state, which is more

representative of the state of collagen | in vivo.

3.5 Conclusion

In conclusion, the results here have shown collagen | and FN, both crucial ECM proteins that
have different structural profile, are both affected by exposure to X-rays although these
effects require a more sensitive method — mass spectrometry — to detect and analyse.
Collagen | chains, both a1 and ay, fragment while FN do not. Although the ultrastructure and
thermal stability of both collagen | and FN appear unchanged, peptide location fingerprinting
analysis was able to detect regional structural changes in both ECM molecules. Consequently,
therapeutic x-rays exposure may destabilise collagen | at body temperatures or may enhance
degradation of collagen | by tissue proteases. Exposure of pFN to therapeutic x-ray doses may

alter its binding to ECM proteins and cells.
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4  Therapeutic x-ray doses affects structure of native, fibrillar
collagen |

4.1 Introduction

4.1.1 Protein structure and radiation damage

Whilst it is well established that individual amino acid residues differ in their relative
susceptibility to oxidative damage [256], the impact of higher order protein structure (2°- 4°)
on ROS susceptibility is difficult to predict. Numerous ECM proteins are often arranged into
large, macro-molecular assemblies or multimers, such as in elastic fibres and collagen fibrils
[257,258]. Such hierarchical assembly may contribute to local resistance or susceptibility to
radiation damage within domains [204]. For example, regions of a protein which are
protected from the aqueous environment due to protein folding (such as hydrophobic
domains) are less likely to be affected by ROS produced from water radiolysis [237]. The
opposite is also likely true whereby more hydrophilic amino acids or those at the surface of
protein domains are likely to be damage by water radiolysis-induced ROS [259]. As was shown
in the previous chapter, globular plasma fibronectin (pFN) exposed to therapeutic x-rays
domains were preferentially damaged near binding sites, which are often at the surface of
proteins. In contrast, impact of therapeutic x-ray on solubilised monomeric collagen | appear
to be randomly distributed throughout the protein sequence. However, collagen | in vivo has
greater structural complexity [207,231,260], making the solubilised collagen study limited in
scope and biological significance. Hence, to study how the ultrastructure of collagen | may
alter its response to therapeutic x-rays, three different forms of rat collagen | are employed:
acid-solubilised triple helical monomers (hereafter referred to as ‘solubilised collagen’),
randomly aligned fibrillar collagen in reconstituted gel under neutral pH (hereafter referred
to as ‘gel’), and linearly aligned fibres in ex vivo rat-tail tendons (hereafter referred to as
‘tendon’). In this chapter, rat collagen | was chosen due to sample availability of ex vivo
tendons and the lower cost associated in producing collagen gels due to the high
concentrations needed. The differences in collagen structure between these three forms are

illustrated in the section below.
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4.1.2 Collagen | assembly

4.1.2.1 Solubilised monomeric collagen |

Collagen |, in its monomeric form, comprises three polypeptide chains of two kinds — a1 and
o. Similar to human collagen described in the previous section, the polypeptide chains of rat
tail collagen | contains repeating -Gly-X-Y- units along the triple helical regions (Figure 4.1).
The monomer consists of two a1 chains and one az chain ([a1]2[az]1). Collagen | remains in this
monomeric state when in low pH [261,262]. Solubilised monomeric collagen | can be
obtained through incubating collagen-rich tissues in acetic acid or through pepsin digestion
(at low pH) to remove the C-terminus telopeptides [263—265]. In our study, the solubilised
collagen purchased from Gibco (A1048301) was extracted by pepsin digestion and kept in low

pH (20mM acetic acid) to maintain its monomeric form.

4.1.2.2 Collagen | gel

When pH of the collagen monomers’ environment is raised to pH 6.0-7.2, self-assembly is
energetically favoured and the monomers interact through hydrogen bonding to form fibrils
[208,262]. Collagen monomers self-associates into a quasi-hexagonal configuration, forming

the collagen fibril that exhibits a characteristic 65-67nm D-banding [260,266] (Figure 4.1).

In vitro, this assembly process is difficult to control, resulting in randomly arranged fibrils of
varying diameters. For this study, collagen gel was produced by diluting solubilised collagen
with PBS and neutralising with NaOH, followed by incubating at 37°C for 2 hours to speed up
the process of fibril assembly [267].

4.1.2.3 Collagen in rat tail tendon

In vivo, collagen fibrils can form into highly aligned fibres in tissues such as in tendon and (to
a lesser extent breast), due to the strict cellular regulation and production of collagen and its
fibrillogenesis [268]. To outline this process briefly, the cells first produce and deposit
procollagens in the extracellular space; these procollagens are similar to the monomeric
collagens but further contain globular domains on the C- and N- terminal that facilitates
formation of triple helices but prevents fibril assembly. Once in a triple helical form, the
procollagen C- and N-proteinases cleave the C- and N-propeptides respectively, leaving
telopeptides on either ends for initiation of assembly of collagen fibrils. Lysyl oxidases (LOX)

then covalently crosslinks adjacent monomers through lysine and hydroxylysines within the
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telopeptides. LOX plays a crucial role in helping the collagen fibrils form highly aligned and
uniform fibres in tendons, which come together to form fascicles [269,270]. While rat tail
tendons may not be completely representative of the structure of fibrillar collagen | in other
animal or human tissues [271], it was chosen as our model given its well-studied structure
[266,269,272,273], high collagen | content [274], and close homology with human collagen |

(a1: 92.77%, az: 91.14% similarity in sequence).

Tropocollagen
~300nm

Collagen Collagen

fibres fibrils
~10um ~Tum
Amino acids 9
~Tnm
Amino acid sequence -Gly-X-Y-Gly-X-Y-Gly-X-Y-
Collagen monomer - _
L J
Y
Overlap (0.46D) ~300nm

Collagen microfibril
(D-banding)

Figure 4.1. Collagen | structure at different scales. The fundamental amino acid sequence of a collagen chain consists of
Gly-X-Y repeats, where X/Y represents other amino acids, commonly hydroxyproline or proline. The collagen monomer
comprises three collagen chains, which is made of two a; and one a;chain. This monomer arranges itself in a quasi-
hexagonal manner to form a microfibril with characteristic D-banding of approximately 67nm due to the overlap and gaps
of staggered collagen monomers alignment in a fibril. Many fibrils come together to form collagen fibres, in which
crosslinking by lysyl oxidase can occur and are essential in tendons. Top figure adapted from Amirrah, I.N. (2022) [419].
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4.2 Aims and hypothesis

The different forms of rat collagen |, namely the solubilised monomer, reconstituted gel, and
tendons, are made of similar chemical composition, differing only in physical properties and
molecular structure. By exposing the three systems to the same radiation dose and using
consistent biomolecular techniques applicable to all three forms, this study aims to
investigate how increasingly complex rat collagen | forms respond differently to therapeutic
x-rays doses. This would help address the second hypothesis of the thesis — that the effects
of therapeutic x-rays is dependent on the state of assembly of collagen I. This is split into the

following sub-hypotheses:

1. Therapeutic X-ray doses will affect the structure of collagen | regardless of assembly

state.
However:
2. The nature of X-ray induced damage will depend on assembly state.

To test these hypotheses the first aim was to characterise the structure adopted by collagen
| in reconstituted gel and native tendon samples. Neutralising the pH of solubilised collagen
should induce self-assembly of fibrils with similar structures to the fibrils found in native
tendon [257,265]. The presence of fibrillar collagen in gel and tendon was confirmed using
atomic force microscopy (AFM). To investigate the impact of therapeutic x-rays on
solubilised, gel, and tendon collagen, biochemical techniques were employed to characterise
different possible aspects of radiation damage. SDS-PAGE was used to observe fragmentation
of protein backbone while acidic native-PAGE (AN-PAGE) and circular dichroism (CD) was
conducted to investigate changes in native protein structure. Finally, LC-MS/MS (with peptide
location fingerprinting (PLF) analysis) is utilised to look for changes to the collagen peptide
fingerprint profile and therefore infer possible changes to local molecular structure. A general

workflow of processing the various samples is depicted in the figure below (Figure 4.2)
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Solubilised monomeric Tendon fascicle

Collagen gel

collagen in PBS
1mg/mL, Img/mL,
20mM acetic PBS, pH 7.4
acid, pH 3.0

Radiation exposure

1 Overnight 4 °C

o—= incubation with

/ acetic acid

Liquid N, extraction and
ultrasonication

|«

Resolubilised

VA

SDS-PAGE/CD/Mass spectrometry
sample preparation

Figure 4.2. Experimental workflow for different collagen forms. Solubilised monomeric collagen was irradiated in acetic
acid with no further processing. Collagen gels were made from neutralising solubilised collagen. Following x-ray exposure,
gels were incubated overnight in acetic acid to allow for re-solubilisation. Tendon fascicles were exposed to therapeutic x-
rays in PBS+, following which collagen was extracted from the tendons by liquid N, crushing, resuspending with a dounce
homogeniser, then ultrasonicated. Following this workflow, all samples were processed in the same manner for SDS-PAGE
and mass spectrometry.
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4.3 Results

4.3.1 Atomic force microscopy revealed randomly aligned fibrillar collagen in reconstituted
gels and tendons
AFM imaging of collagen gel and tendons revealed characteristic collagen fibril dark and light
patterning, which is attributed to the D-banding in both the collagen gel and in tendons
(Figure 4.3). 2D fast Fourier transform (2D-FFT) was performed on the AFM images to confirm
the presence of D-banding. This technique, in brief, decomposes the original image into a
summation of sinusoidal functions, whose frequencies are mapped onto phase space — each
point in phase space represents a certain frequency of a sinusoidal wave function, and the
intensity of the pixel at that point represents its amplitude. The frequency increases as you

move away radially from the centre (zero at centre).

b TN
Collagen’gel |

7

Figure 4.3. AFM peak error images of collagen gels and tendons with the corresponding 2D fast fourier transform (2D-FFT)
images (insert). Fibrillar collagen was confirmed in gel samples by the observing and measuring the characteristic D-banding of
collagen fibrils in FFT of original images (red arrows). Frequency was measured by taking distance from centre to edge of
banding pattern, f, in triplicates. Fibrils in collagen gel appear randomly aligned while those in rat tail tendons were aligned.
For collagen gel, a circular imprint was observed in the FFT image, indicating a presence of a
periodic pattern in our original image with a frequency 15.7 + 0.4pum™ (measured radius from
centre in triplicates). Inverting this, the spacing of this periodic pattern corresponded to 64 +
2nm. The same measurements were performed for FFT image of tendons, where directional
stripes were observed instead, to obtain a frequency of 15.2 + 0.1um™ and a periodicity of
65.7 £ 0.5nm. Both periodicities obtained were within the range for the D-banding of collagen

fibrils found in literature [271], thus provides good evidence of the presence of fibrils in gel

and tendons. The relatively circular pattern in gel implies that the D-bands have no specific
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direction and is randomly aligned, while in tendons, the stripes in the FFT image were

directional implying that the D-bands were highly aligned.

4.3.2 X-ray exposure induced fragmentation of primary structure for solubilised collagen |,
but not collagen in gel or tendons
Reducing SDS-PAGE for all rat tail collagen | exhibited three regions of protein bands (as was
observed for human collagen from the previous chapter). These were the a monomers,
dimers, and y trimers (Figure 4.4). All three bands were present in solubilised, gel and tendon
collagen, although the y region for tendons appeared to encompass a more complex mixture
of populations of high molecular weight proteins. With exposure to 50Gy and 100Gy of
therapeutic x-rays, solubilised collagen exhibited a 170% (50Gy, p=0.004) and 210% (100Gy,
p=0.002) increase in staining intensity respectively in the region between the p and a bands
(Fr1). Similarly, there was an also increase in intensity of 170% (50Gy, p=0.007) and 270%
(100Gy, p=0.04) in the region below the a bands (Fr2) (Figure 4.4a). This implied possible
fragmentation of the primary structure of a; and az chains. This fragmentation signature was

not observed in x-ray exposed collagen gel and tendons (Figure 4.4b, c).

SDS-PAGE suggests that solubilised monomeric collagen but not fibrillar collagen (like in gel
and tendons) are susceptible to therapeutic x-rays. That said, SDS-PAGE is disruptive to the
native triple helical structure of collagen. Thus, native-PAGE and CD was further employed to

investigate x-ray impact on the native structure of collagen.
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Figure 4.4. SDS-PAGE for rat collagen exposed to therapeutic x-rays (50Gy and 100Gy) in three different forms: solubilised,
gel, and in ex vivo tendons (n=3). An intensity profile for each lane was obtained for all samples and an average was taken
amongst replicates. Additionally, the mean intensity between the 8 and a bands (Fragment region 1, Fr1) and below the a
bands (Fragment region 2, Fr2) were obtained and compared between control and x-ray exposed samples. (a) In solubilised
collagen, a 170% (50Gy, p=0.004) and 210% (100Gy, p=0.002) increase in staining intensity was observed in Frl. Similarly,
there was an increase in intensity of 170% (50Gy, p=0.007) and 270% (100Gy, p=0.04) for Fr2. This smearing implied
therapeutic x-rays induced fragmentation of the primary backbone of collagen a; and a; chains in solubilised collagen. (b/c)
However, in gels and tendons, no statistically significant changes in intensities were observed in neither Fr1 nor Fr2.
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4.3.3 Triple helix and shape of tertiary structure of collagen | remains unchanged

Acidic native-PAGE could not detect any change in electrophoretic mobility of collagen I,
suggesting that the triple helix remains intact after therapeutic x-rays exposure in all forms of
collagen | (n=2) (Figure 4.5). Smearing was observed for x-ray exposed solubilised collagen
but not in the control sample. For gel and tendons, both control and x-ray exposed samples
appear to exhibit this smearing pattern. The smearing pattern could indicate presence of
small groups of monomers aggregating/self-associating. In the case for gel and tendons, it

could be crosslinked collagen monomers that were not fully dissociated.

CD was also used to investigate the impact of irradiation on the triple helical structure of
collagen | by characterising changes to the 222nm absorption peak. No observable change
was seen for all forms of rat tail collagen after exposure to either 50Gy or 100Gy of

therapeutic x-rays.
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Figure 4.5. Acidic native-PAGE and circular dichroism spectrum for radiation exposed rat collagen I in different forms.
(a/b/c) Acidic native-PAGE for all three forms of rat collagen I (solubilised (a), gel (b), and ex vivo tendons (c))
exposed to 50Gy and 100Gy of therapeutic x-rays (n=2). No change in electrophoretic mobility was observed,
implying no significant change in overall structure of collagen monomers. Smearing was observed for x-ray exposed
solubilised collagen but not in the control sample (highlighted by red arrows). For gel and tendons, both control and
x-ray exposed samples appear to exhibit this smearing pattern.

(d/e/f) Circular dichroism spectrum where the 222 nm peak corresponds to the triple helical structure of collagen,
remain unchanged by x-ray exposure in all three collagen forms. This implies the triple helix and tertiary structure of
collagen is insensitive to therapeutic radiation exposure up to 100Gy.
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4.3.4 Peptide location fingerprinting identified more structurally affected regions in gel and
tendons than solubilised collagen
LC-MS/MS was employed to analyse regional changes to proteolytic susceptibility of collagen
| in the solubilised, gel, and tendon samples. Similar to chapter 3, the peptide MS1 intensities
obtained from mass spectrometry were mapped onto the original collagen | sequence,
producing an intensity pattern that termed a peptide fingerprint. This highly reproducible
fingerprint is used for peptide location fingerprinting (PLF) analysis by comparing the peptide
intensity at each region between control and radiation exposed samples. Regions where the
difference in peptide intensities were statistically significant (p<0.05) indicated changes to
proteolytic susceptibility and are flagged for the a; (Figure 4.6) and oz chains (Figure 4.7). A
greater number of flagged regions were detected for gel (16) and tendon (20) samples
compared to solubilised collagen (3) in both collagen alpha chains after exposure to 50/100Gy
of radiation (Table 4.1). Additionally, at 50Gy exposure, the ai chain appear to have
consistently higher number of flagged regions than ax. All 100Gy samples had fewer marked

regions than the 50Gy samples within their respective collagen forms.

