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The extracellular matrix (ECM) is a non-cellular network of cross-linked 

macromolecules, such as collagens, glycoproteins (fibronectin and laminins), and 

proteoglycans. The ECM plays a critical role in mediating cell adhesion, migration, 

differentiation, and proliferation. Thus, abnormal ECM remodeling can lead to 

pathological states and cancer metastasis. Fibroblasts, the most abundant cell type in the 

tumor stroma, produce several ECM components and proteins.  

Hypoxia (low oxygen level) is a critical factor in cancer growth. The disruption in oxygen 

homeostasis leads to ECM remodeling. Therefore, many ECM proteins, such as collagens 

and laminins, are expressed differently. Increased deposition of these proteins can lead to 

ECM stiffness alterations, which can lead to cancer progression. 3D cell culture methods 

(spheroids) have gained increasing interest since they provide a more tissue-like 

environment compared to traditional 2D cell culture methods. We used 3D spheroids 

containing cancer cells and fibroblasts to mimic cutaneous squamous cell carcinoma 

(cSCC) tumors. 

In this study, western blot results showed that in hypoxia, collagen prolyl hydroxylases 

(P4HA1 and P4HA2) and collagen lysyl hydroxylase (PLOD2) expression increased in 

both transformed keratinocytes and metastatic cSCC cells when they were cocultured 

with human primary skin fibroblasts. Laminin-332 expression was, however, 

downregulated. Immunofluorescence staining confirmed that P4HA1 expression was 

upregulated in 3D spheroids in hypoxic conditions. Proliferation assay showed that cell 

proliferation increased in hypoxia in mono- and cocultured spheroids. Mass spectrometry 

experiments also revealed different ECM protein expressions in hypoxia compared to 

normoxia. These results show that 3D spheroids containing cancer cells and fibroblasts 

are an indispensable tool for detecting ECM alterations in hypoxic conditions. 
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1. INTRODUCTION 

 

1.1 Extracellular matrix 

 

The extracellular matrix (ECM) is a highly dynamic and non-cellular compartment 

comprised of intercellular places. The ECM consists of cross-linked macromolecule 

network of collagens, glycoproteins (fibronectin and laminins), and proteoglycans. 

Although ECM is primarily a non-cellular space, it regulates most cellular activities 

through bioactive signaling molecules (Clause & Barker, 2013). It has a dynamic 

structure and network and it goes through remarkable changes and degradation from the 

developmental stage to the maturity level to maintain tissue homeostasis (Cox & Erler, 

2011).  

 

Cells generally require ECM to attach, grow, and differentiate. In this environment, ECM 

supports cells and anchorage the cell shape. It provides biochemical and mechanical 

support for tissues by regulating cell behavior, proliferation, migration, and invasion. 

ECM components and their subtypes regulate the functions and overall structure. 

Moreover, these components and their subtype activities and functions are necessary for 

body function (Walker et al., 2018). Conversely, in adverse conditions, matrix-degrading 

enzymes and dysregulation of the ECM are affiliated with different physiological and 

pathological conditions, such as cancer (Lu et al., 2011). 

 

1.2 Principal components of the ECM 

 

ECM is a complex network composed of three essential macromolecules: collagen, 

fibronectin, and glycoproteins like laminins. ECM also consists of adhesion molecules 

such as the integrin family, a transmembrane glycoprotein signaling family that attaches 

cells to the ECM by binding to various ECM and cell surface ligands (Bachmann et al., 

2019). These ECM components are universal in almost all tissue types. However, tissue 

development differentiates ECM components in differential tissues (Schlie-Wolter et al., 

2013). In addition, all these components have specific functions in the specialized cellular 

mechanisms. For example, cell adhesion, proliferation, and differentiation are mediated 

by cells binding to collagen, laminins, and fibronectin.   
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Figure 1. Significant components of the ECM. Its structure and the interaction between the 

components are simplified. The most abundant component of the ECM is collagen fiber. Also, 

proteoglycans, glycoproteins, laminins, and integrins have important functions in the ECM 

regulation and cell-to-cell and cell-to-ECM interaction. Picture from Xue et al., 2015.  

 

1.3 Collagen, the basic structure of the ECM 

 

Collagen is the most abundant fibrous protein and structural element in the ECM. In 

human, collagen accounts for 30% of the total proteins (Xu et al., 2019). Collagen affects 

the structure, shape, and mechanical organization of tissues. To date, twenty-eight types 

of collagens have been identified. All of them contain at least one triple-helical domain. 

This standard feature is present in collagen at different levels, from 10% to 96% (Ricard-

Blum, 2011). Collagens interact with the cells with various receptors-like Integrin, 

Receptor Tyrosine Kinases (DDR), fibronectin and mediate several cellular activities, 

such as cell proliferation, differentiation, and migration (Elango et al., 2022). Different 

types of collagens have different functions. For example, collagen type IV mediates cell 

adhesion and division. It is also scaffolding other proteins like laminins and growth factor 

TGF-β (Khoshnoodi et al., 2008). Collagen VII functions as anchoring fibrils (Burgeson, 

1993). 
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Collagen is rich in proline and glycine that are essential for collagen triple helix 

formation, and co-and post-translationally hydroxylated proline (Jaakkola et al., 2001). 

The stability of the  triple helix structure is disrupted by enzymes like collagen prolyl 

hydroxylases (P4Hs) and lysyl hydroxylases, PLODs (Martins et al., 2020). These 

enzymes also play an essential role in cancer metastasis by accumulating and stiffening 

collagen in ECM (Gilkes et al., 2013a). In addition, collagen modulates tumor tissue 

stiffness and regulation of tumor immunity. 

 

 

 

Figure 2. Collagen function in cancer. Collagen has various functions in cancer. Some crucial 

functions are cancer cell invasion, metastasis, hypoxic condition regulation, and anti-cancer 

immunity. Picture from Xu et al., 2019. 

 

1.3.1 Collagen prolyl hydroxylase (P4H) 

 

Prolyl hydroxylation is a common post-translational modification (PTM) that regulates 

protein folding and conformational stability. This post-translational modification is 

critical for the collagen triple helix stability (Jaakkola et al., 2001). Collagen contains a 

considerable amount of hydroxyproline, almost 4% in animal proteins. Collagen prolyl 

4-hydroxylase (P4Hs), also named α2β2 tetrameric α-ketoglutarate-dependent 

dioxygenase, consists of two α subunits and two β subunits. This isoenzyme hydroxylates 

proline residues and catalyzes 4-hydroxylation of proline, thus producing collagen triple 
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helix formations (Jaakkola et al., 2001). This hydroxylation is done in the -Xaa-Pro-Gly- 

proline sequence (Aro et al., 2012). Hydroxylation of a proline residue in collagen also 

increases the thermal stability of the triple helix domain (Shoulders & Raines, 2009). 

 

The P4Hs are a group consisting of three isoenzymes C-P4H1, C-P4H2 and C-P4H3 

(Rappu et al., 2019) (Figure 3). The α subunit of P4Hs (P4HA) conducts the binding and 

catalytic activity of the peptides. The β subunit transists α subunit from insoluble to 

soluble form (Myllyharju & Kivirikko, 2004). P4Hs are necessary because they 

hydroxylase four proline residues and conduct the accurate folding of collagen 

polypeptide chains. This folding is essential for triple helical stability (Myllyharju & 

Kivirikko, 2004). 

 

 

Figure 3. Three isozymes of collagen prolyl 4-hydroxylases (C-P4H1, C-P4H2 and C-P4H3). 

Hydroxylation of proline residues in collagens both co- and post- translationally requires O2, 2-

oxoglutarate, Fe++, and ascorbic acid. Picture from Rappu et al., 2019. 

 

In mammalian cells, three isoforms of P4Hs alpha subunit (P4HA) have been recognized 

with different α chains. P4HA1 (previously known as P4H1), which is the most abundant 
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isoform, is found in most cells and tissues where it conducts the major prolyl hydroxylase 

activities (Annunen et al., 1998). This isoform's high expression level leads to profound 

collagen deposition in cancer development and progression (Li et al., 2022). Collagen 

deposition by P4HA1 is responsible for cancer metastasis and poor cancer prognosis. 

However, the molecular mechanism of P4HA regulation is still not fully understood. 

P4HA1 responses to hypoxia and glycolysis in cancer progression. It is crucial in 

regulating the hypoxia-inducible factor HIF-1 (Xiong et al., 2018). Collagen P4H binds 

to oxygen more efficiently than HIF1-P4Hs. As a result, collagen P4Hs can also function 

in low oxygen levels. Although collagen deposition is essential for cell and organ 

differentiation, abnormal PTMs of collagen lead to ECM remodeling, cancer metastasis 

(Gilkes et al., 2013a) and delayed chondrogenesis (Myllyharju & Schipani, 2010). 

Overexpression of P4HA1 in hypoxia promotes cancer (Zhao & Liu, 2021).  

 

Another isoform of P4HA, P4HA2, also conducts collagen biogenesis and is responsible 

for ECM remodeling, like P4HA1 (Gilkes et al., 2013a). Overexpression of P4HA2 

correlates with poor clinical outcome. However, reduced expression was found in breast 

cancer upon P4HA2 silencing, but still little is known about P4HA2 regulation (Xiong et 

al., 2014). The third isoform, P4HA3, is least known isoform, however, it is responsible 

for proliferation of cancer cells (Atkinson et al., 2019; Eriksson et al., 2020). 

 

1.3.2 Collagen lysyl hydroxylase 

 

Collagen lysyl hydroxylase is a major ECM component responsible for collagen 

biosynthesis. Collagen synthesis by collagen lysyl hydroxylase is a complex process of 

collagen formation. It plays a crucial role in collagen cross-linking during cancer 

migration and invasion through extensive post-translational modifications. In addition, 

collagen cross-linking through hydroxylysine is more stable than cross-linking formed by 

matrix metalloproteinases (MMPs). Lysyl hydroxylation also works as a carbohydrate 

attachment site (Gilkes et al., 2013b).  

 

Collagen lysyl hydroxylase has at least three isoenzymes (Myllyharju & Kivirikko, 2004), 

of which PLOD1, PLOD2, and PLOD3 have been identified so far. Different cytokines 

and transcription factors regulate PLODs expression (Qi & Xu, 2018). One of the critical 
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factors in cancer, hypoxia, regulates HIF-1, which also modulates PLOD expression. 

Intratumoral hypoxia is responsible for cancer invasion, and in cancer metastasis PLODs 

are highly expressed as a consequence of transcriptional regulation (Hofbauer et al., 2003; 

Myllyharju & Schipani, 2010). PLOD1 hydroxylates lysine residues in the triple helix, 

while PLOD2 hydroxylates lysine residues in telopeptide domains (Yeowell et al., 1997). 

However, PLOD2 is the only lysyl hydroxylase responsible for changes in collagen cross-

linking patterns (Wu et al., 2006) and promotes fibrosis (Brinckmann et al., 1996). 

 

1.4 Laminins, important glycoproteins in the basal membrane 

 

Laminins are a family of conserved, multidomain glycoproteins found in the basement 

membrane (BM) in all animals (Domogatskaya et al., 2012; Rousselle & Scoazec, 2020). 

They mediate several biological functions, such as cellular interactions, binding with 

other extracellular matrices, and self-polymerization. Laminins play an essential role in 

the ECM structure and are involved in the insoluble nature of the ECM. 

 

All laminins consist of three chains, α, β, and γ, assembled into a spiral shape at the C 

terminal ends. To date, five, four, and three forms of α, β and γ chains are found, 

respectively (Domogatskaya et al., 2012). These heterotrimers together can weigh from 

400 to 800 kDa. Fifteen tissue-specific isoforms with distinct functions are identified 

(Turck et al., 2005). Isoforms are named by a combination of the three chains, for 

example, α4, β1, and γ1 form an isoform named laminin-411 (Domogatskaya et al., 

2012). 

 

Prior binding to cellular receptors, laminins are modified through proteolytic processing 

at the N- and C-terminals. This process also alters the signaling pathways in the ECM. 

