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Abstract 
 

Tumor microenvironment has been the focus of many studies that highlighted 

its essential contribution to tumorigenesis. A two-way communication between the 

tumor and the surrounding microenvironment sustains and contributes to the growth 

and metastasis of the tumor by several means, such as extracellular matrix remodeling, 

fibroblasts activation, epithelial-mesenchymal transition. Hepatocellular carcinoma 

progression and metastasis have been reported to be highly influenced by diverse 

microenvironmental elements. The main objective of this study is to create an in vitro 

model of liver cancer microenvironment that better recapitulate in vivo settings. The 

proposed model is based on three-dimensional co-culture system of liver cancer cells 

and non-malignant fibroblasts. The model presented herein exhibited a transcriptome 

profile associated with an aggressive phenotype that better mimics in vivo 

hepatocellular carcinoma, and therefore, a more reliable platform for anti-cancer drug 

screening. 

 

Keywords: 3D culture, drug resistance, liver cancer, hepatocellular carcinoma, tumor 

microenvironment, transcriptome.  
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Title and Abstract (in Arabic) 
 

 نمذجة البيئة الميكروية لسرطان الكبد عبر نظام زراعة الخلايا ثلاثي الأبعاد

 الملخص

البيئة الميكروية للسرطان كانت و ما تزال محط اهتمام دراسات عديدة سلطت الضوء على 

إسهامها في تكون الأورام. التواصل ثنائي الإتجاه بين الورم السرطاني و البيئة المحيطة به يشارك 

عبر إعادة تصميم النسيج خارج الخلية، تنشيط الخلايا الليفية،   م النمو و الإنبثاث السرطانيو يدي

. تشير الأبحاث أن البيئة الميكروية تؤثر بقوة على تقدم و عملية التحول الظهارية المتوسطةو

لسرطان إنبثاث سرطان الكبد. الهدف الرئيسي لهذه الأطروحة هو إبتكار نموذج للبيئة الميكروية 

الكبد له القدرة على تمثيل الوسط الحيوي بشكل أفضل. يعتمد النموذج المقترح على نظام زراعة 

الخلايا ثلاثي الأبعاد لخلايا الكبد السرطانية مع خلايا ليفية غير خبيثة. أبدى ترانسكريبتوم النموذج 

الحيوي، و بالتالي يشير إلى سمات أكثر عدوانية تحاكي سرطان الكبد في الوسط  تعبير جيني

 يمثل النموذج منصة فعالة لاختبار العلاجات المضادة للسرطان.

 

البيئة  سرطان الكبد،زراعة الخلايا ثلاثية الأبعاد، مقاومة الأدوية،  مفاهيم البحث الرئيسية:

 .الترانسكريبتومالميكروية 
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Chapter 1: Introduction 

1.1 The Tumor Microenvironment 

As a multistep disease, cancer cells arise from normal cells, through accumulation 

of mutations and acquiring a set of properties or hallmarks promoting their progression 

and survival. Douglas Hanahan and Robert Weinberg argued that most cancers, despite 

arising from different tissues, exhibit a universal set of hallmarks that underline their 

malignant transformation (Hanahan and Weinberg, 2000). The six hallmarks include 

evading cell death, prolong proliferative signaling, escaping growth suppression, 

inducing angiogenesis, enabling replicative immortality, and initiating invasion and 

metastasis. However, two additional hallmarks were subsequently added in the 

following years that included escaping of immune destruction and cancer cells 

reprogramming of their metabolism and energy production. This updated view also 

implicated the tumor microenvironment (TME) as a key player in cancer progression 

and acquisition of these cancer-supporting hallmarks (Hanahan and Weinberg, 2011; 

Wang et al., 2017). 

Rapidly dividing cells represent only one player in the complex process of 

tumorigenesis. Tumor surroundings are composed of a dynamic network of non-

malignant cellular components, non-cellular components, signaling molecules, and 

extracellular matrix (ECM) (Catalano et al., 2013; Quail and Joyce, 2013), which 

collectively form the tumor microenvironment (TME) (Figure 1). A two-way 

communication between the tumor and the surrounding dynamic network, TME, 

sustains and contributes to the growth and metastasis of the tumor (Hanahan and 

Weinberg, 2011). Such communication is underlined in an increasing body of evidence 

that highlights the key role played by the TME in tumor progression (Balkwill et al., 
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2012; Klemm and Joyce, 2015; Quail and Joyce, 2013; Hanahan and Coussens, 2012); 

This communication is also well manifested through the ongoing signals that tumor 

sends to its highly responsive microenvironment to compose a supportive milieu 

(Quail and Joyce, 2013). In addition, many studies have reported the positive role of 

the TME in restraining tumor initiation and progression at initial stages of 

carcinogenesis (Bissell and Hines, 2011), and how “re-programming” the TME in the 

later stages holds great potential in terms of effective cancer treatments (Quail and 

Joyce, 2013).  

 

Figure 1: Schematic illustration of the TME. Cellular and non-cellular components 

surround cancer cells in the TME (Thoma et al., 2014). 

 

1.2 Cancer Associated Fibroblasts 

The most dominant cellular component of the TME are fibroblasts. Normally, 

these cells are in an “inactive” quiescent state; however, they get activated when 

wound healing and inflammation processes are triggered due to tissue damage (Marsh 

et al., 2013). After which, the activated population of fibroblasts undergo apoptosis, 

leaving only quiescent fibroblasts. However, this is not the case in tumorigenesis, 



3 
 

where activated fibroblasts do not undergo apoptosis (Marsh et al., 2013), and remain 

perpetually activated, leading in most cases to fibrosis (Wang el al., 2017). It has been 

suggested that fibroblasts that have been recruited to the tumor site are constantly 

activated by the tumor through paracrine signaling, after which they are transformed 

into cancer-associated fibroblasts (CAFs) (Öhlund et al., 2014). Once the CAF 

phenotype is set, paracrine signaling from the tumor is no longer needed to maintain 

the CAF transition (Orimo et al., 2005). These transformed fibroblasts are distinct in 

their morphology and function from normal fibroblasts (Orimo et al., 2005); they 

possess higher ability to proliferate (Kalluri and Zeisberg, 2006), are always present 

in the tumors’ vicinity, and are capable of evading apoptosis (Cirri and Chiarugi, 

2012). 

CAFs contribute significantly to tumor growth and progression through several 

mechanisms that depends on the communication between CAFs and the tumor cells, 

and the communication among CAFs and other cellular components in the TME 

(Marsh et al., 2013). Indeed, the promoting role of CAFs in tumor progression 

functions through suppressing immune responses, secreting growth factors, cytokines, 

and proangiogenic factors (Zhang and Liu, 2013). In addition, CAFs contributes to 

tumorigenesis through secreting ECM proteins and the degrading matrix 

metalloproteinase (MMPs), which together, gives CAFs their ECM remodeling ability 

(Zhang and Liu, 2013). Collectively, such functional roles, among others, highlights 

the great potential in approaching CAFs as therapeutic targets. 

1.3 Hypoxia 

As the tumor develops and keeps growing, it has a much higher demand on oxygen 

and nutrients to support its progression. Thus, survival of the tumor mass is highly 
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dependent on the formation of new blood vessels, or what is known as angiogenesis. 

Nonetheless, when the constant demand of oxygen by highly proliferative cancer cells 

is not met by the existing and the newly formed blood vessels, an area of low oxygen 

content is formed. Such areas experience much lower oxygen level than that of normal 

physiological conditions, and they are considered hypoxic (Span and Bussink, 2015). 

To survive the hostile conditions, tumor cells switch on different signaling pathways, 

that turn on hypoxia-inducible factor (HIF)-mediated gene expression (Span and 

Bussink, 2015). Under hypoxic conditions, HIF-1 is activated and, in turn, activates 

the transcription of a group of genes through binding to their hypoxia- response 

elements to promote the survival of the tumor cells (Brahimi-Horn et al., 2007). HIF-

1 targeted genes significantly contribute to different aspects in tumor progression, such 

as angiogenesis, metastasis, adhesion, metabolism, and pH regulation (Brahimi-Horn 

et al., 2007). Moreover, many studies have highlighted the role of hypoxia in recruiting 

stroma components in the TME (Casazza et al., 2014; Semenza, 2013) and the 

association of hypoxia with ECM composition and remodeling to promote metastasis 

(Gilkes et al., 2014). A summary of hypoxia’s role in tumor progression is shown in 

Figure 2. 
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Figure 2: Role of hypoxia in the malignant process. Hypoxia drives tumor progression 

through promotion of pro-survival pathways such as angiogenesis, EMT, metastasis, 

and drug resistance (Muz et al., 2015). 

 

1.4 Hepatocellular Carcinoma 

The fifth most common cancer globally is hepatocellular carcinoma (HCC), and 

it is the second cause of cancer-related death globally, where it accounted for about 

746,000 deaths in 2012 alone (Ferlay et al., 2013). HCC has a very poor prognosis, it 

is usually diagnosed in late stages with very poor five-year survival rate (Ferlay et al., 

2013). 

There is an increasing support of the notion that HCC progression is highly 

influenced by elements in the liver microenvironment (Tu et al., 2014). Some of these 

elements that are driving HCC progression and tumor survival include altered stromal  
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cells (i.e. fibroblasts). As mentioned earlier, these cells are able to deposit ECM 

proteins, or what is known as fibrosis that then progresses to cirrhosis (Tu et al., 2014). 

