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ABSTRACT 
 

Role of Extracellular Microenvironment on Lung Cancer Cell Metabolism 

Nuriye Solcan 

Master of Science in Molecular Biology and Genetics 

August 11, 2023 

 

Lung cancer is the second most prevalent type of cancer with the highest mortality 

rate among all cancer types. Despite significant progress in cancer drug development and 

therapeutic strategies targeting cancer metabolism, a lack of understanding about the 

intricate complexities of the tumor microenvironment continues to hinder effective 

treatment approaches. This study aims to tackle these challenges by using advanced three-

dimensional (3D) in vitro cancer models to explore the role of interactions between cancer 

cells and their microenvironment in regulation of cancer metabolism. Due to limitations 

in conventional two-dimensional (2D) cultures, this work focused on creating two distinct 

hydrogel models representing healthy lung tissue and tumor conditions. These models 

were developed by combining decellularized native lung extracellular matrix with inert 

or tumor-mimetic biomaterials, aligning with the research objectives. 

In the first phase of the study, an in-depth analysis of gene expression profiles in lung 

tumor cells was conducted, comparing metabolic and tumorigenic regulators between 2D 

culture and the novel 3D healthy lung-mimetic model. The results showed that the 3D 

healthy-mimetic environment influenced the expression of epithelial-mesenchymal 

transition (EMT) markers in tumor cells in response to changing glucose levels. The 

microenvironment also played a significant role in regulating the stemness of tumor cells 

and affected the expression of metabolic markers, providing valuable insights into cellular 

behavior and metabolism. 

The second phase of the research explored the impact of elevated sulfation, 

mimicking the aberrant glycosaminoglycan increase within the tumor microenvironment, 

under varying glucose levels on tumor cell behavior. The investigation provided deeper 

insights into the complex interplay between sulfation, glucose availability, and cellular 

responses. Increased sulfation in the tumor-mimicking environment significantly affected 

cell proliferation and metabolic activity, while the effect of glucose levels varied 

depending on the microenvironmental conditions. The interplay between glucose levels 

and the expression of EMT markers was also observed, with high glucose in the tumor-
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mimetic environment leading to significant upregulation of mesenchymal markers in 

tumor cells. The study highlighted the complexity of metabolic regulation in the tumor 

microenvironment. 

The last phase of the study focused on investigating the role of the PIK3CA gene as 

a key cellular signaling regulator in the observed phenomena. Comprehensive analysis of 

PIK3CA's effect provided valuable insights into the processes influencing cellular 

responses in the novel hydrogel models under different microenvironmental conditions. 

The study revealed a significant role of PIK3CA in regulating cell proliferation in tumor-

mimetic environments, with glucose levels modulating this effect, validated with 

PIK3CA knock-down cells. High glucose exposure partially compensated for the effects 

of PIK3CA knockdown, influencing EMT marker expression, stemness markers, and 

various metabolic pathways in tumor cells. The complex interplay between glucose 

metabolism, extracellular microenvironment and PIK3CA signaling was evident, offering 

potential therapeutic targets for PIK3CA-associated cancers. 

In conclusion, this comprehensive research underscores the importance of 

sophisticated 3D in vitro cancer models to accurately simulate the tumor 

microenvironment and investigate cellular behavior. The findings provide valuable 

insights into cancer cell metabolism, the impact of microenvironmental factors, and 

potential therapeutic targets, advancing lung cancer treatment strategies. 
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ÖZETÇE 
 

Akciğer Kanseri Hücre Metabolizması Üzerinde Hücre Dışı Mikroortamın Rolü 

Role of Extracellular Microenvironment on Lung Cancer Cell Metabolism 

Nuriye Solcan 

Moleküler Biyoloji ve Genetik, Yüksek Lisans 

11 Ağustos, 2023 

Akciğer kanseri, tüm kanser türleri arasında ölüm oranı en yüksek ikinci kanser 

türüdür. Kanser ilacı geliştirme ve kanser metabolizmasını hedef alan terapötik 

stratejilerdeki önemli ilerlemeye rağmen, tümör mikroçevresinin karmaşık karmaşıklığı 

hakkındaki anlayış eksikliği, etkili tedavi yaklaşımlarını engellemeye devam etmektedir. 

Bu çalışma, kanser hücreleri ve mikroçevreleri arasındaki etkileşimlerin kanser 

metabolizmasının düzenlenmesindeki rolünü keşfetmek için gelişmiş üç boyutlu (3B) in 

vitro kanser modellerini kullanarak bu zorlukların üstesinden gelmeyi amaçlamaktadır. 

Geleneksel iki boyutlu (2B) kültürlerdeki sınırlamalar nedeniyle bu çalışma, sağlıklı 

akciğer dokusunu ve tümör koşullarını temsil eden iki farklı hidrojel modeli oluşturmaya 

odaklandı. Bu modeller, hücresizleştirilmiş doğal akciğer hücre dışı matrisini inert veya 

tümör taklidi biyomalzemelerle birleştirerek, araştırma hedefleriyle uyumlu olarak 

geliştirilmiştir. 

Çalışmanın ilk aşamasında, 2B kültür ile yeni 3B sağlıklı akciğer mimetik modeli 

arasındaki metabolik ve tümörijenik düzenleyicileri karşılaştırarak, akciğer tümör 

hücrelerinde gen ekspresyon profillerinin derinlemesine bir analizi yapıldı. Sonuçlar, 3B 

sağlıklı mimetik ortamın, değişen glikoz seviyelerine yanıt olarak tümör hücrelerinde 

epitelyal-mezenkimal geçiş (EMT) belirteçlerinin ifadesini etkilediğini gösterdi. 

Mikroçevre, tümör hücrelerinin köklüğünü düzenlemede önemli bir rol oynadı ve 

metabolik belirteçlerin ifadesini etkileyerek hücresel davranış ve metabolizmaya ilişkin 

değerli bilgiler sağladı. 

Araştırmanın ikinci aşaması, tümör mikroçevresindeki anormal glikozaminoglikan 

artışını, değişen glikoz seviyeleri altında tümör hücresi davranışı üzerinde taklit ederek 

yüksek sülfasyonun etkisini araştırdı. Araştırma, sülfasyon, glikoz mevcudiyeti ve 

hücresel tepkiler arasındaki karmaşık etkileşim hakkında daha derin bilgiler sağladı. 

Tümörü taklit eden ortamda artan sülfasyon, hücre çoğalmasını ve metabolik aktiviteyi 

önemli ölçüde etkilerken, glikoz seviyelerinin etkisi mikroçevre koşullarına bağlı olarak 

değişmiştir. Glikoz seviyeleri ile EMT belirteçlerinin ekspresyonu arasındaki etkileşim 
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de gözlendi; tümör-mimetik ortamda yüksek glikoz, tümör hücrelerinde mezenkimal 

belirteçlerin önemli ölçüde yukarı regülasyonuna yol açtı. Çalışma, tümör mikro 

ortamındaki metabolik düzenlemenin karmaşıklığını vurguladı. 

Çalışmanın son aşaması, PIK3CA geninin gözlemlenen olaylarda önemli bir hücresel 

sinyal düzenleyici olarak rolünü araştırmaya odaklandı. PIK3CA'nın etkisinin kapsamlı 

analizi, farklı mikro-ortamsal koşullar altında yeni hidrojel modellerinde hücresel 

tepkileri etkileyen süreçler hakkında değerli bilgiler sağlamıştır. Çalışma, PIK3CA'nın, 

tümör taklidi ortamlarında hücre proliferasyonunu düzenlemede önemli bir rol oynadığını 

ortaya koydu ve bu etkiyi modüle eden glikoz seviyeleri, PIK3CA yıkım hücreleri ile 

doğrulandı. Yüksek glikoza maruz kalma, PIK3CA yıkımının etkilerini kısmen telafi 

ederek, EMT işaretleyici ifadesini, sap işaretçilerini ve tümör hücrelerinde çeşitli 

metabolik yolları etkiledi. Glikoz metabolizması, hücre dışı mikro ortam ve PIK3CA 

sinyali arasındaki karmaşık etkileşim, PIK3CA ile ilişkili kanserler için potansiyel 

terapötik hedefler sunarak açıktı. 

Sonuç olarak, bu kapsamlı araştırma, tümör mikro ortamını doğru bir şekilde simüle 

etmek ve hücresel davranışı araştırmak için gelişmiş 3D in vitro kanser modellerinin 

önemini vurgulamaktadır. Bulgular, kanser hücresi metabolizması, mikroçevresel 

faktörlerin etkisi ve akciğer kanseri tedavi stratejilerini ilerleten potansiyel terapötik 

hedefler hakkında değerli bilgiler sağlar.  
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Chapter 1: INTRODUCTION 

1.1 Lung Cancer 

Lung cancer has 2.21 billion occurrences worldwide, making it the second most 

frequent type of cancer, according to the World Health Organization (WHO, 2022). In 

addition, with 1.8 million fatalities annually, lung cancer has the greatest mortality rate 

of all cancer forms (Sun et al., 2007). Although smoking is the primary cause of most 

lung cancers, 25% of lung cancer diagnoses globally are unrelated to smoking (Gridelli 

et al., 2015). In addition to chemical carcinogens such as tobacco, arsenic, asbestos, 

nickel, polycarbonate, and chromium, other environmental factors, such as radiation, can 

also contribute to the development of lung cancer. There are two major types of lung 

cancer which are non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) 

(Giaccone, 2005). 

1.1.1 Non-Small Cell Lung Cancer (NSCLC) 

NSCLC accounts for between 80% and 85% of all lung cancer cases. It subdivides 

into adenocarcinoma, squamous cell carcinoma (SCC), and large cell carcinoma (LCC) 

(Gridelli et al., 2015). Adenocarcinoma has the highest occurrence rate, with 40% among 

the other two types of NSCLC. Typically, lung adenocarcinoma arises from the mucosal 

glands. It is the most prevalent form of lung cancer in smokers and nonsmokers (Sun et 

al., 2007). Non-small cell lung cancer (NSCLC) metastases are typically found in the 

brain, bone, liver, adrenal glands, contralateral lung, and distal lymph nodes. Metastases 

in other organs are uncommon (Niu et al., 2016).  

1.1.2 Small Cell Lung Cancer (SCLC) 

Small-cell lung cancer (SCLC) accounts for approximately 15% of all lung cancers. 

It has a high proliferative rate, a strong tendency towards early metastasis, and a poor 

prognosis. SCLC is strongly linked to exposure to tobacco carcinogens (Rudin et al., 

2021). Primary SCLC tumors have a tendency to be centrally located and frequently 

manifest as bulky masses. Similar to NSCLC, the most frequent sites of SCLC metastasis 

include the contralateral lung, brain, liver, adrenal glands, and bone (Han et al., 2019). 
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1.2 The Extracellular Matrix of Lung 

The extracellular matrix (ECM), which is the noncellular component found in all 

tissues and organs, provides the cells with critical physical scaffolding. Furthermore, 

ECM initiates essential biochemical and biomechanical cues for tissue morphogenesis, 

differentiation, and homeostasis (Frantz et al., 2010). In addition to being a reservoir for 

growth factors and cytokines, ECM also provides structural integrity, such as stiffness, 

and performs a variety of other functions. The functions of ECM differ between different 

tissues. Lung ECM is mainly composed of fibrous proteins such as collagen and elastin, 

glycoproteins, glycosaminoglycans (GAGs), and proteoglycans (PGs) in a dynamic and 

complex arrangement (Burgstaller et al., 2017). 

1.2.1 Glycosaminoglycans (GAGs), Proteoglycans (PGs), and Heparan Sulfate 

Proteoglycans (HSPGs) 

Glycosaminoglycans are long linear polysaccharides made up of repeated 

disaccharide units. The repeating two-sugar unit consists of an amino sugar and a uronic 

sugar (Potter, 2008). Based on the disaccharide central structures, GAGs are divided into 

four categories. One of the class heparin/heparan sulfate glycosaminoglycans (HSGAGs) 

is synthesized in the Golgi apparatus, where protein centers from the rough endoplasmic 

reticulum are modified by glycosyltransferases with O-linked glycosylation to form 

proteoglycans (Sarrazin et al., 2011).  Sulfation motifs of HS chains in HSGAGs are 

crucial for interactions of HS with growth factors, cytokines, and proteins (Malavaki et 

al., 2011). Consequently, the sulfation pattern of these domains could impact their 

biological functions. 

Proteoglycans are a class of glycoproteins where core protein domains are covalently 

linked to glycosaminoglycans (GAGs) (Walimbe & Panitch, 2020). Heparan sulfate 

proteoglycans (HSPGs) are one of the major types of glycoproteins containing one or 

more covalently attached HSGAGs in their structure (Esko et al., 2009). HSPGs are 

recognized as one of the most significant elements of the ECM, performing essential roles 

in ECM assembly and function in both healthy tissue and disease contexts. The 

abundance of sulfated groups in HSPGs facilitates their interactions with diverse ECM 

components and ligands, among them growth factors, enzymes, cytokines, and 

chemokines (Kirn-Safran et al., 2009). HSPGs primarily serve as co-receptors for growth 
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factors, thereby enhancing the activation of their receptors. Moreover, HSPGs are also 

capable of functioning as receptors and can activate receptors in neighboring cells 

(Billings & Pacifici, 2015). They regulate a wide variety of processes, including cell 

proliferation, apoptosis, cell adhesion, motility, inflammation, and tumorigenesis (Hassan 

et al., 2021; Walimbe & Panitch, 2020). Changes in the expression and structural 

characteristics of HSPGs have been linked to significant TME remodeling. They can 

perform a dual role in this context, contributing to tumor growth as structural support, 

and by actively regulating cell-matrix interactions, cell-cell interactions, and cell 

signaling (Barbouri et al., 2014; Hull et al., 2017). They can contribute to the development 

of drug resistance and impact the angiogenesis of tumor stroma. Alterations in the 

structure or activity of HSPGs have been identified in a variety of cancers (Reticker-Flynn 

& Bhatia, 2015; Theocharis & Karamanos, 2019). Different types of HSPGs constitute a 

significant component of lung ECM, and they can be severally altered in different lung 

diseases (Burgstaller et al., 2017).  Syndecans (types 1, 2, and 4) and Glypicans (types 3 

and 4) are the main types of HSPGs that are dysregulated in lung cancer ECM (Götte & 

Kovalszky, 2018). 

1.3 Tumor Microenvironment  

A tumor is a heterogeneous collection of infiltrating and resident host cells, secreted 

factors, and extracellular matrix, in addition to a group of cancer cells. Immune cells, 

tumor stromal cells, blood vessels, and altered ECM are defining characteristics of the 

tumor microenvironment (TME), which varies depending on the type of tumor (Anderson 

& Simon, 2020). An early dynamic and mutual relationship between cancer cells and 

components of the TME promotes cancer cell survival, local invasion, and metastasis. 

The most well-known example of this concept is the coordination of an angiogenesis-

supporting program by the TME, allowing cancer cells to survive in hypoxic and acidic 

microenvironments; as a result, oxygen and nutrient availability can be restored, and 

metabolic waste can also be eliminated (Z.-L. Liu et al., 2023). 

According to the article by Hanahan and Weinberg, tumor progression depends not 

only on cell-autonomous alterations in tumor cells but also on microenvironmental 

modifications like modifications in ECM (Hanahan & Weinberg, 2011). An altered ECM 

is also a crucial aspect of the dysregulated microenvironment of lung cancer. As depicted 

in Figure 1.1, during tumor growth, progression, and metastasis, the TME undergoes 
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numerous matrix modifications. These modifications could include alterations in the 

biochemical properties and composition of the ECM, which lead to changes in the local 

sequestration of growth factors, cytokines, and inorganic molecules. Similar to alterations 

in the biochemical characteristics of the ECM, alterations in post-translational 

modification of the ECM, such as hydroxylation and enzymatic crosslinking, result in 

alterations in the biophysical properties of the matrix, including molecular density, 

stiffness, and tension, which activate mechanosensing pathways within tumor cells. 

Moreover, changes in the distribution of matrix components affect the density of the 

ECM, leading to modifications in its structure, organization, and porosity. This, combined 

with abnormal degradation and turnover of the matrix, significantly affects the adhesion 

and interaction of ligands available to cells in the TME. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1: Matrix changes in cancer. From “The Matrix in Cancer,” by Thomas R. Cox, 

2021. Copyright 2021 by Springer Nature Limited. Adapted with permission. 

 

In lung cancer, there is an increase in fibrillar collagen deposition and an alteration 

in collagen structure, which are indicative of a fibrotic response. For example, SCLCs 
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contain high levels of fibronectin, laminin, collagen IV, and tenascin-C (Burgstaller et 

al., 2017). In the same way, increased expression of type VI collagen in NSCLCs creates 

an inflammatory and pro-invasive environment that helps lung cancer spread by turning 

on several intrinsic pathways, such as the focal adhesion kinase and Erk signaling 

pathways (Voiles et al., 2014). 

Laminin is another ECM component that is dysregulated in lung cancer. A poor 

prognosis is associated with the dysregulation of multiple laminin isoforms in the TME 

and serum of NSCLC cancer patients (An et al., 2012; Teng et al., 2016). The functional 

impacts of laminin dysregulation depend on laminin degradation along with laminin 

receptor inactivation. 

sGAGs can participate in fibroblast growth factor (FGF), vascular endothelial growth 

factor (VEGF), hepatocyte growth factor (HGF), transforming growth factor (TGF), 

platelet-derived growth factor (PDGF), integrin, interleukin (IL), and WNT signaling 

(Fuster & Esko, 2005). All these signaling pathways are previously shown for their 

involvement in the initiation or progression of tumors. An aberrant increase in sGAG 

content of TME is shown in many cancer types, including lung cancer (Reticker-Flynn & 

Bhatia, 2015; Vallen et al., 2014). In the majority of cases, the increased expression of 

sGAGs and the degree of sulfation lead to RTK overstimulation in lung cancer. 