For example, laminin-332 binds to α6β4 integrin and develops squamous cell carcinoma 

(SCC) tumorigenesis through the PI3K activation in vivo (Marinkovich, 2007). Laminins 

also bind to non-integrin receptors, such as dystroglycan, sulfated glycolipids, and 

37/67LR which mediate intestinal epithelial cell function and are suggested to be involved 

in pathological states (Cloutier et al., 2019; Mohan et al., 1990). However, laminins are 

also involved in co-signaling with growth factors, making their mechanism and function 

very complex. 
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1.4.1 Laminin-332 

 

Laminin-332, previously known as laminin 5, is a cell adhesive molecule present in the 

basement membrane. It is a large molecular weight glycoprotein and one of the most 

significant components in the ECM, produced by keratinocytes (Rousselle & Scoazec, 

2020). It is recognized as an invasive marker in epithelial tumor cells (Katayama & 

Sekiguchi, 2004). Laminin-332 maintains the epithelial-mesenchymal cohesion in tissue 

to protect from external forces on the skin (Brassart-Pasco et al., 2020). This protein also 

plays a crucial role in normal cells, for example in cell differentiation, tissue development, 

cell adhesion, and wound healing (Kirtonia et al., 2022). Laminin-332 is unique from 

other laminins, as this is the only laminin that contains γ2 chain, and widely spread among 

epithelia. It is expressed in many pathological states, like in several epithelial cancers, 

e.g. cutaneous squamous cell carcinoma and oral, cervical, and colon cancers (Calaluce 

et al., 2001; Kirtonia et al., 2022; Lohi et al., 2000; Siljamäki et al., 2020). In different 

epithelial cancers, laminin-332 is a major component in the BM barrier, and highly 

relevant for epithelial carcinoma invasion (Guess & Quaranta, 2009). 

 

Laminin-332 is named by its heterotrimeric assembly of α3, β3, and γ2 chains, which 

forms its cross-checked coiled-coil shape (Katayama & Sekiguchi, 2004). First, disulfide-

linked β3-γ2 dimers are formed, followed by α3 alignment, and finally, spiral structure, 

which takes place in the endoplasmic reticulum. Lastly, α3 and γ2 go through the 

maturation stage and get into a more diminutive form. 

 

1.4.2 Laminin-332 in cancer 

 

The α3 chain of laminin-332 plays a vital role in cancer progression. Its large globular 

domain (LG 4,5) cleaved from ordinary skin cells stimulates signaling pathways, 

influencing tumor growth and migration (Rousselle & Scoazec, 2020). The α3 chain is 

also involved in tumor growth in nude mice (Mizushima et al., 2002). Furthermore, the 

β3 chain is involved in cancer migration. In 90% of prostate cancer cases, the cleavage of 

β3 by hepsin protease increases cancer migration (Tripathi et al., 2008). On the other 

hand, the most studied γ2 chain is different from α3 and β3 chains. Unlike α3 and β3 

chains, γ2 is produced as a monomer (Gagnoux-Palacios et al., 2001). This chain is vital 
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to laminin-332 incorporation into the basement membrane and regulates adhesive 

structures called hemidesmosomes. In a monomeric form, it also works as a migratory 

substrate (Guess & Quaranta, 2009). However, this cleavage of γ2 does not always 

influence migration (Yurchenco, 2011). 

 

 

 

Figure 4. Structure of laminin-332 with binding domains. Heterotrimeric structure consists of 

long arm coiled-coil feature with integrin and proteoglycan binding domain. Laminin-332 

consists of three subunits, α3, β3, and γ2. The short arms β and γ consist of cleavable interaction 

domains for ECM interaction and signaling functions. Picture from Guess et al., 2009. 

 

Proteolytic processing of β3 and γ2 chains is related to cancer invasion and migration in 

epithelial carcinomas, especially in SCC (Guess & Quaranta, 2009). However, different 

enzymes, for example enzymes of the astacin family of the MMPs, process α3 and γ2 

chains of laminin-332 (Marinkovich, 2007). Laminin-332 interaction with fibrous 

collagen VII increases collagen type IV and XVIII degradation and peptide production. 

This process also increases cell invasion. Laminin production correlates with cancer 

metastasis and poor survival. In addition, laminin-332, especially laminin γ2 chain, is 

considered as an invasive cancer cell marker (Siljamäki et al., 2020; Yamamoto et al., 

2001). Laminin-332 has been shown to induce PI3K and mitogen-activated protein 

signaling (MAPK) pathways (Rousselle & Scoazec, 2020). Recently, in cutaneous 

squamous cell carcinoma, laminin-332 synthesis was shown to be upregulated by 
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hyperactive H-Ras signaling and fibroblast-activated TGF- signaling pathways, leading 

to increased cancer cell invasion (Siljamäki et al., 2020). 

 

1.5 Cutaneous squamous cell carcinoma 

 

Cutaneous squamous cell carcinoma (cSCC) is the second most common non-melanoma 

skin cancer. Among non-melanoma skin cancers, cSCC accounts for 75% of all deaths. 

The prognosis of treated cSCC is good and the survival for 5 years is ≥ 90% (Fania et al., 

2021; J. Y. S. Kim et al., 2018). However, cSCC can be both locally invasive and 

metastatic, and the survival rate drops dramatically if the cancer metastases. The major 

risk factors for cSCC are advanced age, exposure to UV light, immunosuppression, 

smoking, fair skin, and previous skin cancer history (Paradisi et al., 2020; Stratigos et al., 

2020). However, cSCC progression is a multistage process where mutations in genes play 

important role. Viral infection, epigenetic modifications or microenvironmental changes 

are the reasons for gene mutations in cutaneous squamous cell carcinomas. Like in other 

cancers, tumor microenvironment (TME) is important in the carcinogenesis of cSCC. 

Epigenetic reprogramming, DNA damaging, hypoxia, CAF and angiogenesis activation, 

and immune cell recruitment all act as tumor promoters (Fania et al., 2021). 

 

Surgical excision is the treatment for the invasive form of cSCC cancer patients, although 

radiotherapy is also used as a primary treatment for patient who are beyond surgical 

treatment. The cSCC pathogenic studies enable some pharmaceutical targets recognition 

and immune therapy as a treatment; however, cSCC diagnostics and prognosis draws less 

attention than the therapies (Fania et al., 2021). 

 

Although the molecular basis of cSCC progression is incompletely understood, mutations 

in NOTCH pathway, p53 pathway and  MAPK and PI3K pathways have been found  in 

cutaneous squamous cell carcinoma (Chang & Shain, 2021). Increased amount of 

laminin-332 was noted in cSCC cells and transformed keratinocytes due to activation of 

Ras/ERK and TGF-β/Smad2 signaling pathways, leading to enhanced cancer cell 

invasion (Siljamäki et al., 2020). Recent findings suggest that in addition to Ras and TGF-
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β/Smad2 signaling pathways, also TGF-β-activated p38 signaling regulates laminin-332 

synthesis in transformed keratinocytes and cSCC cells (Siljamäki et al., 2022). 

 

1.6 Tumor microenvironment 

 

Solid tumors are composed not only of tumor cells, but they also consist of the ECM, 

vasculature, stromal cells, and immune cells. All these elements together are defined as 

tumor microenvironment (TME) or cancer stroma. TME has a large effect on cancer 

progression. TME components, along with cancer cells, takes part in cancer progression. 

Self-produced cytokines and chemokines support cancer cell’s growth. Cancer cells can 

activate surrounding stromal cells like fibroblasts and immune cells. Polymorphonuclear 

leukocytes (PMN), monocytes, and activated stromal cells produce proteases like matrix 

metalloproteinases (MMPs). These MMPs are also responsible for ECM degradation 

(Brassart-Pasco et al., 2020). As soon as cancer cells and stromal cells are activated, 

angiogenesis start to progress. All the elements in TME and ECM dynamics play 

important role in cancer progression (Balkwill et al., 2012).  

 

Figure 5. Overall view of the tumor microenvironment (TME) and cancer metastasis. Cancer cells 

influence nearby stromal cells like fibroblasts. The activated cancer associated fibroblasts (CAFs) 
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produce proteases like MMPs. CAFs are responsible for ECM stiffening. Degradation of ECM 

by proteases and ECM stiffening by elastin cross linkage led to cancer progression and metastasis. 

Growth factors and immune cells secreted by cancer cells take part in cancer cell proliferation. 

Other effects like hypoxia also influences cancer progression by ECM remodeling. ECM, 

extracellular matrix; ROS, reactive oxygen species; MMPs, matrix metalloproteinases; SDF1, 

stromal derived factor 1; CAF, cancer associated fibroblast; IL8, interleukin 8; FGF2, fibroblast 

growth factor 2, TGF-β, transforming growth factor-β. Image was created in Biorender.com and 

modified from Brassart-Pasco et al., 2020. 

 

1.6.1 Fibroblast 

 

The most abundant stromal cells in the TME are fibroblasts (Brassart-Pasco et al., 2020). 

These cells are flat, spindle-shaped cells with nucleoli. The function of these cells is to 

produce collagen, proteoglycan, and elastic fiber in normal tissue homeostasis. In 

addition, fibroblasts are also responsible for supporting ligaments, bone, skin, basement 

membranes and blood vessels (Kusindarta & Wihadmadyatami, 2018). In embryonic 

development stage, fibroblasts are significantly activated and exclusively produce 

matrices tissue. However, they are also found in adult tissue during inflammation and in 

the tumorigenic environment (LeBleu & Kalluri, 2018). 

 

Fibroblasts play an essential role in cancer progression and immunity (Barrett & Puré, 

2020). They influence tumor growth, invasion, angiogenesis, and chemoresistance. They 

are responsible for growth factors production, thus supporting cell proliferation, 

migration, and remodeling of the ECM (Attieh et al., 2017; Kalluri, 2016). 

 

1.6.2 Cancer-associated fibroblasts (CAFs) 

 

Activated fibroblasts in cancer are called cancer-associated fibroblasts (CAFs). CAFs are 

also called reactive stromal fibroblasts or tumor-associated fibroblasts. During 

tumorigenesis, CAFs are activated by different external factors, such as hypoxia, 

chemokines, cytokines, and TGF-β growth factor (Belhabib et al., 2021). 
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CAFs, together with immune and cancer cells, participate in ECM production, changes, 

immune reprogramming in TME, and tumor growth. They also modify matrix 

metalloproteinase production. CAFs have substantial effects on tumor growth and cancer 

progression. ECM deposition and stiffness promote cancer cell migration, and this 

modification, in turn, recruits more fibroblasts and help to activate these new fibroblasts. 

As a result, this initiates more ECM production and progresses cancer metastasis 

(Belhabib et al., 2021; Kalluri, 2016). Due to its importance in cancer progression, CAFs 

are considered as a therapeutic target in malignant cell targeted therapies (Barrett & Puré, 

2020). 

 

1.7 Hypoxia in cancer 

 

Cells are subjected to a wide range of stresses that impact cellular function. Hypoxia is a 

common stress factor in solid tumors and in TME. Emerging data has confirmed that 

hypoxia is highly correlated with cell proliferation, differentiation, angiogenesis, genetic 

modification and instability, tumor invasion, and metastasis (Gilkes et al., 2014; King et 

al., 2021; Muz et al., 2015). Hypoxia develops in a solid tumor when rapid cell growth 

resists the oxygen supply in the tumor's inner space. In typical cell environments, oxygen 

tension is 5-10%, whereas, in hypoxic conditions, it is 1-2% or even lower. The exclusive 

number of proliferating cells disrupts the regular blood supply in developing cancer 

tumors. In accordance with hypoxia, angiogenesis causes uncontrolled oxygen supply to 

these exclusively proliferating cells in the tumor, by forming abnormal blood vessels and 

impaired blood flow. Furthermore, tumor cells sustain restricted oxygen levels and adapt 

to survival (Emami Nejad et al., 2021; Muz et al., 2015; Vinaiphat et al., 2021). 

 

In addition, hypoxia is an important factor for cancer cell metabolism and therapy 

resistance. The hypoxic tumor microenvironment manifests different gene expressions 

and complex cell signaling stimulation. This signaling cascade results in both positive 

and negative feedback on cancer (Muz et al., 2015). However, hypoxia significantly 

influences cancer invasion and metastasis and increases tumor survival. In hypoxia, HIF-

1α signaling is highly upregulated in different cancers and skeletal dysplasia (Gilkes et 

al., 2013a; Stegen et al., 2019). In hypoxic conditions, cancer cells undergo several 

adaptation processes which are positively correlated with cancer progression and 
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metastasis. Acute hypoxia induces genetic, molecular, cellular, and biochemical 

alterations (Emami Nejad et al., 2021; Riffle & Hegde, 2017). Moreover, ECM 

remodeling due to hypoxia is the reason for chemo and drug resistance. Increasing cell 

mass in the hypoxic region causes chemoresistance by affecting drug delivery (Muz et 

al., 2015). It is also reported that, in hypoxic tumors, cells are more like stem cells, more 

invasive but less mature (H. Kim et al., 2018).  

