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Background: Colorectal cancer (CRC) is one of the most prevalent cancers among men 

and women. It is a heterogenous disease that arises from a combination of genetic and 

epigenetic alterations. Despite the advances in treatment options, CRC is associated 

with high mortality and recurrence rates. High recurrence rates have been recently 

attributed to a population of cancer stem cells (CSCs) characterized by self-renewal 

capacity and resistance to chemo and radiation therapy. Isolation of colorectal CSCs 

remains to be a challenge due to the lack of universally characterized markers. 

Therefore, it is essential to adopt new approaches for the treatment of this disease by 

identifying and effectively targeting colorectal CSCs. The black seed extract 

Thymoquinone (TQ) has shown promising antitumor properties on numerous cancer 

systems both in vitro and in vivo; however, its effect on colorectal CSCs is poorly 

established. In addition, studies on the effect of TQ as a radiosensitizer against CSCs 

are limited. 

  

Objective: The overall aim of this thesis was to investigate the effect of TQ on 

targeting colorectal cancer stem/progenitor cells either alone or in combination with 

radiation. Our first aim was to demonstrate the inhibitory effect of TQ on 5FU-sensitive 

and resistant human colorectal cancer HCT116 cells cultured in 2D. Considering that 

three-dimensional (3D) sphere cultures are rapidly emerging as an in vitro model to 

study CSC properties, our second aim was to employ 3D sphere formation assay to 

isolate and enrich for colorectal CSCs from both cell lines and study the 

effect/mechanism of action of TQ on proliferation and self-renewal capacity of 

colonospheres. The third aim was to establish the effect of TQ on sensitizing 2D and 3D 

cultured cells to radiation. Our last aim was to characterize the in vivo tumor initiation 

capacity of colonospheres and determine cellular/molecular effects of TQ on resistant 

colonospheres in vivo.  

 

Methods: We first assessed the response of TQ on 2D cultures, and then tested its 

efficacy in a 3D sphere-formation assay against an enriched population of colorectal 
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cancer stem/progenitor cells in which single cell suspensions were plated in a 3D 

environment using Matrigel as an extracellular matrix. Immunofluorescent analysis, 

immunohistochemistry and western blot were used to determine TQ’s mechanism of 

action. The effect of TQ and radiation combination in 2D and 3D cultures was 

established using immunofluorescence staining for γ-H2AX and xenotransplantation 

mouse model of colorectal cancer along with molecular assays were used to characterize 

TQ’s effect in vivo. Statistical analysis was performed using Graphpad prism 7. 

 

Results: Our results showed that TQ significantly decreased self-renewal potential of 

CSC populations enriched from 5FU-sensitive and resistant HCT116 cells at 10-fold 

lower concentrations when compared to 2D monolayers. TQ decreased the expression 

levels of colorectal stem cell markers CD44 and EpCAM and proliferation marker Ki67 

in colonospheres derived from both cell lines and reduced cellular migration and 

invasion. Further investigation revealed that TQ treatment led to increased TUNEL 

positivity and a dramatic increase in the amount of the DNA damage marker γ-H2AX 

particularly in 5FU-resistant colonospheres, suggesting that the diminished sphere 

forming ability in TQ-treated colonospheres is due to induction of DNA damage and 

apoptotic cell death. Interestingly, combination of TQ and radiation induced a dramatic 

increase in γ-H2AX 24 hours after radiation, suggesting that TQ sensitizes 5FU-

sensitive and resistant cells to radiation. TQ and radiation treatment also significantly 

reduced the number of 5FU-sensitive and resistant colonospheres when compared to 

radiation alone. The intraperitoneal injection of TQ in mice inhibited subcutaneous 

tumor growth of spheres derived from 5FU-sensitive and 5FU-resistant HCT116 cells. 

Also, TQ treatment induced apoptosis and inhibited NF-κB and MEK signaling in these 

tumors.  

 

Conclusion: This study underscores the importance of 3D sphere culture assay for 

studying colorectal CSC properties. Moreover, this study demonstrates TQ’s potential 

as an effective treatment strategy against colorectal cancer stem/progenitor cells either 

alone or in combination with radiation. 
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CHAPTER I 

INTRODUTION  
 

 

A. Colorectal cancer 

1. Colon structure and function 

The first part of the large intestine, the colon, is a muscular tube about 1.5 

meters long and 5 centimeters in diameter. It is made up of four sections: ascending, 

transverse, descending and sigmoid colon. The ascending and transverse colon are 

referred to as the proximal colon, while the descending and sigmoid are referred to as 

the distal colon. Histologically, the colon is made up of mucosa, submucosa, muscularis 

and serosa/adventitia. The mucosa is lined by simple columnar epithelium and contains 

crypts of Lieberkuhn, the basic functional unit of the intestine, and numerous goblet 

cells [1]. The key functions of the colon include absorption of water, nutrients and 

vitamins, feces compaction, moving waste material towards rectum and secretion of 

potassium and chloride [2].  

Intestinal epithelial cells display the highest turnover rate, and the entire 

intestinal epithelial lining in humans is replaced every 5 to 7 days. This rapid 

regeneration is fueled by the proliferation of stem cells (SCs) [3, 4]. Intestinal SCs are 

undifferentiated, multipotent, and self-renewable/maintained cells involved in tissue 

homeostasis and repair, located at the crypt base [5]. These cells divide mostly 

asymmetrically and give rise to two different daughter cells, with one being identical to 

the original cell, while the other has the potential to differentiate (progenitor). An 
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intestinal crypt contains approximately 16 SCs and harbors two distinct pools of 

putative SCs. One pool is located at the crypt base and is characterized by the 

expression of leucine-rich repeat containing G protein-coupled receptor 5 (Lgr-5). The 

other pool resides at +4 position and consists of B lymphoma Moloney murine leukemia 

virus (Mo-MLV) insertion region 1 homolog (Bmi-1) and telomerase reverse 

transcriptase (Tert) expressing cells [6, 7]. Intestinal SCs niche consists of cellular and 

extracellular components that ensure the optimal conditions for SCs maintenance 

through the secretion of various cytokines, growth factors, and direct interactions [5, 8]. 

Intestinal SCs may also be affected by components in the crypt lumen, derived from 

epithelial cells or from bacteria. Intestinal subepithelial myofibroblasts mediate the 

crosstalk between epithelial and mesenchymal cells and secrete a wide range of 

morphogenetic factors [9]. Epithelial–mesenchymal interactions regulate the normal 

intestinal architecture and additionally define the balance between proliferation and 

differentiation. Wingless/Int (Wnt), Hedgehog, bone morphogenetic protein (BMP), 

Notch, and platelet derived growth factor pathways are involved in these interactions 

[9]. Identification and isolation of SCs remains a challenge due to the lack of specific 

molecular markers. Some of the molecules involved in critical stages of proliferation 

and differentiation and which are used for the identification of SCs include  Musashi-1 

(Msi-1), CD29, Bmi-1, Lgr-5, aldehyde dehydrogenase 1 (ALDH-1), Tert, and achaete 

scute-like 2 [10, 11]. For a more detailed presentation of the used markers, refer to 

Table 1. 
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2. Colorectal cancer epidemiology and mechanism of carcinogenesis 

Colorectal cancer (CRC) is the third most common cancer in men and women. 

The incidence rates have been reduced in the past few years in older aged groups mainly 

due to the increased screening and uptake of colonoscopy; however, incidence rates are 

rising in individuals younger than 50 [12]. Many factors influence the risk of 

developing CRC including age, sex, race and ethnicity, diet, smoking and sedentary 

lifestyle [13]. 

The progression of CRC starts with uncontrolled epithelial cell replication, 

followed by formation of adenomas, which eventually evolve into adenocarcinomas 

with metastatic potential [14]. CRC can arise from one or a combination of three 

different mechanisms, namely chromosomal instability (CIN), CpG island methylator 

phenotype (CIMP), and microsatellite instability (MSI) (Figure 1) [15]. CIN is 

associated with 65%-70% of sporadic CRCs. It begins with the acquisition of mutations 

in the adenomatous polyposis coli (APC), followed by the mutational activation of the 

oncogene KRAS and the inactivation of the tumor suppressor gene, TP53. Aneuploidy 

and loss of heterozygosity (LOH) are the major players in CIN tumors [16]. MSI is 

found in 15% of CRCs. It involves inactivating mutations in the DNA mismatch repair 

genes responsible for correcting DNA replication errors and these include ATPases 

hMSH2, hMSH6, hMSH3, hMLH1, hPMS2, hPMS1, and hMLH3. MSI tumors are 

often associated with proximal colon and poor differentiation but better prognosis [17]. 