Finally, as indicated earlier, lung ECM contains various HSPGs, which can be altered 

in different lung diseases, including lung cancer. Syndecans (SDC1, SDC2, and SDC4) 

and Glypicans (GPC3 and GPC4) are the main types of HSPGs that are dysregulated in 

lung cancer ECM (Götte & Kovalszky, 2018). While the expression of syndecan type 1 

(SDC1) declines in NSCLCs, the expression of syndecan type 2 (SDC2) rises (Kind et 

al., 2019; Mytilinaiou et al., 2017). Like syndecans, the glypicans (GPCs) are cell surface 

HSPGs. Glypicans have diverse functions in lung cancer. They can regulate cell 

proliferation, survival, and differentiation, as well as cell migration and angiogenesis, by 

modifying the activity of numerous signal transduction pathways such as Wnt, FGF, and 

IGF (Filmus & Capurro, 2014; Theocharis et al., 2010). Both GPC3 and GPC5 have 

decreased expression in NSCLC (De Pasquale & Pavone, 2020a; Knelson et al., 2014). 

1.4 Cancer Cell Metabolism 

In the early twenty-first century, a landmark paper by Douglas Hanahan and Robert 

A. Weinberg proposed that there were six hallmarks of cancer that were, in fact, 
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fundamental characteristics of a variety of cancer types. Multiple studies on various types 

of cancer cells have verified these hallmarks. In 2011, they also published a follow-up 

article stating that, over time, additional studies demonstrated the emergence of additional 

hallmarks. These emerging hallmarks are deregulating cellular metabolism and avoiding 

immune destruction (Pavlova & Thompson, 2016).  

The main idea behind deregulating metabolic activity is so that tumor cells can use 

these modifications to fulfill their unique needs and increase their survival. Altered cell 

metabolism provides three basic needs for cancer cells. These are rapid ATP synthesis to 

maintain energy status within cells, increased macromolecule biosynthesis, and tightened 

maintenance of appropriate cellular redox status (Deberardinis & Chandel, 2016). These 

three basic needs are also observed in rapidly growing, healthy cells (Vander Heiden et 

al., 2009). On the other hand, in the case of cancer cells, these modifications must be 

adapted to the challenging and dynamic microenvironment of tumor cells, where the 

concentrations of essential nutrients like glucose, glutamine, and oxygen vary spatially 

and temporally. To satisfy these requirements, cancer cells acquire metabolic alterations 

in all four main classes of macromolecules, which are carbohydrates, proteins, lipids, and 

nucleic acids (J. Zhu & Thompson, 2019). 

The most known metabolic alteration within cancer cells is the Warburg effect or 

aerobic glycolysis (Warburg, 1956a).  Otto Warburg first noted in 1956 that cancer cells 

exhibit elevated glucose uptake and lactic acid production.  Even under normal oxygen 

conditions, cancer cells appear to prefer aerobic glycolysis over oxidative 

phosphorylation, as stated in the paper. Warburg initially believed that cancer cells had 

impaired respiration because of dysfunctional mitochondria (Warburg, 1956b). However, 

it was subsequently reported by several research groups that cancer cells did not sacrifice 

oxidative phosphorylation for enhanced lactate production (Newsholme et al., 1985; 

Weinhouse, 1956). The Warburg effect remains valid for the vast majority of cancer cell 

types; nevertheless, despite numerous hypotheses regarding the benefits of aerobic 

glycolysis, its exact reasons and physiological values remain obscure. 

1.4.1 Intrinsic Alterations in Cancer Cell Metabolism 

Multiple intrinsic and extrinsic molecular mechanisms play a role in altering the 

central cellular metabolism of cancer cells and supporting the three fundamental 

requirements of cancer cells (J. Zhu & Thompson, 2019). Mutations in oncogenes and 
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tumor suppressor genes result in modifications to various intracellular signaling pathways 

that impact tumor cell metabolism and redesign it for improved survival and growth. The 

genetic alterations that influence the metabolism of cancer cells can vary depending on 

the type of cancer; however, there are certain pathways that are altered in most cancers.  

The PI3K signaling pathway is one of the most frequently changed signaling 

pathways in cancer (Fruman et al., 2017; Hemmings & Restuccia, 2012). This pathway 

can be activated by different mutations. It can be activated via mutations in tumor 

suppressor genes like PTEN. Moreover, it can be activated due to mutations in the PI3K 

complex components or aberrant signaling from receptor tyrosine kinases (RTKs) (Cairns 

et al., 2011). After aberrant activation of the PI3K signaling pathway, it has profound 

effects on tumor growth and metabolism. AKT1 is the most thoroughly researched 

effector downstream of PI3K. AKT1 is a key regulator of the glycolytic phenotype of 

tumors, as it stimulates ATP production through multiple mechanisms and ensures that 

tumor cells have the bioenergetic capacity required to respond to growth signals 

(Manning & Cantley, 2007). AKT1 can enhance the expression and translocation of 

glucose transporters, as well as phosphorylate critical glycolytic enzymes like 

hexokinases (Sahlberg et al., 2017). By phosphorylating and inhibiting its negative 

regulator, AKT1 substantially enhances mTOR-mediated signaling. mTOR is a crucial 

metabolic coordinator that links growth signals to nutrient availability. In response to 

nutrient availability and energy conditions, activated mTOR induces protein and lipid 

biosynthesis and cell growth (Harachi et al., 2018; Sangüesa et al., 2019). It is frequently 

activated during tumorigenesis. Activation of mTOR stimulates mRNA translation and 

ribosome biogenesis, which induces indirect metabolic alterations by activating 

transcription factors such as hypoxia-inducible factor 1 (HIF1) even during normoxic 

conditions (Bond, 2016; DeBerardinis et al., 2008). In conclusion, the PI3K-AKT-mTOR 

network harbors many extensively studied oncogenes and tumor suppressors, and the 

abnormal activation of this pathway is one of the most common alterations observed in 

various cancers (De Berardinis & Chandel, 2016; DeBerardinis et al., 2008). 

1.4.2 Extrinsic Modulators of Cancer Cell Metabolism 

Besides intrinsic molecular mechanisms, there are extrinsic molecular mechanisms 

that significantly impact the metabolism of cancer cells (Lyssiotis & Kimmelman, 2017). 

Multiple studies have demonstrated that the characteristics of TME, such as the 
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stiffness and composition of ECM, can exert profound effects on cancer cells (Burgstaller 

et al., 2017; Nazemi & Rainero, 2020). Mechanotransduction is the process by which 

cells detect and respond to mechanical stimuli from their microenvironment, like the 

stiffness and elasticity of their ECM (Humphrey et al., 2014). Changes in 

mechanotransduction can affect several different processes such as proliferation, 

differentiation, migration, and metabolism in cancer cells (Chin et al., 2016). For 

example, when cancer cells detect an increase in ECM stiffness, mechanotransduction 

pathways are activated, resulting in the upregulation of multiple signaling cascades that 

regulate metabolic reprogramming, including the activation of the PI3K-Akt-mTOR 

pathway (Romani et al., 2021). This activation promotes enhanced nutrient uptake and 

glycolysis in cancer cells, as mentioned earlier.  

 

Figure 1-2: Factors influencing the metabolic profile of the tumor (Created with 

BioRender.com). 

 

The stiffness of the ECM serves a crucial role in modulating the behavior of cancer 

cells, including their metabolism (Ge et al., 2021a). In healthy tissues, the stiffness of 

ECM provides a dynamic microenvironment in order to modulate cellular processes. On 

the other hand, the stiffness of ECM in tumor tissue changes because of alterations and 

modifications in ECM composition and structure. Multiple studies have shown that an 

increase in ECM stiffness can promote metabolic reprogramming in cancer cells, 

resulting in more aggressive behaviors (Acerbi et al., 2015; Jiang et al., 2022). The 

Warburg effect is a well-known effect of ECM stiffness on the metabolism of cancer cells. 



Introduction  9 

 

 

 

Similar to the metabolic profile observed in the Warburg effect, cancer cells grown on 

rigid ECM frequently exhibit increased glycolysis and decreased oxidative 

phosphorylation (Ge et al., 2021b). This metabolic shift permits cancer cells to satisfy 

their energy needs and maintain rapid proliferation under conditions of low oxygen 

availability. Furthermore, it has been shown that ECM stiffness activates essential 

metabolic signaling pathways, such as the Hippo and YAP/TAZ pathways, which have 

important roles in cancer progression and metabolism (Cai et al., 2021; H. Li et al., 2022). 

In addition to that, alterations in the composition and structure of the ECM have 

several roles in modulating the behavior of cancer cells, including their metabolism. For 

example, the presence of sGAG side chains on HSPGs within the ECM has crucial roles 

in terms of regulating the metabolism of cancer cells. These sGAG side chains serve as a 

supporting structure for growth factors and cytokines so that they can 

regulate the accessibility of growth factors to neighboring cells (Kirn-Safran et al., 2009; 

Malavaki et al., 2011). In addition, the coordination of receptor dimerization by 

HSPGs on the cell surface facilitates the binding of growth factors to their receptors. 

Initiated by these growth factors, this process activates downstream signaling pathways 

(Presta et al., 2005). Fibroblast growth factor (FGF), vascular endothelial growth factor 

(VEGF), WNT signaling, and integrin are notable growth factors involved in these 

interactions (Ornitz & Itoh, 2015; Vallen et al., 2014). Consequently, alterations in the 

ECM, specifically alterations in the level of sGAG side chains, can have a profound effect 

on the regulation of cancer cell metabolism.  

Finally, as illustrated in Figure 1-2, both intrinsic genetic mutations and extrinsic 

modulators from TME determine the metabolic characteristics of tumor cells. The loss of 

tumor suppressors like p53 or the activation of oncoproteins such as KRAS and PI3K 

frequently activates oncogenic signaling pathways. These alterations in the activation of 

oncogenic signaling pathways result in modifications in cellular metabolism to meet the 

energy requirements of rapid cell division. TME, with its aberrant conditions such as 

increased stiffness, hypoxia, and nutrient deprivation, also has a significant impact on 

cancer cell metabolism. In response to these challenging conditions, cancer cells exhibit 

a number of adaptations, including deregulation of their cellular metabolism. Overall, 

these genetic mutations and modifications in ECM optimize deregulated metabolism in 

order to adapt to stressful conditions in TME. These metabolic adaptations result in 
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increased ATP levels, enhanced biosynthetic capacity, and the maintenance of balanced 

redox status. 

1.5 3D Cultures as a Tool to Mimic the Tumor Microenvironment 

Not only does the complexity of cancer depend on its altered genetics and cellular 

structure, but also on the complexity of its environment. Solid tumors display distinct 

alterations in their ECM compared to the ECM found in their healthy tissue counterparts 

(Henke et al., 2019). Throughout tumor development, the TME undergoes various 

modifications. These alterations can serve multiple functions, including promoting tumor 

growth, stimulating tumor metastasis, and inhibiting the host's immune system (Arneth, 

2020; Rianna et al., 2018). The specifics and necessity of the modifications depend on 

the type and location of the tumor (Chaudhuri et al., 2014). In lung tumors, for instance, 

there is extensive stiff stroma due to highly crosslinked collagen and elevated levels of 

fibronectin, tenascin C, and hyaluronan; besides, proteoglycan types and levels, 

particularly heparan sulfate proteoglycan, differ in healthy lungs (Burgstaller & Oehrle, 

2017). Given the complexity of the TME, providing tumor cells with an environment that 

accurately replicates the composition and intricacy of the TME becomes imperative to 

attain more precise outcomes in scientific research. The fundamental character of 2D 

cultures is incapable of providing this level of complexity, and some results obtained from 

2D cultures can be misleading, especially in drug studies (Alemany-Ribes & Semino, 

2014; Jensen & Teng, 2020).  There are several studies that demonstrate the significance 

and necessity of the 3D culture in order to replicate the native tumor microenvironment 

as compared to flat, 2D cultures (Muguruma et al., 2020; Souza et al., 2018). Adding to 

that, when designing 3D cultures, it is important to consider both the form of the tumor 

to be investigated and its original location.  

There are numerous techniques available for designing 3D cultures. One of the 

techniques that can be applied to create 3D cultures is hydrogel formation (Caliari & 

Burdick, 2016; Merivaara et al., 2022). Different polymers and polysaccharides can serve 

as the primary building blocks of these hydrogels (Andersen et al., 2015; Tibbitt & 

Anseth, 2009). Polymers and polysaccharides with different functions can be 

advantageous when simulating varied environmental conditions (Alemany-Ribes & 

Semino, 2014).  The primary benefit of hydrogels is that they can be readily manipulated 

to create the desired 3D microenvironments for various types of tumors.     
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1.5.1 Alginate as a Biomaterial in 3D Cultures: Composition and Structural 

Properties 

Alginate (Alg) is a biocompatible polysaccharide with anionic properties that makes 

it highly suitable for a wide variety of biomedical applications thanks to its inert nature 

with cells. Alg consists of repeating monomeric units of -L-guluronic acid (G) blocks and 

1,4-linked -D-mannuronic acid (M) epimers with free functional hydroxyl (-OH) and 

carboxyl (-COOH) groups. The interaction between free carboxylate (COO-) groups of 

alginate monomers and divalent cations such as Ca2+, Mg2+, and Ba2+ results in hydrogel 

formation, also known as ionic gelation (Ahmad Raus et al., 2021; K. Y. Lee & Mooney, 

2012). Different divalent ions have distinct crosslinking affinities, which can be desirable 

when casting hydrogels for various biomedical applications (Sahoo & Biswal, 2021). 

Multiple compounds, such as sulfate or acetic acid, can be used to modify alginate 

(Rosiak et al., 2021). On this basis, the biophysical properties of the modified alginates, 

such as stiffness and viscoelasticity, can be altered in comparison to those of the original 

alginates. Thanks to the adaptability of the biophysical properties of alginate, numerous 

3D tumor microenvironments can be engineered (Charbonier et al., 2021b; Rosiak et al., 

2021). Besides, modifying the stiffness of alginate hydrogels is as simple as adjusting the 

quantity of divalent ions used in their production. Alginate sulfate is one of the modified 

forms of alginate that functions as an analog of sGAGs (Arlov et al., 2021; Arlov & Skjåk-

Bræk, 2017; Nikitovic et al., 2008; Öztürk et al., 2020). The ability of alginate to undergo 

modification by sulfation permits the development of alginate hydrogels with consistent 

sulfation levels but varying stiffness levels. 

1.5.2 Decellularized ECM in 3D Cultures 

The extracellular matrix is an extremely complex structure comprised of tissue-

specific components. The persistent interaction between cells and their microenvironment 

has a profound effect on the properties of the ECM and the function of cells (Frantz et al., 

2010; Kim et al., 2011). Both mechanical and biochemical alterations in the ECM are 

influenced by the cells embedded within it, resulting in dynamic reciprocity, a 

bidirectional cell-matrix interaction (Humphrey et al., 2014). This interaction is essential 

for the regulation of tissue-specific physiological and pathological processes. Recent 

studies have demonstrated that tissue rigidity governs a variety of cellular processes, such 
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as differentiation, proliferation, apoptosis, and drug resistance (Stowers et al., 2019; C. 

Wang et al., 2021; Wei et al., 2022; X. Zhu et al., 2022). Recognizing the significance of 

the ECM in modulating cellular behavior, tissue engineering has been trying to develop 

models that faithfully replicate the ECM's native properties. Tissue and organ 

decellularization, which involves removing cellular content while preserving the native 

tissue matrices, is an increasingly popular method for this purpose (Fernández-Pérez & 

Ahearne, 2019; Petersen et al., 2012). These decellularized matrices can subsequently be 

reconstituted into hydrogels, allowing for cell embedding. 

Lung tissue engineering also aims to develop in vitro human models that mimic the 

native lung microenvironment using synthetic or natural materials (Huh et al., 2010). The 

use of decellularized matrices by removing cells from lung tissue to preserve its specific 

ECM content and complexity is a promising approach to modeling diseases related to 

lung tissue. Numerous studies have previously shown the successful decellularization of 

rat, pig, and human lung tissue (Balestrini et al., 2015; O’Neill et al., 2013; Sengyoku et 

al., 2018; X. Zhu et al., 2022). Lung ECM is composed of biomolecules such as collagen, 

elastin, sGAGs, laminin, and fibronectin (Burgstaller et al., 2017). Under disease 

conditions, these biomolecules serve a crucial role in determining the mechanical 

properties of the ECM. Hence, it is vital to precisely replicate these complex 

environments in order to develop accurate disease models. 

1.6 Scope of the Study 

The primary objective of this study is to understand how lung tumor cell behavior is 

influenced by increased sulfation in the tumor microenvironment (TME) along with 

varying glucose levels. Specifically, we will investigate the effects on cell growth, 

morphology, and metabolism, and explore the role of the PIK3CA gene in these cellular 

changes. 