80%-90% of HCC patients experience cirrhosis, suggesting a crucial role of ECM 

build-up in HCC progression (Fattovich et al., 2004). As with other solid tumors, 

hypoxia represents a driving microenvironmental element of HCC progression, and it 

is associated with poor prognosis (Lin and Wu, 2015; Wong et al., 2014). HIF-

mediated gene expression contributes to different aspects of HCC metastasis, such as 

epithelial mesenchymal transition (EMT) (Zhang et al., 2013), invasion of the ECM, 

and metastasis (Wilson et al., 2014). Nonetheless, our knowledge is limited when it 

comes to the way stromal cells (i.e. fibroblasts and CAF) interact with tumor cells and 

other components of the TME to promote HCC progression under hypoxic conditions 

(Casazza et al., 2014). A schematic illustration of liver cancer-microenvironment 

interactions is shown in Figure 3. 

 

 

 

 

 

 

 

 

Figure 3: Schematic illustration of liver cancer-microenvironment interactions (Tu et 

al., 2014). 
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1.5 Three-dimensional Culture  

To reflect the complexity and dynamicity of tumor biology, a physiologically 

relevant model is needed. This is even more stressed in the context of drug discovery 

and identifying effective therapeutic targets.  To simulate in vivo environment, in vitro 

two-dimensional (2D) cell culture is typically utilized by growing cells on usually a 

plastic substrate in an adherent monolayer. However, such approach strips away many 

physiological parameter of the tumor. The distortion of spatial arrangement of cells in 

2D culture changes cell-cell and cell-matrix interactions (Anton et al., 2015), and most 

importantly, alters the response of cells to certain drugs and treatments (Unger et al., 

2014). Thus, utilizing three-dimensional (3D) cell culture models is needed to produce 

more biologically relevant platforms for understanding in vivo physiology. Indeed, 3D 

cultured cells are able to recapitulate in vivo architecture of tumors much better, and 

they are also able to exhibit a more similar gene expression to that of tumors in vivo 

(Anton et al., 2015). One very common 3D cultured cells model is the spheroid, 

whichis a micro cell cluster that forms a sphere (Ingram et al., 1997). The nature of 

this model is what makes it an attractive tool to simulate solid tumors in vitro as it is 

composed of three regions, a highly proliferative outer region, a middle quiescent 

region, and a hypoxic core region (Ravi et al., 2015). Such compartmentalization 

creates a diffusional gradient of oxygen, nutrients, and exposure to drugs among all 

three regions of the spheroid, which is also characteristic of solid tumors (Mehta et al., 

2012; Figure 4). 
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Figure 4: Spheroids recapitulate in vivo conditions. Gradients of oxygen, nutrients, and 

drug exposure form in spheroids, creating in vivo conditions in vitro (Stadler et al., 

2015). 

 

1.6 Hypotheses to be Tested 

The aim of the study presented in this study is to create an in vitro model of liver 

cancer microenvironment using a 3D co-culture system of liver cancer cells with non-

malignant fibroblasts. The hypothesis to be tested is based on three notions: A) if 

spatial organization affects function, and in consequence, malignancy? B) how does 

the crosstalk between the stroma and cancer cells affect progression and survival of 

cancer? C) does this model narrow the gap between conventional cell culture and the 
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living system? To address these questions, five experimental groups were established. 

Experimental design is shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic illustration of experimental design. a) preparation of 2D cultures 

(group 1, 2, and 3); and b) preparation of 3D cultures (group 4 and 5).  
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Chapter 2: Materials and Methods 

2.1 Cell Lines 

HepG2 (human Hepatoma cell line) and SV-80 (human fibroblast) were purchased 

from CLS (CLS GmbH, Germany). HepG2 and SV-80 cells were maintained in high-

glucose DMEM medium supplemented with 10% FBS and 1% antibiotic/ antimycotic 

cocktail (HyClone, UK) at 37°C in 5% CO2 humidified incubator. Cells were sub-

cultured every 2-4 days using trypsin 0.25%. 

2.2 2D Cell Culture 

For 2D mono-cultures, HepG2 and SV-80 cells were cultured at a density of 1X106 

in conventional 2D culturing flasks in DMEM media. Flasks were incubated at 37°C 

in 5% CO2 humidified incubator. 

2.3 3D Cell Culture 

For generation of HepG2 spheroids, HepG2 cells were trypsinized and 

resuspended as single cell suspension before being seeded at 1X106 cell density in 

Corning® Ultra-Low attachment cell culture flasks coated with poly-HEMA (Corning, 

USA) to facilitate spheroid formation. Plates were incubated at 37°C in 5% CO2 

humidified incubator and spheroid formation was monitored using inverted 

microscopy.  

For generation of 3D culture of fibroblasts, Alvetex strata inserts (Reinnervate, 

UK) were used. SV-80 cells were trypsinized and resuspended as single cell 

suspension for cell counting. Alvetex inserts were prepared prior to cell seeding by 

three washes (1st: 70% ethanol, 2nd: growth media, 3rd: growth media). Inserts were 



11 
 

placed in 6-well plate and SV-80 cells were seeded in the Alvetex inserts in a density 

of 1X106. 

2.4 Morphology Assessment 

To study the morphological differences between 2D and 3D cultures, HepG2 and 

SV-80 cells were seeded in in 8-well chambers for 2D culture; or in ULA plates and 

Alvetex inserts, respectively, for 3D culture. 2D cultures of HepG2 and SV-80 were 

seeded at a density of 2X104 and 1X104 cells/ well in an 8-well chamber, respectively. 

They were fixed with 100% methanol and stained with crystal violet. 3D culture of 

HepG2 was seeded at a density of 1X106 and monitored over a period of 5 days. 

Spheroids were harvested, fixed, and stained with crystal violet and immobilized on 

agarose pads for imaging. 3D culture of SV-80 was seeded at a density of 0.5X106, 

then fixed and stained with neutral red. Inserts were unclipped and scaffolds were 

placed on glass slides for imaging using IX53 inverted microscope (Olympus, Japan). 

In addition, immunofluorescence was utilized to better visualize the difference 

between SV-80 2D and 3D cultures. Cultures were washed with ice-cold 1X PBS, 

fixed with pre-chilled methanol for 10 minutes at -20°C, permeabilized with 0.5% 

Triton X-100 PBS, and blocked with 1% BSA solution (in 0.5% Triton X-100 PBS) 

for 30 minutes at room temperature. Cells were incubated with primary antibody 

against α-Tubulin (1:100; ab176560) overnight at 4°C, then incubated with Alexa 

Fluor® 488- conjugated secondary antibody (1:200) for 1 hour at room temperature, 

and counterstained with DAPI. Antibodies were diluted in 1% BSA. Images were 

taken using IX53 inverted microscope (Olympus, Japan). 
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2.5 Co-culture Systems 

For the 2D co-culture, a one-way communication system was followed. Briefly, 

HepG2 and SV-80 cells were seeded at a density of 1X 106 in conventional 2D 

culturing flasks in DMEM media. Flasks were incubated at 37°C in 5% CO2 

humidified incubator for about 24 hours. Conditioned media of SV-80 cell line was 

collected, centrifuged to collect any cellular debris, and applied to HepG2 cells, which 

were incubated with the conditioned media for 48 hours. 

For the 3D co-culture, a two-way communication system was followed. Briefly, 

HepG2 and SV-80 3D cultures were prepared separately. Prior to co-culture, 6-well 

plates were coated with 1.5% agarose, and allowed to set and cool before transferring 

HepG2 spheres to the bottom of the coated plates, and the inserts containing SV-80 

3D culture were placed on top. HepG2 and SV-80 3D cultures were incubated for 48 

hours. 

2.6 Cell Viability  

To assess the effects of hypoxia-mimetic agent CoCl2 on cellular viability, HepG2 

cells were seeded at a density of 5X103 cells/ well in a 96-well plate. Cells were 

allowed to attach prior to treatment with increasing concentrations of CoCl2 (100-400 

μM). Cell viability was assessed using CellTiter-Glo Luminescent Assay (Promega, 

USA), according to manufacturer instructions. Luminescent signals were recorded 

using GloMax Discover (Promega, USA). The experiment was repeated three times 

(n=12). 
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2.7 Establishing Hypoxia Model 

To mimic the hypoxic microenvironment, 2D cultures of HepG2 cells were 

cultured as previously described in section 2.2 and treated with 200 and 300 μM of 

Cobalt (II) Chloride hexahydrate (CoCl2) for 6 hours prior to harvesting. The doses 

and incubation time are based on literature demonstrating HIF1- α maximum induction 

at 4-6 hours of CoCl2 treatment, over a range of doses (Liu et al., 2015). Under 

normoxia, HIF1-α protein is degraded, and hence, serves as a marker for hypoxia. 

Western blot was carried out to assess expression of HIF1-α in CoCl2 treated and non-

treated cells. 

2.8 Western Blotting 

Cells were harvested in ice-cold PBS and then lysed with appropriate volume of 

RIPA buffer containing phosphatase and protease inhibitor and incubated on ice for 

30 minutes, vortexing every 10 minutes. Samples were centrifuged at 12000 rpm for 

30 minutes at 4°C. The pellet was discarded, and the supernatant was transferred to a 

new tube for protein quantification using BCA assay. Total protein was separated with 

8% SDS-PAGE. After running the gel, proteins were transferred to a PVDF membrane 

that was then blocked with 5% non-fat dry milk TBST for 1 hour at room temperature. 