 

Figure 6. Mechanism of hypoxia-induced tumor progression. Cellular proliferation results in 

tumor formation. Inner part of the growing tumor lacks oxygen and nutrients due to inaccessible 

blood vessels. This part is called the hypoxic region. As a result, growth arrest and cell waste 

accumulate in this region. Tumor cell's alteration in cellular metabolism initiates angiogenesis, 

and vasculogenesis lead to abnormal blood circulation and cancer growth, and metastasis. Image 

was created in Biorender.com and modified from Vinaiphat et al., 2021. 

 

1.8 ECM remodeling during hypoxia 

 

ECM remodeling is a complex cell regulatory process triggered by different factors, for 

example, cell stress, heat shock, and hypoxia. Intratumoral hypoxia stimulates ECM 

production and configuration changes in ECM. Hypoxia-inducible factors (HIFs) are the 

fundamental regulatory factors for ECM remodeling in hypoxia (Gilkes et al., 2013a). 

This family of transcription factors contains three members,  HIF-1, HIF-2, and HIF-3. 

Among them, HIF-1 is the most studied transcription factor responsible for several gene 

expressions during hypoxia (Ziello et al., 2007). This transcription factor consists of an 
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oxygen-sensitive HIF-1α containing two proline residues. In normoxia condition, these 

proline residues are hydroxylated by prolyl hydroxylase domain-containing proteins 

(PHDs), which results in Von Hippel-Lindau tumor suppressor (pVHL) binding to HIF-

1α. HIF-1α binding with pVHL leads to ubiquitination and degradation by 26S 

proteosome. However, in hypoxia HIF-1α is stabilized and free HIF-1α binds to HIF-1β. 

This heterodimer then binds to hypoxic response elements (HRE) and express different 

genes, including vascular endothelial growth factor (VEGF), glucose transporter-1 

(GLUT-1) and erythropoietin (Déry et al., 2005; Lin et al., 2014; Petrova et al., 2018). In 

addition, HIF-1 also activates prolyl hydroxylases (P4HAs) and collagen lysyl 

hydroxylase (PLOD). P4HAs are responsible for collagen deposition and lysyl 

hydroxylase is responsible for collagen stiffening, thus collagen fiber alignment. Also 

another gene, lysyl oxidase (LOX), which is directly regulated by HIF-1α, is highly 

expressed in hypoxia. Lysyl oxidase family is also responsible for crosslinking of 

collagen and elastin. Crosslinking, collagen stiffening and fiber alignment enable cancer 

cell migration and finally cancer metastasis (Gilkes et al., 2013a; Xiao & Ge, 2012). 

 

Different cellular processes are involved in the ECM remodeling process, such as 

angiogenesis, stem cell regulation, and bone remodeling (Karampoga et al., 2022). All 

these cell regulatory processes comprise over 700 proteins. Chemical modifications alter 

proteins’ biochemical properties and structure in the post-translational level. Proteolytic 

degradation is responsible for migration and invasion by releasing ECM fragments. All 

the ECM alterations affect complex cellular signaling networks, as ECM components 

work as ligands for cell surface receptors like integrin and receptor tyrosine kinase. 

Cancer cells and stromal cells like fibroblasts alter ECM remodeling system to support 

their own growth. Tumor cells primarily work for recruitment and activation of stromal 

cells like fibroblasts, and these stromal cells then deposit ECM components in TME by 

secreting different growth factors, such as TGF-β, FGF, platelet-derived growth factor 

(PDGF) and epidermal growth factor (EGF). EGF and SDF1 are responsible for activating 

CAFs, which produce high amount of collagen. Moreover, ECM alteration is prominent 

in aged tissue. In aged tissue, changes in MMPs and chemokines expression support 

tumor development (Gilkes et al., 2014; Henke et al., 2020).  

 



 

 

19 
 

 

 

Figure 7. Extracellular matrix remodeling during hypoxia. ECM remodeling is maintained by 

tissue integrity. Growth factors activated fibroblasts and cancer cells are transcriptionally 

reprogrammed to produce proteases like MMPs and degrade BM. Proteases also degrade collagen 

and stiffen collagen fibers, making space for local invasion, intravasation, and cancer metastasis. 

ECM remodeling and immune cell escape also enhance cancer cell survival. Growth factors 

retained in tumor microenvironment function as chemotactic signals and recruit and activate more 

stromal cells, leading to cancer progression. Image was created in Biorender.com and modified 

from Gilkes et al., 2014 and Boedtkjer et al., 2020. 

 

1.9 3D cancer spheroids 

 

Spheroids are highly spherical, multicellular collections, the most common form of three-

dimensional cell culture methods (Peirsman et al., 2021). In traditional 2D monolayer cell 

cultures, the cells cannot form the same natural organization as the cells in vivo in a tissue. 

3D spheroids provide a more tissue-like environment, which enables the cellular 

interactions that are indispensable for the natural function of the cells. 3D spheroid 

models are increasingly used in cancer diagnostics and drug treatment as they give more 

predictive data and relevant information for in vivo tests. The 3D cancer spheroids in vitro 
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are more precisely resampled with tumor microenvironment and immune manifestation 

(Bhattacharya et al., 2020). Furthermore, this model defines the complex nature and 

heterogeneity of cancer tumors in vivo and acts as a representative form of therapeutic 

strategies (Riffle & Hegde, 2017).  

 

The traditional 2D cell culture methods are used in different cell-based assays, although 

these methods are inefficient in diagnosis and treatment. Drugs tested in traditional 2D 

cell culture methods are often rejected in drug phage trials: only 10 percent of the drugs 

are finally approved in the phase III trials (Riffle & Hegde, 2017). Conversely, the 3D 

spheroid method has been proven to be an efficient method in drug testing, for example, 

by showing more resistance to anti-cancer drugs (Riffle & Hegde, 2017). 

 

The 3D cell culture method functions differently and exhibits the complex nature of TME 

compared to the 2D cell culture method; as a result, protein expression also differs in 3D 

spheroids culture compared to the 2D cell culture method. For instance, many cellular 

events like cell proliferation, growth, migration, and invasion are different in 3D cell 

cultures. One of the reasons is that the 3D cell culture method enables efficient cell-to-

cell interactions, in addition to cell-to-ECM and cell-to-media interactions (Figure 8). 

This method also enables the culture of different cell lines, for example, stromal cells 

with cancer cells together, providing an opportunity to produce a more complex tumor 

microenvironment in vitro (Kapałczyńska et al., 2018; Ojalill et al., 2020).  

 

In addition, the 3D spheroid model contains a hypoxic region in the inner part of the 

spheroids that is impossible to form in the 2D cell culture method, where all cells are 

exposed to cell culture media. 3D spheroids limit oxygen and nutrition flow into the cells 

resulting in different populations of proliferating, quiescent and necrotic cells. To date, 

several different 3D culture methods have been developed and adopted for drug 

discovery, development, and cancer treatment and implemented in the cell-based study 

for cell-based analysis. Therefore, the 3D spheroid cell culture method is an excellent in 

vitro model to study cell response in vivo. However, this system also need optimization. 

The 3D spheroids model is missing angiogenesis which is obvious in cancer 

tumorigenesis (Nishida et al., 2006). 
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Figure 8. Traditional 2D cell culture and 3D spheroid models. In the 2D cell culture method, cells 

have more cell-to-media contact and less cell-cell contact. Conversely, in the 3D cell culture 

model, cells have more contact with the other cells, and only outer cells are in straight contact 

with the cell culture media. In the 3D spheroids model, different cell zones are observed, such as 

necrotic core (green), where cells lack oxygen and nutrient; quiescent zone (yellow), where cells 

already started to grow; and the most outer part (orange) is the proliferative zone. Picture from 

Kapałczyńska et al.,  2018. 

 

1.10 Significance of the study 

 

ECM remodeling is a major regulator in cancer progression and metastasis. Hypoxia is 

one of the main driving factors in this remodeling process. Hypoxia is evident in all cancer 

tumors and is responsible for drug resistance and poor diagnosis. It modulates cancer cell 

metabolism and makes a complex signaling network within the TME. Despite the clear 

evidence that hypoxia has detrimental effects on ECM remodeling and tumor progression 

and metastasis, no confirmed methods or inhibitors have been discovered to inhibit and 

treat cancer in hypoxia. The complex nature of ECM modification and signaling cascades 

during hypoxia within the TME needs further investigation and characterization.  
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Searching for new drugs for cancer treatment, understanding the mechanism of cancer 

progression, and early phage diagnosis in vitro to apply the drug to patients is a required 

field to concentrate now. In this study, a new approach to cancer research, the 3D spheroid 

model, was used, as the nature of 3D spheroids resemble better natural cancer tumors than 

traditional 2D cell cultures. In addition, laboratory analysis methods such as mass 

spectrometry, immunofluorescence assay, and western blotting were applied to determine 

ECM protein regulation and characterize changes in signaling pathways during hypoxia. 

This study was designed to optimize and characterize a new method for e.g. drug delivery 

tests in the future. This study provides valuable information about the potentiality of this 

method when detecting ECM proteins in cancer hypoxia, and it could be a starting point 

for possible future method development. 
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2. AIMS OF THE STUDY 

 

The aims of the study were, 

2.1 Detection of the ECM proteins in hypoxia: Collagen prolyl hydroxylases (P4HA1 and 

P4HA2) are crucial for collagen deposition in intratumoral hypoxia and lysyl hydroxylase 

(PLOD2) is responsible for stiffness in the ECM. The aim was to observe the expression 

of these proteins in cancer cells during normoxia (21% O2) and in hypoxia (3% O2). 

Elevated expression of the glycoprotein laminin-332 is also prominent feature in cancers, 

e.g. in cutaneous squamous cell carcinoma. Therefore, we also tested if laminin-332 

expression was modulated in hypoxic conditions.  

 

2.2. Demonstrating a new method to detect protein changes in hypoxic conditions. For 

this reason, a comparatively new model, cancer 3D spheroid model, was used to observe 

different protein (especially P4HA1, P4HA2, PLOD2, and laminin-332) levels in 

normoxia and hypoxia. The 3D spheroid method allowed us to coculture cancer cells with 

stromal fibroblasts, which are known regulators of cancer cell behavior and signaling 

pathways. In addition, western blot, immunofluorescence, and mass spectrometry were 

performed to evaluate the protein expression changes in the ECM during hypoxia. 
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3. MATERIALS AND METHODS  

 

3.1 Cell lines  

 

The H-Ras-transformed tumorigenic HaCaT cell line RT3 (Boukamp et al., 1990) and the 

cutaneous squamous carcinoma cell line (UT-SCC-7) were used as cancer cell lines. The 

RT3 cell line was provided by Dr. Norbert Fusenig (German Cancer Research Center, 

Heidelberg, Germany). This cell line is immortalized non-tumorigenic human 

keratinocyte cell line and one of the HaCaT’s retrovirally H-Ras transformed subclones 

which becomes metastatic after subcutaneous injection into athymic nude mice (Siljamäki 

et al., 2020). The UT-SCC-7 cell line was established from surgically removed metastatic 

UT-SCC-7 of the skin from a patient of Turku University Hospital (Junttila et al., 2007), 

and is a kind gift from professor Veli-Matti Kähäri (Department of Dermatology, 

University of Turku and Turku University Hospital, Turku, Finland). Professor Risto 

Penttinen provided primary human adult skin fibroblasts used in this study. The 

fibroblasts were from the Medical Biochemistry / the University of Turku's cell line 

biobank and were used up to passage 12. The donor was male aged 24 years.  

 

3.2 Cell culture 

3.2.1 Procedure of 2D cell culture 

 

Cells were grown on a 10 cm Petri dish in Dulbecco's Modified Eagle’s medium (DMEM 

with 4.5 g/L glucose; 12-614F, Lonza), supplemented with 10% Fetal calf serum (FCS, 

Biowest), L-glutamine (6 nmol/L, Gibco), and 1% penicillin-streptomycin. Additional 

geneticin-418 selective antibiotic (200 g/ml, Gibco) was added to the medium during 

the RT3 cell line culture. The culture medium of UT-SCC-7 cell line was supplemented 

with 1 x MEM non-essential amino acids (11140-035, Gibco). All cell lines were 

incubated in an incubator at 37°C in a 5% CO2-humidified atmosphere. The medium was 

changed every other day until the cells reached 80%-90% confluency.  
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3.2.2 3D spheroid formation 

 

The current study used the micro mold method for 3D spheroid formation. Molds 

consisting of 35 wells were prepared with 2% agarose mixed in 0.9% NaCl using 

commercial molds (MicroTissues 3D Petri Dish micro mold, Z764051, Sigma-Aldrich). 