To accomplish a more accurate and precise in vitro model, we will develop double 

network hydrogels that consist of either alginate or alginate sulfate in combination with 

decellularized bovine lung extracellular matrix (ECM). These hydrogel models will 

mimic the conditions of the TME (increased sGAGs level) and healthy tissue 

environment. To gain insights into the differences between our engineered 3D model and 

conventional 2D cell culture, we will compare tumor cell behavior in the 2D environment 

with that in our healthy-mimetic hydrogel model. By doing so, we can identify how gene 
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expression profiles and cellular behavior vary in the more representative model. The 

investigation will focus on observing how tumor cells respond to increased sulfation in 

the TME and varying glucose levels, particularly in terms of cell growth, morphology, 

and metabolism. Furthermore, we will specifically examine the role of the PIK3CA gene, 

a key regulator of cellular signaling, to better understand the molecular mechanisms 

underlying the observed cellular changes in the hydrogel models under different 

microenvironmental conditions. 

Overall, this study aims to provide comprehensive insights into the behavior of lung 

tumor cells within 3D hydrogel models that resemble the tumor microenvironment and 

healthy tissue with varying glucose levels. The research will shed light on how altered 

microenvironmental factors, such as increased sulfation and glucose levels, affect cancer 

cell behavior and the involvement of the PIK3CA gene in these processes. 
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Chapter 2:MATERIALS AND METHODS 

2.1 Modification of Alginate 

For the sulfation of Alg, 99% chlorosulfonic acid (HClSO3) (Sigma) was diluted to 

a final concentration of 2% in formamide (Sigma) with a total volume of 20 mL. The 

solution mix was added drop by drop while agitating 500 mg of Alg. The reaction was 

conducted at 60 °C for 2.5 hours on a stirrer. Alginate sulfate was precipitated with ice-

cold acetone by centrifugation at 5000 RPM for 10 minutes. Precipitated AlgS was 

redissolved in ultrapure water to dialyze in 12 kDa molecular weight cut-off (MWCO) 

dialysis tubing (Sigma) against 100 mM NaCl for 48 hours and ultrapure water for 72 

hours. Finally, the AlgS solution was lyophilized and stored at -20°C. 

2.2 Decellularization and Digestion of Bovine Lung Tissue 

The decellularization process of bovine lung tissue was performed as described 

previously (Kuşoğlu et al., 2022). In short, pieces of bovine lung tissue were incubated 

for 1 minute in a 2% iodine solution. The tissue pieces were then washed twice in sterile 

dH2O. After that, the tissue in sterile dH2O was flash-frozen in liquid nitrogen for 2 

minutes and thawed at 37 °C for 10 minutes. This step was repeated five times. The tissue 

was then treated for 1 hour at 37 °C with 10 U/mL DNase in 10 mM MgCl2 buffer. The 

tissue fragments were then rinsed with sterile dH2O for 72 hours while gently rotating. 

Finally, the tissue was lyophilized and cryo-milled into a fine powder form. 

To solubilize lyophilized decellularized lung (dLung), the powder was digested at 

room temperature for 48 hours with 1 mg/ml pepsin solution (Sigma) at a final 

concentration of 15 mg/ml. Finally, it was neutralized and lyophilized in preparation for 

hydrogel synthesis. 

2.3 Mechanical Characterization of AlgLung and AlgSLung Hydrogels 

Hydrogels were mechanically characterized via a TA Instruments Discovery HR-2 

rheometer. Hydrogels were placed on the lower plate, which had been pre-cooled to 4°C, 

and the 20 mm parallel plate was lowered until the resulting separation measured 1 mm. 

To prevent hydrogels from drying out during testing, mineral oil (Sigma) was applied to 
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their exteriors. The storage and loss moduli were measured via oscillatory rheology at a 

constant frequency (1 Hz) and amplitude (1% strain) for 2 hours. At least three 

measurements were conducted for each hydrogel. 

2.4 Cell Culture and Cell Encapsulation in Hydrogels 

Human Lung Adenocarcinoma Cell Line A549 (CCL-185) was purchased from 

American Type Culture Collection (ATCC). Both A549 (CCL-185) and shPIK3CA A549 

cells were grown in Dulbecco’s Modified Eagle Medium Low Glucose (Biowest-L0066) 

containing 10% (v/v) fetal bovine serum (Biowest) and 1% (v/v) penicillin-streptomycin 

(Biowest). All cells were maintained in the 5% CO2 incubator at 37°C. For high glucose 

conditions, the cells were cultured in Dulbecco’s Modified Eagle Medium High Glucose 

(Biowest-L0103) supplemented with 10% (v/v) FBS (Biowest) and 1% (v/v) P/S 

(Biowest). In 2D experiments, cells were treated with a high concentration of glucose for 

either 48 hours or 72 hours, then subjected to additional experiments. 

In 3D experiments, sodium alginate (Novamatrix) or its sulfated form called alginate 

sulfate was combined with decellularized bovine lung extracellular matrix to produce a 

healthy-mimicking (AlgLung) or tumor-mimicking (AlgSLung) hydrogel. Prior to use, 

Alg and AlgS solutions were filtered through a 0.2 µm pore size filter. Hydrogels 

containing Alg or AlgS were crosslinked with CaCl2 solution. To achieve the same 

stiffness environment in healthy and tumor-mimetic hydrogels, various CaCl2 solution 

concentrations were employed. The final Ca2+ concentration in healthy-mimicking 

hydrogels was 6 mM, while it was 40 mM in tumor-mimicking hydrogels. The final 

concentration of Alg or AlgS solution was 1%, and that of dLung was 15 mg/ml. After 

encapsulating, cells were grown in either DMEM with Low Glucose or High Glucose 

containing 10% (v/v) FBS, 1% (v/v) P/S, and 2 mM CaCl2 for 3 weeks. 

2.5 Plasmid Construction and Lentiviral Production 

The short hairpin-mediated RNA inhibitor (shRNA) encoding PI3KCA (NM_0062) 

was obtained from Vector Builder, whose plasmid ID numbers were VB9000619992CNJ, 

VB9000619992GSY, and VB90000558929. Viral particles were produced by applying 

the second-generation lentiviral system. The psPAX2 packaging plasmid and the 

PCMVVSVG envelope plasmid were used for the production.  
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HEK293T cells were transfected for lentiviral production using Lipofectamine 3000 

transfection reagent (Invitrogen). Lentiviral plasmid DNA, psPAX2 packaging plasmid, 

and PCMV-VSVG envelope plasmid are used in a 4:3:1 ratio. The medium was replaced 

6 hours after transfection. The viral supernatant was collected and filtered through a 0.45 

µm syringe filter 2 days after transfection. It was centrifuged at 800 G for 10 minutes at 

room temperature. After centrifugation, the viral supernatant was combined with 

PEG8000 at a ratio of 3:1. The solution mix was incubated at 4°C for 1 day on a shaker. 

The next day, it was centrifuged at 1600 G for 1 hour at 4°C. Pellet was resuspended with 

PBS in a 1:10 ratio of the original volume. It was stored at -80°C until use. 

2.6 shPIK3CA A549 Cell Line Generation 

The day prior to transduction, A549 cells were seeded in 6-well plates at 20% 

confluency. On the transduction day, the medium was changed to DMEM F12, including 

10% FBS only. The cells were incubated for 4 hours in this medium. A549 cells were 

transduced with viral particles and 10 µg/mL of protamine sulfate (Sigma) at MOI of 5. 

The following day, the transduction efficiency was assessed using GFP fluorescence as a 

metric. The viral supernatant was maintained until 80% of the total population fluoresced 

with GFP. Afterward, they were treated with 1.5 µg/mL of puromycin (Sigma). The 

selection process persisted until puromycin completely eradicated the entire population 

of the control group, which had not received viral particles. 

2.7 Quantification of DNA Content  

The digestion and quantification of DNA were done after collecting all samples at 

the desired time points. Before storing hydrogels at -80°C, they were rinsed three times 

for 5 minutes in a 150 × 10-3 M NaCl and 5 × 10-3 M CaCl2 solution (wash buffer). After 

collecting all hydrogels, they were digested with 125 µg/mL papain in 10 × 10-3 M EDTA, 

100 × 10-3 M sodium phosphate, and 10 × 10-3 M L-cysteine at pH 6.3 and 60°C overnight. 

The DNA content of the digested samples was measured using the Quant-IT PicoGreen 

assay (Invitrogen) according to the manufacturer's instructions. Each experimental group 

was provided with at least three hydrogels. 
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2.8 Quantification of ATP Level 

Cell-Titer Glo 3D was used to quantify ATP levels within samples. The 

manufacturer's instructions were followed. In short, the CTG 3D solution was thawed at 

4°C and balanced to room temperature. The samples were also brought to room 

temperature for equilibration. The hydrogels in the CTG 3D solution were shaken for 10 

minutes at room temperature on a shaker, followed by 30 minutes of incubation at room 

temperature. Finally, luminescence was recorded. Each experimental group was provided 

with at least three hydrogels. 

2.9 Immunofluorescence and Image Analysis 

Hydrogels were fixed with freshly prepared 4% formaldehyde (Sigma) and 0.1% 

Triton-X (Sigma) in wash buffer for 1 hour at 4°C. The hydrogels were then washed twice 

for 5 minutes with wash buffer solution. After that, the hydrogels were incubated for 45 

minutes at room temperature with Alexa Fluor 488 Phalloidin. The nucleus was 

visualized using 1 µg/mL of DAPI solution. The hydrogels were incubated for 15 minutes 

at room temperature before being washed. The samples were visualized using a Leica 

DMI/SP8 Laser Scanning Confocal Microscope. ImageJ software (National Institutes of 

Health, USA) was used for image analysis. 

2.10 RNA Isolation and cDNA Synthesis  

The hydrogels were collected on day 21, washed for 5 minutes with a wash buffer, 

and then flash-frozen in liquid nitrogen. The hydrogels were homogenized in Trizol 

(Invitrogen) with a tissue pestle and centrifuged at 12,000 g for 5 minutes at 4 °C. The 

supernatant was chloroform-phase separated and centrifuged at 12,000 g for 15 minutes 

at 4 °C to obtain the aqueous phase. The NucleoSpin RNA Kit (Macherey-Nagel AG) 

was used to isolate RNA according to the manufacturer's instructions, and the NanoDrop 

Spectrophotometer (Thermo Scientific) was used to measure the RNA concentration of 

the samples. The M-MLV Reverse Transcriptase Kit (Invitrogen) was used to synthesize 

cDNA. 
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2.11 qRT-PCR 

Primer3 was used to design primers. The tool-generated sequence was compared 

with NCBI primer-BLAST to identify potential off-targets. Sentebiolab was the supplier 

of the primers. The primers utilized in this research are listed in Table 2.1. qPCR reactions 

were conducted with the SYBR Green PCR Master Kit (Qiagen), and the manufacturer’s 

instructions were applied. Light Cycler 480 Instrument II (Roche) was used for the qPCR 

experiment. qRT-PCR parameters that were used in this study are displayed in Table 2.2. 

 

Table 2-1: Primers used for qRT-PCR. 

Gene Forward Primer Sequence (5’-3’) Reverse Primer Sequence (5’-3’) 

ADCY5 CCGCCAACGCCATAGACTTC GCCAGCACAAAGACTGAGATG 

ADH1C ACTTGTGGCTGACTTTATGGCTA AGGACGGTACGGATACTCTTTC 

CDH1 CTGCCAATCCCGATGAAATTG TCCTTCATAGTCAAACACGAGC 

CDH2 CAGAATCAGTGGCGGAGATC CAGCAACAGTAAGGACAAACATC 

CD44 CTCACTCAAGCTCTTTAACT GAATATCTAGAAGGAGTGGA 

FN1 CAGAGGCATAAGGTTCGGG TTCAGACATTCGTTCCCACTC 

FXYD2 GCCTGATCTTCGCTGGACTG CTCATCTTCATTGATTTGCCTGC 

GAPDH CTGACTTCAACAGCGACACC GTGGTCCAGGGGTCTTACTC 

GCGR TGTTTGCGTCCTTCGTGCT CCACCGCTCCATCACTGAG 

HMGCS2 CTTCTGTCCCACCACTCTGC CCTCAGGAGACACACACTTTCG 

IGFBP2 ACATCCCCAACTGTGACAAGC GCCTCCTGCTGCTCATTGTAGA 

IGFBP5 GTGCTGTGTACCTGCCCAAT CATCCCGTACTTGTCCACGC 

IGFL2 GGAAGTCATCGCTCCCGCT ATGGCGTCATTGTAACAGCACTG 

KLF4 TCTGTGACTGGATCTTCTAT CTTCCTCTTCTTCTAACATC 

PCK1 AACTGCTGGTTGGCTCTCAC CCTGGCATTGAACGCTTTCTC 

PIK3CA CCATATCTCCAAAGTAGAAC TAGAATGACGACTAGCAGTA 

POU5F1 CACTAAGGAAGGAATTGG GTGTGTCTATCTACTGTGTCC 

SNAI1 GGAAGCCTAACTACAGCGAG CAGAGTCCCAGATGAGCATTG 

SOCS3 CGGAGACTTCGATTCGGGAC CGGGAAACTTGCTGTGGGT 

SOX2 CTTTTATGAGAGAGATCCTG ACCGTACCACTAGAACTTT 

VIM ACCAGCTAACCAACGACAAAG AAAGATTGCAGGGTGTTTTCG 
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Table 2-2: Parameters for quantitative RT-PCR. 

Cycle Number Stages Temperature Time 

1 Initial Denaturation 95°C 5 min 

 Denaturation 95°C 30 s 

45 Annealing 55°C 30 s 

 Elongation 72°C 30 s 

  95°C 10 s 

1 Melting Curve 65°C 1 min 

  97°C  

1 Cooling 40°C 30 sec 

2.12 Metabolic Assays (Glycolysis and Mitochondrial Stress Test) 

Cells were cultured in low-glucose DMEM, including 10% FBS and 1% P/S with or 

without 100 µg/mL Alg or AlgS for 48 hours prior to the metabolism assays. The same 

protocol was applied to high-glucose samples. After the treatment, the manufacturer’s 

instructions for either glycolysis or the mitochondrial stress test kit (Agilent) were 

followed. The compounds used in these assays are listed in Table 2.3. Extracellular 

acidification rate (ECAR) and oxygen consumption rate (OCR) values were taken using 

an Agilent Seahorse XFe24 Analyzer (Agilent Technologies). Mitochondrial respiration 

was assessed with OCR values taken via the Seahorse XF Cell Mito Stress Test. On the 

other hand, ECAR values taken via the Seahorse XF Glycolysis Stress Test were used for 

the glycolysis assessment of the samples. The obtained results were normalized to the cell 

count of each sample. There were at least three replicates for each condition. 

Table 2-3: Compound preparation of glycolysis and mitochondrial stress test. 

Assay Port Compound Final Well 

Concentration 

Port 

Volume 

Port  

Concentration 

Glycolysis A Glucose 10 mM 75 µL 80 mM 

Stress Test B Oligomycin 1 µM 75 µL 9 µM 

 C 2-DG 50 mM 75 µL 500 mM 

Mitochondrial A Oligomycin 1.5 µM 56 µL 15 µM 

Stress Test B FCCP 1 µM 62 µL 10 µM 

 C Rot/AA 0.5 µM 69 µL 5 µM 
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2.13 Statistical Analysis 

The data that came from n=3 triplicates were presented as mean ± S.D. Statistical 

analyses were carried out with GraphPad Prism 8 Software. The statistical significance 

between groups was estimated by Student’s t-test with Welch's correction, and p-values 

less than 0.05 were considered statistically significant. Prism’s recommended 

classification for significance was followed. p < 0.0001 = extremely significant (****), 

0.0001 < p < 0.001 = extremely significant (***), 0.001 < p < 0.01 = very significant 

(**), and 0.01 < p < 0.05 = significant (*) 
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Chapter 3: RESULTS 

3.1  Interpenetrating Network Formation of Decellularized Bovine Lung Matrix 

with Alginate or Alginate Sulfate 

Figure 3-1: Schematic illustration of (A) the production of decellularized bovine lung 

extracellular matrix (dLung) hydrogels and (B) the encapsulation process of A549 cells 

in healthy and tumor-mimetic hydrogels (Created with BioRender.com). 

 

In a prior study, we demonstrated that decellularized bovine lung extracellular matrix 

(dLung) is an optimal tool for modeling the native-like properties of healthy lung tissue 

with respect to organ-related cues (Kuşoğlu et al., 2022). In addition, numerous studies 

indicate that alginate (Alg) can serve as a bio-scaffold for three-dimensional in vitro 

models (Charbonier et al., 2021a; K. Y. Lee & Mooney, 2012). As indicated earlier, the 

inert and modifiable nature of Alg allows us to create a three-dimensional environment 

with the desired stiffness and modification without changing the biopolymer composition 

of hydrogels. Besides, several studies indicate that sulfated alginate (AlgS) acts as a 

sulfated glycosaminoglycan (sGAG)-mimetic (Nikitovic et al., 2008; Öztürk et al., 2016).  

As shown in Figure 3-1A, bovine lung tissue was initially decellularized to 

eliminate cellular material and obtain an extracellular matrix. Following 

decellularization, the remaining bovine lung extracellular matrix (dLung) was digested 
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with the pepsin enzyme and brought to a neutral pH. The digestion procedure was 

required to solubilize lyophilized dLung. Consequently, dLung supplied the essential 

extracellular matrix required to mimic native lung composition in hydrogels. To 

investigate the extracellular microenvironment in lung cancer growth and metabolism, 

three-dimensional environments were generated by fabricating double-network hydrogels 

using dLung and Alg or AlgS. To mimic a healthy lung environment, Alg and dLung 

were utilized to produce hydrogels. These hydrogels were described as AlgLung. Besides 

that, AlgS and dLung were utilized to mimic the aberrantly sulfated tumor environment, 

and these hydrogels were named AlgSLung. Figure 3-1B depicts the encapsulation 

process of A549 cells in various environments.  