The CIMP pathway is characterized by promoter hypermethylation that results in 

transcriptional inactivation of various tumor suppressor genes, most importantly 

MGMT and MLH1. This hypermethylation is often associated with BRAF mutation and 
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MSI [18]. The three mechanisms often overlap in molecular CRC subtypes and 

classifying tumors according to the particular mutations present is necessary in 

determining the treatment regimen to be offered. 

 

 

Figure 1. Mechanism of colorectal cancer progression. Two pathways have been 

described: the classic pathway (top) involves progression of tubular adenomas to 

adenocarcinomas and the alternate pathway (bottom) involves serrated polyps, and their 

progression to serrated colorectal cancer. Important molecular, genetic and epigenetic 

changes and deregulated signaling pathways with respect to colorectal cancer 

progression are shown. CTNNB1, catenin-β1; FAM123B, family with sequence 

similarity 123B (also known as AMER1); FZD10, frizzled class receptor 10; LRP5, low-

density lipoprotein receptor-related protein 5; MAPK, mitogen-activated protein kinase; 

MSI, microsatellite instability; PI3K, phosphatidylinositol 3-kinase; PI3KCA, 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit-α; PTEN, phosphatase 

and tensin homologue; SFRP, secreted frizzled-related protein; SMAD4, SMAD family 

member 4; TGFβ, transforming growth factor-β; TGFBR2, TGFβ receptor 2. [Adapted 

from [19]]. 
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3. Diagnosis and management of colorectal cancer 

Diagnosis of CRC is based on screening and on patient assessment when 

symptoms are present. Various methods can be used for diagnosis including 

colonoscopy, rectoscopy, occult blood test [19]. CRC is categorized into four stages 

(Figure 2) and treatment is driven by the tumor stage at the time of diagnosis. Surgery is 

the main treatment when cancer has not spread to distant sites. In stage 0 CRC in which 

colon growths have not developed past the internal covering of the colon, surgery is all 

that is required by evacuating the polyp or expelling part of the colon if necessary. 

Stage I is defined by the appearance of small tumorigenic nodules that have developed 

into the layers of the colon but have not spread outside. Surgery is the standard 

treatment for stage I CRC patients. Stage II is characterized by numerous tumorigenic 

nodules through the mass of the colon and potentially into neighboring tissues with no 

spread to the lymph nodes. Surgery is the first line of treatment in stage II CRC and is 

sometimes used in combination with adjuvant chemotherapy, which incorporates 

various blends including 5-fluorouracil (5FU) and leucovorin, or capecitabine if there is 

a high chance of recurrence due to specific variables including proximity to blood or 

lymph vessels and puncturing of the colon. Stage III CRC has spread outside the colon 

to one or more lymph nodes. Surgery combined with adjuvant chemotherapy is usually 

utilized for the treatment of this stage. Chemotherapy regimens that are frequently used 

include either FOLFOX (5FU, leucovorin, and oxaliplatin) or CapeOx (capecitabine 

and oxaliplatin). Radiation may sometimes be exhorted when in doubt that some 

malignant cells are spared after surgery. In stage IV CRC, the tumor has spread to other 

organs mainly liver and lungs. Surgery alone is not enough at this stage and is combined 
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with various chemotherapy regimens and is focused on treatments to control the disease. 

Radiation may be also employed in some cases [20]. Postsurgical survival depends on 

the stage of the tumor, around 90% in early stages and 50% in late stages.  

 

 
 

Figure 2: Colorectal cancer stages. Stage 0-II are characterized by progressive growth 

of small tumorigenic nodules at the lining of the colon. Stage III tumors attain 

neighboring lymph nodes. Stage IV tumors spread to distant organs. Treatment is 

applied based on the tumor stage at the time of diagnosis [Adapted from [20]].  
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Despite the advances in treatment options, CRC is associated with high 

mortality and recurrence rates. 5FU is the standard chemotherapy for metastatic CRC. It 

is a heterocyclic aromatic organic compound with a structure similar to that of the 

pyrimidine molecules of DNA and RNA; it is an analogue of uracil with a fluorine atom 

at the C-5 position in place of hydrogen (Figure 3) [21]. Due to its structure, 5FU 

interferes with nucleoside metabolism and can be incorporated into RNA and DNA, 

leading to cytotoxicity and cell death [22]. 5FU effectiveness has been greatly limited 

due to drug resistance that has been associated with multiple factors including:  

• High-level expression of thymidylate synthase (TS) [23] 

• Increased activity of deoxyuridine triphosphatase and the corresponding 

catabolism of 5FU may lead to 5FU resistance [24]. 

• Methylation of the MLH1 gene [25], a DNA mismatch repair gene, which 

silences the expression of this gene. This can lead to MSI in cells, which have 

been found to be more resistant to 5FU.   

• Overexpression of Bcl-2 and Bcl-xL proteins [26], which play an important role 

in the anti-apoptotic function. 

• Cell cycle perturbation including cell cycle delays in G1 and G1/S boundary and 

prolonged DNA synthesis time that prevent incorporation of 5FU metabolites 

into DNA and provide cancer cells with enough time to correct the 

misincorporated nucleotides. In addition to reduction in CDK2 protein, Thr-160 

phosphorylated CDK2, cyclin D3 and cyclin A are reduced [27]. 
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• Down-regulation of mitochondrial ATP synthase that has been shown to 

antagonize 5FU-induced suppression of cell proliferation and may lead to 

cellular events responsible for 5FU resistance [28].  

• Aberrant expression of genes such as midkine gene expression and increased 

expression of metabotropic glutamate receptor 4 (mGluR4) [29]. In addition, 

ATP-binding cassette (ABC) proteins play an important role in drug resistance 

of 5FU [30]. Microarray technology has enabled the identification of several 

genes related to anticancer 5FU resistance and data suggest that altered 

regulation of nucleotide metabolism, amino acid metabolism, cytoskeleton 

organization, transport, and oxygen metabolism may underlie the differential 

resistance to 5FU seen in cell lines [21]. 

 

 

Figure 3: 5-Fluorouracil and Uracil structure 

 

 



 

 

 

9 

 

 

 

B. Cancer Stem Cells 

The fraction of cells that are capable of tumor initiation are referred to as 

cancer stem cells (CSCs). These cells are characterized by self-renewal, multipotency, 

limitless proliferation potential, angiogenic, and immune evasion features [31]. 

Intriguingly, CSCs are relatively highly resistant to traditional tumor therapeutic 

measures and are thus responsible for tumor relapse due to the expression of DNA 

repair mechanisms, detoxifying enzymes, anti-apoptosis proteins and multiple drug 

resistance transporters [32, 33] (Figure 4) .  

 
 

Figure 4. Mechanisms of CSC-associated chemotherapy resistance. Multiple 

mechanisms of CSC-associated chemotherapy resistance mechanisms have been 

identified and are shown here in clockwise order: (1) Increased expression of ABC 

transporters including MDR1/ABCB1 and BCRP/ABCG2 leads to increased efflux of 

many subclasses of chemotherapeutic and multidrug resistance. (2) Increased 

expression of ALDH enzymes leads to detoxification and inactivation of 

chemotherapeutics. (3) Enhanced DNA repair due to increased expression of DNA 

repair proteins such as MGMT, BRCA1, and RAD51. (4) Reduced apoptosis due to 

increased levels of the anti-apoptotic protein Bcl-2. (5) Increased activation of 
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embryonic signaling pathways Wnt, Notch and Hedgehog leads to chemoresistance via 

altered signaling (e.g. increase expression of drug efflux proteins such as MDR1). 

[Adapted from [33]]. 

 

 

 

Lapidot and colleagues provided the first solid evidence to support the CSC 

hypothesis in acute myeloid leukemia (AML) where they identified a rare population of 

stem-like cells that could initiate human AML when transplanted into immunodeficient 

mice [34]. The identification of leukemia stem cells has fostered an intense effort to 

isolate and characterize CSCs in solid tumors including breast [35], colon [36], brain 

[37], pancreas [38, 39], and prostate [40, 41]. 

