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Title: The Effects of Glycosaminoglycans Sulfation on Lung Cancer Cells Growth in 

          3D in vitro Models 

 

Despite the recent research and medical advances, non-small cell lung cancer 

(NSCLC) remains the most diagnosed lung cancer subtype and the leading cause of 

cancer-related deaths. Lung adenocarcinoma (LUAD) is the most common NSCLC 

subtype with KRAS, GTPase, being the most frequent oncogene. KRAS-mutant LUAD 

is very aggressive, invasive, and resistant to most of the therapies, including 

chemotherapy. Cancer development strongly relies on cell proliferation and migration, 

which in turn requires an interaction with the extracellular matrix (ECM). The ECM is 

mainly composed of proteins and glycosaminoglycans (GAGs), which maintain tissue 

structure and regulate cell function. GAGs are known to modulate cellular functions 

mainly through their interactions with cytokines and growth factors (GFs). Particularly, 

sulfated GAGs, such as heparin, have been shown to enhance the binding of GFs and 

angiogenesis mainly by altering their sulfation patterns. In the current work, we 

assessed the effect of the sulfation of heparin-mimetic sulfated GAGs on the 

proliferative and tumorigenic characteristics of KRAS-mutant LUAD cells. Sulfated 

alginates (SulfAlg) shown earlier to have heparin-mimetic properties were synthesized 

with varying degrees of sulfation (DS=0, 0.8, 2.0 and 2.7) and their effects on KRAS-

mutant LUAD cells were assessed using two-dimensional (2D) and three-dimensional 

(3D) culture systems. The effects of SulfAlg were studied on two KRAS-mutant cell 

lines, H1792 and MDA-F471, derived from human and murine respectively. The 

increase in the DS of mimetic GAGs had insignificant effects on the proliferation of 

H1792 grown in 2D, using MTT and trypan blue exclusion assays. The proliferation of 

MDA-F471 unlike H1792 cells grown in 2D significantly decreased with the increase in 

the DS of SulfAlg for the highest dose of polysaccharides (100 µg/mL) used as shown 

by trypan blue exclusion assay, but insignificant decrease using MTT assay at the two 

different concentrations.  Moreover, the migratory abilities of H1792 and MDA-F471 

decreased significantly with the increase in the DS (p<0.001), as shown by the wound 

healing assay. The increase in the DS significantly decreased the sphere formation unit 

and the area of spheres for both cell lines (p<0.001). In conclusion, the increase in the 

DS of heparin-mimetic SulfAlg reduces the proliferation, migration and the area of 

spheres for KRAS-mutant LUAD in vitro possibly by differential binding to GFs. 

SulfAlg may be suitable for applications in cancer therapy after further in vivo 

validation. 
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CHAPTER I 

INTRODUCTION 

 

A. Extracellular matrix 

Tissues are made up of cells and a surrounding dynamic structure termed the 

extracellular matrix (ECM). The ECM is made up of various non-cellular 

macromolecular components, such as collagen, elastin, fibronectin, laminin, 

proteoglycans (PGs), glycoproteins, which vary in a tissue-specific manner. The ECM 

not only provides the cells and tissues with the structural scaffold but also interacts with 

the cells and induces signals that regulate the behavior of the cells and tissues through 

cellular feedback loops. It plays an essential role in regulating growth, migration, 

differentiation, homeostasis, and morphogenesis (Frantz et al., 2010; Järveläinen et al., 

2009). During development and wound healing, the cells in the tissues remodel the 

ECM, because ECM is subjected to many enzymes, modifying proteins, tension, and 

post-translational modification (Daley et al., 2008). Moreover, ECM supports the 

organs, such as lungs by a strong and expandable three-dimensional (3D) mechanical 

structure producing effective tensile and compressive strength and elasticity. This 

structure regulates the functionality of lung cells by allowing the binding of growth 

factors, and the interaction with cell surface receptors (Pelosi et al., 2007). Investigators 

have provided several approaches to mimic the ECM and enable systematic studies on 

its role in the growth of cancer and normal cells, such as synthetic hydrogels, collagen 

coatings, and fibroblast treated plates (DeQuach et al., 2010). One of the common 
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practices used to mimic the ECM composition and dimensionality is the use of 

MatrigelTM coating which is a tumor-based tissue extract developed in 1972 at the 

Laboratory of Developmental Biology and Anomalies (LDBA). Currently, MatrigelTM 

is commercially available as a soluble and sterile fluid that gels at 37˚C.  MatrigelTM 

enables the growth of many cell types including differentiated cells taken from tissue 

explants, as it contains a wide variety of growth factors that supports cell growth. 

MatrigelTM is also suitable for tumor cell growth, as it enhances angiogenesis and 

prevents tumor cell apoptosis (Engbring & Kleinman, 2003; Kleinman & Martin, 2005). 

 

B. Glycosaminoglycans 

1.  Overview 

Glycosaminoglycans (GAGs) are a wide family of linear and long 

polysaccharides, found in most of the tissues with protein association. GAGs are made 

up of repeating disaccharide units with different degrees of acetylation and sulfation, 

types of bonding, and position of the glycosidic monomer composition. These 

disaccharides can be L-iduronic acid (IdoA), galactose (Gal), D-glucuronic acid (GluA), 

N-acetylglucosamine (GlcNAc), and N-acetylgalactosamine, with different lengths. 

GAGs consist of a wide range, including heparan sulfate (HS), heparin, chondroitin 

sulfate (CS), keratan sulfate (KS), hyaluronic acid (HA) and dermatan sulfate (Jackson, 

et al. 1991; Afratis, et al. 2012) (Figure 1). GAGs differ in their molecular mass, 

density, and biological activities. Thus, they are tissue-specific, and their functions 

depend on the demands of the tissues. Except for HA, all of them are sulfated GAGs 

and they are attached typically to transmembrane protein core via a serine residue 
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forming PGs. At the physiological pH, all the carboxylic acid and sulfate groups are 

deprotonated, making the GAGs with highly negative charge density, and with heparin 

having the highest negative charge density (Capila & Linhardt, 2002).  

 

Figure 1: Schematic structure of GAGs. In the ECM, all GAGs, except HA are linked to 

transmembrane proteins through serine residues. GlucA, D-glucuronic acid; IdurA, L-iduronic 

acid; GalNAc, N-acetylgalactosamine; Gal, galactose; Xyl, xylose; Ser, serine; 2S,4S, 6S, the 

position of sulfate residue on the sugar unit. Adapted from (Papakonstantinou & Karakiulakis, 

2009). 

In general, GAGs act as protein receptors or activators, in which they are 

embedded directly in the ECM or function as integral parts of the ECM (R. L. Jackson 

et al., 1991; Papakonstantinou & Karakiulakis, 2009). GAGs have many important 

roles, such as homeostasis, development, angiogenesis, differentiation, cell adhesion, 

protein secretion, and gene transcription, by embedding membranal and nuclear 

processes. They bind selectively to various proteins and pathogens, which makes them 

the most important components in the ECM. Furthermore, GAGs undergo alteration and 

lead to many pathological conditions, such as inflammation, neurodegeneration, cancer, 

and infectious diseases. GAGs are the main component of ECM during embryonic 

development (Afratis et al., 2012; Derby, 1978; R. L. Jackson et al., 1991; 
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Papakonstantinou & Karakiulakis, 2009; Yung & Chan, 2007a). The roles of GAGs in 

lung diseases, as well as many other conditions, are not well studied mostly because of 

the heterogeneous distribution of native GAGs and the lack of biomimetic molecules 

that enable systematic investigations. However, the advanced techniques of purification, 

isolation, and characterization of GAGs have provided help in GAGs research. One of 

these ways is the use of dimethyl methylene blue assay for the quantification of sulfated 

glycosaminoglycans in tissue and fluid individual. Also, we can use the rapid 

spectrophotometric procedure to estimate the sulfated glycosaminoglycans in cartilage 

using the 1,9-dimethyl methylene blue dye at maximum absorption (R. Farndale et al., 

1986; R. W. Farndale et al., 1982).  

 

2. Heparin 

a. Overview 

Heparin is the most sulfated linear polysaccharides, consisting of repeating 

units of uronic acid in either its iduronic or glucuronic form, in which this domain is 

called S-domain with N- sulfated, attached to D-glucosamine residue, N-acetylated. It is 

mainly made up of alternating uronic acids, GlucA and GlcNAc, with the structure in 

Figure 2 represents about 60-85% of heparin in tissues (Carlsson & Kjellén, 2012; 

Sasisekharan & Venkataraman, 2000).  Heparin is produced by mast cells; which line 

the blood vessels and mucosal membrane, and it is subjected to a series of enzymatic 

modifications in the Golgi apparatus, particularly by N-deacetylase-N-sulfotransferases, 

C-5 epimerases, and 2-O, 3-O and 6-O- sulfotransferase. These modifications lead to 

the heterogeneity of heparin in length, size, sulfation, and epimerization, mainly the 



 

 

 

5 

epimerization of GlucA into IdoA reveals flexibility in the heparin structure 

(Sasisekharan & Venkataraman, 2000). Their linkage region (-GlucA-Gal-Gal-Xyl-), 

which is made up of four monosaccharides, attaches to the core protein. Then, 

disaccharide GlucA and GlcNAc are added to the core protein. The addition of 

disaccharides is done by two glycosyl-transferases (EXT1 and EXT2), in which the 

GlcNAc’s addition initiates the formation of CS, while the addition of GlucA will 

differentiate from CS and lead to the formation of HS/heparin chain (Carlsson & 

Kjellén, 2012). This complex process leads to the formation of a heterodimeric complex 

in the Golgi. Heparin has three sulfate groups, one attached to the 2-hydroxyl group of 

IdoA and the other two are linked to the 2-amino and 6-hydroxyl group of GlcNAc 

(Carlsson & Kjellén, 2012; Sasisekharan & Venkataraman, 2000) (Figure 2). Thus, 

heparin has high structural complexity due to the expression of tissue-specific isozymes.  

 

Figure 2:The most common structure of heparin sulfate is made up of IdoA2S-GlcNS6S. 

Adapted from (Øystein Arlov & Skj\aak-Bræk, 2017). 
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b. Role of heparin 

Heparin is different from other GAGs since it is produced by the mast cells and 

is secreted from the storage granules by exocytosis. During the synthesis of heparin, it is 

subjected to many enzymatic modifications that lead to wide biological activities. It has 

the highest degree of sulfation (DS) among GAGs and the highest charge density among 

biopolymers. As a result, it is associated with plenty of proteins, such as growth factors, 

adhesion proteins, disease-related proteins, and cytokines. Heparin binds selectively to 

the most important growth factors, such as fibroblast growth factors (FGF1 and FGF2). 

It interacts with the ECM to modulate cell signaling, thus enhancing the interference of 

the cells with their environments. Heparin plays a vital role in embryonic development, 

and pathological conditions, such as inflammation, wound healing, angiogenesis, and 

cancer. It interacts with many cellular molecules, such as chemokines, growth factors, 

morphogens, and enzymes. Also, it was found that heparin binds selectively to liver 

cells, in which it involves cell-cell adhesion. These interactions depend on the sequence 

of heparin, 3D structure, and binding sites (Øystein Arlov & Skj\aak-Bræk, 2017; 

Capila & Linhardt, 2002; R. L. Jackson et al., 1991; Kjellén et al., 1977; 

Papakonstantinou & Karakiulakis, 2009; Sasisekharan & Venkataraman, 2000). 