To eliminate the effects of stiffness on tumor growth and metabolism, hydrogels 

with the same stiffness were produced. The stiffness of the hydrogels was calibrated by 

manipulating Ca2+ concentration during encapsulation. Oscillatory rheology was 

employed to evaluate the mechanical characteristics of the hydrogels. As presented in 

Figure 3-2, the storage modulus of hydrogel samples was greater than the loss modulus, 

indicating the gelation capabilities of the hydrogels. Furthermore, the storage modulus, 

which is directly proportional to Young's modulus, a measure of stiffness, did not differ 

significantly between the AlgLung and AlgSLung models. Despite having different 

compositions, their stiffness values were adjusted to the same value without altering the 

composition or concentration of their matrix. 

 

 

 

 

 

 

 

 

 

 

Figure 3-2: Mechanical assessment of AlgLung and AlgSLung gels (a) storage modulus 

(G’) and (b) loss modulus (G’’). 



Results  23 

 

 

 

3.2 Effect of Glucose Concentration on A549 Cell Proliferation and Cell 

Metabolism 

After successfully establishing a hydrogel model suitable for our investigation, our 

initial focus was on comparing the growth and metabolism of A549 cells cultured in the 

traditional 2D system with those in our healthy-mimicking model. We were interested in 

determining whether there was indeed a distinction between these two systems. 

Additionally, we sought to observe the behavior of A549 cells in a more physiologically 

relevant model, one that incorporates a complex ECM composition and appropriate 

stiffness. Furthermore, we aimed to incorporate two different glucose levels into our 

study. The first level, 5 mM, represents a normal blood sugar concentration, while the 

second level, 25 mM, simulates an elevated glucose level. The purpose was to investigate 

the impact of varying glucose concentrations on the growth and metabolism of A549 cells 

within our hydrogel models.  

 

 

 

 

 

 

 

 

 

Figure 3-3: DNA quantification of A549 cells on 2D culture under low (5mM) or high 

(25mM) glucose conditions for 72h. 

 

In several studies, we noticed that metabolism-based assays were utilized to assess 

cell proliferation. As our primary goal in this study was to explore alterations in A549 

cell metabolism, we aimed to differentiate between proliferation and metabolic activity. 

We performed DNA quantification with Quant-iT picogreen assay to assess proliferation. 

Furthermore, we conducted assessment of metabolic activity with CellTiter Glo assay. 

Prior to encapsulating A549 cells in the healthy-mimetic hydrogel, we assessed the DNA 

content and ATP levels of A549 cells in a 2D environment while they were cultured under 

either low or high glucose levels for a duration of up to 72 hours. As exhibited in Figure 
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3-3, there was no significant difference between the samples in terms of cell proliferation. 

On the contrary, A549 cells treated with high glucose demonstrated significantly higher 

metabolic activity beginning on day 1 (Figure 3-4). This distinction became even more 

pronounced when A549 cells were exposed to high glucose for three days. 

 

 

 

 

 

 

 

 

 

Figure 3-4: Metabolic activity of A549 cells on 2D culture under low (5mM) or high 

(25mM) glucose conditions for 72h. 

3.3 Comparing Gene Expression Profiles of A549 Cancer Cells in 2D and Healthy-

mimetic 3D Environments 

After evaluating the effect of high glucose on cell proliferation via DNA 

quantification and overall cell metabolism via ATP quantification, we investigated how 

high glucose influences the gene expression level of EMT markers, stemness markers, 

and several metabolism markers in A549 cells cultured either on 2D or within a 3D 

healthy-mimicking environment. 

Figure 3-5: mRNA expression profiles of EMT markers in A549 cells on 2D or 3D culture 

under low (5mM) or high (25mM) glucose conditions. 
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As depicted in Figure 3-5, regardless of the glucose concentration, there were 

significant differences in the expression levels of all EMT markers between cells cultured 

in a 2D environment and those cultured in hydrogels that replicate healthy conditions 

(AlgLung). A549 cells that were grown in a healthy-mimic environment showed lower 

expression levels of N-Cadherin and Vimentin, which are mesenchymal markers, and 

SNAIL, which is an EMT regulator, than the cells that were grown in a 2D environment, 

regardless of whether they were treated with high or low glucose. Compared to the 2D 

control groups, the mRNA expression levels of the AlgLung groups were downregulated 

by more than 50%. On the other hand, E-Cadherin, a marker for epithelial cells, and FN-

1, a marker for mesenchymal cells, were expressed more in AlgLung groups than in 2D 

cultured groups. The increase in FN-1 expression level in AlgLung was the same in both 

AlgLung Low and AlgLung High. Their expression level was approximately ten times 

higher than their counter groups which were 2D Low and 2D High. Finally, the increase 

in the expression level of E-Cadherin was higher in the AlgLung High versus 2D High 

groups when compared to the AlgLung Low versus 2D Low groups. Consequently, there 

was a significant difference regarding the expression levels of EMT markers in cells 

cultured in a healthy-mimetic environment as opposed to a conventional 2D environment. 

When we examined the effect of glucose concentration on EMT marker expression 

level in A549 cells grown in a 2D environment, we found that glucose concentration had 

no effect. Regardless of whether the cells were grown in 2D Low or 2D High 

environments, their expression pattern was comparable. In AlgLung groups, however, we 

observed that the level of E-Cadherin expression was upregulated in the AlgLung High 

group in contrast to the AlgLung Low group. Similarly, there was a significant difference 

in the FN-1 expression level between the different glucose levels of the AlgLung groups, 

with the AlgLung High group exhibiting significantly higher FN-1 expression. In contrast 

to E-Cadherin and FN-1, the AlgLung High group had a substantially lower level of 

Vimentin expression. Finally, in AlgLung environments, there was no difference in the 

expression of N-Cadherin and SNAIL regardless of whether they were treated with high 

or low glucose levels. 

When we compared the effect of healthy mimicking environments on the stemness 

behavior of A549 cells to typical 2D growth, we discovered that, apart from CD44, all 

other stemness markers were downregulated in healthy mimicking conditions, regardless 
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of their glucose concentration. Figure 3-6 depicts that the expression of CD44 decreased 

only in the AlgLung High condition and not in the AlgLung Low condition.  

 

 

 

 

 

 

 

 

Figure 3-6: mRNA expression profiles of stemness markers in A549 cells on 2D or 3D 

culture under low (5mM) or high (25mM) glucose conditions. 

 

The effect of glucose on the stemness markers of A549 cells varied depending on the 

marker. Changes in glucose concentration had no effect on the expression of CD44 and 

KLF4 in A549 cells grown in a 2D environment. In contrast, OCT3/4 and SOX2 were 

significantly upregulated when they were treated with elevated glucose under 2D 

conditions. For instance, the expression of SOX2 increased four times in a 2D high 

glucose environment compared to a 2D low glucose environment. Again, the effect of 

glucose on A549 cells grown under conditions mimicking healthy lungs differed by 

the marker. In a healthy-mimicking environment, CD44 and KLF4 markers were 

downregulated in response to a high glucose treatment. However, high glucose treatment 

caused an increase in SOX2 expression. OCT3/4 revealed no difference. 

The effect of glucose and mimicking healthy lung microenvironment on the 

metabolic regulation of A549 cells was investigated by comparing their gene expression 

levels. Figure 3-7 displays the results of an examination of a number of distinct metabolic 

pathway markers. All markers differed significantly when A549 cells were grown in 

AlgLung hydrogels as opposed to 2D culture.  ADCY5, FXYD2, and IGFBP5 mRNA 

expression levels were upregulated in both AlgLung Low and AlgLung High conditions. 

In contrast, the expression of IGFBP2, IGFL2, and SOCS3 markers decreased in both 

AlgLung Low and AlgLung High conditions. Despite the fact that the PCK1 marker was 

upregulated in the AlgLung Low condition compared to the 2D Low condition, it did not 

show any difference when the glucose concentration was increased.  
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Figure 3-7: mRNA expression profiles of metabolic markers in A549 cells on 2D or 3D 

culture under low (5mM) or high (25mM) glucose conditions. 

 

Except for the ADCY5 and IGFL2 markers, all other markers exhibited distinct 

expression patterns in 2D cultures treated with high glucose. FXYD2, IGFBP5, IGFBP2, 

and SOCS3 were downregulated in the 2D High condition, whereas GCGR and PCK1 

were upregulated. The increase in PCK1 expression was approximately sixteen-

fold greater than in the 2D Low condition. Other than the mRNA expression level of the 

ADCY5 marker, the expression of all other markers changed significantly when 

they were treated with high glucose in AlgLung. All of them were significantly 

upregulated in the AlgLung High condition compared to the AlgLung Low condition. 
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3.4 Growth of A549 Cells in Healthy and Tumor-mimetic Environments 

After demonstrating that A549 cells behave differently in an environment that 

mimics a healthy lung as opposed to a conventional 2D environment, attention turned to 

investigating how these cancer cells behave in a tumor-mimicking environment and 

understanding the differences in their behavior compared to a healthy-mimicking 

environment. With the intention of achieving this goal, A549 cells were encapsulated in 

either AlgLung as a healthy lung-mimicking environment or AlgSLung as a tumor-

mimicking, aberrantly sulfated environment. In addition to that, to investigate the effect 

of glucose levels on A549 cells in these two different environments, they were grown 

either in low glucose medium or high glucose medium. Following the three weeks of 

growth periods, the hydrogels were assessed for DNA content and metabolic activity. 

Figure 3-8: Bright-field images of A549 cells cultured in different hydrogels under low 

(5 mM) and high (25 mM) glucose conditions at various time intervals. (Scale bar: 70 

µm) 
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As displayed in Figure 3-8, A549 cells exhibited distinct growth patterns when 

cultured in healthy-mimicking environments compared to tumor-mimicking ones. In the 

tumor-mimicking hydrogels, clump formation was observed starting from day 7, whereas 

in the healthy-mimicking hydrogels, it only began on day 14. Besides, a significant 

difference was noted in the number of clumps formed between AlgLung and AlgSLung 

gels. At the end of the three-week growth period, AlgLung hydrogels showed only a few 

clump formations, while AlgSLung hydrogels had a higher abundance of clumps. 

Regarding the impact of glucose concentration on clump formation, there were no visible 

differences between the low and high glucose conditions in both the AlgLung and 

AlgSLung gels. In addition to that, there was no visible difference in the overall 

morphological features of the clumps. 

To further investigate the proliferation of A549 cells in AlgLung and AlgSLung 

hydrogels, DNA quantification was performed at the end of the three-week period. As 

revealed in Figure 3-9, the effect of sulfate on cell proliferation was notably significant, 

regardless of whether the glucose levels were low or high. Under high glucose conditions, 

cell growth was doubled in AlgSLung hydrogels compared to AlgLung, while under low 

glucose conditions the difference was approximately threefold. On the other hand, the 

effect of high glucose is only observed in AlgLung gels. There was a significant increase 

in cell proliferation upon increasing glucose concentration in AlgLung hydrogels. 

Conversely, there was no significant effect of changing glucose levels on cells when 

cultured in AlgSLung gels. 

 

 

 

 

 

 

 

 

 

Figure 3-9: DNA quantification of A549 cells cultured in different hydrogels under low 

(5 mM) and high (25 mM) glucose conditions.  
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Finally, Cell-Titer Glo 3D assay was conducted at the end of the three-week culture 

period in order to quantify ATP levels. As displayed in Figure 3-10, notable differences 

in ATP levels were observed among the different 3D culture conditions. The effect of 

sulfation in the extracellular microenvironment on ATP levels was profound. When 

compared to healthy-mimetic, non-sulfated environments, ATP level was increased seven 

fold in AlgSLung hydrogels under low glucose conditions and nine fold under high 

glucose conditions. In contrast to cell growth pattern, this time, the effect of glucose 

increase on metabolic activity was distinct in cells grown in tumor-mimetic hydrogels 

rather than healthy-mimetic environments. There was a significant rise in the ATP levels 

of tumor cells in AlgSLung hydrogels under high glucose conditions compared to low 

glucose conditions. 

 

 

 

 

 

 

 

 

 

Figure 3-10: Metabolic activity of A549 cells cultured in different hydrogels under low 

(5 mM) and high (25 mM) glucose conditions. 
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3.5 Morphological Analysis of A549 Cells in Healthy and Tumor-mimetic 

Environments 

To explore the impact of both healthy and tumorigenic environments on the growth 

and morphological characteristics of A549 cells, hydrogels were stained with Phalloidin 

to observe the actin cytoskeleton and DAPI to visualize the cell nuclei on day 21. As 

observed in Figure 3-11, the number of clumps formed in tumorigenic environments was 

higher than in the healthy-mimetic environments. Besides, the clump size was 

considerably higher in AlgSLung hydrogels under high glucose conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-11: Immunofluorescence images of A549 cells cultured in different hydrogels 

under low (5 mM) and high (25 mM) glucose conditions. (Phalloidin: Red; DAPI: Blue; 

Scale bar: 50 µm) 

 

To conduct a more in-depth investigation into the variations in clump size within 

these environments, clump analysis was performed. As shown in Figure 3-12, although 

tumorigenic gels exhibited a greater number of clump formation compared to healthy-

mimetic gels, there was no significant difference in their average clump area. Conversely, 

the effect of high glucose on the clump area was significantly higher in AlgSLung gels. 
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There was no notable difference in the clump area in response to glucose increase in 

AlgLung hydrogels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-12: Clump area analysis of A549 cells cultured in different hydrogels under low 

(5 mM) and high (25 mM) glucose conditions. 

3.6 Gene Expression Profiles of A549 Cells in Healthy and Tumor-mimetic 

Environments 

Following our assessment of how A549 cells behave in healthy and tumor-mimetic 

environments with varying glucose levels, specifically focusing on cell growth and 

morphology, our next step was to investigate the impact of these conditions on the 

expression of several markers involved in cellular processes including EMT, stemness 

and metabolic regulation.  

When examining the gene expression levels of different EMT markers, significant 

differences were observed between A549 cells grown in healthy and tumor-mimetic 

environments as displayed in Figure 3-13. In the AlgSLung hydrogels, the expression of 

E-Cadherin, N-Cadherin, and SNAIL increased regardless of glucose levels. However, 

the expression level of fibronectin (FN-1) remained unchanged in the tumor-mimetic 

environment independent of glucose levels. Additionally, vimentin (VIM) showed an 

upregulation in A549 cells encapsulated in AlgSLung hydrogels under high glucose 
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conditions, while it was downregulated in A549 cells grown in AlgSLung hydrogels 

under low glucose conditions.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-13: mRNA expression profiles of EMT markers in A549 cells cultured in 

different hydrogels under low (5 mM) and high (25 mM) glucose conditions. 

 

The effect of glucose levels on EMT related marker expression exhibited a diverse 

pattern. For instance, the impact of high glucose on epithelial E-Cadherin was observed 

only in the healthy-mimetic environment, leading to a significant increase. Conversely, 

for the mesenchymal marker, N-Cadherin, a significant increase was observed in the 

tumor-mimetic environment in response to high glucose treatment. In the case of SNAIL 

and FN-1 markers, their expression was upregulated in both AlgLung and AlgSLung 

hydrogels following high glucose treatment. However, for VIM, there was an opposite 

effect observed in AlgLung and AlgSLung gels. Upon glucose treatment, VIM expression 

was downregulated in AlgLung gels but upregulated in AlgSLung gels. 

The second set of markers examined was related to stemness (Figure 3-14). In tumor-

mimetic environments, all stemness markers exhibited a significant increase in their 

expression levels across both low and high glucose levels. For instance, under low 

glucose conditions, the expression of OCT3/4 was upregulated more than 3 times in 

AlgSLung hydrogels compared to AlgLung, while under high glucose conditions, the 

increase was 4-fold. Notably, the expression of SOX2 showed an even more pronounced 

change, with a twelve-fold increase in tumor-mimetic environments under low glucose 



Results  34 

 

 

 

and a nine-fold increase in high-glucose conditions compared to healthy-mimetic 

hydrogels. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-14: mRNA expression profiles of stemness markers in A549 cells cultured in 

different hydrogels under low (5 mM) and high (25 mM) glucose conditions. 

 

When examining the effect of glucose on stemness marker expression in different 

3D environments, we observed significant downregulation of CD44 and KLF4 markers 

in AlgLung gels in response to high glucose levels. Despite exposure to high glucose, the 

expression levels of OCT3/4 and SOX2 remained unchanged in these gels. In contrast, 

CD44 and OCT3/4 expression levels were significantly upregulated in AlgSLung 

hydrogels when cells were subjected to high glucose. In AlgSLung hydrogels, there was 

no significant difference in the expression of the KLF4 marker, whereas SOX2 was 

downregulated. 

We also assessed the expression of different metabolic markers, as depicted in Figure 

3-15. In tumor-mimetic environments, both at low and high glucose levels, ADCY5, 

ADH1C, FXYD2, HMGCS2, IGFL2, and SOCS3 markers were upregulated when 

compared to healthy-mimetic hydrogels. In AlgSLung hydrogels under high glucose 

conditions, for instance, the expression of the HMGCS2 increased dramatically, reaching 

up to fourteenfold higher levels. Conversely, IGFBP2 and PCK1 markers demonstrated 

downregulation in tumor-mimetic environments, regardless of glucose levels. IGFBP5 

and GCGR expression levels only decreased in tumor-mimetic environments with high 
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glucose, while there was no difference between healthy and tumor-mimetic environments 

under low glucose conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-15: mRNA expression profiles of metabolic markers in A549 cells cultured in 

different hydrogels under low (5 mM) and high (25 mM) glucose conditions. 

