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Abstract 

The extracellular matrix (ECM) is a complex meshwork of insoluble 

fibrillary proteins and signalling factors interacting together to provide 

architectural and instructional cues to surrounding cells. Alterations in ECM 

organisation or composition and excessive ECM deposition have been observed 

in diseases such as fibrosis, cardiovascular diseases and cancer. Due to its 

complexity, ECM involvement in cancer is still poorly understood, and its role in 

ionising radiation response is unknown.  

We used subcutaneous mouse models of colorectal and pancreatic cancer 

to investigate the effects of ionising radiation (IR) on tumour microenvironment. 

In particular, we looked at the effects of radiation on Col5a1, a regulatory fibril-

forming collagen that forms heterotypic fibrils with Col1a1. Immunostainings 

showed that Col5a1 protein expression decreased in irradiated tumours 

compared with the non-irradiated controls, whereas Col1a1 expression did not 

change. This result was confirmed by RT-PCR and Western Blot analysis. Using 

picrosirius red staining, we found that collagen deposition was significantly 

altered by irradiation. Besides, five collagen structural parameters (alignment, 

density, width, length and straightness) were analysed using second harmonic 

generation imaging, a highly specific technology for detection of collagen fibres. 

Our data indicated a significant decrease in collagen width after irradiation in a 

pancreatic cancer model, whereas all parameters were significantly changed in 

the colorectal cancer model. Col5a1 gene knock-down significantly decreased 

cell survival upon IR and cell migration as assessed using colony formation 

assays and 3D-spheroid imaging 
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To confirm our data, we generated a knockout Col5a1 KPC cell line and 

injected it subcutaneously in vivo in C57/BL6 mice. The lack of Col5a1 in the in 

vivo tumour led to a reduction in tumour growth; however, radiation seemed to 

activate a compensatory effect which refrained the irradiation inhibition effect on 

tumour growth. In vitro migration assay and cell growth assay, results showed a 

similar pattern. 

Col5a1 knock-down and knockout significantly inhibited cell proliferation, 

inhibited cell migration in vitro and inhibited tumour growth in vivo. Our data, 

therefore, present Col5a1 as a possible novel prognostic marker and a potential 

therapeutic target. 
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1.1 The Extracellular Matrix  

The extracellular matrix (ECM) is a complex meshwork of cross-linked 

proteins that provides the physical scaffolding required to maintain tissue 

morphology1. Together with its structural role, the ECM is of fundamental 

importance in tissue morphogenesis, differentiation and homeostasis. The 

composition of the ECM composition is tissue-specific, although the main 

constituents are water, proteins and polysaccharides. The ECM topology and 

composition is a result of dynamic and reciprocal dialogue between the various 

cellular components (e.g. fibroblast, epithelial, adipocyte, endothelial elements)2. 

ECM composition is also markedly heterogeneous (figure 13), being composed 

by fibrillar components, such as collagens, fibronectin and elastin, and non-

fibrillar components such as hyaluronan, proteoglycans and glycoproteins 

including matricellular proteins immersed in the ground substance, an amorphous 

substance which fills the space between cells and filaments2.  

Different cells, including fibroblasts, epithelial cells, immune cells, 

endothelial cells, and pericytes, are interconnected by complex networks 

between the macromolecular components of the ECM and cell surface receptors 

and matrix effectors. ECM receptors, such as integrins, discoidin domain 

receptors (DDRs) and syndecans mediate cell adhesion to the ECM4. Cell 

migration through the ECM can be mediated by cytoskeletal coupling to the ECM. 

By interacting with cell surface-receptors and by binding and sequestration of 

growth-factors (GFs), the ECM directs fundamental morphological and 

physiological function to induce signalling pathway activation and modulate gene 

transcription5.  
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ECM is continuously being remodelled, either enzymatically or not 

enzymatically6 in a delicate balance between synthesis and degradation. Its 

molecular components are subjected to several post-translational modifications2. 

ECM remodelling happens in normal conditions in healing wounds. Given the 

importance of ECM in keeping tissue homeostasis and the complexity of its role, 

any dysregulation in ECM structure, composition and function can lead to a 

diseased state such as cancer of fibrosis7.  

 

 

Figure 1: Components of a typical connective tissue. The tissue is 

composed of cells supported in a mesh-like structure of ECM filled in with ground 

substance  (Copyright McGraw-Hill education3) 

 

 The Extracellular Matrix and TGF- 

Transforming growth factor- is a member of the transforming growth 

factor superfamily of cytokines. It has a critical role in many cellular functions 

including cellular response, cell growth, cell proliferation, cell differentiation and 

apoptosis. It is also considered a pro-fibrotic factor8 and regulates the ECM 
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synthesis. TGF- is released from platelets and secreted from cells in a 

biologically inactive and latent form. Before it can bind to its receptor, TGF- must 

be first activated9.  

ECM and TGF- signalling processes are strictly interconnected. The 

ECM provides storage for latent TGF-10. ECM-mediated signalling is reciprocally 

influenced by TGF-11. Cellular exposure to TGF- affects  integrin activation and 

expression; at the same time, TGF- activation and cellular response is regulated 

by ECM signalling through integrins11.  

TGF- expression had been studied in different tumour types, resulting 

either in a tumour suppressor or tumour promoter. In healthy cells or early-stage 

tumour types, TGF- acts to block cell proliferation through SMAD-dependent 

inhibition of MYC as well as activation of cyclin-dependent kinase inhibitors12. In 

premalignant cells, TGF- can induce cell apoptosis. In advanced tumours 

instead, TGF--dependent cytotoxic effects are suppressed and EMT-associated 

cell invasion and metastasis become dominant13. In addition, TGF- can induce 

a variety of different anti- and pro-tumourigenic effects by acting on stromal cells 

and stimulating matrix deposition in the cancer microenvironment14. The switch 

between the pro- and anti-tumourigenic phenotype is not well understood yet. 

TGF- signalling has been shown to be associated, both in genetically 

engineered mouse cancer models and endogenously in human disease, with 

substantial changes in tumour stroma15,16, as well as with the induction of a 

mesenchymal phenotype for epithelial cells. In invasive breast cancer, TGF- 

expression correlates with an increase in ECM deposition, as long as with other 

cancer markers such as metastasis and immune cells infiltration15.  
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TGF- signalling forms a complicated network in cancer cells17.  

1.1.1.1 TGF- and Fibrosis 

TGF-β is a leading player in fibrosis. TGF-β is believed to regulate tissue 

fibrosis as a consequence of pathological ECM accumulation18. Carcinomas that 

overexpress TGF- commonly display a desmoplastic stromal 

environment15,19,20. TGF- had been shown to induce myofibroblast 

differentiation in fibroblasts, which resulted in an increased collagen deposition 

and ECM remodelling. Transient overexpression of active TGF-β1 using a viral 

expression alone is sufficient to cause persistent fibrosis in multiple organs, 

including skin21, lung22, and intestine23. Hence, TGF-β1 is not only deposited into 

the ECM but is also perceived by specialized cell receptors as an authentic ECM 

protein24. A significant number of studies have established that integrin binding is 

the main prerequisite for latent TGF-β1 activation, in particular in conditions of 

inflammation and fibrosis25. 

 The Extracellular Matrix as a Cancer hallmark 

The concept that the tumour microenvironment plays a remarkable role in 

fostering or restraining tumours is now prevalent, but for many years researcher 

focused on the intrinsic effects of cancer cells, ignoring their surroundings. 

Immune cells, angiogenesis, oxygen tension, interstitial pressure, ECM 

remodelling and tumour metabolite components of the TME have received recent 

attention as essential determinants of cancer cell behaviour and disease 

progression. A significant component of the TME is the ECM. The ECM is tightly 

regulated during embryonic development and tissue homeostasis but is 

commonly disorganised in cancer26. The ECM regulates cancer progression both 
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directly, by promoting cellular transformation and metastasis, and indirectly by 

promoting the generation of a tumorigenic environment through deregulation of 

stromal cells behaviour and facilitating tumour-associated angiogenesis and 

inflammation27.  

Within the tumour stroma, different cell types, including both cancer cells 

and resident fibroblasts, which differentiate in CAFs, have a role in modifying the 

ECM28. It is well recognised that fibroblasts are the primary source of most of the 

structural collagens in the ECM, whereas tumour cells synthesize many of the 

proteoglycans and other linking proteins such as laminins and fibronectin.  

In 2012 Hynes et al28 confirmed that both tumour and stromal cells 

contribute to the composition of the ECM of tumours using a proteomics-based 

analysis paired with a bioinformatic definition of the ‘matrisome’ (ECM and ECM-

associated proteins) to analyse the protein composition of lung and colon both in 

cancer, metastasis and normal tissue in vivo xenografts by determining which 

proteins were murine and which human. The analysis of over a hundred ECM 

proteins showed that the matrisome components secreted by tumour cells vary 

significantly accordingly with the metastatic potential of the analysed cell line28,29. 

Another study identified the tumour microenvironment molecular signature in 

normal breast tissue and invasive breast cancer by analysing the differences in 

gene expression between stromal and epithelial cells was performed by Casey 

et al30. Then suggested that aggressive and metastatic cancer cell lines produced 

ECM components such as collagens, fibronectin, laminin, and so on30.  

Cancer cells can modify the environment secreting ECM components and 

ECM-modifying enzymes. LOX gene encoding is induced by intra-tumoral 
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hypoxia and LOX-mediated collagen and elastin cross-linking leads to ECM 

stiffening, which may enhance tumour migration in hypoxic conditions31.  

 Activated fibroblasts in the tumour microenvironment, also called CAFs 

(cancer cell associated fibroblasts), constitutes the majority of the tumour stroma 

together with macrophages. Cancer cells drive CAFs to produce and deposit an 

abnormal amount of ECM components altering the ECM composition, both 

qualitatively and quantitatively. As a consequence, the ECM of the primary 

tumour site changes dramatically compared to physiological conditions. Cancer 

cells hijack fibroblast functions usually associated with wound healing to promote 

disease progression. Tumour cell accumulation within the tissue can trigger a 

chronic wound healing response from normal fibroblasts, starting a process which 

leads to a desmoplastic tissue environment due to ECM aberrant remodelling and 

increased stiffness 32. Other important key players in mediation of cancer cell 

plasticity are Tumour-associated macrophages (TAMs), Tumour-associated 

neutrophils (TANs), Cancer-associated adipocytes (CAAs) and Tumour-

infiltrating lymphocytes (TILs).  

Deregulated ECM dynamics such as increased tissue stiffness and 

desmoplasia, as well as breaching the basement membrane are hallmarks of 

cancer33.  

 The ECM role in colorectal cancer  

Colorectal cancer is a major cause of death in Western countries with an 

average five years survival rate of 67%34. Early detection and prevention led to a 

steady decrease in the number of deaths due to colorectal cancer in the last two 

decades. Despite this relatively high survival rate, because of the high frequency 

of colon cancer, many deaths result. There is a high risk of death in the later 
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stages, especially in the event of metastasis to the liver in which the majority of 

patients fail to respond to treatment35. Growing interest is now on the role played 

by the tumour microenvironment in cancer progression, to tackle the problem of 

failure to treat metastasis. In 2014, Fang et al29 pointed out how ECM, collagen, 

in particular, is involved in tumour progression and can play both a positive or 

negative role, either inhibiting or promoting cancer progression at different stages 

of cancer development. The ECM could either behave as a barrier to drug 

delivery, conferring chemoresistance to cancer 29 or act as a protective factor for 

survival in patient with colorectal carcinoma36.   

During cancer cell growth, many cancers exhibit different grades of 

desmoplasia. With this term is indicated the unorganised production of fibrous or 

connective tissue composed mainly of myofibroblasts and collagen fibres. 

Similarly, in colon cancer, during tumour progression, collagen fibres become 

thicker and disaligned37,38.  The presence of  more dense and ordered collagen 

fibres in the colon tumour samples suggests that collagen has a pivotal role in 

malignant transformation38.  

 The ECM role in pancreatic cancer 

Pancreatic ductal adenocarcinoma (PDAC) is the fourth cause of cancer 

death worldwide and is predicted to become the second cause of death related 

to cancer by 203039. PDAC is characterized by a five years survival rate of 5%. 

Despite advances in cancer therapy, treatment outcome for PDAC patients 

remains unsatisfactory.  

Pancreatic cancers progress with a desmoplastic reaction characterized 

by an excessive ECM deposition and recruitment and activation of CAFs, 

associated with altered immune-surveillance and depleted vasculature. This 
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stromal remodelling alter the interactions between tumour cells and stromal 

compartments, which could promote disease progression. In addition, PDAC 

fibrosis compromises drug delivery increasing resistance to therapy. 

Nevertheless, benefit from anti-stromal therapies remains uncertain. In vivo 

experiments targeting the SHH pathway were shown to significantly reduce 

fibrosis and increase drug uptake transiently stabilizing the disease40.  

Similarly, it was shown that using hyaluronidase to reduce the abundance 

of hyaluronan in tumour stroma and reduce tissue tension in a xenograft human 

pancreatic cancer with an angiotensin inhibitor reduce tissue tension facilitating 

drug delivery. Unfortunately, the attempted translation of these findings into 

phase 2 clinical trials targeting fibrosis did not increase patient survival41. Data 

from mouse models of PDAC revealed that, even after reduction in fibrosis by 

depletion of proliferating -sma positive stromal cells, there was no improvement 

on mortality, while the vasculature remained abnormal and tumours remained 

hypoxic and even less differentiated41. Another study targeting fibrosis through 

inhibition or genetic ablation of SHH resulted in a less differentiated and more 

aggressive tumour. These data imply that the stroma can both promote and 

restrain tumour progression. It was recently shown that ECM remodelling does 

not occur evenly throughout the tumour, but that it was heterogenous and 

spatially defined within pancreatic tumours42.  

Stromal cells such as CAFs are predominantly mediating ECM 

remodelling. However, cancer cells can activate signalling pathways that regulate 

survival and metastasis in pancreatic cancer43. Similarly, increase stiffening of 

the ECM could promote the epithelial to mesenchymal transition in pancreatic 

tumour, and reduce pancreatic cancer response to chemotherapy39.  
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 Collagen  

1.1.5.1 Collagen Structure:  

Collagens constitute the main structural element of the ECM and are the 

most abundant fibrous proteins within the interstitial ECM constituting up to 30% 

of total protein mass of a multicellular animal.  

Collagen consists of three polypeptide chains named -chains. Size of 

these -chains can vary from 662 (human 1(X)) to 3152 (human 3 (VI)). They 

can be either be identical to form homotrimers (e.g. Collagen II, III, VII, VIII, X) or 

different to form heterotrimers (e.g. Collagen I, IV, V, VI, IX and XI)44. The -

chains contain a rod-like domain of varying length with a glycine each third 

residue. The three -chains of fibril forming collagens are twisted in a triple helix 

with a one-residue stagger between adjacent -chains. The triple helix is the 

common structure motif in collagen molecules and is also called Collagen domain 

(COL).  

At this time, the collagen family comprises 28 members numbered with 

Roman numerals in vertebrates (I-XXVIII). There are several isoforms for the 

same collagen type (e.g. Collagen IV and VI) and hybrid isoforms comprised of 

-chains belonging to two different collagen types (e.g. Collagen Va1/XI).  

1.1.5.2 Collagen binding receptors:  

Collagens regulate cell adhesion, provide tensile strength, support 

chemotaxis and migration, and direct tissue development through the binding of 

their cell receptors5. Several collagens such as Collagen 5a1, referred to as 

‘minor’ collagens, have been proved to be crucial for tissue integrity despite being 

of low abundance.  
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In order to fulfil its biological role, collagen interacts with different 

molecules. In their review An et al45 schematised the classes of molecules the 

three major fibrillar Collagens ( type I, II and III) interact with in an interactome-

type network diagram (Figure 2), including different cell-surface receptors and 

other ECM proteins.  

There are three main collagen receptor families: collagen-binding 

integrins46, collagen-binding immune receptors and discoidin domain receptors47 

(DDR1 and DDR2). The largest family of receptors involved in mediating cell 

adhesion to fibronectin, laminins and collagens are the integrins. Integrins are 

heterodimeric transmembrane glycoprotein receptors. Collagen binding integrins 

are 11, 21, 101 and 11146.  

Under pathological conditions, such as inflammation, tissue regeneration 

and tumours, this class of integrins play a prominent role. Integrin 11 and 21 

are involved in the innate immune response48. Recent data suggest that 11 is 

an important collagen receptor for collagen remodelling on activated fibroblasts 

in wound healing, fibrosis and in tumour stroma49.  

DDRs are kinase receptors which bind the main collagens ( I, II and III) 

and upon binding to collagen, DDRs  are involved in cell adhesion, proliferation, 

differentiation and matrix remodelling46,47,50. 

Among the collagen-binding immune-receptors, Glycoprotein VI regulates 

platelets during thrombosis51. Another important receptor is LAIR-1 which works 

as inhibition signal for most of the immune cells. The binding with collagen inhibits 

LAIR-1 function52,53.  
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Figure 2: An et al45 representation of the three major fibrillar collagens 

interaction network. Representative examples of each class collagens interacts 

with are plotted with Cytoscape 3.2.1 based on multiple sources including 

MatrixDB.  