Through its N-terminal, heparin binds to and concentrates GFs in the 

surroundings of its cell-surface receptors, thus enhances angiogenesis or they can reduce 

angiogenesis by hindering the cellular diffusion of growth factors (Yung & Chan, 

2007b). Heparin molecules have divergent structures that allow them to bind and 

regulate the activity of various growth factors by heparin-binding growth factors. For 
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example, it can bind to FGF indirectly through facilitating receptor dimerization, in 

which heparin binds multiple FGF molecules, and FGF binds tyrosine kinase receptors 

(FGFRs) and this leads to the activation of the receptor, or direct participation in 

receptor dimerization by binding to FGFRs. Thus, heparin stimulates the FGF-mediated 

signal transduction, in which FGF is important for angiogenesis, morphogenesis and 

wound healing (Faham et al., 1998). Moreover, heparin modulates tumor growth 

through the interaction with angiogenic growth factors, like FGF-10, or with anti-

angiogenic antithrombin III (ATIII) (Sasisekharan & Venkataraman, 2000; Vivès et al., 

1999). Also, hepatocyte growth factor (HGF) enhances the growth, morphogenesis, and 

motility of neural, epithelial and endothelial cells. Heparin binds to HGF’s specific 

tyrosine kinase receptor MET, thus leads to the stimulation of roles of HGF (Birchmeier 

et al., 2003).   

Heparin interacts with the ECM to modulate cell signaling, thus enhancing the 

interference of the cells with their environments. It regulates the vascular smooth 

muscle growth in vivo, in which it is predominant in non-regenerating vascular beds and 

diminishes in actively regenerating ones (Castellot et al., 1981). Heparin is stored in the 

mast cells and released into the vasculature at sites of tissue injury (Marcum et al., 

1986). So, it has a role in immune defense against invading bacteria and foreign 

compounds. Mainly, heparin acts as an anticoagulant by binding to plasma protein 

ATIII and improving its inhibitory effect against serine proteases of the coagulation 

system. The activated ATIII, which is a glycoprotein of the heparin-binding site and 

high affinity to heparin, inhibits the binding of the pro-coagulation factors such as 
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thrombin to the Xa factor, thus reducing the coagulation. This anticoagulant effect is 

due to the allosteric activation of ATIII, by the interaction of the pentasaccharide chain 

of heparin that is very important to the anticoagulation effect. This pentasaccharide 

chain contains 3-O-glucosamine that is enough and necessary for the inhibition of the 

Xa factor. So, clinically heparin is used as an anticoagulant in thrombosis, but to allow 

this heparin chain to inhibit Xa factor, the commercial heparin should be of length more 

than 16 monosaccharides and the ratio of sulfate to carbon should be high to ensure the 

strong interaction between heparin and ATIII (Meer et al., 2017). 

Moreover, heparin not only acts as an anticoagulant, but it also has many other 

important biological roles. Tumor cells need oxygen and nutrients to grow, so targeting 

the angiogenic factors that lead to the formation of new blood vessels will enhance 

antitumor effects by antiangiogenic effects. Heparin interferes in regulating the tumor 

growth, by forming a protective barrier of fibrin shell around the tumor and developing 

blood vessels that will support the immune system to fight the formed tumor. Also, it 

was found that heparin reduces the metastasis of lung carcinoma cells in mice (Hejna et 

al., 1999), pancreatic cancer and metastatic breast cancer (Zhang et al., 2016). So, 

heparin reduces the metastasis of cancerous cells rather than the primary tumor growth. 

Also, the study by Niu et al. showed the effect of low molecular weight heparin 

(LMWH) on reducing the chemo-resistance of cancer stem cell (CSC)-like lung 

adenocarcinoma cells by enhancing the ABCG2 protein degradation via the proteasome 

pathway, in which ABCG2 is a member of ATP binding cassette (ABC) transporter 

protein family, since this protein is very effective in protecting the cancer cells, 
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especially side population (SP), from chemo-resistant (Niu et al., 2012). Therefore, 

targeting CSCs will affect signaling pathways, such as Wnt, Hedgehog, and Notch 

pathways.  

The studies about heparin and its structure have started in the 1920s. It was 

found that heparin can be extracted from animals, such as porcine mucosa or bovine 

lung, in which there are large quantities. Many studies were done to reach that the best 

animal source of heparin is porcine mucosa because it is cleaner and less degradable 

(Barrowcliffe, 2012). Heparin from porcine mucosa is the only animal heparin approved 

by the FDA, known as unfractionated heparin (UFH). UFH is used to produce more 

efficient heparin, low molecular weight heparin (LMWH), using chemical and 

enzymatic depolymerization. It was found that LMWH is more efficient than UFH since 

it has less effect on hemorrhage and can be taken by outpatient with no need to monitor, 

unlike UFH (Barrowcliffe, 2012). Heparin is very heterogeneous due to the different 

degrees of sulfation and epimerization, the origin of extraction, and molecular weight. 

So, heparin can be commercially manufactured leading to the formation of heparin’s 

analogs with homogenous sulfation such as dextran, deltrane, and sodium pentosan 

polysulfate (Esquivel et al., 1982). These analogs, in addition to the extracted ones, have 

effective roles. LMWH, such as dalteparin, inhibits cell viability and induces the 

proliferation of lung cancer adenocarcinoma (LUAD) cells in-vitro (Chen et al., 2008). 

Clinically, industrial heparin molecules, such as UFH, LMWH, and warfarin, have anti-

tumor effects, by enhancing the anticoagulation and thus inhibiting the metastatic 

cancerous cells (Lazo‐Langner et al., 2007). Also, heparin is used in manufacturing 



 

 

 

10 

biocompatible and biodegradable anti-cancerous targeted nanoparticles. These 

nanoparticles are accumulated selectively in the tumor, due to the presence of the EGFR 

antibody targeted to EFGR, in which it increases with about 40-80% in some solid 

tumors (Peng et al., 2011).  

To avoid the side effects of high heparin dosage, such as intense hemorrhage, 

osteoporosis, and HIT (heparin-induced thrombosis), scientists have found many 

heparin derivatives, such as carboxyl-reduced heparin, neo-heparin, and heparin-steroid 

conjugate, these inhibit metastasis, angiogenesis and tumor growth. Bile acylated 

heparin was proven to be very effective in decreasing tumor growth in mouse models 

for long term exposure. The modifying of heparin-lithocholic acid (HL) with cyclic 

RGD (Arg-Gly-Asp) leads to the yielding of RGD peptide conjugated HL (cRGD-HL). 

cRGD-HL has shown selective binding to the endothelial tumor cells because the RGD 

sequence will be identified by the αvβ3 integrin overexpressed by the endothelial tumor 

cells. Unlike other heparin derivatives, this one has anti-adhesion and anti-migration 

effects in vitro and in vivo (Park et al. 2008). Also, Hoppensteadt's study reported the 

role of heparin and its derivatives in the inhibition of tumor growth and angiogenesis, 

by downregulating vascular endothelial growth factor (VEGF) levels in mouse Lewis 

lung carcinoma model, a model with epidermoid lung carcinoma (Hoppensteadt et al., 

2012). Sulfated GAGs using naturally extracted sulfated materials are challenging due 

to the heterogenic nature of native sulfated GAGS, and difficulty and high-cost of 

purifying sufficient quantities with homogenous DS. Therefore, we and others 
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developed biomimetic sulfated GAGs with controlled patterns (Fan et al., 2011a; 

Freeman et al., 2008b; Mhanna et al., 2017; Ronghua et al., 2003a). 

 

C. Sulfated alginates as biomimetic sulfated GAGs 

1. Alginates   

a. Background 

Alginate, a natural structural polysaccharide, is extracted from the cell walls of 

brown algae (Phaeophyceae), or the exocellular polysaccharides of gram-negative 

bacteria genera (Azotobacter and Pseudomonas species) with structural and protective 

activities (Øystein Arlov & Skjåk-Bræk, 2017; Rehm & Valla, 1997). Although they are 

not found in mammalians, they still share some chemically structural properties with 

heparin. Alginates are linear copolymers, with blocks of (1,4)-linked β-D-mannuronate 

(M) and α-L-guluronate (G) residue. The M and G residues are C5 epimers like GlcA 

and IdoA in heparin. Alginate blocks are made up of repeated G residues (GGGGGG), 

repeated M molecules (MMMMMM), and alternated G and M molecules (GMGMGM), 

as shown in Figure 3 (Øystein Arlov & Skjåk-Bræk, 2017; Lee & Mooney, 2012; Rehm 

& Valla, 1997; Tønnesen & Karlsen, 2002). It was found that GM polymers give the 

alginates more opportunities to be used in biomedical engineering (Øystein Arlov & 

Skjåk-Bræk, 2017; Rehm & Valla, 1997). The molecular weight of alginates ranges 

from 32,000-400,000 g/mol. This variation of molecular weight leads to a wide 

spectrum of alginates’ physical proper]ties (Lee & Mooney, 2012). 
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Figure 3: Chemical structure of G block, M block and GM block in alginate. Adapted from 

(Lee & Mooney, 2012). 

 

Alginates are extracted from brown algae by the reaction with aqueous alkali 

solution like NaOH, to remove the protons attached to the alginates and form of alginic 

acid. Then, sodium chloride is added to neutralize and precipitate the formed alginate. 

After that, processes of transformation into alginic acid, purification, and conversion 

lead to the formation of water-soluble sodium alginate powder, as illustrated in Figure 4 

(Pawar & Edgar, 2012).  

 

Figure 4: Schema of alginate extraction from algae. Adapted from (Pawar & Edgar, 2012). 
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b. Uses of alginate in medical applications 

 The bacterial source can give more chemically and physically defined alginate 

structures than alginate from seaweed, which is more promising in biomedical 

applications (Rehm & Valla, 1997), but the alginate from brown algae is more 

immunogenic, more abundant, and less cost. Sodium alginates are crossing-link with 

divalent cations, such as Ca2+ to enhance gelation (Pawar & Edgar, 2012; Tønnesen & 

Karlsen, 2002). Alginates have mechanical strength, gelation property, and cell affinity. 

These properties enable scientists to use alginate in scaffold implantation to support 

implanted tissues and organs. Also, alginates are inert and naturally biocompatible with 

cells and biomolecules, therefore they are used in many biomedical applications, such as 

transplantation of encapsulated cells which provides isolation and protection of the 

encapsulated cells from the attack of the immune system (Jacobs-Tulleneers-Thevissen 

et al., 2013). Alginates provide a slow-release matrix for drugs since they control the 

swelling release behavior of drugs and prevent their burst (Lee & Mooney, 2012; 

Tønnesen & Karlsen, 2002). Alginates are used in in vitro tissue engineering 

applications, which provide immune-isolation, mimic the ECM, serve as bio-ink in 3D-

bioprinting (Markstedt et al., 2015), immobilize drugs for delivery system, and cells 

(Smidsrød & Skja˚k-Br˦k, 1990). Also, they act as an alginate wound dressing to reduce 

bacterial infection and enhance wound healing (Lee & Mooney, 2012). Alginate 

hydrogels transport cells to the targeted site and ensure space for newly formed tissue. It 

is used to form porous alginate beads that enhance the cell-invasion in tissue-engineered 

applications (Eiselt et al., 2000).  