Membranes were incubated with primary antibody against HIF1α (HIalpha67, ChIP 

grade) at 1:200 dilution, GAPDH (ab181602) at 1:40000 dilution overnight at 4°C. All 

primary antibodies were diluted in 2% non-fat dry milk TBST. Membranes were 

washed with TBST and then incubated with secondary antibodies against HIF1α (anti-

mouse, 7076s) at 1:1000 dilution, and against GAPDH (anti-rabbit, 7074s cell signali) 

at 1:1000 dilution for 1 hour at room temperature. All secondary antibodies were 

diluted in 2% non-fat dry milk TBST. Blots were then visualized using LI-COR C-
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DiGit Blot Scanner. Quantification of visualized bands was performed using ImageJ 

software. 

2.9 RNA-Seq Libraries Construction and Sequencing 

For RNA extraction, all groups were prepared as described previously, then 

collected, washed with 1X PBS, and resuspended in RNAlater stabilization solution 

before storing at -80°C.  Total RNA was isolated from three biological replicates of 

all groups using RNeasy Mini Kit (Qiagen) following manufacturer’s instructions. 

Concentration and purity of total RNA was assessed using NanoDrop2000. Quality 

control of RNA samples was performed with Agilent 2100 Bioanalyzer RNA 6000 

Nano Kit, concentrated samples were diluted with RNase-free water prior to 

bioanalyzer run. Purity scores and RINs for all groups are listed in Table 1. 

The RNAseq libraries were prepared by DNA Sequencing Center in Brigham 

Young University. Briefly, KAPA Stranded mRNA-Seq Kit (Kapa Biosystems, USA) 

was used for capturing poly(A) RNA, converting it to cDNA, A-tailing, and Adapter 

ligation. Fragments carrying appropriate adapter sequences were amplified to yield 

mRNA-Seq libraries. KAPA Library Quantification Kit (Kapa Biosystems, USA) was 

used for libraries quantification prior to Illumina sequencing using high-throughput 

Illumina HiSeq sequencing system (Illumina, USA). 
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Table 1: RNA extraction quality control. 260/280 ratio and RINs for all groups 

obtained from NanoDrop 2000 and Agilent 2100 Bioanalyzer. 

 

 

2.10 Alignment and Analysis of Illumina Reads  

Briefly, reads obtained from Illumina were aligned to Homo sapiens GRCh38.p2 

reference genome using tophat2 v2.1.0. Following alignment and annotation, read 

counts were generated using HTseq count. Alignment and generation of read counts 

were performed by NYU-AD bioinformatics core. 

Read counts were used to generate principle component analysis (PCA) plot and 

hierarchical cluster heatmaps, using the web-based tool ClustVis 

(https://biit.cs.ut.ee/clustvis_large/), for clustering of multivariate data. Triplicates of 

each group are collapsed by taking the mean, and rows were scaled using vector 

scaling method. Due to limitation on input data size, 2400 genes were selected 

randomly for generation of heatmap in Figure 11. 

 

 

 

 

 260/280 RIN

Group 1 2.10 10

Group 1' 2.11 10

Group 1'' 2.10 10

Group 2 2.06 10

Group 2' 2.10 10

Group 2'' 2.10 10

Group 3 2.10 10

Group 3' 2.07 10

Group 3'' 2.08 10

Group 4 2.09 10

Group 4' 2.09 10

Group 4'' 2.08 10

Group 5 2.07 10

Group 5' 2.10 10

Group 5'' 2.09 10

https://biit.cs.ut.ee/clustvis_large/
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2.11 Differential Gene Expression Analysis 

RNA-seq 2G (http://52.90.192.24:3838/rnaseq2g/) was used to perform analysis 

of differential gene expression using read counts between group 1 (2D HepG2 under 

normoxia), group 2 (2D HepG2 treated with CoCl2), group 3 (2D co-culture HepG2 

treated with CoCl2), group 4 (3D HepG2), and group 5 (3D co-culture HepG2). 

Counts were normalized using DEseq method, and differential expression was 

determined using DEseq2 method. Obtained DEGs with false discovery rate (FDR) 

<0.05 and exhibiting a fold change ≤ -2and ≥ 2 were identified as significant DEGs. 

 

2.12 Gene Set and Gene Ontology Enrichment Analyses 

Gene set enrichment analysis (GSEA) was carried on sets of upregulated and 

downregulated genes using canonical pathways ontology on eXploring Genomic 

Relations (XGR) web version (http://galahad.well.ox.ac.uk:3020/enricher/genes). 

Enriched terms were tested for significance using the Hypergeometric test, and only 

terms with FDR < 0.05 were considered. Gene ontology (GO) enrichment analysis 

was carried out using Biological Networks Gene Ontology (BiNGO) App (Maere et 

al., 2005) in Cytoscape, an open source software platform for network data 

integration, analysis, and visualization (Killcoyne et al., 2009). Based on 

Hypergeometric significance test, corrected multiple testing using Benjamini and 

Hochberg FDR < 0.05, and using biological process ontology, relevant enriched terms 

were identified by BiNGO.  

InteractiVenn (http://www.interactivenn.net/) was used to generate a Venn 

diagram of relevant GO terms by uploading sets of their associated genes (Heberle et 

al., 2015). 

http://52.90.192.24:3838/rnaseq2g/
http://galahad.well.ox.ac.uk:3020/enricher/genes
http://www.interactivenn.net/
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2.13 Protein-protein Interaction Networks 

The web platform Network Analyst (http://www.networkanalyst.ca/) was used to 

generate protein-protein interaction (PPI) networks. By providing a list of genes with 

their corresponding log fold changes, PPI networks were generated based on STRING 

Interactome with confidence score cutoff of 700 (1000 being highest) and required 

experimental evidence (Xia et al., 2014). Modules were identified using module 

explorer function; modules with highest connections were selected for further analysis.  

2.14 Quantitative polymerase chain reaction  

For the purpose of validating genes of interest, quantitative polymerase chain 

reaction (qPCR) was carried out on samples from groups 1 and 5. Total RNA was 

converted to cDNA using GoScript™ Reverse Transcription System, according to 

manufacturer's instruction  (Promega, USA). GoTaq® qPCR Master Mix (Promega, 

USA) was used to perform qPCR on QuantStudio 5 Real-Time PCR System (Applied 

Biosystems, USA) using gene-specific primers purchased from Macrogen (Macrogen 

Inc., South Korea). 18S rRNA was used for data normalization due to its unchanged 

expression in groups 1 and 5. Comparative CT method (2-ΔΔC
T) was used to determine 

fold change in expression of target genes between group 5 and group 1 (Schmittgen 

and Livak, 2008), according to the following equation:  

2-ΔΔC
T =[(CT gene of interest - CT internal control) group 5 – (CT gene of interest - CT 

internal control) group 1] 

http://www.networkanalyst.ca/
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The cycling parameters recommended in GoTaq® qPCR Master Mix manual were 

used. Briefly, Hot-Start Activation was carried at 95°C for 2 minutes, 40 cycles of 

denaturation at 95°C for 15 seconds, followed by annealing/ extension at 60°C for 60 

seconds, and then dissociation at 60–95°C. All reactions were carried in triplicates, 

and primers sequences are shown in Table 2. 

 

Table 2: List of primers and their sequences 

2.15 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 7 and Microsoft 

Excel. Two-tailed, paired t-test was used to analyze the data, where statistical 

significance was assumed at p < 0.01. Data is represented as mean ± SD. 

 

 

 

 

 

 

 

 

 

 

Primer Forward (5'→3') Reverse (5'→3') Source

CA9 CATCCTAGCCCTGGTTTTTGG GCTCACACCCCCTTTGGTT Beucken et al., 2009

PFKFB3 ATTGCGGTTTTCGATGCCAC GCCACAACTGTAGGGTCGT Primer Bank: 223941849c2

SERPINE1 CAACTTGCTTGGGAAAGGAG GGGCGTGGTGAACTCAGTAT Xu et al., 2015

ETS1 TTCACTAAAGAACAGCAAC TGTCCCCAACAAAGTCTG Zheng et al., 2013

MMP3 TGGCATTCAGTCCCTCTATGG AGGACAAAGCAGGATCACAGTT RTPrimer Database: 3211 

MMP7 ATGTGGAGTGCCAGATGTTGC AGCAGTTCCCCATACAACTTTC Primer Bank: 75709180c2

E2F2 CGTCCCTGAGTTCCCAACC GCGAAGTGTCATACCGAGTCTT Primer Bank: 315075284c1

E2F7 CTCCTGTGCCAGAAGTTTC CATAGATGCGTCTCCTTTCC Weijts et al., 2012

E2F8 AATATCGTGTTGGCAGAGATCC AGGTTGGCTGTCGGTGTC Weijts et al., 2012

18S rRNA AGTCCCTGCCCTTTGTACACA GATCCGAGGGCCTCACTAAAC Beucken et al., 2009
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Chapter 3: Results 

3.1 Morphology Assessment 

HepG2 and SV-80 cells were cultured in 2D and 3D systems to examine the 

morphological changes accompanying the changes in the culturing environment. SV-

80 cells grown as a 2D culture exhibit an elongated morphology. However, growing 

SV-80 as 3D culture in porous scaffolds alters their morphology entirely. By forcing 

them to grow within the pores of the scaffold, SV-80 cells are no longer elongated, 

instead they exhibit a round morphology and a smaller size than their 2D counterparts 

(Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Morphology assessment of 2D and 3D SV-80 cultures. a) Brightfield image 

of 2D SV-80 fixed and stained with crystal violet (40X). b) Fluorescence image of 2D 

SV-80 fixed and incubated with anti-Tubulin primary antibody and Alexa Fluor 488- 

conjugated secondary antibody (green), and counterstained with DAPI (20 X). c) 

Brightfield image of 3D SV-80 fixed and stained with neutral red (40X). d) 

Fluorescence image of 3D SV-80 fixed and incubated with anti-Tubulin primary 

antibody and Alexa Fluor 488- conjugated secondary antibody (green), and 

counterstained with DAPI (40 X). 
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On the other hand, HepG2 grown as a 2D culture forms clusters or islands on the 

plastic culturing surface. HepG2 cells grown in 3D were monitored over a period of 5 

days to assess formation of tightly aggregated spheroids. Starting at the second day, 

HepG2 cells started forming tight aggregates, whereas by the fourth day HepG2 started 

forming tight spheroids with a smooth surface (Figure 7). 