 

1.1.5.3 Collagen biosynthesis: 

Collagen is synthetized and assembled according to the canonical normal 

pathway for a secreted protein. Collagen chains are synthetized as long chains 

called pro-collagens, and subsequently they are co-translationally transported 

into the lumen of the rough endoplasmic reticulum (ER). Here and in the Golgi 

complex, the procollagen chain is glycosylated. Glucose and galactose residues 

are added to hydroxylysine residues and at the same time oligosaccharides are 

added to asparagine residue in the C-terminal propeptide, a segment of the 
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procollagen molecule that is absent in the mature collagen. Next specific proline 

and lysine residues are hydroxylated. Finally, before the triple helix forms, the 

three chains are aligned using disulphide bonds between the terminal N- and C- 

propeptide sequences. The triple helix is now formed54.  

The tropocollagen molecule is then secreted into the extracellular space. 

N-terminal and C-terminal pro-peptides are removed by the procollagen 

peptidases during or following exocytosis. The protein now consists almost 

entirely of a triple-stranded helix. The excision of the pro-peptides allows the 

collagen molecules to polymerize into collagen fibrils in the extracellular space54.  

Stromal fibroblasts transcribe and secret the bulk of interstitial collagen. 

Collagen fibrils are organized into sheets and cables by fibroblasts exerting 

tension on the matrix55.  

1.1.5.4 Collagen degradation:  

Collagen degradation is tightly regulated in physiological conditions and 

represents a very important process in development, morphogenesis, tissue 

remodelling and repair. Its dysregulation is involved in different diseases such as 

cancer, fibrosis, chronic ulcers, rheumatoid arthritis, nephritis. One major class of 

proteases involved in collagen degradation are the metalloproteinase (MMPs). 

MMPs can be categorized into five main subgroups based on their substrate 

specificity and structure: collagenases (MMP-1, MMP-8 and MMP-13), 

gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3, MMP-10 and MMP-11), 

matrilysins (MMP-7 and MMP-26) and MT-MMPs (MMP-14, MMP-15 and MMP-

16)56. Of interest for us are gelatinases MMP-2 and MMP-9 since they are able 

to digest a number of ECM components such as collagen type I, IV and V56,57. 

Furthermore these two proteases have been found upregulated in fibrosis and 
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their upregulation has been associated with tumour aggressiveness, metastatic 

potential and poor prognosis. 

MMP-2 is considered to play an important role in metastasis. Among the 

various stimuli which stimulate MMP-2 synthesis and secretion there are 

cytokines. Produced during tumour invasion, atherosclerosis and inflammation. 

Enhanced expression of MMP-2 in cancer cells has been found in relation with a 

lower survival of patients with CRC58.  

MMP9 is also associated with metastasis and widely expressed in various 

tumours and associated with poor disease prognosis in oral and gastric cancer, 

breast cancer, non-small lung cancer, colorectal cancer and osteosarcoma59.  

 Collagen in tumours 

Collagen in the tumour microenvironment produce biochemical signals 

which are sensed both by cancer and stromal cells, triggering a cascade of 

biological events. As we already discussed the ECM goes under structural 

changes during tumour invasion. Remodelling of the ECM includes morphological 

changes characterized by linearization of collagens fibres at the tumour invasion 

front, with significant impacts on tumour cell biology including gene expression, 

cell differentiation, proliferation, migration and responses to treatments. Studies 

conducted on breast cancer showed a correlation between breast density and 

breast cancer risk60,61. In normal conditions, collagen fibres were typically curly 

and smooth in the epithelial breast tissue. When tumour progressed the fibres 

thickened, linearized and stiffened, promoting the cell invasion in the ECM and 

metastasis. Intravital imaging showed that collagen fibres linearized were used 

as ‘highways’ from breast cancer cells and leucocytes to rapidly migrate62.   
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In the appropriate context, the ECM is enough to restrain malignant tumour 

progression. At the same time, ECM can also promote tumour progression. For 

example, Collagen IV overexpression can enhance cell survival and metastatic 

potential for lung cancer cells in liver63.  

 Collagen 5a1 is a minor constituent of the ECM 

Collagen 5a1 is a relative minor member of the ECM and a component of the fibril 

subclass of collagens64. It is involved in the regulation of fibril assembly65,66. It co-

assembles with type I collagen and regulates the assembly and lateral growth of 

the type I collagen fibrils. In 2004, Wenstrup et al65 generated a Col5a1 knockout 

mouse model.  The mouse model with homozygous Col5a1 gene target deletion 

was embryonic lethal; it did not develop past early organogenesis and mice were 

characterised by a virtual absence of collagen fibrils. Interestingly mice with a 

Col5a1-/+ genotype survived normally but phenotypically resembled people with 

the Ehlers/Syndrome67 and these mice have half the number of fibrils than their 

wild type littermates65. Collagen type I gene expression was not affected by 

Col5a1 deletion. These data suggested that collagen 5a1 has an essential role 

in collagen fibril initiation. These observations have been confirmed using a 

conditional col5a1 gene knock out model by Sun et al66.  

Several isoforms of Collagen 5a1 exist, which differ in the type and ratio 

of constituent chains. The most widely distributed and more abundant are 1(V) 

and 2(V), forming heterotypic fibrils with Collagen I64. Collagen 5a1 is normally 

present in the ECM of tissues that express Collagen I. Different studies 

investigating how changes in the Collagen 5a1/1a1 ratio regulates fibril formation 

in vitro fibril assembly experiments68, in vivo69 and in patients70, have led to the 

hypothesis that Col5a1 serves as a negative regulator of collagen fibril diameter, 
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but is critical for fibre formation. Collagen 5a1 distribution, similar to other 

collagens, is tissue-specific, possibly related to the tissue functions. It is present 

in most connective tissue matrices, especially tendons, skins and cornea, and is 

multifunctional in health, disease, and fibrosis64. 

The role of 5a1 collagen in the organization and biological properties of 

collagen ECM is still poorly understood.  

 Collagen 5a1 in Cancer and Fibrosis 

Although is a minor constituent of the ECM in healthy humans, COL5A1 is 

highly expressed in cancer, wound repair, chronic inflammation, and 

fibrogenesis.  

The induction of skin tumours, by the tumour promoter 12-O-

tetradecanoyl-phorbol-13 acetate (TPA), in mice is associated with an increase 

of the relative content of Collagen 5a1 in the dermis and a lack of change in the 

levels of Collagen I and III71. This led to the hypothesis that Col5 disturbed the 

interactions between the dermis and epidermis facilitating tumour development.  

In pancreatic ductal adenocarcinoma, Collagen 5a1 expressed by 

pancreatic stellate cells affects the malignant phenotype of several pancreatic 

cancer cell lines promoting adhesion, migration and viability.  The inhibition of 1-

integrin, a component of a Collagen 5a1 receptor abolished Collagen 5a1-

induced effects on pancreatic cancer cells, identifying the B1-integrin/FAK 

signalling pathway as an important mediator of Collagen 5 effects on tumour 

cells72.  

In colorectal cancer, a study showed upregulation of collagen 5a1, as well 

as of Col1a1 and Col4a1 in vivo. In vitro studies showed that direct cell-cell 

contact between fibroblasts and colorectal cancer cells leads to an increase in 
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ECM density, composed of unorganised collagens, including Col5a1, and 

proteoglycans73.  

Furthermore, COL5A1 has been identified as a biomarker of human 

gastric cancer using gene expression profiling74 and RNA-sequencing has 

revealed that it is associated with the ECM degradation pathways in papillary 

thyroid carcinoma75. However, the possible role of Col5a1 in radiation responses 

has not been studied.  

1.2 Radiotherapy  

Radiotherapy is one of the most common treatments in cancer therapy. It 

is used to treat up to 50% of all cancer patients and as an adjuvant treatment in 

40% of the patients who undergo surgery.  

The essential principle of cancer radiotherapy is to kill cancer cells sparing 

normal tissues. It is important because IR has a double nature: given at high 

doses is able to kill tumours or stop or slow tumour growth but can impair tissues 

such as the intestine, liver, lungs and haematopoetic tissue of the bone marrow. 

Long term there is a small chance that it could increase an individual’s risk of 

developing cancer. The use of radiation therapy in the clinic is designed to target 

the tumour while sparing the normal tissue. Giving the tumour the highest dose 

while reducing the dose to the surrounding tissues is achieved partly by taking 

into account the IR physical properties and using available techniques which 

direct an elevated IR dose to a limited area sparing the surrounding tissues to a 

large extent. Modern RT techniques deliver radical or high IR doses to tumour 

target in precise and accurate doses, while reducing IR doses to the surrounding 
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normal tissues. This has led to significant reduction of radiation-induced toxicities 

and improvement on local-regional tumour control in some cancer types76.  

Exposure of cells to IR induces DNA damage with double-strand breaks 

being the main lethal lesion. This DNA damage activates DNA damage - induced 

stress response. Target proteins, which primary function is to facilitate DNA repair 

and prevent the proliferation of damaged cells (checkpoint blockade) are 

activated or repressed after IR77. Similarly, IR activates a damage response at 

the tissue level.  Multicellular programmes are activated and executed by soluble 

signals such as chemokines, cytokines and growth factors, which modulate cell 

behaviour.  

To sum up cancer is a leading cause of death globally, radiotherapy plays 

an important role in cancer treatment. Owing to the development of radiation 

physics and imaging techniques, modern RT has made a significant progress in 

tumour treatment and normal tissue preservation. Anyhow, there are still 

emerging and unmet needs including the role of tumour microenvironment in the 

radiation response in order to further improve radiotherapy efficiency. Emerging 

data suggests that tumour microenvironment has a fundamental role in 

modulating radiation response both locally and systemically78. A better 

understand of the tumour microenvironment role in radiation therapy may help 

improve the therapeutic efficiency of RT. Very little is known about the immediate, 

such as within one week, response of the ECM to radiation. 

 The effects of radiation on the ECM  

Radiotherapy is widely used in cancer therapy as a method to cause cell 

death through DNA damage. At times considerably distant from the radiation, 

many months to years, extensive pathological fibrosis may occur especially noted 
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in the heart, skin, lungs, kidneys, gastrointestinal tract and liver79 leading to 

impaired organ function.  

Radiation cytotoxic effects are thought to be exerted through DNA damage 

and direct induction of ROS, but it has been demonstrated that the radiation effect 

on a single cell can be propagated to neighbour cells that have not been exposed 

to irradiation. This effect can be observed both in adjacent cells80 or in cells 

located up to 1 mm distance81. In addition, radiation damage may be transmitted 

through culture medium from an irradiated cell population to a separated 

unirradiated one, suggesting that the damage signal is diffusable82. This effect is 

called bystander effect and is highly dependent on cell type and radiation rate 

exposure, therefore the biological outcome is variable.  

Giannopolou et al.83 used a CAM model to show that 48 hours after 

irradiation the gene expression of the majority of the studied ECM proteins, 

increased. Using this model they speculated that X-rays induced an early 

apoptosis of CAM cells through angiogenesis-related ECM proteins synthesis 

modulation and deposition regulated by tumour cells83. These findings confirmed 

previous studies showing that radiation increased the gene expression, as well 

as the turn-over and cross-linking of collagens84.  

Radiation can also modulate cancer cell response and inhibition of 

Integrin-ECM interactions. Inhibition of integrin signalling induces selective 

apoptosis in malignant cells enhancing the radiation tumouricidal effect85. 

Integrin-ECM signalling is an important component of radiation response both in 

vitro and in vivo86. The mechanism is not fully understood, however it is thought 

that radiation induces changes in integrin signalling predisposing cells to 

metastasis in recurrent diseases87.  
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In 2018, Miller et al88 described the effects of ionizing radiation on ECM 

stiffness. Interestingly, they discovered that ionizing radiation can reduce 

stiffness of a 3D collagen matrix without collagen denaturation but through the 

cleavage of C-C and C-N peptide bones in the backbone of the collagen protein. 

Reduction in stiffness of a 3D collagen matrix through radiation also alter cell 

behaviour, causing a decreased adhesion, spreading and migration88. They did 

not find any difference between fractionated and single dose, suggesting that the 

effects on ECM stiffness are dose but not rate dependent.  

 Fibrosis 

Fibrosis is a pathological condition generated by an excessive ECM 

production and deposition. It may follow chronic or severe tissue injuries, and it 

represents one of the main side effects in radiation therapy treatment89. 

Pathological fibrosis can lead to organ failure and it has also been reported to 

increase the risk of cancer. For example in breast an increased mammographic 

density, which represents the amount of collagen in breast, is correlated with a 

high risk of developing breast cancer90. Interestingly, Parker et al showed that a 

fibrotic ECM can induce fibroblasts to further increase ECM production91. Isolated 

ECM from patients with or without idiopathic pulmonary fibrosis (IPF) was co-

cultured with both IPF and non-IPF fibroblasts in vitro. intriguingly the IPF derived 

ECM promoted ECM production in both IPF and non-IPF fibroblasts, by 

downregulating miR-29, which regulates the expression of many ECM genes91. 

This experiment suggests that the ECM origin had a greater effect on gene 

expression than the fibroblast origin.  
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1.2.2.1 Radiation-induced fibrosis 

Radiation-induced fibrosis (RIF) is usually a late effect of radiotherapy and 

may be seen in skin92, the lungs93–95, the gastrointestinal96–98 and genitourinary 

tracts, muscle and other organs. It can cause functional impairment which can 

lead to death or to a significant decrease in the quality of life. There may be a 

genetic component for predisposition to RIF. Radiation tissue injury triggers the 

inflammation and induces the transformation from fibroblasts to myofibroblasts. 

These myofibroblasts proliferate excessively, and at the same time produce 

abnormal amounts of collagen and other ECM components.  TGF- is a major 

mediator of fibrosis99.  

Overall, these studies show that the ECM actively participates in 

stimulating further ECM synthesis and therefore in the fibrotic process 

development. A better understanding of the radiation effects on ECM composition 

and function before fibrosis arises could be helpful in improve radiotherapy 

efficiency.   

1.2.2.2 Fibrosis Animal Model  

The use of different scoring systems for radiation induced fibrosis limits 

comparability among different studies. However, it is difficult to establish a fixed 

radiation dose since RIF depends from different factors such as radiation dose, 

irradiated organ, origin of injected tumour cells, and so on as illustrated in figure 

3.   

 



 32 

            

Figure 3: McKelvey et al100 Aspects of radiation delivery that modulate the 

inflammatory/ immune response including fibrosis.  

 

Different methods have been proposed in different cancer models in the 

study of fibrosis. For example Pan et al, established a pulmonary fibrotic model 

exposing C57BL/6 mice to a single dose of 17 Gy on the right side of the thorax 

and lung fibrosis was evaluated 3 weeks after the radiation treatment101. Groves 

et al instead exposed C57BL/6 mice to a single thoracic radiation dose of 12.5 

Gy, and noticed fibrosis  6 weeks after irradiation102.  

Recently, Bull et al suggested a new model for radiation induced fibrosis 

in the gut. Mice were irradiated form 2 up to 4 fractions dose of 6 Gy or 8 Gy per 

day. They were culled 6 weeks post irradiation and all showed fibrosis103. 

However, they were able to reduce the number of irradiation doses thanks to a 

precise irradiator which hit precisely a radiation field of 3 x 3 cm2. 
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In summary, all RIF mouse models in literature are characterised by an 

administration of high doses of radiation, with a minimum of 12.5 Gy, and a post 

irradiation phase of at least 3 weeks. Fibrosis is evaluated on morphological 

parameters and ECM protein abundancy.  
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1.3 Research objectives:  

This project consist of two parts. The first part aimed to investigate the 

effects of irradiation on the ECM with a particular attention to Collagen 5a1 

expression and changes in collagen deposition (Chapter 3). The second part 

focused on determining the role of Collagen 5a1 on cell migration, radio-

resistance, collagen deposition and organisation (Chapter 4).  

It is well established Col5a1 has a key role in tumour progression and in 

fibrosis. However, there are some critical questions that need to be addressed, 

including its role in radiation response.  

To study the effects of radiation on Col5a1 expression we used a 

subcutaneous tumour animal model. Tumours were irradiated when they reached 

a volume of 100 mm3. We then analysed the effects of radiation on Col5a1, 

Col1a1 and a-sma expression mainly by immunohistochemistry.  In order to 

understand what led to the decrease of Col5a1 we investigated the gene 

regulation both in vivo and in vitro through RT-PCR and the presence or activation 

of two matrix-metallo proteinases, MMP2 and MMP9, known to cleave and 

degrade Col5a1.  

We observed the effects of radiation on collagen organisation using Red 

Picrosirius Staining and SHG imaging. Using the software Ct-fire we were able to 

quantify collagen parameters, such as length, width, angle and alignment.   

We subsequently tried to understand the role of Col5a1 in tumour 

progression and radiation-response by partially, siRNA, or completely, 

CRISPR/Cas9, downregulating Col5a1 expression in KPC tumour cells.  