 



 

 

 

14 

2. Sulfated alginates 

a. Chemical sulfation of alginate to form sulfated alginate 

The inertness of alginate does not affect the interactions with cell receptors and 

cell factors like GAGs. Also, the presence of carboxyl groups in each of its residues, 

and its composition of (1-4) linked β-D-mannuronate and α-L-guluronate residue makes 

alginates very close to GAGs, but they miss the presence of sulfated groups. As the 

result, the chemical sulfation of alginates acts to mimic GAGs by the presence of 

sulfated and carboxyl groups in the residues of the polysaccharides (Øystein Arlov & 

Skjåk-Bræk, 2017; Ronghua et al., 2003b). Sulfated alginates are produced via many 

chemical sulfation mechanisms of alginates. First, the reaction of chlorosulfonic acid 

(HClSO3) in formamide, by Huang and co-workers, resulted in approximately 1.2 

sulfated groups per monosaccharide. This mechanism leads to high sulfation, so to 

reduce the side effects of high sulfation, the sulfated alginates were conjugated with 

quaternary amines, thus reducing the over-sulfation and decreasing the anti-coagulant 

activity of sulfated alginates (Ronghua et al., 2003b). Changing the concentration of 

chlorosulfonic acid showed changing in the DS to reach a plateau between 1-1.2 

(Øystein Arlov et al., 2015). Also, the use of sulfur trioxide (SO3) in pyridine as a 

sulfation method for dextran showed better substitution than that of the 

HClSO3/formamide method (Miyaji & Misaki, 1973). Consequently, Mhanna and co-

workers used pyridine to produce sulfated alginates, but they enhance the solubility of 

alginates in pyridine by first the reaction of sodium alginate with tetrabutylammonium 

(TBA) bromide (Mhanna et al., 2013). The transformation of sodium alginates into 

TBA salt is followed by the substitution of the free hydroxyl groups with sulfated 
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groups using the sulfation method of SO3/pyridine. This method can give sulfated 

alginate with different DS that is used in different experiments including the study of 

the effects of sulfated alginate hydrogels on the maintenance and proliferation of 

chondrocytes (Mhanna et al., 2013). Other mechanism uses a carbodiimide-H2SO4 

intermediate reacting with sodium alginate directly (Ma et al., 2016) or TBA salt of 

alginate in DMF (Freeman et al., 2008).  On the other hand, these two mechanisms 

depend on strong acids to obtain high DS, thus leading to partial depolymerization of 

high molecular weight alginate (Ma et al., 2016). Fan and co-workers stated the 

formation of sulfated alginate with 1.87 DS at optimal conditions using non-acidic 

sulfating reagent (Fan et al., 2011). 

 

Figure 5: Various methods of chemical sulfation of alginates using different reagents. 

Adapted from (Øystein Arlov & Skj\aak-Bræk, 2017). 
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The molecular structure of sulfated alginates has been detected by Fourier-

transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR) and mass 

spectroscopy (MS). The FTIR shows a peak representing the symmetric stretching of 

the S=O bond which is resulted from the sulfation of the hydroxyl groups of alginates. 

The NMR gives a lot of structural details, but the heterogeneity of the sulfated alginate 

leads to highly complex spectra. The chemical sulfation of alginate is less random 

substitution than the natural occurring heparin (Øystein Arlov & Skj\aak-Bræk, 2017). 

The sulfated groups are distributed equally between C-2 and C-3 of mannuronic acid 

and guluronic acid units, resulting in a homogenous charge distribution along the chain 

(Fan et al., 2011). Mainly, this homogeneity can be provided by the formation of 

sulfated alginates using HClSO3.  MS-based elementary analysis can be used to detect 

the degree of sulfation (DS) in sulfated alginates. DS is the average number of sulfates 

per one disaccharide repeating unit and it ranges from 0.0 (unsubstituted alginates) to 

4.0 (fully substituted sulfation of all free hydroxyl groups of alginate)  (Øystein Arlov & 

Skjåk-Bræk, 2017). There is consistency in the spectra of all the sulfated alginates 

formed by different mechanisms (Fan et al., 2011; Freeman et al., 2008; Mhanna et al., 

2013; Ronghua et al., 2003), in which the IR (ATR, attenuated total reflectance ): 3445, 

2946, 1613, 1417, 1232, 1169, 1021, 951, 831, 796 cm−1 and C-NMR (D2O): 178.1–

177.6 (C 6), 102.3–101.8 (C-1), 80.9–69.9 (C-2, C-3, C-4), 66.3 ppm (C-5). 

 

b. Properties of sulfated alginates 

The chemical sulfation of alginates mainly affects the gelation property of 

alginates. It decreases the gelation of alginate hydrogels by reducing the stiffness and 



 

 

 

17 

increasing the swelling of alginates. Thus, the gelation decreases as the increase in the 

DS (Mhanna et al., 2014). However, the gelation capability of sulfated alginates can be 

maintained using enzymes to strengthen the gelation, or using CaCO3- glucono-δ-

lactone (GDL) crosslinking instead of CaCl2 for controlled Ca2+ release, thus decreasing 

the gelation swelling (Øystein Arlov & Skjåk-Bræk, 2017).  

It was proven that the chemical sulfation of alginates mimics the sulfated 

GAGs. Sulfated alginates give a promise for tissue engineering and drug delivery. They 

can act as heparin-analogous due to the similarities in their structures, in which the M 

and G blocks are C5 epimers like IdoA and GlcA of heparin. However, sulfated 

alginates do not turn-over rapidly as heparin molecules because our bodies as 

mammalians do not possess the enzymes that break down the alginates. 

 Sulfated alginate acts as a cofactor of GFs and maintains their roles. Mhanna 

and co-workers have found that the proliferation and morphology of chondrocytes and 

expression of chondrocyte markers were promoted on sulfated alginate hydrogels 

(Mhanna et al., 2013). Also, sulfated alginates have the anticoagulant activity of the 

heparin through increasing the activated partial thrombosis time and not the activation 

of the AT factor (Fan et al., 2011; Ma et al., 2016; Ronghua et al., 2003). As a result, 

sulfated alginates have anticoagulant activity via sequestration and binding and/or 

inhibiting of protease activity of upregulated factors, but not through binding of sulfated 

alginates into anti-thrombin specifically. Moreover, they have anti-inflammatory effects 

that enhance the engineered tissues and reduce the host response of implanted 

biomaterials (Kerschenmeyer et al., 2017). Sulfated alginates are beneficial in 

osteoarthritis in which they inhibit cartilage damage by reducing oxidative stress and 
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inflammation. The increase in the DS of sulfated alginates leads to a decrease in the 

expression of pro-inflammatory markers in human chondrocytes, such as IL-6 and 

CXCL8. It is also found that sulfated alginates promote the macrophagic division, thus 

downregulate the gene expression of proinflammatory cytokine TNF-α (Kerschenmeyer 

et al., 2017). Likewise, sulfated alginate microspheres showed a lowering in 

inflammatory responses in the blood model by preventing the bursting of encapsulated 

cells and quarantining the cytokines in the hydrogel (Øystein Arlov et al., 2016). Then, 

they did another experiment to show that sulfated alginate hydrogels inhibit 

inflammation by sequestering of inflammatory cytokines and prevent the bursting of the 

encapsulated chondrocytes induced by inflammatory mediators IL-1β in the hydrogels. 

Thus, sulfated alginates have anti-inflammatory and anti-catabolic properties that give 

more opportunities in tissue engineering and drug delivery (Ø Arlov et al., 2017). 

Freeman and coworkers showed that sulfated alginates promote the binding of heparin-

binding peptides and proteins by mimicking the heparin-binding specificity (Freeman et 

al., 2008). Zhao and coworkers reported that sulfated alginates have efficacy in reducing 

the weight of granuloma in rats by inhibiting the inflammatory responses (Zhao et al., 

2007).  

Heparin was heavily used in tissue engineering and drug delivery, but its life 

span is small and turned over rapidly by the body. As a result, sulfated alginates give a 

promise for tissue engineering and drug delivery, because it was proven that the 

chemical sulfation of alginates mimics the sulfated GAGs. Sulfated alginates have anti-

inflammatory effects that lead to enhance the engineered tissues and reduce the host 

response of implanted biomaterials (Kerschenmeyer et al., 2017). They bind the GFs 
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and have similar heparin-affinity to peptides and proteins (Freeman et al., 2008). Also, 

heparin-binding proteins bounded to sulfate alginate nanoparticles promoted repair of 

the tissues by releasing of the encapsulated GFs. These nanoparticles isolate the GFs 

from the proteases’ activity (Ruvinov et al., 2016). Injectable sulfated alginates in-vivo 

showed affinity to bind to HFG. They enhance the biological roles of hepatocyte growth 

factor HGF, the controlled release of HFG, the infusion of the blood, and the 

angiogenesis in myocardial fracture model (Ruvinov et al., 2010).  

Mhanna and coworkers showed that sulfated alginates enhance the phenotype 

of the cartilage, by increasing the expression of collagen I over collagen II. Sulfated 

alginates interact indirectly with integrin beta1, which maintains cell adhesion, 

proliferation, and migration. Thus, sulfated alginates allow the adhesion of the 

chondrocytes to the ECM by interacting with adhesion molecules (Mhanna et al., 2014). 

Also, the chondrogenic phenotype is sustained by the effects of sulfated alginates on the 

proliferation and phenotype of chondrocytes, Muller et. Al stated that sulfated alginates 

with nanocellulose fibers as 3D printing bio-inks maintain the proliferation, phenotype, 

and the formation of collagen II (Müller et al., 2017). Moreover, sulfated alginates 

influence angiogenic factors and enhance the formation of blood vessels. Freeman and 

Cohen showed that sulfated alginates scaffolds with bounding growth factors VEGF, 

TGF-β1, and PDGF-BB implanted in the dorsal area of the rat enhance the formation of 

new blood vessels. The angiogenesis is maintained by the instantaneous release of 

angiogenic GFs bound to sulfated alginates in the scaffolds implanted, similar to the 

binding of these GFs to the heparin (Freeman & Cohen, 2009). 
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D. Lung cancer 

1. Overview 

Cancer is the leading cause of death worldwide with an estimated 9.6 million 

cancer-related deaths in 2018. It is caused by the changing of normal cells into tumor 

cells in a multistage process caused by genetic factors and/or external agents, such as 

physical carcinogens, chemical carcinogens, and biological carcinogens. 

Approximately, 70% of cancer-related deaths occur in low- and middle- income 

countries. The most common types of cancer are lung, prostate, breast and colon cancer 

with about one-quarter of the cases in the USA are with lung cancer. Also, about 1.79 

million deaths in 2017 and about 2 million new cases in 2018 are with lung cancer 

worldwide (Cheng et al., 2016; Siegel et al., 2019). Smoking leads to about 80% of lung 

cancer-related deaths. The survival rate of lung cancer cases is low and steady, due to 

the diagnosis at late stages (Siegel et al., 2019).  

Lung cancer is categorized histologically into two types: non-small cell lung 

cancer (NSCLC) and small cell lung cancer (SCLC), with about 85% and 15% of all 

lung cancer cases, respectively (van Meerbeeck et al., 2011; Zappa & Mousa, 2016). 

NSCLC is categorized into three groups, squamous-cell carcinomas (SCC), lung 

adenocarcinomas (LUAD), and large-cell lung carcinomas. SCC derives from the 

epithelial cells of the airway bronchial tubes in the lung center. While LUAD derives 

from small bronchi, bronchioles or alveolar epithelial cells and is peripherally located. 