Figure 7: Morphology assessment of 2D and 3D HepG2 cultures. a) Brightfield image 

of 2D HepG2 fixed and stained with crystal violet at day 3 (20 X). b) Brightfield image 

of 3D HepG2 fixed and stained with crystal violet at day 1, c) at day 2, d) at day 3, e) 

at day 4, f) at day 5 (10 X). 

 

3.2 Cell Viability 

HepG2 2D cultures were treated with increasing concentrations of CoCl2 (100-400 

μM) to assess cellular viability under hypoxia-mimicking conditions. Treatment of 

HepG2 with CoCl2 did not alter cellular viability in a significant manner at doses of 

100 and 200 μM of CoCl2. However, a significant difference (p < 0.01) was noted at 

doses of 300 and 400 μM of CoCl2 (Figure 8 a). 
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3.3 HIF1-α Expression 

To confirm the induction of hypoxia in CoCl2- treated HepG2 2D cultures, protein 

expression of HIF1α was assessed using western blot. As shown in Figure 8 b, 

treatment with 200 μM of CoCl2 for 6 hours did not induce HIF1α expression. 

However, by increasing the dose to 300 μM, HIF1α expression was detected in HepG2 

cells. 

 

 

 

 

 

 

 

Figure 8: Effects of CoCl2 treatment on HepG2 cells. a) Cell viability of HepG2 cells 

after treatment with increasing concentrations of CoCl2 for 6 hours (p < 0.01). b) HIF1-

α protein expression was detected in CoCl2 HepG2-treated cells after 6 hours of 

incubation. Protein bands were quantified using ImageJ software. Each band intensity 

was quantified using ImageJ, normalized relative to their respective loading control 

bands, then treated groups are expressed as a ratio of control. 

 

3.4 PCA and hierarchical cluster heatmaps 

PCA was used to explore how different culturing conditions translate into changes 

in global gene expression. In a PCA plot, groups exhibiting similarity will cluster 

closer together than those with less similarity. As shown in Figure 9 a, all the groups 

are gathered at the opposite extreme of the proposed model (group 5), where the 

conventional HepG2 culture (group 1) is the furthest. A Heatmap was utilized to better 

visualize the expression of genes among different groups, and how groups will cluster 

together based on their expression profiles (Figure 9 b). Clustering rows (genes) and 

columns (groups) yielded a similar result to that of PCA, where group 5 clustered 
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separately from the rest of the groups. On the other hand, group 4 clustered with group 

3, and group 2 clustered with group 1. 

 

Figure 9: PCA plot and hierarchical cluster heatmap of all culturing conditions. a) PCA 

plot of all groups where triplicates of each group are collapsed by taking mean inside 

each group. Vector scaling is applied to rows; Nipals PCA is used to calculate principal 

components. X and Y axis show principal component 1 and principal component 2 

that explain 34.4% and 26.9% of the total variance, respectively. b) Heatmap of all 

groups where triplicates of each group are collapsed by taking mean inside each group. 

Rows are centered; vector scaling is applied to rows. Rows are clustered using 

correlation distance and average linkage. Columns are clustered using Manhattan 

distance and single linkage. 2400 rows, 5 columns. 
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3.5 Differential gene expression analysis 

Global gene expression profiles of different groups were compared to investigate 

the contribution of culturing conditions to gene expression. Significant differentially 

expressed genes (DEG) were determined relative to HepG2 2D-culture under 

normoxia (group 1). Culturing HepG2 cells under hypoxia-mimicking conditions 

(group 2) resulted in significantly upregulating 243 genes and downregulating 131 

genes. Culturing 2D HepG2 cells with SV-80 fibroblasts under hypoxia-mimicking 

conditions (group 3) resulted in increasing the number of significantly DEGs to 474 

upregulated and 145 downregulated genes. When comparing gene expression profile 

of HepG2 spheroids (group 4) to that of group 1, 203 genes were significantly 

upregulated, whereas 82 genes were downregulated. Co-culturing HepG2 spheroids 

with SV-80 cells grown in 3D culture (group 5) by far resulted in changing the gene 

expression of HepG2 by significantly upregulating 1291 and downregulating 880 

genes in group 5 in comparison to group 1. 

When looking at the top 100 upregulated genes, certain genes were found to 

overlap between groups. For example, 6-Phosphofructo-2-Kinase/Fructose-2,6-

Biphosphatase 3 (PFKFB3) is in the top 5 upregulated genes in groups 2, 3, and 5, and 

in the top 50 in group 4. Carbonic anhydrase 9 (CA9) is the top upregulated gene in 

groups 4 and 5, in the top 5 in group 3 and in the top 55 in group 2. Tensin-1 (TNS1) 

is in the top 5 upregulated genes in group 5, in the top 10 in group 3, in the top 20 in 

group 4, in the top 65 in group 2. In contrast, top 100 downregulated genes did not 

exhibit overlapping trend among different groups. For example, Dickkopf WNT 

signaling pathway inhibitor 1 (DKK1) is the top downregulated gene in group 2, and 

in the top 10 in group 3; whereas it is not among the DEGs in group 4 and it is ranked 

the 879th (out of 880) downregulated gene in group 5. Similarly, E2F transcription 
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factors E2F2, E2F7, and E2F8 are in the top 25 downregulated genes in group 5, but 

were not among group 2 and 3 did not exhibit notable downregulation in comparison 

to group 1. List of the top 25 up- and down- regulated genes can be found in Table 3. 

 

Table 3: List of the top 25 DEGs. Top up- (UR) and down-regulated (DR) genes in 

groups 2, 3, 4, and 5 in comparison to group 1. 

 

3.6 GSEA and GO Analysis 

To gather more insights into the function of the DEGs among different culturing 

conditions, XGR and BiNGO were used to identify enrichment terms in canonical 

pathways and biological processes, respectively.  

GSEA was performed using XGR on all significant DEG in different culturing 

conditions. Upregulated genes due to culturing HepG2 cells under hypoxia-mimicking 

conditions (group 2) resulted in upregulating genes involved in hypoxia-inducible 

Group 2 UR Group 2 DR Group 3 UR Group 3 DR Group 4 UR Group 4 DR Group 5 UR Group 5 DR

PFKFB3 DKK1 PFKFB3 KLF15 CA9 PLG CA9 PKI55

HMOX1 EGR1 CA9 ANKRD1 TNNI2 ALDH1L2 EGLN3 FAM111B

HSPA1A KLF15 PLA2G2A H1F0 SLC12A3 MID1IP1 TNS1 ARSI

HSPA1B C8orf4 HMOX1 FGFR2 GPX3 TAGLN PFKFB3 POLQ

PFKFB4 FOXQ1 ADM C8orf4 SPAG4 FBLN5 NDRG1 E2F2

ADM SOX9 PFKFB4 CDH5 SFRP5 GAS7 CYP1A1 SKIDA1

HSPA1B JRK EGLN3 DKK1 NDRG1 SPINK1 HK1 ANGPTL1

ARRDC3 ARSI MATN3 SALL1 LCN15 NES PNCK GEN1

DNAJB4 CCDC71 TNS1 HAMP PFKFB4 ANKRD1 AQP3 LGR5

NDRG1 ANKRD1 PPFIA4 TNFSF4 PNCK AFP MUC13 AC099344.2

SERPINE1 TNFSF4 NDRG1 SHC3 CHST15 GALNT13 NDUFA4L2 DGAT2

GABARAPL1 H1F0 FAM13A FOXQ1 AC007319.1 DHRS2 SOCS3 E2F8

FAM13A LINC01124 SERPINE1 ALDH1L2 NDUFA4L2 GS1309P15.2 FAM13A RP11701H24.3

RP1145A17.4 TCF23 HSPA1A MOGAT2 SMIM3 MAP1B PPFIA4 RP11566E18.1

TNFSF9 KCNJ10 C1R NR1H4 CD36 LINC01314 A4GALT SHC3

GCLM FOXJ1 HSPA1B CASC10 ANGPTL1 LINC00958 G6PC CXCL5

KDM3A SLC6A14 SOCS3 RBP2 RNASET2 SLIT1 HSPA6 GFOD1

OSGIN1 PPP2R2C GABARAPL1 ZNF512B STRA6 SCARA3 ADM SPTBN2

HSPA1B TMEM147AS1 TNFSF9 SKIDA1 G6PC SLC7A11 HCAR2 CGNL1

EGLN3 TNFAIP3 RIMKLA USP2 TNS1 PLAGL1 IGFBP1 CTC-429P9.5

RIMKLA KCTD21AS1 CD24 TCF23 TUBB1 CDH5 PCK1 RP11-121C2.2

ABHD4 RFXAP CHST15 ADH4 COL2A1 THBS1 GADD45B PRIMA1

UBC BIRC3 HSPA1B AKNA ODAM RP1-140K8.5 RP51120P11.1 E2F7

BNIP3L TIGD2 SIT1 TBX2 SLC28A1 UGT2B4 ARRDC3 DUXAP9

DEDD2 ZNF385B FOS GATA2AS1 APOC3 AREG SERPINE1 SPTLC3
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factor-1 alpha (HIF1-α), hypoxia-inducible factor-2 alpha (HIF2-α), activator protein 

1 (AP-1), and Activating Transcription Factor 2 (ATF-2) networks; among other 

pathways. GSEA revealed that the downregulated genes under hypoxia encode 

secreted soluble factors, and extracellular matrix (ECM) associated proteins (Table 4). 