Only cancer cells were used in monocultures, but in cocultures, cancer cells and skin 

primary fibroblasts were used in a 1:1 ratio. Each spheroid contained 7,000 and 14,000 

cells in monoculture and coculture, respectively. The cell culture plates were washed with 

phosphate-buffered saline (PBS, 17-516 F, Lonza), and the cells were detached from the 

culture dish with Trypsin-EDTA (ethylenediaminetetraacetic acid, Lonza). Trypsin 

inhibitor (T9128, Sigma Aldrich) was used at 1 mg/ml into the plate to inhibit trypsin 

action, followed by centrifugation at 1370 rpm for 4 min at room temperature (RT). Cells 

were suspended in serum-free DMEM medium supplemented with L-glutamine (6 

nmol/L) and 1% penicillin-streptomycin and counted in a cell counter (BIO-RAD, TC10). 

 

The correct number of cells was suspended in serum-free DMEM medium and pipetted 

into a 50ml falcon tube. In each mold, 80µl of cells suspended in serum-free DMEM 

medium was pipetted into an agarose mold, followed by a 15 min incubation at 37°C in 

5% CO2-humidified incubator. Next, 1 ml of serum-free DMEM was added surrounding 

the mold. Ascorbic acid (50 µg/ml; A4544-25G, Sigma-Aldrich) was added daily. 

 

3D spheroids were allowed to grow in an incubator in normoxia (21% O2) or hypoxia 

(3% O2) at 37°C in 5% CO2 until day 6 (Figure 9). Spheroid samples were collected three 

times: day 1, day 4, and day 6. The 3D spheroids were imaged with the EVOS cell 

imaging system (EVOS M500, Invitrogen) using a 4x objective. 
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Figure 9. Flow chart of 3D spheroid formation from 2D cell culture. Cancer cells were detached, 

calculated, mixed with fibroblasts in a falcon tube, and put into the agarose mold. Spheroids were 

allowed to grow until day 6. Three replicates (i.e., three molds) were made both for normoxia and 

hypoxia samples. Image was created on Biorender.com. 

 

3.3 Western blot 

 

Western blot is a widely used analytical technique to identify specific proteins in a 

heterogeneous mixture. In this method, proteins were separated by SDS-PAGE (sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis) based on their molecular weight and 

transferred to a nitrocellulose membrane followed by incubation with specific primary 

and secondary antibodies specific to the protein of interest. Finally, the image was 

visualized by a luminescent image analyzer. β-tubulin was used as a loading control. The 

data were normalized against loading control. Finally, images were quantified with 

ImageJ software. 
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3.3.1 Sample preparation for western blot 

 

3D spheroids were washed with PBS and collected in an Eppendorf tube for western blot 

analysis. They were centrifuged at 12000 x g for 4 min, and the pellets were lyzed with 

radioimmunoprecipitation assay buffer (RIPA Lysis and Extraction Buffer, 89900, 

Thermo Fisher Scientific). The amount of RIPA buffer was adjusted according to pellet 

size from 50 µl to 100 µl. Finally, the lysate was preserved at -200C. 3D spheroids stored 

in RIPA buffer were thawed on ice for western blot running. SDS buffer (30% [w/v] 

glycerol; 10% [w/v] sodium dodecyl sulfate); 9.3% [w/v] DTT; bromophenol blue; 0.35 

M Tris-HCl pH 6.8) was added to the sample according to the RIPA buffer amount 

(sample and SDS ratio 6:1). A sample mixed with SDS was then incubated in the water 

bath at 100oC for 10 min and centrifuged at 11000 x g for 1 min. 

 

3.3.2 Sample run 

 

From each sample, 25µl was loaded in one well of 8% or 10% SDS-PAGE (upper gel: 

4% [w / v] acrylamide bisacrylamide [35.5: 1, BIO-RAD]; 0.1 M Tris-HCl pH 6.8; 0.05% 

[w / v] ammonium persulfate (APS); 0.2% [w / v] tetramethylethylenediamine [TEMED]; 

bottom gel: 8% or 10% [w / v] acrylamide bisacrylamide; 0.4 M Tris-HCl pH 8.8; 0.033% 

[w / v] APS; 0.067% [w / v] TEMED) gel. A molecular weight standard (Bluestar 

Prestained Protein Marker Plus, Nippon Genetics) was added to determine the size of the 

protein. Samples were run in running buffer (25 mM Tris hydroxymethyl aminomethane 

(Tris); 12.5 mM glycine; 3.5 mM SDS) for 30 min at 70V. After that, the voltage was 

changed to 130V and run for 90 min. After gel electrophoresis, the gel was transferred to 

the nitrocellulose membrane (Nitro Bind, Cast, Pure Nitrocellulose, ** Micron, GVS 

North America) on 350mA at 4 oC for 100min in transfer buffer (25 mM Tris 

hydroxymethyl aminomethane [Tris]); 12.5 mM glycine; 20% [v/v] methanol).   
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Figure 10: The orientation of a gel sandwich used for protein transfer on nitrocellulose membrane. 

Nitrocellulose membrane and gel were placed between transfer buffer-soaked filter papers. Fiber 

pads were placed at each end of the sandwich. 

 

3.3.3 Blocking, antibody incubation, and detection of protein 

 

After protein transfer, the nitrocellulose membrane was blocked with blocking buffer (5% 

[w/v] milk-tris buffered saline with Tween [TBST]) for 60 min under shaking at room 

RT. Then the membrane was washed 3 x 15 min with TBST and incubated with primary 

antibodies (Table 1) diluted in 1:1000-2000 in 5% [w/v] BSA-TBST overnight at 4°C. 

The next day, the membrane was washed with TBST 3 x 10 min and incubated with a 

secondary antibody (Table 1) diluted in 1:8000 in 5% [w/v] BSA (bovine serum albumin)-

TBST. The secondary antibody was incubated for 1 hour at RT and protected from light. 

Next, the membrane was washed as before, and scanning was performed with an Odyssey 

membrane scanner (Odyssey CLX, LI-COR). β-tubulin was used as a loading control, 

diluted in 1:16000 in 5% [w/v] BSA-TBST with overnight incubation at 4°C. Then the 

membrane was washed and incubated with the secondary antibody described before. 

ImageJ studio software (LI-COR) was used to analyze western blot data. Average from 

three independent biological replicates was calculated. For analysis, all proteins were 

normalized against β-tubulin. 
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Table 1: All primary and secondary antibodies used in western blot. 

 

Primary antibody Catalog number Supplier 

P4HA1 ab 244302 Abcam, UK 

P4HA2 ab 70887 Abcam, UK 

PLOD2 ab 90088 Abcam, UK 

Lam-332 ab 14509 Abcam, UK 

p-Smad2 3108 Cell Signaling Technology, USA 

p-CREB 9198 Cell Signaling Technology, USA 

p-ERK1/2 9101 Cell Signaling Technology, USA 

β-tubulin P6154-500GR BIOTOP 

Secondary antibody Catalog number Supplier 

Anti-rabbit 800 926-32213 LI-COR, USA 

Anti-rabbit 680 926-68071 LI-COR, USA 

Anti-mouse 800 926-32212 LI-COR, USA 

Anti-mouse 680 926-68072 LI-COR, USA 

 

3.4 Proliferation measurement by Qubit assay 

 

Spheroids prepared in section 3.2.2 were used for DNA isolation and measured by Qubit 

assay (Q-32851, Invitrogen-Thermo Fisher Scientific, USA). This broadly used method 

utilizes optimized dyes that bind to DNA and provide sensitive detection. First, DNA 

isolation was performed according to the manufacturer's instructions (740609.250, 

Macherey-Nagel GmbH & Co.KG). Then, the Qubit working solution was prepared by 

diluting the dsDNA HS reagent (Q-32851 A, Invitrogen-Thermo Fisher Scientific) with 

dsDNA HS buffer in 1:200 dilution. Two standard solutions, 0 ng/µl (Q-32851 C, 

Invitrogen-Thermo Fisher Scientific, USA) and 10 ng/µl (Q-32851 D, Invitrogen-Thermo 

Fisher Scientific, USA), were used as a 1:20 ratio in the working solution to calibrate the 

machine. For the sample measurement, 1 µl sample was added into 199 µl working 

solution and incubated for 3 min. The DNA amount was multiplied 200 times as the 

measurement was made from a sample diluted 1:200. Average from three independent 

biological replicates was calculated. 
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3.5. Immunofluorescence 

 

Immunofluorescence is a method to detect antibodies with fluorescence dye to visualize 

antigens under a light microscope. It is used in cultured cells in 2D cell culture and 3D 

spheroids and single-cell and tissue sections. Immunostaining, using antibodies to stain 

proteins, is a widely used example of immunofluorescence. Confocal microscopy 

imaging systems were used to get high-resolution images. 

 

3.5.1 CellTracker staining of cultured cells 

 

2D cancer cell and fibroblast cultures described in 3.2.1 were used for CellTracker 

staining. Cell culture media was replaced with fresh DMEM supplemented with 10% 

FCS. CellTracker Orange (C34551, Invitrogen) for cancer cells and green (C7025, 

Invitrogen) for fibroblasts were used to stain the cells and diluted into 9.1 l of dimethyl 

sulfoxide (DMSO). Then the diluted solution was suspended again 1:50 in DMSO. 62,5 

l of the diluted CellTracker was added to each 10 cm cell culture plate containing 5 ml 

culture medium. Careful shaking was done to confirm even spreading of CellTracker dye. 

Then cells were incubated for 1 h at 37 C and washed briefly twice with PBS. 5-10 ml 

of  DMEM supplemented with 10% FCS was added to cells, followed by 15 min 

incubation at 37 C. After that, 3D spheroids were formed according to the described 

method in 3.2.2 and incubated in both normoxia (21% O2) and hypoxia (3% O2) 

incubators. Cells were protected from light in all steps of cell staining. 

 

3.5.2 Spheroid staining with P4HA1 antibody 

 

3D spheroids stained with CellTracker were cultured for 3 days, and the growth medium 

was discarded. Then spheroids were washed out of the agarose mold with PBS buffer, 

followed by spheroid fixation with 4% paraformaldehyde (PFA) for 1 h at 4C. Then, 

spheroids were incubated for 1.5 hours at 4C with 4% PFA supplemented with Triton 

X-100 (1%) for further fixation. After that, spheroids were washed with PBS with 0.1% 

Tween-20 (PBST), and blocking was performed with 6% BSA-PBST for 3 hours at RT. 

Next, 3D spheroids were incubated with prolyl 4-hydroxylase subunit alpha-1 antibody 
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(P4HA1, ab 244302, Abcam, UK), diluted in PBST in 1:100 dilution ratio, overnight at 

+4C on a shaker. The following day, spheroids were washed with PBST for 3 x 15 min 

and incubated with secondary antibody (Alexa Fluor 633 goat anti-rabbit, A21094, 

Invitrogen), diluted 1:200 in PBST for 3 hours at RT. After that, the spheroids were 

washed with PBS for 3 x 15 min and mounted on coverslips (25 mm x 75 mm x 1 mm 

glass slide) with 95-100% glycerol. 

 

3.5.3 Confocal imaging 

 

Confocal microscopy is an optical imaging system for increased image resolution and 

contrast. It is used for example for three-dimensional structure imaging by capturing 

multiple two-dimensional images. In the current study, a confocal microscope, Zeiss LSM 

880 (Zeiss, Jena, Germany), was used for super-resolution imaging for fixed samples. 

Imaging was performed at the Cell Imaging and Cytometry Core, Turku Bioscience 

Centre, Turku, Finland, with the support of Biocenter Finland. A Zeiss Plan-apochromatic 

20x/0.8 M27 with 543nm HeNe laser and airy can Multitrack ILEX setup was used to 

capture the images. Three channels were used separately, 647 channels for secondary 

antibody excitation (Alexa Fluor-633), 561 channels for orange CellTracker excitation, 

and 488 channel for green CellTracker excitation. The image size was 1024 x 1024 pixels 

with a maximum speed of 8, and the actual size of the images was 607.3 µm x 607.3 µm. 