NSCLC is related neither to squamous nor to glandular maturation. It derives from the 

central part of the lung, near the lymph nodes, in the chest wall or other distant regions. 
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SCC and large cell carcinoma are associated mainly with smoking; however, LUAD is 

common in smokers and non-smokers (Zappa & Mousa, 2016). 

 

2. KRAS-mutant lung adenocarcinoma 

a. Overview 

LUAD is divided into four categories: bronchioloalveolar, acinar, papillary, 

and solid. It represents around 40% of the NSCLC cases (Cheng et al., 2016) and about 

50% of all lung cancer cases. LUAD is mediated molecularly by two common 

pathways.: an epithelial growth factor receptor (EGFR)- a dependent pathway and a 

Kirsten rat sarcoma viral oncogene homolog (KRAS) –signaling pathway(Figure 5) 

(Boolell et al., 2015a). The LUAD derived from smoker patients is mainly due to the 

alterations in the KRAS gene, whereas from the non-smoker patients are due to the 

EGFR and anaplastic lymphoma kinase (ALK) mutant genes (Kadara et al., 2012). 

Knowing the molecular alterations behind lung cancer helps to find potential targeted 

drugs. Also, it was recommended by the national guidelines to test for EGFR, KRAS and 

ALK for LUAD patients before starting any type of primary therapy (Lindeman et al., 

2013), because EGFR and KRAS mutations are sensitive and resistant to the tyrosine 

kinase-inhibitor therapy respectively (Marks et al., 2008).  

K-Ras belongs to a group of genes encoding membrane-bound low molecular 

GTP-binding protein, known as Ras-GTPase related family. K-Ras is activated by the 

binding of GTP that leads to the conformational changes and thus activation. After the 

activation, KRAS binds to several downstream signal transducers which upregulate 

several pathways, such as RAF-MEK-ERK-MAPK and PI3K-AKT-mTOR. These 
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pathways have essential roles in the proliferation, regulation, growth, and phenotype of 

the cells (Jančík et al., 2010). The activated form is switched to an inactive form by the 

hydrolysis of the GTP into GDP by the intrinsic GTPase activity of KRAS (Jančík et al., 

2010). The KRAS mutations lead to amino-acid glycine substitution at positions 12 and 

13. These mutations are one of the leading causes of lung, colon and pancreas cancer. 

They are the most common mutant oncogenes that lead to LUAD, with about 30% of all 

LUADs (Figure 6). Unlike EGFR mutations, KRAS mutations are associated with 

smoking etiology (Riely et al., 2009). 

 

Figure 6: Incidence of known mutations in adenocarcinomas of the lung. Adapted from 

(Boolell et al., 2015). 

 

The prognostic value of KRAS mutations has been studied for several years. 

Many trails have reported that most SCLC cases with EGFR mutations are sensitive to 

gefitinib, erlotinib and tyrosine kinase inhibitors. However, KRAS mutations that encode 

GTPase downstream of EGFR, have not shown any significant prognosis (Marks et al., 
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2008). Also, KRAS-driven LUADs have resistance against chemotherapy, radiotherapy, 

and some targeted therapy(Marks et al., 2008; Meng et al., 2013). Consequently, it is 

very important to know the genomics behind the KRAS-driven LUAD to treated using 

molecular targeted therapy. 

The heterogeneity of the KRAS mutation makes it very challenging to find 

effective and targeted therapy for KRAS or downstream effectors of the KRAS pathway 

(Sun et al., 2019). The overlapping of mutations in tumor suppressor TP53 and 

STK11/LKB1 is common in KRAS-driven LUADs, which leads to the complexity in 

KRAS-mutations with variation in gene expression, proliferation and immuno-response 

(F. Skoulidis et al., 2017; Sun et al., 2019). The mutation of tumor suppressor TP53 

occurs in about 30-50% of LUADs (Kadara et al., 2016) which leads to tumor growth 

and proliferation. Also, Liu et al. directed that KRAS mutant LUAD is mainly associated 

with smoking Sun et al, reported that REG4 is overexpressed in KRAS- mutant LUADs, 

thus inhibiting of REG leads to the suppression of KRAS tumor growth (Sun et al., 

2019). Moreover, there are additional gene alterations co-exited with KRAS to enhance 

the LUAD carcinogen, such as ATM and KEAP1 that are involved in oxidative stress, 

cytoprotective signaling pathways, and DNA repair (Ferdinandos Skoulidis et al., 2015). 

 

b. Cell origin of KRAS-mutant lung adenocarcinoma 

The cellular components of the lungs vary along its proximodistal axis and 

contain a variety of epithelial cells. Thus, the lung can be divided into three main 

cellular compartments, the proximal conducting airway (bronchus), the distal 

bronchiolar epithelium, and the alveoli. The bronchus is made up of basal, ciliated, 
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secretory (Clara) and neuroendocrine cells. While the distal bronchiolar epithelium is 

made up of columnar non-ciliated club cells that are packed with many secretory 

granules and expressed glycoprotein secretoglobin, known as Clara-cells specific 10KD 

protein (CC10) (Rock & Hogan, 2011). The third main compartment is the alveolar 

sacs, which are tiny thin-walled sacs and responsible for gas exchange. Alveolar 

epithelium, lining these sacs, is consisted of both type 1 (AT1) and type 2 (AT2) 

alveolar epithelial cells (Rock & Hogan, 2011).  

The cellular origin of lung cancer is still controversial. The histologically 

different subtypes of lung cancer show that the cell origin or progenitors of lung cancer 

arise from distinct cells according to the subtype and the cellular components 

(Sutherland & Berns, 2010). LUAD is one of the most common subtypes of lung 

cancer. It is generally believed that LUAD is originated from the distal airway, mainly 

form the bronchioles, small bronchi, and alveolar epithelial cells (Sutherland & Berns, 

2010). The cells of origin or progenitors of LUAD, which have stem-cell characteristics, 

was initially observed to be driven from the bronchioalveolar duct junction (BADJ), the 

site of the beginning of alveoli’s formation (E. L. Jackson, 2001; Sutherland & Berns, 

2010). Initially, Jackson et al. stated that a rare cell group co-expresses Clara cell 

marker, such as CC10, AT2 markers and surfactant protein C (SPC) (E. L. Jackson, 

2001). Then, these observations stimulated Kim et al. to do the closest research on the 

type of this rare cell population, which leads to the expression of these markers in 

KRAS -mutant LUAD and this cell population, located in the BADJ, is named 

bronchioalveolar stem cells (BASC). BASCs, double-positive cells (CC10 and SPC), 

are dormant in normal cases, while they undergo proliferation and malignancy into club, 
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AT2 and AT1 cells in response to induced airway injury and their numbers increases 

with the increase in the size and the number of LAUD cells with codon 12K-Ras 

mutation (C. F. B. Kim et al., 2005). Later studies, Xu et. al tried to find the specific cell 

type capable of initiation of LUAD by reporting that Kras-mutant gene was induced in 

SPC-positive cells (BASCs and AT2 cells) and CC10-positive cells (club cells, BADJ 

cells, and a few AT2 cells) (X. Xu et al., 2012). They found that multiple cells 

proliferated due to KRAS induction, while only AT2 cells were able to initiate cancerous 

cells (X. Xu et al., 2012). Besides, more studies showed the essential role of AT2 cells 

in the initiation and development of KRAS- mutant LUAD (Mainardi et al., 2014; 

Sutherland et al., 2014). Recent studies by Fujimoto et al. reported that Gprca-/- mutant 

mice developed LUAD from AT2 cells (Fujimoto et al., 2017). 

 

3. Lung cancer stem cells 

a. Background 

Cancerous cells, like normal cells, are made up of heterogeneous cell 

populations that are reconstructed by a group of cells, with stem-like properties to self-

renew and differentiate extensively into tumorous cells, named as cancer stem cells 

CSCs (Houghton et al., 2007). Targeting CSCs is one of the main aims of the new anti-

cancer therapies, CSCs which are also known as tumor-initiating cells (TICs), might be 

responsible for the metastasis and relapse of cancer (Z. Yu et al., 2012). 

In lung cancer, the CSCs were first discovered by Kim and his coworkers, in 

which they specified a population multipotent stem-cells named BASCs, in which these 

cells stimulated the proliferation and initiation of tumors in mice following K-Ras gene 
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activation (C. F. B. Kim et al., 2005). Then, it was identified by Eramo and his 

coworkers the lung CSCs which were isolated from histologically different lung cancer 

subtypes (Eramo et al., 2008). This lung CSCs are characterized by over-expression of 

cell surface marker CD133, extensive proliferation and self- renewal, under-expression 

of specific lineage markers, and ability to form tumors after xenotransplantation in mice 

(Eramo et al., 2008). Also, the lung CSCs were isolated as SP by Ho et al. from six 

different lung cancer cell lines with the ability to exclude Houchest 33324 dye, by the 

high expression of ATP-binding cassette family of transporter proteins in response to 

drug’s resistance (Ho et al., 2007). These SPs have properties like stem cells, in which 

they show an increase in the ability of tumor-initiation, telomerase activity, and 

invasiveness (Ho et al., 2007). Until today, many studies isolated lung CSCs and 

identified them by using different surface cell markers and other cancer cell 

characteristics. 

 

b. Cell surface markers of lung cancer stem cells 

Several cell surface markers identify the characteristics of lung CSCs. CD44 is 

a surface marker that is essential for remodeling, cell-adhesion to ECM, cell-migration, 

and differentiation (Pine et al., 2008). The increase of CD44 expression stimulated the 

tumorigenic properties in NSCLC and mainly in LUAD cells than SCCs (Leung et al., 

2010). CD44-expressed cells showed tumor -initiation, and high expressions of 

pluripotency genes, such as SOX2, NANOG, and OCT4(Leung et al., 2010). 

CD133 is a glycoprotein cell surface marker with undefined function, but it is 

found on the membrane of several CSCs (Pine et al., 2008). Eramo et al. showed that 
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CD133+  lung cancer cells have stem-like properties, in which they have higher 

tumorigenic abilities and differentiation into lung cancer cells (Eramo et al., 2008). On 

the other hand, other studies demonstrated that CD133- cells have stem-like tumorigenic 

abilities, after xenotransplantation in mice, and CD133 is not associated with survival of 

patients with NSCLC (Salnikov et al., 2010). Thus, the role of CD133 in LUAD CSCs 

is still controversial, but the expression of CD133 is correlated with the chemotherapy 

resistance (Salnikov et al., 2010). 

CD166 is another cell surface marker used to identify lung CSCs, known as 

activated leukocyte cell adhesion molecule (ALCAM) (Tachezy et al., 2014). It is a 

highly conserved glycoprotein from the immunoglobulin superfamily, and it is crucial in 

the development of various tissues, such as the upper airway. It was demonstrated that 

CD166 cell marker does not affect the tumorigenic ability of NSCLC since a study on 

NSCLC patients with CD166 expression showed no prognostic effect on the survival 

rate (Tachezy et al., 2014). Another study showed that the knocking down of CD166 in 

CSCs does not affect their tumorigenic abilities (Hardavella et al., 2016). Thus, CD166 

is an inert cell surface marker, enriched NSCLC CSCs, but does not affect the 

tumorigenic activity (Hardavella et al., 2016).  