Similarly to group 2, culturing HepG2 cells with SV-80 fibroblasts under hypoxia-

mimicking conditions (group 3) upregulated genes involved in HIF1α, HIF2α, AP-1, 

and ATF-2 networks. In addition, upregulated genes in group 3 are involved in integrin 

family cell surface interactions, interleukin-6 (IL6) mediated signaling events, and 

remodeling of the extracellular matrix; whereas downregulated genes are involved in 

Wnt/ β-catenin pathways (Table 4). Interestingly, 3D culturing of HepG2 (group 4), 

without treatment with hypoxia-mimicking agent CoCl2, upregulated genes involved 

in HIF1α and HIF2α transcription factor networks (Table 4).  
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Table 4: Enriched GSEA terms of DEGs. Canonical pathways associated with up- 

(UR) and down- regulated (DR) genes in groups 2, 3, 4, and 5, in comparison to group 

1. 

Term Name FDR

HIF-1-alpha transcription factor network 5.30E-11

Direct p53 effectors 6.40E-07

HIF-2-alpha transcription factor network 1.60E-04
AP-1 transcription factor network 1.10E-03

Validated transcriptional targets of deltaNp63 isoforms 4.70E-03
ATF-2 transcription factor network 1.10E-02

Genes encoding secreted soluble factors 1.40E-02
Ensemble of genes encoding ECM-associated proteins including

ECM-affilaited proteins, ECM regulators and secreted factors 2.80E-02

HIF-1-alpha transcription factor network 6.20E-15

Beta1 integrin cell surface interactions 1.00E-08

uPA and uPAR-mediated signaling 8.90E-06

Beta3 integrin cell surface interactions 8.90E-06

HIF-2-alpha transcription factor network 5.40E-05

Genes encoding enzymes and their regulators involved

in the remodeling of the extracellular matrix 5.40E-05

IL6-mediated signaling events 6.90E-04

AP-1 transcription factor network 7.60E-03

Validated transcriptional targets of deltaNp63 isoforms 9.60E-03

Cytokines can induce activation of matrix metalloproteinases,

which degrade extracellular matrix. 9.60E-03

Wnt/beta-catenin Pathway 3.10E-04

Genes related to Wnt-mediated signal transduction 8.80E-04

HIF-1-alpha transcription factor network 8.40E-11

Ensemble of genes encoding extracellular matrix and

extracellular matrix-associated proteins 3.30E-04

Genes encoding enzymes and their regulators involved

in the remodeling of the extracellular matrix 7.60E-04

Ensemble of genes encoding ECM-associated proteins including

ECM-affilaited proteins, ECM regulators and secreted factors 1.20E-03

HIF-2-alpha transcription factor network 3.50E-03

Glucocorticoid receptor regulatory network 4.00E-02

HIF-1-alpha transcription factor network 3.70E-17

ATF-2 transcription factor network 3.00E-03

AP-1 transcription factor network 5.20E-03

Validated transcriptional targets of deltaNp63 isoforms 2.10E-02

IL6-mediated signaling events 2.10E-02

E2F transcription factor network 3.00E-09

Fanconi anemia pathway 7.40E-08

ATM pathway 1.20E-05

Group 5 DR

Group 2 UR 

Group 2 DR 

Group 3 UR

Group 3 DR

Group 4 UR

Group 4 DR

Group 5 UR
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On the other hand, downregulated genes in group 4 are involved in glucocorticoid 

receptor regulatory network (Table 4). When comparing the profile of proposed model 

(group 5) to that of conventional HepG2 culture (group 1), co-culturing HepG2 

spheroids with SV-80 cells grown in 3D culture upregulated genes involved in Src-

homology 2 domain-containing phosphatase 2 (SHP2) signaling in addition to HIF1α, 

AP-1, IL-6, ATF-2 networks. Moreover, upregulated genes in group 5 are 

transcriptional targets of deltaNp63 (Table 4). Downregulated genes are involved in 

E2F, Fanconi anemia, and Ataxia telangiectasia-mutated (ATM) (Table 4). 

To assess the enriched GO terms in respect to biological processes, all significant 

DEGs of different culturing conditions were analyzed using BiNGO. Relevant GO 

terms are shown in Table 5. Upregulated genes in all groups (in comparison to group 

1) were enriched in GO terms related to response to hypoxia, even in CoCl2 non-treated 

3D culture groups, indicating the formation of hypoxic core in 3D culture spheroids. 

In addition, upregulated genes of all groups were enriched in GO terms related to 

response to endogenous stimulus. However, only groups co-cultured with fibroblasts 

(group 3 and 5) were enriched in GO terms related to response to external stimulus, in 

other words, response to an environmental stimulus outside the cancer cell (Table 5).  

Group 5 upregulated genes set was especially enriched in GO terms related to tissue, 

organ, and vasculature developments. Moreover, enriched GO terms included 

multicellular organismal development (Figure 10). Using Venn diagram, overlapping 

genes between development terms were identified. For instance, 21 genes overlapped 

between all development terms (Figure 11a). Expression of genes involved in was 

compared among all culturing conditions using a heatmap to explore how different 

groups express this set of genes (Figure 11b). As expected, group 5 exhibited an overall 
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upregulation of these genes, resulting in clustering separately from the rest of the 

groups. Interestingly, the two other clusters formed between groups 1 and 3, and 

groups 2 and 4, based on their expression of multicellular organismal development-

related genes. 

 

Table 5. Enriched GO terms associated with upregulated genes. Biological processes 

of upregulated genes in groups 2, 3, 4, and 5. 

  

Term # Genes FDR

response to chemical stimulus 47 0.0000002

response to hypoxia 11 0.0002930

negative regulation of programmed cell death 16 0.0013031

response to endogenous stimulus 17 0.0040785

Term # Genes FDR

response to wounding 36 0.0000042

response to endogenous stimulus 35 0.0000016

negative regulation of apoptosis 24 0.0005909

response to external stimulus 31 0.0003799

response to hypoxia 20 0.0000002

Term # Genes FDR

response to endogenous stimulus 15 0.0088056

wound healing 10 0.0038006

extracellular matrix organization 6 0.0214460

response to hypoxia 7 0.0275870

Term # Genes FDR

tissue development 75 0.0011047

vasculature development 39 0.0000743

organ development 156 0.0003272

multicellular organismal development 236 0.0006308

response to hypoxia 33 0.00000004

response to external stimulus 62 0.0002584

response to endogenous stimulus 60 0.0000373

negative regulation of apoptosis 52 0.0000070

Upregulated Group 5

Upregulated Group 2

Upregulated Group 3

Upregulated Group 4
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Figure 10: Network of GO categories of upregulated genes in group 5. GO term 

overrepresentation of up-regulated genes of group 5. The size of each node reflects the 

number of genes and the color indicates different levels of significance for the enriched 

terms according to the included key.  
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Figure 11: Venn diagram and heatmap for genes of GO terms of interest. a) Venn 

diagram of genes associated with tissue, organ, vasculature, and multicellular 

organismal developments in group 5. b) Heatmap of expression of genes associated 

with and multicellular organismal development in all groups. Triplicates of each group 

are collapsed by taking mean inside each group. Rows are centered; vector scaling is 

applied to rows. Rows are clustered using Euclidean distance and average linkage. 238 

rows, 5 columns.  
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GO terms associated with the downregulated genes sets were also obtained from 

BiNGO. Group 3 downregulated genes set turned out only two enriched GO terms; 

negative regulation of transcription and negative regulation of RNA metabolic process, 

both of which were common with group 2. In addition, group 2 downregulated gene 

set was enriched in GO terms related to negative regulation of gene expression. On the 

other hand, certain GO terms overlapped between group 4 and 5, where downregulated 

genes were enriched in terms related to cell cycle regulation. Other enriched terms 

were attributed to culturing HepG2 under 3D conditions, such as negative regulation 

of cell adhesion and regulation of microtubule cytoskeleton organization (Table 6). 

 

Table 6: Enriched GO terms associated with downregulated genes. Biological 

processes of downregulated genes in groups 2, 3, 4, and 5. 

 

 

Term # Genes FDR

negative regulation of cellular metabolic process 10 0.0414870

negative regulation of RNA metabolic process 9 0.0079778

negative regulation of transcription 9 0.0123420

Term # Genes FDR

negative regulation of transcription, DNA-dependent 11 0.0203720

negative regulation of RNA metabolic process 11 0.0203720

Term # Genes FDR

cell cycle arrest 4 0.0191050

regulation of cell proliferation 12 0.0087652

negative regulation of cell adhesion 4 0.0040171

regulation of cell-substrate adhesion 4 0.0053097

Term # Genes FDR

response to DNA damage stimulus 54 0.000000000001

cell cycle checkpoint 21 0.0000002

DNA damage checkpoint 13 0.0000305

regulation of microtubule cytoskeleton organization 7 0.0375770

Downregulated Group 5

Downregulated Group 2

Downregulated Group 3

Downregulated Group 4
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3.7 PPI Networks 

Genes associated with multicellular organismal development mapped using 

Network Analyst to construct PPI networks, generating a network of 1968 nodes and 

3941 edges (Figure12 a). To identify key regulators in the constructed network, 

module detection was performed using Module Explorer function on Network Analyst. 