The pinhole was 71.1, and 12 slides in Z-stacks were used in the setting. The images were 

processed with Zen 2.3 SPI Black software. Spheroids were located on the slide under the 

laser and selected on the screen. Spheroids were imaged for both hypoxia and normoxia 

conditions. The intensity was measured with ImageJ software. 

 

3.5.4 Spheroids intensity profile 

 

3D spheroid intensity was calculated by ImageJ software, and intensity was normalized 

against the distances from the spheroids edge by lining up spheroid’s diameter. This 

normalization was done to assess spheroids' intensity relative to distance. The intensity 

values were taken from the middle z-stack of confocal images for all three channels (RT3, 

fibroblast, and P4HA1), and spheroids diameter was determined using the plot profile in 
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ImageJ. All calculation was done for three channels separately. To compare intensity 

between normoxia and hypoxia, intensity was measured in total area for all three 

channels. This data was shown as intensity value in percent (%) and normalized against 

the total area. Three spheroids from each normoxia and hypoxia treatment were analyzed.  

 

3.6. Mass spectrometry sample preparation 

 

3.6.1 Hypotonic degradation 

 

3D spheroids were prepared according to the previously described method (3.2.2) and 

collected on day 4 from the normoxia and hypoxia incubator. Ascorbic acid added to 

serum-free media was exchanged once during the time. Spheroids were collected in a 24-

well plate in PBS. For each mold, 100 µl of hypotonic lysis buffer (10 mM Tris-HCl, pH 

7.5; 1 mM EDTA, 10 μg / ml DNAse) was used. All spheroids from each sample were 

collected into an Eppendorf tube and centrifuged for 2 min at 3900 rpm, followed by a 

hypotonic lysis buffer wash. Centrifugation was repeated once, and 150 µl of hypotonic 

lysis buffer was added to the Eppendorf tube. Samples were incubated overnight at +4 C 

on a rotator. The following day, spheroids were washed twice with hypotonic buffer and 

centrifuged for 2 min at 3900 rpm. Finally, the pellet was collected and preserved at -20 

C for peptide preparation and mass spectrometry analysis. 

 

3.6.2 Filter-aided sample preparation 

 

Spheroids treated with hypotonic lysed buffer were added to a solution containing 5% 

SDS, 0.1 M DTT (dithiothreitol, Thermo Scientific, USA), and 5 mM TEAB 

(Triethylammonium bicarbonate, T7408, Sigma Aldrich), and heated at 95 C for 5 min. 

Then lysate was centrifuged at 16000 x g for 5 min. Protein concentration for each sample 

was determined to confirm enough protein in the sample by Pierce 660 assay (22660, 

Thermo Scientific), according to the manufacturer's instructions. Then lysate up to 100 

µl was suspended in UA solution, mixed with 8M Urea (51456-500G, Sigma) and 0.1 M 

Tris/HCl pH 8.5, and centrifuged at 14000 x g for 40 min. This step was repeated until 

all lysate was used. Again, 200 µl of UA was pipetted into the filter and centrifuged at 
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14000 x g for 40 min at 20 C. Next, 100 μl IAA solution (0.05 M iodoacetamide in UA) 

was added to the sample and mixed in a shaker at 37°C, and incubated at RT for 30 min. 

 

After that, centrifugation was performed at 14000 x g for 40 min, and the step was 

repeated twice by adding 100 μl of UA to the filter unit. Then, 100 µl of DB (1M urea in 

0.1 M Tris/HCl, pH 8.5) was added, and centrifugation was performed at 14000 x g for 

40 min. This step was repeated once. Finally, the filter unit was transferred to a new 

collection tube, and 40 µl of Lys-C/Trypsin (Promega, 5073) mixed DB was added 

(enzyme to protein ratio 1:25) and mixed in a shaker at 37 C. Incubation was done at 37 

C overnight. The following day, 100 μl of 0.1 M Tris/HCl, pH 8.5 was added and 

centrifuged at 14000 x g for 40 min, repeated the step, and combined the filters.  

 

3.6.3 Desalting of sample  

 

After collecting the peptides, desalting was done by adding 10% to 0.5% trifluoroacetic 

acid (TFA) until it reached pH 2-3. Microcon 10 kDa, a centrifugal unit with ultracel – 

10 membrane tips, was used in the desalting step. Tips were put into an Eppendorf tube 

with a hole in the lid. Then 200 µl of the sample was used in each batch, and a solution 

mixed with 0.1% TFA and 2% acetonitrile (ACN) was used until all samples were 

pipetted. Next, samples were spin for 3-4 min at 1.7 x g. After that, the sample was washed 

three times with 50 µl of 0.1% TFA and 2% ACN and centrifuged for 60 s at 1.7 x g. For 

the peptide elution, 50 µl of 0.1% TFA, 2% ACN and 0.1% formic acid were used and 

pushed to the tips and collected to a new Eppendorf tube. Samples were dried in 

SpeedVac (Thermo Fisher Scientific, USA) and preserved in -20 C. Finally, samples 

were dissolved in 1% formic acid for using liquid chromatography-mass spectrometry 

analysis. 
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3.6.4 Liquid Chromatography-Tandem mass spectrometry 

 

In mass spectrometry (MS), the peptide analysis was performed using nanoflow HPLC 

system (Easy-nLC1000, Thermo Fisher Scientific) coupled with a Q Exactive mass 

spectrometer (Thermo Fisher Scientific). The peptide mixture was separated using a 15 

cm C18 column (75 µm x 15 cm, reproSil-our 3 µm 200 Å c18-AQ, dr. Maisch HPLC 

GmbH, Ammerbuch-Entringen, Germany) with two solvents gradients (Solvent A, 0.1% 

formic acid and Solvent B, acetonitrile/water, 95.5 v/v with 0.1% formic acid). A 

complete mass scan was acquired over m / z, and the process was repeated until the 

gradient ended. 

 

After data acquisition, Spectroanut proteomics software was used for the data analysis. 

Tandem mass spectra were searched using human SwissProt entries in the UniprotKB 

database. The false discovery rate threshold for protein identification was set to 0.001, 

and at least one replicate run of the sample was considered.  

 

3.7. Statistical data analysis 

 

Three independent biological experiments were performed, and the results are shown as 

mean ± standard error of the mean (S.E.M) value, also stated in the figure legends. 

Western blot statistical analyses were performed using IBM SPSS statistics version 27. 

To assess the statistical significance of western blot data, one-way ANOVA (analysis of 

variance) test was performed. The significance level was set to 0.05, so only p values 

below 0.05 were considered statistically significant. Independent-samples t-tests were 

used to calculate the p-value. GraphPad Prism-9 software was also used to perform 

statistical analysis and data visualization format preparation for immunofluorescence 

data. Technical replicates were considered for calculating p-value calculation of 

immunofluorescence data.  
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4. RESULTS 

4.1 Morphology analysis of 3D spheroids 

 

3D spheroids of cutaneous squamous cancer cells (UT-SCC-7) and H-Ras transformed 

keratinocytes (RT3) cells were used in this study. 3D spheroids were established using a 

micro mold method. Both cell lines were used to form monoculture spheroids without 

fibroblasts (Figure 11A, 12A) and coculture with skin primary fibroblasts (Figure 11B, 

12B). The microscope images showed that cells started to spread gradually from day 1 to 

day 6 in both normoxia and hypoxia conditions and in monoculture and in coculture. 

Interestingly, more tight spheroids were formed in hypoxia in coculture (Figure 11B, 

12B).  

 

The proliferation zone was visible in monoculture for UT-SCC-7 and RT3 spheroids. 

However, no other zones were adequately detectable. In the cocultured 3D spheroids, all 

three zones, i.e. the necrotic core, quiescent zone, and proliferating zone, are recognizable 

in both cell lines (Figure 11B, 12B). The cell amount was measured before preparing a 

mold in a cell counter to confirm each spheroid contains an equal number of cells. 
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Figure 11. UT-SCC-7 cells in monoculture (A) and coculture (B) with skin primary fibroblasts 

both in normoxia (21% O2) and hypoxia (3% O2). A) Different zones of a typical spheroid are not 

clearly recognized in UT-SCC-7 monoculture; however, proliferation is visible in each 3D 

spheroid during culture from day 1 to day 6. B) Coculture of UT-SCC-7 with skin primary 

fibroblasts resulted in tight spheroids both in normoxia (21% O2) and hypoxia (3% O2). Necrotic 

core, quiescent zone and proliferative zone are visible in day six culture. Spheroids were imaged 

with the EVOS cell imaging system (EVOS M500) using a 4x objective. 
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Figure 12. RT3 cells in monoculture (A) and coculture (B) with skin primary fibroblasts in 

normoxia (21% O2) and hypoxia (3% O2). A) Different zones of a typical spheroid are not 

recognizable in RT3 monoculture, but proliferation is visible in each 3D spheroid during the 

culture from day 1 to day 6. B) Cocultured RT3 cells with skin primary fibroblasts formed tight 

3D spheroids both in normoxia (21% O2) and hypoxia (3% O2). The necrotic core, quiescent zone 

and proliferative zone are visible in day six culture. Spheroids were imaged with the EVOS cell 

imaging system (EVOS M500) using a 4x objective. 

 

4.2 Hypoxia induced RT3 cell proliferation in 3D spheroids 

 

To investigate RT3 (H-Ras transformed keratinocytes) cell proliferation in normoxia and 

hypoxia, cultured 3D spheroids were subjected to Qubit assay to assess the DNA amount 

of the cells. The experiment was performed in monoculture and coculture conditions at 

four timepoints. The results show that cell proliferation was upregulated, albeit not 

significantly, in hypoxia compared to normoxia both in monocultures and in cocultures. 
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However, the cell proliferation rate was reduced after day 4. The proliferation rate at 

different time points is shown in Figure 13. 

 

 

 

Figure 13. RT3 cell proliferation in monoculture and coculture. DNA amount was determined in 

normoxia (21 % O2) and hypoxia (3 % O2). The graph shows the mean from three independent 

biological replicates ± S.E.M.  

 

4.3 Hypoxia upregulated collagen prolyl hydroxylases and lysyl hydroxylase expression 

 

Collagen is the most abundant protein in the human body and one of the vital fibrous 

proteins. It modulates cell behavior and is responsible for ECM remodeling through 

collagen biogenesis. An increased amount of ECM fiber and collagen stiffness is 

characterized in cancer (Levental et al., 2009; Provenzano et al., 2009). As hypoxia 

regulates collagen deposition in the ECM (Gilkes et al., 2013a), we tested whether 

hypoxic conditions would alter P4HA1, P4HA2, and PLOD2 synthesis in our 3D spheroid 
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model. UT-SCC-7 and RT3 cells were cultured as spheroids with or without skin primary 

fibroblasts in normoxic or hypoxic condition. The spheroids were allowed to grow for 

one to five days before harvesting for western blotting.  