Aldehyde hydrogenase (ALDH) superfamily is a group of cytosolic isozymes, 

that oxidize intracellular aldehydes, such as oxidizing of retinal into retinoid at the 

beginning of stem cells differentiation (Hardavella et al., 2016). It is a drug resistance 

gene present in most TICs, such as NSCLC cells, since it detoxifies many cytotoxic 

agents (Pine et al., 2008). High ALDH1 was shown to be associated with lung cancer 

cells with stem-like properties, like differentiation, self-renewal, and tumor-initiation 
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(Jiang et al., 2009). Also, it was proved that the expression of ALDH1 for 303 different 

specimens from lung cancer patients is associated with the stage and grade of lung 

cancer (Jiang et al., 2009). Moreover, ALDH1A1 and ALDH3A1 are overexpressed in 

epithelial lung CSCs from NSCLC patients than normal and SCLC cases (Hardavella et 

al., 2016; Pine et al., 2008). There are other NSCLC CSC’s markers, including CD117, 

CD90, CD87, and polycomb ring finger oncogene (BMI-1) (Hardavella et al., 2016; 

Pine et al., 2008). 

 

c. Signaling pathways in lung cancer stem cells 

The behavior of the normal stem cells is controlled by signaling pathways, 

such as Notch, Hedgehog, and Wnt pathways. Thus, lung cancer can be due to errors in 

signaling pathways that lead to the uncontrolled proliferation of stem cells (Pine et al., 

2008). To begin with, the Notch pathway is crucial in cell cycle progression and 

survival of lung stem cells. It determines the fate of epithelial cells in the proximodistal 

axis (Pine et al., 2008). The Notch pathway involves the maintenance of lung CSCs 

because it was found that in LUAD cells have high expression of notch pathway in the 

ALDH+ cells, enhanced self-renewal of NSCLC stem-like cells (Sullivan et al., 2010). 

The second one is the Hedgehog (HH) pathway, which is essential for the regulation of 

embryogenesis, such as Proliferation, Differentiation, and Migration of stem cells (Pine 

et al., 2008). The dysfunction of this pathway is mainly in SCC (Kwon-sik Park et al., 

2011) and CD44+/ ALDH+ CSCs (Liu et al., 2013). Therefore, the HH signaling 

pathway is important in the self-renewal and maintenance of CSCs. The third signaling 

pathway is Wnt/beta-catenin signaling, which is crucial for the embryogenesis and the 
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maintenance of pluripotency and differentiation of normal stem cells (Holland et al., 

2013). It was proved that Wnt signaling cascades have a role in organogenesis and the 

formation of different functional tissues. This has raised the opportunity for Wnt 

signaling to be essential for self-renewal of not only stem cells but also CSCs. Thus, 

Wnt Signaling plays a crucial role in cancer development (Holland et al., 2013). Many 

studies reported the importance of Wnt signaling in lung cancer growth, in which it was 

stated that Wnt and K-RasG12D activation stimulate the development of lung tumor, 

proliferation of embryonic distal lung progenitor cells, and metastasis of lung cancerous 

cells  (Pacheco-Pinedo et al., 2011). Therefore, these three signaling pathways are 

crucial in the development, growth, metastasis, and proliferation of lung tumors and 

CSCs and targeting these pathways has therapeutic and anti-cancer roles.  

 

E. Aims of the study 

According to what has been discussed before, LUAD is one of the most 

aggressive and lethal cancer subtypes. Also, it was found that sulfated alginates with 

high DS mimic heparin. Therefore, in our study we want to assess the effect of sulfated 

alginates with different DSs, mainly DS 2.0 and DS 2.7 on human and murine KRAS-

mutant LUAD cells, H1792, and MDA-F471, respectively. To achieve this goal, we 

questioned the following aims:  

1) To determine the effect of different DSs sulfated alginates on the growth and 

proliferation of H1792 and MDA-F471 in 2D culture using MTT and trypan 

blue assays.   
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2) To assess the effect of different DSs sulfated alginates on targeting LUAD 

CSCs using 3D sphere formation assay by analyzing the variation on the sphere 

formation unit and the area of spheres formed. 

3) To evaluate the effect of different DSs sulfated alginates on different gene 

expression from the collected spheres 
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CHAPTER II 

METHODOLOGY 

 

A. Cell lines 

1. Selection 

The cell lines used in this study were the murine MDA-F471, the human 

H1792, and RWPE1. MDA-F471 was derived de novo from a LUAD that was formed 

in the lung of female Gprc5a-/- mice sacrificed 16 months after exposure to the tobacco 

carcinogen NNK. The cells carry a G12D KRas mutation, the same variant often 

observed in the human in human KRAS-mutant LUADs (Fujimoto et al., 2010). The 

human H1792 LUAD cell line was derived from the pleural effusion of a smoker 50-

year-old Caucasian male with metastatic adenocarcinoma. H1792 cells exhibit a TP53 

mutation in a splice donor site in addition to a G12C KRAS mutation (Sunaga, et al. 

2011). The human RWPE1 cells, that are epithelial cells, are derived from the prostate 

of a 54-years-old normal Caucasian man.   

 

2. Cell culture 

MDA-F471 and H1792 cells were cultured in Dulbecco’s Modified Eagle 

Media (DMEM) Ham’s F-12 (Sigma Aldrich) supplemented with 10% heat-inactivated 

fetal bovine serum (FBS) (Sigma-Aldrich), 1 % penicillin-streptomycin antibiotics 

(Lonza), and 5 µg/ml Plasmocin™ Prophylactic (InvivoGen) for the prevention of 

mycoplasma contamination. While RWPE1 cells were cultured in keratinocyte serum-
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free medium (KSFM) (GIBCO) supplemented with 0.004 % recombinant human 

epithelial growth factor (rhEGF). Cells were incubated in a humidified incubator (5 % 

CO2) at 37°C. Typically, media was replenished every 2-3 days and when confluency 

of cells reached 70-80 %, cells were passaged. They were passaged by washing with 1X 

phosphate-buffered saline (PBS) (Lonza) followed by enzymatic dissociation using 

0.05% trypsin-ethylene-diamine tetraacetic acid (EDTA) (Sigma-Aldrich) for 6 minutes 

(H1792 & RWPE1) or 12 minutes (MDA-F471) at 37°C. Subsequently, trypsin was 

neutralized by 1:1 complete growth medium. Cells were then centrifuged for 5 mins at 

900 rpm and the supernatant was discarded. The pellet was resuspended in new fresh 

media and transferred into appropriate cell culture flasks. However, for RWPE1 the cell 

culture flask was coated with 1% collagen I with PBS for 15 mins before transferring 

the cells. 

For the beginning of new experiments, cells were calculated using a 

hematocytometer on the four corner chambers, following this formula: cells/ml= 

average number of cells x dilution factor x volume of suspension (ml) x 104. Cells were 

counted using trypan blue dye exclusion with 0.4% trypan blue solution.  

 

B. Cell viability/ trypan-blue exclusion assay 

A simple method of measuring cell viability in cell culture is to count viable 

cells using the trypan blue dye exclusion method. The technique is based on the 

disruption of the cell membrane that distinguishes non-viable from viable cells. The 

disrupted membranes of nonviable cells allow the trypan blue dye to be absorbed up by 

the cell, and thus viable cells can be visualized under the microscope as white cells 
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compared to the blue-colored non-viable cells. H1792 and MDA-F471 cells were 

seeded in triplicate in 96-well plates at a density of 3,000 cells/100 µl and 2,000 

cells/100 µl per well respectively, in complete media (with 10% FBS). Cells were 

incubated overnight in the incubator then treated in triplicates with two concentrations 

of various sulfated alginates in 100 μl complete media for 24 and 48 hrs. After 24 hrs of 

treating the cells, we disregarded the supernatants containing the dead cells, while the 

live cells were harvested by adding 50 μl trypsin/ EDTA. We neutralized the trypsin by 

adding 100 μl of media, then 50 μl of cell suspension was mixed with 50 μl of trypan 

blue. Live cells were counted on the four corner chambers of a hemocytometer by using 

the previously mentioned formula. The same procedure was repeated after 48hrs. 

Similarly, the same procedure was done on RWPE1 cells, but in 1 % collagen-coated 

24-well plates (as described before) at a density of 20,000 cells/ ml. Data were reported 

as mean ± SEM. 

 

C. Cell growth assay/MTT 

The anti-proliferative effect of H1792 and MDA-F471 was measured in vitro 

by using the MTT (3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) 

assay. Cells were plated in 100μl complete medium in 96-well culture plates at the 

densities like ones used in trypan blue assay. Cells were incubated overnight in the 

incubator then treated in triplicates with two concentrations of various sulfated alginates 

in 100μl complete media for 24 and 48 hrs. For each time point, 10 μl of 5 mg/ml (in 1x 

PBS) MTT reagent was added to each well and incubated at 37°C for 4 hours. As the 

result, metabolically active/viable cells could convert the yellow tetrazolium salt (MTT) 
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into insoluble purple formazan crystals due to the high levels of NADH and NADPH, 

which is a measure of mitochondrial metabolic activity. Then, we added 100μl of stop 

dye solution into each well to dissolve the formazan crystals and stop the reaction. 

Finally, after overnight incubation, the reduced MTT optical density (OD) was 

measured at a wavelength of 595 nm using an ELISA reader (Multiskan Ex). The 

percentage of cell viability was expressed as percentage growth relative to control wells 

and treated wells at different concentrations. Data were reported as mean ± SEM. 

 

D. Wound healing/scratch assay 

A wound-healing assay is used to study the directional migration of the cells in 

vitro. It is an important assay that mimics the cellular migration in vivo and allows the 

study of cellular interactions between cells and their ECM to control the migration of 

the cells (Gebäck et al., 2009). We seeded H1792 and MDA-F471 cells on a 12-well 

plate using a concentration of 100 μg/ml of the various sulfated alginates and incubated 

them until they reached 80 % to 90 % confluence. After that, 2 μg/ml of mitomycin C 

(with an original concentration of 0.5 mg/ml that was dissolved in PBS) was added into 

each well between 15-25 mins. Then, we discarded the media and scraped the 

monolayer of cells in the middle using a 200 μl micropipette tip. After that, the plates 

will be washed twice with PBS to remove the detached cells. Remaining cells were 

cultured in complete media with or without treatment. Microscopic photos were 

subsequently taken at 0, 6, 18, 24, and 48 hrs. The distance traveled by the cells into the 

wounded area was computed from the closure of the wounds and expressed as a 

percentage of the wound closure upon treatment compared to the control condition. The 
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images were taken using Leica software and we measured the distance of the wound 

using Zen software, in which the data represented mean ± SEM of three independent 

experiments. 