The top identified modules were then mapped onto the network to visualize their PPI 

pattern (Figure 12 b). The regulators of the top modules were JUN, epidermal growth 

factor receptor (EGFR), and histone deacetylase 3 (HDAC3).  

Figure 12: PPI network of multicellular organismal development. a) PPI network were 

generated based on the list of genes associated with multicellular organismal 

development and their corresponding fold change in group 5. Upregulated genes are 

indicated in red, where darker shade corresponds to higher expression. b) Key 

regulators of genes driving multicellular organismal development were identified as 

EGFR (blue), HDAC3 (orange), and JUN (Red). 

 

Nodes under the regulation of the aforementioned regulators (Figure 12 b) were 

extracted and subjected to GO enrichment analysis. HDAC3-regulated module was 

enriched in terms related to chromatin organization, regulation of gene expression, and 

cellular component organization. JUN-regulated module was enriched in terms related 
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to regulation of gene expression, multicellular organismal development, organ 

development, and liver development. EGFR-regulated module GO terms were mostly 

enriched in signaling pathways and cell communication, but they were also enriched 

in terms related to organ development, tissue development, and multicellular 

organismal development (Table 7). 

 

Table 7: Enriched GO terms associated with key regulators in group 5. Biological 

processes of genes within modules regulated by HDAC3, JUN, and EGFR. 

 

3.8 Validation by qPCR 

To validate both RNA-Seq data and certain genes of interest in group 5, qPCR was 

carried out, in triplicates. When plotting log fold change from both experiments 

together, the two datasets superimpose on each other in most genes, with few 

exceptions. Nonetheless, non-superimposed datasets did show similar expression 

trends, reflecting expression levels observed in RNA-Seq data (Figure 13). 

 

Term # Genes FDR

chromatin organization 56 2.18E-51

regulation of gene expression 87 1.85E-32

cellular component organization 69 1.02E-20

regulation of gene expression 226 5.75E-89

organ development 122 1.13E-32

multicellular organismal development 151 8.03E-28

liver development 12 8.94E-08

signaling 321 0.00E+00

signal transduction 232 1.80E-80

regulation of cell communication 162 1.82E-59

organ development 166 2.13E-36

multicellular organismal development 199 3.49E-25

tissue development 70 3.40E-14

HDAC3

JUN

EGFR
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Figure 13: Validation by qPCR. RNA-Seq based expression was plotted against 

qPCR-based expression. qPCR data are represented as means of fold change ± SD. 
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Chapter 4: Discussion 

Cancer is characterized by chaotically and rapidly dividing cells spinning out of 

control. The cell-centered view that reduces cancer to isolated cancer cells distorts our 

understanding of the multifactorial malignant process. For the seed to grow, a suitable 

soil must be provided; as such, an encouraging microenvironment plays a key role in 

driving tumor progression (Hanahan and Weinberg, 2011; Konopleva and Jordan, 

2011; Balkwil et al., 2012; Hanahan and Coussens, 2012; Quail and Joyce, 2013; 

Klemm and Joyce, 2015). 

The study presented in this thesis investigated how architecture and context of the 

cell contribute to tumorigenesis. To address this notion, liver cancer microenvironment 

was modeled using a 3D co-culture system that included both liver cancer cells and 

non-malignant stromal cells (fibroblasts). This model was, then, compared to other 

culturing methods in terms of their transcriptome profiles to reveal significant 

differences, if any, leading to a more aggressive phenotype.  

As shown in Figures 6 and 7, morphology of HepG2 and SV-80 cells grown in 3D 

culture was highly distinct from their 2D counterparts. Distribution of 2D culture was 

restricted to the surface of the culturing substrate, limiting cell-cell communication to 

the perimeter of the cell. This limitation was eliminated in 3D cultures, where cells 

could spread in all three dimensions and to be layered on top of each other, thus, 

creating an oxygen, nutrient and waste gradients (Mehta et al., 2012). 3D culture has 

been reported to alter cellular morphology, resulting in enhanced cell-cell 

communication and response to stimuli (Anton et al., 2015).  

In this study, the transcriptome of five culturing conditions was profiled to 

determine the effects of each condition on tumorigenesis. PCA and hierarchical cluster 
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heatmap were performed on all groups to estimate how similar/ different the groups 

are, based on their gene expression profile. In a PCA plot, the distance between any 

two points is correlated to their similarity; in other words, the closer two points are, 

the more similar they are, and vice versa. As shown in Figure 9 a, group 5 was on one 

extreme of all the other groups, specifically group 1, which was the furthest point on 

the plot form group 5. This clear distinction suggests a fundamental difference in gene 

expression between the proposed model and all other culturing conditions. 

Consistently, the hierarchical cluster heatmap shown in Figure 9 b revealed a similar 

distribution, where group 5 clustered separately from the rest of the groups. 

Interestingly, HepG2 cells grown in 2D co-culture (group 3) clustered with 3D HepG2 

spheroids (group 4) and not with the other 2D culture groups (group 1 & 2); suggesting 

a considerable change in gene expression as a result of co-culture with fibroblasts. 

4.1 Effects of Hypoxia Mimicking-conditions 

By increasing the layers of complexity in each group, DEGs associated with each 

element of complexity were identified. For instance, by only culturing HepG2 cells 

under hypoxia-mimicking conditions (group 2), a set of genes that act as direct 

effectors of p53 were upregulated. In addition, mimicked hypoxia resulted in 

upregulating transcriptional targets of ΔNp63, and AP-1 transcription network (Table 

4). P53 gene family includes p53, p63, and p73; all of which work as transcription 

factors regulating key pathways such as cell proliferation, apoptosis, development, and 

differentiation (Inoue and Fry, 2014). Splice variants of p63 and p73 that include the 

N-terminal transactivation domain (TA) homologous to that of p53 are referred to as 

TAp63 and TAp73, respectively. These splice variants act as tumor suppressors in vivo 

mouse models (Guo et al., 2009; Tomasini et al., 2008). However, splice variants of 
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p63 and p73 that do not include the TA domain are referred to as ΔN (amino-truncated) 

isoforms ΔNp63 and ΔNp73 (Kaghad et al., 1997; Yang et al., 1998). These truncated 

variants act as oncogenes by antagonizing p53, TAp63, and TAp73 through 

competitive binding to target DNA-binding sites and/ or through the formation of 

complexes with TAp63, TAp73, and p53 (Yang et al., 1998; Davison et al., 1999; Chi 

et al., 1999; Grob et al., 2001; Stiewe et al., 2002; Chan et al., 2004). AP-1 proteins 

(i.e. Jun, Fos, and Atf families) are involved in a number of cellular processes, 

including proliferation and apoptosis through the modulation of cell cycle regulators 

such as p53 family. AP-1 proteins are activated by hypoxia and are frequently 

deregulated in cancer, indicating their pro-cancer role (Angel and Karin, 1991; Eferl 

and Wagner, 2003; Vlahopoulos et al., 2008). 

As revealed by GSEA, culturing HepG2 cells under hypoxia-mimicking conditions 

resulted in upregulation of AP-1 and ATF-2 transcription factor networks, and the 

transcriptional targets of ΔNp63; suggesting an antagonizing effect on p53. Such 

observations are reflected in GO enrichment analysis, where upregulated genes were 

enriched in terms related to negative regulation of programmed cell death, suggesting 

an inhibition of apoptosis in HepG2 cells grown under hypoxia-mimicking conditions. 

GSEA of downregulated genes in group 2 revealed that enriched terms were related to 

“genes encoding secreted soluble factors” and “genes encoding ECM-associated 

proteins including ECM-affiliated proteins, ECM regulators and secreted factors”. 

Surprisingly, the subset of genes associated with this term are involved in migration 

and invasion. CoCl2 treatment only resulted in inhibiting apoptosis, which is consistent 

with previous reports (Piret et al., 2002; Piret el al., 2004); however, it did not 

encourage other cancer promoting hallmarks, such as invasion. GO enrichment 

analysis of downregulated genes revealed that culturing HepG2 cells under hypoxia-
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mimicking conditions decreased negative regulation of transcription, which could be 

attributed to the increase in transcription of HIF pathway target genes needed for 

survival under hypoxia (Liu and Simon, 2004). 

4.2 Effects of Stromal Signaling in 2D Microenvironment Model 

To examine the role of the stroma in cancer progression, group 3 and 5 were 

developed. In group 3, a simple one-way communication culturing system was 

established by incubating HepG2 cells with the conditioned media of SV-80 cells. In 

addition, HepG2 cells were treated with CoCl2 to mimic hypoxic conditions. As a 

result, HepG2 cells transcriptome profile indicated that group 3 culturing conditions 

promote a tumor-supporting gene expression. Interestingly, the one-way 

communication system upregulated genes associated with integrin cell surface 

interactions, in addition to uPA and uPAR-mediated signaling. Integrins are 

transmembrane receptors, and they comprise the majority of cell surface receptors 

related to cell adhesion (Hynes, 2002). As bidirectional transmembrane receptors, 

integrin signaling pathway regulates many cellular processes (i.e. proliferation, 

survival, migration, gene expression, and ECM remodeling) within the cell in response 

to extracellular stimulus. It also regulates the interaction with the extracellular 

environment in response to intracellular cues (Hynes, 2002; Ridley et al., 2003; 

Schwartz and Ginsberg, 2002; Askari et al., 2009). Expectedly, integrin signaling 

pathway is hijacked and augmented by cancer cells to promote their own survival, 

invasiveness, and proliferation (Hamidi et al., 2016). 