 

In UT-SCC-7 monocultured spheroids, P4HA1 protein level was profoundly upregulated 

in hypoxia on day 5 compared to normoxia. In normoxia, P4HA1 expression was 

downregulated gradually until day 5. P4HA2 and PLOD2 proteins were also elevated in 

hypoxia on day 5. Interestingly, P4HA2 was upregulated in normoxia on day 5, and this 

trend was similar in hypoxia (Figure 14A, B). However, upregulation of PLOD2 was 

more notable in hypoxia than normoxia at day 5 (Figure 14B). In cocultured spheroids of 

UT-SCC-7 cells and skin fibroblasts, the synthesis of all three proteins (P4HA1, P4HA2, 

and PLOD2) was highly, although not statistically significantly, induced in hypoxia 

compared to normoxia from day 1 to day 5. The synthesis of these proteins was also 

increased in normoxia on day 5 (Figure 14C, D); however, the increase was not as 

prominent as in hypoxia on day 5 (Figure 14C). The average expression of these three 

proteins from three different replicates showed a notable increase in hypoxia compared 

to normoxia at day 5 after normalization of proteins expression against β-tubulin (Figure 

14D). Previously it has been shown that Hypoxia-inducible Factor 1 (HIF-1) induces 

P4HA1, P4HA2, and PLOD2 expression in fibroblasts in hypoxic conditions (Gilkes et 

al., 2013a). Our results are in accordance with that finding, as the protein expressions 

increased when the fibroblasts were present. However, our results were not statistically 

significant. In addition, our results show that the 3D spheroid model, especially coculture 

model with fibroblasts, is a promising tool in detecting ECM remodeling in hypoxia.  
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Figure 14. Expression of collagen prolyl hydroxylases (P4HA1 and P4HA2) and collagen lysyl 

hydroxylase (PLOD2) in UT-SCC-7 cells with and without skin fibroblasts. A) Metastatic UT-

SCC-7 cell line was cultured in 3D spheroids in monoculture in both normoxia (21 % O2) and 

hypoxia (3 % O2) for five days, and expressions of P4HA1, P4HA2, and PLOD2 were analyzed 

by western blot method. β-tubulin was used as a loading control. Representative western blots 

from three independent biological replicates are shown. B) Western blot data analysis of P4HA1, 

P4HA2, and PLOD2 expression on UT-SCC-7 cell line in monoculture. All experiments were 

repeated three times, and the results were shown in the mean±S.E.M value. C) Metastatic UT-

SCC-7 cells were cocultured as 3D spheroids together with skin primary fibroblasts in both 

normoxia (21 % O2) and hypoxia (3% O2) for five days. The western blot method was used to 

analyze expressions of P4HA1, P4HA2, and PLOD2. β- tubulin was used as a loading control. 

Representative western blots from three independent biological replicates are shown. D) Western 

blot data analysis of P4HA1, P4HA2, and PLOD2 expression on UT-SCC-7 cells in coculture 

with skin fibroblasts. All experiments were repeated three times, and the results were shown in 

the mean±S.E.M value. 
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Results from RT3 cells showed that without fibroblasts, P4HA1 expression was 

downregulated in both hypoxia and normoxia in day 3 and day 5. However, expression 

was upregulated in day 1 in hypoxia compared to normoxia (Figure 15B). Interestingly, 

P4HA2 continued upregulation in hypoxia until day 3. However, collagen lysyl 

hydroxylase (PLOD2) was elevated in both normoxia and hypoxia conditions on day 5. 

The most profound upregulation was observed on day 3 in hypoxia (Figure 15B). Of note, 

changes in protein expressions were not statistically significant. 

 

In RT3 cocultured spheroids, P4HA1 was upregulated in hypoxia compared to normoxia 

starting from day 1 to day 5. Two other ECM proteins, P4HA2 and PLOD2, were 

upregulated in normoxia on day 5. However, PLOD2 expression showed notable, albeit 

not significant, upregulation in hypoxia compared to normoxia on days 3 and 5 (Figure 

15D). These results show that also in cocultured spheroids, containing transformed 

keratinocytes and fibroblasts, hypoxia increased the expression of the key enzymes in 

collagen biosynthesis and stabilization.  
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Figure 15. Expression of collagen prolyl hydroxylases (P4HA1 and P4HA2) and lysyl 

hydroxylase (PLOD2) expression in the H-Ras transformed keratinocyte (RT3). A) RT3 cells 

were cultured in 3D spheroids in monoculture in both normoxia (21 % O2) and hypoxia (3 % O2) 

for five days, and expressions of P4HA1, P4HA2, and PLOD2 were analyzed by western blot 

method. β-tubulin was used as a loading control. Representative western blots from three 

independent biological replicates are shown. B) Western blot data analysis of P4HA1, P4HA2, 

and PLOD2 expression on RT3 cell line in monoculture. All experiments were repeated three 

times, and the results were shown in the mean±S.E.M value. C) The RT3 cell line was cocultured 

in 3D spheroids together with skin primary fibroblasts in both normoxia (21 % O2) and hypoxia 

(3% O2) for 5 days. The western blot method was used to analyze expressions of P4HA1, P4HA2, 

and PLOD2. β- tubulin was used as a loading control. Representative western blots from three 

independent biological replicates are shown. D) Western blot data analysis of P4HA1, P4HA2, 

and PLOD2 expression on RT3 cell line in coculture. All experiments were repeated three times, 

and the results were shown in the mean±S.E.M value. 
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4.4 Elevated P4HA1 expression in hypoxia was observed by immunofluorescence assay  

 

The effect of hypoxia on collagen protein (P4HA1) level was evaluated in cocultured 

spheroids by immunofluorescence staining. The cells were labelled in monolayer cultures 

with CellTrackers (RT3 cells with red and fibroblasts with green) to characterize the 

localization of different cell types. Then 3D spheroids were allowed to grow for 3 days, 

followed by staining with P4HA1 antibody.  

 

The expression level of P4HA1 was compared both in normoxia and hypoxia conditions. 

The results showed that P4HA1 was highly expressed in hypoxia compared to the 

normoxia culture (Figure 16B). Confocal imaging also revealed that in normoxia, 

metastatic RT3 cells were in the periphery of the spheroid, whereas fibroblasts were 

located in the spheroid's center (Figure 16A). This is in accordance with previous results 

(Siljamäki et al., 2020). Furthermore, in normoxia, P4HA1 expression was most 

prominent in the core of the spheroids where also the fibroblasts locate. In contrast, in 

hypoxic condition P4HA1 expression and fibroblast localization were detected more in 

the periphery of the spheroids, whereas RT3 cells were located more throughout the 

spheroid (Figure 16B). 

 

Confocal imaging results were verified by a computational analysis method. With this 

method, it is possible to analyze the expression profiles of the spheroids by considering 

different diameters and the intensity values of the spheroids. The expression profile of the 

spheroids cultured in normoxia showed that P4HA1 expression (magenta line) followed 

the profile of fibroblasts (green line) in the center of the spheroid (Figure 16C). In 

hypoxia, P4HA1 expression was shifted to the edge of the spheroid and fibroblast 

localization was more peripheral (Figure 16D). 

 

Finally, intensity analysis of immunofluorescence images showed that P4HA1 expression 

was increased in hypoxia compared to normoxia in cocultured spheroids, as shown in 

Figure 16E. This result confirms that P4HA1 was highly increased in hypoxia compared 

to normoxia (Figure 16E). 
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Figure 16. Hypoxia induces collagen prolyl hydroxylase (P4HA1) expression  detected by 

immunofluorescence staining. A) Confocal images of RT3 3D spheroids cocultured with skin 

primary fibroblast in normoxia for three days. B) Confocal images of RT3 cells cocultured with 

skin primary fibroblasts in hypoxia for three days. CellTrackers were used to stain RT3 cells (in 

red) and fibroblasts (in green). P4HA1 is shown in magenta. Representative immunofluorescence 

images from one experiment (n=3 spheroids) are shown. Scale bar 200 µm. C, D) Intensity profile 

of 3D spheroids showing expression of RT3 (red), fibroblast (green), and P4HA1(magenta) in 

different positions of spheroids in normoxia (C) and hypoxia (D). Distances were measured by 

diameter using profile plot tools of ImageJ. E) P4HA1 intensity measurement of RT3+fibroblast 

spheroids in normoxia and hypoxia. The intensity profile was calculated from confocal images, 

and P4HA1 was significantly increased (p-value= 0.0061, n=3 spheroids, technical replicates) in 

hypoxia (Figure 16E). Intensity was shown in mean ± S.E.M. 
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4.5 Laminin-332 expression in 3D spheroids of UT-SCC-7 and RT3 cell lines in 

hypoxia and normoxia 

 

Laminin-332 is a major protein component in the cutaneous basement membrane. 

Previously it has been shown that hyperactive H-Ras and stromal fibroblast-related 

induction in TGF-β signaling co-operate in the synthesis of laminin-332 in cSCC. Very 

recently, laminin-332 synthesis has also been shown to be regulated by TGF-β-activated 

p38 signaling in cSCC (Siljamäki et al., 2022). To investigate laminin-332 expression in 

hypoxic (3% O2) and normoxic (21% O2) conditions, UT-SCC-7 cells and RT3 cells were 

cultured as 3D spheroids with or without skin primary fibroblasts. The spheroids were 

allowed to grow for one to six days before harvesting for western blotting. Possible 

changes in signaling pathways regulating laminin-332 synthesis in normoxia versus 

hypoxia were also investigated. 

 

The results showed that without fibroblasts, laminin α3 and β3 chain expressions were 

upregulated on day 1 in UT-SCC-7 monocultures in hypoxic conditions compared to 

normoxic conditions (Figure 17A, B). However, γ2 chain expression was slightly 

decreased in hypoxia at all time points compared to normoxic conditions. Expressions of 

phosphorylated ERK1/2 (p-ERK1/2) and phosphorylated CREB (p-CREB; downstream 

target of p38 signaling) in hypoxia were downregulated at all time points compared to 

normoxia, but there was no change in the expression of p-Smad2 (Figure 17B). These 

results suggest that the decrease in γ2 chain expression in monocultured UT-SCC-7 cells 

in hypoxia could be caused by the downregulation of Ras and p38 signaling. When UT-

SCC-7 cells were cocultured with fibroblasts, β3 chain was upregulated in day 4 both in 

normoxia and in hypoxia. Results also revealed that in hypoxic conditions, γ2 chain 

expression was slightly, but not significantly, upregulated in day 4 (Figure 17D). 

Interestingly, compared to normoxia, in hypoxia p-ERK1/2 and p-Smad2 expressions 

were downregulated on day 1, and p-CREB expression was downregulated starting from 

day 4. These results suggest that in UT-SCC-7 cocultures, inhibition of laminin-332 γ2 

chain expression in hypoxia might be due to the downregulation of Ras and TGF-β 

signaling pathways. In later time points also decrease in p38 signaling might contribute 

to γ2 chain expression inhibition. However, the results are non-significant. 
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Figure 17. Laminin-332 expression in UT-SCC-7 cells. A) Metastatic UT-SCC-7 cell line was 

cultured as 3D spheroids in monoculture in both normoxia (21 % O2) and hypoxia (3 % O2) for 6 

days, and the levels of laminin-332, p-Smad2, p-CREB and p-ERK1/2 were analyzed by western 

blot method. β-tubulin was used as a loading control. Representative western blots from three 

independent biological replicates are shown. B) Western blot data analysis of laminin-322 (α, β, 

γ chains), p-ERK1/2, p-CREB, and p-Smad2 expression on UT-SCC-7 cell monoculture. All 

experiments were repeated three times, and the results were shown in the mean±S.E.M value. C) 

UT-SCC-7 cells were cocultured as 3D spheroids with skin primary fibroblasts in both normoxia 

(21 % O2) and hypoxia (3 % O2) for six days, and the levels of laminin-332, p-Smad2, p-CREB, 

and p-ERK1/2 were analyzed by western blot method. β-tubulin was used as a loading control. 

Laminin α3, β3, and γ2 chains are also separately marked in the Figure. Representative western 

blots from three independent biological replicates are shown. D) Western blot data analysis of 

laminin-322 (α, β, γ chains), p-ERK1/2, p-CREB, and p-Smad2 expression on UT-SCC-7 

spheroids with fibroblasts. All experiments were repeated three times, and the results were shown 

in the mean±S.E.M value. 
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In RT3 monocultures, the result showed that laminin α3, β3 were downregulated on day 

4, 6, and γ2 chain on day 6 in hypoxia compared to normoxia, however these chains were 

upregulated gradually from day 1 to 6 in normoxia (Figure 18A, B). Expression of p-

CREB was downregulated in hypoxia only on day 6, however expression levels of p-

ERK1/2 and p-Smad2 were downregulated in all time points in hypoxia compared to 

normoxia. These results suggest that also in RT3 monocultures, laminin-332 

downregulation in hypoxia might be caused by inhibition of TGF-β and Ras signaling 

pathways in the earlier time points, and in later time points also p38 signaling 

downregulation may contribute to the attenuation of laminin-332 synthesis.  

 

In RT3 cocultured spheroids, laminin α3, β3, and γ2 chain levels were upregulated in day 

4 and day 6 in normoxia, but they were remarkably downregulated in hypoxia during the 

same time points (Figure 18C, D). Also p-Smad2 and p-ERK1/2 expression levels were 

downregulated in hypoxia in all time points and p-CREB expression was decreased on 

day 6 compared to normoxia (Figure 18C, D). These results suggest that like in 

monocultures, also in cocultures the downregulation of laminin-332 synthesis in hypoxia 

could be due to downregulation in TGF-β and Ras signaling pathways and in later time 

points also due to p38 signaling inhibition.  