We investigated the effects of downregulated Col5a1 in vitro using 3D and 

2D techniques. We looked at the effects that partial or complete downregulation 
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of Col5a1 had on migration through a spheroid migration assay, tumour growth 

through sphere assay, MTT analysis and cell counting, radio-resistance through 

CFA.  

We injected Col5a1 KO KPC cells, obtained through CRISPR/Cas9, 

subcutaneously in mice. We subsequently evaluated the effects of radiation on 

Col5a1 expression and collagen organisation in vivo using 

immunohistochemistry, red picrosirius staining and SHG.  
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2 MATERIALS AND METHODS 
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2.1 Cell lines and cell culture 

MC38 (murine colon cancer), KPC (murine pancreatic adenocarcinoma), 

and PANC-1 (human pancreatic carcinoma) cell lines were originally obtained 

from American Type Culture Collection (ATCC).  

MC38, KPC and PANC-1 were cultured in DMEM with 10% fetal bovine 

serum (FBS) and Penicillin/Streptomycin (100 I.U./mL).  

All cells were grown in a sterile incubator (Blinder) with 5% CO2 at 37C. 

Cells were used at 80% of confluency and kept for no more than 10 passages. 

All cell culture experiments were performed under sterile conditions in a 

laminar flood hood.  
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2.2  Reagents  

 Antibodies  

Table 1: Primary and Secondary antibodies in immunoblotting and staining 

Antibody Clonality Supplier Catalog 

Number 

Dilution 

W.B. 

Dilution 

IF 

Rabbit anti-
mouse Col5-

1 

Polyclonal Santa Cruz Sc-20648 1:500 1:100 

Rabbit anti-
mouse Col5-

1 

Polyclonal Invitrogen PA5-23989 / 1:100 

Rabbit anti-
mouse Col1-

1 

Polyclonal Abcam Ab43710 / 1:100 

Goat anti-
mouse MMP-
9 

Polyclonal R&D System AF909 1:100 / 

Rabbit anti-

mouse -SMA 

Polyclonal Abcam Ab-5694 / 1:100 

Rabbit anti-

mouse -actin 

Monoclonal Abcam 4970s 1:1000 / 

Goat anti-
rabbit 
Alexa Fluor 
488 

Polyclonal Life 
Technologies 

A-11008 / 1:1000 

Rabbit IgG Polyclonal  Abcam Ab172730 / 1:100 

Goat anti-
rabbit IgG 
HRP 

Polyclonal  Invitrogen #31466 1:5000 / 

Donkey anti-
goat 
IgG HRP 

Polyclonal Invitrogen #A15999 1:1000 / 
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2.3 Irradiation in tissue culture  

Cells were seeded in 6-well plates with a density of 0.5-5 x 104 cells/cm2 

and maintained at 37C with 5% of CO2. Four hours later, cells were treated with 

gamma-rays at indicated time points. Gamma-rays treatment was delivered using 

a 137Cs-laboratory Irradiator (IBL 637, CIS bio International, Saclay, France) 

which produces gamma-rays (0.662 MeV) at a dose rate of 0.81 Gy/minute.  

2.4  Transient gene knock down using siRNA  

To knock down Col5a1 we utilized scrambled or Col5-a1-siRNAs obtained 

from Sigma. Transfection was carried out using Lipofectamin 3000 (Invitrogen). 

Cells were seeded in a 6 well plate. When the cultured cells reached a density of 

40-50%, they were treated with siRNA/lipofectamin 3000 complexes (20 nM) in 

800 L of Opti-MEM (Invitrogen) without serum for 48 hours, after this period cells 

were used for the experiments. Three different siRNAs were tested, and the most 

efficient was selected. 

The knock down efficiency was tested by Real-Time PCR. 

 

Table 2: siRNA list 

  Targeted exon siRNA location Species 

COL5A1 A 3 693 Mouse 

COL5A1 B 2 306 Mouse 

COL5A1 C 7 1269 Mouse 

Nt-COL5A1 nt Non targeting  Mouse 
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2.5 Generation of knock out cell line using CRISPR  

 CRISPR Plasmid Cloning 

Gene knock out cell lines were generated using the CRISPR technique.  

gRNA primers were designed using Feng Zhang lab’s104 CRISPR design 

(http://crispr.mit.edu/) and cloned into plasmid PX701 and PX702 by Dr Yun Hong 

Cao respectively according to a published protocol. Briefly, plasmids were 

digested with Bpil (ThermoFisher) and purified using GFXTM PCR DNA and Gel 

Band Purification Kit (GE Healthcare, Chicago, USA). The pair of gRNA oligos 

were phosphorylated, annealed and ligated with the digested plasmids. The 

ligation reaction was then treated with Plasmid-safe ATP-Dependent DNase 

(Cambio Ltd, Cambridge, UK) to prevent recombination products. The plasmid 

cloning was verified by sequencing.  

 Plasmid Transfection and Generation of Single Cell Clones  

We used the transfection protocol of Dr Jianzhou Chen. Briefly, cells were 

transfected with PX701-gRNA-1 and PX702-gRNA-2 plasmids simultaneously 

using Lipofectamine 3000 Transfection Reagent (ThermoFisher). A total 

number of 0.5x105 cancer cells were seeded in 12-well plate and maintained in 

the incubator. After twenty-four hours, the following reagents mixture were 

prepared: (1) Lipofectamine 3000 dilution: Opti-MEM medium (ThermoFisher) 

150 L + Lipofectamin 3000 4 L; (2) Master mix of DNA: Opti-MEM medium 150 

L + PX701-gRNA-1 1 g + PX702-gRNA-2 1 g + p3000 reagent 4 L. After 

mixing well, the master mix of DNA was added to diluted Lipofectamin 3000 

reagent and incubated at room temperature for 15 minutes. The DNA-

lipofectamin complex was added to the cells and returned to the incubator for 24 

http://crispr.mit.edu/
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hours. Following transfection, cells were washed with PBS and cultured with 

medium containing 1.5 g/mL of puromycin for 24-48 hours to select transfected 

cells. Cells which remained alive after selection were proceeded to generate 

single clones via serial dilution (0.5 cells per well in 96-well plates). Single cell 

clones with gene knock out were selected and validated using RT-PCR.  

2.6 RT-qPCR 

 RNA Isolation 

RNA was extracted from cells and tissues using Trizol (Sigma-Aldrich). All 

RNA were dissolved in RNAase-free water and stored at -80C.  

In general, a total amount of 5-50 ug of RNA was yielded from each sample 

in this study. Their quality and quantity were measured using a NanoDrop 2000 

microvolume spectrophotometer (Thermo Fisher). RNA samples with the ratio of 

absorbance at 260 and 280 nm (A260/280) > 1.8 and A260/230 > 2.0 were 

proceeded to subsequent analysis.  

 DNase treatment and cDNA synthesis  

All RNAs were treated with DNAse prior to the cDNA synthesis using 

Turbo DNA-freeTM Kit (Life technologies). Approximately 2 g of RNA for each 

sample was transcribed into cDNA using the High-Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher).  

 qPCR 

qPCR was performed using SYBR-GREEN (Invitrogen) with specific 

primers. Reactions were run on a Mx3005p (Agilent Technologies, Santa Clara, 
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CA, USA) in a final volume of 25 L with cDNA equivalent of 10 ng RNA and 2 

mol/L of primers. The cycling conditions were as follow: 95 C for 15s, followed 

by 40 cycles of 95°C for 5 s and 60 °C for 30 s. 

Following amplification, the threshold cycle (Ct) values for target genes 

and reference genes were recorded. The fold induction was calculated using the 

Ct method. Firstly, difference of Ct values, Ct, between the target gene and 

reference gene was calculated. Then, the difference of Ct (Ct) between the 

experimental sample and control sample was calculated. The mRNA fold 

induction of the target gene in the experimental sample and control sample was 

calculated. The mRNA fold induction of the target gene in the experimental 

samples was then equal to 2 (-Ct). 

 Quality Control of qPCR 

The following controls were used in this study: non-enzyme control 

(excluding reverse transcriptase in the step of cDNA synthesis) for each sample 

and non-target control (excluding cDNA in the step of PCR reaction) for each pair 

of primers. The Ct values of all controls in this study were > 35. All genes we 

investigated in this study displayed single peak on melting curve analysis after 

the amplification of qPCR. Their specificity were further validated by gel 

electrophoresis of qPCR products.  
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Table 3: Primers for RT-qPCR 

Oligo Name 
 

Sequence (5’-3’) Base 

Count 

Annealing 

Temperat

ure 

Species 

mCol5a1#F Forward CTTCGCCGCTACTCCTGTTC 
 

20 66.10 Mouse 

mCol5a1#R Reverse  CCCTGAGGGCAAATTGTGAA
AA 
 

22 68.80 Mouse 

mBactin#F Forward GAGCTACGAGCTGCCTGACG 20 49.0 Mouse 

mBactin#R Reverse GTAGTTTCGTGGATGCCACA
G 

21 49.6 Mouse 

 

2.7 Immunoblotting 

 ECM-extract Preparation  

Treated tumours were harvested 6 days after the end of the irradiation 

treatment (unless otherwise specified) whereas untreated tumours were 

harvested when their tumour reached a volume. Tumours were immediately 

placed in a p6 well with decellularization buffer containing 0.1% SDS, 0.01% 

NH4OH in H2O. The well plate was put on rotary shaker for at least 72 hours, 

until when the tumours became visibly softer. Buffer was changed twice a day. 

Decellularised tumours were cut in 100 mg pieces (wet weight), aliquoted into 

200 L of ice cold buffer C (Hepes, MgCl2, KCl, EDTA, Sucrose, Glycerol, 

Sodium OrthoVanadate, Protease Inhibitor Cocktail) of the CNCMS 

Compartmental Protein Extraction Kit (BioChain Institute, Inc), snap frozen and 

kept at -20C until enrichment. The protocol used was estabilished by Dr Arseney 

Yuzhalin.  
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 ECM Enrichment 

Frozen ECM samples were homogenized using the Tissue-Tearor tissue 

homogenizer (BioSpec Products, Inc) for 20 seconds. Samples were then 

glycosylated with 3000-4000 units of PNGase F (New England BioLabs, Ipswich, 

MA) and remaining nucleid acids were removed by adding 1 L of Benzonase® 

nuclease (Sigma, St Louis, MO) for 1 h at 4°C. The samples were then spun 

down at 18000 g for 20 min. ECM enrichment was performed accordingly with 

the CNCMS Compartmental Protein Extraction Kit (Biochain Institute, Inc) 

protocol. Briefly the supernatant was discarded and the pellet was washed in 400 

L of ice cold buffer W (HEPES (pH7.9), MgCl2, KCl, EDTA, Sucrose, Glycerol, 

Sodium OrthoVanadate) at 4°C for 5 minutes. Protein extract was spun down at 

18000g for 20 minutes and supernatant was discarded. The pellet was 

resuspended in 400 μl of ice cold buffer W (HEPES (pH7.9), MgCl2, KCl, EDTA, 

Sucrose, Glycerol, Sodium OrthoVanadate) at 4˚C for 5 min. The washed protein 

extract was spun down at 18000 g for 20 min. The supernatant was discarded, 

and the pellet was resuspended in 150 μl of ice cold buffer N (HEPES (pH7.9), 

MgCl2, NaCl, EDTA, Glycerol, Sodium OrthoVanadate) and incubated at 4°C for 

20 minutes to solubilize nuclear proteins. Protein extract was spun at 18000 g for 

20 min. The supernatant was discarded, and the pellet was resuspended in 150 

μl of ice cold buffer M (HEPES (pH7.9), MgCl2, KCl, EDTA, Sucrose, Glycerol, 

Sodium deoxycholate, NP-40, Sodium OrthoVanadate) for membrane proteins 

solubilization. The extracts were then spun down at 18000 g for 20 min, and the 

supernatant was discarded. The remaining pellet was resuspended in 150 μl of 

prewarmed buffer CS (Pipes (pH6.8), MgCl2, NaCl, EDTA, Sucrose, SDS, 

Sodium OrthoVanadate) and incubated at RT for 20 minutes to solubilize 
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cytoskeleton proteins. Protein extract was spun down at 18000 g for 20 min. 

Finally, the supernatant was withdrawn, and the pellet was resuspended in 150 

μL of buffer C, incubated at 4°C for 5 minutes and then spun for 20 min at 15,000 

rpm at 4°C. The remaining insoluble pellet consisting of ECM proteins was then 

snap-frozen and kept at -20°C. 

ECM-enriched pellets were solubilized in a cocktail of reducing agents, 

namely, 8M urea, 100 mM ammonium bicarbonate, 10 mM dithiothreitol, pH 7.8, 

and incubated at 37°C for 30-60 min. Iodoacetamide alkylating agent was added 

to a final concentration of 25 mM and the samples were incubated for 30 min at 

RT. After this step, 15% of the sample was taken for SDS-PAGE analysis to test 

the purity of the ECM proteins extraction. Protein samples were then precipitated 

via methanol/chloroform extraction method. Briefly 600 μL of Methanol and 150 

μL of Chloroform were added to 200 μL of sample. After vortexing 450 μL of MilliQ 

H2O were added and the samples were spun down at 13000 rpm for 1 minute. 

Supernatant was discarded and 450 μL were added to the pellet. Samples were 

centrifuged again at 13000 rpm for 2 minutes. After removing the supernatant, 

the pellet was let to dry and subsequently stored at -80°C. Protein pellets were 

subsequently reconstituted with 50 μL of 6M urea, 2M thiourea in 25 mM Tris ph8 

and vortexed.  

 Immunoblotting 

Cells were lysed in RIPA buffer (Sigma) containing cOmplete Mini 

protease inhibitors cocktail (Roche) and PhosSTOP (Sigma). Cell lysates were 

cleared by centrifugation at 12000 x g for 20 minutes. Protein concentration of 

cell lysates was determined using the Pierce BCA protein assay 

(ThermoFisher). Proteins were mixed with LDS loading buffer 4X (Invitrogen) 
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and/or Guanidine Hydrocloride Solution 8M (Sigma Aldrich), and heated at 60C 

for 10 minutes or at 95C for 5 minutes. Denatured and reduced proteins (10-30 

g per well) were then separated on 4-12% SDS-PAGE gel (Novex) and 

transferred to a nitrocellulose blotting membrane (Amersham). Membranes were 

blocked with 5% milk or 3% BSA in PBS for 1 hour and then probed with indicated 

Abs overnight at 4C. Following washing, membranes were incubated with HRP- 

conjugated secondary antibodies and imaged using Li-Cor Odissey Imaging 

System (Li-Cor).  

2.8 Gelatin Zymography Assay  

Cells were incubated in free serum media at 37C in a CO2 incubator for 

24 hours. Media was collected and concentrated 10 times using protein sample 

ultrafiltration membranes (Merck) and centrifuged (400 x g for 5 min at 4C) and 

supernatant retained. Proteins were quantified using the BCA assay and 30 g 

of protein lysate per lane were loaded on the gelatin zymography gels, samples 

were not heated before in order to avoid proteolysis. Precasted 8.5% 

polyacrylamide co-polymerized with 0.1% w/v gelatin gels (Novex Zymograf Gels, 

ThermoFisher) were used. The gel was run at 150 V until good separation was 

achieved. Gels were then washed 2 x 30 min with washing buffer (2.5% Triton X-

100 in PBS1X) at RT in agitation. Subsequently gels were incubated O/N at 37C 

in a develop buffer (50mM TrisHCl pH 7.5, 5 mM CaCl2, 5 M ZnCl2, 1% Triton 

X-100). Gels were then stained with staining solution (0.25% Comassie Brilliant 

Blue, 45% MetOH, 10% HoAc) for 2 hours at RT on the shaker. After briefly 

rinsing the gels with H2O, gels were incubated with destained solution (50mM 
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TrisHCl pH 7.4, 2% Triton X-100) 3 times for 30 minutes or until bands were 

clearly seen. Gels were scanned and images taken with hp Scanjet 5590.  

2.9 3D Cell Culture  

 3D Migration Assay  

Well plates (Corning 96 well clear round bottom) were coated with 50 L 

of 1% agarose. After agarose solidified, 1x104 cells were seeded in a volume of 

100 L per well. Cells were then incubated at 37C in a CO2 incubator until they 

formed spheroids, which requires between 3 and 5 days.  Spheroids were then 

transferred to a p24 well (Corning) coated with 200 L 1% agarose per well. For 

3D invasion 400 L of the Collagen type 1 solution (1mg/mL Col1a1, 1 M NaOH, 

1X HBSS) were added per well. Spheroids were then transferred from a p96 well 

to p24 well. Images taken 4 hours after the spheroid transfer were tagged as time 

0, and then images were taken every 24 hours up to 48 hours using Celigo 

(Celigo Imaging Cytometer Nexcelom). Using the acquired images, the distance 

of migrating cells from the 0h perimeter was measured on 8 different positions 

(radiants) within the same spheroid using ImageJ Software. The mean distance 

of 3D migration in m was calculated.  

 3D Kinetic Assay  

Cancer cells were plated in a low attachment round bottom 96 well plate 

(Spheroid microplate, Corning) in a concentration of 1x103 cells/well. Cells were 

then centrifuged at 1000xg for 5 minutes in order to favour the cell aggregation. 