Tumors can originate from both stem cells and non-stem cells. The rapid 

turnover of the intestinal epithelium led to the assumption that the long-lived intestinal 

stem cells (ISCs) are the most likely cell of origin for tumorigenesis; however, studies 

have shown that tumors can also be derived from progenitor cells [42]. These tumor-

forming cells could hypothetically originate from a stem cell that undergoes a mutation, 

or a progenitor cell that acquires two or more mutations, or a fully differentiated cell 

that undergoes several mutations driving it back to a stem-like state (Figure 5). In all 

three scenarios, the resultant CSC has lost the ability to regulate its own cell division. 

Hence, CSCs share similarities with normal stem cells, but they do not necessarily 

originate from them. Self-renewal ability, proliferation and quiescence state are some of 

these shared characteristics. Several stem cell surface markers are also common, but the 

difference resides in tumor-specific CSC surface markers, the degree of dependence on 
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the microenvironment where stem cells reside and deregulated signaling pathways 

involved in survival and differentiation of progeny [43].  

 

 

 
 

Figure 5: Origin of Cancer Stem Cells. A cancer stem cell may arise from mutations 

in (1) stem cell, (2) progenitor cell or (3) differentiated cell that result in loss of 

regulated cell division. [Adapted from NIH Stem Cell Information Home Page. In Stem 

Cell Information. Bethesda, MD: National Institutes of Health, U.S. Department of 

Health and Human Services, 2016. Available at < 

//stemcells.nih.gov/info/Regenerative_Medicine/2006chapter9.htm>] 

 

 

 

Like the normal SCs, CSCs reside in a qualified microenvironment that has 

gained tumor-promoting traits [44]. Genetic or epigenetic aberrations in the SCs 

compartment may lead to alterations of the niche [45, 46]. This tumorigenic niche is 

composed of transformed myofibroblasts, recruited myeloid cells, other cell types, and 

extracellular components, which produce various growth factors and cytokines, 
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including hepatocyte growth factor (HGF), tumor necrosis factor α (TNF-α), and 

interleukin (IL)-6, which promote dedifferentiation, carcinogenesis, and invasiveness 

[9, 46]. 

Evidence suggests that it is the fine tuning between pathways involved in self-

renewal that switch a normal stem cell into a malignant stem cell [47]. Three major 

signaling pathways contribute to stem cell development and oncogenesis: Notch, Sonic 

hedgehog (Shh) and Wnt signaling [47-49], with Wnt being the most relevant for CRC 

development. These pathways control the balance between proliferation, differentiation, 

migration, and renewal. The Wnt pathway is responsible for endoderm formation and 

exerts fundamental role in crypt development, maintenance, and proliferation, as it is 

depicted by the failure of Wnt knockout mice to develop colonic crypts [50-52]. A Wnt 

gradient loss of expression from the base to the top is closely related with differentiation 

and expression of the ephrin family proteins, which regulate positioning [53]. Mutations 

in the APC gene, beta-catenin, or the regulatory proteins in the Wnt pathway result in 

constant activation [51]. This may lead to uncontrolled proliferation, a shift from 

asymmetrical to symmetrical divisions, and augmented survival. Wnt signaling is also 

involved in the process of epithelial to mesenchymal transition (EMT) and invasion [9, 

50]. Understanding stem cell biology and its relationship with oncogenesis hold insight 

for development of efficient targeted cancer therapies. 
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C. Colorectal Cancer Stem Cells 

1.  Overview 

Human colorectal CSCs were first isolated based on CD133 expression and 

were found to induce tumors that resembled the original malignancy when injected in 

mice [36, 53]. The use of CD133 as an effective marker of colorectal CSCs has been 

challenged by data that support its use. CD133+ cells in HT29 colorectal cancer cells 

were found to be more tumorigenic than CD133- cells both in vitro and in vivo [54]. 

Some data argue against the use of CD133 as an effective marker since it was shown to 

be ubiquitously expressed in differentiated epithelial cells and its expression was not 

restricted to the CSC fraction in metastatic colon cancers [55]. Moreover, CD133+ 

HCT116 colorectal cancer cells were found not to be radio-resistant [56]. The search for 

other surface markers of colorectal CSCs continued with the hope of finding specific 

markers that can be used as therapeutic targets. Markers that have been described to 

characterize colorectal CSCs include CD133, CD44, CD24, CD166, Lgr-5, and ALDH-

1 [11, 57]. For a more detailed presentation of the used markers, refer to Table 1. 
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Table 1. Normal and colorectal cancer stem cell markers  

[Adapted and modified from [58]] 

 

 

 

 

Cancer stem cell markers are expressed in a complex pattern; neither single 

marker expression nor simple combinations can be universally used for isolation and 

enrichment of colorectal CSC [59]. Many questions remain to be answered when it 

comes to colorectal CSCs identification including 1) the consistency of CSC-associated 

markers because the CSC phenotype itself has been shown to be unstable and may vary 

depending on tumor stage, 2) the type and timing of therapy, and 3) a series of 

microenvironmental and individual factors that are predictably difficult to define [60]. 
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Therefore, colorectal CSCs are not universally characterized by their CSC markers but 

need to be further supported through molecular and/or functional features. A major 

molecular feature of colorectal CSCs has been shown to be a hyperactivated β-catenin 

pathway, which translates into the ability to generate serial tumors in vivo [46]. Self-

renewal is a functional trait that in colorectal CSCs has been shown to depend on 

transcriptional regulators namely ID1, ID3 [61] and BMI1 [62]. Another insight on 

functionality of colorectal CSCs is obtained by molecular tracking studies, which can 

monitor CSC behavior in an in vivo setting [63]. 

 

2.  Enrichment of Colorectal Cancer Stem Cells  

Most techniques used for the isolation of CSCs are cumbersome and expensive 

making them unideal for screening and testing of drugs for development of CSC-based 

therapy. In addition, no simple combination of markers can be used for the 

identification of CSCs from different sources of tumor cells [59]. Three-dimensional 

(3D) in vitro models have been used in cancer research as an intermediate model 

between in vitro cancer cell line cultures and in vivo tumors [64, 65]. Sphere cultures, 

also known as tumorospheres, represent a major 3D in vitro model in cancer stem cell 

research [66]. It provides a means to evaluate the self-renewal capacity and the 

differentiation potential of CSCs [67]. Sphere cultures can be used to grow spheres in 

3D in two different ways: in a suspension or on a reconstituted basement membrane 

(BD Matrigel matrix) [68]. 

As opposed to 2D monolayer cultures composed mainly of proliferating cells, 

3D spheroids are comprised of cells in various stages, usually including proliferating, 
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quiescent, apoptotic, hypoxic, and necrotic cells [69, 70]. The outer layers of a spheroid, 

which is highly exposed to the medium, are mainly comprised of viable, proliferating 

cells. The core cells receive less oxygen, growth factors, and nutrients from the 

medium, and tend to be in a quiescent or hypoxic state [71]. Such cellular heterogeneity 

is very similar to in vivo tissues, particularly in tumors. Studies have found that drug 

sensitivity also differs between cells cultured in 2D versus 3D models. Cells cultured in 

3D models are more resistant to anticancer drugs than 2D cultures. This difference can 

be attributed to dynamic cellular interactions between neighboring cells and 

extracellular matrix (ECM) [72], limited diffusion through the spheroid that depends on 

the depth to the surface where the cells are located, hypoxia, and differences in 

morphology, gene/protein expression and cell stages. Such chemoresistance developed 

in 3D spheroids is observed in vivo as well. 

Unlike other 3D cultures, tumorospheres do not fully replicate the 3D structure 

and environment of an in vivo tumor [73] and their main purpose is to study CSC 

properties rather than mimic cancer tissues. Sphere cultures have been used to isolate 

CSCs from various cancer cell lines including breast [74, 75], renal [76], liver [77], 

prostate [78-80], pancreatic [81], and brain [82-84] cancers. Tumorosphere cultures in 

serum-free medium were also used to isolate and propagate colorectal CSCs from 

primary tumors but have been rarely used to enrich CSCs from colorectal cancer cell 

lines [85-87].  