 

In conclusion, the investigation into the glucose effect on metabolic marker 

expression revealed distinct patterns in healthy and tumor-mimicking hydrogels. In 

AlgLung hydrogels, except for ADCY5, the expression of all metabolic markers 

increased upon glucose elevation. ADCY5, on the other hand, showed no difference in 

its expression level. In addition to that, the response to high glucose treatment was more 
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variable in AlgSLung gels. In tumor-mimetic hydrogels, there were no significant 

differences in the expression levels of ADCY5, FXYD2, and IGFL2 in response to high 

glucose levels. However, the expressions of IGFBP2, IGFBP5, PCK1, ADH1C, 

HMGCS2, and SOCS3 were upregulated. Only GCGR expression level was 

downregulated upon high glucose treatment of AlgSLung gels. 

3.7 Bioenergetic Variability of A549 Cells across Diverse Environmental 

Conditions 

Following the evaluation of changes in gene expression profiles of A549 cells 

encapsulated in both healthy and tumor-mimetic hydrogels, focusing on EMT, stemness, 

and metabolic markers, our primary objective was to examine the bioenergetic responses 

of cells upon alterations in their microenvironment. To achieve this, we utilized the 

Seahorse XF analyzer to measure the bioenergetic characteristics of A549 cells in real 

time. By monitoring the extracellular acidification rate (ECAR) and oxygen consumption 

rate (OCR) of the cells when subjected to certain inhibitors, we could calculate the distinct 

bioenergetic characteristics of cells under various conditions. For this purpose, A549 cells 

were cultured under different conditions. Firstly, they were cultivated in a standard 2D 

environment with either low or high glucose levels, enabling us to observe the impact of 

glucose levels on the cells' bioenergetic behavior. Secondly, A549 cells were grown with 

the addition of Alg at either low or high glucose levels. Finally, to simulate the increased 

sulfation in the tumor microenvironment, they were cultured with the addition of AlgS 

under either low or high glucose levels. To assess alterations in glycolysis, glycolytic 

capacity, and glycolytic reserve characteristics of the cells, we employed the Seahorse 

XF Glycolysis Stress Test. Additionally, the Seahorse XF Mitochondrial Stress Test was 

utilized to evaluate the basal respiration, ATP production, and maximal respiration of 

A549 cells in diverse environmental settings.  

3.7.1 Metabolic Responses of A549 Cells: Exploring the Impact of Glucose Levels and 

Environmental Settings on Glycolysis, Glycolytic Capacity, and Glycolytic Reserve 

Characteristics 

The effect of glucose on glycolysis varied depending on the microenvironmental 

composition as shown in Figure 3-16. On conventional 2D culture, a significant increase 

in glycolysis was observed in response to a higher glucose concentration. On the other 
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hand, when cells were presented with healthy-mimetic, inert (Alg) or tumor-mimetic, 

sulfated (AlgS) macromolecular cues, increase in glucose concentration led to a 

significant decrease in glycolysis indicated with ECAR values. The decrease was 

particularly pronounced for sulfated conditions when compared to healthy-mimetic 

conditions.  

The effects of the environment at a given glucose concentration on glycolysis were 

diverse. Under conditions of low glucose, tumor cells treated with healthy-mimetic Alg 

displayed increased glycolysis than cells on conventional 2D environment. In contrast, 

under high glucose conditions, cells on 2D culture yielded significantly higher ECAR 

values compared to cells treated with Alg or AlgS. Under low glucose, glycolysis was 

unchanged whether cells were treated with healthy-mimetic or tumor-mimetic cues. 

However, under high glucose conditions, tumor-mimetic microenvironment led to a 

strong decrease in glycolysis compared to healthy-mimetic. 

Figure 3-16: Real-time assessment of glycolysis, glycolytic capacity, and glycolytic 

reserve characteristics in A549 cells under various environmental conditions using 

Seahorse XF Glycolysis Stress Test. 

 

The second characteristic evaluated from the glycolysis stress test was the cells' 

glycolytic capacity. Except for the cells in the healthy-mimicking environment, the effect 

of elevated glucose on the glycolytic capacity of A549 cells followed a similar pattern to 

that of glycolysis. In the conventional 2D environment, glycolytic capacity increased as 

glucose levels increased, whereas, in the tumor-mimicking environment, glycolytic 

capacity decreased. In contrast to glycolysis, in a healthy-mimicking environment, A549 
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cells exhibited no significant difference in their glycolytic capacity when exposed to high 

glucose. 

The effect of environmental settings on glycolytic capacity was the same as 

glycolysis. In low glucose conditions, the cells in a healthy-mimetic environment 

exhibited greater glycolytic capacity than the ones in the standard 2D environment. 

Conversely, glycolytic capacity decreased in the presence of high glucose when A549 

cells were grown in a healthy-mimicking environment rather than 2D environment. In 

addition to that, under low glucose conditions, the tumor-mimicking cues had no effect 

on the cells, and their glycolytic capacity was comparable to that of cells treated with 

healthy-mimetic cues. In contrast, A549 cells in the tumor-mimetic environment 

demonstrated less glycolytic capacity than those in the healthy-mimetic environment 

when exposed to elevated glucose levels.  

Finally, the glycolytic reserve of A549 cells was determined based on the results of 

the glycolysis stress test. Figure 3-16 depicts how the effect of elevated glucose on the 

glycolytic reserve of A549 cells varied across environments. On 2D culture, no 

significant distinctions were observed. A549 cells cultured with healthy-mimetic cues 

increased in glycolytic reserve when exposed to elevated glucose levels, whereas A549 

cells cultured with tumor-mimetic AlgS exhibited decrease in glycolytic reserve.  

When investigating the effect of various environmental settings on glycolytic 

reserve, we discovered that, under low glucose conditions, there was no significant 

difference between the healthy-mimicking environment and 2D environment in terms of 

the cells' glycolytic reserve. However, this was not the case when glucose levels were 

elevated. In the presence of high glucose concentration, cells in the healthy-mimetic 

environment exhibited a greater glycolytic reserve than cells on 2D culture. Cells in the 

tumor-mimicking, sulfated environment had a higher glycolytic reserve than those in the 

healthy-mimicking environment when glucose levels were low. Interestingly, under high 

glucose levels, this result was reversed, and cells in the tumor-mimicking environment 

demonstrated a lower glycolytic capacity than cells in the healthy-mimicking 

environment. 
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3.7.2 Respiratory Profiles of A549 Cells: Investigating the Influence of Glucose Levels 

and Environmental Settings on Basal Respiration, ATP Production, and Maximal 

Respiration Characteristics 

The impact of glucose concentration on basal respiration differed depending on 

environmental conditions as demonstrated in Figure 3-17. With elevated glucose levels 

in 2D culture, basal respiration was also increased. In healthy-mimicking environments, 

however, basal respiration decreased significantly in response to high glucose. In tumor-

mimicking environments, there was no significant difference between low and high-

glucose-level groups in terms of basal respiration.  

A549 cells in a healthy-mimicking environment had higher basal respiration than 

those on 2D at low glucose level. In contrast, the basal respiration of cells in tumor-

mimetic environments was significantly lower than that of cells in healthy-mimetic 

environments. This outcome was also observed in groups with elevated glucose levels. 

There was no significant difference in basal respiration between cells on 2D and cells 

treated with Alg under high glucose conditions.  

Figure 3-17: Real-time assessment of basal respiration, ATP production, and maximal 

respiration characteristics in A549 cells under various environmental conditions using 

Seahorse XF Cell Mito Stress Test. 

 

ATP production in the mitochondria of cells was the second characteristic evaluated 

by the mitochondrial stress test. There was no significant difference in ATP production 

upon glucose increase in 2D conditions. However, in both Alg and AlgS environments, 
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the cells' ATP production decreased significantly when exposed to elevated glucose 

levels. 

When we evaluated the influence of environmental cues on ATP production, we 

observed that ATP production was significantly increased under low glucose conditions 

with the addition of healthy-mimetic Alg cues when compared to cells on 2D. Under high 

glucose conditions, no such increase was observed between 2D and Alg groups. On the 

other hand, the ATP production of A549 cells treated with tumor-mimetic AlgS cues was 

significantly lower than the ones treated with Alg, regardless of glucose levels. 

The maximal respiration of A549 cells in different settings was then compared. 

Similar to ATP production, the cells in Alg and AlgS environments showed a significant 

decrease in maximal respiration when treated with high glucose. Moreover, there was no 

difference in maximal respiration of cells cultured on 2D in response to increased glucose. 

The effects of environmental conditions on maximal respiration under low glucose 

levels were consistent with those observed in ATP production. In the presence of healthy-

mimetic cues, maximal respiration increased approximately three times compared to 2D 

under low glucose conditions. Conversely, cells in tumor-mimetic environment exhibited 

lower maximal respiration than those treated with healthy-mimetic cues under low 

glucose levels. Lastly, in the high glucose-treated groups, the cells in Alg environments 

displayed lower maximal respiration than those on 2D but higher maximal respiration 

than those in AlgS environment. 
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3.8 Growth of shPIK3CA A549 cells in Tumor-mimetic Environments 

After studying the distinct behaviors of A549 cells in healthy and tumor-mimetic 

environments with varying glucose levels across various cellular processes, our next 

objective was to explore the role of PIK3CA. We aimed to investigate whether PIK3CA 

plays a key regulatory role in mediating the observed behavioral differences and how its 

knockdown influence A549 cells in the tumor-mimetic environment. To accomplish this, 

we utilized short-hairpin RNA interference (shRNA) technology to knock down the 

expression of PIK3CA in A549 cells, resulting in the creation of a new cell line called 

shPIK3CA A549. As depicted in Figure 3-16, the knockdown procedure resulted in a 

significant decrease in the mRNA expression level of PIK3CA in shPIK3CA A549 cells. 

 

 

 

 

 

 

 

 

 

Figure 3-18: PIK3CA mRNA expression level of A549 and shPIK3CA A549 cells  

 

Following the shPIK3CA A549 cell line generation, these cells were encapsulated in 

tumor-mimetic hydrogels and cultured under varying glucose levels. Following the three 

week culture period, the hydrogels were collected to quantify the DNA amount or ATP 

levels. As observed in Figure 3-19 and Figure 3-8, there was a significant difference in 

the timing of clump formation between shPIK3CA A549 cells and A549 cells. Clump 

formation in shPIK3CA A549 cells started on day 14, whereas A549 cells initiated clump 

formation on day 7. Moreover, in shPIK3CA A549 cells, there was no visible difference 

in clump number and size in AlgSLung hydrogels under low and high glucose conditions.  

To further investigate the role of PIK3CA in regulation of cellular proliferation with 

varying glucose levels within tumor-mimetic microenvironments, DNA quantification 

was performed for shPIK3CA A549 cells grown in AlgSLung hydrogels. As 

demonstrated in Figure 3-20 while A549 cells did not exhibit significant changes in DNA 
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amount when subjected to high glucose, shPIK3CA A549 cells showed a significant 

increase in DNA amount thanks to high glucose treatment. The knockdown of PIK3CA 

alone did not affect the DNA amount in low glucose conditions. However, when 

combined with high glucose treatment, shPIK3CA A549 cells in AlgSLung hydrogels 

showed a significant increase in DNA amount. 

 

Figure 3-19: Bright-field images of shPIK3CA A549 cells cultured in AlgSLung 

hydrogels under low (5 mM) and high (25 mM) glucose conditions at various time 

intervals. (Scale bar (Day0, 14, and 21): 70 µm, Scale bar (Day 7): 100 µm) 

 

 

 

 

 

 

 

 

 

Figure 3-20: DNA quantification of A549 and shPIK3CA A549 cells cultured in 

AlgSLung hydrogels under low (5 mM) and high (25 mM) glucose conditions. 

AlgSLung 

    Day 7                                   Day 14                                    Day 21 

Day 0 

AlgSLung Low 

AlgSLung High 



Results  43 

 

 

 

Finally, at the end of the three-week culture period, the Cell-Titer Glo 3D assay was 

performed to quantify the ATP levels. As displayed in Figure 3-21, similar to A549 cells, 

shPIK3CA A549 cells exhibited an increase in ATP levels when exposed to high glucose 

in tumor-mimetic environments. The ATP level in shPIK3CA cells in AlgSLung 

hydrogels under high glucose conditions was twice of those under low glucose. On the 

contrary, in low glucose environments, the knockdown of PIK3CA resulted in a notable 

reduction in ATP levels. While high glucose by itself did not completely restore the 

phenotype, it partially alleviated the decrease in ATP levels. 

 

 

 

 

 

 

 

 

 

Figure 3-21: ATP level quantification of A549 and shPIK3CA A549 cells cultured in 

AlgSLung hydrogels under low (5 mM) and high (25 mM) glucose conditions. 

3.9 Morphological Analysis of shPIK3CA A549 Cells in Tumor-mimetic 

Environments 

To investigate the effects of PIK3CA knockdown on A549 cells and cell clusters, 

shPIK3CA A549 cells were embedded in tumor-mimicking hydrogels containing varying 

glucose levels. After 21 days, the hydrogels were treated with Phalloidin to examine the 

actin cytoskeleton and DAPI to visualize the cell nuclei. As observed in Figure 3-22, there 

was no visible difference in the number of clumps formed or clump size between the two 

glucose levels. This observation was further confirmed by the clump analysis in Figure 

3-23. Unlike naïve A549 cells, where the clump area increased in response to high glucose 

levels in a tumorigenic environment, the shPIK3CA A549 cells did not exhibit any 

variation in their clump area when exposed to high glucose levels. Furthermore, the 

downregulation of PIK3CA did not have a noticeable impact on the clump area when the 

cells were cultured in a tumor-mimetic low glucose environment. However, when the 
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shPIK3CA A549 cells were grown in tumor-mimetic hydrogels with high glucose levels, 

they exhibited a larger clump area compared to A549 cells cultured in the tumor-mimetic 

low glucose environment. Consequently, the combined effect of PIK3CA knockdown and 

high glucose treatment resulted in a synergistic increase in the clump area, even though 

neither factor alone had a significant effect on its own. 

 

 

 

 

 

 

 

 

 

 

Figure 3-22: Immunofluorescence images of shPIK3CA A549 cells cultured in AlgSLung 

hydrogels under low (5 mM) and high (25 mM) glucose conditions at day 21. (Phalloidin: 

Red; DAPI: Blue; Scale bar: 50 µm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-23: Clump area analysis of A549 and shPIK3CA A549 cells cultured in 

AlgSLung hydrogels under low (5 mM) and high (25 mM) glucose conditions at day 21. 

  AlgSLung Low                                 AlgSLung High 
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3.10 Gene Expression Profiles of shPIK3CA A549 Cells in Tumor-mimetic 

Environments 

After observing the distinct behavior of shPIK3CA A549 cells in tumor-mimetic 

environments with different glucose levels, with a particular focus on cell growth and 

morphology, the next phase of our study involved examining the effects of PIK3CA 

knockdown on gene expression. This investigation aimed to explore alterations in gene 

expression related to cellular processes including EMT, stemness, and metabolism. 

 

 

 

 

 

 

 

 

 

 

Figure 3-24: mRNA expression profiles of EMT markers in A549 and shPIK3CA A549 

cells cultured in AlgSLung hydrogels under low (5 mM) and high (25 mM) glucose 

conditions. 

 

As depicted in Figure 3-24, the impact of high glucose on naïve A549 cells differed 

from its effect on their knockdown counterparts. In A549 cells, the expression of E-

Cadherin remained unaffected by elevated glucose levels. However, in shPIK3CA A549 

cells, there was an increase in E-Cadherin expression when exposed to high glucose. 

Conversely, N-Cadherin showed a downregulation in A549 cells but an upregulation in 

shPIK3CA A549 cells when glucose levels were increased. Additionally, the expression 

of SNAIL differed between the two cell lines in response to an increase in glucose 

concentration. In A549 cells, SNAIL expression was upregulated, while in shPIK3CA 

A549 cells, it did not exhibit significant changes when exposed to higher glucose levels. 

The effect of PIK3CA knockdown also showed varying results. Under low glucose 

conditions, except SNAIL, E-Cadherin and N-Cadherin expression were downregulated 

in response to PIK3CA knockdown. SNAIL expression, however, was upregulated in 
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shPIK3CA A549 cells. Interestingly, when shPIK3CA A549 cells were treated with high 

glucose, E-Cadherin expression was upregulated, and N-Cadherin expression was 

restored compared to A549 cells in tumor-mimetic low glucose environment. 

 

 

 

 

 

 

 

 

 

Figure 3-25: mRNA expression profiles of stemness markers in A549 and shPIK3CA 

A549 cells cultured in AlgSLung hydrogels under low (5 mM) and high (25 mM) glucose 

conditions. 

 

The second set of markers examined in the study were related to stemness (Figure 3-

25). Both CD44 and OCT3/4 exhibited similar changes in A549 and shPIK3CA A549 

cells when they were subjected to high glucose treatment. While the expression of the 

CD44 marker increased in both cell lines, the OCT3/4 expression did not show significant 

changes in either cell line when exposed to elevated glucose levels. Furthermore, the 

analysis of SOX2 expression revealed that it was upregulated in both cell lines. Notably, 

the increase in SOX2 expression was more pronounced in shPIK3CA A549 cells 

compared to A549 cells. Interestingly, while PIK3CA knockdown increased the 

expression of OCT3/4 and SOX2, the expression of CD44 decreased in shPIK3CA A549 

cells in tumor-mimetic hydrogels under low glucose conditions. 