Plates were then incubated at 37C in 5% CO2 for few days, until when the 
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spheroids were formed. Images were taken using Celigo (Imaging Cytometer, 

Nexcelom) and the area was quantified using Celigo software.  

2.10 Cell Proliferation Assay  

Cell proliferation was evaluated using the Cell Proliferation (MTT) Kit I 

(Sigma Aldrich). 1x103 cells were grown in a 96-well plate in a final volume of 100 

L culture medium per well and incubated for 24 hours. After the incubation 

period, 10 L of the MTT labelling reagent (final concentration 0.5 mg/mL) was 

added to each well and plates are incubated for 4 hours. Subsequently 100 L of 

the Solubilization solution were added into each well. Plates are allowed to stand 

overnight in the incubator. The day after plates were checked for the complete 

solubilization of the purple formazan crystals. Absorbance was measured using 

a microplate reader (Infinite 200 Pro, Tecan) at the wavelength of 550 nm. 

Reference wavelength was set at 670 nm.  

2.11 Colony Formation Assay  

Cancer cells (from 25 to 100) were plated in 6-well plates and incubated 

at 37C in 5% CO2 for 4 hours, to allow the cells to attach.  Cells were irradiated 

with a range of different doses: 0, 2, 4, 6, 8 and 10 Gy. After RT, cells were kept 

in the incubator for 1 to 2 weeks, until cells in the control plates had formed 

colonies suitable for counting (>50 cells/colony). All colonies were stained using 

a mixture of 6 % glutaredehyde and 0.5% crystal violet and dried on the bench at 

room temperature. Finally, the colony number was counted on the GelCount 

Tumour Colony Counter (Oxford Optronix Ltd, Oxford, UK). The plating efficiency 

(PE) and survival fraction (SF) were calculated using the following equations: (1) 
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PE= number of colonies formed in mock irradiated plates/ seeding cell number x 

100 %; (2) SF= number of colonies formed/ seeding cells number x PE. The 

survival fraction data were then plotted in a log10 scale against the RT dose in a 

linear scale. The survival curves were fitted in GraphPad Prism 5 (GraphPad 

Software, Inc. San Diego, CA, USA) using the linear quadratic model: ln(SF) = -

D – D2.   

2.12 Animal Model  

 Mice  

Female C57BL/6 and BALB-C/nude mice were purchased from Charles 

River Laboratories (Wilmington, USA). All mice were used at age between 6-8 

weeks and held under specific pathogen-free conditions with humidity and 

temperature control.  

Animal procedures were carried out in accordance with the UK Animal 

(scientific procedure) Act 1986 and local ethic reviews.  

 Subcutaneous Tumour Model  

Cancer cells (MC38, KPC and PANC-1) were harvested while in their log 

phase (approximately 70% confluency). A total number of 2.5x105 (resuspended 

in 100 L of PBS 1X) were injected subcutaneously into the right flank under 

inhalation anaesthesia (3% isofluorane). Tumour sizes were measured 3 times 

per week using a calliper. Tumour volumes were calculated using the formula: 

Length x Width2/2.  
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 Irradiation Treatment of Subcutaneous Model  

Mice were subjected to irradiation treatment when their tumours reach a 

volume between 80 and 100 mm3. A fractionated X-Ray radiation dose of 3 Gy 

per 5 days (equivalent to a single 10Gy dose) was delivered to the tumours using 

a GulmayRS320 irradiation system (Gulmay Medical Ltd, Surrey, UK). Mice were 

shielded with only the tumour exposed under anaesthesia. Following IR, mice 

were culled at different time points accordingly with the experimental design. 

When the tumour exceed a volume of 500 mm3 mice were culled. Mice with 

tumour ulceration were culled and excluded from the analysis.  

To determine the overall survival of the treated or untreated mice, Kaplan-

Meier analyses was used and the log-rank Mantel-Cox test was employed to 

determine any statistical difference between the survival curves of the cohorts.  

2.13 Immunohistochemistry  

 Section Preparation 

After removal of the tumour from the mouse body, samples were briefly 

rinsed in PBS and divided in two. Half of the tumour was fixed in 4% 

parafolmaldeide at 4C for 48 hours. After 24 hours samples were placed in a 

solution of 30% sucrose and stored at 4C until the samples drop to the bottom 

of the falcon tube (changing solution every day). Subsequently samples were 

embedded in OCT and freeze placing them on a support with liquid nitrogen. 

Samples were stored at -20C. The frozen tissue was cut using a cryostat (Leica 

CM3050 S Research Cryostat) at 10 m and the sections were stored at -80C. 

Before staining sections were left air drying 30 minutes at room temperature.  
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  Immunofluorescence 

Sections were fixed in 4% PFA or 10% acetone. After fixation sections 

were blocked in a solution with 5% BSA, 5% serum and 0.5% triton X-100 in PBS 

for 1 hour in a humified chamber. Tissues were incubated in the appropriate 

concentration of primary antibody or is IgG control. Incubation of all primary 

antibodies was performed overnight at 4C.  

After the removal of the primary antibody by washing with PBS, Alexa-flour 

conjugated secondary antibodies at a final concentration of 8 g/mL were added 

and slides were incubated for 1 hour at room temperature. After a final washing 

step, sections were counterstained with Hoechst at a final concentration of 

1g/mL (Sigma Aldrich) before being mounted with glass coverslips and 

visualised using a laser scanning confocal (Andor Dragonfly or Zeiss LSM780).  

 Picrosirius Red Staining  

The staining was performed using the Picrosirius Red Stain Kit (abcam). 

Sections were left 30 minutes at room temperature to melt OCT, then they are 

briefly rinsed in PBS 1X. Sections are covered in picrosirius red solution and 

incubate for 60 minutes. After washing with acetic acid solution and with absolute 

alcohol, slides were dehydrated, cleared and mounted. Images were taken with 

the Aperio CS2 Slide Scanner (Leica Biosystems).  

2.14 Second Harmonic Generation (SHG) 

 Imaging 

Second-harmonic generation microscopy is a label-free optical imaging 

technology which can detect and quantitate collagen in tissue sections without 
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immunostaining. Slides were air dried for 20 minutes at RT, rinsed in PBS 1X and 

then mounted with a coverslip.  

The SHG images were captured with an excitation wavelength of 890 nm 

(MaiTai laser emission range is 690-1040 nm), a pulse length of approximately 

100 fs (check) and an emission filter centered at 445 nm. The microscope used 

is a two photon confocal microscope (Zeiss LSM 880). Tile scan and Z-slides 

were captured for each sample, for a total of 3 images for the same treatment.  

  SHG Analysis and quantification 

Analysis and quantification of the SHG images was performed applying a 

MatLab algorithm called CT-FIRE105. Prior to quantification of the collagen fibres, 

all SHG images were transformed into 8-bit images. CT-FIRE combines the 

advantage of the Discrete Curvelet Transform for denoising the image and 

enhancing the fibre ridge features with the advantage of a fibre tracing algorithm 

for automatic fibre extraction, being capable of extracting fibre geometric 

information such as length, angel, width, and curvature of each fibre. Four 

quantitative parameters were analysed using CT-Fire: straightness, angle, length 

and width (http://loci.wisc.edu/software/ctfire). Of these parameters, alignment 

reflects the overall orientation of all collagen fibres, and its value ranges from 0 

to 1, where 1 indicates that all fibres are aligned at the same angle. Straightness 

also ranges from 0 to 1, and to calculate this parameter, the linear length of the 

fibre was divided by the distance along the fibre. Angle shows the distribution of 

the absolute angle in a range from 0 to 180 degrees. 

http://loci.wisc.edu/software/ctfire
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2.15 Oncomine Analysis   

DNA microarrays have been widely used for cancer transcriptome 

analysis, however, the majority of these data were not easily accessible or 

comparable. Oncomine is a bioinformatics database which provide biomedical 

researchers with a collection of standardised analysis and cancer transcriptomes. 

Rhodes et al106,107 analysis of cancer transcriptome data has identified the genes, 

pathways, and networks deregulated across 18,000 cancer gene expression 

microarrays among 35 cancer types.  

ONCOMINE gene expression array datasets (https://www.oncomine.org/), 

an online cancer microarray database, was used to analyze the transcription 

levels of the COL5a1 in different cancers. The mRNA expressions of COL5a1 in 

clinical cancer specimens were compared with that in normal controls, using a 

Student’s t test to generate a p value. The cut-off of p value and fold change were 

defined as 0.01 and 2, respectively.  

2.16  Statistical Analysis  

Statistical analyses were performed using GraphPad Prism. To assess if 

the data were sampled from populations that followed a Guassian distribution we 

used the Prism D’Agostino and Pearson test.  

When data were normally distributed we performed t-Test analysis. When 

data sets were not assuming a normal distribution or the data set was too small 

to assume a gaussian distribution we used the non parametric Mann-Whitney U 

test. Statistical analysis were conducted in this way unless differently indicated 
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3 Chapter 3 – Irradiation affects Col5a1 expression  
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3.1 Introduction 
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 COL5A1 as an important mediator in cancer research 

We identified COL5A1 as our target of interest for different reasons. First 

of all this protein is overexpressed in the majority of cancer types and in fibrosis. 

Its overexpression is often correlated with a worse prognosis of survival64.  

COL5A1 is present in the majority of connective tissue matrices where it 

plays a functional role in maintaining tissue integrity. During malignant 

transformation COL5A1 is overexpressed and a study in pancreatic ductal 

adenocarcinoma showed that, via activation of FAK signalling, COL5A1 affects 

cancer cell viability, proliferation, migration and the formation of metastases72.  

Various bioinformatic analyses confirmed the overexpression of COL5A1 as well 

as its correlation with tumour progression in different cancer types such as breast 

cancer108, oral squamous cell carcinoma109, thyroid carcinoma110, ovarian 

cancer111, gastric cancer112, papillary thyroid carcinoma75 and lung cancer113. 

Early in 2019, Mo et al. published a study based on the analysis of data from the 

Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO) to 

assess COL5A1 relevance in breast cancer114. They found that COL5A1 was 

highly expressed in 90.4% of the invasive breast cancer samples analysed, in 

addition BC patients with a COL5A1 mutation had a poor prognosis. The crucial 

function of COL5A1 in the oncogenesis of breast cancer was also recently 

confirmed by Ren et al115. These two studies suggest a potential role for COL5A1 

as a detection factor in BC diagnosis. 

Despite being a minor collagen, COL5A1 is fundamental in assembling the 

ECM and in fibrillogenesis116,117. COL1A1, the most abundant protein in the 

human body and fundamental ECM component, is capable of self-assembling in 

fibrils in vitro. In vivo, however, collagen I molecules face many potential-binding 
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partners that could sequester collagen molecules into dead-end molecular 

interactions, lowering the effective concentration of collagen monomers available 

to form fibrils. Therefore COL5A1 is used in vivo by cells to nucleate collagen 

fibrils117, whereas fibronectins and integrins specify their site of assembly. The 

role of COL5A1 in shaping the ECM organization, given the relation between 

ECM and cancer progression118, makes COL5A1 an intriguing target to 

investigate.  

Despite the growing interest in COL5A1 role in cancer progression its role 

in the radiation response is still not well investigated.  

 

 Second-Harmonic generation collagen detection as a potential 

cancer diagnostic marker 

Second-Harmonic generation microscopy emerged as a powerful tool to 

evaluate extracellular matrix structure, and in particular to image fibrillar collagen 

in a diverse range of tissues119.  

Second Harmonic Generation microscopy is based on an optically 

nonlinear coherent process in which the emitted light has exactly half of the 

wavelength of the two incident photons120. Biological materials can be highly 

polarizable and often assemble into large, ordered non-centrosymmetric 

structures121. This technique may represent a more objective and quantitative 

method for cancer prognostication. Differently from fluorescence which is emitted 

from all the angles, SHG has a well defined emission direction that carries details 

information about the packing of fibres and fibrils122–124.  

SHG feasibility in quantitatively assessing collagen signals has been 

shown to have potential applications for cancer diagnosis by revealing changes 
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in the ECM in tumours compared with healthy tissues. For example, the Dong lab 

use SHG to identify tumour borders in basal cell carcinoma lesions by assembling 

collagen imaging125, or  in small biopsies60. Collagen density, as well as fibre 

width, length and straightness were inversely correlated with patient overall 

survival time in different cancer types such as breast cancer126, gastric cancer127, 

pancreatic128, oesophageal129 and ovarian cancer130. Among those width was the 

parameter which show major clinical relevance127. In breast cancer it has been 

shown that the detection of a tumour associated collagen signature (TACS) in 

routine histopathological evaluation can serve as a predictive biomarker of 

disease recurrence and potential survival61.  

Similarly, in vivo data revealed that specific TACS can predict recurrence 

in murine models131,132,133. For example, using a breast cancer in vivo model, 

Provenzano et al, identified distinct stages of invasion by measuring changes of 

the angle of collagen fibres with respect to tumour boundaries132. 

Given the critical role of collagen organization in determining different 

cancer development and progression, it is not surprising that targeting the stroma 

is a potential therapeutic strategy for tumour control134,135. 

In this thesis, SHG signatures of width, length, alignment and orientation 

have been used to show differences in the structure of the ECM in unirradiated 

and irradiated tumour samples.  
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3.2 Results  
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 Irradiation affects tumour growth in vivo   

Radiation reduces tumour growth in vivo. To investigate the effect of a 

fractionated radiation dose on tumour growth in a C57BL/6 mice model we used 

a fractionated dose of 5 times 3 Gy, corresponding to a 10 Gy single dose. 

Previous unpublished studies in our lab showed that a fractionated dose in the 

subcutaneous model decreased side effects and kept tumour growth consistent 

within the same groups compared with the same dose given in a single shot. 

Samples were collected 6 days after the end of the radiation treatment, equivalent 

to 11 days after tumours reached a volume of 80-100 mm3. The first experiment 

was set up with the cell line MC38, a colorectal murine cell line. We defined 3 

different time points to look at the effects of irradiation on the ECM proteins: 6, 

10 and 20 days after the end of the radiation treatment (Figure 4A). Mice injected 

with MC38 cell line, and then irradiated, reached a tumour size of 500mm3 with 

13 days of delay compared with the unirradiated mice (Figure 4Bi-Biii). The 

Kaplan Meier survival curve confirmed a delay after irradiation of 13 days (Figure 

4Biii). Compared with the untreated group, the irradiated MC38 tumours volume 

was significantly reduced. Untreated tumours reached the ethical end point of 

500 mm3 7 days after injection, on the same day irradiated tumours volume was 

around 300 mm3 (Figure 4Bii). 

Radiation proved effective also on the PANC-1 xenograft subcutaneous 

model. Irradiated tumours were 3 times smaller than the controls 6 days after the 

end of the treatment cycle (Figure 4Di). Tumour volume size at day 11 was 

approximately 500 mm3 for unirradiated PANC-1 tumour samples, and 45% less 

for irradiated tumours (Figure 4Dii).  
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The irradiation treatment did not affect the tumour growth of KPC 

subcutaneous tumours (Figure 4Ci). On the day when KPC control tumours 

reached the ethical end point of 500 mm3 11 days after injection, the average 

tumour volume of irradiates samples was not statistically different (Figure 4Cii). 

This cell line is known to be radioresistant. 
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Figure 4: Irradiation affects tumour growth A) In vivo experiment time 

line. B) Bi) MC38 WT tumour growth in untreated and irradiated samples. Bii) 

Tumour size volumes measured at day 7. Biii) Kaplan-Meier curve. C) Ci) KPC 

WT tumour growth in untreated and irradiated samples. Cii) Tumour size volumes 

measured at day 11. D) Di) PANC-1 WT tumour growth in untreated and 

irradiated samples. Dii) Tumour size volumes measured at day 11. Statistical 

analysis have been performed as described in materials and methods (*p<0.05, 

**p<0.01, ***p<0.005). 
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 Col5a1 expression decreases in tumours after exposure to 

irradiation  

We first sought to determine whether IR affected Col5a1 expression in 

cancer cell in vivo tumours. MC38 subcutaneous tumours grown in C57BL/6 mice 

were subjected to fractionated (3Gy x 5F, 1 F x day) IR dose. At 3, 6, 10 and 20 

days after the end of the radiation treatment, tumours were collected. Control 

tumours were collected when their volume was comparable to irradiated tumours. 

Immunohistochemistry showed a decrease in Col5a1 amounts (Figure 5A). The 

expression level decreased by roughly 50% after irradiation (Figure 5B). 

Strikingly the decrease in Col5a1 expression was evident as soon as 3 days after 

the irradiation treatment. A similar finding has been confirmed by Western Blot 

(Figure 5C). Similar results were seen in tumours derived from two additional cell 

lines: KPC, a murine pancreatic cancer cell line, and PANC-1, a human 

adenocarcinoma pancreatic cell line (Figure 5D and 5F). KPC subcutaneous 

tumours grown in C57BL/6 mice, and PANC-1 tumours in BALB-C mice were 

subjected to the fractionated (3Gy x 5F, 1 F x day) IR dose. Tumours were 

collected 6 days after the end of the IR treatment. Control tumours were collected 

as explained above. COL5A1 expression decreased to a greater extent in KPC 

and PANC-1 tumours after IR as shown in Figure 5E and 5G.  