Tumorospheres are heterogenous structures containing a range of 

morphologically distinct entities displaying inter- and intra-sphere molecular 

heterogeneity, including stem cells, progenitors, and differentiated cells [88]. Three 
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different types of undifferentiated CSCs were resolved from patient tumors using 

tumorosphere cultures and these are: 1) a rare subset of CSCs that maintained tumor 

growth on serial transplantations; 2) a subset of tumor-initiating cells with limited self-

renewal capacity that contributed to tumor formation only in primary mice and are 

therefore not consistently defined as CSCs; and 3) a more latent subset of CSCs 

apparently activated in second or tertiary transplantation assays. This confirms that the 

tumorosphere assay selectively enriches for the growth of CSCs [46]. Studies have also 

reported that the tumorosphere assay enriches CSC population in a cell line–dependent 

manner [89]. 

In our study we adopted a 3D sphere formation assay to isolate and enrich 

colorectal CSCs from colorectal cancer cell lines in which single cell suspension in 

serum-free medium is mixed with Matrigel, a semi-solid basement membrane majorly 

composed of laminin, collagen IV, heparin sulfate proteoglycans, entactin, nidogen and 

growth factors, mimicking the interaction between CSCs and the ECM in vivo [90]. 

 

3.  Targeting Colorectal Cancer Stem Cells 

Most of the CRC-associated mortality stems from the recurrence and metastatic 

spread of chemo-resistant cells to other vital organs, mainly the liver and lungs [91]. 

The presence of chemotherapy-resistant CSCs is one of the significant causes of tumor 

recurrence [14]. Therefore, traditional chemo-radiotherapy should be combined with 

new practical therapeutic approaches that target CSCs and prevent relapse [92, 93]. 

Direct CSC targeting can be achieved by several approaches which include 

inhibiting self-renewal pathways including Wnt, Notch, and Hedgehog, as well as 
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selectively targeting surface markers, inhibiting ABC cassette, interfering with vital 

antiapoptotic or metabolic pathways, activating differentiation pathways, and/or by 

acting on the protective microenvironment (Figure 6) [63, 94]. Monoclonal antibodies 

against the CD133 cell surface molecule effectively inhibited the growth of 

hepatocellular and gastric cancer cells [95]. Small molecule inhibitors of Wnt and γ-

secretase inhibitors of Notch have been suggested as novel agents against CRC [5]. 

Induction of colorectal CSCs differentiation by bone morphogenetic protein 4 (BMP4) 

caused apoptosis and enhanced chemo-sensitization of these cells to 5-fluorouracil and 

oxaliplatin [96]. Manipulating the apoptotic machinery to induce apoptosis of CSCs 

represents a promising approach. CD133+ CSCs from colon carcinomas could produce 

and use IL-4 to protect them from apoptosis. Inhibition of the IL-4 pathway with an 

anti-IL-4 antibody or an IL-4 receptor antagonist in CD133+ colorectal CSCs 

augmented the antitumor effects of conventional chemotherapeutics, 5-fluorouracil and 

oxaliplatin [97]. Interruption of the crosstalk network between the elements of the niche 

and CSCs including disruption of EMT and angiogenesis can exhaust the source of 

nutrition and change the essential signals needed by CSCs, thus restricting growth and 

resulting in loss of metastatic capacity [94]. Recently, much attention has been focused 

on several phytochemicals showing promising anti-cancer properties due to their safety, 

availability, cost effectiveness and more importantly their ability to improve efficacy 

when combined with conventional chemo- and radiotherapy [98]. Since CSCs are more 

resistant to conventional therapies in comparison with the differentiated cells 

constituting the tumor bulk, a combination of naturally derived drugs and conventional 
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anti-cancer drug therapies may have the potential to overcome tumor resistance and 

reduce recurrence. 

 

 

Figure 6: Therapies targeting cancer stem cells. Targeting CSCs can be achieved by 

inhibiting self-renewal pathways (green area), by inhibiting ABC cassette (purple area), 

selectively targeting surface markers of CSCs (red area), or by acting on the protective 

microenvironment (blue area). [Adapted from [99]] 
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D. Thymoquinone 

Thymoquinone (TQ: 2-isopropyl-5-methylbenzo-1,4-quinone) is the primary 

active molecule of the essential oil of Nigella sativa L. black seed that has been 

extensively utilized in traditional medicine owing to its various health promoting 

capacities [100]. TQ has a basic quinone structure consisting of a para substituted dione 

conjugated to a benzene ring to which a methyl and an isopropyl side chain groups are 

added in positions 2 and 5, respectively [101] (Figure 7).  

 

 

Figure 7: Chemical structure of Thymoquinone. [Adopted from [101]] 

 

 

TQ has a wide range of beneficial biological and pharmacological properties. It 

possesses outstanding antioxidant [102], hypoglycemic [103], anti-inflammatory [104], 

anticancer [100], neuro- [105], cardio- [106], nephro- [107] and hepato-protective [108] 

activities. TQ showed promising effects on various cancer types both in vitro and in 

vivo [109] including breast [110], prostate [111], gastric [112], lung [113], colorectal 
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[114-117], osteosarcoma [118] and bladder [119] cancer. Refer to tables 2 and 3 for 

more detailed information. 

The ability of TQ to target nine of the ten hallmarks of cancer as well as its 

efficacy, selectivity against colorectal cancer and lack of toxicity to normal tissues 

makes it potentially interesting for CRC therapy [120]. TQ’s ability to inhibit colorectal 

cancer growth and invasion and induce cell cycle arrest and apoptosis in colorectal 

cancer cell culture and animal models have been documented by our group and by 

others [120-124]. TQ has been shown to inactivate the JAK/STAT signaling pathway by 

inhibiting STAT3 phosphorylation, reducing c-Src and JAK2 activity and attenuating 

the expression of STAT3 target gene products [125]. TQ is known to modulate Wnt 

signaling through GSK-3β activation, β-catenin translocation, and reduction of nuclear 

c-myc [126]. TQ was also found to activate p53, induce PARP cleavage, and reactive 

oxygen species production (reviewed in [127]). Comprehensive studies about TQ’s 

potential effect on colorectal CSCs either alone or in combination with other clinically 

available drugs are lacking [128].  

Naturally derived drugs are an important component of cancer combination 

chemotherapy and are integrated with traditional regimens to improve efficacy, safety 

and tolerability [98]. They establish their effects by either acting synergistically with 

conventional drugs or by sensitizing the cells to them [129]. TQ was shown to enhance 

chemotherapeutic potentiality when combined with clinically available drugs [130]. 

Combination of TQ with 5FU increased apoptotic activity in gastric cancer cells in vitro 

and in vivo [131, 132]. Kensara et al. reported that 5FU and TQ cooperate to repress the 

expression of pro-cancerous Wnt, β-catenin, NF-κB, COX-2, iNOS, VEGF, and 
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TBRAS and to up-regulate the expression of anti-tumorigenesis markers DKK-1, 

CDNK-1A, TGF-β1, TGF-βRII, Smad4, and GPx in colorectal carcinogenesis in rats 

[133]. Combination of cisplatin and TQ was shown to be highly effective in enhancing 

cisplatin-mediated cytotoxicity in lung and ovarian cancer cells and mouse models [134, 

135]. TQ and paclitaxel combination showed synergistic effects against triple negative 

breast cancer [136]. Treatment with TQ and docetaxel induced cytotoxicity and 

apoptosis by modulating PI3K-Akt pathway in Castrate-resistant prostate cancer cells 

[137]. Moreover, TQ in combination with zoledronic acid showed significant 

synergistic cytotoxic activity and DNA fragmentation in PC-3 and DU-145 prostate 

cancer cells [137]. In addition to its adjuvant chemotherapeutic effect, TQ also mediates 

radio-sensitization [138] whereby it was found to exert supra-additive cytotoxic and 

apoptotic effects on MCF7 and T47D breast cancer cells when combined with a single 

dose of ionizing radiation (2.5 Gy). TQ was also shown to have protective effects on 

radiation induced small intestine injury in mice by inhibiting p53 pathway, thus 

reducing intestinal cell apoptosis [139]. Considering TQ’s multiple molecular 

mechanisms of action, its potency in small concentrations, in vivo success, and success 

in combination with chemo and radiotherapy, it is important to focus on its clinical 

translation. 