Finally, we investigated the function of PIK3CA in various metabolic pathways 

(Figure 3-26). The PIK3CA knockdown decreased the expression of several markers 

including SOCS3, HMGCS2, ADCY5, and FXYD2 in A549 cells. The downregulated 

PIK3CA also resulted in upregulation of two markers that were IGFBP5 and PCK1. 

PIK3CA downregulation did not change GCGR expression in A549 cells; however, when 

it was combined with high glucose levels, it resulted in upregulation of GCGR in A549 

cells.  
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All markers responded similarly to high glucose treatment in A549 and shPIK3CA 

A549 cells, with the exception of ADCY5 and GCGR. SOCS3, HMGCS2, PCK1, and 

IGFBP5 were upregulated in both cell lines. In addition, FXYD2 expression did not 

significantly change in either cell line. Upon increased glucose levels, ADCY5 expression 

was downregulated in A549 cells but not in shPIK3CA A549 cells. In addition, the 

expression of GCGR reversed itself in two cell lines. GCGR was downregulated in high 

glucose treated A549 cells but upregulated in A549 knockdown cells. 

 

Figure 3-26: mRNA expression profiles of metabolic markers in A549 and shPIK3CA 

A549 cells cultured in AlgSLung hydrogels under low (5 mM) and high (25 mM) glucose 

conditions. 
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3.11  Bioenergetic Variability of shPIK3CA A549 Cells in Tumor-mimetic 

Environments 

Following the evaluation of changes in gene expression profiles of A549 cells upon 

PIK3CA knockdown, focusing on EMT, stemness, and metabolic markers, our final 

objective was to examine how the bioenergetic properties of A549 cells differ in response 

to PIK3CA knockdown. We again performed two Seahorse tests which were glycolysis 

and mitochondrial stress test to analyze different bioenergetic characteristics of 

shPIK3CA A549 cells.  

 

 

Figure 3-27: Real-time assessment of glycolysis, glycolytic capacity, and glycolytic 

reserve characteristics in A549 and shPIK3CA A549 cells under various environmental 

conditions using Seahorse XF Glycolysis Stress Test. 

 

As shown in Figure 3-27, when PIK3CA was downregulated, glycolysis and 

glycolytic capacity of A549 cells increased. Glycolytic reserve, however, was unaffected 

by PIK3CA knockdown. The effect of elevated glucose on the two cell lines was also 

interesting. Both cell lines exhibited a significant decrease in glycolysis in response to 

high glucose. Conversely, glycolytic capacity and reserve did not change significantly in 

shPIK3CA A549 cells, but they decreased when A549 cells were exposed to high 

glucose. 

In addition to assessing the glycolytic characteristics of shPIK3CA-A549 cells, we 

also wanted to investigate how mitochondrial-related bioenergetic characteristics of A549 



Results  49 

 

 

 

cells changed upon PIK3CA knockdown. As displayed in Figure 3-28, when PIK3CA 

expression was downregulated in A549 cells, basal respiration, ATP production, and 

maximal respiration all increased as a response. Finally, we compared the high glucose 

response of A549 and shPIK3CA A549 cells. ATP production and maximal respiration 

decreased in both cell lines, but this decrease was more pronounced in A549 cells. Basal 

respiration, on the other hand, did not change significantly in A549 cells but decreased in 

shPIK3CA A549 cells in response to high glucose levels.  

 

Figure 3-28: Real-time assessment of basal respiration, ATP production, and maximal 

respiration characteristics in A549 and shPIK3CA A549 cells under various 

environmental conditions using Seahorse XF Cell Mito Stress Test. 
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Chapter 4: DISCUSSION 

Lung cancer is the second most frequent type of cancer and has the greatest mortality 

rate of all cancer types with 1.8 million fatalities annually (Sun et al., 2007). Therefore, 

it is crucial to develop a reliable preclinical models to investigate the intricacy of this 

cancer and cellular processes involved in its progression including aberrant metabolism. 

Following the landmark paper by Douglas Hanahan and Robert A. Weinberg, which 

established the deregulation of metabolism in cancer cells, numerous studies have 

captured significant interest and revealed that various types of cancer exhibit distinct 

metabolic deregulation in their cellular mechanisms (Pavlova & Thompson, 2016; Pupo 

et al., 2019; L. Yu et al., 2017). The primary goal of deregulating metabolic activity is to 

allow cancer cells to utilize these modifications to meet their specific requirements and 

enhance their survival. This is crucial mainly since altered cell metabolism provides three 

fundamental requirements for cancer cells: rapid ATP synthesis to maintain energy status 

within cells, increased macromolecule biosynthesis, and better maintenance of an 

appropriate cellular redox status (Deberardinis & Chandel, 2016).  

4.1 Overcoming Limitations of 2D Cultures: Advancing Towards 3D Models in 

Lung Cancer 

Traditionally, cancer research has heavily relied on two-dimensional cultures 

(Alemany-Ribes & Semino, 2014). It is widely recognized that such cultures impose non-

physiological constraints on cell growth since cells adhere to rigid and flat substrates, 

which results in the polarization of the cells and increases their surface area for nutrient 

exchange (Yamada & Cukierman, 2007). Thereby, this setup leads to excessive nutrition 

and oxygenation, making it impossible to replicate natural molecular gradients. The 

second disadvantage of 2D cultures is that natural ECM composition and configuration 

cannot be replicated because rigid surfaces lead to differences in the orientation and 

clustering of surface receptors (Ng & Brugge, 2009; Samuel et al., 2011). Consequently, 

cells do not receive proper signals as they would from the natural ECM configuration. 

This can be especially problematic in cancer research since cancer cells have heavily 

altered ECM and adaptations in their TME, which are the structural frameworks that 

support cancer cells in various cellular processes like angiogenesis, deregulated 

metabolism, and resistance to drug treatments (Loessner et al., 2010). For example, 
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metastatic cells, which are poorly adherent cell types, cannot form tight focal adhesions, 

and it is challenging to culture these cells by using conventional 2D cultures; as a result, 

this leads to limited outcomes in drug screening studies (Fontoura et al., 2020; Szot et al., 

2011). In addition to this, 2D cultures can favor and trigger certain modifications in cancer 

cells that misrepresent the complex nature of the whole tumor (Kapałczyńska et al., 2018). 

In conclusion, to overcome experimental limitations and inconsistencies in 2D cultures, 

there is a need to develop models that mimic the actual TME complexity while 

maintaining reproducibility.  

One of the techniques that can be applied to generate 3D cultures is hydrogel 

formation (Caliari & Burdick, 2016; Merivaara et al., 2022). In our pursuit of developing 

a more intricate and accurate lung cancer model, we sought to incorporate decellularized 

bovine lung hydrogels to provide lung tumor cells with a native tissue-like 

microenvironment, with distinct ECM composition and complexity. To achieve this, we 

conducted a thorough investigation of various decellularization processes in a prior study 

to ensure successful removal of cellular components while preserving ECM complexity 

and ability to generate hydrogels (Kuşoğlu et al., 2022). The freeze-thaw method emerged 

as the most effective approach, ensuring hydrogel generation without compromising 

ECM composition. While the incorporation of dLung provided us with essential ECM 

composition and structure, it was insufficient to replicate the exact mechanical properties 

of real lung tissue. To address this, we introduced alginate as a secondary material due to 

its inertness to cells and modifiable mechanical properties thanks to its nature (Figure 3-

1). By adjusting the concentration of divalent ions, we were able to modulate the stiffness 

of the hydrogels to suit our lung cancer study. Furthermore, alginate offered versatility 

through easy modification with various chemical groups. Multiple studies have 

demonstrated that sulfated alginate mimics sGAGs (Arlov et al., 2021; Öztürk et al., 

2016). We modified alginate with sulfate groups to generate a hydrogel model that 

mimics the increased sGAGs content in TME of cancer cells. Through rheological 

measurements, we effectively demonstrated that both of our hydrogel models, namely 

AlgLung (representing a healthy-mimetic) and AlgSLung (representing a tumor-

mimetic), exhibited the same stiffness range as actual lung tissue (Figure 3-2). This 

crucial finding ensured that any observed differences were solely attributed to the effects 

of sulfation and not due to variations in stiffness between the two hydrogel models. By 
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eliminating the confounding factor of stiffness, we were able to focus on the specific 

impact of sulfation on the tumor microenvironment mimicry. 

4.2 Comparing A549 Cell Behavior in 2D and 3D Healthy-Mimetic Models: Effects 

of Glucose Levels on Cell Proliferation and Expression of EMT, Stemness, and 

Metabolic Markers 

After successfully establishing a hydrogel model suitable for our investigation, our 

initial focus was on comparing the growth and metabolism of A549 cells cultured in the 

traditional 2D system with those in our healthy-mimicking model with varying glucose 

levels. As expected, the metabolism-based assay, CellTiter Glo, yielded different results 

compared to the cell proliferation assay. When subjecting A549 cells to high glucose, 

there was no notable difference in their proliferation (Figure 3-3); however, their 

metabolic activity showed a significant increase starting from day 1 (Figure 3-4). This 

difference became even more pronounced after three days of exposure to high glucose. 

Previous metabolism studies employed cellular metabolism assays as an indicator of cell 

proliferation (Ding et al., 2018; Meng et al., 2019). Nevertheless, our findings suggest 

that in the presence of a complex microenvironment, this relationship does not hold true. 

Thereby, we included both assays in our following studies to gain insights into both cell 

proliferation and general cell metabolic activity. 

4.2.1 Variations in EMT, Stemness, and Metabolic Markers in A549 Cells: A 

Comparison Between Typical 2D System and AlgLung Hydrogel with Varying Glucose 

Concentrations 

After obtaining a preliminary understanding of how A549 cells respond to elevated 

glucose levels in 2D environments in terms of proliferation and metabolic activity, we 

shifted our focus to investigate the differences between the 2D system and our healthy-

mimetic model in relation to EMT, stemness, and metabolic markers. As predicted, 

significant differences were observed in the expression of EMT, stemness, and metabolic 

markers between A549 cells cultured in a typical 2D environment and those in our 

healthy-mimicking model regardless of glucose levels. 

A549 cells cultured in the AlgLung environment displayed decreased expression 

levels of mesenchymal markers (Figure 3-5), and these expression levels were notably 

lower compared to cells grown on 2D. Conversely, the AlgLung groups exhibited higher 
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expression levels of E-Cadherin, an epithelial cell marker when compared to the 2D 

cultured groups. This indicates that the epithelial-mesenchymal transition of A549 cells 

is strongly associated with the complex nature of the environment in which the cells grow. 

In addition to that, we found that glucose concentration has no effect on the expression 

levels of EMT markers in the 2D environment. However, in the AlgLung groups, we 

noted significant differences in EMT marker expression levels based on glucose 

concentration. E-Cadherin and FN-1 were significantly upregulated in the cells cultured 

in AlgLung hydrogels with high glucose, and the expression of Vimentin was 

downregulated. Our research findings, in contrast to studies conducted on 2D, showed a 

distinct EMT behavior of A549 cells in response to different glucose levels (Alisson-Silva 

et al., 2013; X. Liu et al., 2020). Instead of increasing their mesenchymal marker 

expression and decreasing epithelial marker expression, A549 cells exhibited the opposite 

pattern in a more accurate and realistic environment, consistent with other studies 

conducted in a 3D model (Melissaridou et al., 2019). These results suggest that the 

presence of a healthy-mimetic environment influences the expression of EMT markers in 

A549 cells, and this influence is dependent on glucose levels. This underscores the 

importance of using a 3D model to gain a comprehensive understanding of cell behavior 

and their responses to glucose variations. 

We aimed to study how A549 cell stemness responds to environmental changes, 

considering the influence of the ECM on cancer cell behavior (Nallanthighal et al., 2019). 

We observed notable differences in the stemness profile of A549 cells between the two 

systems, in line with previous research utilizing a 3D model (Melissaridou et al., 2019). 

Just as we noticed with EMT markers, the expression of stemness markers showed 

considerable variation between cells cultured on 2D and those in healthy-mimetic 

hydrogels, irrespective of glucose levels (Figure 3-6). Specifically, we found that, apart 

from CD44, all other stemness markers were downregulated in the healthy-mimicking 

conditions, regardless of glucose concentration. Besides, the response of the cells to 

increased glucose levels showed notable differences between the two culture systems. In 

2D case, changes in glucose concentration had no impact on the expression of CD44 and 

KLF4; however, in 3D healthy-mimetic environment, their expression was 

downregulated. On the other hand, SOX2 showed upregulation when exposed to elevated 

glucose levels in both systems, which is consistent with findings from other studies 

(Agareva et al., 2022). These results collectively demonstrate that the influence of glucose 
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concentration on stemness markers in A549 cells is specific to each marker and may vary 

between the 2D and healthy-mimicking 3D environments. This indicates, as we 

hypothesized, that microenvironment also plays a crucial role in regulating the stemness 

of A549 cells. 

We then investigated the influence of glucose and the AlgLung microenvironment 

on different metabolic markers. Similarly to EMT and stemness markers, metabolic 

regulators showed significant variation between 2D and AlgLung settings, regardless of 

glucose levels (Figure 3-7).  IGFL2, IGFBP2, and IGFBP5 are regulators of IGF 

signaling, which is associated with proliferation and metastases of many cancer types 

including lung cancer (Hua et al., 2020; Velcheti & Govindan, 2006). In addition to 

regulating the IGF signal pathway, they have diverse roles in energy metabolism such as 

lipid metabolism and insulin-sensitivity. The expression level of these regulators quite 

differed in the presence of lung ECM when compared to conventional 2D culture. The 

distinct expression pattern of these metabolic markers in the presence of lung ECM can 

be correlated with the EMT behavior of A549 cells in the AlgLung environment. For 

instance, IGFBP2, known for promoting survival and migration in cancer cells (Al 

Qahtani et al., 2017; H. Wang et al., 2008), was found to be downregulated in A549 cells 

cultured in AlgLung, which also exhibited decreased expression of mesenchymal 

markers. These findings suggest a potential connection between the regulated metabolic 

pathways and the EMT-related changes observed in A549 cells when subjected to the 

AlgLung microenvironment.  

The IGF signaling pathway was not the only one showing differences between 2D 

and 3D healthy lung-mimicking model. We also observed variations in the expression of 

ADCY5, which is involved in G protein-coupled receptor signaling; GCGR, a glucagon 

receptor; and PCK1, a key regulator of gluconeogenesis, in A549 cells cultured in the 

AlgLung environment. These markers are known for their roles in glucose and energy 

metabolism, but their involvement in lung cancer cell metabolism associated with the 

ECM has not been extensively studied. Therefore, our findings suggest a strong 

correlation between the presence of ECM and regulation of multiple metabolic pathways 

in A549 cells, and this highlights the significance of the microenvironment in influencing 

cancer cell metabolism. As we observed in EMT and stemness markers, the presence of 

lung ECM also altered the cells’ response to high glucose levels regarding their metabolic 

profiles. Overall, our findings emphasize the significant impact of the AlgLung 
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microenvironment on the regulation of multiple metabolic pathways including energy 

metabolism in A549 cells. This further highlights the importance of the 

microenvironment in shaping the cellular metabolic response and underscores the 

complexity of the interactions between glucose levels and various metabolic processes in 

the AlgLung model. 

As mentioned earlier, conventional 2D culture often fail to accurately represent 

cancer cells' epithelial-mesenchymal status and stemness (Fontoura et al., 2020; 

Melissaridou et al., 2019; Szot et al., 2011). Our study further confirmed the importance 

of the cellular microenvironment in shaping the EMT, stemness, and metabolic profiles 

of A549 cells. Moreover, we observed that the response of A549 cells to changes in 

glucose levels significantly differed between 2D and 3D healthy lung-mimicking model, 

indicating the crucial role of the ECM in modulating cellular responses to glucose levels. 

Therefore, our findings underscore the necessity of employing more accurate and 

representative cell culture models in cancer research studies. By using such models, we 

can better understand the intricate interactions between cancer cells and their 

microenvironment and gain insights that can be translated into more effective therapeutic 

strategies. 

4.3 Exploring A549 Cell Behavior in 3D Tumor-Mimetic Hydrogel Models with 

Varying Glucose Levels 

Numerous studies have highlighted the significant impact of the tumor 

microenvironment (TME) on cancer cells, with ECM stiffness and composition playing 

crucial roles in influencing cancer cell behavior, including metabolism (Burgstaller et al., 

2017; Nazemi & Rainero, 2020). ECM stiffness, in particular, has been found to induce 

metabolic reprogramming in cancer cells, leading to more aggressive behaviors (Ge et 

al., 2021a). This phenomenon is evident as an increase in ECM stiffness promotes higher 

glycolysis and reduced oxidative phosphorylation in cancer cells (Acerbi et al., 2015; 

Jiang et al., 2022). Such a metabolic shift allows cancer cells to meet their energy 

demands and rapidly proliferate even in low oxygen conditions. 

Additionally, the composition and structure of the ECM have significant roles in 

modulating cancer cell behavior, particularly their metabolism. Specific alterations, such 

as changes in the levels of sulfated glycosaminoglycan (sGAG) side chains on heparan 

sulfate proteoglycans (HSPGs) within the ECM, have crucial implications for the 
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regulation of cancer cell metabolism (Afratis et al., 2012; J. P. Li & Kusche-Gullberg, 

2016; Theocharis & Karamanos, 2019). These sGAG side chains act as supportive 

structures for growth factors and cytokines, regulating the accessibility of these factors to 

neighboring cells (Kirn-Safran et al., 2009; Malavaki et al., 2011). Moreover, HSPGs on 

the cell surface coordinate receptor dimerization, facilitating the binding of growth factors 

to their receptors, thereby activating downstream signaling pathways involving fibroblast 

growth factor (FGF), vascular endothelial growth factor (VEGF), WNT signaling, and 

integrin, among others (Ornitz & Itoh, 2015; Presta et al., 2005; Vallen et al., 2014). 