 

Unexpectedly, p-Smad2 expression was downregulated in normoxia on days 4 and 6 both 

in RT3 monocultures and cocultures with fibroblasts, while laminin-332 synthesis was 

increased. Previously it has been shown that both hyperactive Ras and TGF-β signaling 

are needed for laminin-332 upregulation in RT3 cells (Siljamäki et al., 2020). Here, 

deviations between experiments are high and thus the result is not statistically significant. 

Thus, this result need further verification. 
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Figure 18. Laminin-332 expression in RT3 spheroids. A) RT3 cell line was cultured as 3D 

spheroids in monoculture in both normoxia (21 % O2) and hypoxia (3 % O2) for 6 days, and the 

levels of laminin-332, p-Smad2, P-CREB and p-ERK1/2 were analyzed by western blot method. 

β-tubulin was used as a loading control. Representative western blots from three independent 

biological replicates are shown. B) Western blot data analysis of laminin-322 (α, β, γ chains), p-

ERK1/2, p-CREB, and p-Smad2 expression on RT3 cell monoculture. All experiments were 

repeated three times, and the results were shown in the mean±S.E.M value. C) RT3 cell line was 

cocultured as 3D spheroids with skin primary fibroblast in both normoxia (21 % O2) and hypoxia 

(3 % O2) for six days, and the levels of laminin-332, p-Smad2, p-CREB and p-ERK1/2 were 

analyzed by western blot method. β-tubulin was used as a loading control. Representative western 

blots from three independent biological replicates are shown. D) Western blot data analysis of 

laminin-322 (α, β, γ chains), p-ERK1/2, p-CREB, and p-Smad2 expression on RT3 cells with 

fibroblasts. All experiments were repeated three times, and the results were shown in the 

mean±S.E.M value. 
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4.6 Mass spectrometry analysis of 3D spheroids cultured in hypoxia and normoxia 

 

Mass spectrometry (MS) was performed to analyze total ECM proteins in the 3D 

spheroids formed by UT-SCC-7 and RT3 cancer cells in monoculture and coculture 

conditions. In addition, 3D spheroids generated from only skin fibroblasts were also 

analyzed.  

 

The results obtained from MS analysis showed a total of 193 ECM proteins. In addition, 

several ECM proteins upregulated by fibroblasts were detected. In accordance with 

western blot results, P4HA1, P4HA1, and PLOD2 expressions were highly upregulated 

in coculture in hypoxia, and a slight upregulation of these proteins was also seen in 

monocultures in hypoxic conditions (Figure 19). On the other hand, spheroids formed 

solely by fibroblasts showed higher expression of these three proteins in both normoxia 

and hypoxia. Also, laminin-332 expression in UT-SCC-7 spheroids followed the results 

obtained from western blots. However, in cocultured UT-SCC-7 spheroids in hypoxia, 

the β3 and γ2 chain expressions (LAMB3 and LAMC2, respectively) were 

downregulated. The most prominent downregulation was seen in the α3 chain (LAMA3). 

In contrast, cocultured RT3 cells showed increased α3, β3, and γ2 chain expressions in 

hypoxia compared to normoxia (Figure 19).  

 

In addition, PLOD3, a collagen lysyl hydroxylase, was also upregulated in UT-SCC-7 

cocultures with fibroblasts in hypoxia compared to normoxia (Attachment figure 3A). 

Other essential ECM proteins, for example matrix metalloproteinase-1 (MMP-1) was also 

upregulated in hypoxia in RT3 and UT-SCC-7 cocultures with fibroblasts. Also, protein 

TNFα stimulated gene-6 (TSG6) was upregulated in RT3 and UT-SCC-7 cocultures with 

fibroblasts in hypoxia. In addition, synthesis of MMP-10 and type VI collagen (COL6) 

were elevated in samples containing UT-SCC-7 cells and fibroblasts in hypoxia 

(Attachment figure 3A and 3B). These results show that fibroblasts have a significant role 

in modulating the synthesis of various ECM components in hypoxia.  
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Figure 19. Mass spectrometric analysis of 3D spheroids of RT3 and UT-SCC-7 cells in 

monocultures and cocultures with skin primary fibroblasts. Fibroblasts were also monocultured 

as 3D spheroids. H=hypoxia; N=normoxia. Arrows show collagen prolyl hydroxylases (P4HA1, 

P4HA2) and lysyl hydroxylase (PLOD2). Also, three chains of laminin-332, i.e. LAMA3 (α3 

chain), LAMB3 (β3 chain), and LAMC2 (γ2 chain) are pointed by arrows. One number difference 

(Matrisome-only values) in MS results between two samples means twice the expression 

difference. 
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5. DISCUSSION 

 

ECM is an essential component in the tumor microenvironment and plays a critical role 

in cancer progression and metastasis (Balkwill et al., 2012). ECM proteins are strongly 

associated with and remodeled by hypoxia. Indeed, hypoxia is common in the majority 

of solid tumors, and the phenomenon causes resistance to cancer treatment and relapse 

(Ham et al., 2016; Muz et al., 2015). Studies have shown that cancer cells subjected to 

hypoxia result in cell adaptation, survival, and malignant potential (Emami Nejad et al., 

2021; Vinaiphat et al., 2021). However, the role of hypoxia on ECM protein regulation 

in cancer has not yet been fully understood. Our current study was driven by the 

underlying of this principle; effects of hypoxia in cSCC in regulating ECM proteins, 

remodeling, and cancer metastasis (Gilkes et al., 2013a). 

 

cSCC is a non-melanoma skin cancer, one of the most lethal among all skin cancers. 

Previously it has been demonstrated that laminin-332, which is an essential glycoprotein 

in the basement membrane, is one of the driving factors in cSCC invasion (Siljamäki et 

al., 2020). This study explored whether laminin-332 and other ECM proteins, such as 

collagen, are differently regulated in hypoxia compared to normoxia in our 3D spheroid 

model.  

 

Despite of surgical excision, resistance to treatment is a significant obstacle that 

inevitably underlies uncontrolled tumor recurrence. There is an unmet need to discover 

novel, effective new diagnostics methods for cSCC. Previous studies have screened that 

the cancer 3D spheroids model is an indispensable method for cancer diagnosis and 

treatment (Boucherit et al., 2020) as it resembles the tumor microenvironment in vivo 

(Edmondson et al., 2014). Fibroblasts, cells that produce the majority of the ECM 

proteins, could be included in the 3D spheroids model, in contrast to the conventional 2D 

cell culture method. Previously it has been also demonstrated that some proteins are 

expressed only in 3D spheroids and not in 2D culture (Y. E. Kim et al., 2018). Hence, 3D 

spheroids could be a promising tool for cancer cell biology research and drug discovery 

and development in the future.   
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5.1 Cellular response to hypoxia in 3D spheroids 

 

In the beginning of this study we explored how cancer cell proliferation is affected by 

hypoxia. In hypoxia (3% O2), it was found that the cell proliferation rate was faster 

compared to normoxia both in monocultured RT3 cells and in coculture with skin 

fibroblasts. Previous studies have shown that DNA synthesis is elevated in hypoxia in 

response to bFGF and PDGF in vascular wall cells in rats (Humar et al., 2002). Also, 

hypoxia could either increase autophagy activation or halt the cell cycle's G1 phase, 

leading to cell adaptation or survival even under cancer therapy (Qiu et al., 2015). 

Furthermore, it has been demonstrated that hypoxia significantly increases proliferation 

in mesenchymal stem cells in 5% O2 (Kwon et al., 2017).  

 

Cell proliferation was also visible in morphology analysis. In monocultured RT3 and UT-

SCC-7 spheroids, typical spheroid zones were not properly visible. However, as expected, 

tight spheroids were formed in cocultures with skin primary fibroblasts, and all three 

zones such as necrotic core, quiescent zone, and proliferative zone were divisible in day 

6 both in normoxia and in hypoxia. The morphology of the spheroids follows previously 

reported results (Siljamäki et al., 2020) and thus confirms that our 3D spheroid model 

worked well both in normoxic and hypoxic conditions. 

 

5.2 Hypoxia induces collagen deposition and cross-linking in the ECM 

 

The current study sought to investigate the role of hypoxia on ECM protein regulation in 

the 3D spheroid model. We investigated the protein expression of two isoforms of 

collagen prolyl hydroxylase (P4HA1, P4HA2) and lysyl hydroxylase (PLOD2) in 

hypoxia in 3D spheroids culture. There is mounting evidence that hypoxia regulates 

collagen prolyl hydroxylases and lysyl hydroxylase, two of collagen modifying enzymes. 

P4HA1, P4HA2, and PLOD2 are found to be highly expressed in different cancers, such 

as lung adenocarcinoma, clear cell renal cell carcinoma, breast cancer, and cervical cancer 

(Gilkes et al., 2013a; Li et al., 2022; Robinson et al., 2021; Yang et al., 2021). 

Furthermore, collagen-modifying enzymes were found to be increased in hypoxia in 

breast cancer (Gilkes et al., 2013a). However, these enzymes are required for collagen 

fiber formation and cross-linking with elastin in hypoxia (Gilkes et al., 2013a; Xiong et 



 

 

53 
 

al., 2018). Our study found that collagen P4HA1, P4HA2, and PLOD2 synthesis were 

highly elevated, although not significantly, in hypoxia compared to normoxia in both UT-

SCC-7 and RT3 spheroids. This suggests that collagen prolyl hydroxylase might be 

responsible for collagen fiber formation, and consequently, collagen deposition in 

hypoxia in our 3D model system. 

 

Collagen biogenesis includes exclusive post-translational modification. Previous studies 

have confirmed that lysine hydroxylation is one of the post-translational modification 

processes involved in collagen cross-linking. Moreover, cross-linking through 

hydroxylation is more stable than cross-linking derived from lysis. Therefore, we have 

used collagen lysyl hydroxylase (PLOD2), specific telopeptide of procollagen. However, 

future studies could include also PLOD1, as PLOD1 hydroxylases α-helical or central 

domain (Gilkes et al., 2013b; Lu et al., 2011). Unlike P4HA1 and P4HA2 knockdown, 

PLOD2 knockdown has been shown to reduce collagen stiffness and fibrillar collagen 

formation (Gilkes et al., 2013b), which suggests that also in our study, increased 

expression of PLOD2 in hypoxia is responsible for collagen crosslinking as well as 

stiffness, and finally ECM remodeling. It is also notable that we have used L ascorbic 

acid (vitamin C) in culture media, as it is essential for collagen biogenesis. It is reported 

that, L ascorbic acid is a cofactor for prolyl hydroxylase and lysyl hydroxylase and 

stimulates biosynthesis of procollagen (Pinnel et al., 1987; Pinnell, 1985). 

 

Also, remarkable increase in expression of these three enzymes was perceived when 

fibroblasts were added to the spheroids with either UT-SCC-7 or RT3 cell lines. Several 

in vitro studies have shown that fibroblasts, more specifically CAFs, are the most 

significant stromal cells responsible for ECM remodeling in cancer (Li et al., 2021; 

Mhaidly & Mechta-Grigoriou, 2020). It was previously assessed that fibroblasts control 

other cells and tumor progression by producing ECM proteins and growth factors. Hence, 

fibroblasts’ association with cancer cells lead to tumor growth, invasion, and 

chemoresistance (D’Arcangelo et al., 2020; Friedman et al., 2020). Also, we show here 

that in our 3D spheroid model fibroblasts in coculture with cancer cells are inducing the 

production of these proteins (P4HA1, P4HA2, and PLOD2). 
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5.3 Immunofluorescence staining has confirmed elevated P4HA1 expression in H-RAS 

transformed keratinocytes of cocultured 3D spheroids 

 

The present study assessed collagen prolyl hydroxylase (P4HA1) expression in hypoxia 

and normoxia using immunofluorescence staining and confocal imaging. P4HA1 

expression was increased in hypoxia compared to normoxia condition. Results from 

previous studies, performed using conventional 2D methods,  correlate with the findings 

of  our current study (Gilkes et al., 2013a; Yang et al., 2021; Zhang et al., 2021). Thus, 

our results demonstrate that we have successfully created a 3D spheroid model that could 

not only reproduce results from 2D cell culture but could also better mimic actual tumors. 