Indeed, β1 integrins are overexpressed in many tumors, and blocking their 

signaling transduction reduces survival and tumorgenicity of many cancers, in 2D and 

3D in vitro cultures, and in vivo (Paulus et al., 1993; Barkan and Chambers, 2011; 
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Fabricius et al., 2011; Lahlou and Muller, 2011; Schaffner et al., 2013; Vallo et al., 

2017; Yang et al., 2003; Grzesiak and Bouvet, 2007; Park et al., 2006; White et al., 

2004). Integrin signaling pathway transduction has been reported to be promoted by 

other cell surface proteins, such as urokinase receptor (uPAR) (Kugler et al., 2003). 

Suppressing uPAR expression or disruption uPA/uPAR interaction have been reported 

to inhibit tumor progression and metastasis (Lakka et al., 2001; Rao, 2005; Tyndall et 

al., 2008).  

GO enrichment analysis yielded comparable results, where the top enriched terms 

associated with upregulated genes of group 3 are related to responses to endogenous 

and external stimuli. In addition, GSEA terms associated with upregulated genes 

include IL-6 mediated signaling. This is consistent with Integrin increased signaling, 

where enhanced IL-6/ STAT3 signaling is promoted by β1-Integrin pathway (Shain et 

al., 2009; Kesanakurti et al., 2013). IL-6 is essential for liver regeneration, however, 

IL-6 persistent expression and its downstream targets have been implicated in HCC 

development (Schmidt-Arras and Rose-John, 2016).  

Similarly, down-regulated genes in group 3 were associated with a more aggressive 

phenotype. GSEA terms of downregulated genes in group 3 are associated with Wnt-

mediated signal transduction, including DKK1 and DKK4, inhibitors of Wnt singling 

pathway. DKK1 overexpression has been reported to inhibit proliferation and invasion 

of gastric cancer, in vitro and in vivo (Jia et al., 2016). Overexpression of DKK1 

significantly reduced tumor growth in melanoma-xenograft model, in addition to 

inhibiting angiogenesis (Park et al., 2014). Indeed, DKK-1 expression was found to be 

downregulated or lost in nine different human melanoma cell lines and most of the 

tested melanoma tissue samples (Kuphal et al., 2006). Similarly, Eight HCC cell lines 



40 
 

and 47% of 81 tissue samples were reported to express lower levels of DDK4, in 

comparison to their non-malignant counterparts (Fatima et al., 2012). Overexpressing 

DKK4 in HCC cell lines was shown to inhibit their proliferation, colony formation, 

and migration. In addition, xenograft models established with DKK4-expressing HCC 

cells exhibited a smaller tumor size (Fatima et al., 2012). GO enrichment analysis of 

downregulated genes in group 3 only yielded two terms, negative regulation of 

transcription and negative regulation of RNA metabolic process; much similar to 

downregulated genes in group 2. These findings demonstrate the role of stroma in 

supporting the malignant process through promoting tumor progression and pro-

survival signaling pathways.  

4.3 Effects of Spatial Arrangement in 3D Culture 

To explore the changes in gene expression in response to 3D culture, HepG2 

spheroids were developed using poly-Hema coated culture plates. Without treatment 

with CoCl2, HepG2 spheroids upregulated genes were associated with HIF1-α and 

HIF2-α, as revealed by GSEA. This is consistent with the body of literature promoting 

cancer spheroids as candidate solid tumor model, as they recapitulate many aspects of 

in vivo tumors including hypoxia (Kimlin et al.; 2013). Hypoxia development results 

in inducing hypoxia-mediated pathways such as HIF pathway to promote survival, 

angiogenesis, invasion, and metastasis (Luo et al., 2014). Indeed, silencing of both 

HIF1- α and HIF2-α resulted in inhibiting growth of HepG2 spheroids. However, 

knocking down one of them enhanced the expression of the other, increasing spheroid 

size and favoring survival pathways (Menrad et al., 2010). HIF1-α has been implicated 

in many aspects of liver cancer progression including epithelial–mesenchymal 

transition (EMT). HIF1-α mediated EMT has been reported to involve Wnt/ β-catenin 
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signaling pathway, through hypoxia-induced overexpression of β-catenin (Liu et al., 

2010), which in turn forms a complex with HIF1-α, amplifying its transcriptional 

activity (Zhang et al., 2013). 

GSEA also identified a subset of upregulated genes in group 4 as genes encoding 

ECM and ECM-associated proteins, and genes encoding enzymes and their regulators 

involved in ECM remodeling. Abnormal ECM deposition and degradation are part of 

ECM remodeling, a common hallmark of hypoxia, through which it enhances cancer 

progression (Petrova et al., 2018).  Both EMT and ECM remodeling are instrumental 

in the metastatic process, where ECM remodeling and degradation paves the way for 

migrating cancer cells to invade other locations (Rajesh and Mandal, 2017). Similarly, 

GO enrichment analysis of upregulated genes revealed that enriched terms are related 

to ECM organization and wound healing.  

Similarly, GSEA of downregulated genes of group 4 revealed one term within the 

cutoff threshold, which is “glucocorticoid receptor regulatory network”. 

Glucocorticoids (GC) and their receptors (GCR) play a vital role in maintaining 

homeostasis of the liver under metabolic and physiological stress (Mueller et al., 

2012). Indeed, GC-GCR signaling have been implicated in protecting the liver from 

fatty liver disease and HCC development. In GCR knockout mice, a subset of the 

animals developed dysplastic nodules; however, most animals developed HCC, 

accompanied by increased Reactive oxygen species (ROS) level and liver damage 

markers (Mueller et al., 2011). GO enrichment analysis revealed that downregulated 

genes in group 4 were enriched in terms related to negative regulation of cell adhesion. 

This is consistent with the proposed notion of EMT induction in response to HIF 

pathways and ECM remodeling observed in the upregulated genes set. In addition, 
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downregulated genes were enriched in terms related to cell cycle arrest and regulation 

of cell proliferation, indicating deregulation in cell cycle checkpoints. Taken together, 

these results demonstrate how upgrading HepG2 cells from 2D to 3D culture 

introduces hypoxia and its associated hallmarks, which better represents in vivo 

conditions.   

4.4 Modeling the Microenvironment of Liver Cancer 

In the aim of recapitulating the complex liver cancer TME, an in vitro model was 

developed based on a 3D co-culture system of liver cancer cells and stromal 

fibroblasts. Like group 4, HepG2 spheroids of the proposed model (group 5) 

upregulated genes were associated with HIF pathways, without being treated with 

CoCl2. In addition, group 5 shared a number of enriched terms with CoCl2- treated 

groups (group 2 and 3). For instance, terms related to AP-1 and ATF-2 transcription 

factors networks overlapped between group 2, 3, and 5. As part of AP-1 family, ATF-

2 plays a role in regulating apoptosis, drug resistance, and cell cycle progression 

(Bhoumik et al., 2007). Deregulation of ATF-2 and its network have been implicated 

in liver development, regeneration, and cirrhosis (Breitwieser et al., 2007; Behnke et 

al., 2012). In addition, ATF-2 has been reported to play a role in HCC resistance to 

sorafenib, in vivo (Rudalska et al., 2014). This is consistent with other reports 

implicating AP-1 network member, c-Jun, with sorafenib resistance (Chen et al., 2016; 

Haga et al., 2017). Such observations are in line with hypoxia activation of AP-1 and 

with findings indicating that highly hypoxic HCC are resistant to sorafenib (Liang et 

al., 2013).  

Group 5 upregulated genes also shared “IL-6 mediated signaling events” term with 

group 3. IL-6 overexpression has been reported in many cancers, including HCC, 
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where it is suggested to play a role in epithelia-stroma communication. IL-6 was 

reported to promote the transition of fibroblasts to CAFs (Lee et al., 2015; Yeh et al., 

2015). After which, transformed CAFs overexpress and secrete IL-6 to promote 

growth, migration, and EMT of the cancer cells (Li et al., 2015). Indeed, studies on 

different types of cancer, including those of the gastrointestinal tract, have identified 

CAFs as the main source of IL-6, promoting tumorigenesis. For instance, CAFs in 

colorectal cancer microenvironment were reported to overproduce IL-6 leading to 

propagation of colorectal cancer cells with stem-like properties (Huynh et al., 2016). 

In gastric cancer, a similar overproduction of IL-6 was attributed to CAFs, where they 

promoted tumorigenesis through activation of Signal transducer and activator of 

transcription 3 (STAT3), which in turn promotes cell survival migration/ invasion and 

angiogenesis (Kinoshita et al., 2013; Kanda et al., 2004; Okamoto et al., 2011; Gong 

et al., 2005). Similarly, proliferation, migration, and invasion of liver cancer cells were 

enhanced by CAFs upregulation of IL-6, among other cytokines (Lin et al., 2012). 

These findings are consistent with GSEA, where IL-6 mediated signaling was only 

identified in co-culture groups, group 3 and 5, accompanied by upregulation of IL-6 

receptor. 