In all, PLF data suggests that therapeutic x-rays have profound impact on the proteolytic
susceptibility of all three forms of collagen, although the impact seems to be more apparent

in gel and tendons than in solubilised collagen.
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Figure 4.6. MS1 intensity difference of peptide fingerprint for collagen | a1 chain between control and 50Gy (top)
or 100Gy (bottom) for all three forms of collagen I. Regions with significantly altered MS1 intensities (p<0.05) were
marked with a corresponding red icon.
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Figure 4.7. MS1 intensity difference of peptide fingerprint for collagen | a2 chain between control and 50Gy (top) or 100Gy
(bottom) for all three forms of collagen I. Regions with significantly altered MS1 intensities (p<0.05) were marked with a

corresponding red icon.

Table 4.1. Number of regions with statistically significant altered peptide intensities flagged by peptide location
fingerprinting. There are drastically more in gels and tendons compared to solubilised collagen. Further, the

number of regions seem to decrease with higher dose (100Gy) compared to 50Gy.

Solubilised Gel Tendons
Dose COL1A1 COL1A2 | COL1A1 COL1A2 | COL1A1 COL1A2
50Gy 2 1 8 5 8 5
100Gy 0 0 3 0 3 4
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4.3.5 Peptide fingerprint of solubilised collagen is distinct from gel and tendons

Further investigation into the peptide fingerprint of control, unirradiated samples for all three
collagen forms revealed that the solubilised collagen produced a distinct peptide fingerprint
that differed from gel and tendons, while the gel and tendons had very similar fingerprints
(raw data in appendix 7.2). To quantify this, the fingerprint data of control samples for all
three collagen forms were min-max normalised. Bins in which % MS1 intensity of solubilised
collagen was significantly distinct from both gel and tendon (t-test, p<0.05), either

significantly higher (S > G/T, black arrows) or lower (S < G/T red arrows), are highlighted

(Figure 4.8).
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Figure 4.8. Peptide fingerprint for control group of the three collagen forms are normalised to the maximum ion intensity for each
replicate (percentage of maximum ion intensity). While the fingerprint pattern for gel and tendons were very similar, the fingerprint of
solubilised collagen significantly differed from both the gel and tendons. Regions with significant differences (p<0.05) between
solubilised collagen and both gel and tendons were flagged for further investigation (arrows). Black arrows indicated where solubilised
collagen had higher intensities while red arrows indicated regions of where solubilised collagen had lower intensities than both gel and
tendon. Arrows on graph indicate selected examples and is not exhaustive — full comprehensive regions/bins are tabulated in Figure

4.9.
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At each of those regions where there was significant difference between % MS1 intensity of

solubilised collagen to gel/tendons, the peptide sequence contributing the highest MS1

intensity was noted down and listed in the table below (Figure 4.9). A pattern was discovered

at those regions — bins where solubilised collagen had greater peptide intensity than gel or

tendons (5>G/T), had a large proportion of peptides with 1 or 2 missed tryptic cleavage sites

or missed cleavages) (7/8 peptides, 87.5%). Vice versa, regions where solubilised collagen
( ges) (7/8 peptides, , reg 8

had lower peptide intensity than gel or tendons (S<G/T) were characterised by a large

proportion of peptides with no missed cleavage (32/39, 82%) (Figure 4.9).
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46 GETGPAGRPGEVGPPGPPGPAGEK 0 30 GLPGEFGLPGPAGPR 0
a7 GSPGADGPAGSPGTPGPQGIAGQR 0 Gel/Tendon > 32 DGNKGE PGER | 1
50 GPPGPMGPPGLAGPPGESGR 0 2 GE\;G;"/—‘\GPNGFAGPAGSAGQPGAKGEKG;;GER ;
3 NGDRGETGPAGPAGPIGPAGAR ! 3 (GEVGPAGPNGFAGPAGSAGQPGAKGEK) (1)
54 NGDRGETGPAGPAGPIGPAGAR 1 % GDGGPPGMTGFPGAAGR o
56 GFSGLOGPPGSPGSPGEQGPSGASGPAGPR 0 o TGEIGASGPPGFAGEK o
57 GFSGLAGPPGSPGSPGEQGPSGASGPAGPR 0 44|  GPSGEPGTTGPPGTAGPQGLLGAPGILGLPGSR 0
58 DGLNGLPGPIGPPGPR 0 48 GYPGNIGPTGAAGAPGPHGSVGPAGK 0
49 GYPGNIGPTGAAGAPGPHGSVGPAGK 0
50 GEPGPAGSVGPVGAVGPR 0
51 GPSGPQGIR 0
53|  GHNGLQGLPGLAGLHGDQGAPGPVGPAGPR 0

Figure 4.9. Comparison of peptides that contributed to highest proportion of ion intensities within bins that were
significantly different between the control, unirradiated samples of solubilised collagen and both gel/tendons. For bins

where solubilised collagen had higher normalised intensities (S>G/T), 7 out of 8 peptides (87.5%) were found to contain 1 or
2 missed cleavages. On the contrary, in bins where solubilised collagen had lower normalised intensities (S<G/T), only 7 out
of 39 peptides (18%) had missed cleavages, while the rest had no missed cleavage sites.
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To assess if this pattern of missed cleavages is persistent throughout the entire protein length
for the different collagen forms, comparison was made between the complete group of
identified peptides from solubilised, gel, and tendon collagen by sorting the peptides based
on the number of missed cleavages. For each peptide, their peptide spectrum matches (PSMs)
across all replicates and treatment groups was used as a measure of the overall peptide
contribution. Within each collagen form, the total PSM and the raw PSM of peptides with 0,
1, or 2 missed cleavages was normalised into a percentage to compare between different

collagen forms (Figure 4.10).

Percentage of total peptides with missed cleavages

25 17 8 6 10 6

100~ _
Hl No missed cleavage
£ 80+ 1 1 missed cleavage
0
-8 [ 2 missed cleavages
= 60—
s
% 404
ES
20+
zvbo
W&
N
&
o d
) %
Solubilised Gel Tendons
COL1A1 COL1A2 | COL1A1 COL1A2 | COL1A1 COL1A2
0 missed 4918 3843 19132 13974 17637 13305
cleavages (38.4%) (53.7%) | (66.2%) (76.8%) | (65.3%) (74.8%)
1 missed 4716 2123 7483 3063 6753 3492
cleavage (36.9%) (29.7%) | (25.9%) (16.8%) | (25.0%) (19.6%)
2 missed 3163 1189 2282 1159 2629 992
cleavages (29.7%) (16.6%) | (7.9%) (6.4%) | (9.7%) (5.6%)

Figure 4.10. Total peptide spectrum matches (PSMs) for both al (COL1A1) and a2 (COL1A2) chains categorised into
peptides with 0, 1, or 2 missed cleavages. Solubilised collagen had a higher number of peptides with 2 missed cleavage sites
for both al and a2 compared to gel and tendons. In contrast, the number of peptides with 0 or 1 missed cleavage sites were
significantly lower in solubilised collagen than in gel and tendons. Table below shows the exact number of PSMs and the
corresponding percentage (based on the total number of PSMs for the respective collagen chain) detected by the mass
spectrometer for each collagen form categorised by the number of missed cleavages.
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Solubilised collagen were found to contain 66.6% and 46.3% of peptides with at least one
missed cleavage for the a1 and az chains respectively, which is much higher than those of gel
(a1: 33.8%, az: 23.2%) and tendon (au: 34.7%, az: 25.2%) collagen chains. Consequently, the
percentage of peptides without any missed cleavages were lower for the solubilised collagen
chains at 38.4% for a1 and 53.7% for az, compared to gel (a1: 66.2%, az: 76.8%) and tendon
collagen (a1: 65.3%, ay: 74.8%).

Overall, solubilised collagen appears to yield a greater proportion of peptides with missed
cleavages while contrastingly gel and tendon collagens generate a larger fraction of peptides
without missed cleavages. This difference in peptide populations between the solubilised
collagen and gel and tendon collagen suggests that the peptide fingerprint variations are
correlated with the disparities in effectiveness of tryptic digestion, specifically the generation

of peptides with or without missed cleavages.
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4.3.6 Collagen gel and tendon stiffness undetectable change by AFM

As LC-MS/MS analysis combined with PLF demonstrated that fibrillar collagen (in gel and
tendons) undergoes some structural remodelling as a consequence of x-rays exposure, an
attempt was made to investigate possible alterations in the mechanical integrity of collagen
gel and tendons by AFM (Figure 4.11) (n=3). For each sample, three 15um x 15um regions
were randomly chosen to be mechanically tested. At each of those regions, 225 evenly
distributed force curves were obtained before and after x-ray exposure. Substantial variation
in stiffness was observed for the control sample within the same area probed despite lack of
x-ray exposure. As the variation in control samples were of similar magnitudes to the

variations x-ray exposed samples, the results are inconclusive.
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Figure 4.11. Reduced modulus of collagen gels and tendons obtained from atomic force microscopy (AFM) as proxy for
relative stiffness. Due to the large variation in stiffness (reduced modulus) of the control samples, results remain
inconclusive on whether exposure to 50/100Gy of therapeutic radiation alters the microscopic stiffness of both collagen
gel and tendons.
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4.4 Discussion

4.4.1 Differential response of solubilised, gel, and tendon collagen to therapeutic x-rays

In this study, solubilised monomeric collagen, reconstituted collagen gel, and collagen in rat
tail tendons, all of which contain the same rat collagen | sequence but with different structural
complexities, were investigated for their responses to therapeutic x-rays using numerous
biochemical methods. SDS-PAGE of solubilised collagen shows clear fragmentation of the
protein primary backbone at 50Gy and 100Gy of x-ray exposure. At the same doses, gel and
tendon collagen, which have been confirmed to exhibit similar fibrillar structure using atomic
force microscopy, do not. This result is surprising considering that the gel is made of the same
collagen source and are of identical concentration to the solubilised collagen. This implies the
fibrillar structure, which is a key difference between gels and solubilised collagen, could be
the crucial mediating factor for fragmentation resistance that was observed in gels and
tendons. A possible explanation for the resistance of gel and tendon collagen to
fragmentation could be the compact nature of collagen fibrils. The fibrils, which contain a high
number of collagen monomers in a very small volume of space [257], may result in less
exposure of collagen | chains to hydroxyl radicals produced by water radiolysis. Simulation
studies have identified that the tight packing of collagen monomers in fibrils forces water
molecules to settle into the gap and overlap regions in the D-bands [275,276], thus reducing
the overall number of water molecules within the fibril compared to those surrounding a
solubilised collagen monomer. This reduces the chance of producing hydroxyl radicals from
water molecules within the fibrils and subsequently compromising the peptide backbone
[238,259]. Hence, the number of fragmented collagen monomers would be minimal in fibrillar
collagen. Instead, there could be an increased chance for hydroxyl radical production outside
of the fibrils, which would be disproportionately absorb by the group of monomers at the
surface of the fibrils [205], perhaps producing fragments so small that it becomes
undetectable by gel electrophoresis. Further work is needed to verify the fibrillar damage,
possibly by using AFM or electron microscopy as a means to observe changes to the D-band
structure, which may be altered if x-rays are indeed targeting those surface collagen chains

[167].

The impact of therapeutic x-rays on the native structure of solubilised, gel, and tendon

collagen | was also further studied with CD and acidic native-PAGE. No detectable change was
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observed for the CD spectrum for all three forms of collagen, indicating that the triple helical
structure was not compromised by therapeutic x-rays. In contrast, streaking of bands can be
observed in native-PAGE for gel, tendon, and radiation exposed solubilised collagen, which
are often associated with aggregated protein [277]. Protein aggregation for acidic native-
PAGE can occur during the stacking phase of the gel, where the local concentration of the
protein is dramatically increased as proteins are concentrated into a tight band [278,279]. The
streaks in gel and tendon collagen were consistent amongst both control and treated samples,
indicating they were unlikely induced by therapeutic x-rays. Additionally, the collagen in
tendons and gel may not have been effectively solubilised from its fibrillar state since no
detergents were used for the native-PAGE. Combined with the low salt concentration of the
buffer, this may be insufficient to keep the collagen | solubilised when stacked, hence causing
it to precipitate and result in smears in the separating gel. In the solubilised collagen,
however, those streaks are only apparent in radiation exposed samples, implying they could
be related to therapeutic x-ray effects on solubilised collagen. We postulate that the smear
observed may not be aggregated protein but rather slightly fragmented collagen monomers
with poorer electrophoretic mobility. Radiation-induced fragmentation of collagen chains
(seen in SDS-PAGE) may cause partial unwinding of the triple helix in those regions, which, in
contrast to the compact and fully wound triple helix, would exhibit lower electrophoretic
mobility [280]. Another possibility would be the presence of x-ray induced collagen
fibrillogenesis that was seen with human collagen in the previous section. However, in
contrast to previous results in human collagen, no thermal ramp was conducted with CD so

there is currently a lack of evidence to support this.

Using biochemical techniques, no changes were detected from exposure to therapeutic x-rays
in gel and tendon collagen I. However, PLF was able to identify significant changes to
proteolytic susceptibility in all three forms of collagen | after x-ray exposure. Remarkably, a
greater number of regions with altered proteolysis were found in gel and tendon collagen,
instead of solubilised collagen. This was unexpected considering that the observation of
fragmentation, which was expected to alter trypsin’s accessibility to digestion sites [281],
occurred only for solubilised collagen. It could be argued that solubilised collagen’s
monomeric structure is too simplistic for any change in proteolytic accessibility to be

detected, with its elongated structure very much open to proteolytic attack [282].
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Additionally, digesting the samples with trypsin overnight may have abolished any slight
differences in proteolysis due to the samples being digested to completion [283]. Using a
limited proteolysis protocol, such as that suggested by Hubbard (1998), may be more optimal
for detection of minute changes in proteolytic susceptibility for solubilised collagen samples

[282].

In contrast to solubilised collagen, PLF detected numerous regions in gel and tendon collagen
where proteolytic susceptibility was altered. Both gel and tendon collagen were observed to
have greatest number of flagged regions at 50Gy of x-ray exposure, which were subsequently
reduced at 100Gy. This phenomenon was also observed for the solubilised collagen, although
less substantially, and similarly in human collagen (Chapter 3). The same reasoning could be
argued — that there is possibly an increase in crosslinking events at 100Gy, offsetting the
fragmentation-induced alterations to proteolysis susceptibility at the lower dose of 50Gy.
Although, this reduction in flagged regions was not observed for the 100Gy exposed a3 chain
in tendons. It is suspected that presence of collagen associated proteins in tendons could bind
to and cause increased resistance of collagen | to higher doses of x-rays. Examples of such
proteins are decorin and biglycan, two proteoglycans which are crucial for tendon
homeostasis [284], which were identified to be present in tendon samples through our mass
spectrometry data. Their presence were shown to be important in maintaining mechanical
strength of tendons by acting as a link between collagen microfibrils [284-286]. It is
postulated that their presence in tendons connecting between microfibrils could help
compact collagen fibrils [287,288], thereby increasing resistance to proteolysis. Collagen
fibrils in tendons also have inherent crosslinking conferred by lysyl oxidase while in vivo
[289,290] that may also increase its resistance to proteolytic degradation. While
counterintuitive, the inherent resistance to trypsin may help preserve or even enhance the
detection of subtle proteolytic changes induced by therapeutic x-rays. The overnight digestion
protocol implemented here would elevate the proteolytic differences as the digestion
proceeds, with less risk of reaching completion due to its enzymatic resistance, thereby

avoiding “over-digestion” as seen in solubilised collagen.