 

E. Sphere formation assay 

1. Seeding 

Cells were washed with 1X PBS, followed by adding trypsin, then centrifuged 

at 900rpm for 5 minutes and the pellet was resuspended in cold serum-free DMEM/ F-

12 medium. Cells were counted using a hemocytometer and trypan blue dye for the 

exclusion of dead cells by the previously mentioned formula. Afterward, 2,000 

cells/well were suspended in growth factor-reduced MatrigelTM (Corning)/serum-free 

medium (1:1) in a total volume of 50 µl/well on a 24-well plate. Cells were seeded 

uniformly in a circular manner around the bottom rim of each well and allowed to 

solidify in the incubator at 37°C for 45 minutes. Then, 500 µl of warm medium (5 % 

FBS) was added gently in the middle of each well and incubated in a humidified 

incubator (5% CO2) at 37°C. Spheres were replenished with a new fresh medium every 

three days. After seven days, spheres were counted and the sphere-forming unit (SFU) 

was calculated as follows: SFU = 100 x (number of xiovert inverted light microscope 

was formed spheres/2,000). Bright-field images of formed spheres were taken using the 

Zeiss Aed. Adherent cells grown will be referred to as parental cells and sphere-forming 

cells will be noted as CSC.  
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2. Propagation of spheres 

After we counted and took pictures for the formed spheres, we propagated 

them, in which aspirated the media from the center of each well and replaced it with 500 

µl of 0.5 mg/ml dispase (Gibco) solution dissolved in the growth medium. Then, we 

incubated them for 45 minutes in a humidified incubator at 37°C. Dispase breaks down 

the MatrigelTM and releases the spheres into the medium. The released spheres were 

then collected and centrifuged at 1200 rpm for 7 mins. The pellet was resuspended in 

0.05 % Trypsin-EDTA and incubated for 12 mins (MDA-F471) or 6 mins (H1792) at 

37°C, to dissociate the spheres into single cells. Trypsin was then neutralized by the 

addition of an equal volume of growth medium containing 5 % FBS, followed by 

centrifugation at 900 rpm for 5 minutes. Cells were resuspended in serum-free medium, 

counted and re-plated as explained before. However, on the first day of propagation of 

second generation of spheres (G2),  we added our treatment at concentration of 100 µl/ 

ml of media, in which 500 µl of media and treatment was added gently in the middle of 

each well in triplicates for control, pure alginates and DS 2.7, while duplicates per other 

conditions. The vehicle control contained 10 % serum-free media which is equivalent to 

the amount present in the maximum concentration of µL of alginates. Spheres were 

replenished every three days with fresh media and drugs. After seven days, we repeated 

the same procedure done on the spheres of G1 and we evaluated the SFU, using the 

previously mentioned formula, and the area of the spheres formed (Area=π(d/2)2), but 

we stopped at the step of dispase, in which we discarded the supernatant, and we 

washed them with 1XPBS, we centrifuged at 1200 rpm for 5 mins and we snap-freeze 
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the spheres in liquid nitrogen. They were stored on -80C, to be used in RNA extraction. 

The experiments were repeated three times and the data was reported as mean ± SEM. 

 

F. Total RNA extraction 

Total RNA was extracted from frozen pellets of MDA-F471 and H1792 

dissociated spheres which had been snap-frozen in liquid nitrogen and stored at -80°C. 

According to the manufacturer’s protocol, the RNeasy Plus Mini Kit (Qiagen) was used 

for the extraction procedure. First, 350 µl of buffer RLT Plus containing 10 µl/1 ml β-

mercaptoethanol (β-ME), a highly denaturing guanidine isothiocyanate containing 

buffer which immediately denatures RNases by reducing the disulfide bonds to ensure 

isolation of intact RNA, was added to the cell pellet and homogenized at 4°C by 

pipetting up and down with a 22-gauge syringe needle and vortexing to ensure complete 

cell lysis and membrane disruption. Then, the cell lysate was centrifuged for 3mins at 

maximum speed. The supernatant was mixed with an equal volume of freshly prepared 

70 % ethanol with RNase-free water to provide appropriate RNA-binding conditions, 

then transferred to 2 ml RNeasy spin column and pulse centrifuged for 15 secs. The 

RNeasy spin column with the membrane-bound RNA was washed with 700 µl Buffer 

RW1 and pulse centrifuged for 15secs. After that, the RNeasy spin column was washed 

two more times with 500 µl Buffer RPE and centrifuged for 2mins at 14,000 rpm, to 

discard contaminants. Finally, the RNeasy spin column was placed in a new 1.5 ml 

collection tube and 26 µl of RNase-free water was carefully added directly to the spin 

column membrane and left standing for 5mins to allow the membrane to soak. The tube 

was then centrifuged for 1min at 14,800 rpm to elute the RNA, then transferred and 
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stored at -80°C. To evaluate the purity and concentration of eluted RNA, the samples 

were placed on ice and the absorbances of 2 µl of each sample or RNase-free water 

(used as blank) were measured using DeNovix DS-11FX Spectrophotometer. The 

260/280 ratio was used to assess the purity of RNA and a ratio of ~2.0 was considered 

as pure RNA. 

 

G. Two-Step Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)  

We continued the quantification of genes by qRT-PCR, focusing mainly on 

their mode of expression, down-regulated or up-regulated in the spheres. We analyzed 

the genes of humans (Table1) and murine (Table2). 

 

1.  Reverse transcription of RNA to cDNA 

Total RNA samples were reverse transcribed into cDNA using the QuantiTact 

Reverse Transcription Kit (Qiagen) following the manufacturer’s protocol. Total RNA 

samples and reagents of the kit were placed on ice at room temperature for 10 //mins. 

Then, we dissolved the tubes by vortexing, followed by briefly centrifuging to collect 

residual liquid from the sides of the tubes, and then kept them on ice to minimize the 

risk of RNA degradation. Genomic DNA (gDNA) was eliminated by adding 2 µl to 0.5 

µg of RNA sample and free-RNase water in a total elimination reaction volume of 14 

µl. Then, we incubated the tubes for 2 mins/ at 42oC. We followed the elimination 

reaction with reverse-transcription reaction, in which we prepared the master mixes to 

be used in this reaction, containing all the following components per one reaction: 

Reverse-transcription master mix          1 µl 
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Quantiscript RT buffer                           4 µl 

RT Primer Mix                                       1 µl 

Then, 6µl of master mixes were added to each tube and mixed gently. The 

tubes were incubated for 15 mins at 42oC, followed by incubation for 3 mins at 95oC. 

Finally, we diluted the cDNA with free-RNase water to reach 40 µl and stored the 

reverse-transcription reactions at -20oC. 

 

2. Quantitative real-time PCR (qRT-PCR) 

All qRT-PCR experiments were carried under sterile conditions using filtered 

tips and molecular grade free-RNase water in technical duplicates for one time, in which 

two more runs are under progress. The primer oligonucleotide sequences (Table 1 & 2) 

were found in published studies. Primer mixture was prepared by combining 10 µl of 

reverse and forward primers each with 80 µl free-RNase water and stored at -20oC. A 

master mix for each transcript reaction was prepared as follows: 

Free-RNase water                       2.5 µl 

2X buffer                                    5 µl 

Primer mixture                           0.5 µl 

After distributing 2 µl of cDNA to each well, we added 8 µl of the prepared 

master mix to each well of a skirted 384 qRT-PCR(Bio-Rad). A no-template control 

well was prepared in each transcript reaction with 2 µl of free-RNase water instead of 

cDNA. Once the plate was prepared, we sealed it using an adhesive sealer, centrifuged 

briefly and loaded into a BioRad CFX 384 qRT-PCR machine. The qRT-PCR thermal 

cycling conditions which included a melt curve specific for the product are summarized 
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in Table 3. We analyzed the obtained data using the 2-∆∆Ct calculation method by 

normalizing to two conserved reference genes: Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) and TATA-box binding protein (TBP), in which these two 

genes were suggested in the expression analysis of CSCs’ genes (Lemma et al., 2016). 

Gene expression is computed and analyzed with respect to the control. The PCR 

experiments were performed three times with duplicates or both cell lines, but the 

extraction of RNA from spheres is one of the challenging experiments. This led to 

taking only one experiment of the PCR out of three independent experiments, and we 

will do the other experiments, just after my thesis defense.  

Human 

gene 

Primer Sequence (5’-3’) Annealing 

Temp.(oC) 

Reference 

ALDH1A1 F-TGTTAGCTGATGCCGACTTG 60 (E. Kim et 

al., 2008) R-ATTCTTAGCCCGCTCAACACT 

ALDH3A1 

 

 

 

F- GCAGACCTGCACAAGAATGA 60 (Levi et al., 

2009) R-TGTAGAGCTCGTCCTGCTGA 

CCL20 F-GGTGAAATATATTGTGCGTCTCC 60 (Luan et al., 

2017) R-ACTAAACCCTCCATGATGTGC 

GAPDH F-GGACCTGACCTGCCGTCTA 60 (Msheik et 

al., 2020) R- TGGTGCTCAGTGTAGCCCAG 

Table 1: Primer sequences and annealing temperature of some selected human genes. 

 

Murine 

gene 

Primer Sequence (5’-3’) 

 

 

 

 

 

 

 

Annealing 

Temp.(oC) 

Reference 

Alcam F-ATGGCATCTAAGGTGTCCCCT  60 (E. Kim et 

al., 2008) R-AGACGGCAAGGCATGACAA 

Aldh1a1 F-GACAGGCTTTCCAGATTGGCTC 60 (Levi et al., 

2009) R-AAGACTTTCCCACCATTGAGTGC 

Ccl20 F-GTGGGTTTCACAAGACAGATG 57 (Sato et al., 

2017) R-TTTTCACCCAGTTCTGCTTTG 
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Gapdh F-GCAAAGTGGAGATTGTTGCCA 60 (Patin et al., 

2018) R-GCCTTGACTGTGCCGTTGA 

Tbp F-CCTTGTACCCTTCACCAATGAC 60 (Gong et al., 

2016) R-ACAGCCAAGATTCACGGTAGA 

Tnf F-TCAGCCGATTTGCTATCTCATA 57 (Sha et al., 

2014) R-AGTACTTGGGCAGATTGACCTC 

Table 2: Primer sequences and annealing temperature of some selected murine genes. 

 

Step Polymerase 

Activation 

Amplification (40cycle) Melt Curve 

Activation Denaturation Annealing Extension  

Temperature 

(oC) 

95 95 Variable 72 65-95 in 0.5 

increments 

Time  5min 15sec 30sec 30sec 5sec/step 

Table 3: Thermal cycling conditions of qRT-PCR. 

 

H. Statistical analysis 

Statistical analysis was done using GraphPad Prism 7 software. One-way 

ANOVA test was performed to determine whether there are any significant differences 

among the means of three or more independent groups, followed by Bonferroni 

corrected multiple comparison test to compare the differences between each test group 

and the control. Statistical significance was reported when the p-value was less than 

0.05. (*p<0.05; **p<0.01; ***p<0.001) 
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CHAPTER III 

RESULTS 

 

A. The effect of different DS of SulfAlg in vitro on the viability of LUAD cells 

using Trypan Blue exclusion assay 

To begin with, we wanted to assess the effect of the increase in the DS of 

sulfated alginates at two different concentrations (10 µg/ml and 100 µg/ml) on the 

viability of H1792 and MDA-F471 cells using trypan blue exclusion assay. It was 

shown that the viability of H1792 cells was not significantly decreased with the increase 

in the DS of alginates (Figure 7A & 7B). Similarly, MDA-F471 cells stated an 

insignificant decrease in the viability of the cells at the concentration of 10 µg/ml of 

different DS of alginates (Figure 7C). However, at concentration of 100 µg/ml, MDA-

F471 showed significant decrease in the cell viability of MDA-F471 with the increase in 

the DS of sulfated alginates to DS 2.0, DS 2.7 and heparin, in which DS 2.7 showed 

significant decrease by about 50% in cell viability with p<0.001 after 24 and 48hrs of 

treatment (Figure 7D). 