Despite the promising anticancer activity of TQ, the main limitation for its 

clinical translation lies in its hydrophobicity, poor bioavailability and high capacity to 

bind to plasma proteins [140]. Very few studies investigated the pharmacokinetic and 

pharmacodynamic characteristics of TQ. One study showed that TQ is reduced into 

hydroquinone by catalyzing liver enzymes [141] and was detected in the plasma of rats 
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for up to 12hrs post oral administration [142]. In rabbits, the absolute bioavailability of 

TQ upon oral administration was 58% with a lag time of 23 minutes, and 99% of TQ 

was bound to plasma proteins [143]. Using the nanomaterial platform for encapsulation 

of TQ and synthesizing more effective new chemical derivatives with improved 

pharmacokinetic characteristics might be interesting and may hold great promise for 

future drug development and clinical use. 

 

Table 2: TQ’s anticancer activity in vitro 

 

Cancer type Cell line TQ’s mechanism of action Reference 

Acute 

lymphoblastic 

leukemia 

CEM-ss • Generated ROS and 

HSP70 

• Induced apoptosis by 

down-regulating Bcl-2, 

up-regulating Bax, and 

activating caspase 3 and 8  

[144] 

HTLV-1 negative 

Jurkat and CEM 
• Decreased glutathione and 

increased ROS production 

[145] 

Acute 

promyelocytic 

leukemia 

HL-60  • Induced apoptosis by 

activating caspase-3 and 8 

[146] 

Myeloid leukemia KBM-5 • Suppressed TNF-α-

induced NF-κB activation 

• Downregulated the 

expression of NF-κB -

regulated antiapoptotic 

gene products 

• Downregulated the 

expression of proliferative 

gene products like cyclin 

D1, cyclooxygenase-2, 

and c-Myc, and 

angiogenic gene products 

MMP-9 and VEGF 

[147] 

Bladder cancer T24 • Attenuated mTOR activity 

• inhibited PI3K/Akt 

signaling 

[148] 
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Lung cancer A549  • Reduced cell viability 

• Altered cellular 

morphology  

[149] 

• Reduced ERK1/2 

phosphorylation 

• Inhibited proliferation and 

migration 

[150] 

Breast cancer MDA-MB-468, 

T47D 

 

 

• Interfered with PI3K/Akt 

signaling and promoted 

G1 arrest 

[151] 

MCF-7 • Induced apoptosis by 

upregulating p53 

[152] 

BT549 • Downregulated TWIST1 

and EMT 

[153] 

Colorectal cancer HCT116 • Induced apoptosis by 

upregulating Bax, 

inhibiting Bcl-2, 

activating caspases -9, -7 

and -3 and induction of 

PARP cleavage 

• Blocked STAT3 signaling 

via inhibition of JAK2- 

and Src-mediated 

phosphorylation of EGFR 

tyrosine kinase 

[154, 155] 

• Inhibited the stress 

response sensor CHEK1 

[156] 

HCT116w, DLD-

1, HT29 
• Changed conformation 

and scaffold function of 

oncogene PAK1 by 

binding to it 

• Interfered with 

RAF/MEK/ERK1/2 

pathway and controlled 

cancer cell growth 

[115] 

Caco-2, HCT-

116, LoVo, DLD-

1 and HT-29 

• Inhibited proliferation [116] 

DLD-1 • Induced apoptosis and 

activated JNK and ERK 

signaling via generation of 

ROS 

Gastric cancer HGC27, • Inhibited STAT3 [125] 
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BGC823, 

SGC7901 

 

phosphorylation, 

associated with reduction 

in JAK2 and c-Src 

activity, as well as Bcl-2, 

cyclin D, survivin, and 

VEGF 

Glioblastoma M059K, M059J • Induced DNA damage, 

telomere attrition by 

inhibiting telomerase and 

cell death 

[157] 

U-87, CCF-

STTG1 
• Downregulated FAK 

• Reduced ERK 

phosphorylation as well 

MMP-2 and MMP-9 

secretion 

• Inhibited cell migration 

and invasion 

[158] 

Hepatic carcinoma  HepG2 • Induced expression of 

pro-apoptotic Bcl-xS and 

TRAIL death receptors 

• Inhibited expression of the 

anti-apoptotic gene Bcl-2 

• Inhibited NF-κB and IL-8  

[159] 

Osteosarcoma  MG63 • Induce oxidative damage 

and apoptosis by 

generating ROS 

[118] 

SaOS-2 • Downregulated NF-κB 

DNA-binding activity, 

XIAP, survivin and VEGF 

• Upregulated cleaved 

caspase-3 and Smac  

[160] 

Prostate Cancer DU145, PC-3, 

LNCaP 
• Inhibited DNA synthesis 

and proliferation 

[161] 

PC-3 • Acted as an angiogenesis 

inhibitor by suppressing 

VEGF 

[162] 

Pancreatic cancer  FG/ COLO357, 

CD18/HPAF 
• Downregulated MUC4 

expression through the 

proteasomal pathway 

• Induced apoptosis by the 

activation of JNK and p38 

MAPK pathways 

[163] 
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Table 3: TQ’s anticancer activity in vivo 

 

Cancer type In vivo model TQ’s mechanism of 

action 

Reference 

Breast cancer Mouse xenograft • Inhibited NF-κB 

• Downregulated p38 

MAPK via the 

generation of ROS 

• Inhibited TWIST1 

expression and 

regulated EMT 

[153, 164, 
165] 

Colorectal cancer 1,2-dimethyl 

hydrazine (DMH) 

and xenografts 

mouse models 

• Delayed tumor growth 

• Reduced tumor cell 

invasion 

• Increased apoptosis 

[117] 

Familial 

adenomatous 

polyposis 

Mouse • Induced tumor-cell 

specific apoptosis  

• Modulated Wnt 

signaling through the 

activation of GSK-3β 

[166] 

Gastric cancer Mouse xenograft • Downregulated STAT3 [125] 

Hepatic carcinoma Rat • Decreased the 

expression of 

antioxidant enzymes 

including glutathione 

peroxidase, 

glutathione-stransferase 

and catalase 

• Regulated G1/S phase 

cell cycle transition 

[167] 

Pancreatic cancer Nude mouse • Downregulated MMP-

9 and XIAP 

[168] 

Squamous cell 

carcinoma 

Mouse xenograft • Inhibited cell 

proliferation 

• Induced apoptosis by 

inhibiting Akt and JNK 

phosphorylation 

[169] 

Prostate cancer Mouse xenograft • Inhibited human 

umbilical vein 

endothelial cell 

migration, invasion, 

and tube formation, 

thus preventing tumor 

angiogenesis  

[162] 
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Lung cancer  Mouse xenograft • Inhibited cell 

proliferation 

• Induced apoptosis, and 

reduced tumor volume 

and tumor weight 

[134] 

• Inhibited tumor growth 

by activating caspase 3 

[170] 
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E.  Aim of the study 

Colorectal cancer is the third leading cause of death in patients and most 

patients die of metastasis due to the resistance of their disease to standard therapies. 

Therapy failure occurs because available chemotherapeutics shrink the tumor bulk by 

eliminating the highly proliferating chemo-sensitive clones and sparing the quiescent 

chemo-resistant CSCs that retain the ability of self-renewal and differentiation into 

highly proliferative cells which replenish the tumor. Therefore, it is essential to adopt 

new approaches for the treatment of this disease. The combination of conventional 

chemotherapy and CSC-targeted therapy is the strategic therapeutic for tumor 

regression and for avoiding tumor relapse. 

No effective drug treatment was launched clinically to target CSCs, but 

putative and promising studies developed immune therapies such as monoclonal 

antibodies against specific CSC markers, differentiation-induced drugs that stimulate 

differentiation pathways and inhibit self-renewal signaling (Wnt, Hedgehog and Notch 

pathways) as well as affect hypoxia, angiogenesis and other microenvironmental 

factors. 

In the process of development and discovery of new potential anticancer 

agents, growing interest is heading towards ‘safe’, widely available and cost-effective 

molecules, prominently from plant extracts. The plant-derived molecule TQ was shown 

to regulate cell death mechanisms, inhibit cell growth and interfere with several stages 

of colorectal carcinogenesis; however, TQ’s effect on CSCs was poorly reported.  