4.4.2 Differences in peptide fingerprint profile of solubilised, gel, and tendon collagen
From comparing the mass spectrometry peptide fingerprint profiles, the solubilised collagen

fingerprint unexpectedly stood out from the profile of gel and tendon collagens. This result
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draw parallels to previous work by Eckersley (2018), whom showed that collagen VI as chain
from human eye and human skin, despite having the same amino acid composition, had
distinct peptide fingerprints, likely due to differences in bead morphology [225]. In the same
manner, the differences observed in peptide fingerprint between solubilised collagen and
collagen gel could be attributed to the additional fibrillar structure in the gel. Most fascinating
(to the author) was how the gel peptide fingerprint matched the tendon fingerprint very
closely, despite lacking crosslinking, cellular influence, and other associated collagen proteins.
This suggests the peptide fingerprint of collagen | may be strongly governed by the fibrillar
structure alone, while the other factors mentioned may provide subtler shifts or refinements
to the peptide fingerprint. Another crucial observation when comparing the peptide
fingerprint was a pattern of higher missed cleavages for regions where solubilised collagen
had greater MS1 peptide intensity than gel and tendons, and no missed cleavages when MS1
peptide intensity was lesser. As previously discussed, solubilised collagen likely has greater
proteolysis susceptibility and thus greater probability of over-digestion and producing non-
tryptic peptides [291-293]. As our search parameters excludes non-tryptic peptides, the
reduction of MS1 peptide intensities in regions without missed cleavages in solubilised
collagen could simply be due to an increase in non-tryptic peptides. On the other hand, a
greater number of peptides with missed cleavages were identified in solubilised collagen. The
presence of missed cleavages could be a sign of poor binding capability and hence digestion
efficiency of trypsin in those regions, that could be attributed to the occurrence of
incompatible amino acids, such as proline, lysine, arginine, glutamate, or aspartate [294,295]
in specificamino acid positions surrounding the cleavage site. This effect may be compounded
with increased proteolytic resistance in fibrillar collagens, resulting in little to no proteolysis
in those regions, thus producing lower MS1 peptide intensities for gel and tendons in regions

with missed cleavages.

Overall, the comparison of peptide fingerprint profiles between solubilised, gel, and tendon
collagens using mass spectrometry highlights the importance of protein structure in
influencing proteolytic susceptibility. This is especially crucial when using PLF analysis to
probe the effects of therapeutic x-rays. A sample that has completely different protein
structure compared to when it is in vivo (such as solubilised collagen) may result in less

clinically relevant observations or may require re-optimisation of protocols to better suit their
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needs. The findings here also revealed that the peptide fingerprint, being able to distinguish
between monomeric and fibrillar collagen, may prove useful for studying structural similarity
between proteins of different sources or in different conditions. This may be valuable in drug
discovery [296], where protein structure is crucial in maintaining the ability for drugs to bind
to their targets [297]. PLF may thus be utilised for validating the structural stability of drugs

by looking at changes to peptide fingerprint profiles.

4.4.3 Functional consequence of therapeutic x-ray exposure

To attempt to link the proteolytic changes observed in x-ray exposed collagen gel and tendons
to their biological and functional consequence, mechanical studies using the atomic force
microscope (AFM) were conducted to test for possible changes in stiffness. Miller et. al.
(2018) had previously shown that collagen gels exposed to similar doses of therapeutic x-rays
(63Gy) had a reduction in bulk tensile and compression modulus [142]. However, a global
stiffness change may not necessitate a local change, especially at the micron scale where cells
reside in [298-300]. To validate x-ray induced alteration in stiffness at the cellular level, the
AFM was hence chosen to investigate the mechanics of collagen gels and tendons. The
stiffness obtained for collagen gel and tendons were similar in magnitude to those obtained
in literature, which varies from 0.1 to 0.2kPa for the gel [301] and 2.0 to 6.0 MPa for tendons
[302]. The large difference could possibly be attributed to the difference in collagen fibril
concentration, which is much greater in tendons. The experimental data comparing between
radiation exposed and control samples were, however, inconclusive for both collagen gels
and tendons and did not support the drastic decrease in bulk collagen stiffness as shown by
Miller. The inconclusiveness of the results stems from the large variability of control samples.
For the collagen gel, this may be attributed to the degradation of samples, poor re-alignment
of the sample under the AFM microscope, or probe contamination [303]. In tendons the
variability may be attributed to the cryosectioning process; the tendon’s collagen fibre
orientation during sectioning, either parallel or perpendicular to the slides, greatly influences
the mechanical property that is detected with the AFM. When parallel, the measured
property would be the longitudinal tensile strength, while if perpendicular, the transverse
tensile strength would be measured [304,305]. The difficulty in manipulating the tendons
results in cryosections of fibres in a mix of parallel and perpendicular orientations, influencing

and greatly conflating the tensile strength detected on the AFM.
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The limitations of the AFM may be reduced if we could obtain a portable source of ionising
radiation to expose the samples while it remains on the AFM. This can alleviate sample re-
alignment issues and avoid sample degradation during transportation. Tendon samples may
also be tested on the AFM without cryosectioning and instead simply attaching the tendon

samples on glass slides to prevent disorientation of collagen fibres [306].

4.5 Conclusion

In conclusion, the results here confirmed that therapeutic x-rays profoundly affect collagen |
differently in different forms. Monomeric solubilised collagen is fragmented by therapeutic x-
rays, while fibrillar collagen in gel and tendon do not. Instead, the proteolytic susceptibility of
collagen alpha chains in collagen fibrils is altered, implicating possible changes to their
ultrastructure. Remarkably, solubilised collagen peptide fingerprint from PLF analysis was
highly distinguishable from gel and tendon collagen, which is likely attributed to the fibrillar
structure. This may allow PLF to be a useful tool for applications wherein protein structure

validation is important such as in drug discovery.
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5 Effects of ionising radiation on in vitro fibroblast-derived ECM vs ex
vivo breast tissue ECM

5.1 Introduction

This thesis has been focused on investigating if ECM components of breast tissue are
compromised by therapeutic ionising radiation to understand whether ECM proteins may
contribute to unwanted side effects of radiotherapy. Earlier chapters focused primarily on
purified ECM protein samples or tendon (which has a relatively simple composition compared
to breast), which are useful for isolating the impact of ionising radiation on specific proteins
and simplify analysis (Chapters 3, 4). However, these biological samples fail to capture the
proteome complexity of a tissue, in which ECM components interact with each other. These
interactions can alter the structure of these ECM proteins [307], which could modify their
sensitivity or resistance to x-ray damage. That said, experimenting on ex vivo tissue samples
can be expensive and biological variations would be hard to control without a large sample
size [308]. Utilising an in vitro, cell culture-based model that is able to produce complex ECM
proteins for experimentation may help bridge between the simple, purified protein system to
the complex, expensive, and often hard to get patient tissue samples. Hence, this study seeks
to answer if an in vitro, fibroblast-derived cell matrix can be used as a model system for the

breast stroma in vivo, and more specifically, for therapeutic x-ray responses.

5.1.1 Breast tissue and the extracellular matrix

The breast is made up of three main tissue types: stromal tissue, which comprises mostly of
collagen |, adipose tissue, made primarily of adipocytes, and glandular tissue, which houses
the mammary glands (Figure 5.1). These mammary glands are made of myoepithelial cells and
are separated from the stromal tissue by the basement membrane, which is a subtype of
ECM. There is interest in studying the stromal ECM, such as collagen |, fibronectin, and elastic
fibre proteins as they provide the tissue with structural integrity, and also proteins of the
basement membrane which includes collagen IV, laminin, perlecan, and nidogens [309]. The
basement membrane is of particular interest due to its importance in acting as a barrier
between epithelial cells and the bulk stroma of the breast tissue [201,310]. Breaching of the
basement membrane by epithelial cells or alterations to the basement membrane mechanical

integrity and/or stiffness has been associated with breast cancer progression and metastases
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[311-313]. Below, the importance of the main components of the basement membrane is

briefly highlighted.

Mammary
glands (alveoli)

Epithelial
(Myoepithelial
cells)

Basement
membrane

Figure 5.1. Breast tissue comprises the stromal tissue, adipose tissue, and glandular tissue. The

stroma consists primarily of collagen I, while adipose tissue is made up of adipocytes. Glandular

tissue is separated from the stroma by a layer of ECM known as the basement membrane, and

within, the mammary glands are lined with myoepithelial cells. Figure reproduced from Tuieng et.

al. [1] with permission.
Collagen IV is a non-fibrillar collagen that forms the network structure of the basement
membrane and has six distinct a chains forming three different heterotrimers, the most
common being [(a1)2] az. The heterotrimers interact through the C-terminal NC1 domain to
form a hexamer. The hexamers are then crosslinked together at the N-terminal 7S domain to
form a ‘chicken-wire’ mesh network. This network provides a scaffold for other ECM proteins

and cells to bind to [314,315].

Laminin is another network-forming ECM protein in the basement membrane that forms
independently of collagen IV [316,317] and similarly acts as a scaffold. Laminin is usually
comprised of three chains (a, B, y) with at least 15 different isoforms made from different
combinations of a, B, and y chains, the most common being laminin-111 (Laminin-111 implies
a1PB1y1). Another isoform commonly associated with breast tissue and breast cancer is
laminin-511 [317]. The trimeric laminin typically forms a cross-like structure, with three short
extended arms contributed by N-terminals of each a, B, y chains, and a longer body made of
a triple helical coil of all three chains. The laminin network forms primarily by linking together

the short arms of multiple trimeric laminins (three-arm interaction model) [318].
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Another key basement membrane protein is the basement-membrane specific heparan
sulphate proteoglycan (HSPG), or perlecan. Perlecan is a multifunctional protein and interacts
with numerous ECM and cell membrane proteins, of which a comprehensive review is
required to cover [319]. In the basement membrane, perlecan function as a matrix stabiliser,
binding to both collagen IV and laminin, thus connecting the two structural networks.
Furthermore, perlecan has also been found to bind to endothelial cells through the a21

integrin, hence could also facilitate cell-ECM mechanosensitive pathways [320].

Similarly, nidogen-1 also serves as a mediator of cell-ECM communication in the basement
membrane through binding with laminin, specifically the domain Ill of the laminin y chain
[321,322], and perlecan. This has been postulated to allow nidogen-1 modulation of the
interaction between laminin and integrins, and hence with cells. Additionally, it also connects
between the collagen IV and laminin networks as its G2 domains can interact with the triple

helical region of collagen IV [323,324].

While these crucial ECM components of the breast stroma has been thought to be primarily
synthesised by mammary fibroblast [325,326], there is a lack of literature studying the matrix
produced by an in vitro mammary fibroblast culture in comparison to the matrix in ex vivo

breast tissue.

5.1.2 Extracellular matrix derived from in vitro cell culture
Cells grown in culture also produces a complex extracellular matrix as they adapt and grow
despite being in an unnatural environment such as in plasticware [327,328]. Fibroblasts
specifically are particularly efficient in producing these matrices as they are the main source
of ECM deposition and remodelling in tissues [329]. Recently these matrices have been
increasingly adopted as an alternative cell substrate as they are able to better mimic the
cellular environment in vivo [328,330]. The matrix is produced by allowing fibroblasts to
populate and deposit the matrix for a few weeks, before isolating the matrix by subsequent
decellularization (detailed methodology in chapter 2). This makes it a convenient source of a
biologically complex matrix. Studies of the proteomic profile of such cell culture-derived ECM
from primary human lung fibroblasts identified major ECM proteins, including collagens |, Ill,
IV, VI, laminin, nidogen and perlecan (not exhaustive) [331]. Matrix components of primary
human dermal fibroblast cultures were also found to contain versican, laminin, fibulin-2,
fibronectin, and thrombospondin-1 (not exhaustive) [225]. Evidently, the ECMs produced by
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fibroblast cell cultures appear to produce a highly relevant and complex repertoire of ECM

proteins.

5.1.3 Invitro VS ex vivo model systems

Whilst in vitro synthesis of ECM components by cultured cells may be convenient and
reproducible, experiments on ex vivo tissue (in this case, breast tissue) are more likely to yield
clinically relevant results across a diverse range of ECM components. That said, given the
dynamic nature of tissue composition, it is difficult to generalise or extrapolate the results
obtained from a small group of tissue donors due to biological variability, thus a large sample
size is often needed [332]. This is problematic as it is often difficult and expensive to obtain
tissue from patients [308]. Additionally, tissue samples typically originate from patients that
may be diseased and are seeking treatment or surgery; normal tissues from healthy patients

are hard to come by [333].

In vitro cell cultures help alleviate a large part of the complexity and biological variations. Cell
cultures, which are often grown in tightly controlled environments, are likely to produce ECM
that is more consistent, making experiments more reproducible [334,335]. Despite being less
clinically relevant, the ECM extracted from cell cultures, as shown in literature, still contain
ECM proteins that may be of interest and can provide significant insights [225,331]. However,
before such insights can be drawn, there is a need to ascertain the biological similarity of such
in vitro cell culture-derived ECM with the tissue of interest, as different fibroblasts secrete a

specific combination of matrix proteins distinct for that tissue type [329,336].

5.2 Aims and hypothesis

There is currently (to the best of the author’s knowledge) no published literature quantifying
the ECM proteins produced by normal human mammary fibroblasts in cell culture and how
well it encapsulates the ECM proteins of ex vivo breast tissue. Establishing such a comparison
would validate future work conducted on the ECM produced by these mammary fibroblasts.
Hence, this section of the thesis aims to provide a quantitative comparison on the proteome
profile of in vitro immortalised human mammary fibroblast (HMFU-19 [186])-derived ECM
(fibroblast ECM, or fECM) and ex vivo breast tissue ECM (tissue ECM, or tECM). Subsequently,
this section aims to utilise fECM and tECM to investigate and compare the therapeutic x-ray
damage signature of collagen I, FN, and associated basement membrane ECM proteins,
specifically by looking at their changes to proteolytic susceptibility using peptide location
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fingerprinting (PLF) analysis. This may help to address the final hypothesis presented at the
start of the thesis, that mass spectrometry (PLF analysis) is able to identify therapeutic x-ray
targets from a complex proteome derived from in vitro fibroblast cultures and ex vivo tissues.

In order to achieve this, the following sub-hypotheses are postulated, that:

1. In vitro immortalised mammary fibroblast-derived ECM (fECM) would contain
comparable ECM proteome to that from ex vivo breast tissue (tECM).

2. The protease susceptibility of some ECM proteins (as assessed by PLF) would differ
between fECM and tECM,

3. Radiation induced changes observed ECM proteins would be sufficiently similar

between fECM and tECM to serve as model for therapeutic x-ray studies

To test hypothesis 1 and 2, the protein composition of fECM and tECM was assessed using
mass spectrometry proteomics with a specific focus on ECM proteins (Collagens,
proteoglycans, glycoproteins, and secreted factors) as labelled in the human matrix proteome
database from MatrisomeDB [337]. A bioinformatic tool, STRING [198], was used to group
identified proteins into their functional and biological relevance to investigate overall
functional similarities between the ECM proteins detected in fECM and tECM. PLF was used
to quantify structural differences, inferred from variations in proteolytic susceptibility of

major ECM proteins (such as collagen | and FN), between fECM and tECM.

The third hypothesis was examined by, again, applying PLF to analyse the protease
susceptibility of collagen | and FN, the two most abundant ECM proteins, before and after
exposure to therapeutic levels of ionising radiation (50Gy and 100Gy). STRING was
subsequently used for investigating possible functional enrichment amongst all (intracellular

and extracellular) proteins flagged by PLF in fECM and tECM.

The workflow for the LC-MS/MS data analysis using PLF and STRING is illustrated in the figure

below (Figure 5.2).
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Figure 5.2. Workflow of the analysis of LC-MS/MS data using PLF and STRING [198)]. The total protein list
identified in fECM and tECM were first separately organised into various ECM protein categories based on

MatrisomeDB and comparison was made between fECM and tECM. Next, the group of common ECM proteins

present in both fECM and tECM were subsequently entered into the STRING database and functional groups
with highest representations from the group of common proteins were noted.