We next sought to determine if IR also affects Collagen 1 expression. 

However Collagen 1 levels in MC38 tumours as evaluated by 

immunohistochemistry did not change at any of the time points (Figure 6A-B). 

Nor did Collagen I levels change after IR in KPC tumours (Figure 6C-D).  
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Figure 5: Radiation affects Col5a1 Expression. A) Representative 

images of immunofluorescence staining of MC38 subcutaneous tumour samples. 

Col5a1 is shown in green. (Scale bar=2mm). B) Images from MC38 tumour 

samples were quantified using ImageJ. Statistical significance was assessed by 

the Mann-Whitney t-test: **p < 0.005 was considered significant; ***p < 0.001 very 

highly significant. C) Western Blot analysis of col5a1 at different time points after 

irradiation. (The two blot shown are representative of 3 independent repeats from 

two independent protein extracts from in vivo tumour samples). A Ponceau 

staining has been used as a loading control. D) Representative images of 

immunofluorescence staining in KPC subcutaneous tumour samples. Col5a1 is 

shown in green. (Scale bar=2mm). E) Quantification of Col5a1 expression in KPC 

tumour samples. Images were quantified using ImageJ. Statistical significance 

was assessed by the Mann-Whitney t-test: ***p < 0.001 very highly significant. F) 

Representative images of immunofluorescence staining in PANC-1 

subcutaneous tumour samples. COL5A1 is shown in green. (Scale bar=2mm). 

G) Quantification of COL5A1 expression in PANC-1 tumour samples. Images 

were quantified using ImageJ. Statistical significance was assessed by the 

Student’s t-test: ***p < 0.001. 
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 Col5a1 RNA decreased after irradiation  

We looked for explanations to account for the decrease in Col5a1 

expression in tumours after irradiation. We investigated three of many possible 

reasons including alteration in fibroblasts, gene downregulation and increase in 

proteolytic enzymes such as MMP-2 and MMP-9 known to cleave collagens, both 

in vivo and in vitro.  

Fibrosis is a late effect of radiation. Fibroblasts in tumours following 

radiation, are more activated and produce increased amounts of ECM proteins, 

including collagens, leading to fibrosis. Interestingly enough we saw that in MC38 

tumour fibroblast activation as judged by -sma expression did not change 6 days 

after irradiation (Figure 6E-F), whereas in KPC there is a strong activation 

(Figure 6G). In KPC tumours -sma expression increased by roughly 3 times 

(Figure 6H). This results suggest that fibroblast activation, as assessed by -

sma staining, was not related with Col5a1 synthesis, suggesting that collagen-

5a1 was produced by tumour cells and not by fibroblasts.  

We performed RT-PCR to detect Col5a1 expression both in vivo and in 

vitro. RNA was extracted from MC38 tumours, control tumours and tumours 

harvested 6 days after irradiation. After 35 cycles no signal was detected for 

Col5a1 expression in the irradiated samples (Figure 7A). MC38 cells in tissue 

culture were irradiated with a single dose of 10Gy, and collected at two different 

time points: 72 and 120 hours after irradiation. In both irradiated samples Col5a1 

gene expression is about 40% compared to untreated cells (Figure 7B). This 

suggest that irradiation mediated downregulation of Col5a1 expression was gene 

regulated. KPC and MC38 cell lines do not show any mutation in COL5a1 or any 
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other Col gene, as reported in the Cancer Cell Line Encyclopedia 

(Novartis/Broad)136. 

We looked for matrix metalloproteinases. MMP-9 has been shown to 

cleave type I, II, and V collagens137. MMP-2 and MMP-9 in particular are thought 

to play important roles in the final degradation of fibrillar collagens, such as 

Col5A1. We investigated MMP-9 expression in tumour samples by western blot 

(Figure 7C). MMP-2 activity in the conditioned media was analysed by using a 

gelatin zymography assay (Figure 7D). The assay is based on gelatin cleavage 

by gelatinases including active form of MMP-2 and less efficiently by other 

MMPs138139. Activation of MMP-2 includes its binding to the cell surface MT1-

MMP/TIMP-1 complex with subsequent cleavage of the pro-MMP2 inactive form 

by TIMP-2. The cleaved form matures to a intermediate activated form that is 

subsequently released from cell surfaces into the extracellular milieu. Only this 

active form is present in the extracellular medium and is able to digest gelatin.    

 In both cases we failed to see any difference between untreated controls 

and irradiated samples.  
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Figure 6: Collagen1 and -SMA expression are not affected by 

Radiation. A) Representative images of immunofluorescence staining in MC38 

subcutaneous tumour samples. Collagen1 is shown in green. (scale bar=2mm). 

B) Quantification of Collagen1 expression in MC38 tumour samples. Images 

were quantified using ImageJ. Statistical significance was assessed by the Mann-

Whitney’s non parametric test: differences were not significant. C) 

Representative images of immunofluorescence staining in KPC subcutaneous 

tumour samples. Collagen1 is shown in green. (scale bar=2mm). D) 

Quantification of Col1a1 expression in KPC tumour samples. Images were 

quantified using ImageJ. Statistical significance was assessed by the Student’s 

t-test: differences were not significant. E) Representative images of 

immunofluorescence staining in MC38 subcutaneous tumour samples. -Sma is 

shown in green. (scale bar=2mm). F) Quantification of -Sma expression in 

MC38 tumour samples. Images were quantified using ImageJ. Statistical 

significance was assessed by the Student’s t-test: differences were not 

significant. G) Representative images of immunofluorescence staining in KPC 

subcutaneous tumour samples. -sma is shown in green. (scale bar=2mm). H) 

Quantification of -Sma expression in KPC tumour samples. Images were 

quantified using ImageJ. Statistical significance was assessed by the Student’s 

t-test: differences were not significant.  
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Figure 7: Col5a1 expression is regulated through transcription. A) 

Relative levels of Col5a1 normalised to -actin as a housekeeping gene. Gene 

expression in control in MC38 subcutaneous tumour samples (n=3). (***p<0.001). 

B) Relative levels of Col5a1 gene expression normalised to -actin gene 

expression in controls in MC38 cells. (*p<0.05, ***p<0.001) C) Western Blot 

analysis of MMP9 in controls and after irradiation in in vivo MC38 subcutaneous 

tumour samples. (the blot is representative of 3 different repeats). Western Blot 

of -actin has been used as a loading control. D) Gelatin-Zymography assay for 

cleaved active-MMP2 in irradiated and not irradiated cells at two different time 

points. 
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 COL5a1 as a cancer-associated gene 

In order to identify COL5A1 as a cancer-associated gene we queried the 

Oncomine database to systematically assess gene expression levels of COL5A1 

in a variety of carcinomas. We used stringent criteria of a 2 fold change for 

COL5A1 expression and a p-value of 1-4 for COL5A1 analysis. We found that 

COL5A1 is highly overexpressed in the following cancer versus normal datasets: 

brain and CNS, colorectal, oesophageal, breast, gastric, head and neck, liver, 

lung, pancreatic cancers, leukemia, melanoma and sarcoma. In the cancer vs 

cancer, multi-cancer datasets, COL5A1 was overexpressed in brain and CNS 

cancer, lymphomas and other cancers (Figure 8). The overexpression and the 

underexpression were determined based on the gene rank percentile.  

The outlier analysis, which is used to determine significant COL5A1 

expression in a subset of the patient samples, showed that COL5A1 is both 

over- and under-expressed across the analysed cancers (Oncomine database). 

It showed that there were 129 analysis which showed a significant increase in 

COL5A1 expression and 83 which displayed a significative decrease in 

COL5A1 expression.  

We further queried the analyses which had a significant increase in 

COL5A1 expression in two different cancers: colorectal and pancreatic cancer. 

As demonstrated in Figure 9A, the Skrzypczak colorectal cancer dataset140, 

comprised of 15 patient samples, showed a statistically significant 

overexpression of COL5A1 mRNA (p-value = 1.81-9) in colon carcinoma 

compared to normal tissue. Figure 9B confirmed the statistically significant 

overexpression of COL5A1 mRNA (p-value 1.64-7). Gene lists were rank-

ordered by p-value. Figure 9C shows a statistically significant overexpression 
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of COL5A1 mRNA, (p-value=4.32-8) in pancreatic adenocarcinoma compared 

with normal pancreatic tissue in the Segara Pancreatic cancer dataset141, 

comprised of 17 patient samples. This data analysis suggest that COL5A1 

overexpression correlated with clinical outcome.  

 

 

 

Figure 8: Oncomine analysis. Disease summary for COL5A1. The 

Oncomine database was queried for COL5A1 based on the following: cancer 

type, cancer versus normal, cancer versus cancer, cancer subtype, cancer 

versus baseline, pathway and drug and outlier analyses. Cells in red represents 

COL5A1 overexpression and cells in blue represents COL5A1 underexpression. 

This disease summary was performed using a criterion of a 2 fold change for 

COL5A1 expression and a p-value of 0.0001.  
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Figure 9: COL5A1 overexpression in colorectal and pancreatic 

carcinoma (Oncomine). (A) COL5A1 overexpression in colorectal 

adenocarcinoma versus colon normal tissue in the Skrzypczak dataset, with an 

overexpression generank of 2%. (B) COL5A1 expression in colorectal 

adenocarcinoma versus colon normal tissue in the Skrzypczak dataset, with an 

overexpression generank of 4%. (C) COL5A1 expression in pancreatic 

adenocarcinoma versus normal tissue in the Segara dataset, with an 

overexpression generank of 1%. 
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 Irradiation affects Collagen organization  

Col5a1 has been demonstrated to be a central regulator in matrix 

assembly and tissue function in the corneal stroma66 and skin. In the absence of 

Col5a1  fibril organization and tissue architecture were disrupted66. After showing 

that irradiation decreased Col5a1 expression (Figure 5), we sought to determine 

the effect of irradiation and Col5a1 decrease on collagen organisation. Collagen 

fibres were hierarchically ordered in parallel orientation142. We used two different 

methods to visualize collagen: Picrosirius Sirius Red staining and Second 

Harmonic Generation imaging. Sirius Red is an elongated dye molecule with 

sulphonic acid groups that reacts with basico-amino groups such as lysine and 

hydroxylysine and the guanidine group of arginine that are abundant in the 

collagen molecule143.  Therefore, Sirius Red reacts with and becomes bound to 

all the varying isoforms of collagen. In bright field microscopy, collagen appears 

as bundles of pink to red fibres after staining. Picrosirius Red was used to stain 

MC38, PANC-1 and KPC tumours (Figure 10A). MC38 tumours were intensely 

stained but the dye did not outline any fibrous- shaped structure. 

Picrosirius red staining in PANC-1 samples (Figure 10D) showed an 

increase in positive area percentage after irradiation (Figure 10E) while there 

was no significant change in the KPC tumour staining. Overall these studies 

indicated the difficulties in the generation of and interpretation of Picrosirius Red 

staining.  (Figure 10Bi-ii-iv-v) (Figure 10Biii-vi) (Figure 10C).  

To overcome the limitations of Picrosirius Red staining, we turned to 

Second Harmonic Generation imaging. SHG is of high specificity for the detection 

of collagen fibres. These collagen parameters include alignment, density, length, 

width, and straightness, parameters which are frequently applied for 
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characterization of collagen fibres. The open-source software CT-FIRE105 

allowed me to automatically extract and analyse these parameters from the 

collagen fibres in SHG images (Figure 11C). 

Collagen bundle patterns displayed marked differences within a single 

tumour with or without irradiation. In MC38 tumour samples, the intensity of signal 

from collagen bundles and their size, the width of the fibres and their length 

decreased significantly after irradiation (Figure 11A). At the same time the angle 

and straightness of the collagen fibres did not show significant differences after 

radiation (Figure 11B). The mean width calculated in pixels was reduced from 

4.5px to 3.6px (Figure 11Bii). The impact of radiation on collagen structure was 

even more dramatic in KPC samples. KPC control tumours were characterised 

by a bigger deposition of fibrous stroma than MC38 samples, nonetheless, 

irradiation led to a very similar collagen disorganization (Figure 11D). The 

straightness and angle of collagen fibres did not significantly change in KPC 

samples either, suggesting that irradiation did not have any effect on collagen 

orientation (Figure 11Di-iv). Fibre width instead decreased by roughly 20% 

(Figure 11Dii). Irradiation also significantly shortened the fibre length from 62 to 

54 pixels (Figure 11Diii). 

Interestingly collagen fibres length and width have been reported as a 

valuable prognostic marker in a study comparing collagen parameters with 5-year 

overall survival patients’ data127. Width was the strongest prognostic signal. Its 

prognostic value has been evaluated as stronger than traditional parameters 

such as tumour invasion depth or node metastasis. In the same study collagen 

fibres alignment and straightness did not show any significant correlation with 5 

year OS127.  
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This observation together with our findings suggest that the effects of 

radiation on tumour growth could also be mediated by selectively reorganising 

collagen deposition. In particular shortening and shrinking collagen fibres. 
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Figure 10: Picrosirius Red staining of tumour samples A) 

Representative images of MC38 tumour samples stained with Picrosirius Red 

Staining : 100x magnification detail (Scale bar=100um) with an entire tile scan 

detail on top right (Scale bar=2mm) control (i) and irradiated sample (iii). An 

example of collagen segmentation control (ii) and irradiated sample (iv). B) 

Representative images of KPC tumour samples stained with Picrosirius Red. 

From the left: 100x magnification detail (Scale bar=100um) with an entire tile scan 

detail on top right (Scale bar=2mm) control (i) and irradiated sample (iii). An 

example of collagen segmentation control (ii) and irradiated sample (iv). C) 

Collagen quantification. Paired t-test has been performed, differences are not 

significative. D) Representative images of PANC-1 tumour samples stained with 

PIcrosirius. From the left: 100x magnification detail (Scale bar=100um) with an 

entire tile scan detail on top right (Scale bar=2mm) control (i) and irradiated 

sample (iii). An example of collagen segmentation control (ii) and irradiated 

sample (iv). B) Representative images of KPC tumour samples stained with 

Picrosirius Red. From the left: 100x magnification detail (Scale bar=100um) with 

an entire tile scan detail on top right (Scale bar=2mm) control (i) and irradiated 

sample (iii). An example of collagen segmentation control (ii) and irradiated 

sample (iv). Paired t-test has been performed (*p<0.05) 
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Figure 11: Second Harmonic Generation (SHG) Imaging and 

quantitative analysis of collagen fibres. A-C) Second harmonic generation 

microscopy of subcutaneous MC38 and KPC tumours. Collagen fibres are shown 

in red. B) Collagen fibres were automatically extracted for analysis using the 

open-source software CT-FIRE. C-E) Quantitative parameters including angle (i), 

width (ii), length (iii) and straightness (iv) calculation was based on the segmented 

SHG images (n=3, *p<0.05, **p<0.01) 
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 Collagen parameters in relation to clinical outcome 

It is known that the fibrillar collagen network in tumour and normal tissues 

is different due to remodelling and increased amounts of some components of 

the extracellular matrix resulting from the malignant process144,145. While collagen 

characteristics in colorectal cancer are not well described, collagen patterning 

has been linked to tumour behaviour and clinical factors in other malignancies. 

SHG microscopy has shown promise in studying other cancers including those 

arising in the breast145,126, ovaries144, kidneys146 and pancreas128.  

The aim of this experiment was to compare in vivo results from SHG 

imaging with those from some clinical samples, and not to assess if SHG can be 

used as a prognostic clinical marker for colorectal cancer. To assess collagen 

organization from colorectal cancer patients, we made use of a tissue array, 

created from archived samples from patients, which had substantial follow-up 

data. We compared cancer related collagen parameters values to the normal 

tissue (Figure 12A). Interestingly in the TMA the only two parameters changing 

with the stage were fibre width and length, with no significative changes in fibre 

straightness or angle (Figure 12Bi-iii).  Collagen fibres were elongated in tumour 

stages compared to normal colon. There were no significative differences in the 

fibre length between the different stages of cancer (Figure 12Bii), suggesting 

that collagen fibre elongation is important in the early malignant process.  Fibre 

width decreased along with tumour progression. Based on our TMA collagen, 

fibre width increased significantly in the tumour stage I, and gradually decreased 

in the next stages reaching the same width as normal samples in stage IV (Figure 

12Biv).  
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Figure 12: SHG images from a colon carcinoma TMA A) 

Representative SHG images of colorectal cancer tissue microarray (Co702a 

BioMax). In the first row collagen fibres are shown in blue, autofluorescent signal 

is shown in green. In the second row collagen fibres are shown in white on a 

black background. B) The quantitative parameters angle (i), length (ii), 

straightness (iii) and width (iv) were calculated basing on SHG images (n=3). A 

Statistical Mann-Whitney’s unpaired test was performed (*p<0.05, **p<0.01) 
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3.3 Discussion:  

 Summary of findings in current study 

In this study we showed that irradiation downregulated gene expression of 

Col5a1 and subsequently its protein level. We also showed that irradiation 

affected collagen organisation using SHG to quantify changes in four different 

collagen markers: length, angle, width and straightness. The two parameters with 

a proven clinical relevance, width and length, were the only ones to change.  
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 Irradiation decreases Col5a1 expression 

Radiotherapy plays a central role in cancer therapy, its role in DNA 

damage and cell death is well established but less is known about the effects of 

radiation on the ECM. In our first experiment we used a fractionated dose of 

5x3Gy to assess the changes in the irradiated ECM compared with the untreated 

matrix.  