It was also previously demonstrated that P4HA1 stabilize HIF-1α, which is a key 

transcription factor in hypoxia (Xiong et al., 2018; Zhang et al., 2021). In addition, 

localization analysis of P4HA1 in cocultured RT3 spheroids was performed. We detected 

that in normoxia, P4HA1 was located in the central part of the 3D spheroids, associated 

with fibroblasts. This suggests that fibroblasts were responsible for collagen deposition 

in the ECM. In contrast, RT3 cells were located in the outer part of the spheroids which 

is in accordance with previous results (Siljamäki et al., 2020). In hypoxia, P4HA1 

expression was shifted to the edges of the spheroids, and the localization of fibroblasts 

was more spread compared to normoxia. RT3 cells showed more spread localization 

compared to normoxic condition. Altogether our results demonstrate that also by 

immunofluorescence approach, our 3D spheroid model shows increased P4HA1 synthesis 

in hypoxia, and we also confirm that its expression follows fibroblast localization. As the 

experiment was conducted only once due to limited time, it would be useful to confirm 

the result of the immunofluorescence staining with more biological repeats.  

 

Finally, P4HA1 expression from three spheroids was determined by intensity 

measurement, confirming an increase in P4HA1 expression in hypoxia. In future, 

different cancer cell lines could be studied to assess the expression of collagen under 

hypoxic condition.  

 

 

 

 



 

 

55 
 

5.4 Laminin-332 expression in hypoxia 

 

In the current study, laminin was also studied along with collagen, as laminin-332 is a 

prominent glycoprotein in cSCC carcinoma. Previously it has been demonstrated that 

hypoxia produces laminin rich matrix in immortalized breast epithelial cells (Vaapil et 

al., 2012). In addition, we investigated some of the signaling pathways regulating 

laminin-332 synthesis. In our western blot results, we could differentiate three chains of 

laminin-332 in both normoxia and hypoxia. Rousselle and colleagues have demonstrated 

that different laminin-332 cleavage products can be found in cancer cells, for example, 

α3β3γ2(cleavage), β3γ2 dimer, γ2 monomer and cleaved α3 (Rousselle & Scoazec, 2020). 

Our results showed that in hypoxic conditions, both in monocultured and cocultured UT-

SCC-7 spheroids laminin γ2 chain expression was downregulated. Along with 2 

downregulation, also decrease in Ras and p38 signaling pathways (in monocultures) and 

in Ras and TGF- signaling pathways (in cocultures) was apparent. These results are in 

accordance with previous results showing that laminin-332 synthesis is regulated by 

hyperactive Ras and TGF- pathways, and by TGF- activated p38 signaling pathway 

(Siljamäki et al., 2022; Siljamäki et al., 2020). In the case of RT3 cells, all the laminin 

chains (3, 3 and 2) were downregulated in hypoxia both in monocultured and 

cocultured spheroids. TGF-β and Ras signaling pathways were also attenuated in the 

earlier time points, and in later time points also p38 signaling was downregulated. Of 

note, our western blot results were not statistically significant and thus these results need 

further verification before strong conclusions of laminin-332 regulation in hypoxia in 

cSCC can be made.  

 

Previously it has been demonstrated that chronic mild hypoxia increases laminin-111 and 

-411 expression; however, the experiment was addressed in the blood-brain barrier and 

in 2D cell culture condition (Halder et al., 2018). Interestingly, it has been shown that 

when human keratinocytes were exposed to acute hypoxia, secretion of laminin-332 was 

significantly inhibited (O’Toole et al., 1997). Conversely, human corneal epithelial cells 

produce less laminin-332 and become apoptotic in chronic hypoxia after day 7 (Esco et 

al., 2001). Thus, further research is needed to clarify changes in laminin, and especially 

laminin-332, expression in hypoxic condition.  
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Some experiments have demonstrated that hypoxia upregulates p38/ERK signaling in 

hepatocellular carcinomas (Chen et al., 2018), but it has also been documented that p38 

phosphorylation decreases in hypoxia in lung epithelial cells (Powell et al., 2004). HIF-

2α has been shown to promote human placenta-derived mesenchymal stem cell 

proliferation via MAPK/ERK signaling pathway (Zhu et al., 2016) and hypoxia has been 

shown to enhance for example periodontal ligament stem cell proliferation via MAPK 

signaling pathway (He et al., 2016). However, also opposite results have been found. In 

mouse embryonic stem cells ERK was dephosphorylated in 1% O2 (Kučera et al., 2017). 

TGF-β signaling is often activated during hypoxia and promotes cancer. Multifunctional 

TGF-β is responsible for angiogenesis, and immune suppression in many cancers 

(Mallikarjuna et al., 2022). For example, long term exposure to hypoxia leads to TGF-β 

activated Smad2 phosphorylation in lung cancer (Furuta et al., 2015). These are 

contradictory to our result, as we show that Smad2 phosphorylation was decreased in 

hypoxia. However, in our experiments, downregulation of TGF-β signaling could 

possibly explain the observed decrease in laminin-332 synthesis.  Interestingly, TGFBR2 

expression has been shown to be decreased in hypoxic condition in prostate cancer (Zhou 

et al., 2018). Changes in TGF-β signaling in hypoxic condition can therefore be context-

dependent and need further research. 

 

5.5 Mass spectrometry analysis in 3D spheroids 

 

In hypoxia, heterogenic cancer cell population and disruption of cellular mechanism make 

it challenging to target a single protein for cancer treatment. Mass spectrometry (MS) 

makes it possible to analyze single protein levels and observe how they are regulated in 

different conditions. To analyze possible hypoxia-induced ECM proteins, MS was 

performed of cocultured 3D spheroids of RT3 and UT-SCC-7 cells with skin primary 

fibroblasts. Also monocultured fibroblasts, RT3 and UT-SCC-7 cells were included in 

the analyses. Our result presents the matrisome of UT-SCC-7 and RT3 cells in normoxia 

and hypoxia conditions. A total of 193 ECM proteins were found in all samples. Proteins 

were selected if they have at least two peptides present. Proteins involved in 

oxidoreductase activity, for example, P4HA1, P4HA2, and PLOD2, were found to be 

enriched in both coculture and monoculture. That is also correlated with the previous 
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studies (Bousquet et al., 2015). Therefore, it could be postulated that upregulation of these 

proteins in hypoxia is involved in ECM remodeling. Another candidate of ECM protein, 

laminin-332, separately its α3 (LAMA3), β3 (LAMB3), and γ2 (LAMA2) chains were 

found to be decreased in hypoxia in UT-SCC-7 coculture, which supports our western 

blot results. However, when RT3 cells were cocultured with fibroblasts, laminin-332 

expression was higher in hypoxia compared to normoxia. On the other hand, 

monocultured fibroblast spheroids showed downregulation of laminin-332 in hypoxia. 

Possible changes in regulation of laminin-332 synthesis in hypoxia needs further 

verification and additional experiments. 

 

We also found that a tissue inhibitor of metalloproteinase 3 (TIMP3) was upregulated in 

cocultures in hypoxia. In previous studies, TIMP3 has been found only in vitro (Ojalill et 

al., 2018). This suggests that fibroblasts in vitro exclusively remodel ECM in hypoxia. In 

addition to TIMP3, MMP1 was upregulated in hypoxia in RT3 and UT-SCC-7 cocultures 

with fibroblasts. It has been reported that MMPs are induced in hypoxia in 

chondrosarcoma cell invasion via ERK signaling (Sun et al., 2010). In addition, in our 

MS analysis, Protein TNFα stimulated gene-6 (TSG6), which is a ECM remodeling 

protein and activated through ERK signaling, was found to be upregulated in RT3 and 

UT-SCC-7 cocultures in hypoxia (Liu et al., 2022). We also found that FGF-2 was 

upregulated in monocultured fibroblast spheroids in hypoxia. FGF-2 is a protein which  

plays role in tissue repairing (Prudovsky, 2021) and it is suggested that FGF-2 is one of 

the key players in cell proliferation in hypoxia. However, it was also reported that FGF-

2 was available only in vitro, not in vivo (Ojalill et al., 2018). It is worth to notice that we 

performed the mass spectrometry analysis only once. So further repetition and 

investigation is mandatory before strong conclusions can be made. Molecular mechanism 

disruption due to hypoxia is a critical factor in cancer therapy. Some of the hypoxia-

selective cytokines and drugs are already in the trial phage. However, these drugs did not 

get maximum therapeutic effects (Vinaiphat et al., 2021). In this regard, selecting a single 

protein and its regulation in hypoxia, along with hypoxia-associated in vitro culture 

method development like 3D spheroids, may lead to successful hypoxia-targeted therapy. 
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6. CONCLUSIONS AND FUTURE PERSPECTIVES 

 

Extracellular protein remodeling due to hypoxia and activation of cancer-associated 

fibroblasts have been proposed to contribute to cancer progression and metastasis. From 

this current study, we have gained insight into the pattern of ECM protein synthesis in 

hypoxia and the sensitivity of the 3D spheroids model. This study demonstrates the 

following findings, 

i. Hypoxia induces cell proliferation of cancer cells in monoculture and 

coculture of 3D spheroids. 

ii. Collagen prolyl hydroxylases and lysyl hydroxylases are key modulators of 

collagen synthesis and responsible for ECM remodeling during hypoxia. 

Increased expression of collagen prolyl hydroxylases and lysyl hydroxylase in 

hypoxia compared to normoxia was confirmed. 

iii. Fibroblasts are responsible for collagen deposition in 3D spheroids model in 

vitro. 

iv. Downregulation of laminin-332 in hypoxia still needs further investigation. 

v. Finally, these results suggest that the results of our 3D coculture method 

correlate with in vivo results in ECM protein modulation 

 

Understanding of ECM remodeling in hypoxic condition is essential as the 

remodeling can lead to cancer metastasis. Also, ECM itself is a reservoir of growth 

factors. Our results demonstrate that fibroblasts, which are the main source of ECM 

proteins in tumor stroma, gets activated in hypoxia. We also show increase in several 

hypoxia-related protein expressions. In future studies, we could include HIF-1 

inhibitors, potential anticancer drugs, to test in our 3D spheroid model. We could also 

work with HIF/LOX signaling pathways as they are considered as therapeutic targets 

to suppress collagen remodeling and crosslinking. As laminin-332 was downregulated 

in hypoxia in cSCC, we could use other cancer cell types in our 3D spheroid model 

that could give more insight into the laminin-332 synthesis and sensitivity of this 

model when detecting changes in ECM protein levels in hypoxia.  
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APPENDICES 

 

1. Confocal images of H-Ras transformed keratinocytes (RT3) cocultured as 3D 

spheroids with skin primary fibroblasts in normoxia, and profile plot analysis of 

localization. 

 

 

Attachment figure 1. A, B, C) Confocal images of three different RT3+fibroblast spheroids 

cultured in normoxia for three days. D, E, F) Intensity (mean intensity) profile plots of RT3 cells 

(red), fibroblasts (green) and P4HA1 (magenta) shows the localization of the different cell lines 

and P4HA1 in the spheroids. The profile plots D, E and F are created from the spheroids in A, B 

and C, respectively.  
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2. Confocal images of H-Ras transformed keratinocytes cocultured 3D spheroids in 

hypoxia and profile plot analysis of localization. 

 

Attachment figure 2. A, B, C) Confocal images of three different RT3+fibroblast spheroids 

cultured in hypoxia for three days. D, E, F) Intensity (mean intensity) profile plots of RT3 cells 

(red), fibroblasts (green) and P4HA1 (magenta) shows the localization of the different cell lines 

and P4HA1 in the spheroids. The profile plots D, E and F are created from the spheroids in A, B 

and C, respectively.  
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3. Mass spectrometry analysis of total ECM protein in normoxia and hypoxia. 

 

Attachment figure 3A. Mass spectrometric analysis of 3D spheroids of skin primary fibroblasts 

alone, and RT3 cells and UT-SCC-7 cells in monoculture and coculture with skin primary 

fibroblasts in hypoxia (H) and normoxia (N). 

 

Attachment figure 3B. Mass spectrometric analysis of 3D spheroids of skin primary fibroblasts 

alone, and RT3 cells and UT-SCC-7 cells in monoculture and coculture with skin primary 

fibroblasts in hypoxia (H) and normoxia (N). 
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Attachment figure 3C. Mass spectrometric analysis of 3D spheroids of skin primary fibroblasts 

alone, and RT3 cells and UT-SCC-7 cells in monoculture and coculture with skin primary 

fibroblasts in hypoxia (H) and normoxia (N). 
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