For proteins flagged in PLF analysis, functional enrichment analysis was conducted using STRING database to
identify possible functional/biological groups of proteins whose proteolytic susceptibility was more likely to be

significantly altered by therapeutic radiation.
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5.3 Results

5.3.1 Invitro immortalised fibroblast and ex vivo tissue samples contain similar collagen and
glycoprotein composition but have distinct secreted factors and glycoprotein
proteomes

A comparison was made between the ECM proteins identified from LC-MS/MS data in fECM

and tECM, focussing on the four main categories of ECM proteins, namely collagens,

glycoproteins, proteoglycans, and secreted factors. For each group, the proteins detected
were compared between fECM and tECM and the number of common or distinct proteins are

illustrated in the figure below (Figure 5.3).

Collagens Proteoglycans
Ex vivo .
- Ex vivo
HMFU-19 2 16 3 breast tissue HMFU-19 1 2 7 breast tissue
Glycoproteins Secreted factors
) Ex vivo
HMFU-19 16 23 6 Exvivo HMFU-19 20 4 > breast tissue

breast tissue

Figure 5.3. Compositional difference in ECM proteins obtained from in vitro culture of immortal human mammary
fibroblasts (HMFU-19) (fECM) with ex vivo normal breast tissue (tECM). A significant portion of collagens are seen in both in
vitro and ex vivo samples, making the collagen profile similar. On the other hand, secreted factors and glycoproteins were
distinct between fECM and tECM; Significantly greater number of secreted factors were identified in fECM than tECM.

In the family of collagens, fECM and tECM shared a large pool of important collagens that are
highly abundant, including fibrillar collagens |, lll, V, as well as network-forming and basement
membrane associated collagens VI, XVIIl. These collagens contribute a large part to the
mechano-environment influence on cellular behaviour. However, we note that the collagen
pool for tissue was slightly more complex. For example, the collagen IV as chain was only

found in tECM and not in fECM.

In contrast to collagens, the group of glycoproteins identified were largely different between

the two ECMs. There were significantly greater number of glycoproteins identified in fECM
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and most notably, there was presence of latent-transforming growth factor-beta binding
proteins (LTBP) 1-4 in fECM but not in tECM. Similarly, a large proportion of secreted factors
were uniquely produced and sequestered in fECM. A list of biologically significant proteins

identified exclusively to either fECM or tECM is compiled in the table below (Table 5.1)
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Table 5.1. Biologically relevant ECM proteins exclusively identified in fibroblast derived ECM (fECM) or ex vivo tissue (tECM)
and their respective biological roles and significance.

Source Biological significance

Collagens
Fibroblast- Fibril associated collagen with interrupted triple helices (FACIT), Part
derived ECM Collagen XVI au chain of Fibrillin-1 microfibrils in skin [338], may play a role in anchoring

fibrillin microfibrils to basement membrane [339]

Ex vivo tissue

Collagen Il a1 chain

Collagen V a3 chain

Collagen VI as chain

Secreted by chondrocytes, major component in cartilage tissue [340]

Less abundant chain in collagen V, associated with fibrillogenesis of
collagen I and Il [341].

Similar to alpha-3 chain of collagen VI, but more abundant in
endomysium/perimysium of skeletal muscles [342]. Collagen VI binds
to many ECM components including fibronectin, collagen IV
[343,344).

Glycoproteins

Fibroblast-
derived ECM

Latent-transforming growth factor-
B binding protein (LTBP) 1-4

Tenascin-C

Thrombospondin-2

LTBP associates with ECM components fibrillin microfibrils and
fibronectin [345,346]. Binds to and maintains TGF-B1 latency. LTBP-1
may play a role in TGF- B1 integrin-mediated activation [132,347]
Binds FN [348], perlecan, also growth factors EGF, bFGF, PDGF
MMP-2 regulation, can reduce cell adhesion when MMP-2 not
regulated [349]

Ex vivo tissue

Cellular communication network N -
factor 1 (CCN1) Wound healing/integrin binding [350,351]
Fibrillin-2 Fibrillin microfibrils, elastin deposition [138]
. Architectural support for collagen and elastin fibres, modulates cell
Tenascin-X

Fibrinogen a/B/y chains

Elastin

adhesion [352,353]

Circulates in blood, forms fibrin clot after cleavage by thrombin
[354,355]

Elastic fibre for elasticity of tissue [356]

Proteoglycans

Fibroblast-
derived ECM

Hyaluronan and proteoglycan link
protein-1

Binds to hyaluronan and stabilises proteoglycan aggregates [357]

Decorin

Fibromodulin

Collagen fibrillogenesis [358], cell adhesion [359], TGF-B1 binding
[360]
Collagen fibrillogenesis [361], enhance cross-linking by lysyl oxidase
[362]

Ex vivo tissue Lumican Accelerate collagen fibril formation [358], may promote fibrosis [363]

links basement membrane to connective tissues by binding to

Prolargin perlecan [364], angiogenic regulator and cancer associated fibroblast
tumour suppressor [365]

Podocan Binds collagen |, inhibit cell proliferation/migration [366]

Secreted factors

FGF-2/7 Mediate cell proliferation, migration, differentiation [367]

TGF-B1 Multifunctional cytokine, associated with fibrosis [368,369]

Fibroblast-
derived ECM

Protein wnt-5a/5b

Growth differentiation factor 15

Inhibin/Activin B-E chain

Ligands for binding to frizzled proteins, activate/inhibit wnt signalling
[370,371]

Secreted ligand of TGF-B family of proteins that regulate gene
expression through SMAD [372]

TGF-B family [157,373,374]

Ex vivo tissue

Protein S100-A4

Secreted frizzled-related protein 1

Expressed exclusively by fibroblast, expressed during injury/disease,
calcium binding. Increased expression in tumour stromal cells. Inhibit
FGF2-induced FGF receptor signalling pathway [375]

Modulate wnt signalling, can induce angiogenic response [376,377]

108



Besides looking at protein composition of the ECM, the ECM dynamics is also an important
factor to consider in comparing the biological similarity between the in vitro and ex vivo
systems [378]. A crucial part of ECM dynamics involves remodelling of the ECM by
extracellular proteinases, as they regulate the proteolysis of key structural matrix proteins. A
major class of proteinases is the matrix metalloproteinases (MMPs). Proteomics data from
LC-MS/MS seemed to suggest that fECM and tECM contains very different classes and
guantities of MMPs. In fECM, major MMPs were present including MMP-1, -2, -3, and -14. In
comparison, only MMP-2 was detected in tECM. However, both fECM and tECM comprised
tissue inhibitor of metalloproteinase 3 (TIMP3), which is an important regulator of ECM

composition through MMP inhibition [379].

5.3.1.1 Common ECM proteins

While differences were observed in the family of glycoproteins and in the profile of MMPs,
still, a total of 48 ECM proteins were identified to be common amongst fECM and tECM (Figure
5.4). Within those 48 common ECM proteins comprised crucial basement membrane

proteins, namely, collagen IV, laminin, perlecan, and nidogen-1.

Peptide spectrum matches (PSMs) were used as an estimate of protein abundance (Figure
5.4). Collagens were found to be most abundant in both fECM and tECM by total PSM count,
specifically collagen I, 1ll, V, and VI. Fibrillin-1 was also highly abundant in both ECMs.
However, a few crucial glycoproteins were found in higher abundance within fECM than
tECM, including thrombospondin-1, TGFB-induced glycoprotein-H3 (Big-h3), perlecan, agrin,

elastin microfibril interfacer-1 (EMILIN-1), and fibronectin.
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Figure 5.4. 48 common ECM proteins identified with mass spectrometry in both fECM and tECM and their respective
abundances. Total count of peptide spectrum matches (PSM) for each protein was used as proxy for the level of
abundance of protein in the respective ECM.

To explore the association amongst the common ECM proteins found in both fECM and tECM,
a search was conducted on the STRING database and associated protein groups were
highlighted. In total, 22 (out of 48) common ECM proteins were found to be associated with
the basement membrane (Gene ontology (GO):0005604), while 25 proteins are associated
with the organisation of the ECM (G0:0030198). The STRING interaction pathways of the
proteins are illustrated below (Figure 5.5). Additionally, there were a small but significant
group of elastic fibre associated proteins (GO:0030023, Extracellular matrix constituent
conferring elasticity), which are EMILIN-1, Fibrillin-1, and Fibulin-2, that were also found in
both fECM and tECM (interaction pathway too small hence not shown). In all, the ECM
proteins found in fECM appear to encompass crucial ECM constituents with biologically

important functions that are also represented in tECM.
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Figure 5.5. Gene ontology terms associated with common proteins found in fECM and tECM. Out of a total of 48 ECM
proteins identified by PLF analysis in both fibroblast-derived (fECM) and ex vivo tissue ECM (tECM), (a) 22 proteins are
associated with the basement membrane (GO:0005604), and (b) 25 proteins are associated with the organisation of the
ECM (GO:0030198) based on annotation by the gene ontology database. The connecting lines represents an interaction
between connected proteins based on STRING’s confidence score greater than 0.9 [468].

5.3.2 Functional enrichment analysis of all proteins flagged by PLF analysis reveal therapeutic
ionising radiation may preferentially alter structure of extracellular matrix proteins

To test if proteins from fECM and tECM exhibit differential responses to therapeutic ionising

radiation, PLF was used to analyse all (intra- and extracellular) proteins from both fECM and

tECM, comparing between control and samples exposed to therapeutic ionising radiation

(50Gy and 100Gy). Proteins (either intra- or extracellular) with PSM > 45 (arbitrarily chosen

to minimise false positives from low PSM) and had at least one region of significantly altered

MS1 peptide intensity were identified, and was considered ‘flagged’ by PLF.

A total of 1097 and 738 proteins with PSM > 45 were detected for fECM and tECM respectively
(Figure 5.6a). In fECM, 206 proteins were flagged by PLF from 50Gy exposure, and 245
proteins were flagged for the 100Gy group, of which 103 proteins were common between
both groups. For tECM, 72 proteins were flagged in the 50Gy group and 378 proteins for the
100Gy group, with 63 common proteins. STRING webtool was also utilised to analyse in bulk
the entire group of intracellular and extracellular proteins flagged by PLF to test if they were

enriched for proteins associated with biological ontology terms [198] (Figure 5.6b).
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Figure 5.6. Functional enrichment analysis of proteins deemed structurally altered by therapeutic x-rays (as flagged by PLF)
in both fECM and tECM. (a) The total number of intra- and extracellular proteins identified (PSM > 45) were 1097 and 738
for fibroblast-derived ECM (fECM) and ex vivo breast tissue (tECM) respectively. The proteins that were flagged by PLF to
have at least one region with significantly altered peptide intensity after exposure to ionising radiation (50Gy and 100Gy)
were tallied.
(b) Functional enrichment analysis was conducted using the STRING webtool [198] on the group of all (intra- and
extracellular) proteins flagged by PLF for fECM and tECM separately, and for each radiation dose. The background
gene/protein dataset was set to be the full protein list (PSM > 45) obtained from LC-MS/MS for the respective set of
samples, and a false discovery rate of 0.05 was set. Functional enrichment was found for the group of proteins flagged by
PLF in fECM at 50Gy and 100Gy radiation exposure. The enrichment encompassed proteins associated with cell adhesion
and the ECM at 50Gy, while at 100Gy the top four enriched proteins annotations were all related to the ECM.
Only flagged proteins from fECM appear to have functional enrichment while tECM did not,
hence only terms associated with fECM are displayed. The lack of functional enrichment for
tECM implies that the group of flagged proteins in tECM did not have specific groups of
proteins that were over-represented — remodelling by therapeutic x-rays did not seem to
specifically target any protein group. In contrast, the group of proteins flagged by PLF in fECM
exposed to 50Gy of therapeutic x-rays appear to be functionally enriched for proteins that
play a role in cellular adhesion (UniprotKB keywords database (KW):KW-0130) and are
associated with the ECM (KW-0272, Gene ontology cellular component (GOCC)
database:0062023). Similarly, in the group of proteins flagged in 100Gy exposed fECM, the

top 4 functional enrichments were all associated with the ECM.
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5.3.3 Similarity in control peptide fingerprint of collagen | chains observed between
fibroblast-derived ECM and ex vivo tissue ECM
Whilst similar ECM proteins were detected in both fECM and tECM, it is also clear that protein
function, particularly for large ECM proteins, is determined by their molecular structure and
maturation. Compared with the newly synthesised fECM from in vitro cell culture, the tECM
will likely be predominantly composed of mature proteins in large assemblies, which may be
structurally distinct to those from fECM. Before investigating and comparing the impact of
radiation on these proteins between fECM and tECM, there is a need to ascertain the
structural similarity of these proteins in situ. Using the peptide fingerprint obtained from LC-
MS/MS, the structural state on individual proteins was inferred and compared between the
two different systems based on their susceptibility to tryptic digestion. Here, collagen | and
FN were chosen to focus on given their importance in the ECM and that they were well studied

in previous sections.

To compare the peptide fingerprint between fECM and tECM, while minimising the effects
from different protein abundance, the data was min-max normalised and subsequently
plotted as a percentage of the maximum peptide intensity (Figure 5.7). Data for solubilised
collagen | and solubilised human plasma fibronectin (pFN) from Chapter 3 were compiled

together for further evaluation.

For collagen | a1 and az chains, there was remarkable correlation between the peptide
fingerprint obtained from fECM and tECM. Barring a few select regions that had different
percentage MS1 intensities (%MS1) (annotated in figure by red (fECM>tECM) or black
(FECM<tECM) arrows), the overall fingerprint of collagen chains appears to match between
the two types of ECM. Solubilised collagen stood out and was generally higher in %MS1, such
as between bins 24-31 and 44-51 in the a1 chain, implying greater proteolytic susceptibility of
solubilised collagen. Notably, it was observed in certain bins (those annotated with arrows)
that %MS1 between fECM and solubilised collagen coincided better than with tECM, such as
bins 39, 40, and 57 for a1and bins 42, 43, 48, and 49 for the ax. This implies that those regions
in the collagen of fECM were similar in proteolytic susceptibility to purified, solubilised

collagen.

In contrast, the FN fingerprint was different between fECM and tECM. The FN fingerprint from
fECM had better coverage of the entire protein sequence and were consistently higher in
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percentage MS1 intensity throughout most of the protein. The presence of peptides in the

extra domain A (EDA) (between bin 86-91, AA 1727-1814) and V region (bin 104-110, AA 2083-

2202) implies that the FN in fECM is cellular FN [211]. Compared with the peptide fingerprint

of pFN, there were also very few similarities with either fECM or tECM, indicating that FN had

highly dissimilar proteolytic susceptibility in its solubilised state compared to when it is

deposited in the ECM.
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Figure 5.7. Peptide fingerprint of control groups of collagen | a;/a, chains and fibronectin from fibroblast derived ECM (fECM), ex
vivo tissue ECM (tECM), and purified solutions (from chapter 3) normalised to the maximum MS1 intensity among bins. While
collagen I chains had very high similarity in fingerprint profile between fECM and tECM samples (slight differences highlighted
with red (fECM>tECM) or black (fECM<tECM) arrows, not exhaustive), the fingerprint profile for fibronectin was highly distinct
with HMFU having much higher intensities and more abundant peptide yields across the entire protein sequence. Certain regions
in collagen where fECM differed from tECM (arrows), fECM appear to correspond better with solubilised collagen, indicating
similarity in proteolytic susceptibility of those regions.
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In all, the peptide fingerprint for collagen suggests the proteolytic susceptibility and possibly
ultrastructure of collagen chains is closer in similarity between fECM and tECM than
solubilised collagen. Proteolytic susceptibility of FN from fECM appeared to be distinct to
solubilised pFN. However, it is difficult to conclude for tECM due to the lack of proper peptide

coverage and hence a robust peptide fingerprint in tECM.