We assessed the effect of a fractionated dose of 5x3 Gy on tumour growth 

in three different animal models, using two pancreatic cancer cell lines, KPC and 

PANC1, and one murine colorectal cancer cell line, MC38. 

We saw that irradiation decreased Col5a1 protein expression, but not 

Col1a1 protein levels. Irradiation decreased Col5a1 protein expression in three 

different cell lines, as tested with immunostaining. Col5a1 is normally present in 

the ECM of tissues that also express Col1. However, some studies showed that 

in some cancer types Col5a1 expression increased concomitantly with no 

changes in Col1a1 expression. For example, Marian and Danner showed that in 

a skin cancer model, tumour development was associated with an increase in 

Col5a1 expression in the dermis, and a lack of changes in the levels of Col1a1. 

These data suggest that Col5a1 may contribute to tumour progression, disturbing 

the interactions between the dermis and the epidermis147. Studies in the corneal 

stroma showed that Col5a1 regulates fibril architecture through its interactions 

with Col1a1. The interaction between the two collagen proteins is a mechanism 

capable of modulating fibril diameter and concurs in the regulation of collagen 

fibril diameters116.  

In addition, previous studies showed that Col5a1 had been found to be 

overexpressed in cancer and fibrosis64,72,148. However, there are not studies 
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investigating the radiation modulation of Col5a1 expression in the short and 

medium term after the treatment, before fibrosis.  

Alpha-sma (-sma) is a target for activated fibrogenic cells, 

myofibroblasts. However different studies suggests combining the expression of 

-sma with Col1a1 to investigate fibrosis, considering that judging -sma 

expression evaluation is not sufficient to define a fibrotic state149,150. In our study 

we looked at -sma expression to understand if Col5a1 changes in protein 

expression could have been related to a change in the fibroblast population. 

Given that -sma expression either increased in KPC or did not change in MC38, 

we concluded that the Col5a1 expression decrease after radiation was not related 

to fibroblast activation.  

It is well established that fibrosis is a pathological condition due to 

fibroblast alteration, specifically an abnormal collagen deposition by 

myofibroblasts, after irradiation. Changes described in the pathology literature 

include patchy replacement of parenchyma by irregular and dense collagen 

fibres151 which involved tissue stiffening, meaning that tissue become hardened, 

rigid and less compliant then normal, impairing normal tissue functionality. 

Therefore, our hypothesis is that in the short to mid term, from 3 days to 20 days 

in MC38, or just 6 days after radiation in PANC-1 and KPC, IR effects led to a 

downregulation of Col5a1, whose role was assembling Col1 fibres in a precise 

order. We could address the difference in -sma production between KPC and 

MC38 considering that the subcutaneous tumour originated were histologically 

different. KPC cells gave rise to a fibrous subcutaneous tumour similar to the 

human pancreatic tumour microenvironment which KPC tumours histologically 
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resemble, whereas MC38 cells generated a less fibrous tumour mainly composed 

of tumour cells.  

Our data showed the decrease of COL5a1 to be gene regulated. The 

transcriptional regulation of COL5a1 had been studied by Yoshioka et al152. They 

showed that in order to be transcribed, COL5a1 needs the ubiquitous expression 

of the transcription factor Sp1 and CBF/NF-Y152. In addition, Sp7/Osterix binds to 

the Sp1 site of COL5a1 and increase specifically the transcriptional activity in 

osteoblastic cells153. Gene expression was then controlled by a series of complex 

interaction of many factors. Previous studies also showed that miR-29 mediates 

TGF-β1-induced ECM synthesis through PI3K-AKT pathway in human lung 

fibrosis154 whereas the TGF-β/Smad signalling pathway is involved in miR-29 

regulation in renal fibrosis155. miR-29 also downregulates the expression of 

COL5A1 in MC3T3-E1 cells and NIH3T3 cells post-transcriptionally156. In 

addition, TGF-β directly activates COL5A1 gene in the osteoblast cell line 

MC3T3-E1 during osteogenesis157 and in mouse hepatic stellate cells. COL5A1 

gene activation is followed by the deposition of COL5A1, COL1A1 and COL3 

proteins and their fibrillar assembly64. TGF-β also plays a role in the radiation 

response and in the fibrotic process158. Therefore, in the future, it would be useful 

to investigate the role of TGF-β in relation to Col5a1 expression in our animal 

models.However, even if our data are consistent with the idea that Col5a1 

dowregulation led to a decrese in protein expression other reasons can not be 

excluded. 

MMP-2 and MMP-9 had been reported as metalloproteinases degrading 

denatured Col5a164 and native Col5a1 respectively. We did not see any change 

in the level of MMP-9 or in MMP-2 activity and we concluded they had no role in 



 90 

degrading Col5a1 protein in our model. However, other enzymes activity, such 

as TIMP-1, needs to be investigated.  

All the cited studies have been conducted on COL5A1 gene regulation in 

fibroblasts, therefore further studies need to be done to better understand which 

pathway regulates COL5A1 expression in cancer cells.  

In our study we did not reach the fibrotic stage, and the changes we 

assessed in the ECM composition were opposite to the abnormal overproduction 

of ECM molecules that characterise fibrosis.  

  



 91 

 Irradiation affects collagen organization 

The second part of this chapter focuses on the processes of degradation 

of collagen under the influence of ionizing radiation, using an in vivo 

subcutaneous model and two different cell lines, MC38 and KPC, and employing 

a fractionated dose of 5x3Gy.  

We evaluated changes in the collagen organization qualitatively with Red 

Picrosirius staining and quantitively with SHG. We showed that, after radiation, 

in vivo cancer samples showed a disorganised bundle of collagen fibres.   

Previous studies showed that, in cancer, collagen fibre density increases 

and there is a change in fibre reorganization. For example, in 2017 Zhou et al127 

showed that, compared with their non plastic counterparts, collagen fibre 

alignment, width, length and straightness in gastric cancer were intensively 

elevated, showing that the structure and organization of collagen fibres in the 

tumour microenvironment were deeply reorganised. Subsequently, they 

screened those five parameters (straightness, density, length, width and 

alignment) to understand if any of those could have been used as a prognostic 

marker. As an end point they used 5-year overall survival. They found out that 

three of these collagen parameters were able to predict survival (density, length 

and width), whereas collagen alignment and straightness were not good 

predictors. The strongest prognostic marker identified was width127. In line with 

Zhou et al findings, our data showed that radiation had an effect in reducing only 

collagen width and length. This mean that the effect of radiotherapy on the 

collagen organization led to a reduction of width and length back to healthy levels, 

suggesting that a possible mechanism by which radiation kill cancer cells is 

through the reshaping of the collagen fibres.  
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The effect of radiation on collagen organization in the period before fibrosis 

evolves are less investigated. However, Maslenikova et al published a 

comprehensive study with the evaluation of the dose-time dependences of 

structural changes occurring in collagen within 24 hours to three months after 

gamma-irradiation at doses from 2–40 Gy in vivo159. They found that the 

radiation-induced modifications of collagen could be observed as early as 24 

hours after irradiation to a dose of 2 Gy. This, together with our findings, suggest 

that radiation affects the ECM organization, and in particular collagen fibres, early 

after the irradiation treatment.  

To conclude, taking into consideration the involvement of Col5a1 in the 

assembly of Col1a1 fibres and in fibrillogenesis together with its downregulation 

after radiation, we suggest that the absence of Col5a1 was connected with the 

downregulation of collagen fibres.  
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4 Chapter 4 – Col5a1 downregulation affects tumour 

growth 
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4.1 Introduction 
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 The importance of 3D Culture in tumour microenvironmental 

studies  

Cell culture is an invaluable tool in studying cell biology, tissue 

morphology, mechanisms of diseases, drug action, protein production and the 

development of tissue engineering160. It is also a fundamental step in the 

preclinical validation process in cancer drug discovery. Standard two-dimensional 

cell cultures are simple and convenient, but present significant limitations in 

reproducing the complexity and pathophysiology of in vivo tumour tissue161.  

Three-dimensional culture systems are of great interest in cancer research 

since tissue architecture and the extracellular matrix (ECM) influence the tumour 

development and the response to microenvironmental signals may be more 

closely replicated than in 2D33. Solid tumours grow in a three-dimensional (3D) 

spatial conformation, as a result they are heterogeneously exposed to oxygen 

and nutrients, as well as to other physical and chemical stresses. A 2D monolayer 

culture is not able to mimic this diffusion-limited distribution of oxygen and 

nutrients to cancer cells161. In addition, comparative studies of WT and tumour 

cells in monolayer cultures have shown that cancer cells lose their ability to retain 

some of the ECM components, such as fibronectin or laminin when cultured in a 

monolayer 162. In contrast, tumour cell spheroids synthesised and retained some 

of the components commonly present in tumours and healthy ECM, such as 

proteoglycans, fibronectin, laminin 162.    

Three dimensional (3D) ECM-based models were developed in order to 

better mimic physiological conditions and recreate cell-ECM interactions, making 

cells grew embedded in ECM proteins matrix. Crucial factors of the tumour 

response like hypoxia, pH or tumour resistance mechanisms can be easily 
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investigated in vitro using a 3D approach. In addition, morphology may play an 

important role in cell behaviour. Whereas 3D ECM grown tumour cells have a 

round cell shape similar to tumour cells from cancer biopsies, 2D grown cells 

grow on a monolayer are flat and spread. As showed by Cordes et al, these 

morphological differences are highly likely to contribute to the different responses 

in regard to radiosensitivity in 3D and 2D cultures163.   

In order to address the hypothesis that Col5a1 has a role in tumour 

behaviour or in response to radiation we used a 3D in vitro model to better mimic 

physiological conditions.  
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4.2 Results 
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 The downregulation of Col5a1 affects in vitro migration and 

tumour growth  

To address the role of Col5a1 in colorectal and pancreatic cancer we 

knocked-down Col5a1 expression in murine MC38 and KPC cancer cells using 

lentiviral-based siRNA. After selection using puromycin, cells were examined for 

Col5a1 expression by quantitative RT-PCR at three different time points. Col5a1 

siRNA introduction led to gene downregulation. In particular, there was a 3.4 fold 

decrease after 24 hours, of 6.5 after 48 hours and of 2.3 after 72 hours. In the 

cells transfected with a non-targetting siRNA (nt_siRNA) Col5a1 gene expression 

increased at 48 hours, but then returned to baseline (Figure 13A). Based on 

these results we decided to use the siRNA transfected cells 48 hours after 

transfection.  

Cells with downregulation of Col5a1 were then compared to the controls 

cells for proliferation, radiosensitivity, migration and growth in vitro.  

MTT was used to detect the effects of Col5a1 downregulation on cell 

proliferation in KPC. When the expression of Col5a1 was downregulated, cell 

proliferation was approximately two times lower compared with the control group 

(Figure 13B).   

To further investigate the role of Col5a1 in radio-responsiveness colony 

formation was assayed after IR exposure. Plating efficiency, as the percentage 

of cells that give rise to colonies, was calculated for both MC38 and KPC. In WT 

MC38 PE was 65.3%, decreasing to 52.3% in the Col5a1 KD cell line (Figure 

13C).  Plating efficiency for both control and Col5a1 KD KPC cells was close to 

100%. In KPC the number of colonies formed by Col5a1-siRNA cells were not 

significantly different from that of control cells (Figure 13F). We also performed 



 99 

clonogenic survival assays with these cells. Here survival after radiation was not 

significantly changed by Col5a1 KD in both cell types. (Figure 13E). Thus in both 

cell lines tissue culture radiosensitivity was not increased by Col5a1 knock-down. 

We next conducted studies using 3D MC38 and KPC multicellular 

spheroids embedded in a collagen I based matrix (Figure 14A-C). The 

invasiveness of each carcinoma spheroid was assessed calculating the diameter 

of the invaded area as described in Materials and methods, normalized to the 

initial diameter of the spheroid. Compared to the controls, MC38 Col5a1 knock-

down spheroids showed that a decrease of Col5a1 expression significantly 

reduced invasion of the cells into the surrounding matrix (Figure 14B). 48 hours 

after being embedded in collagen matrix, KPC WT spheroids migrate 60% more 

than Col5a1 KD spheroids, suggesting that reduced expression of Col5a1 

reduced cancer migration. However, 24 hours after embedding, both spheroids 

showed a similar rate of migration, suggesting that Col5a1 downregulation did 

not inhibit the migration process in the early stages perhaps before deposition of 

this collagen (Figure 14D).  

To further determine the importance of Col5a1 in 3D tumour growth, 

Col5a1 KD and WT MC38 spheroids were grown for 6 days and their diameter 

was measured at day 1, 3 and 6 (Figure 14E). Reduction of Col5a1 expression 

had a significant correlation with 3D tumour growth, suggesting a role for Col5a1 

in tumour growth (Figure 14F).  
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Figure 13: Col5a1 KD affects MC38 and KPC in vitro phenotype. A) 

Demonstration of Col5a1 KD (KD). KPC and MC38 cells were transfected with 

siRNA and nt-siRNA and collected after 24h, 48h and 72h. The graph shows the 

fold change of Col5a1 fold normalised to beta-actin. Data were plotted in log2 

scale and presented as mean + SD (*p <0.05). B) Radiation dose-response 

curves via MTT proliferation assays in pancreatic cancer cell line KPC. 

Experiments were done in triplicate and were independently repeated three times 

(*p <0.05). C-E) Clonogenic survival after Col5a1 KD. 3 independent replicates 

were performed per cell line. D-F) Statistical results of colony-forming assays 

presented as percentage of colonies numbers in the respect of the number of 

seeded cells. Statistical significance was assessed by the Whitney-Mann 

unpaired test ( differences were statistically not significant). The data in the 

graphs were expressed as mean number ± SD of three different experiments. 
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             Figure 14: Col5a1 KO affects MC38 and KPC 3D migration and 

growth  

A-C) Spheroid Migration Assay. Cells were transfected with siRNA Col5a1 or NT-

siRNA and cultured in agarose for 24 hours. Spheroids were allowed to grow for 

72h at 37C. Pictures were taken with Celigo at 0h, 24h and 48h after the 

embedding in collagen (Scale bar=1mm). B-D) Invasion assay quantification. 

Images were quantified using ImageJ (n=10 spheroids per condition in three 

independent experiments). E) Spheroid Kinetic Assay. MC38 wt and transfected 

cells were allowed to form spheroids for 5 days. Spheroids were imaged using 

Celigo at day 0,1, 3, and 6 after spheroid formation (scale bar=1 mm). F) Spheroid 

size has been quantified calculating the area using ImageJ (n=8 

spheroids/treatment in three independent replicates). (*p<0.05, **p<0.01, 

***p<0.001). 
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 Col5a1 deletion in KPC enhances radio sensitivity  

To further explore the functional significance of Col5a1, we established a 

Col5a1 knockout KPC cell line using the CRISPR-Cas9 gene editing system. We 

selected the cells with puromycin and seeded 0.5 cell/well in a p96 well. Next we 

isolated 8 single colonies from the transfected cells and confirmed the knockout 

efficiency through RT-PCR. The Col5a1 RNA could not be detected in any of 

them (Figure 15A). To assess the role of Col5a1 in cell proliferation we then 

assessed the cell growth rate and we performed a MTT assay to examine cell 

proliferation. The absence of Col5a1 caused a delay in cell growth from the 

second day after plating, reaching a decrease in growth of around 80% on day 4 

after the cell seeding (Figure 15B). The MTT proliferation assay also showed 

that the KD of Col5a1 slowed cell proliferation. (Figure 15C). These experiments 

suggest that complete absence of Col5a1 has a more severe phenotype than KD 

with some Col5a1 still present. 

The clonogenic colony formation assay was employed to determine the 

radiosensitivity of Col5a1 KO KPC compared to WT KPC cell line. Our results 

showed that Col5a1 KO cells were more sensitive to the killing effects of radiation 

than WT cells (Figure 15D-E-F). Representative images of the size and number 

of colonies per well are shown in Figure 15D. With no radiation there were 

significant differences in plating efficiencies between the different clones. (Figure 

15E). Radiation decreased the number and survival of colonies in all three groups 

in a dose-dependent manner, and Col5a1 KO cells were more sensitive than the 

WT group. Specifically, the difference was statistically significant for radiation 

doses of 2 and 4 Gy (***p<0.001) (Figure 15E-F).  
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These results indicated that Col5a1 knockout can enhance the 

radiosensitivity of KPC cells. When we compared Col5a1 KO KPC cells to Col5a1 

KD KPC cells we noticed that the complete silencing of the protein correlated with 

a stronger effect on radiosensitivity in KPC. 