In this study, we aim to investigate the inhibitory potential of TQ on colorectal 

cancer stem/progenitor cells and understand the mechanisms of CSC inhibition both in 
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vitro and in vivo. The cell culture model we used includes two isogenic human 

colorectal cancer HCT116 cell lines (HCT116 p53+/+/p21+/+) that differ in their 

sensitivity to 5FU. HCT116 cells were originally isolated from a primary tumor in the 

colon ascendens of a 48-year-old male with stage III colorectal carcinoma [171]. These 

cells are characterized by mutations in KRAS and PIK3CA oncogenes, CpG island 

methylator phenotype (CIMP) and microsatellite instability (MSI) phenotype [172]. The 

HCT116 cell line is known to be a highly aggressive cell line with little or no capacity 

to differentiate and which does not express the differentiation marker CDX1 [173], 

suggesting that it contains mainly CSCs. Thus, HCT116 represent a good model for the 

purpose of our study. To address the issue of targeting chemo-resistant cell lines, Abdel-

Samad et al. generated a 5FU chemo-resistant HCT116 cell line by continuous exposure 

to increasing doses of 5FU to achieve resistance at clinically relevant doses [174]. In 

vitro identification of colorectal cancer stem/progenitor cells is through the assessment 

of their ability to form spheroids under low-serum conditions. Sphere-formation and 

propagation 3D culture assays were used to assess TQ’s effect on targeting the self-

renewal potential of colorectal CSCs enriched from the parental and 5FU-resistant cell 

lines over several generations. Immunocompromised NOD-SCID and NOD/Shi-scid 

IL2rgammanull (NOG) mouse models were used to experimentally prove that the 

HCT116 spheres are enriched in CSCs and to validate TQ’s effect on targeting an 

enriched population of CSCs in vivo.  

This work has offered an understanding of colorectal cancer stem cell biology 

and has documented TQ’s effects on colorectal CSCs and provided insights on its 

underlying mechanisms of action.  



 

 

 

30 

 

 

 

                                          CHAPTER II 

MATERIALS & METHODS 

 

 

A. Cell Culture Conditions 

Human colorectal cancer HCT116 5FU-sensitive (5FU-S) cells were purchased 

from ATCC (ATCC, USA), and HCT116 5FU-resistant (5FU-R) cells were obtained 

from the group of Prof. Nadine Darwiche (American University of Beirut, Lebanon) 

[174]. Cells were cultured and maintained in RPMI 1640 (Sigma-Aldrich, Germany) 

with 20 mM HEPES and L-Glutamine supplemented with antibiotics [1% Penicillin-

Streptomycin (100 U/ml)] and 10% heat-inactivated fetal bovine serum (FBS) (Sigma-

Aldrich, Germany). Cells were incubated at 37ºC in a humidified incubator containing 

5% CO2 and 95% air. All cells were mycoplasma free.  

 

B. Drug Preparation and Treatment 

Directly before use, fresh stocks of the purified synthetic compound TQ 

(Sigma-Aldrich: CAS: 490-91-5; 99.5% purity) reconstituted in methanol and of 5FU 

(Sigma-Aldrich, Germany) reconstituted in dimethylsulfoxide (DMSO) were prepared 

as per manufacturer’s instructions.  
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C. MTT Cell Proliferation Assay 

The anti-proliferative effects of TQ and 5FU on the used cell lines were 

measured in vitro using MTT ([3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide]) (Sigma-Aldrich) assay according to the manufacturer’s instructions. 5FU-

sensitive and resistant HCT116 cells were plated in 100 μl complete medium in 96-well 

culture plates at a density of 10,000 and 12,000 cells/well, respectively. Cells were 

incubated overnight then treated in triplicates with various drug concentrations for 24, 

48, and 72hrs. Each experiment was repeated three times and in triplicate 

measurements. Cell viability was then assessed by MTT that measures the ability of 

metabolically active cells to convert tetrazolium salt into violet formazan crystals. At 

specific time points, 10 μL of MTT yellow dye (5mg/mL in DMSO) was added to each 

well and incubated at 37°C for 4hrs. 100μl isopropanol was used as a solubilizing 

solution to dissolve violet crystals. Consequently, MTT optical density (OD) was 

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

proliferation was expressed as a percentage of the control. 

 

D. Trypan Blue Viability Assay 

5FU-sensitive and resistant HCT116 cells were plated in 1 ml complete 

medium in 12-well culture plates at a density of 50,000 and 100,000 cells/well, 

respectively. Cells were incubated overnight then treated in duplicates with various drug 

concentrations (TQ 20-100 µM) for 24, 48, and 72hrs. Each experiment was repeated 

three times and in duplicate measurements. Supernatants containing dead cells were 

collected, and attached live cells were harvested by trypsin EDTA and added to the 
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supernatant. The cell pellet was re-suspended in 100 µl media, and 50 µl of cell 

suspension was mixed with 50 µl of trypan blue and then live/dead cells were counted 

using a hemocytometer. 

 

E. Transwell Migration and Invasion Assays  

2.5x105 5FU-sensitive and 3.5 x105 5FU-resistant HCT116 cells were seeded in 

a serum-free medium with or without treatment in the top chamber of 24-well inserts 

(pore size, 8 m; Falcon) coated with MatrigelTM in the case of invasion assay, and a 

medium supplemented with serum was used as a chemo-attractant in the lower chamber. 

Each well was freshly coated with 100 µl of MatrigelTM (BD Bioscience, Franklin 

Lakes, NJ, USA) at a dilution of 1:10 in cold PBS and was then air-dried overnight 

before starting the invasion assay. Cells were allowed to migrate through the membrane 

coated or not with MatrigelTM at 370C in a 5% CO2 incubator for 24 and 48hrs. Non-

migratory cells in the upper chamber were then gently scraped off with a cotton-tip 

applicator. Migrating and invading cells on the lower surface of the membrane were 

fixed and stained with Hematoxylin and Eosin (H&E). After staining, the total number 

of migrating and invading cells was counted using an inverted light microscope (10X 

objective) from six consecutive fields for each well. 
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F. Sphere Formation Assay 

The sphere formation assay was used as previously reported by our laboratory 

[65]. In brief, single cell suspensions (2×103 cells/well) of HCT116 cell lines were 

seeded in cold growth factor-reduced Matrigel™/ serum-free RPMI-1640 medium (1:1) 

in a total volume of 50 μl. The solution was then plated gently around the rim of 

individual wells of 24-well culture plate (50 μL per well). Each experimental condition 

was performed in duplicate. The Matrigel™ (Corning Life Sciences) was allowed to 

solidify for 1hr at 37°C in a humidified incubator. Wells were randomly assigned to 

control and treatment conditions, and 1 mL/well of complete media (+5% FBS), with or 

without treatment, was gently added to the center of each well and changed regularly 

every 2 to 3 days. Sphere counts were performed at day 9 and 13 of sphere culture, 

respectively, for the sensitive and resistant cell lines. The sphere-forming unit (SFU) 

was calculated as the ratio of the number of spheres counted to the number of cells 

originally seeded.  Bright field images of the spheres were obtained using Axiovert 

microscope from Zeiss at 5× magnification.  

 

G. Propagation Assay 

To enrich for the stem-like population of cells, the media was aspirated from 

the well and the MatrigelTM -containing spheres was digested by 500 μl dispase solution 

(Invitrogen, Carlsbad, CA, 1mg dissolved in 1ml RPMI-1640 incomplete medium) for 

1hr at 37°C. Spheres were collected and incubated in 0.5 ml Trypsin/EDTA at 37°C for 

1-3 minutes. Single cells resulting from the dissociation of spheres were counted and re-

plated at the same density of 2000 cells/well in 24-well plates as previously described.  
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H. Irradiation 

Cells were irradiated with a 225 kV Precision X-Ray (PXi) irradiator model No 

X-RAD 225. Irradiation was performed at 2 Gy.min−1 and a 1.5 mm Aluminum filter 

was used. 

 

I. Assessing the effect of TQ and irradiation on sphere-forming and self-renewal 

ability 

Sphere-formation assay allows for identifying CSCs and studying their 

properties in vitro. Cells' response to radiation can therefore be evaluated by counting 

the number of spheres after irradiation. 