5.3.4 Alteration of collagen | and fibronectin peptide fingerprint from exposure to
therapeutic x-rays differs between fibroblast-derived ECM and ex vivo tissue ECM.
After validating the similarities and differences in proteolytic susceptibility of collagen | and
FN, PLF analysis was conducted to compare between the control and x-ray exposed group for
fECM and tECM separately. Collagen | and FN from both fECM and tECM were found to
contain at least 1 region with significantly altered (p<0.05) proteolytic susceptibility after
exposure to therapeutic x-rays. To further investigate where those specific regions were
located in the protein, the data was plotted as MS1 intensity difference between control and

radiation exposed samples (50Gy: Figure 5.8, 100Gy: Figure 5.9).
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Figure 5.8. Peptide location fingerprinting (PLF) analysis was implemented on LC-MS/MS data of collagen | a;/a; chains and
fibronectin for fibroblast derived ECM (fECM) and ex vivo tissue ECM (tECM) exposed to 50Gy of therapeutic x-rays. Regions
where the difference in peptide MS1 intensities were statistically significant implies alteration in proteolytic susceptibility
and were highlighted in red. Collagen | a; appears preferentially damaged compared to o in fECM, while it is the opposite in
tECM based on the number of regions flagged. For FN, there were no correlation in regions flagged for PLF between the two
samples, and fECM appear to be implicated in more regions and appear to affect similar binding regions of interest such as
heparin/fibrin, and cell attachment areas as those found in plasma FN studies (Chapter 3).
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Figure 5.9. Peptide location fingerprinting (PLF) analysis was implemented on LC-MS/MS data of collagen | a;/a, chains and
fibronectin for fibroblast derived ECM (fECM) and ex vivo tissue ECM (tECM) exposed to 100Gy of therapeutic x-rays.
Regions where the difference in peptide MS1 intensities were statistically significant implies alteration in proteolytic
susceptibility and were highlighted in red. In both collagen | chains, tECM contained more regions that were highlighted
than fECM. Furthermore, collagen chains from fECM appear to have greater flagged regions compared with 50Gy, unlike
tECM where he number of flagged regions reduced compared to 50Gy.

For FN, both fECM and tECM had an increase in number of regions flagged in 100Gy compared to 50Gy, possibly hinting at
some dose dependency. Still, fECM had a much higher number of flagged regions than tECM. Collagen binding region
appears to be affected in fECM but not tECM after 100Gy exposure of therapeutic x-rays.
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In collagen |, x-ray exposed ai chain had greater number of altered regions than o, for fECM,
but is reversed in tECM, especially for 50Gy. At 100Gy, there were fewer altered regions than
50Gy for fECM but tECM exhibited an increase in number of regions, with a1 exhibiting a larger
increase than ay. The comparison of number of flagged regions between fECM and tECM for
the collagen chains is compiled in the table below (Table 5.2). The only region where both x-
rays induced changes in peptide fingerprint matched for fECM and tECM collagen was the a3
chain at bin 20 (aa. 380-400).

Table 5.2.Peptide location fingerprinting analysis using LC-MS/MS data on collagen | a1/a; chains and the number

of regions with statistically significantly altered MS1 intensities. At 50Gy of therapeutic x-ray exposure, collagen | a;

appears preferentially damaged compared to a;in fECM, while the opposite is true in tECM. At 100Gy, fECM had a

decrease in number of flagged regions while tECM drastically increased, and a; chain had significantly more regions
flagged than o,

PLF flagged regions in PLF flagged regions in
Fibroblast derived ECM (fECM) Ex vivo tissue (tECM)
Dose COL1A1 COL1A2 COL1A1 COL1A2
50Gy 3 1 0 6
100Gy 1 1 15 10

PLF analysis for FN in fECM highlighted a larger number of regions with significantly altered
proteolytic susceptibility in response to therapeutic radiation (50Gy: Figure 5.8, 100Gy: Figure
5.9). At 50Gy, affected regions were observed around the fibrin/heparin binding sites and cell
attachment regions, while at 100Gy this extended even to the collagen binding site. The
peptide fingerprint of FN from tECM appeared more radioresistant to structural changes from
radiation exposure, with no regions affected at 50Gy and a small group of regions around the

heparin/fibrin binding site at 100Gy.

Overall, the changes to proteolytic susceptibility of collagen | and FN from therapeutic x-ray
exposure seems to be distinct between fECM and tECM. While collagen chains in both fECM
and tECM had flagged regions from PLF (indicating possible proteolytic changes), there were
no clear consistency in number of regions affected nor the positions of those regions. FN
appear more susceptible to therapeutic x-ray in fECM, particularly at 100Gy, compared to
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tECM. However, this may be associated with the poor peptide fingerprint coverage of FN in
tECM. This suggests that structural responses of collagen | and FN to therapeutic x-rays in ex

vivo tissue may not be replicable using in vitro fibroblast derived ECM.

5.3.5 Basement membrane associated ECM proteins may also be structurally affected by
therapeutic ionising radiation

Besides collagen | and FN, basement membrane proteins also play crucial roles in the

mammary ECM, thus warranting further examination into their responses to therapeutic x-

ray exposure. As LC-MS/MS proteomics data revealed that both fECM and tECM contained

major basement membrane proteins (collagen IV, laminin, nidogen-1, and perlecan), PLF was

used to further investigate their differences in peptide fingerprints between fECM and tECM,

and how their proteolytic susceptibility is affected by therapeutic x-rays.

5.3.5.1 Peptide fingerprint profile of proteins are more conserved for fibroblast-derived ECM
than ex vivo tissue ECM

Similar to the comparison made for collagen | and FN, PLF was utilised to ascertain the

similarity or differences in structure of basement membrane proteins identified in both fECM

and tECM by comparing the peptide fingerprint of non-irradiated control samples (Figure

5.10).

In general, proteins’ peptide fingerprints from fECM had higher MS1 intensities and better
coverage compared to tECM. This was prevalent in numerous other ECM proteins, including
collagen VI, Xll, biglycan, periostin (data not shown). Amongst the basement membrane
proteins, the difference in peptide coverage was most distinct between perlecan and laminin
subunits, which may indicate a higher protein abundance or better proteolysis of these ECM

proteins in fECM.
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Figure 5.10. Peptide fingerprint profile of control (unirradiated) samples of other key basement membrane ECM proteins
such as (a) collagen IV a1 and (b) a2 chains, (c) perlecan, and (d) Nidogen-1, (e-g) Laminin subunits as, 85, and y,, illustrate

that LC-MS/MS of fibroblast derived ECM (fECM)(blue) provided better peptide coverage of these basement membrane

proteins than ex vivo tissue (tECM) (red).
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5.3.5.2 Collagen IV

The proteomics data suggested that collagen IV from both fECM and tECM were mostly a1
and az chains, implying that the most abundant trimer is likely that of [(a1)2] az. Hence, PLF
analysis focused only on these two collagen IV chains (Figure 5.11). PLF data was sparse due
to the low coverage of both collagen IV chains. However, it was observed that the a; chain for
tECM had significantly altered regions within and surrounding the C-terminal NC1 domain

after exposure to 100Gy of therapeutic ionising radiation.
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5.3.5.3 Laminin-511

The presence of laminin subunit as suggested that a high probability of laminin-511, which
comprises the subunits as, B1, y1, is present in both fECM and tECM. Laminin-511 is particularly
biologically relevant due to its presence in basement membranes and its expression has been
shown to correspond with breast cancer and metastases [15,317]. Therefore, here we chose

to analyse the respective subunits from laminin-511 (Figure 5.12a, b, Figure 5.13a).

The assubunit of laminin appear to have most regions affected by 100Gy of ionising radiation
exposure compared to the other subunits. Additionally, it seemed to only be coming from
tECM samples. The regions seemingly affected included the laminin B domain, domain | and

11, and the laminin G-like domains.

5.3.5.4 Nidogen-1

PLF data of Nidogen-1 exposed to 50Gy of ionising radiation suggested that in fECM, most
regions where there was coverage had significantly altered peptide intensities (Figure 5.13b),
while at 100Gy this effect was abolished. This seemed unlikely and could be attributed to a
normalisation error (further discussed in section below). On the other hand, tECM data only
had a specific region within the G2 B-barrel domain that was flagged at 50Gy. Furthermore,
this coincided with the 100Gy data, where the same domain was affected in tECM, albeit in a

slightly different region.
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make up laminin-511 which plays important roles in forming a network in the basement membrane. (a) The aschain in
tECM, appear to have changes to its proteolytic susceptibility around domain | and Il after exposure to 50Gy therapeutic

x-rays. At 100Gy, domain IV B and Laminin G-like domains were also affected. The as chain from fECM seemed to be

affected only at the higher 100Gy dose of irradiation. (b) 8; chains from fECM exhibited changes to proteolytic
susceptibility in the EGF and alpha domains at 50Gy, while transiting to the laminin IV type B domain at 100Gy. In
contrast, tECM did not have any flagged regions.
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Figure 5.13. PLF analysis of laminin y; and nidogen-1. PLF analysis was conducted for laminin subunits as, 85, and y;, as
they make up laminin-511 which plays important roles in forming a network in the basement membrane. (a) The laminin
yichain in tECM, appear to be affected in the regions of domain Il and I in both 50Gy and 100Gy, while the laminin IV
type A domain was affected only at 100Gy. fECM only had a single EGF-like domain affected at 100Gy x-ray exposure.

(b) Nidogen-1 appear to have significant number of flagged regions for the fECM sample at 50Gy across the whole
protein sequence but no flagged regions at 100Gy. In contrast, nidogen-1 from tECM only appear to have flagged regions
in the G2-8 barrel domains that is consistent in both 50Gy and 100Gy x-ray irradiation.
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5.3.5.5 Perlecan

PLF analysis of perlecan (Figure 5.14) showed that exposure to 50Gy of therapeutic ionising
radiation primarily altered proteolytic susceptibility around the C-terminal domains, including
Ig-like C2 domains for fECM, and the C-terminal domain V containing the laminin G-like
domains for tECM. At 100Gy, the effects appear to be greater, where the central Ig-like C2
domain had a significant increase in number of flagged regions. The C-terminal domain V

remain affected for both fECM and tECM, particularly in laminin G-like 2.
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Figure 5.14. PLF analysis for Perlecan, which is an important basement membrane proteoglycan that interacts with collagen
IV and laminin. It also binds to integrins, thus serving as a cell-ECM signalling mediator and mechanotransducer. PLF shows
that at 50Gy, C-terminal domains like laminin G-like domains and Ig-like C2 domains were primarily affected for both fECM
and tECM. At 100Gy, the central Ig-like C2 domain had significant number of regions in both fECM and tECM tissue
indicative of changes to proteolytic susceptibility. The Laminin G-like domains were also affected in C-terminal domain V
(endorepellin), particularly Laminin G-like 2.

The data here shows basement membrane proteins are susceptible to therapeutic x-rays
doses and appear to have altered proteolytic susceptibility in both fECM and tECM. While
fECM protein coverage was significantly better than tECM, both fECM and tECM exhibited
regions of altered proteolysis, which may be attributed to structural alterations by

therapeutic x-rays.
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5.4 Discussion

5.4.1 Compositional similarities and differences

This study has quantified and compared the ECM proteins generated by in vitro immortalised
human mammary fibroblast (HMFU-19) (fECM) with ECM proteins extracted from ex vivo
breast tissue samples (tECM) using mass spectrometry-based proteomics. To determine if
fECM can be utilised as a representative ECM of tECM, the group of proteins identified within
major ECM classes was compared between tECM and fECM. Collagens were found to have
the highest percentage of common proteins between fECM and tECM, and both also
contained collagen-associated proteins that help support cell-ECM communication including
periostin [380,381], Big-h3 [382], vitronectin [383], EMILIN-1 [384,385], dermatopontin
[386,387]. Given that interactions with other ECM proteins can induce conformational
changes [307,388-390], the presence of these key collagen-interacting proteins is particularly
important to ensure that the structure of collagens being studied is comparable to when it is
in vivo. The abundance of those collagen-associated proteins found in both fECM and tECM
may indicate similar binding conditions and hence structure for collagens. This was further
supported by PLF analysis, where the peptide fingerprint profile obtained was used to
indirectly infer structural similarity [225]. In particular, both alpha chains of collagen | have
remarkably similar peptide fingerprint patterns in fECM and tECM. This may be evidence of
structural similarity of collagen | in fECM and tECM, and thus their biological relevance even

when derived in vitro.

Compared with solubilised collagen |, specific regions of the peptide fingerprint where
collagen | from fECM differs from tECM appear to correspond with high similarity between
fECM and solubilised collagen I. This was surprising given that collagen | in fECM and
solubilised collagen | are highly dissimilar in structural state (fibrillar vs monomeric — in which
chapter 4 had shown induces distinct peptide fingerprints between solubilised rat collagen
with fibrillar rat collagen). Knowing that fECM comprises freshly made collagen matrix while
the collagen in tECM has probably matured for years, the extrinsic ageing of the tissue may
be the underlying cause of altered proteolytic susceptibility of those regions [197]. Matiss et.
al. (2020) had shown how extrinsically aged human skin tissue produces different peptide
fingerprints of ECM proteins from those that were photo-protected, which may be attributed

to photo-induced crosslinking from the absorption of UV radiation [391,392]. Chronological
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or intrinsic ageing of tissue may also play a role in altering collagen structure and hence its
peptide fingerprint through remodelling of the ECM [393] or the accumulation of advanced
glycosylation end products [394]. Regrettably, the work by Matiss et. al. (2020) was unable to
obtain reliable data for collagen | due to sample variability, thus, it is not yet certain if these
differences in peptide fingerprints observed between fECM and tECM is primarily from ageing
of the tissue or due to other protein/cellular influences that may also be at play in tECM. To
confirm that those distinct regions are not due to the fibrillar state of collagen I, a study with
reconstituted human collagen | gel (similar to the comparison between solubilised rat
collagen | and rat collagen gel in chapter 4) may help clarify the underlying cause of those
differences. It would also be beneficial to study those specific regions and how they might

play a role in ageing or specialised protein binding that only occur in aged tissues.

While it would be tempting to correlate the similarity of peptide fingerprints between fECM
and tECM collagen with a high similarity in protein ultrastructure, our work on collagen | rat
tail (Chapter 4) has shown that a comparable peptide fingerprint profile may only signify a
certain level of structural similarity; Tendon collagen illustrated a greater uniformity in
alignment, and larger fibrils compared to those in gel, even though they produced peptide
fingerprints of high resemblance. Therefore, while PLF may be used as a quick screening tool
to reject ECM proteins with drastically different structure based on distinct peptide
fingerprints, matched peptide fingerprints need to be interpreted with caution and may have
less power in determining how identical the protein structures are. Other proteases may also
be considered for use in conjunction with trypsin to produce a different fingerprint profile,
such as using elastase in previous work by Eckersley (2020) [185], that would provide further

validation of the structural similarity at different cleavage sites.

Taken together, the compositional analysis by STRING and structural analysis by PLF provide
strong indication of the immortalised HMFU-19 fibroblasts’ ability to construct an intricate
collagen network in its ECM, closely mimicking the complexity and interplay between
different collagen associated components in ex vivo tissue ECM, thereby resulting in similar

collagen molecular ultrastructure.

In addition to collagens, another key finding that supports that fECM may be a representative
model of breast tissue ECM is the presence of basement membrane proteins such as laminin,
nidogen-1 and perlecan. Their presence indicates that there could be formation of a
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functioning basement membrane within the in vitro culture [309]. However, PLF analysis
highlighted stark differences between the peptide fingerprint of these proteins, with fECM
having much better coverage than tECM. This could be attributed to poor solubility and thus
reduced proteolytic efficacy of those proteins in tECM [395,396]. The diminished solubility
could have resulted from crosslinking [397] or extrinsic ageing [350], which are likely only
present in tECM proteins where they had matured over a longer period of time. Such
processes, which is absent in fECM, would thus alter the proteolytic susceptibility and hence
the peptide fingerprint of tECM basement membrane proteins substantially [185,197]. The
abundance level of the protein may also be crucial in affecting the peptide fingerprint. Our
results for FN exemplifies how protein abundance could result in distinct peptide fingerprints,
and is likely exacerbated by the data-dependant acquisition mode used in our LC-MS/MS
sampling, in which low abundance protein peptides are under-sampled [398,399]. More work
is required to determine if the underlying reason for such differences is due to poor network
formation (which can be confirmed by immunohistochemistry), or the level of protein

abundance (which can be confirmed by western blotting).