This interplay between sGAGs and various signaling pathways, which are well-

known for their involvement in tumor initiation and progression, underscores the 

profound impact of ECM alterations on cancer cell metabolism. Studies have shown an 

abnormal increase in sGAG content within the TME in various cancer types, including 

lung cancer, where the elevated expression of sGAGs and their degree of sulfation can 

lead to overstimulation of receptor tyrosine kinases (RTKs) (Reticker-Flynn & Bhatia, 

2015; Vallen et al., 2014). RTK overstimulation has been linked to lung cancer 

progression (Lanzi & Cassinelli, 2020; Rosenzweig, 2012). In summary, the TME, 

specifically ECM stiffness, and composition like sGAG level, significantly influences 

cancer cell behavior and metabolism, offering potential paths for understanding and 

targeting cancer metabolism. 

Hence, after demonstrating the differences in various cellular functions between 

A549 cells cultured on 2D and our engineered 3D model resembling healthy tissue, we 

shifted our attention to observe the behavior of A549 cells within our 3D tumor-mimetic 

model. Specifically, we aimed to understand the influence of sulfation, as an approach to 

mimic the aberrant sGAGs in TME, on A549 cell behavior. Additionally, we introduced 

two different glucose levels in our tumor-mimetic hydrogel model to explore the impact 

of glucose. During our investigation, we examined multiple aspects, including cell 

proliferation, morphology, expression of various markers associated with different 

pathways, and the alterations in bioenergetics. This comprehensive approach allowed us 

to gain valuable insights into how A549 cells respond and adapt in our 3D tumor model 

under the influence of sulfation and varying glucose levels. 
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4.3.1 Effects of Glucose Levels and Tumor-Microenvironment on A549 Cell 

Proliferation and Clump Formation 

In our study, we made an interesting observation regarding the growth pattern of 

A549 cells in tumor-mimicking hydrogels compared to healthy-mimicking ones (Figure 

3-8). We noticed that clump formation occurred earlier and was more pronounced in the 

tumor-mimetic hydrogels compared to healthy-mimetic gels. Surprisingly, glucose levels 

did not seem to have a visible impact on clump formation in either type of hydrogel. 

These intriguing findings motivated us to conduct a more in-depth analysis, including the 

quantification of DNA amount, ATP levels, and the clump area analysis. 

Our study reveals that the tumor-mimicking environment has a notable influence on 

both ATP levels (Figure 3-10) and cell proliferation (Figure 3-9), showing a substantial 

increase. This observation suggests that the increased presence of sulfated 

glycosaminoglycans (sGAGs) in the tumor microenvironment (TME) plays a critical role 

in regulating cancer cell proliferation and metabolism. A possible explanation for this 

impact is that elevated sGAG levels can lead to alterations in growth factor binding and 

signaling, thereby promoting cancer cell proliferation (Afratis et al., 2012). The response 

to glucose levels also varied depending on the specific microenvironment, highlighting 

the intricate interactions between cellular energy metabolism and the ECM context. These 

findings indicate a complex and interconnected relationship between TME and cell 

metabolism, and proliferation.  

Moreover, the results of the clump analysis showed that tumor-mimetic 

environments had a higher number of clump formations compared to healthy-mimetic 

environments, while no significant differences were observed in their average clump 

areas (Figure 3-12). Besides, the influence of high glucose on clump size differed between 

the two models. Clumps formed in the tumor-mimetic high glucose environment 

exhibited notably larger areas than those formed in the tumor-mimetic low glucose 

environment. On the other hand, no significant differences in the clump areas were found 

between the low and high glucose conditions in the healthy-mimetic models. These 

findings suggest that while there is a correlation between increased sGAG levels and 

clump formation in A549 cells, this correlation does not seem to hold true when it comes 

to clump morphology. On the other hand, we observed a relationship between elevated 

sGAG levels and A549 cells' response to glucose levels, indicating a potential interplay 

between the microenvironment and glucose regulation in shaping cancer cell behavior.  
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After examining the effects of glucose levels and increased sGAG levels in the TME 

on A549 cell proliferation and clump formation, we turned our focus to investigating the 

expression of EMT, stemness, and metabolic markers in these distinct 3D models. 

4.3.2 Influence of Glucose and Tumor-Microenvironment on EMT  

Several studies suggest that sGAGs play a crucial role in regulating growth factor 

signaling, including TGF-β, which is known to promote EMT, tumor cell motility, and 

metastasis (Hoshiba, 2018; Kiewe et al., 2006; Ricciardelli et al., 2007). Based on these 

findings, we aimed to investigate the EMT process to understand how it may induce an 

invasive phenotype in sulfated hydrogels. 

In AlgSLung hydrogels, we observed a consistent upregulation of E-Cadherin, N-

Cadherin, and SNAIL markers, regardless of glucose levels (Figure 3-13). Interestingly, 

vimentin showed upregulation in AlgSLung hydrogels under high glucose but 

downregulation under low glucose conditions. The simultaneous increase in both 

epithelial and mesenchymal markers suggests a dynamic transition between epithelial-

mesenchymal states, a phenomenon commonly observed in metastatic tumor cells 

(Christiansen & Rajasekaran, 2006). This dynamic shift in marker expression may reflect 

the complex and adaptable nature of cancer cells in response to the specific 

microenvironment provided by AlgSLung hydrogels. 

In addition to sGAGs levels, high glucose levels have also been associated with the 

stimulation of EMT through the TGF-β signaling pathway in lung cancer cells (X. Kang 

et al., 2015; L. Wang et al., 2016). Furthermore, the effect of glucose levels on EMT 

markers was found to be diverse. In the healthy-mimetic environment, high glucose led 

to a significant increase in the expression of the epithelial marker, E-Cadherin, and a 

decrease in the expression of the mesenchymal marker, vimentin. On the other hand, in 

the tumor-mimicking environment, high glucose resulted in a significant increase in the 

expression of mesenchymal markers, including N-Cadherin, vimentin, and fibronectin. 

Additionally, EMT regulator SNAIL was upregulated in both types of hydrogels under 

high glucose treatment which correlates with previous findings (Xu et al., 2019). 

These findings demonstrate that the impact of glucose levels on EMT markers is 

strongly influenced by the specific microenvironment in which the cancer cells are 

cultured. In the healthy-mimetic environment, high glucose levels promote a more 

epithelial phenotype, while in the tumor-mimicking environment, they induce a more 
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mesenchymal phenotype. This suggests that the tumor microenvironment plays a critical 

role in dictating how cancer cells respond to glucose variations and undergo EMT. 

Moreover, our study highlights the significant role of glucose concentration in modulating 

EMT, and when combined with sGAGs in the microenvironment, it may contribute to the 

regulation of cancer cell behavior and metastatic potential. Understanding the intricate 

interplay between glucose levels, sGAGs, and EMT signaling pathways can provide 

valuable insights into the underlying mechanisms of cancer progression and may offer 

potential targets for therapeutic interventions. 

4.3.3 Influence of Glucose and Tumor-Microenvironment on Stemness  

Interestingly, recent studies have revealed that the activation of EMT process can 

lead to an increase in the stemness phenotype within the tumor; however, this intriguing 

phenomenon has not been thoroughly investigated in a physiologically relevant lung 

tumor model in the context of varying glucose levels (Lin et al., 2020; Mani et al., 2008; 

Morel et al., 2008). Indeed, in tumor-mimetic environments, all stemness markers showed 

significant increases in their expression levels, regardless of glucose levels (Figure 3-14).  

In addition to that, high glucose impaired the expression of stemness markers in A549 

cells cultured in both healthy and tumor-mimetic hydrogels. However, the impact of high 

glucose on stemness marker expression differed between the two hydrogel models. In 

healthy-mimetic gels, high glucose decreased the expression of stemness markers, 

whereas in tumor-mimetic gels, it increased the expression of CD44 and OCT3/4 

consistent with findings from other studies (Agareva et al., 2022).  

4.3.4 Influence of Glucose and Tumor-Microenvironment on Metabolic Markers 

Numerous studies have highlighted the significance of alterations in the tumor 

microenvironment, particularly changes in the levels of sulfated glycosaminoglycans 

(sGAGs), in regulating cancer cell metabolism (Afratis et al., 2012; J. P. Li & Kusche-

Gullberg, 2016; Theocharis & Karamanos, 2019). The interaction between HSPGs and 

IGF-I facilitated through β1 integrin, plays a regulatory role in the adhesion and migration 

of certain cancer cells (De Pasquale & Pavone, 2020b). This association triggers the 

phosphorylation and activation of the ERK and PI3K/AKT signaling pathways (De 

Pasquale et al., 2018). Moreover, emerging research suggests that metabolic 

reprogramming can play a role in epithelial-mesenchymal transition and stemness 
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behavior in cancer cells (Georgakopoulos-Soares et al., 2020; H. Kang et al., 2019). 

Building upon the findings of how elevated sGAGs levels in the TME led to the 

upregulation of EMT and stemness markers, we aimed to investigate the impact of 

increased sGAGs and glucose levels on different metabolic pathways in A549 cells.  

In A549 cells, markers that are related to energy metabolism including glucose and 

lipid metabolism showed diverse responses to increased sGAGs level in the TME. The 

expressions of regulators in the IGF signaling pathway exhibited diverse patterns. In the 

tumor-mimetic hydrogels, we observed an upregulation of IGFL2 and a downregulation 

of IGFBP2. Interestingly, the expression of IGFBP5 was downregulated but only in the 

presence of elevated sGAGs levels and high glucose. On the other hand, as expected, high 

glucose levels increased the expression of IGFBP2 and IGFBP5 in both healthy and 

tumor-mimetic environments (Al Qahtani et al., 2017; Dittmer, 2022; Waters et al., 2022). 

These findings suggest that the sGAGs and glucose levels can independently and 

synergistically influence the expression of different regulators in the IGF signaling 

pathway.  

In addition to the changes in the IGF signaling pathway, we also observed alterations 

in lipid metabolism. Specifically, we found that HMGCS2, which plays a crucial role in 

ketogenesis, and ADH1C, responsible for metabolizing various substrates, including 

ethanol and lipid peroxidation products, were upregulated in response to increased 

sGAGs levels in the tumor-mimetic environment. This upregulation of key metabolic 

enzymes suggests that A549 cells may have an increased energy demand in the tumor-

mimetic environment, likely due to their enhanced proliferation driven by elevated 

sGAGs levels. Surprisingly, when we further increased glucose levels in the tumor-

mimetic environment, the expression of HMGCS2 and ADH1C was further upregulated. 

This unexpected observation suggests that glucose availability may further enhance the 

metabolic activity of A549 cells in the tumor-mimetic microenvironment. The interplay 

between sGAG levels and glucose availability appears to have a complex and synergistic 

effect on lipid metabolism in A549 cells. 

The expression patterns of GCGR and PCK1, both of which play important roles in 

maintaining glucose homeostasis in cells, also showed intriguing results. In response to 

elevated sGAG levels in TME, the expression of GCGR was decreased in AlgSLung 

hydrogels under high glucose conditions. The observed difference in the impact of high 

glucose levels on GCGR expression between the healthy and tumor-mimetic hydrogels is 
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quite interesting. In the healthy-mimetic model, high glucose led to an increase in GCGR 

expression, suggesting that glucose may play a stimulatory role in regulating the glucagon 

receptor in this specific microenvironment. On the other hand, in the tumor-mimetic 

model, high glucose resulted in a decrease in GCGR expression, indicating that the 

presence of elevated sGAG levels may modulate the response of the glucagon receptor to 

high glucose conditions. This suggests that the presence of elevated sGAGs in the TME 

may influence the regulatory mechanisms governing GCGR expression in response to 

glucose levels. The interaction between sGAGs and glucose signaling pathways might be 

influencing the expression of the glucagon receptor in a context-dependent manner.  

Interestingly, PCK1, a crucial regulator of gluconeogenesis, displayed 

downregulation in response to elevated sGAG levels in both low and high glucose 

conditions. This indicates that sGAGs have a consistent suppressive effect on PCK1 

expression regardless of glucose levels. On the contrary, the impact of increased glucose 

levels on PCK1 expression was similar in both healthy and tumor-mimetic hydrogels, 

leading to an increase in its expression in both microenvironments. The observed 

downregulation of PCK1 in the presence of elevated sGAG levels suggests that sGAGs 

may play a role in modulating gluconeogenesis in A549 cells. This is intriguing, as 

gluconeogenesis is a critical process in glucose homeostasis and cellular energy 

metabolism. The consistent effect of sGAGs on PCK1 expression under low and high 

glucose conditions suggests that the TME provided by the AlgSLung hydrogel model 

exerts a robust influence on this metabolic pathway. In contrast, the response of PCK1 to 

increased glucose levels in both healthy and tumor-mimetic hydrogels indicates that 

glucose itself can directly regulate the expression of this key gluconeogenic enzyme. This 

further emphasizes the interplay between glucose levels and the TME in shaping A549 

cell metabolism. 

4.3.5 Influence of Glucose and Tumor-Microenvironment on Bioenergetic 

Characteristics of A549 Cells 

In the final stage of our investigation, we aimed to understand how A549 cells 

regulate their cellular metabolism in response to elevated sGAG levels with varying 

glucose levels. To achieve this, we utilized the Seahorse analyzer, a specialized 

instrument that measures the extracellular acidification rate (ECAR) and oxygen 

consumption rate (OCR) of the cells. The Seahorse analyzer employs specific calculations 
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optimized by the manufacturer to determine various bioenergetic characteristics of the 

cells. From the ECAR measurements, we calculated the glycolysis rate as well as the 

glycolytic capacity, which indicates the maximum glycolytic activity of the cells. 

Additionally, we assessed the glycolytic reserve, which reflects how close the glycolytic 

function is to its theoretical maximum in the cell. Furthermore, the OCR values allowed 

us to calculate basal respiration, which represents the energy demand of the cell under 

normal conditions. Additionally, we measured ATP production, which reflects the 

contribution of mitochondrial ATP to the cell's energy needs. Finally, we analyzed 

maximal respiration, which represents the maximum respiration rate that a cell is capable 

of achieving. 

In the low glucose condition, we observed that increased sGAG levels in the TME 

had no significant effect on A549 cell glycolysis and glycolytic capacity (Figure 3-16). 

However, there was a noteworthy increase in the glycolytic reserve of A549 cells in 

response to elevated sGAG levels. Conversely, the results in high glucose conditions 

revealed a different picture. In this scenario, all three glycolytic parameters exhibited 

significant decreases in response to elevated sGAG levels. These findings indicate that 

the impact of sGAG levels on A549 cell glycolytic metabolism is influenced by the 

glucose concentration in the microenvironment. While high glucose conditions seem to 

suppress glycolytic activity in the presence of elevated sGAG levels, low glucose 

conditions show a more pronounced increase in glycolytic reserve. This suggests that 

sGAGs and glucose interact in a complex manner to regulate glycolysis in A549 cells. 

In addition to that, the response of A549 cells to varying glucose levels was different 

between healthy and tumor-mimetic environments. In the presence of elevated sGAG 

levels, all three glycolytic parameters decreased in response to high glucose conditions.  

On the other hand, in healthy-mimetic environments, A549 cells' response to high glucose 

conditions was quite different. While their theoretical maximum level of glycolysis 

increased, their actual glycolysis level decreased. This suggests that in the healthy-

mimetic environment, A549 cells possess the capability to enhance glycolysis 

theoretically, but their actual glycolytic activity is diminished when faced with elevated 

glucose levels and sGAGs. 

While our study did not reveal a significant effect of increased sGAG levels on 

glycolysis in low glucose conditions, we observed notable impacts on mitochondrial 

metabolic parameters (Figure 3-17). Specifically, elevated sGAG levels had a significant 
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effect on basal respiration, ATP production, and maximal respiration, both in low and 

high glucose conditions. In contrast to our expectations, all mitochondrial-related 

metabolic parameters decreased in response to elevated sGAG levels. In addition to that, 

elevated glucose levels also decreased ATP production and maximal respiration in both 

healthy and tumor-mimetic hydrogels. These findings indicate that the interplay between 

sGAG levels in TME and glucose concentrations plays a crucial role in regulating 

mitochondrial metabolism in A549 cells. Overall, our study unraveled the complex and 

interconnected nature of A549 cell metabolism influenced by sGAG levels and glucose 

availability in the microenvironment. Besides, the distinct responses of A549 cells to 

varying glucose levels in healthy and tumor-mimetic environments provide valuable 

insight into the metabolic plasticity and potential vulnerabilities of lung cancer cells.  

4.4 Exploring the Role of PIK3CA and Glucose Variations on A549 Cell Behavior 

in Tumor-Mimetic Hydrogel Models 

It has been well known that PIK3CA is one of the key regulators having roles in 

multiple signaling pathways including metabolism, and as an oncogenic gene, it is 

regulated in multiple cancer types like lung cancer (Hemmings & Restuccia, 2012; Kerr 

& Martins, 2018). It can be activated due to mutations in the PI3K complex components 

or because of aberrant signaling from receptor tyrosine kinases (RTKs) (Cairns et al., 

2011). This aberrant activation of the PI3K signaling pathway has profound effects on 

tumor growth and metabolism (Gonzalez & McGraw, 2009; Robey & Hay, 2009). 

Thereby, after investigating how A549 cells adapt their growth and metabolism when 

exposed to increased sGAG levels in the TME while also facing different glucose levels, 

we aimed to further explore the specific role of PIK3CA in these adaptive changes. 