 

 

 



 106 

 

 

 



 107 

 

Figure 15: Effect of Col5a1 KO on MC38 and KPC in vitro  

A) Confirmation of Col5a1 KO. Graphs shows Col5a1 fold change to 

Col5a1 by qRT-PCR. Data were presented as mean ± SEM. B) Growth curve 

was performed counting cells daily for 4 days. Error bars represent mean ± SEM 

of 3 experiments. C) Radiation dose-response curves via MTT proliferation 

assays in pancreatic cancer cell line KPC WT and KO cells clones 5 and 10. 

Experiments were done in triplicate and were independently repeated three 

times. D) Culture dishes with stained colonies of a representative experiment. E) 

Statistical results of colony-forming assays presented as percentage of colonies 

numbers in the respect of seeded cells. Statistical significance was assessed by 

the Witney Mann’s unpaired test: *p < 0.05 was considered significant; ***p < 0.001 

very highly significant. The data in the graphs are expressed as mean number ± 

SD of three different experiments. F) Survival fraction after Col5a1 KO. 3 

independent replicates were performed per cell line. (*p<0.05, **p<0.01, 

***p<0.001).  
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 Col5a1 KO affects 3D migration by KPC  

We next investigated whether the Col5a1 influence on cell migration was 

confirmed in our KO model. We previously showed that Col5a1 KD reduced 

migration by 60% over 48 hours in KPC. We repeated this assay with the seven 

different KPC Col5a1 KO clones generated by Crispr/Cas9 to confirm the role of 

Col5a1 in tumour migration. With no radiation, WT spheroids showed a migration 

increase of almost 100% in 48 hours. All the KO clones except for clone 5 showed 

a much slower migration rate, suggesting that the lack of Col5a1 affects their 

ability to migrate (Figure 16A-Bi-ii).  

Following radiation, migration of cells in WT KPC spheroids was reduced 

(Figure 16C-E). Cells from Col5a1 knock-out KPC spheroids had a high degree 

of variability from clone to clone and radiation dose. After 2 Gy radiation, Clone 1 

migration was inhibited similarly to WT. Clone 2 and clone 4 significantly shrunk 

48 hours after radiation, and in contrast Clone 5, 6, 8 and 10 increased migration 

(Figure 16Dii). A 10 Gy dose led to an increase in migration in the majority of the 

clones. Clone 4, 5, 6, 8 and 10 showed a significant increase in migration, that is 

in contrast to clone 4 for which a 2 Gy dose led to a decrease in migration. The 

10Gy dose inhibited migration for clone 2 spheroids (Figure 16Fii). Whereas 

outgrowing WT KPC cells appeared as scattered, ameboid-like migrating cells 

after irradiation, the highly migrating spheroids, such as WT 0Gy, Clone 10 after 

irradiation and Clone 5, remained interconnected, suggesting collective 

migration. Overall there was no pattern apparent for these results.  

 



 109 

 

 

 

 

 

 

 



 110 

Figure 16: 3D Migration Assay. A-C-E) 3D Spheroids Migration Assay. 

WT and KO cells were cultured in agarose for 24 hours. Spheroids were allowed 

to grow for 72h at 37C. Pictures were taken with Celigo at 0h, 24h and 48h after 

the embedding in collagen (Scale bar=500um). Representative images of WT, 

clone 5 and clone 10 spheroids. Spheroids were treated with different radiation 

doses: 0 Gy (A), 2 Gy (C) and 10 Gy (E). B-D-F) Invasion assay quantification. 

Images were quatified using ImageJ (n=10 spheroids per condition in three 

independent experiments). Spheroids were treated with different radiation doses: 

0 Gy (B), 2 Gy (D) and 10 Gy (F). Bi-Di-Fi) Clone 5 and clone 10 spheroid 

migration 0, 24 and 48 hours after the embedding in collagen. Bii-Dii-Fii) 

Migration assay graph normalised to spheroid length at 0h. (*p<0.05, **p<0.01, 

***p<0.005).  
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 Col5a1 KO affects tumour growth in vivo 

To further evaluate the impact of Col5a1 on tumour growth, we examined 

tumorigenesis in vivo. After subcutaneous injection of the WT and KO cells 

(2.5x105) into the right flank of C57/Bl6 mice to allow tumour formation, we 

monitored tumour growth for a maximum of 32 days. Compared with the WT 

group, the subcutaneous tumours from 3 different KO cells were significantly 

reduced in volume (Figure 17Ai). WT tumours reached the ethical end point 22 

days after injection, on the same day KO tumours volumes were reduced by a 

percentage range between 55 and 80% (tumour volumes range: 200 mm3 - 450 

mm3) (Figure 17Aiii). The Kaplan Meier survival analysis demonstrated that the 

absence of Col5a1 in tumour cells prolonged the time until the ethical endpoint 

was reached. The average times were 22 days for the WT group, 26 days for 

Clone 5 and 30 days for Clone 8 and 10 (Figure 17Aii). Thus, ablation of Col5a1 

resulted in slower growing tumours.  

After radiation, however, the tumour growth of Col5a1 KO groups was not 

different from the WT (Figure 17Bi). This result was confirmed by the Kaplan 

Meier analysis, showing that the average survival time was 32 days for all the 

groups (Figure 17Bii). Another way to describe this result is that irradiation had 

a stronger effect on retardation of WT tumour growth than on the KO tumours 

(Figure 17Ci). On day 22, the tumour volume of control samples was up to 1000 

mm3, whereas the irradiated samples showed an average volume of 400 mm3 

(Figure 17Ciii). The Kaplan Meier survival curve of WT tumours showed a delay 

of 10 days after irradiation until endpoint (Figure 17Cii). Clone 5 seemed to be 

affected more from radiation than to Clone 10. The tumour growth rate was 

significantly slowed down after irradiation in Clone 5 group but not for Clone 10 
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(Figure 17Di-Ei). Tumour volume size at day 26 was approximately 1000 mm3 

for unirradiated clone 5 samples, and 45% less for irradiated tumours (Figure 

17Diii). Clone 10 tumours volumes did not show any statistical difference with or 

without irradiation (Figure 17Eiii). The Clone 5 Kaplan Meier survival curve delay 

after irradiation consisted in 6 days (Figure 17Dii), and 2 days for clone 10 

(Figure 17Eii). Just as absence of Col5a1 led to decreased cellular growth in 

tissue culture, it also led to decreased tumour growth. After radiation the clones 

without Col5a1 had a much reduced growth delay. 

We might also speculate that the reduction in the tumoural Col5a1 

resulting from radiation rendered the microenvironment from the WT more similar 

to the Col5a1KO leading to comparable growth rates.  This hypothesis remains 

to be tested.   
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          Figure 17: WT and Col5a1KO tumour growth. A) On the left, WT 

and Col5a1 KO KPC tumour growth in untreated samples. In the middle, Kaplan-

Meier curve. On the right tumour size volume measured at day 22. B) On the left, 

WT and Col5a1 KO KPC tumour growth in irradiated samples. In the middle, 

Kaplan-Meier curve. On the right tumour size volume measured at day 32. C) On 

the left, WT KPC tumour growth in both irradiated and unirradiated samples. In 

the middle, Kaplan-Meier curve. On the right tumour size volume measured at 

day 22. D) On the left, Clone 5 Col5a1 KO KPC tumour growth in both irradiated 

and unirradiated samples. In the middle, Kaplan-Meier curve. On the right tumour 

size volume measured at day 26. E) On the left, Clone 10 Col5a1 KO KPC tumour 

growth in both irradiated and unirradiated samples. In the middle, Kaplan-Meier 

curve. On the right tumour size volume measured at day 30. Statistical analysis 

have been performed (*p<0.05, **p<0.01, ***p<0.005). 

  



 115 

 Col5a1 levels in Irradiated tumours 

To examine the extent of Col5a1 expression in the subcutaneous tumours 

generated, we assessed the protein expression through immunofluorescence. 

Due to the elimination of Col5a1 in the clones the tumour cells cannot supply 

Col5a1 to the tumour microenvironment, but other cells incorporated into the 

tumour stroma may do so. As expected, Col5a1 was highly expressed in 

unirradiated WT tumours. Clone 5 and clone 10 showed very low Col5a1 

expression, suggesting that tumour cells were the main source of Col5a1 in this 

model (Figure 18A). Consistent with previous results, irradiation led to decreased 

Col5a1 expression in the WT tumours. Irradiation led to an increase in Col5a1 

expression in the KO clones (Figure 18A-B). Col5a1 expression in KO samples 

was almost three times more abundant than in the unirradiated WT. Col5a1 

expression intensity in clone 5 irradiated samples was around 38 pixels and 

around 50 pixels for irradiated clone 10, whereas it was around 18 pixels in 

untreated WT samples (Figure 18B). Thus there seems to be a compensatory 

mechanism for Col5a1 expression after radiation.  

We then stained for -sma expression in subcutaneous Col5a1 KO tumour 

samples (Figure 19). We failed in registering any change in -sma expression. 

This suggests that, in our model, Col5a1 was not produced from fibroblasts. 

However, the result we show here came from a single -sma staining experiment 

on a limited number of samples. Therefore further experiments are needed.  
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           Figure 18: Col5a1 expression increase in KO clones after irradiation  

A) Representative images of immunofluorescence staining in Col5a1 KO KPC 

subcutaneous tumour samples. Col5a1 is shown in green. (scale bar=2mm). B) 

Quantification of Col5a1 expression in COL5a1 KO KPC tumour samples. 

Images were quantified using ImageJ. Statistical significance was assessed by 

Mann-Whitney unpaired test: ***p < 0.001 very highly significant. 
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           Figure 19: -sma expression does not significantly change in 

COL5a1 KO clones after irradiation  

A) Representative images of -sma immunofluorescence staining in COL5a1 KO 

KPC subcutaneous tumour samples. -sma is shown in green. (scale bar=2mm). 

B) Quantification of -sma expression in COL5a1 KO KPC tumour samples. 

Images were quantified using ImageJ. Statistical significance was assessed by 

Mann-Whitney unpaired test (ns= non significant) 
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 Col5a1 KO affected collagen fibre formation 

We next examined the effects of Col5a1 KO on collagen deposition 

through Picrosirius Red Staining assay and Second Harmonic Generation. As 

shown in Figure 10, irradiation did not affect overall collagen deposition as 

revealed by Picrosirius Red Staining of WT KPC tumour samples although the 

structure of the ECM fibres was clearly different. (Figure 20A-B). Strikingly, 

irradiation seemed to have the opposite effect on Col5a1 KO tumours. The 

percentage of positive stained area in unirradiated Clone 5 and Clone 10 tumours 

was similar to the WT tumours, around 40% (Figure 20B-D-F). Irradiation led to 

an increase of red signal, suggesting that irradiation results in an increase in 

collagen deposition in the Col5a1 KO tumours (Figure 20D-F) noting that these 

tumours paradoxically contain more Col5a1 than WT as judged by 

immunofluorescence. The red signal was given by Picrosirius red, an acidic dye 

molecule that efficiently aligns and binds parallel to collagen fibres164. 

To more reliably characterize changes in collagen fibres, we determined 

quantitative parameters of the collagen fibres using SHG imaging. SHG 

microscopy is a powerful modality for imaging fibrillar collagen, due to its optical 

underlying physical origin, it is highly sensitive to the collagen fibril/fibre structure, 

and, importantly, to changes that occurs in collagen organisation during diseases 

such as cancer or fibrosis121. Using the open-source software CT-FIRE, we 

analysed width, length, alignment (angle) and fibre number, in Col5a1KO KPC 

subcutaneous tumours and their WT counterparts (Figure 21B-C-D-E). As 

expected, irradiation disrupted collagen organisation in WT samples, showing a 

decrease in width, length and fibre number compared to the images from the 

unirradiated tumours, but with the alignment unchanged (Figure 21). SHG 
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imaging showed a very weak signal in unirradiated Clone 5 and 10 tumours, 

suggesting that lack of Col5a1 had a deleterious effect on collagen fibre formation 

(Figure 21A). Collagen fibre number, width and length in tumours from KO 

Col5a1 clones were significantly lower than in the WT counterpart (Figure 21B-

C-D-E). Unexpectedly, irradiation seemed to reverse the effect of Col5a1 KO 

resulting in an increase of fibre number, collagen fibre length and width (Figure 

21) consistent with the increased amount of COL5a1 seen in 

immunohistochemistry. Fibres number almost doubled after irradiation compared 

with the irradiated WT (Figure 21E), whilst width and length increased by 20% 

and 10% respectively (Figure 21B-C).  

 

 

            

 

 



 121 
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Figure 20: Col5a1 KO affects collagen deposition A) Representative 

images of WT KPC tumour samples stained with Picrosirius Red Staining. From 

the left: 100x magnification detail (Scale bar=100um), and an example of collagen 

quantification. B) Picrosirius signal quantification. Statistical Whitney Mann-test 

has been performed, differences are not significative. C) Representative images 

of Col5a1 Clone 5 KO KPC tumour samples stained with Picrosirius Red. From 

the left: 100x magnification detail (Scale bar=100um), and an example of collagen 

quantification. D) Picrosirius signal quantification. Statistical Whitney Mann-test 

has been performed (***p<0.001). E) Representative images of Col5a1 Clone 10 

KO KPC tumour samples stained with Picrosirius Red. From the left: 100x 

magnification detail (Scale bar=100um), and an example of collagen 

quantification. F) Picrosirius signal quantification. Statistical Mann-Whitney test 

has been performed (***p<0.001) 

 



 123 

 

 

 

 

 



 124 

Figure 21: Second Harmonic Generation (SHG) Imaging and 

quantitative analysis of Collagen Fibres. A) Second harmonic generation 

microscopy of KPC WT and Col5a1 KO subcutaneous tumours. Collagen fibres 

are shown in green. B-E) Collagen fibres were automatically extracted for 

analysis using the open-source software CT-FIRE. Quantitative parameters 

including width, length, alignment and fibres number were calculated basing on 

SHG images. Statistical Whitney Mann test has been performed (n=3, *p<0.05, 

**p<0.01, ***p<0.001). (WT,5 and 10 stand for untreated samples, WT*, 5* and 

10* stand for irradiated samples) 
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4.3 Discussion 

 Summary of findings in current study 

The present study showed that Col5a1 has a role in tumour growth and 

radiation response. The reduction or ablation of this protein inhibited cell 

migration, cell proliferation, increased radiosensitivity in vitro, and inhibited 

tumour growth in vivo. We also showed that radiation had a different effect on 

WT and Col5a1KO KPC cells in vivo and in vitro, suggesting that the role of 

Col5a1 in the radiation response needs to be further investigated. Therefore, 

despite the potential of Col5a1 as a therapeutic target in colorectal and pancreatic 

cancer, its correlation with radiotherapy needs to be better understood.  
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 KD and KO of Col5a1 affect migration in 3D cell culture  

A decrease (KD) or a complete lack (KO) of Col5a1 gene expression 

seemed to reduce migration (3D migration assay), proliferation (MTT) and tumour 

growth (spheroids assay). These findings suggest that Col5a1 is important in 

tumour migration and proliferation both in 2D and in 3D.  

Recently Feng et al165, showed similar findings in a ccRcc Caki-1 cell 

model. The KD of COL5A1 led to cell growth inhibition in a time dependent 

manner as assessed by MTT essay, a decrease in migration and invasion as 

assessed by Matrigel invasion and wound healing assay and a significant 

increase in apoptosis165. These data support our hypothesis of a role for Col5a1 

in tumour growth and migration.  

Irradiation added a level of complexity to it. In the migration assay, the 

seven Col5a1KO clones did not respond consistently to radiation doses. As 

showed in figure 16, the lack of Col5a1 reduced migration in all the clones, except 

for clone 5, whereas radiation led to an unexpected increase in migration in the 

majority of the KO clones after a dose of 10 Gy, and to a discrepant reaction after 

a dose of 2 Gy. There are no clear interpretations about this result. However, a 

possible explanation could be connected with the activation of TGF-ß signalling 

pathway. It has been shown that radiation activates TGF-ß signalling pathway in 

cancer progression166 and that this activation induce collagen 1 production167. 

Kahai et al showed that in vitro Col5a1 is a target of beta signalling pathway in 

osteoblasts157. In addition, it is known that the gene Col5a1 is fundamental for 

Col1a1 fibres assembly in fibrils. After these considerations, we hypothesized 

that the increase of TGF-ß re-activated the expression of Col5a1 in KO tumour 

cells.  
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To validate this hypothesis further experiments are needed, starting from 

investigating changes in TGF-ß and Col5a1 expression in Col5a1KO samples 

after irradiation. Unfortunately, short term effects of radiation on ECM proteins, 

including Col5a1 are not well investigated.  
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 Lack of Col5a1 increases radiosensitivity 

It is known that radiation sensitivity mechanisms in cancer are regulated 

by intracellular factors and interactions of cells with ECM or adjacent cells as well 

as with the tumour microenvironment. At the same time, Col5a1 is a member of 

collagen family and is known that collagens are overexpressed in the majority of 

cancers. Our data indicated that Col5a1 is involved in radiosensitivity, but the 

mechanism of how Col5a1 plays a role was not investigated here. In addition, the 

KO of the gene had a stronger effect than the KD. Gene KO and KD genes often 

give different results given issues of dosage and potential compensation. Some 

scientists maintain that both of these methods should be performed in order to 

understand the role of the protein168.  