While the collagens in fECM and tECM were largely similar, there were also certain unique
collagens only found in tECM that may be biologically relevant. For example, presence of a
small amount of collagen IV as chain was found only in tECM and not fECM. This could imply
that while tECM collagen IV network is predominantly ([ai]2 az) like fECM, it might be
comprised of other trimers, such as azosas or ([as]2 as). Although the biological functions of
the other trimeric isoforms of collagen IV are not yet well established in the breast tissue,
they have been implicated in diseases, such as Goodpasture’s disease [400] and Alport
syndrome [401]. If its importance in breast tissue is revealed in future work, this may impair
the credibility of fECM as a biological representation of breast tissue ECM. Another collagen
found in tECM and not in fECM is collagen I, which is secreted mainly by chondrocytes. The
presence of collagen Il was not expected as it is often mainly found in cartilage tissue. This
could be associated with chondrogenic differentiation of mesenchymal stem cells in the
tissue, and could be an indicator of abnormal cellular behaviour [402]. Such irregular
variations were not observed in fECM, which highlights the benefits of utilising in vitro cell

cultures for replicability of experiments.
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Besides collagens, the profile of glycoproteins is also distinct between fECM and tECM. One
particularly crucial difference is the absence of latent transforming growth factor beta binding
protein (LTBP) in tECM. LTBP is biologically important as it plays a key role in TGF-p1
sequestering or regulation, and TGF-B1 has been implicated in many cellular functions and
fibrotic diseases [132,369,403]. LTBP is also able to associate with other ECM components like
fibrillin microfibrils and fibronectin [345,346], in addition to binding with TGF-B1 and its
propeptide to form a large latent complex [404], thus allowing it to sequester TGF-B1 in the
matrix. Furthermore, it has been thought to assist with mechano-activation of TGF-f1
activation by binding to cells through integrins, thus transducing cellular forces to deform and
activate the growth factor [132,347]. The absence of LTBP in tECM may indicate an absence
of TGF-B1 sequestering or regulation, unlike in fECM where it is highly abundant. This is
further supported by the fact that TGF-B1 was only detected within fECM and not tECM. The
presence of TGF-B1 and LTBP in fECM may thus imply a fibrotic or wound healing ECM

phenotype, which would likely differ from a homeostatic tissue ECM like in our tECM biopsy.

Overall, this suggests that while collagens in fECM and tECM share similarities in both
structure and compositions, other components of the ECM that may influence biological
behaviour can differ. Depending on the research question, fECM may not be as suitable,
particularly if re-seeding cells on matrix. The higher abundance of growth factors available in
fECM (transforming growth factor (TGF), VEGF, epidermal growth factor (EGF), etc.) may
cause substantial differences in cell behaviour compared to tECM [405,406]. Further
investigations could look at how the matrix composition of fECM may change under a longer
culture period, which may perhaps aid in transition from the growth/wound healing phase

into homeostasis that would better represent in vivo tissue ECM.

Besides compositions of ECM proteins, proteases in the ECM are important as they govern
the remodelling of the ECM, which can release ECM fragments or sequestered growth factors
as cytokines and hence affect cellular behaviours [16,407—-409]. In fECM, numerous basement
membrane degrading MMPs were identified, including MMP-1, -2, -3, and MMP-14. MMP-1
acts as a collagenase and cleaves many types of collagens including collagen I. In addition, it
also acts as an activator of MMP-2 and MMP-9. MMP-2, which is present in both fECM and
tECM, is able to digest collagen IV present in basement membrane [410]. Similarly, MMP-3

can degrade collagen IV but can additionally affect glycoproteins and proteoglycans like
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fibronectin [409], laminin, and perlecan [411]. MMP-14 is a membrane-type MMP that
cleaves collagen | while also being able to activate MMP-2 and TGF-B1, and has been
attributed to mediate cell migration through ECM degradation [412,413]. The presence of
these basement membrane degrading MMPs in fECM may indicate active remodelling
processes in our in vitro culture, supporting the idea that the fECM is in a wound healing state
[414]. In contrast, only MMP-2 was detected in tECM. In addition, TIMP3, which is an
important inhibitor of a wide range of substrates, including most MMPs, several a disintegrin
and metalloproteinases (ADAMs) and ADAM with thrombospondin motifs (ADAMTSs), was
identified in both fECM and tECM [379].

Overall, the presence of a wide variety of MMPs and TIMP3 in fECM suggests healthy
regulation and remodelling of ECM components [415] and may represent a wound healing
phenotypic matrix. In tECM, the low abundance of MMPs, alongside the presence of TIMP3,
signifies a more homeostatic environment [414,416]. However, we note that while we may
have detected the presence of those MMPs in fECM, they might not be activated [416].
Enzyme activity assays may need to be conducted to ascertain activity of MMPs and that

actively remodelling is occurring in fECM.

5.4.2 Radiation damage to fECM and tECM proteins

PLF was utilised to screen for all (intra- and extracellular) proteins that could be affected by
therapeutic x-rays. Using the functional enrichment analysis in STRING database, ECM
proteins in fECM were found to be functionally enriched in the group of proteins with altered
proteolytic susceptibility. An optimistic interpretation of this result is that therapeutic x-rays
are targeting ECM proteins preferentially. This may have implications in redefining the key
players of tissue side effects in radiation therapy, which have mainly focused on cellular
damage [82], and reiterates the call for increased focus on understanding the biological
implications of radiation damage to ECM proteins [1]. However, there are several concerns —
this assumes that the PLF analysis is completely unbiased for all types of proteins, which is
untrue. There is an overall greater chance for ECM proteins to be flagged by PLF due to false
positives. ECM proteins, which are often larger, have more amino acids and hence bins. False
positives are likely more prevalent in these large ECM proteins, thus having a higher chance
of being flagged. Furthermore, PLF is biased towards large proteins with structural complexity

that would be able to affect protease degradation. Smaller proteins may simply be digested
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to completion, leaving no room for subtle changes in protease susceptibility to be detected
by PLF. While a simple cutoff for a minimum number of flagged regions may be implemented
to weed out “one-hit wonders” (proteins with only a single flagged region), this may omit
proteins where radiation damage may have largely focused on a single region of the protein.
An example from our data could be seen in 50Gy exposed Nidogen-1 from tECM, where a
single region in the G2-B barrel domain had a reduction of 87% + 16% (p=0.001) in MS1
intensity after 50Gy exposure and may be biologically relevant due to its large effect size.
Then again, the point in which an effect size becomes biologically relevant is also subjective,
and comparison of effect sizes between different regions is not straight-forward considering
that the impact on MS1 intensity encompasses not just peptide abundance, but also peptide
charge, solubility, and ionisation efficiency [226,417,418]. As such, the author advises caution
when interpreting the results of the functional enrichment without further statistical
optimisation and considerations. Still, PLF was beneficial in helping to filter out a pool of
potential radiation sensitive candidate proteins, in which further investigation may choose to

focus on.

Amongst the pool of candidate proteins were collagen | and FN. Thus, the specific response
of collagen | and fibronectin in both fECM and tECM to therapeutic x-rays were further
investigated given that they were previously studied in purified solution and were found to

have significantly altered proteolytic susceptibility (Chapter 3).

The number of regions PLF flagged for collagen was not consistent between fECM and tECM
and did not appear to follow the same pattern with increasing x-ray dose nor does it appear
to preferentially impact the a1 or az chain. It appears that while the collagen chain has very
similar peptide fingerprint profiles, the underlying stability or sensitivity to radiation seem to
differ. This could be associated with the innate differences as discussed above, where tECM
contains crosslinking [419], in conjunction with the effects of ageing [166] and general protein
interaction differences that, whilst they may not impact the overall peptide fingerprint
significantly, may transform the radiation responses of the protein. Nonetheless, the results
show that therapeutic dose of x-rays at 100Gy seem to noticeably impact the proteolytic
susceptibility of collagens in tECM. In our work from collagen gels (where there were only
collagen), there was no observation of such a drastic increase in proteolytic susceptibility at

100Gy, despite having fibrillar structure similar to ex vivo tendons (Chapter 4). This makes the
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most likely contributing factor to be the other associated proteins binding to collagen in tECM.
The exact contribution of collagen binding partners, such as decorin [420], fibronectin [216],
and periostin [381], to the radiation response need to be further explored. This would yield
better understanding of how ECM proteins interactions affect proteolytic changes in

therapeutic x-ray irradiation.

Key basement membrane proteins were, surprisingly, all flagged by PLF to be affected by
therapeutic x-rays in both fECM and tECM. This included collagen IV, perlecan, nidogen,
laminin. Collagen IV az chain had a significantly altered region around the C-terminal NC1
domain after exposure to 100Gy of therapeutic x-rays. This may implicate collagen IV network
formation as this domain has been previously identified to be important in initiating triple
helical association between the achains [421], and is necessary for initiating the formation of
the collagen IV network [315,422]. Change in proteolytic susceptibility, which may imply

structural modifications, thus could impact the formation of new collagen IV networks [423].

Amongst the subunits of laminin, asappear to have the most regions with altered proteolytic
susceptibility after 100Gy of therapeutic x-ray exposure. Laminin IV type B (L4b) domain,
domain | and Il (laminin coiled coil domain, LCC), and the laminin G-like (LG) domains were
found to be affected in the as chain. Intriguingly, the L4b domain in laminin B1 subunit also
had changes to proteolytic susceptibility, but their biological functions are still not well known
[424]. The affected LG domains are important for heparin and a-dystroglycan binding
[425,426], particularly in the LG 4-5 domains where PLF highlighted in the as chain after 100Gy
of x-ray exposure. This may be biologically important as laminin binding to a-dystroglycan has

been implicated in muscular dystrophy and is crucial for normal muscle function [427].

In the PLF analysis for 50Gy exposed nidogen-1 in fECM, 21 out of 32 regions were found to
have significantly altered peptide intensities, while at 100Gy, this effect was completely
abolished (i.e. no regions were flagged). This was highly unusual which warranted further
investigation of its peptide fingerprint. Expectedly, it was found that 50Gy MS1 intensities
were consistently higher than control in 30 out of a total of 32 regions with detectable MS1
intensities (Appendix 7.5), which could arise from a normalisation error. As the data was
normalised based on the means, the exceptionally low MS1 intensity at bin 50 (AA 980-1000)
(~10x smaller than control/100Gy) for the 50Gy samples could skew the normalisation factor
for the data to be slightly higher. As such, the flagged regions are likely false positives for the
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50Gy data for fECM. On the other hand, tECM data only had a specific region within the G2 B-
barrel domain that was flagged at 50Gy that further coincided with the 100Gy data. This gave
much higher confidence of true proteolytic alteration at this specific region. This particular
region was found to bind strongly to perlecan [323,428], making it an appealing target for
future investigations into its binding affinity with perlecan with exposure to therapeutic x-

rays.

X-ray exposure on perlecan revealed that 50Gy was sufficient to alter proteolytic
susceptibility around the C-terminal domains, including Ig-like C2 domains for fECM, and the
C-terminal domain V containing the laminin G-like domains for tECM. The radiation impact on
the laminin G-like domains, or domain V, in perlecan is particularly intriguing given that it can
be endogenously cleaved by MMP to produce endorepellin, which is a matrikine [429].
Endorepellin can bind with cell integrins (such as axPi integrin on endothelial cells) and
interact with growth factors like vascular endothelial growth factor to promote tissue repair
[429,430]. Given that PLF was able to detect alteration to the proteolytic susceptibility of the
matrikine domain, it would be interesting to see if x-ray exposure could modify the production
of these MMP mediated peptide fragments, and, given their highly potent ability to influence

cell behaviour, how they may be connected to fibrosis.

5.5 Conclusion

This study successfully quantified and compared the ECM proteins generated by in vitro
immortalised human mammary fibroblast (HMFU-19) (fECM) with ECM proteins extracted
from ex vivo breast tissue samples (tECM) using LC-MS/MS proteomics. Comparison made
between fECM and tECM in the various classes of ECM protein found that neither were
considerably more diverse in ECM proteins, and both contain similar collagen and collagen-
associated protein families. The evidence supports the hypothesis that fECM may provide a
sufficiently complex collagen-focused ECM comparable to ex vivo tissue tECM. That said, the
composition of ECM proteins in fECM appear to mimic a wound healing phenotype while
tECM leaned towards a more homeostatic environment. PLF confirmed the second
hypothesis, that there were inherent differences in proteolytic susceptibility of crucial ECM
proteins, including FN and basement membrane proteins, as detected in the significantly
different peptide fingerprint profiles between fECM and tECM. Finally, PLF also proved

valuable as a screening tool to detect potential radiation sensitive proteins through
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proteolytic changes of proteins identified in LC-MS/MS shotgun proteomics. In addition to
collagen and FN, proteolytic susceptibility of key basement membranes were also altered with
therapeutic x-ray exposure, with numerous biologically important domains found to be
impacted. However, these proteins and their affected domains appear to be distinct between
fECM and tECM. Future experiments could narrow down on those proteins and domains to

further explore the impact of x-rays on their binding affinities and biological repercussions.
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6 Discussion and future perspectives

6.1 Summary of thesis

Breast radiation therapy is widely used and the pathology of its side effects to normal breast
tissues are still not well understood. The ECM had been implicated in regulating many
biological processes but have not been well studied for its responses to therapeutic radiation

and how they may contribute to the side effects of radiation therapy.

The overarching aim of the thesis was to investigate and characterise the impact of
therapeutic x-ray on extracellular matrix proteins using biochemical techniques. In
conjunction, the novel LC-MS/MS analytical tool (peptide location fingerprinting (PLF)),
previously developed by Eckersley in the lab, was further improved. Firstly, peptide spectrum
counting was replaced with the precursor ion MS1 intensity as a better proxy for peptide
abundance [226]. Secondly, peptide overlaps between multiple bins were better accounted
for by doing a weighted sum of the peptides that overlap into each bin. These improvements
not only help enhance the sensitivity at which PLF is able to detect localised changes to
peptide abundance, but also enable bin sizes to be arbitrarily chosen without impact on the

accuracy and detail of the analysis.

To address the aim of the thesis, three experimental studies were conceived, each hoping to
shed light on a different aspect of the molecular impact of therapeutic radiation on ECM
proteins. The first study focused on understanding how therapeutic x-ray impact isolated and
solubilised ECM proteins collagen | and plasma fibronectin (pFN), which are highly abundant
and present in many tissues. Mechanistic insights were drawn into how therapeutic x-rays
impact these ECM proteins differentially based on their structural and amino acid
compositional differences. The study was able to show profound x-ray induced fragmentation
in the elongated, solubilised monomeric collagen | that were characteristic of reactive oxygen
species-mediated protein fragmentation [227]. In contrast, the impact of therapeutic x-rays
on the globular shaped pFN was more subtle; X-ray exposed pFN had localised changes to
structure which appeared to be concentrated on binding sites. Detection of therapeutic x-ray
impact on pFN was only possible through PLF by observing differences in the peptide yields
from proteolytic degradation before and after x-ray exposure. The alteration of proteolytic

susceptibility of pFN was further found to have functional consequences with an increase of
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collagen | binding affinity to irradiated FN, which was postulated to impact collagen

fibrillogenesis [241,253].