5FU-sensitive and resistant HCT116 cells were seeded as single cells in 

Matrigel™/RPMI (serum-free) (1:1) at a concentration of 2 × 103 cells/well in a total 

volume of 50μl in duplicates, as previously described. Cells were then plated around the 

rim of the wells of 24-well culture plates and allowed to solidify in the incubator for 45 

minutes. RPMI media with 5% heat-inactivated fetal bovine serum was then added to 

the center of the wells with or without TQ treatment. Irradiation at a dose of 2 Gy was 

performed at day 4 of sphere culture. Spheres were counted on a Zeiss Axio Vert.A1 

microscope 9 days post irradiation with the Zen 2.3 lite blue edition software. 
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J. Side population (SP) assay 

We performed the side population (SP) assay to identify and quantify the 

cancer stem-like and/or drug resistant cancer cells. SP cells are defined as a sub-

population of cells with high expression of ATP-binding cassette transporters (ABCG2) 

and the ability to exclude Hoechst 33,342 nuclear dye [175]. We used FACSAria™ 

technology platform to determine and compare the SP cells in 5FU-sensitive and 

resistant HCT116 cells. 1x106 cells/mL were resuspended in complete medium 

containing 5 μg/mL Hoechst 33342 dye for 30 minutes at 37°C. Cells were then pelleted 

by centrifugation and resuspended in 1x PBS to be analyzed by flow cytometry. After 

identification and cell sorting, sphere formation assay was performed from 5FU-

resistant sorted SP cells as mentioned above. Sphere forming ability was measured and 

compared between TQ treated and untreated conditions. 

 

K. Sphere Embedding Protocol 

Spheres were harvested from 24-well plates by adding 500 µl/well ice-cold 

media and centrifuged at 200G for 5 minutes. Sphere pellets were then washed with 1 

ml ice cold media to dissolve residual Matrigel followed by centrifugation at 200G for 5 

minutes at 4°C. Sphere pellets were then resuspended in 500 µl 4% Paraformaldehyde 

and incubated for 30 minutes at room temperature. After that sphere pellets were 

incubated with 500 µl 70% ethanol overnight at 4°C. Samples were centrifuged at 200G 

for 5 minutes and the pellet was slowly transferred by pipetting up and down to the 

center of a speci-wrap (Histological paper for tissue retention Ref#11WR60) which was 

then folded carefully around the pellet and placed in a cassette. Cassettes were placed in 
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90% ethanol for 45 minutes followed by 100% ethanol for 45 minutes and finally xylol 

for 45 minutes. Paraffin blocks were prepared by adding a small amount of paraffin to 

the metal piece then slowly removing the sample from the speci-wrap using fine 

tweezers and placing it in the center of the metal piece. The sample was fixed in place 

in the metal piece by putting it on ice for few seconds. The metal piece was then 

covered with cassette and filled with paraffin. The block was kept on ice for at least 1 

hour or overnight to solidify and then sections were obtained.  

 

L. 3D Imaging of Colonospheres 

Spheres were grown then collected with cold RPMI media and centrifuged to 

washout all Matrigel debris. After centrifugation, spheres were fixed by 4% PFA for 20 

minutes. After washing with PBS three times, spheres were permeabilized with 0.5% 

Triton X-100 for 30 minutes and blocked with sphere blocking buffer (0.1% BSA, 0.2% 

Triton X-100, 0.05% Tween-20, and 10% normal goat serum in PBS) for 2hrs at room 

temperature. Spheres were washed and incubated overnight at 4°C with various primary 

antibodies (refer to table 4 for details on antibodies used) prepared in blocking solution. 

Spheres were then washed with PBS and incubated with secondary antibody (listed in 

table 4) for 1hr at room temperature. Finally, spheres were washed and mounted using 

5-7 µL anti-fade reagent Fluoro-gel II with DAPI (Abcam, Cambridge, UK). 

Fluorescent signals were captured using a Zeiss LSM 710 laser scanning confocal 

microscope (Zeiss, Germany), and images were acquired and analyzed using the Zeiss 

ZEN image software.  
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For paraffin embedded spheres and tumor mouse tissues, slides were dried, 

dewaxed in xylene and rehydrated using a decreasing alcohol series. Antigen retrieval 

was performed in 10 mM citrate buffer, pH 6. Slides were then blocked with a blocking 

buffer (3% BSA, 0.1% Triton X-100, and 10% normal goat serum in PBS) for 1hr at 

room temperature, after which slides were incubated with the primary antibody 

overnight at 4°C (table 4). Spheres were then washed with PBS and incubated with the 

respective secondary antibody (table 4) for 1hr at room temperature. Fluoro-gel II with 

DAPI (Abcam, Cambridge, UK) was used for mounting. Fluorescent signals were 

captured using a Zeiss LSM 710 confocal microscope (Germany), and images were 

acquired and analyzed using the Zeiss LSM image software. 

 

M. Immunofluorescence Analysis of Cells Grown as Monolayer   

5FU-sensitive and resistant HCT116 cells were grown on coverslips in 12-well 

culture plates at a density of 50,000 and 100,000 cells/well, respectively. Adherent cells 

were then fixed using 4% PFA in PBS for 20 minutes, then permeabilized with 0.5% 

Triton X-100 in PBS for 20 minutes. Non-specific sites were blocked by incubation in 

blocking buffer (0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20 and 10% NGS in 

PBS) for 1hr. Cells were then incubated overnight with specific primary antibodies at 

4°C (Vimentin, E cadherin, CK8 and CK19 listed in table 4). After washing with PBS 

containing 0.1% Tween-20, cells were incubated with the corresponding secondary 

antibodies (table 4), then washed gently and mounted with anti-fade reagent Fluoro-gel 

II with DAPI. 
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N. TUNEL Assay 

Apoptosis was determined using the In-Situ Cell Death Fluorescein Detection 

Kit (11684795910, Sigma-Aldrich, Germany). Spheres were grown then collected with 

cold RPMI media and centrifuged to washout all Matrigel debris. After centrifugation, 

spheres were fixed by 2% formaldehyde for 20 minutes. After washing with PBS three 

times, spheres were fixed further in 70% ice-cold ethanol overnight. Spheres were then 

resuspended in 50 µL TUNEL mix and incubated in humidified chamber at 37°C for 

1hr. For visualization of nuclei and mounting, Fluoroshield Mounting Medium with 

DAPI (ab104139; Abcam, Cambridge, UK) was used and samples were analyzed using 

a Zeiss LSM 710 laser scanning confocal microscope (Zeiss, Germany). 

 

O. Western Blot Analysis 

Spheres were grown with or without treatment in 24-well plates then collected 

with cold RPMI media and centrifuged to wash out all Matrigel debris. Cells were 

plated in 100-mm tissue culture dishes and treated with 40 and 60 µM TQ for 48hrs. 

Cellular protein extracts were prepared in RIPA lysis buffer (sc-24948, Santa Cruz, CA, 

USA). Protein extracts were quantified using the DC Bio-Rad Protein Assay (Bio-Rad 

Laboratories, Hercules, California, USA) according to the manufacturer’s protocol. 

Protein samples were mixed with 10% β-mercaptoethanol and 2X Laemmli Sample 

Buffer (Bio-Rad, CA, USA) for gel electrophoresis. An equal amount of protein lysate 

was separated on 12% SDS–PAGE for 2hrs at 90 V then transferred onto 0.45 μm 

nitrocellulose membrane (Bio-Rad, CA, USA) in transfer buffer overnight at 400C. 

Membranes were blocked with 5% skim milk in tris-buffered saline with 0.1% tween 20 
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(TBST) for 1hr and then incubated overnight at 4°C with the primary antibody 

(antibodies used are listed in table 5). Membranes were then washed three times with 

TBST and incubated with the diluted secondary antibody (table 5) for 1hr at room 

temperature. Hybridization with GAPDH-HRP (6C5) (1:10,000–20,000, Abnova, 

#MAB5476) coupled antibody was performed for 30 minutes at room temperature as 

housekeeping gene. Target proteins were detected using the ECL system (Bio-Rad, CA, 

USA). Images were generated and quantified using ChemiDoc™ Imaging Systems 

(Bio-Rad, CA, USA). 