Feng et al165 recently showed that Col5a1 KD caused significant decrease 

in colony numbers formed by Caki-1 cells. Liu et al169 used CFA to investigate 

the role in radiosensitivity of COL1A1 showing that sh-RNA KD of this protein 

enhanced cells radiosensitivity whereas COL1A1 activation increased 

radioresistance169.  

In order to boost our findings we should test the effect of radiation on other 

Col5a1 KO cell lines.  
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 Col5a1 KO inhibits tumour growth in vivo  

It is known that COL5a1 is overexpressed in different tumours114. COL5a1 

overexpression has been associated with increased malignancy in different 

cancer types72,114,170. To investigate the contribution of Col5a1 to tumour growth 

we established a subcutaneous tumour in vivo model from the pancreatic 

adenocarcinoma cell line Col5a1KO KPC or WT-KPC. The lack of Col5a1 

resulted in notable slowing of the tumour growth. Tumours reached the culling 

point an average of 8 days earlier in WT compared to COL5a1KO animals 

suggesting that Col5a1 has the ability to modulate tumour growth.  

This hypothesis is supported by a recent study published by Feng et al165. 

They showed that COL5A1 expression increased together with the tumour 

diameter and stage in ccRCC tissue compared to adjacent normal tissue, 

suggesting a role for COL5A1 in tumour growth. They confirmed this data using 

a nude xenograft mice model of ccRCC CAKI-1 cell line and injecting COL5A1-

siRNA or COL5A1-ntsiRNA intratumourally. Consistently with our results they 

saw that the group receiving the COL5A1-siRNA show a decrease in tumour 

growth along with a decrease in COL5A1 expression, compared to control.  
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 Col5a1 is produced by tumour cells  

In our experiment, we found that in untreated tumours, Col5a1 was not 

expressed in KO tumours unlike the WT specimens, suggesting that mouse host 

cells did not compensate with increased production of Col5a1. Thus in these 

untreated tumours, our data suggested that the main source for Col5a1 in our 

model were tumour cells and not host cells such as fibroblasts. These findings  

agree with Hynes28 and Feng171 studies which showed that tumour cells also 

produce ECM proteins although collagen type I is usually mainly derived from 

fibroblasts. In particular, Feng group showed that in the multi cancer associated 

gene expression signature they identified, the majority of the genes, including -

sma were expressed in some xenografted human cells but not in the host mouse 

cells171. Together with the microarray study done by Casey et al30, these papers 

show that cancer cells are also major producers of ECM proteins and suggested 

a more complicated mechanism in tumour cell/microenvironment cross-talk. 

Nonetheless little is still known about the mechanisms governing the production 

of ECM proteins by cancer cells.  

In order to extend our data and confirm our hypothesis, further 

experiments focused on understanding which kind of cells, either cancer cells or 

fibroblasts are stimulated to produce Col5a1 and in which conditions should be 

performed.  
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  Irradiation starts a compensatory mechanism of Col5a1 

Fibrosis is a frequent and deleterious consequence of radiation therapy. 

Irradiation can initiate an anti-inflammatory response that leads to an abnormal 

production of ECM proteins by CAFs79 called fibrosis. In previous studies fibrosis 

is observed after a minimum of 3 weeks after a high radiation dose101, or 6 weeks 

after a lower dose102, therefore we assumed that fibrosis had not developed in 

our samples. We collected tumours 20 days after the end of the treatment. In 

figure 21 we used SHG to show that irradiation provoked an increase in Col1 

fibres number of 75% in clone 10 and 95% in clone 5 tumours. This result 

confirmed our previous findings that showed how irradiation mediated decrease 

of Col5a1 was then connected with a decrease in collagen fibres as quantified by 

SHG. What was more interesting and surprising is that irradiation showed an 

increase in fibres number as well as an increase in Col5a1 expression in the KO 

tumours but not in the WT tumours. Based on our observation it seems that 

radiation induced a compensatory mechanism in the Col5a1KO tumours which 

led to an increased host deposition of Col5a1.  

One hypothesis to explain the increased deposition of Col5a1 is that it is 

a consequence of fibroblast activation. Many different studies have shown that 

irradiation of tissues results in activation of fibroblast (as identified by -sma) and 

that in addition to activation there may also be an increase in numbers of 

fibroblasts. However, this hypothesis, that the increase of collagen deposition is 

connected with increase in fibroblast activation, does not fully explain why Col5a1 

expression increases after irradiation in KO tumours but not in unirradiated 

tumours. This observation might suggest that as a response to radiation, the 

tumour needs to produce  Col5a1 due to its pivotal role in forming and assembling 
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new bundles of collagen I fibres116. Based on our data we could speculate that 

Col5a1 is not necessary for the tumour to survive but it becomes indispensable 

when the tumour need to repair and grow after radiation damage116.  

The role of Col5a1 overall in cancer is not yet well investigated. Its role in 

the Ehlers Danlos Syndrome, which is the result of a mutation in COL5A1, is more 

understood. In a study using dermal fibroblasts, Wenstrup et al70 suggested that 

Col5a1 may control the utilization of type I collagen during initiation of collagen 

fibril formation in some tissues. This would explain why the presence of Col5a1 

is needed to start a compensatory effect when there is an increase in collagen 

deposition, and therefore an increase in collagen I assembly after irradiation, but 

not in untreated tumours.  

These hypotheses await further experimentation.  
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5 General Discussion and Conclusion:  

Over the past 20 years, different studies have revealed the importance of 

collagen and ECM in regulating fundamental physiological processes such as cell 

migration, proliferation and fibrosis172,173. As a consequence, cancer is no longer 

considered to be simply a disease of uncontrolled cell proliferation, but also that 

of dysregulation of the microenvironment.  

In the last years a group of ECM molecules have emerged as  valuable 

targets for disease prognosis and treatment. Hence, it is of great importance to 

unravel the mechanism underlying the ECM remodelling and its involvement in 

disease. Of great interest is the study of the dynamic changes of ECM 

biomechanisms associated with tumour progression. With the developing 

appreciation that biochemical forces are crucial determinants for tissue 

development, cell differentiation and homeostasis, it is reasonable to assume that 

losing the ability to sense, respond and adapt properly to such biochemical 

forces, by either tumour cells or stromal cells, contributes to tumour 

progression29. Hence, collagen, being the most important player within the ECM 

that generates these biochemical forces is no longer considered to be an inert 

and passive background.  

One of the tools which advanced the knowledge of the ECM is proteomics. 

Proteomics has been used to study the ECM signature for different cancers such 

as lung cancer174, pancreatic ductal adenocarcinoma175,176, colorectal 

cancer177,178 and breast cancer179,180 in the last decade. In 2012, Hynes et al28 

developed a new method which connected proteomics-based methods with a 

bioinformatic definition of the ‘matrisome’ ( a term that identifies the ECM and 

ECM-associated proteins) to analyse the protein composition of the tissue ECM. 
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This project contributed fundamentally to our understanding of the ECM , creating 

a comprehensible and complete inventory of ECM proteins and their associated 

modifiers that can be used as a basis for analyses of tissue specific ECM 

composition and that of changes which occur during physiological or pathological 

conditions, such as cancer. Once identified, ECM signatures can be further 

analysed with pathway or interaction analysis tools such as MatrixDB181. The 

MatrixDB was created in 2009 to enable the interrogation of data reporting 

interactions between ECM components, often neglected in general protein 

databases. The characterisation of the protein composition of the ECM by mass 

spectrometry depends on the availability of methods that enrich for ECM proteins. 

Hynes et al28 also proposed a new method to extract ECM proteins. Analysis of 

the protein composition of the extracellular matrix presents challenges due to the 

diversity, large size, insolubility and cross-linking of these proteins. By contrast, 

most other cellular components are soluble even at relatively low concentrations 

of salt or detergents. The proposed protocol involved the depletion of intracellular 

proteins and the enrichment of insoluble ECM proteins and associated-proteins. 

In this thesis we used this method to obtain ECM protein fractions that could be 

analysed by western blotting.  

Thanks to proteomics different collagens have been identified as tumour 

signature and possible tumour markers. For example, Naba et al. identified a 

series of different collagen molecules, including COL1A1, COL5A1, COL3A1, 

COL2A1, COL5A2 COL4A1 and COL6A1 as overexpressed during the 

angiogenic switch in pancreatic tumour islets176. In another study they found 

COL22A1 to be absent in normal colon and normal liver tissues but 

overexpressed in both colorectal cancer and liver metastasis177. COL1A1 
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expression was also shown to change during CRC tumour development from 

stages I to IV in a separate study conducted by Yang et al182.  

COL5A1 is present in the majority of connective tissue matrices where it 

plays a functional role in maintaining tissue integrity. During the malignant 

transformation COL5A1 is overexpressed and a study in pancreatic ductal 

adenocarcinoma showed that, via activation of FAK signalling, COL5A1 affects 

cancer cells viability, proliferation, migration and formation of metastases72.   

Our molecule of interest, COL5A1 is overexpressed in different cancer 

types such as breast cancer108, pancreatic ductal adenocarcinoma72,oral 

squamous cell carcinoma109, thyroid carcinoma110, ovarian cancer111, gastric 

cancer112, papillary thyroid carcinoma75 and lung cancer113. In particular, COL5A1 

has been identified as a detection factor in breast cancer diagnosis, due to there 

being a strict correlation between a high protein expression and an aggressive 

cancer phenotype and relation with a poor prognosis114,115. Despite the growing 

interest for COL5A1’s role in cancer progression its function in radiation response 

is still elusive. This thesis confirmed the importance of COL5A1 in tumour 

development and suggested a role for COL5A1 in radiation response.  

Our results indicated that Col5a1 is present in colorectal and pancreatic 

cancer and that it is downregulated following irradiation. The three in vivo 

experiments, which involve both murine and human cell lines, suggested that the 

decrease of Col5a1 expression happen as shortly as one week after the radiation 

treatment. It was surprising that we were able to observe substantial changes in 

collagen expression and collagen deposition as soon as 6 days following 

radiation treatment, considering that  effects of radiation on the extracellular 

matrix are usually considered as long-term side effects on the extracellular matrix 
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and connected with the fibrotic process89. COL5A1 is a minor fibril collagen. Its 

role is not completely understood, but it is known to regulate fibrillogenesis and 

matrix organization116. Therefore our suggestion is that the downregulation of 

COL5A1 leads to alterations in the organisation of collagen fibres resulting in a 

decrease of ECM stiffness. Miller et al. show that ionizing radiation reduces the 

stiffness of both non-cellularised collagen scaffolds and ex vivo mammary 

tumours from transgenic mice88. Cell adhesion, cell spreading and cell migration 

all decrease in irradiated matrices, in line with what is known about cells 

interacting with a less stiff matrix88. In our study, the KD and the KO of Col5a1 

showed an inhibitory effect on cell migration and an increase in radio sensitivity, 

confirming our hypothesis that the lack of Col5a1 contributed to create a softer 

matrix. However, given the contradicting effects that radiation had on KO Col5a1 

tumours, this hypothesis needs further evaluation. As shown in Chapter 4, KO of 

Col5a1 seemed to activate a compensatory effect after radiation stimulation that 

led to an increase in Col5a1 expression and less radiosensitivity. In order to 

confirm these data, further experiments are needed, including knocking-out 

Col5a1 in an expanded panel of cell lines.  

We also showed that the reduction in Col5a1 protein levels following 

irradiation was due to gene downregulation. The activity of MMP2 and MM9, two 

of the enzymes which are known to degrade Col5a1, did not change after 

irradiation, suggesting that protein degradation was not involved. The well 

described collagen degradation pathways were activated when there was an 

excess in collagen deposition with the goal of preventing the development of 

cancer fibrosis172. Our results showed that Col5a1 gene expression was 

downregulated before any increase in Col1a1 expression or collagen deposition, 
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suggesting that Col5a1 could have an active role in inititating the radiation 

response that leads to ECM remodelling. We did not investigate which pathway 

regulates Col5a1 expression, however future studies should be directed to 

elucidate the role of TGF-ß signalling in Col5a1 radiation response as discussed 

in chapter 3.  

The contribution of cancer cells to the ECM radiation response is still 

poorly understood. Our study strongly suggest that CoL5a1 was produced by 

cancer cells as well as by fibroblasts, and our in vitro study shows how KO and 

KD of Col5a1 expression led to changes in phenotype, including a decrease in 

cell migration and a change in radiosensitivity.  Further studies need to be done 

in order to understand the exact contribution of fibroblasts and cancer cells to 

Col5a1 production and radiation response.  

In addition we investigated the effects of radiation and Col5a1 depletion in 

collagen deposition. Our results confirmed that an increase in collagen fibres 

width and length are correlated with a tumourigenic condition as previously 

established29. Irradiation led to a decrease in collagen fibres width and length. 

Considering that irradiation is the main cause of RIF, this could sound 

controversial. Nonetheless the in vivo samples we analysed were collected at a 

relatively early time point, before the fibrotic process could take get started. This 

is interesting in light of the fact that irradiation affects the ECM before the 

inflammatory process that lead fibrosis start. This observation could lead to novel 

approaches on how to improve radiotherapy efficiency in order to make it effective 

before the occurrence of fibrosis. We also showed that Col5a1 KO affected 

collagen deposition, resulting in a similar condition as irradiation. However, the 

combination of Col5a1 KO and IR treatment unexpectedly showed a promotion 
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of collagen production. Our hypothesis is that in the absence of Col5a1, a 

compensatory effect takes place, probably driven by host cells..  

To conclude, our results suggest that irradiation affects the tumour 

microenvironment, and the ECM in particular, through the downregulation of 

CoL5a1 expression. We also showed that cancer cells seems to contribute to this 

process in a more substantial manner than fibroblasts. In addition, we 

demonstrated that Col5a1 has a role in collagen deposition.  

Col5a1 knockdown and knockout reduced cell proliferation, inhibited cell 

migration and invasion in vitro, and inhibited tumour growth in vivo. Therefore, 

Col5a1 may be a novel prognostic biomarker and a promising therapeutic target 

for colorectal and pancreatic cancer. In this light, we suggest further elucidation 

of the molecular mechanisms underlying Col5a1 function following radiation as 

well as translation of our findings to human cells and specimens should be 

regarded as important fields of research.  
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6 Abbreviations 

ECM             Extracellular Matrix  

Col5a1         Collagen 5a1 (murine gene) 

COL5A1      Collagen 5a1 (human gene) 

Col5a1        Collagen 5a1 (murine protein) 

COL5A1      Collagen 5a1 (human protein)   

DDRs           Discoidin Domain Receptors  

GFs              Growth Factors  

TGF-ß          Tumour Growth factor-beta         

MYC             MYC proto oncogene – bHLH transcription factor 

EMT             Epithelial Mesenchymal Transition 

TME             Tissue Microenvironment 

CAFs            Cancer Associated Fibroblasts 

LOX              Lysin Oxidase 

CAFs            Cancer Associated Fibroblasts 

PDAC           Pancreatic Ductal Adenocarcinoma 

SHH             Sonic Hedgehog 

-sma          alpha-smooth muscle actin 

COL             Collagen  

LAIR-1          Leukocyte associated immunoglobulin like receptor 1 

ER                Endoplasmic Retilicum 

MMPs           Matrix metalloproteinases 

CRC             Colorectal cancer 

FAK              Focal adhesion kinase 

RNA             Ribonucleic acid 
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IR                 Irradiation 

RT                Radiotherapy 

DNA             Deoxyribonucleic acid 

ROS             Reactive oxygen species  

CAM             Chicken embryo chorio allantoic membrane model of   

                     angiogenesis 

IPF               Idiophatic pulmonary fibrosis  

RIF               Radiation induced fibrosis  

Gy                Gray 

siRNA           Small Interference RiboNucleic Acid 

SHG             Second Harmonic Imaging 

CFA              Colony Formation Assay 

KD                Knock Down 

KO                Knock Out 

gRNA           guide RiboNucleic Acid 

RT-PCR       Real Time Polymerase Chain Reaction 

cDNA           complementary DNA 

Ct                 cycle treshold 

CNMCS       Compartmental Protein Extraction Kit        

BSA             Bovine Serum Albumin 

PBS             Phosphate-buffered saline  

HRP            Horseradish Peroxidase 

MTT            Colorimetric assay with dye  

                    3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

                    bromidefor 
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PE               Plating efficiency  

SF               Surviving fraction 

OCT            Optical Cutting Temperature compound    

TACS          Tumour Associated Collagen Signature 

WT              Wild type  

CNS            Centreal Nervous System 

OS              Overall Survival 

TMA            Tissue Micro Array 

miR-29        microRNA-29 

PI3K-AKT    Phosphatidylinositol-3-kinase/Protein Kinase B 

ccRcc          clear cell Renal cell carcinoma 

nt-RNA        Non targeting RiboNucleic Acid 

F                  Fraction 

MT1-MMP/TIMP-1  Membrane type-1 Matrix Metalloproteinase/tissue   

                                Inhibitor of Matrix Metalloproteinase-2 

BC                 Breast Cancer  
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