While profound x-ray remodelling was observed in purified collagen |, the artificial, solubilised
state of purified collagen makes it difficult to draw relevant biological conclusions. Hence, the
second study aimed to test if similar remodelling could still be detected in collagen | exposed
to therapeutic x-rays in the fibrillar state: that is, in collagen gel and ex vivo tendon. The results
show that fragmentation that was observed in solubilised collagen were absent in gel and
tendons, which implied the fibrillar structure may have increased collagen | resistance to
fragmentation by therapeutic x-rays. However, collagen | chains in both solubilised and
fibrillar collagen were all prone to X-ray induced changes in tryptic proteolysis susceptibility,
indicating possible structural changes in localised regions of collagen I. Tendons were also
found to exhibit greater number of regional alterations, which may be in part due to their
complex hierarchical fibrillar structure formed with other tendon-associated proteins that is
not present in solubilised collagen and reconstituted collagen gels. This raises further
guestions on how collagen | within a more complex environment, such as the breast tumour
microenvironment, may be remodelled by therapeutic x-rays. The presence of other cellular
components, such as proteases or MMPs, that can also remodel collagen is prevalent in these
tissues [431-433], and its interplay with the impact of therapeutic x-rays on collagen may

have biologically relevant consequences.

Therefore, the third and final study aimed to investigate the radiation impact in two complex
ECM proteomes, namely in vitro mammary fibroblast derived ECM (fECM) and ex vivo breast
tissue (tECM). Compositional studies of the two proteomes revealed closely related collagen
and collagen-associated protein families as well as crucial components of the basement
membrane present in both ECM. However, the ECM produced indicate differences in cellular
biological states — cells in fECM appear to be in a wound healing state with active ECM
remodelling, while tECM seem to be a less active, mature ECM with cells under homeostasis.
This can be seen by the presence of growth factors, higher abundance of fibronectin, and
appearance of numerous ECM remodelling MMPs in fECM [16,207,257,414,434] that were
not found in tECM. PLF was utilised to screen and detect innate proteolytic, and possibly
structural, differences between the same ECM proteins from fECM and tECM while also

detecting the impact of x-ray exposure across all proteins. The widespread alteration of
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proteolytic susceptibility in ECM proteins from therapeutic x-ray exposure allude to the
importance of ECM proteins’ role in the side effects of radiation therapy. This study also
highlighted several ECM proteins, including basement membrane proteins like collagen 1V,
laminins, perlecan, and nidogen-1, and specific regions in their proteins sequence in which
they may be impacted by therapeutic x-rays. Although, instead of a single damaged ECM
protein governing the radiation response of tissues, it is postulated that a collective of
radiation-exposed, structurally-altered ECM proteins may contribute their own small, but
crucial piece to the overall physiology of radiation, either through matrikines production
[429], a change in mechanical stiffness [142], or through alteration in protein binding affinities

[435].

Overall, the three studies have shown clearly that ECM proteins, both solubilised and in a
complex proteome, are profoundly altered by therapeutic x-rays and it can play crucial roles
in mediating long-term radiation side effects. The work on collagen | also highlighted the
importance of ultrastructure in influencing the outcome of large, multi-component ECM
proteins’ exposure to therapeutic x-rays. The capabilities of PLF were also showcased in its
ability to work well with complex mixtures, thereby eliminating the need for costly and
inefficient protein purification for biochemical characterisation techniques. While the aims of

the thesis were met, the data presented here is not without limitations.
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6.2 Limitations and future work
To address the limitations of the work presented in this thesis, further work is required and

are elaborated below.

In the purified protein work, the concentration of protein when exposed to radiation was
arbitrarily chosen to be 1mg/mL. The effect of concentration on the extent of radiation
damage is has not been considered in this study. Given that radiation dose is determined by
energy absorbed per unit mass (or volume since the density is approximate the same ~ water),
the amount of energy absorbed per molecule changes with different concentrations, which
would in turn affect the degree of change in each protein molecule. Preliminary results show
that at lower concentrations, collagen | was found to be more extensively fragmentated when
exposed to the same amount of x-ray dose (Figure 6.1). This would be interesting to further
investigate as concentration of collagen differs in different tissues [436,437] and may thus
respond differently even when exposed to the same amount of therapeutic x-rays. Further
work can utilise spatial proteomics (laser-capture microdissection with LC-MS/MS
[382,438,439]) to look at differences in proteolytic changes between high ECM concentration
regions (such as the breast stroma) to lower concentration regions (such as the lumen of

mammary glands).
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Solubilised rat tail collagen | SDS-PAGE
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Figure 6.1. SDS-PAGE of solubilised rat tail collagen | exposed to therapeutic x-ray doses of 50Gy and 100Gy at varying
concentrations diluted in 50mM acetic acid. Decreased concentration resulted in increased fragmentation detected by the
increased smearing and background staining at regions between 8 and o bands (Fr1), as well as below the a bands (Fr2). The
intensity profile appears to be consistently reproduced in a dose-concentration ratio dependant manner. Three comparisons
were made that had the dose-concentration ratio. (Left) 1Img/mL exposed to 50Gy produced the same fragmentation profile as
2mg/mL exposed to 100Gy. (Centre) Similarly, 0.5mg/mL exposed to 50Gy returned the same graph as 1.0mg/mL exposed to
100Gy.
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Using an ELISA assay, it was shown in chapter 3 that x-ray exposed plasma fibronectin appear
to bind with greater affinity to collagen I. However, an underlying assumption was the
antibody binding affinity to fibronectin was not affected by therapeutic x-rays, which may not
hold if there were structural changes in those regions. While controls were carefully
implemented in the work done to test for variations in antibody binding (using direct pFN
binding to the plastic substrate without collagen), saturation of absorbance signal was
reached much quicker for these wells (1-2 minutes) compared to the other wells (40 minutes)
despite using the lowest concentration of pFN. This makes the final comparison of the
controls unreliable due to oversaturation which would conceal the slight differences (if any)
in antibody binding to x-ray exposed pFN. Further work could be conducted to optimise
separately an experiment to determine if there are changes to antibody binding, or to repeat
the pFN-Collagen binding experiments using the surface plasmon resonance technique

[440,441], which eliminates the need for antibodies while improving sensitivity.

While PLF analysis assumed that MS1 peptide changes were due to changes in proteolytic
susceptibility, there could also be chemical changes associated with the peptides that are not
captured. Chemical changes could impact the ionisation efficiency of peptides, which would
alter the efficiency of detection of those peptides and hence its MS1 peptide intensity
[417,442]. Future work can focus on optimising a time course experiment for tryptic digestion
times. There would inspire greater confidence in regions where differences (between control
and x-ray treated groups) in MS1 peptide intensities increase with digestion time as this would
signify those differences are indeed influenced by proteolytic susceptibility. PLF can also be
utilised in conjunction with other specialised mass spectrometry approaches such as cross-
linking [443] or hydroxyl radical footprinting [259] mass spectrometry to provide a more

holistic structural information on the proteins of interest.

There is a need to determine if current statistics for PLF is sufficiently robust to prevent false
positives. The Bonferroni correction applied across treatment groups may not be sufficient
due to the high number of bins per protein, especially larger proteins [444,445]. However,
applying the correction for by considering all bins within each protein as a comparison would
exponentially increase the correction size, resulting in overly conservative results and an issue
with false negatives instead [446]. The work here had decided to adopt the former, thus

requiring careful analysis and further validation with other biochemical methods. Further
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work can be done to improve the statistical power for PLF analysis and explore how to correct
for false positives, or to take into account practical significance (effect sizes) when considering

regions of significant MS1 peptide intensity alteration [447].

Our work on collagen | has focused on alteration on individual a chains and their biological
impact. However, the collagen | fibril in vivo, as argued by Zhu et.al. (2018) [448], contains
three layers of complex binding motifs governed by the primary sequence of the collagen a
strands, post-translationally modified residues on the amino acids of the chain, and finally the
staggering of the a1 and a3 chains along the triple helix. These three layers of complexity allow
different combinations of possible binding motifs across chains which could be altered with
changes to proteolytic susceptibility. The study here is unable to provide direct evidence at
which level the binding is subjected to most alteration in vivo. Further work is needed for
looking at a combination of proteases or protein-protein interactions that work at the three
different levels to elucidate which is most affected. For example, one could use the activity of
MMP-1 to determine if its specific cleavage sites were compromised by therapeutic x-rays,
given that the cleavage sites needs to be partially unwound for initiation of MMP-mediated

collagen degradation [248,412].

Many other ECM proteins were highlighted to be impacted by therapeutic x-rays in the
compositional study comparing the in vitro ECM with tissue ECM could be further explored
with additional resources. These proteins and interactions include laminin-511, whose
network formation and integrity of the trimeric structure is crucial for cell-ECM
communication [317]. Another ECM protein of interest is perlecan and studying how
therapeutic x-rays can impact its binding affinities to different components of the ECM would
be crucial given that it has numerous binding partners [319], and to also explore possible
matrikine production by therapeutic x-ray exposure [429]. Similarly, fibronectin, which also
binds to many ECM and cellular proteins, could be further studied for its binding affinity to

tenascin-C [449], heparin [450] and fibrin [434] post x-ray irradiation.

Besides looking at individual ECM proteins, other tissues that are prone to radiation damage
could be further explored. Examples would be heart or lung tissues, which as mentioned in
the introduction, are particularly sensitive to radiation and can often be exposed in radiation
therapy to the breast [4,47,80]. Work on such tissues would complement the dataset
obtained here for breast tissue, given the similarity in composition of the stroma with
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collagens and elastic fibres as major components and them playing important mechanical
roles in lung and heart tissues [451-456]. This would improve the confidence of the results
obtained through this dataset and help extend the impact of this study beyond breast tissue
and into cardio-oncology. Additionally, the mechanics of these tissue could be explored with
optimisation of the AFM by addressing some of the challenges faced here in sample
realignment and degradation. Further AFM imaging of these tissues may also highlight some
of the underlying collagen ultrastructure, like shown in previous work by Graham et. al. [457].
Elucidating visual changes, if any, of the collagen molecular structure by ionising radiation
exposure would also help further our understanding of the mechanism in which collagen is

damaged in those complex tissues.

Finally, while fibroblasts were specifically chosen for the in vitro cell culture work in chapter
5, production of ECM in vivo is contributed by other cells as well, including adipocytes
[458,459], chondrocytes [460], and macrophages [461]. The crosstalk between these cells can
further influence the type of ECM being produced. As seem from work by Witherel et. al.
(2021), adding pre-conditioned media of M2 macrophages appear to enhance ECM secretion
of dermal fibroblasts and promote a fibrotic ECM phenotype [462]. Future work can examine
ways to improve the in vitro ECM model by co-culturing cells or using organ-on-a-chip
methods to combine cells [463,464] and recreate an ECM model that could be more

representative of tissues.

6.2.1 Conclusion

In summary, the work presented here had addressed the aims and hypotheses set out at the
start of the PhD. By combining conventional biochemical techniques with the updated PLF
analysis tool, the damage of therapeutic x-rays on collagen |, fibronectin, and numerous ECM
biomolecules were investigated and revealed. PLF was able to locate specific regions of FN
with altered proteolytic susceptibility from therapeutic x-ray exposure. Work has confirmed
the change in proteolytic susceptibility in FN binding domains may be associated with altered
binding functions. Experimenting on different scales of the collagen | protein also helped
identified the importance of protein structure in governing the outcome of therapeutic x-ray
exposure, as well as the interpretation of PLF data. The proteome composition of in vitro
mammary fibroblast derived ECM was also validated and compared with ex vivo breast tissue.

PLF was useful for validating structural similarity and to screen bioinformatically for proteins
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altered by therapeutic x-rays. While PLF has proved to be a powerful tool in investigating
subtle proteomic changes, there are limitations and various factors to consider when
interpreting results from PLF. Overcoming the challenges of PLF, while uncovering the
biological/functional consequences of ECM proteins identified in this thesis to be altered by
therapeutic radiation, would further expand our understanding of ECM proteins in the

pathophysiology of breast radiotherapy side effects.
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7 Appendix

7.1 Peptide fingerprint of human collagen and fibronectin
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Figure 7.1. Peptide fingerprint for human collagen | ai/a; chain and human plasma fibronectin. Mass spectrometry MS1
intensity of peptides were summed across the primary sequence of the protein. The protein was arbitrarily subdivided into
bins of 20 amino acids, and the MS1 intensity of peptides falling within those regions are weighted according to their
overlap and summed. Each bin contains three bars representing MS1 intensities for control, 50Gy, and 100Gy samples
respectively (n=5 each). The pattern of intensities across the bins are unique to the protein and sample, hence termed a

peptide fingerprint.
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7.2 Peptide fingerprint of rat collagen | in solubilised, gel, and tendon collagen
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Figure 7.2. Peptide fingerprint obtained by LC-MS/MS of rat collagen | a; chain in solubilised, gel, and tendon collagen I.
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Figure 7.3. Peptide fingerprint obtained by LC-MS/MS of rat collagen | a; chain in solubilised, gel, and tendon collagen I.
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7.3 H&E staining of serial cryosections of ex vivo breast tissue

Figure 7.4. H&E stained cryosections of ex vivo breast tissue (biobank). (a/b) Comparison between original cryosection (a)
and a sequential section treated with extraction buffer (NH,OH and Triton X-100) overnight at 4°C and washed with PBS+
(b). Cells were still observed in treated slide (b) seen in dark blue staining of nucleus from H&E stain around the lobular
structures.

(c-e) Comparison of morphology and features of sequential cryosections of 20um thickness. Major features including

lobules and adipose tissue were consistent between sequential slices, indication that tissue composition was unlikely to
alter significantly between 20um thick sequential cryosection slices.
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7.4 Estimating absorption of UV radiation and ionising radiation by fibronectin

Absorption of radiation by a material can be described by the following equation:

Ix = Ioe p
I, = Intensity at depth x in material; I, —» Incident intensity
Uen — energy absorption coef ficient; p — density of material

x — distance travelled in material

The value of linear absorption coefficient, or % , for UVR and 150keV x-rays is estimated to

be approximately 0.1m™ and 2.764m™ respectively [234,235]. Here, the mean x-ray energy is
assumed to be 150keV (half of peak tube voltage 300kVp). As samples were approximately
microlitres in volume, we assume that samples are approximately 1cm (or 0.01m) in
thickness. Using the above equation, the percentage intensity of UVR or x-rays that would be
absorbed by water can be approximated to 0.1% and 2.73% respectively. The paper
referenced in the section by Sherratt et. al. describes total incident UVB that was absorbed is
3% [152], implying that 2.9/3 *100 = 97% of all absorbed UVB is direct absorption by protein

molecules (i.e. fibronectin).

For x-rays, a very approximate calculation can be made based on probability since they can
be absorbed equally by water and by protein molecules. Assuming water molecules and
protein molecules are homogenous, the only factor considered for x-ray to react with the
protein directly is if it encounters one randomly based on chance, which can be computed by
considering the total volume occupied by protein vs total volume occupied by water

molecules.