According to GSEA, downregulated genes were associated with E2F transcription 

factor network, Fanconi anemia pathway, and ATM pathway. ATM and BRCA1 genes 

were shared among the three pathways associated genes lists. ATM plays a strategic 

role in preserving genomic integrity through triggering cell cycle checkpoints. Hence, 

downregulation of ATM signaling pathway has been reported to result in 

chemoresistance in several cancers through impairing DNA damage response, 

bypassing cell cycle checkpoints, and therefore, harboring genomic instability (Song 

et al., 2007; Jiang et al., 2009; Wang et al., 2012; Rondeau et al., 2015; Yao et al., 
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2017). Similarly, BRCA1 is involved in maintenance of genomic stability, DNA 

damage repair, and cell checkpoint control. As a tumor suppressor, BRCA1 mutations 

increase the risk of cancers other than breast and ovarian cancers, including stomach, 

liver, pancreatic, prostate, and colorectal cancers (Moran et al., 2012; Iqbal et al., 2012; 

Phelan et al., 2014). BRCA1 and BRCA2 have been reported to interact with Fanconi 

anemia family to promote DNA repair (Garcia-Higuera et al., 2001; D'Andrea and 

Grompe, 2003). Fanconi anemia proteins are activated in response to DNA damage, 

where they recruit DNA repair proteins, and activate cell cycle checkpoints (Kennedy 

and D'Andrea, 2005). Consistently, E2F transcription factor network, which was 

associated with down regulated genes of group 5, are involved in cell cycle regulation 

and DNA damage response. Levels of E2F1 and E2F2 have been reported to increase 

under DNA damage in E2F3-dependent manner, where E2F3 activity is needed for 

DNA damage-induced apoptosis (Martinez et al., 2010). Similarly, E2F7 and E2F8 are 

induced in response to DNA damage, and their downregulation prevents cell cycle 

arrest (Zalmas et al., 2008; Thurlings et al., 2017). In addition, inhibition of E2F7 has 

been reported to improve cell cycle re-entry and clonogenic survival (Mitxelena et al., 

2018). GSEA of downregulated genes indicating escape of cell cycle checkpoints was 

well reflected in GO enrichment analysis yielded terms. Downregulated genes of group 

5 were enriched in terms related to response to DNA damage stimulus, cell cycle 

checkpoint, and DNA damage checkpoint. 

GO enrichment analysis of upregulated genes yielded very interesting results. 

Group 5 enriched terms were related to response to external stimulus. Group 5, in 

addition to group 3, were the only groups enriched in terms related to response to 

external stimulus, highlighting the interaction with fibroblasts in the co-culture 

models. In addition, Group 5 enriched terms were related to vasculature development, 
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tissue development, organ development, and multicellular organismal development. 

As shown in Figure 11 a, 21 genes were shared among the four terms, 63 genes were 

associated with both organ development and multicellular organismal development, 

whereas 80 genes were unique to multicellular organismal development, indicating 

non-redundancy in identifying these GO terms. Heatmap visualization of genes 

associated with multicellular organismal development revealed a specific upregulation 

of these genes in group 5 in comparison to all other groups.  

Through PPI networks, modules associated with multicellular organismal 

development were identified. Modules could be defined as clusters within a network 

that carry a number of connections that cannot be, otherwise, formed randomly. 

Regulators of modules associated with multicellular organismal development were 

identified to be JUN, EGFR, and HDAC3. Genes under the regulation of JUN were 

enriched in terms related to development of organ and liver, and multicellular 

organismal development. As mentioned earlier, JUN is involved in the regulation of 

survival, proliferation, and apoptosis. JUN is upregulated in many cancers, including 

HCC, where it has been shown to play a role in liver development, regeneration, and 

induction of liver cancer through inhibition of apoptosis (Stepniak et al., 2006; Eferl 

et al., 2003). EGFR activation has been reported to be partially regulated by JUN, 

where inhibition of c-Jun (protein encoded by JUN) led to a significant suppression of 

EGFR transcription in bladder cancer cells. In addition, higher expression of EGFR 

was correlated with enhanced metastasis, in vitro and in vivo (Fang et al., 2014). Genes 

under the regulation of EGFR were enriched in terms related to cell signaling and 

communication, in addition to development of organ and tissue, and multicellular 

organismal development. Indeed, EGFR has been implicated in liver proliferation, 

regeneration, fibrogenesis, and neoplasticity; where it is often found to be 
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overexpressed (Komposch and Sibilia, 2016; Berasain and Avila, 2014). EGFR 

signaling pathway cross-talks with many other signaling pathways regulating 

development and progression of HCC, highlighting it as a signaling hub (Berasain et 

al., 2011). Both JUN and EGFR have been reported to be affected by HDAC3 

expression, where inhibition of HDAC3 resulted in suppressing the expression of c-

Jun and EGFR (Yamaguchi et al., 2005; Chou et al., 2011). HDAC3, as a member of 

the HDAC family, is involved in regulation of gene transcription. HDAC3 is also 

heavily involved in liver processes, it has been reported to play an important role in 

liver regeneration and proliferation (Lu et al., 2018). As such, HDAC3 was reported 

to be a specific requirement for liver formation in zebrafish, where inhibiting HDACs 

led to hindering liver development (Farooq et al., 2008). HDAC3 is found to be 

overexpressed in many cancers, including liver cancer, where inhibition of HDAC3 

resulted in repressed cancer growth in vitro, and inhibition of tumor growth in vivo 

(Lu et al., 2018). In addition, HDAC3 has been implicated in liver cancer stem cells 

self-renewal (Liu et al., 2013). Based on GO enrichment analysis of PPI network 

modules (Figure 12), genes under the regulation of HDAC3 were enriched in terms 

related to chromatin organization, regulation of gene expression, and regulation of 

metabolic process. 

Culturing HepG2 in 3D co-culture system also modulated expression of a number 

of genes linked to driving HCC progression and are associated with a more aggressive 

phenotype. qPCR was carried out to compare the expression of genes of interest 

between group 1 and group 5; including CA9, PFKFB3, SERPINE1, ETS1, MMP3, 

MMP7, E2F2, E2F7, and E2F8. CA9 is upregulated in all groups, in comparison to 

group 1; however, group 5 exhibited almost 100-fold increase, which was confirmed 

by qPCR (Figure 13). CA9 is upregulated under hypoxia and is transcriptionally 
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regulated by HIF1-α (Wykoff et al., 2000), and therefore, can be used as a substitute 

marker for HIF1 transcriptional activity (Kaluz et al., 2009). Overexpression of CA9 

has been reported in different cancer types, promoting survival through modulating 

migration, invasion, and EMT (McDonald et al., 2012; Shin et al., 2011; Hyuga et al., 

2017). CA9 serves as a prognostic marker in different cancer types, including liver 

cancer, where expression of CA9 is a predictor of poor prognosis in cases of resectable 

HCC in addition to advanced HCC (Kang et al., 2015; Huang et al., 2015). Similarly, 

PFKFB3, is upregulated in all groups in comparison to group 1, with the highest fold 

change exhibited in group 5. PFKFB3 is a direct target of HIF1, where it regulates 

glucose metabolism and promotes cancer progression and growth (Lu et al., 2017). 

Overexpression of PFKFB3 is often associated with an aggressive phenotype and poor 

prognosis (Clem et al., 2013). Indeed, PFKFB3 expression is associated with poor 

prognosis of HCC, and its inhibition resulted in suppression of HCC growth in vitro 

and in vivo (Shi et al., 2018), in addition to rendering sorafenib-resistant HCC cell 

lines sensitive to treatment (Li et al., 2017). 

Culturing HepG2 under 3D co-culture conditions also enhanced the expression of 

genes promoting angiogenesis, migration, and invasion such as SERPINE1, ETS1, 

MMP3, and MMP7. SERPINE1 is upregulated in all groups in comparison to group 

1, with the highest fold change exhibited in group 5. Increased expression of PAI-1 

(encoded by SERPINE1), is correlated with aggressive cancers and poor prognosis, 

where it is also associated with migration, invasion, and angiogenesis in HCC tissue 

(Placencio and DeClerck, 2015; Zheng et al., 2000). ETS1, MMP3, and MMP7 are 

only upregulated in group 5, and were not differentially expressed in groups 2, 3, and 

4 in comparison to group 1.  ETS1 is involved in upregulating hypoxia-target genes 

such as CA9, in addition to MMP3, and MMP7 (Salnikow et al., 2008; Dittmer, 2003; 
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Ozaki et al., 2000). Downregulation of ETS1 was reported to inhibit metastasis and 

invasion of liver and gastric cancer cell lines (Cao et al., 2015; Ma et al., 2015; Zheng 

et al., 2013). Similarly, Expression of MMP3 and MMP7 is correlated with enhanced 

metastatic phenotype, where their inhibition suppressed invasion and migration of 

HCC cells (Monvoisin et al., 2002; Lin et al., 2017; Tu et al., 2014).  

Culturing HepG2 under 3D co-culture conditions also downregulated the 

expression of genes involved cell cycle regulation and survival, including E2F2, E2F7, 

and E2F8. E2F transcription factors were only differentially expressed in group 5, 

where they were found to be downregulated in comparison to group 1, which was 

confirmed by qPCR (Figure 8). As previously discussed, downregulation of E2F2, 

E2F7, and E2F8 prevents cell cycle arrest and enhances clonogenic survival. Taken 

together, these findings indicate that culturing HepG2 under conditions of group 5 

result in an aggressive phenotype with enhanced migration, invasion, metastasis, and 

angiogenesis.  
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Chapter 5: Conclusion 

In the study presented herein, an in vitro model of liver cancer 

microenvironment was proposed to better mimic in vivo settings. By creating a setting 

where HepG2 spheroids were co-cultured with stromal fibroblasts, an in vivo context 

was established where liver cancer cells started expressing genes associated with liver 

development. In comparison to conventional 2D culture, the proposed model exhibited 

an increase in the expression of genes associated with development, progression, and 

poor prognosis of HCC. The model presented herein exhibited a gene expression 

profile associated with an aggressive phenotype that better mimics in vivo HCC, and 

therefore, a more reliable platform for anti-cancer drug screening. 
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