 

 

 

43 

A 

 

Figure 7: The effect of different DS of alginates on the number of live H1792 and MDA-

F471 at the two concentrations (10µg/ml & 100µg/ml). H1792 and MDA-F471 were treated 

with different DS of alginates at two concentrations and two-time points. Cells were counted in 

triplicates measurement using the trypan blue exclusion method and results are represented as 

the percentage with respect to control (complete media). Data represent an average of six 

independent experiments (mean ± SEM) (*p<0.05, **p<0.01, ***p<0.001). 
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SulfAlg 2.0                 SulfAlg 2.7                  Heparin 

 
Control                       Vehicle                        SulfAlg 0.0                  SulfAlg 0.8     

SulfAlg 2.0                 SulfAlg 2.7                  Heparin 

B 

Control                       Vehicle                         SulfAlg 0.0                  SulfAlg 0.8     

SulfAlg 2.0                 SulfAlg 2.7                  Heparin 
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Control                       Vehicle                         SulfAlg 0.0                  SulfAlg 0.8     

SulfAlg 2.0                 SulfAlg 2.7                  Heparin 

D  

   

   

Figure 8: The effect of the increase in the DS of mimetic GAGs on the morphology of 

H1792 and MDA-F471 cells. H1792 and MDA-F471 cells were treated with different DS of 

alginates with concentrations of 10 µg/ml (A and C) and 100 µg/ml (B and D) for 24hrs, 

respectively. Representative images were taken using an Axiovert inverted microscope and 

analyzed by Carl Zeiss Zen 2012 image software. Scale bar = 100µm.   

 

To verify that the high decrease of sulfation does not affect normal epithelial 

cells, we performed trypan blue assay on prostatic human RWPE1 cells. it was found 

that the increase of sulfation increases the cell viability, but this increase was 

insignificant (Figure 9).  



 

 

 

46 

 

Figure 9: The effect of different DS of alginates on the cell viability of RWPE1 at the two 

concentrations (10µg/ml & 100µg/ml). Data were recorded as mean ± SEM. 

 

B. Effect of increase in DS of alginates at two concentrations on the proliferation 

of human and murine LUAD cells using MTT assay in vitro 

The research aimed to assess the effect of the increase in the DS of mimetic 

GAGs on the proliferation of H1792 and MDA-F471 cells using MTT assay.  As a 

result, the proliferative activity of H1792 cells was not significantly altered with the 
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increase in the DS of sulfated alginates at the two different concentrations (Figure 10A 

and 10B). Similarly, the proliferation of MDA-F471 cells was insignificant with the 

increase in the DS of alginates, but there was a trend that showed a decrease in their 

proliferative activity with the increase in the alginate’s DS. Thus, the increase of the DS 

of alginates did not affect the growth of LUAD human and murine cells. 

 

Figure 10:The effect of different DS of sulfated alginates at the two concentrations 

(10µg/ml and 100µg/ml) on H1792 and MDA-F471 cells' proliferation using MTT assay. 

The proliferation of H1792 (A&B) and MDA-F471 (C&D) is relatively resistant to various DS 

of alginates at the two concentrations (10µg/ml & 100µg/ml). Results are expressed as a 

percentage of a treated group compared to its control. Data represent an average of 6 

independent experiments and are expressed as mean ± SEM.  
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C. The increase in the DS of alginates inhibits the migration of H1792 and MDA-

F471 in vitro 

Metastasis is necessary for the growth and mortality of lung cancer cells. To 

investigate the role of variation in DS on LUAD cell migration, wound healing/scratch 

assay was performed. The results showed that the wound is completely closed in control 

and DS 0.0 of MDA-F471 after 24hrs and of H1792 after 48hrs. However, the migration 

of tumor cells was suppressed after 6hrs after treatment with DS 2.0, DS 2.7 and 

heparin, in both cell lines. 

Remarkably, the increase in the DS of alginates reduced the rate of wound 

closure of LUAD cells in treated wells compared to control and DS 0.0. Although the 

formed wound was completely healed in control and DS 0.0 after 24hrs and 48hr, of 

MDA-F471 and H1792 respectively, the alginate of DS 2.0 significantly suppressed the 

migration of the treated cells to close the wound by about 50% in H1792 and 65% in 

MDA-F471, after 48hrs and 24hrs respectively (p<0.001). Similarly, the alginate of DS 

2.7 significantly reduced the migration of the treated cells by about 50% in H1792 

(Figure 13A) and 68% in MDA-F471(Figure 13B) (p<0.001). Also, these results were 

revealed by the microscopic images of the scratches in the 12-well plate, using 200µl 

tip, Figure 11 and Figure 12, respectively for H1792 and MDA-F471. Thus, the increase 

in the DS of alginates suppresses the migration of the LUAD cells like heparin. 
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Control                             SulfAlg 0.0                    SulfAlg 0.8 

SulfAlg 2.0                      SulfAlg 2.7                      Heparin 

Control                            SulfAlg 0.0                      SulfAlg 0.8 

SulfAlg 2.0                      SulfAlg 2.7                      Heparin 
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Control                            SulfAlg 0.0                      SulfAlg 0.8 

SulfAlg 2.0                      SulfAlg 2.7                      Heparin 

Control                            SulfAlg 0.0                      SulfAlg 0.8 

SulfAlg 2.0                      SulfAlg 2.7                      Heparin 

Control                            SulfAlg 0.0                      SulfAlg 0.8 
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SulfAlg 2.0                      SulfAlg 2.7                      Heparin 

Control                            SulfAlg 0.0                      SulfAlg 0.8 

Control                            SulfAlg 0.0                      SulfAlg 0.8 

Control                            SulfAlg 0.0                      SulfAlg 0.8 

SulfAlg 2.0                      SulfAlg 2.7                      Heparin 

T48: 

   

   

Figure 11: Representative images of H1792 cells showing the effect of the increase in sulfation of 

alginates on cell migration. A scratch was made in a 12-well plate of confluent H1792 cells with 

Mitomycin C, using a 200µl tip, and images were taken at T=0, 6, 18, 24, and 48 hrs with or without 

treatment, and quantification of closure distance was determined over time. Scale bar= 100µm.  
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SulfAlg 2.0                      SulfAlg 2.7                      Heparin 

SulfAlg 2.0                      SulfAlg 2.7                      Heparin 

Control                            SulfAlg 0.0                      SulfAlg 0.8 

Control                            SulfAlg 0.0                      SulfAlg 0.8 
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Control                            SulfAlg 0.0                      SulfAlg 0.8 

SulfAlg 2.0                      SulfAlg 2.7                      Heparin 

T24: 

   

   

Figure 12: Representative images of MDA-F471 showing the effect of the increase of DS of alginates 

on cell migration. A scratch was made in a 12-well plate of confluent MDA-F471 cells with Mitomycin 

C, using a 200µl tip, and images were taken at T=0, 6, 18, and 24hrs with or without treatment, and 

quantification of closure distance was determined over time. Scale bar= 100µm.  
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Figure 13: The increase in the sulfation of GAGs reduces the migratory potentials of human and 

murine KRAS-mutant LUAD cells. Results indicate that the increase in the sulfation of GAGs 

mimicked by the increase in the DS of alginates (DS=0.8, 2.0, 2.7) significantly inhibits the 

migratory abilities of H1792 (A) and MDA-F471 (B) at different time points (6, 18,24, and 

48hrs), while the wound on untreated cells and treated cells with alginates of DS=0.0 monolayer 

completely closed after 48hrs for H1792 and 24hrs for MDA-F471. Alginates with DS=2.0 and 

DS=2.7 and heparin halted the migration of H1792 cells by almost 45% and MDA-F471 by 

almost 30%, 48hrs, and 24hrs post-treatment respectively. Data are represented as mean ± SEM 

(*p<0.05, **p<0.01, ***p<0.001). 
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D. The increase in the DS of alginates reduces the sphere formation capacity in 

murine and human LUAD cells 

1. Effect of increase in DS on the sphere formation unit (SFU) 

One of the important aims in our study is to show the effect of the increase in 

DS of sulfated alginates, in which the high DS 2.0 and 2.7 mimic heparin, on cancer 

CSCs of LUAD. Thus, this aim is fulfilled using the sphere formation assay (3D 

culture). A single-cell suspension of H1791 and MDA-F471 were cultured in 

MatrigelTM for 7 days to enrich the CSCs of LUAD, then the formed spheres were 

propagated to G2 and treated by different DS of alginates with the concentration of 

100µm/ml for another 7 days. The formed spheres were counted using an inverted light 

microscope and images were taken on the same day using ZEN software (Figure 14). 

Later, the number and size of the formed spheres were analyzed and reported as SFU 

and average area of spheres. The results showed that the number and size of spheres 

decreased significantly with the increase of the DS of alginates.  

It was reported that the SFU of H1792 (Figure 14A) and MDA-F471 (Figure 

14B) decreased significantly in the DS 0.8, DS 2.0, DS 2.7 and heparin with p<0.001. 

The control and DS 0.0 alginates treated wells of both H1792 and MDA-F471 showed 

almost SFU=9. Compared to the control, the DS 0.8 reported a significant decrease in 

the SFU by almost 30% (p<0.001) in both cell lines. However, the DS 2 and DS 2.7, 

similar to heparin, stated a significant decrease in SFU by almost 60% in the two cell 

lines (p<0.001). Thus, the SFU decreased as the increase in the DS of alginates. 
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Figure 14: Effect of increase in DS of alginates on SFU of H1792 and MDA-F471. Spheres formed 

in each well, represented as G2, were counted after 7 days. Results showed that the increase in 

DS of alginates to DS 2.0 and DS 2.7 significantly reduced the SFU of both cell lines. DS 2.0 

and DS 2.7 reduced the SFU of both H1792 cells (A) and MDA-F471 by almost 60% (B). Data 

are reported as mean ± SEM (*p<0.05, **p<0.01, ***p<0.001). 

 

2. Effect of increase in DS on the area of a formed sphere (µm2) 

Similarly, the increase in the DS of alginates reduced the ability of the CSC 

population of H1792 and MDA-F471 to form spheres with large diameters. The area of 

the spheres formed decreased with the increase in the DS of alginates. The DS 0.0 

alginates-treated wells reported similar results to the control. With the increase in the 
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DS of alginates to DS 0.8, the area of the spheres decreased significantly by 40%, 

compared to the control (p<0.001). With a further increase in DS of alginates to DS 2.0 

and DS 2.7, the area of the formed sphere of H1792 (Figure 15A) and MDA-F471 

(Figure 15B) decreased significantly by about 50% and 60%, respectively, like heparin 

(p<0.001). Also, these results were revealed by the microscopic images taken for the 

spheres formed at G2, Figure 16 and Figure 17 for H1792 and MDA-F471 respectively.  

 

Figure 15: The effect of the increase in DS of alginates on the area of the spheres formed of 

both human and murine LUAD cells. The effect of the increase in DS of alginates on the area 

of the spheres formed of both human and murine LUAD cells. Spheres formed in each well, 

represented as G2, were counted after 7 days. Results showed that the increase in DS of 
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alginates to DS 2.0 and DS 2.7 significantly reduced the area of both cell lines. DS 2.0 and DS 

2.7 reduced the SFU of H1792 cells (A) and MDA-F471(B) by almost 50% and 60%, 

respectively. Data are represented as mean ± SEM (*p<0.05, **p<0.01, ***p<0.001). 

 

 

   

   

  

Figure 16:Diameters of H1792 spheres after treatment G2 spheres with different DS of 

alginates. Representative bright-field images of H1792 G2 spheres with the increase in the DS 

of alginates. Images were visualized by Axiovert inverted microscope and analyzed by Carl 

Zeiss Zen 2012 image software. Scale bar = 50µm.   
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Figure 17: Diameters of MDA-F471 spheres after treatment G2 spheres with different DS 

of alginates. Representative bright-field images MDA-F471 G2 spheres with the increase in the 

DS of alginates. Images were visualized by Axiovert inverted microscope and analyzed by Carl 

Zeiss Zen 2012 image software. Scale bar = 50µm. 