Therefore, we employed short-hairpin RNA interference (shRNA) technology to create 

A549 cells with reduced PIK3CA expression (shPIK3CA A549 cells). Once we 

successfully generated the shPIK3CA A549 cell line (Figure 3-18), we proceeded to 

embed these cells in our tumor-mimetic model. To thoroughly examine the effects, we 

utilized two different glucose levels in these tumor-mimetic hydrogels. To compare 

results, we simultaneously examined the behavior of the A549 wild-type cell line under 

identical experimental conditions. 
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4.4.1 Unraveling the Role of PIK3CA and Glucose Levels in A549 Cell Growth and 

Morphology within 3D Tumor-Mimetic Hydrogels 

To explore the influence of PIK3CA and glucose levels on A549 cell proliferation in 

a tumor-mimetic environment, we conducted DNA quantification after three weeks 

(Figure 3-20). Surprisingly, A549 cells did not show significant changes in their 

proliferation when exposed to high glucose conditions. However, shPIK3CA A549 cells, 

in which the PIK3CA gene was knocked down, exhibited a significant increase in cell 

proliferation under high glucose treatment in the tumor-mimetic environment. Our 

findings highlight the intricate role of PIK3CA and glucose levels in regulating A549 cell 

proliferation, particularly in a tumor-mimetic environment. While high glucose 

conditions appear to enhance the proliferative capacity of A549 cells when PIK3CA is 

knocked down, PIK3CA knockdown alone does not significantly impact cell proliferation 

in low glucose conditions. The combination of PIK3CA downregulation and high glucose 

seems to have a synergistic effect on promoting cell proliferation in this specific 

microenvironment. It is worth noting that several studies conducted in 2D cell culture 

have reported that cell proliferation decreases in response to PIK3CA inhibition (Tan, 

2020; J. S. L. Yu & Cui, 2016). However, our findings challenge this notion and suggest 

that the cellular response to PIK3CA inhibition may vary depending on the environmental 

cues provided by the tumor-mimetic conditions.  

Like A549 cells, shPIK3CA A549 cells demonstrated higher ATP levels when 

exposed to high glucose in tumor-mimetic environments (Figure 3-21). Conversely, 

PIK3CA knockdown led to reduced ATP levels in low glucose environments. Although 

high glucose did not fully restore the phenotype, it partially mitigated the decrease in ATP 

levels caused by PIK3CA inhibition. In summary, the results indicate that PIK3CA 

influences cell proliferation and metabolism in tumor-mimetic environments, and glucose 

levels can modulate this effect, particularly in shPIK3CA A549 cells. High glucose 

appears to enhance cell proliferation and ATP production, partially compensating for the 

effects of PIK3CA knockdown. These results underline the importance of studying cancer 

cell behavior within physiologically relevant microenvironments and highlight the need 

for further investigations to elucidate the complex molecular mechanisms driving the 

context-dependent effects of PIK3CA and glucose on cell proliferation and metabolism. 

The bright-field images revealed that clump formation occurred later in shPIK3CA 

A549 cells compared to regular A549 cells, indicating a delay due to PIK3CA knockdown 
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(Figure 3-19). Interestingly, high glucose levels did not significantly affect the clump 

formation of shPIK3CA A549 cells in the tumor-mimetic environment although it 

influenced proliferation of these cells. To further validate these results, clump analysis 

was performed (Figure 3-23). The results suggest that PIK3CA and glucose levels have 

distinct effects on clump formation in A549 cells. While high glucose seems to promote 

clump formation in regular A549 cells, in combination with PIK3CA downregulation, 

this response is altered, leading to a delay in clump formation. This delay could be 

attributed to the specific genetic manipulation of the PIK3CA gene, which affects the 

signaling pathways and cellular processes involved in clump formation. Furthermore, the 

lack of significant variation in clump area in response to high glucose in shPIK3CA A549 

cells indicates that glucose may not play a prominent role in regulating clump formation 

when PIK3CA activity is impaired. The absence of a strong glucose effect in shPIK3CA 

A549 cells indicates that other factors may dominate the regulation of clump formation 

in the absence of PIK3CA activity. The most intriguing finding is the synergistic increase 

in clump area when PIK3CA knockdown and high glucose treatment are combined. 

Neither factor alone had a significant effect on clump formation, but together, they 

resulted in a significant increase in clump size. This suggests that there is a complex 

interplay between PIK3CA and glucose signaling pathways in regulating clump 

formation. The combined effect may involve compensatory mechanisms or crosstalk 

between these pathways that amplify the effect on clump formation. 

4.4.2 Exploring the Impact of PIK3CA and Glucose Levels on Gene Expression Profiles 

of A549 Cells in Tumor-Mimetic Hydrogels 

After conducting a thorough analysis of the influence of PIK3CA on A549 cell 

proliferation and clump morphology, our research direction shifted towards exploring its 

effects on various markers in A549 cells cultured in a tumor-mimetic environment with 

different glucose levels. We aimed to understand the role of PIK3CA in regulating key 

markers associated with cellular processes such as EMT, stemness behavior, and cellular 

metabolism. 

The impact of PIK3CA knockdown on A549 cells in tumor-mimetic environments 

showed a complex relationship with glucose levels (Figure 3-24). As expected, N-

Cadherin expression decreased in response to PIK3CA knockdown, consistent with 

previous findings (Karimi Roshan et al., 2019; Rafael et al., 2015). However, contrary to 
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what was previously reported, we observed an upregulation of SNAIL expression and a 

downregulation of E-Cadherin expression in response to decreased PIK3CA expression 

in A549 cells. Previous studies have often linked PIK3CA inhibition to the suppression 

of EMT, suggesting that its inhibition would lead to a reduction in SNAIL expression and 

an increase in E-Cadherin (Hao et al., 2012; S. Lee et al., 2020). However, our findings 

challenge this notion and suggest a more complex regulatory relationship between 

PIK3CA and EMT markers in A549 cells cultured in the tumor-mimetic environment. 

The interplay between PIK3CA and EMT markers' expression in the context of glucose 

levels further adds to the complexity. It is possible that high glucose availability may 

influence the regulatory mechanisms governing EMT marker expression in the absence 

of PIK3CA activity. The tumor-mimetic microenvironment, characterized by altered 

nutrient and growth factor availability, likely contributes to this differential regulation. It 

is plausible that the interplay between PIK3CA, glucose levels, and sGAG levels in TME 

creates a unique context where the usual relationship between PIK3CA and EMT markers 

may be altered. 

The influence of PIK3CA knockdown on stemness marker expression in A549 cells 

cultured in a tumor-mimetic environment displayed diverse outcomes (Figure 3-25). 

While CD44 expression decreased upon PIK3CA knockdown, there was an unexpected 

increase in OCT3/4 and SOX2 expression levels. These findings contrast with the 

conventional notion that inhibiting PIK3CA is generally associated with decreased 

stemness behavior in cancer cells, as suggested in previous studies (Madsen, 2020; Zi et 

al., 2022). The observed impact of high glucose on stemness markers was consistent in 

both A549 cells and shPIK3CA A549 cells. Regardless of PIK3CA knockdown, high 

glucose conditions resulted in the same effect on stemness marker expression. This 

suggests that glucose availability may play a more dominant role in regulating stemness 

behavior in A549 cells compared to the effect of PIK3CA expression. The divergent 

responses of stemness markers to PIK3CA knockdown and high glucose levels emphasize 

the complex interplay between PIK3CA signaling and glucose metabolism in shaping the 

stemness behavior of A549 cells in the tumor-mimetic environment. 

Numerous studies have shown that the PIK3CA gene has diverse roles in cancer cell 

metabolism and its regulation (He et al., 2021; Katso et al., 2001; Martini et al., 2014). 

Given the significance of this gene in cancer cell metabolism, our research focused on 

further investigating its specific involvement in various metabolic markers (Figure 3-26).  
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The expression of IGFBP5 which regulates IGF signaling, lipid metabolism, and 

insulin sensitivity of the cells was upregulated in response to PIK3CA knockdown. There 

are many studies that indicate there is a relationship between IGFBP5 and PIK3CA that 

regulates drug and radiotherapy sensitivity (Beattie et al., 2015; Chen et al., 2020). This 

indicates that the interplay between PIK3CA and IGFBP5 is not only important for 

metabolic regulation but also has implications for the cell's response to therapeutic 

interventions. The upregulation of IGFBP5 in the context of PIK3CA knockdown 

suggests a potential feedback mechanism where alterations in PIK3CA levels may affect 

changes in IGFBP5 expression. Interestingly, even in the presence of PIK3CA 

knockdown, high glucose levels still led to the upregulation of IGFBP5. This finding 

indicates that glucose levels can independently influence the expression of IGFBP5, 

regardless of the cellular levels of the gene. This observation suggests that IGFBP5 

regulation is not solely dependent on PIK3CA’s expression but is subject to additional 

regulatory mechanisms, possibly involving glucose-dependent pathways. 

We also observed an alteration in the expression of a marker that is associated with 

lipid metabolism. We found that HMGCS2, which plays a crucial role in ketogenesis was 

downregulated in response to PIK3CA knockdown. The downregulation of HMGCS2 

suggests that PIK3CA may be involved in regulating lipid metabolism and, specifically, 

through HMGCS2. Similar to IGFBP5, high glucose resulted in upregulation of 

HMGCS2 regardless of PIK3CA expression. The upregulation of HMGCS2 under high 

glucose conditions is intriguing because glucose is the primary energy source for most 

cancer cells. Typically, under high glucose levels, the need for ketone bodies as an 

alternative energy source is reduced (Y.-H. Wang et al., 2019). However, our results 

suggest that glucose may also play a role in activating ketogenesis pathways by 

upregulating HMGCS2 expression, potentially as a response to cellular metabolic 

demands or stress in the tumor-mimetic model. 

The expression patterns of GCGR and PCK1, both of which play important roles in 

maintaining glucose homeostasis in cells, also showed intriguing results. Several studies 

have demonstrated that under high glucose levels, insulin inhibits PCK1 expression via 

the PI3K-PIP3-AKT axis (Hall et al., 2000; Miyake et al., 2002; Xiang et al., 2023). 

Consistent with these results, our results also suggested that PIK3CA downregulation led 

to an increase in PCK1 expression. Besides, high glucose levels also resulted in the 

upregulation of the PCK1 marker regardless of the PIK3CA expression.  
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The observation regarding the expression of GCGR, the glucagon receptor, is 

intriguing and suggests a complex relationship between GCGR and PIK3CA. 

Surprisingly, PIK3CA knockdown did not have any significant impact on GCGR 

expression, indicating that GCGR regulation may occur with an alternative signaling 

pathway from PIK3CA signaling. However, the response to high glucose levels was 

distinct between A549 cells with PIK3CA knockdown and A549 cells without 

knockdown. In the PIK3CA knockdown A549 cells, elevated glucose levels resulted in 

an increase in GCGR expression. This suggests that in the absence of PIK3CA, glucose 

can directly influence GCGR expression, potentially through alternative signaling 

pathways. Conversely, in A549 cells without PIK3CA knockdown, high glucose levels 

led to a downregulation of GCGR expression. This implies that in normal conditions, 

PIK3CA may have a role in modulating GCGR expression, and glucose levels may 

interact with PIK3CA signaling to regulate GCGR levels.  

4.4.3 The Impact of PIK3CA and Glucose Levels on Glycolytic and Mitochondrial 

Bioenergetics in A549 Cells 

Several studies have demonstrated the crucial roles of PIK3CA in regulating cancer 

cell metabolism, particularly in glycolysis (Hoxhaj & Manning, 2020; Hu et al., 2016). 

Building on this knowledge, the final phase of our investigation focused on unraveling 

how PIK3CA influences the bioenergetic parameters in A549 cells within a tumor-

mimetic microenvironment, with particular attention to varying glucose levels. 

Our results revealed that PIK3CA downregulation and glucose levels have complex 

and interconnected effects on the bioenergetic characteristics of A549 cells in a tumor-

mimetic environment. PIK3CA knockdown led to increased glycolysis and glycolytic 

capacity in A549 cells, suggesting a regulatory role of PIK3CA in glycolytic processes. 

Additionally, PIK3CA downregulation enhanced mitochondrial bioenergetic functions, 

as evidenced by increased basal respiration, ATP production, and maximal respiration. 

This indicates that PIK3CA not only influences glycolysis but also impacts cellular 

respiration and energy production through mitochondrial pathways in A549 cells. 

Furthermore, the response to high glucose levels was notable, with both A549 and 

shPIK3CA A549 cells showing a decrease in glycolysis. However, the effect on 

mitochondrial bioenergetics differed between the two cell lines. A549 cells exhibited a 

more pronounced decrease in ATP production and maximal respiration, while basal 
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respiration remained relatively stable. In contrast, shPIK3CA A549 cells showed a 

decrease in basal respiration under high glucose conditions, suggesting that PIK3CA 

knockdown may influence the cellular response to glucose availability and its utilization 

for mitochondrial ATP production. 

These findings highlight the significant role of PIK3CA in regulating cellular 

metabolism and bioenergetics in A549 cells within a physiologically relevant tumor-

mimetic environment. Understanding the intricate interactions between PIK3CA and 

glucose metabolism provides valuable insights into the molecular mechanisms governing 

cancer cell metabolism and may have implications for the development of targeted 

therapeutic strategies for cancer treatment. 
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Chapter 5: CONCLUSION 

Lung cancer is the second most frequent type of cancer and has the greatest mortality 

rate of all cancer types. Despite significant advances in drug development and therapeutic 

strategies targeting cancer metabolism, the insufficient understanding of the tumor 

microenvironment's biological complexities and dynamic properties continues to impede 

the development of an effective treatment approach. The experimental constraints and 

inconsistencies observed in two-dimensional (2D) cultures naturally brought about the 

convergence of cancer research and tissue engineering, consequently giving rise to the 

development of three-dimensional (3D) in vitro cancer models. In the pursuit of our 

research objectives, we embarked on the creation of two distinct hydrogel models for this 

study. The first model was designed to represent healthy lung tissue, while the second 

model sought to mimic tumor matrix characteristics. To achieve this, we utilized a 

combination of decellularized bovine lung extracellular matrix with either alginate or 

alginate sulfate, strategically aligning our experimental approach with the aims of the 

thesis. 

In the initial segment of our study, we presented a comprehensive analysis of gene 

profiles related to various cellular processes in A549 cells. We focused on comparing 

these profiles between conventional 2D culture and our novel healthy-mimetic model. 

Our results demonstrated that the 3D healthy-mimetic environment influenced the 

expression of EMT markers in A549 cells in a glucose-dependent manner. Additionally, 

we found that the microenvironment played a crucial role in regulating the stemness of 

A549 cells, providing valuable insights into their behavior. Moreover, both the AlgLung 

environment and high glucose treatment significantly impacted the expression of 

metabolic markers, highlighting their role in regulating cellular metabolism. 

In the second phase of this research, our aim was to explore the impact of elevated 

sGAG levels within the tumor microenvironment and varying glucose levels on the 

behavior of A549 cells. We conducted specific investigations into how these factors 

influenced cell growth, morphology, and metabolism. By delving into these crucial 

aspects, we obtained deeper insights into the complex interplay between sGAG level, 

glucose availability, and cellular responses, thereby making significant contributions to 

the advancement of our study's overarching objectives. Our study provided valuable 

insights into the complex interactions between A549 cells and their microenvironment 
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within our 3D hydrogel models. The increased sGAG level in the tumor-mimetic 

environment significantly impacted cell proliferation and metabolic activity, while the 

effect of glucose levels on cell behavior varied depending on the hydrogel model. 

Furthermore, we observed a complex interplay between glucose levels and the expression 

of EMT markers in different microenvironments, with the tumor-mimetic environment 

combined with high glucose showing a striking influence, leading to significant 

upregulation of mesenchymal markers in A549 cells. Additionally, gene expression 

profiles of metabolic markers in A549 cells changed significantly in tumor-mimetic 

environments, and unexpected outcomes challenged our predictions regarding certain 

markers under elevated glucose conditions. Our investigation into A549 cells' 

bioenergetic characteristics in tumor-mimetic environments with varying glucose levels 

revealed a context-dependent response, highlighting the complexity of metabolic 

regulation in the tumor microenvironment. Overall, this research emphasized the 

importance of accurately modeling microenvironments to investigate cellular behavior 

and provided valuable insights into the metabolic plasticity and potential vulnerabilities 

of cancer cells.  

In the last phase of our study, we specifically investigated the role of the PIK3CA 

gene, a key cellular signaling regulator. Our goal was to better understand the molecular 

mechanisms driving the observed cellular changes in our novel hydrogel models under 

varying microenvironmental conditions. By delving into the role of this gene, we gained 

valuable insights into the complex processes influencing cellular responses within our 

experimental setup. These findings contribute significantly to our overall research and the 

understanding of microenvironmental effects on cell behavior and metabolism. Our study 

highlighted the significant role of PIK3CA in regulating cell proliferation in tumor-

mimetic environments, with glucose levels modulating this effect. High glucose exposure 

enhanced cell proliferation and ATP production, partially compensating for the effects of 

PIK3CA knockdown. Furthermore, PIK3CA knockdown influenced EMT marker 

expression, stemness markers, and various metabolic pathways in A549 cells. High 

glucose exposure also exerted distinct effects on certain markers in the presence or 

absence of PIK3CA, emphasizing the complex interplay between glucose availability and 

PIK3CA signaling. These findings deepened our understanding of cellular metabolism, 

and PIK3CA's impact, and offered potential therapeutic targets for PIK3CA-associated 

cancers.   
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