Given the fibronectin concentration used was 1mg/mL, converting to mol/L: 103g/mL *
1/(5.5*10°) mol/g [fibronectin dimer is approximately 550kDa] = 1.82*10° mol/L.
Comparatively, pure water has molarity 55.56 mol/L. From this, the ratio of number of water
molecules to FN molecules is calculated to be 1: 3.3*10%. Now, there is a need to account for
the volume occupied by FN compared to a water molecule. The size of water molecule is

around 0.135nm in radius [465] and FN is 61nm in length (L), 2nm in diameter (d) for each FN

monomer [466]. Assuming water molecules are spheres (V = gnr3), and FNis a cylinder (V =
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2
%L * 2) (multiply by 2 for dimer) then the ratio of volumes (water molecule: FN molecule)

can be found = 1 : 3.72*10* Combining the ratio of volume to the ratio of number of
molecules, the approximate chance of photon being absorbed by protein directly instead of

water is 0.123%. This implies that 95.5% of x-rays would be first absorbed by water, thus it is

likely that the effect of x-rays is mostly indirect.
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7.5 Nidogen-1 fECM peptide fingerprint
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Figure 7.5. Peptide fingerprint of Nidogen-1 from in vitro fibroblast derived ECM (fECM). The 50Gy fingerprint was found to

be consistently higher in MS1 intensities for 30 out of 32 total regions with identified peptides, which is unlikely due to
therapeutic x-rays effects and could be associated with error in normalisation.
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7.6 Python code for peptide location fingerprinting

wwn

Created on Tue Mar 22 11:21:13 2022

Qauthor: rj

import xlsxwriter as xw

import tkinter,sys,itertools, warnings,win32com.client, matplotlib,os, io,
math, json

from Bio.SeqUtils import seg3,seql

from Bio.SeqUtils.ProtParam import ProteinAnalysis
from tkinter.filedialog import askopenfilename
#from bioservices.uniprot import UniProt

import pandas as pd

import matplotlib.pyplot as plt

import numpy as np

from tgdm import tgdm

from Bio import SegIO

def getSeg(protein id):
b=u.retrieve(protein id,frmt='fasta')
b = b.split('\n")[1:-1]
protein seq = ''.join(b)
return protein seq

def locatePeptides(segData,locationPos):

fragPos=list (segDatal['pos'].dropna())
t=[list(np.zeros(len(samplelList))) for in range(len(locationPos))]
for j in range(len(fragPos)):
for i in range(len(locationPos)):
if fragPos[j][0]>=locationPos[i][0] and
fragPos[j] [0]<=locationPos[i][1] and fragPos[j][l]>=locationPos[i][0] and
fragPos[j][1]<=locationPos[i][1]:
t[i]l=
list(np.sum([t[1],1list(segData[samplelist].iloc[j])]1,0))
elif (fragPos[j][l]>=locationPos[i][0] and
fragPos[j]l[1]1<=locationPos[i][1]) or(fragPos[j][0]>=locationPos[i][0] and
fragPos[j][0]<=locationPos[i][1]):
t[i]l=
list(np.sum([t[1],1list(segData[samplelist].iloc[j])]1,0))
return t

def findArrayPos (df,pos):
shape = np.shape (df)
start=[int(np.floor ((pos[0]1-1)/shape[l])),int((pos[0]-1)%shape[1l])]
end = [int(np.floor ((pos[1]-1)/shape[l]l)),int((pos[1]1-1)%shape[1])]
print(f'start pos at array position [{start[0]}, {start[1l]}], end pos at
array position [{end[0]}, {end[1]}]")
return start, end

def sumNewArray(array,sumPos) :
newDF=np.zeros (len(sumPos))
for k in range(len(sumPos)) :
newDF [k]=np.average (array[sumPos[k] [0] : sumPos[k] [1]+1],0)
return newDF

def sortfunc(x): #For sorting posList

y=np.float64 (x.split ("-") [0].split (' [")[1])
return y
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def domainCleanUp (data) :
testlist=[]
for x in range(len(data.split('/note='))=-1):
testl = data.split('/note=")[x].split(';")[-2].split (" ")[-11]

if '.." in testl:

test = testl.split('..")
else:

continue
if ':'" in test[0]:

test[0]=test[0].split(':")[1]

position=[int(test[0]) ,int(test[1])]
name= data.split('/note=")[x+1].split('"; ") [0].strip('"")
testlist.append([position,name])

return testlist

def convertUsefulFasta(protein data):

data list=protein data.split(' -n ")

entry name=data list[0]

protein name=data list[1]

protein seg=data list[2]

return entry name, protein name, protein seq
dhddfhA A A d A A A H A A At A At H A A At 4444

fileLocation = os.getcwd()

# To open dialog to ask for file location
root=tkinter.Tk ()

root.withdraw ()

root.wm attributes('-topmost', 1)
fileName= askopenfilename (parent=root)

database ="PythonStuff\\Database\\uniprot sprot rat 251022.xlsx"
# sprot Human database:
'PythonStuff\\Database\\uniprot sprot Human 2022.08.10-
09.13.40.25 Edited2.xlsx'

# sprot Rat database:
"PythonStuff\\Database\\uniprot sprot rat 251022.xlsx"

# sprot Mouse database:
"PythonStuff\\Database\\uniprot sprot trembl mouse 131022.xlsx"
# sprot Chicken endatabase:
"PythonStuff\\Database\\uniprot sprot gallusgallus 220623.xlsx"
x1ls = pd.ExcelFile (database)

df = xls.parse(xls.sheet names[0])

columns want = ['Entry Name', 'Protein names','Sequence', 'Domain [CC]',
'Compositional bias',

'Domain [FT]', 'Motif', 'Region']

df new=pd.DataFrame ()

df new=df[columns want].apply(lambda x:' -n '.join(x.astype(str)) , axis=l)
df new.index=df.Entry

fasta sequences=df new.to_ dict()

#01d database (FASTA)
#database="'PythonStuff\\Database\\uniprot sprot Human NoIsoform.fasta'
#fasta sequences = SeqglO.index (database, 'fasta', key function=lambda x:
x.split (" ") [1])

#Read csv file and arrange headings

book = pd.read excel(fileName,header=0).fillna(0)
abun headings=book.columns[book.columns.str.contains ('Abundance:")]

153



norm_ abun headings=book.columns[book.columns.str.contains (' (Normalized) ')]
samplelist= [x.split(':")[1]+x.split(':')[2] for x in norm abun headings]
samplesize=len (samplelList)

#Remove oxidized proteins

#book=book [book["'Modifications'].str.contains ("1xOxidation"and

"\ [C")==True]

#book=book[['Oxidation' in str(x) for x in book['Modifications']]]
#'X' in modifications is special: 'x'

id list=book['Master Protein Accessions'].unique ()
book['Abundances']=book[abun headings].apply(lambda x:

', '.join(x.astype(str)) ,axis=1)

book['Abundances (Normalized) ']=book[norm abun headings].apply(lambda x:
", ".join(x.astype (str)) ,axis=1)

book['Pos']=book['Positions in Master Proteins'].str.split(' ').str[1]
book['Pos Start']=book['Pos'].str.split('-").str[0].str.split('["').str[1]
book['Pos End'l=book['Pos'].str.split('-").str[l].str.split(']"').str[0]
final head=['Master Protein Accessions','Pos Start',6 'Pos End', 'Abundances
(Normalized) ', 'Abundances']

final book=book[final head]

#mode either bin or dom
mode='bin'

binSize=20

norm='y' #'y' for yes, 'n' for no
norm mode='mean' #mean or median

if mode=='bin':

outputName= f'Output {mode} {binSize}'
else:

outputName= f'Output {mode}'
if norm=='vy':

outputName= outputName+' norm'

outputExcel=xw.Workbook (fileName.split ('.xlsx")[0] + £' {outputName}.xlsx',
{'constant memory': True})
sheet=outputExcel.add worksheet ()
row=0
for k in tgdm(range(len(id list))):
col=3
protein id=id list[k]
try:
entry name, protein name, protein seq =
convertUsefulFasta(fasta sequences[protein id])
except:
print(f' {protein id} not found in database!')
continue
xBook=final book.loc[final book['Master Protein
Accessions'].str.contains(protein id,case=False) .fillna(False)]

abunDF=np.zeros([len(protein seq) ,samplesize])
for h in range (len(xBook)):
#fprint (f'{len(x)} repeat for sequence {seqList[0]}
\n{x["Modifications"]}")

#Get peptide location

s=int (xBook['Pos Start'].iloc[h])-1
e=int (xBook['Pos End'].iloc[h])-1 #Convert to zero indexing

abunList=np.zeros (samplesize)
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working

#Abundances (Normalized)/# PSMs
#g=xBook [ 'Abundances (Normalized)'].iloc[h].split(',")
g=xBook['Abundances (Normalized)'].iloc[h].split(',")
for k in range(samplesize):

if g[k]=="nan':

alkl="0"

abunList= abunList+np.float64(qg)
abunDF[s:e+1]= abunDF[s:e+l1]+abunlList

#Extra normalisation step using total abundance per protein (for
with contaminated samples)
with warnings.catch warnings():

warnings.simplefilter ("ignore", category=RuntimeWarning)

if norm mode=='mean':
normFactor=max (sum(abunDF) ) /sum(abunDF)
if norm mode=='median':

normFactor=max (np.median (abunDF,axis=0))/np.median (abunDF,axis=0)

normFactor [normFactor==float('+inf')]=0 #Replace inf into O
normFactor=np.nan_to num(normFactor,nan=1l) #Replace nan into 1

if mode=='dom':

") [k1)

HaFdHFF A FRAAFE  Get domain positions s

dList=[]
for k in range(3,8):
dList2=domainCleanUp (fasta sequences[protein id].split(' -n

dList.append(dList?2)
dList = list(itertools.chain(*[x for x in dList if x!=[]1]))

def sort(x):
return x[0][0]

dList=sorted (dList, key=sort)

domPos=[x[0] for x in dList] #1 indexing
domPos=[[s-1,e-1] for s,e in domPos] #0 indexing
domList=[x[1] for x in dList]

A A R R R A R A A A

pos = domPos

elif mode=='bin':

range (0

binPos=[]
numBin=len(protein seq)//binSize
if numBin==0:
pos=[0,len(protein seq)-1]
else:
binPos.append([[x,x+binSize-1] for x in

,numBin*binSize,binSize)])

binPos=binPos[0]
remainder=len(protein seq)%binSize
if remainder!=0:
binPos[-1][1l]=binPos[-1][1]+remainder
pos=binPos

#Write data into excel

for g in range(samplesize):

sheet.write(row,col-3,f' {protein id}")
sheet.write(row,col-2,f' {sampleList[g]}")
if norm=='vy':
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abun_row data = sumNewArray(abunDF[:,g], pos)*normFactor[g] #If

additional normalisation needed

if norm=='n':
abun_row data = sumNewArray(abunDF[:,g], pos)
for m in range(len(pos)):
try:
sheet.write(row,col-1,abun_row datal[m])
except:
pass
col+=1

col=3 #reset column
row+=1

outputExcel.close()

#%% Stats
print('Now starting stats...')

import pingouin as pg

import pandas as pd

import scipy

from statsmodels.stats.anova import AnovaRM

paired='n' #'y' for paired, 'n' for not
replicates num=5

control keyword='Control'

treatment keyword='100Gy'

#fileLocation = os.getcwd ()

# To open dialog to ask for file location
#root=tkinter.Tk()

#root.withdraw ()

#root.wm attributes('-topmost', 1)
#fileName= askopenfilename (parent=root)

df=pd.read excel(fileName.split('.xlsx")[0] +
£' {outputName}.xlsx', header=None)

ecm data=pd.read excel(f'{fileLocation}//PythonStuff//Database//matrisome h

uman.x1ls',header=0)
#matrisomeihuman.xls (Homosapiens) or matrisome mouse.xls (Mus musculus)

plfAnalysisExcel=xw.Workbook (fileName.split('."')[0] +
£' PLFAnalysis {control keyword}VS{treatment keyword}.xlsx')
sheetl=plfAnalysisExcel.add worksheet ()
headings=['Protein ID','Protein Name']

#for col,headings in enumerate (headings) :
sheetl.write (0,0, 'Protein ID")
sheetl.write(0,2,'Significant p value?")
sheetl.write (0,3, "'Score’)

sheetl.write (0,4, 'Matrix protein?')
sheetl.write (0,5, 'Matrix protein type')
proteinIDList=id list

row=1

for k in tgdm(range(len(proteinIDList))):
try:
e,name,s=convertUsefulFasta(fasta sequences[proteinIDList[k]])
except:
print (f' {proteinIDList[k]} not found in database!")
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continue
col=7
sheetl.write(row,0,proteinIDList[k])
sheetl.write(row,1l,name)
#Use protein id to find protein name because name is not fully unique

#sheetl.merge range(row,1l,row+5,1,df[df[0]==proteinIDList[k]][1].unique() [0
1)

#datalist=["'pValue', 'cMean', 'cStd', 'tMean', 'tStd', 'meanDiff"']

datalist=["'pValue', 'meanDiff"', ' SmeanDiff']

for rowlist,head in enumerate (datalist):
sheetl.write(row+rowlist,col-1,head)

df specific=df[df[0]==proteinIDList[k]].dropna(axis=1,how="all")

test=df specific.melt(id vars=[0,1])
bins=len(test['variable'].unique())
test num=bins-np.sum(np.sum(df specific)==0) #remove zeros bins from
multiple comparison corrections
hs_correction:0.05/(1—(0.95**(l/test_num))) #Holmes sidak correction
factor for p value
#Check if ECM protein
try:
ecm_index =
ecm _data[ecm data.UniProt IDs.str.contains(proteinIDList[k])].index[0]
sheetl.write(row,4,'Y")
sheetl.write(row,5,f'{ecm data.iloc[ecm index].Category}')
except:
sheetl.write(row,4,'N")
#Do anova for each bin

significant='N"
score=0

if paired=='y':
#setup dataframe for repeated measure anova
dfRM=df specificl

df specific[l].str.contains('|'.join([control keyword,treatment keyword]))]
labels df=pd.DataFrame ({'SampleNumber':
np.tile(range(replicates num), 2),
'"Dose': [x.split(',"')[1] for x in
dfrRM[111})
dfRM.columns=dfRM.columns.astype(str)+'bin’

finalrm df=pd.concat([labels df,dfRM.iloc[:,2:].reset index() .drop(columns=
"index')],axis=1)

for x in test['variable'].unique() :

if np.mean(test[test['variable']l==x]['value'])==0: #If all values
zero then skip
sheetl.write(row,col,'1")
sheetl.write(row+1l,col,'0")
sheetl.write(row+2,col,'0")
col+=1
continue

if paired=='n':
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controlvs50

#simple t-test
val=test[test['variable']l==x]
cVal=val[val[l].str.contains(control keyword)]['value']
tVal=val[val[l].str.contains(treatment keyword)]['value']
with warnings.catch warnings() :
warnings.simplefilter ("ignore", category=RuntimeWarning)
f,p=scipy.stats.ttest ind(cval,tval)

#p corr=p
p_corr=p*2 #Bonferroni correction -- two comparisons
and vs 100
#p_corr=p*hs correction #holm Sidak
if p corr>l:
p_corr=l

elif paired=='y':

#repeated measure anova
with warnings.catch warnings():
warnings.simplefilter ("ignore", category=RuntimeWarning)

r=AnovaRM(finalrm df,subject='SampleNumber',depvar=£f'{x}bin',within=["'Dose’

1) .£it()

correction

p=r.anova_table['Pr > F'][0]
p_corr=p
#p_corr=p*len(test['variable'].unique()) #Bonferroni

if p corr>l:
p_corr=l

cVal=finalrm df[finalrm df['Dose'].str.contains(control keyword)][f'{x}bin’

1

tVal=finalrm df[finalrm df['Dose'].str.contains(treatment keyword)][f'{x}bi

n']

cMean=np.mean (cvVal)
tMean=np.mean (tval)
meanDiff=cMean-tMean

if meanDiff==0 or cMean==0:

perc_meanDiff=0

else:

with warnings.catch warnings() :
warnings.simplefilter ("ignore'", category=RuntimeWarning)
perc_meanDiff=meanDiff/cMean*100

if np.isnan(p_corr):

p_corr=l

#cStd=np.std(cvVal)
#tStd=np.std(tVal)

sheetl.write(row,col,f'{p corr}')

#sheetl.write (row+l,col, f'{cMean}"')

#sheetl.write (row+2,col, f'{cStd}")

#sheetl.write (row+3,col, f'{tMean}")

#sheetl.write (row+4,col, f'{tStd}")

sheetl.write(row+l,col,f' {meanDiff}")
sheetl.write(row+2,col,f' {perc meanDiff}') # % mean difference
col+=1

o)
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if p corr<=0.05:
significant="Y"
score+=1
sheetl.write(row,2,f'{significant}")
if len(test['variable'].unique())==0:
fin score=0
else:
fin score=score/len(test["variable"].unique())
sheetl.write number(row,3,fin score) #score is weighted by number of
bins
#row+=6
row+=3

plfAnalysisExcel.close()
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