   

E. The expression of some genes in human KRAS- mutant and murine K-Ras – 

mutant LUAD spheres 

As mentioned in the methodology chapter, we determined the effect of the 

increase of sulfation on the mode of differential expression, upregulation or 

downregulation, of human and murine spheres of G2 through the process of qRT-PCR. 
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1.  Effects of increase in the DS of alginates on the expression of some genes in    

human KRAS-mutant LUAD cells    

After the collection of human spheres of G2, we used them to test for the 

expression of genes of CSCs. It was proven that ALDH1A1 and ALDH3A1 are important 

in the maintenance and self-renewal of CSCs of various tumors, while CCl20 promotes 

chemokines (Huang et al., 2009). Thus, we wanted to assess the effects of the increase 

in DS of alginate on the expression of CSCs markers. We determined that the increase 

in the DS of alginates downregulated the expression of ALDH1A1, ALDH3A1, and 

CCL20. Although these experiments will be repeated 2 more times to do statistical 

analysis, we can conclude that the increase in DS of alginates leads to the 

downregulation of the surface markers of stemness of human LUAD CSCs.       
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Figure 18: Differential expression of selected stemness markers in H1792 spheres by qRT-

PCR. Downregulation of ALDH1A1, ALDH3A1, and CCL20 in G2 spheres was determined by 

qRT-PCR and analyzed using the 2-∆∆Ct calculation by normalization to two different conserved 

reference genes (GAPDH) and is represented as mean ± SEM (n=1). 
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2.  Effects of increase in the DS of alginates on the expression of some genes in 

murine KRAS-mutant LUAD cells   

 After the collection of murine spheres of G2, we used them to test for the 

expression of genes of CSCs. It was proven that Aldh1a1 is important for the 

maintenance and self-renewal of CSCs of various tumors, Alcam is a well-known 

surface marker for lung epithelial CSCs, and Ccl20 and Tnf promote chemokines. Thus, 

we wanted to assess the effects of sulfation on the expression of CSCs markers. We 

determined that the increase in the DS of alginates downregulated the expression of 

Alcam, Aldh1a1, Ccl20, and Tnf. Although these experiments will be repeated 2 more 

times to do statistical analysis, we can reveal that the increase in the DS of alginates 

downregulates the expression of murine LUAD CSCs’ surface markers. 
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Figure 19: Differential expression of selected stemness markers in MDA-F471 spheres by qRT-

PCR. Downregulation of Alcam, Aldh1a1, Ccl20, and Tnf in G2 spheres was determined by 

qRT-PCR and analyzed using the 2-∆∆Ct calculation by normalization to two different conserved 

reference genes (Gapdh and Tbp) and is represented as mean ± SEM (n=1) 
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CHAPTER IV 

DISCUSSION 

 

Lung adenocarcinoma with a mutation in the KRAS oncogene is the most 

aggressive and prevalent alveolar subtype of lung cancer with resistance to most 

therapies (Zappa & Mousa, 2016). Since tumors are due to the cellular mutations 

leading to dysfunctionality in the ECM and its components such as GAGs, determining 

the role of sulfated GAGs in suppressing the proliferative and cellular abilities of the 

cancerous cells is very important in target therapy. Several studies have shown the 

diverse roles of sulfated GAGs, especially heparin, in many cellular activities. Heparin, 

which is the most sulfated GAGs, is very effective in anticoagulation, angiogenesis, and 

binding to GFs (Capila & Linhardt, 2002; Hoppensteadt et al., 2012; Sasisekharan & 

Venkataraman, 2000). Moreover, heparin regulates tumor growth by forming a fibrin 

barrier around the tumor. Thus, leads to the formation of new blood vessels and 

stimulates the immune system to fight the tumor (Hoppensteadt et al., 2012). Many 

studies showed the effect of heparin on tumor suppression, including pancreatic cancer, 

metastatic breast cancer, and LUAD cancer (Hejna et al., 1999; Zhang et al., 2016), in 

which the downregulation of heparin was observed in cancerous cells, while heparin’s 

re-expression enhanced apoptosis of carcinoma cells (Lai et al., 2003). Heparin has 

effective roles not only on the cancerous cells but also on CSCs, in which heparin 

enhances the ABCG2 protein degradation, thus decreasing the CSCs’ chemo-resistant 

through affecting signaling pathways (Niu et al., 2012). However, the isolation of 
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heparin molecules with equal DSs is very complicated. As a result, scientists mimic 

heparin and other sulfated GAGs by different sulfation methods in which the hydroxyl 

groups in the alginate backbone are replaced using sulfating agents, such as SO3/ 

complexes and HClSO3 acid formamide. Sulfated alginates mimic heparin by binding to 

plenty of GFs involved in cellular activities (Øystein Arlov & Skj\aak-Bræk, 2017). In 

this thesis, sulfated alginates have been used with different DSs as biomimetic 

molecules of sulfated GAGs (DS 0.0, DS 0.8, DS 2.0 and DS 2.7), in addition to heparin 

from intestinal porcine. 

Moreover, sulfated polysaccharides were proven to have anti-tumor properties 

in which they suppressed the cell proliferation of hepatoma cultured in 2D (M. Yu et al., 

2017). Sulfated polysaccharides from edible seaweed, Undaria pinnatifida, have anti-

proliferative and migratory effects on the tumor (Xiaolin Xu et al., 2019). On the other 

hand, sulfated polysaccharides extracted from brown algae enhanced the proliferation 

and growth of normal chondrocytes and their markers’ expression by maintaining the 

binding of GFs (Mhanna et al., 2013). Also, several studies have shown the importance 

of CSCs in initiating tumor growth (Pine et al., 2008; Z. Yu et al., 2012). The normal 

stem cells express special surface markers, in which their overexpression allows the 

isolation of CSCs, but these findings are not so accurate. Eramo and his coworkers 

isolated lung CSCs that overexpressed an extensive proliferation and self-renewal 

marker called CD133. The isolation of CSCs is still challenging so scientists proved that 

sphere formation assay enriches the cells with stem-like properties from primary tumors 

and cell lines (Hardavella et al., 2016; Pine et al., 2008). This assay enables the 
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researchers to determine the effects of the drugs on the proliferation and genes’ 

expression of CSCs-like. Therefore, we hypothesized the effects of the increase in the 

sulfation of mimetic GAGs by different DS of alginates will reduce the proliferation, 

migration and CSC-like properties of human and murine LUAD cells. Knowing that 

these sulfated alginates mimic sulfated GAGs by binding to GFs. 

First, we assessed the anti-tumor properties of biomimetic sulfated GAGs on 

the two K-Ras mutant LUAD cell lines, the murine Gprc5a-/-  (p.G12D) LUAD cells and 

the human H1792 LUAD line (with a codon 12 KRAS variant), by investigating the 

effects of the increase of DS of alginates (DS=0.0, 0.8, 2.0 and 2.7) at two different 

concentrations 10 µg/ml and 100 µg/ml, dissolved in media with 0% FBS on the 

proliferation, number of live cells and migration of  LUAD cells in vitro. Results 

showed that the increase in the DS of biomimetic sulfated GAG had no effect on the 

proliferation and viability of H1792 cells in a dose and time-dependent manner, by 

MTT assay and trypan blue assay respectively. Similarly, the proliferation of MDA-

F471 cells was not affected by the increase in the sulfation of alginates at low doses of 

10 µg/ml. On the other hand, the viability of MDA-F471 cells decreased significantly 

with the increase in the sulfation of alginates with respect to the control at concentration 

100 µg/ml, but not at concentration 10 µg/ml. These results indicated that the increase in 

the sulfation of GAGs mimicking by different DSs of alginates did not affect the 

proliferation of the tumor. Thus, sulfated GAGs do not have anti-proliferative properties 

against human and murine LUAD cells, yet they have an effect on the total number of 

murine LUAD cells. However, other studies showed that sulfated polysaccharides 
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reduce the proliferation of carcinoma (Xiaolin Xu et al., 2019; M. Yu et al., 2017). Also, 

we determined the effect of biomimetic molecules on the proliferation of normal 

epithelial cells and the results showed that with the increase in the sulfation of mimetic 

sulfated GAGs, the cells proliferated the most at DS=2.7. These results agreed with the 

study of Mhanna and his coworkers which showed that sulfated alginate enhances the 

proliferation of normal chondrocytes and the expression of chondrocyte markers 

(Mhanna et al., 2014). Furthermore, the ability of the cancerous cells to metastasize to 

other organs is the lethal level of cancer. Thus, we assessed, through 2D wound 

healing/migration assay, the effects of the increase in sulfation of GAGs on the 

migratory abilities of the two cell lines at concentration 100 µg/ml. A significant 

decrease was observed in the ability of metastatic murine and human K-Ras mutant 

LUAD cells to migrate. This suggests that the increase in the sulfation of GAGs, 

mimicking by different DSs of alginates, has high inhibitory effects on metastasis, thus 

on tumorgenicity of LUAD cells. Thus, these results are consistent with previous results 

which showed that sulfated polysaccharides had anti-migratory properties against tumor 

(Xiaolin Xu et al., 2019; M. Yu et al., 2017). However, it remains to be assessed 

whether the increase of DS of alginates inhibits the proliferation and metastasis of 

LUAD animal models and the underlying molecular mechanisms of the actions of these 

biomimetic molecules. 

Then, we aimed to determine the ability of the increase in sulfation of alginates 

on target SP of CSCs of H1792 and MDA-F471 using the 3D culture system with 

MatrigelTM in vitro (Daouk et al., 2019). We used the 3D model using MatrigelTM since 
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it is closer to the in vivo environment and provides more reliable results by mimicking 

ECM (Daley et al., 2008). Based on the previous study for our team, we isolated the 

LUAD CSCs formed using sphere formation assay at G2 since they found that the 

expression of surface markers of stem-like cells was significantly expressed at G2 and 

G5 (Daouk et al., 2019). As a result, we assessed the effects of different DSs on the 

CSCs-like of H1792 and MDA-F471. Results showed that the increase in the sulfation 

of biomimetic GAGs decreased significantly the SFU as well as the size of the spheres 

of both human and murine LUAD cells. Therefore, we conclude that the sulfated GAGs 

and their analogous using different DSs of alginates are effective in targeting the CSC 

population of KRAS mutant LUAD. These results are consistent with previous studies 

that showed the effects of antitumor drugs on targeting subpopulation of CSC of KRAS-

mutant driven LUAD using sphere formation assay (Daouk et al., 2019; Hardavella et 

al., 2016). However, it is the first time to assess the effects of sulfated alginates on SP of 

CSCs using sphere formation assay.  

To conclude, this is the first study to show the effects of sulfated GAGs and 

different DSs of alginates on the anti-tumorigenic properties of cancerous and CSCs 

population in KRAS-mutant LUAD. However, the mechanism by which sulfated GAGs 

act on the LUAD is still not understood so further experiments can be done to see if 

these biomimetic molecules bind to GFs instead of natural polysaccharides in the 

LUAD cells or if they enhance the anti-tumor properties by acting on signaling 

pathways or they have their own mechanism of action. Also, this study shed the light on 

the effective usage of sulfated alginates as a potential treatment for KRAS-mutant 
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LUAD and pave the way for future studies, such as applying sulfated alginates on 

animal models with KRAS-mutant LUAD and see their effects in vivo. 
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