 

P. Histology and Immunohistochemical Analysis 

Serial tissue sections (4 μm) were H&E stained and analyzed by an expert who 

was blinded for the treatment groups. Immunohistochemical staining was performed on 

paraffin-embedded spheres using Epithelial Cell Adhesion Molecule (EpCAM sc-25308 

Santa Cruz, CA, USA) antibody. Slides were dried, dewaxed in xylene and rehydrated 

using a decreasing alcohol series. After blocking of endogenous peroxidase with H2O2, 

antigen retrieval was performed in 10mM citrate buffer, pH 6. Subsequently, slides 

were blocked with Protein Block (Novolink Polymer Detection Kit, RE7150-K, Leica). 

Primary antibodies were incubated at 4°C overnight, followed by Post Primary and 

Novolink™ Polymer (Novolink Polymer Detection Kit, RE7150-K, Leica). Staining 

was visualized using 3,3-diaminobenzidine (DAB), and nuclear counterstaining was 

performed using hematoxylin (Novolink Polymer Detection Kit, RE7150-K, Leica 

Biosystems, Germany). Slides were dehydrated and embedded in Histofluid (6900002; 

Marienfeld, Lauda Koenigshofen, Germany). Images were recorded at 40X to 400X 
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magnification using an Olympus BH-2 microscope and an Olympus E330 digital 

camera. The staining intensity was classified into 0 (no staining), 1+ (weak), 2+ 

(moderate), 3+ (strong), and the average of positively stained cells was recorded. 

 

Q. Animal Experiments 

Six to eight-week-old adult male NOD-SCID (injected with 5FU-sensitive 

cells) and NOG (injected with 5FU-resistant cells) mice were used. NOD-SCID mouse 

models are characterized by an absence of functional T and B cells, 

hypogammaglobulinemia and a normal hematopoietic microenvironment. NOG mouse 

models on the other hand are a new generation of severely immunodeficient mice that 

lack mature T, B and natural killer cells, display reduced complement activity and 

dysfunctional macrophages [176]. Mice were housed under optimum conditions of 

temperature set at 22 ± 20C and light set at a 12hrs light-dark cycle. Mice were kept in 

plastic cages covered with sawdust and had unrestricted access to a commercial mouse 

diet (24% protein, 4.5% fat, 4% fiber) and water. All animal studies were conducted 

using a protocol approved by the Institutional Animal Care and Use Committee of the 

American University of Beirut.  

For tumor induction in mice, cells or spheres were suspended in 50 µl of the 

respective media, whereby cells or spheres were mixed with an equal volume of 

Matrigel. The mixture was subcutaneously injected into the flank of a group of mice. 

Animals were treated three times per week for three weeks either with vehicle (control 

group) or TQ (20 mg/kg) by intraperitoneal injections when a palpable tumor was 

observed. Mice were daily monitored for signs of morbidity. Body weight recordings 
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were carried out biweekly. Tumor volume was measured every other day by direct 

physical measurements using Mitutoyo caliper. The following formula for volume 

assessment was applied: V = (3.14/6)*L*W*H; where V is the tumor volume in mm3, L 

is the tumor length in mm, W is the tumor width in mm and H is the tumor height in 

mm. 

 

R. Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 7 (version 7.0, 

GraphPad Software Inc., La Jolla, CA, USA). Normality of the data was confirmed 

using D'Agostino & Pearson and Shapiro-Wilk normality tests. The significance of the 

data was analyzed using one-way or Two-way ANOVA statistical test, followed by 

multiple comparison test using Tukey post hoc analysis. P-value less than 0.05 was 

considered statistically significant (* P<0.05; ** P<0.01; *** P<0.001).    
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Table 4: List of primary and secondary antibodies used in immunofluorescent 

/immunohistochemistry staining 

  

Antibody 

name 

Species  Dilution  Catalog 

number  

Company  

Primary antibodies 

CD44 Mouse  1:100 sc-7297 Santa Cruz 

Ki67 Mouse  1:50 sc-23900 Santa Cruz 

p-Histone 

H2AX  

Rabbit 1:500 # 9718S Cell signaling 

EpCAM Mouse 1:100 sc-25308 Santa Cruz 

Vimentin Rabbit 1:100 sc-7557 Santa Cruz 

E cadherin Mouse 1:50 sc-8426 Santa Cruz 

CK8 Mouse  1:200 904801     Biolegend 

CK19 Rabbit 1:200 ab15463 Abcam 

Tubulin Mouse 1:100 sc-8035 Santa Cruz 

Secondary antibodies 

Alexa fluoro 

488  

Goat anti-

mouse 

1:400 A-28175 Invitrogen 

Alexa fluoro 

568 

Goat anti-

rabbit 

1:200 A-11011 Invitrogen 

Phalloidin  1:200 R415 Invitrogen 

 

 

 

 



 

 

 

43 

 

 

 

Table 5: List of primary and secondary antibodies used in western blot 

experiments  

Antibody name 

 

Species  Dilution  Catalog 

number  

Company  

Primary antibodies 

p53 Mouse  1:50 sc-126 Santa Cruz 

p21 Mouse  1:50 sc-6246 Santa Cruz 

NF-κB p65 Rabbit 1:50 sc-372 Santa Cruz 

p-MEK Rabbit 1:200 # 9154S Cell signaling 

MEK Rabbit 1:500 # 9126S Cell signaling 

PCNA Mouse 1:50 sc-25280 Santa Cruz 

p-Histone 

H2AX 

Rabbit 1:500 # 9718S Cell signaling 

α-tubulin Mouse 1:100 sc-8035 Santa Cruz 

IKβα Rabbit 1:100 sc-371 Santa Cruz 

GAPDH-HRP 

(6C5) 

Mouse 1:20,000 #MAB5476 Abnova 

Secondary antibodies 

Goat anti-mouse  Goat 1:1000 sc-516102 Santa Cruz 

Mouse anti-

rabbit 

Mouse 1:1000 sc-2357 Santa Cruz 
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CHAPTER III 

RESULTS 

 

 

A. Effect of TQ on the proliferation index of 5FU-sensitive and resistant HCT116 

human colorectal cancer cell lines    

Our first objective was to investigate the in vitro effect of TQ on the growth of 

HCT116 5FU-sensitive and resistant colorectal cancer cell lines cultured in 2D 

monolayers. Cells were treated with different concentrations of TQ (20-100 µM) for 24, 

48 and 72hrs. MTT results showed a time- and dose-dependent reduction in 

proliferation in response to TQ. In the 5FU-sensitive cell line, the IC50 of TQ at 48hrs 

and 72hrs was ~40 μM (Figure 1A). In 5FU-resistant cells, the inhibitory effect of TQ 

commenced at a concentration of 60μM at 48hrs, decreasing cell viability by 40% 

(Figure 8A). The maximum percentage of reduction in viability at 72hrs in the sensitive 

cell line was 80-85% compared to 70-75% in the resistant cell line. These results were 

consistent with Trypan blue exclusion assay (Figure 8B) and with the changes in cell 

morphology and confluency following drug treatment in both cell lines. TQ’s effect on 

normal cells has been previously reported where we showed that TQ was non-toxic to 

FHs74Int human normal intestinal cells for doses up to 60 μM [116]. 
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A.

 

B. 

 

Figure 8. TQ reduces viability of 5FU-sensitive and 5FU-resistant HCT116 

colorectal cancer cells. After incubation of 5FU-S and 5FU-R HCT116 colorectal 

cancer cells for 24, 48 and 72hrs with or without TQ, cell proliferation was determined 

using MTT assay (A) and cell viability was determined with trypan blue dye exclusion 

assay (B). Results are expressed as percentage of the studied group compared to its 

control. Data represent an average of three independent experiments. The data are 

reported as mean ± SD for MTT and mean ± SEM for Trypan blue assay (* P<0.05; ** 

P<0.01; *** P<0.001).  
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B. Effect of TQ on migration and invasion ability of 5FU-sensitive and resistant-

HCT116 colorectal cancer cells 

Next, we investigated the effect of TQ on cell migration and invasion, two 

hallmarks of cancer progression and metastasis. TQ significantly inhibited cell 

migration ability of 5FU-sensitive and resistant HCT116 cells compared to the control 

at 48hrs (Figure 9A). In addition, TQ treatment decreased cell invasion, whereby the 

invasion ability of cells in response to FBS was significantly reduced by more than 3-

fold compared to the control (Figure 9B). 
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A. 

 
 

B. 

 
 

Figure 9. TQ reduces invasion and migration ability of 5FU-sensitive and 5FU-

resistant HCT116 colorectal cancer cells. HCT116 cells were seeded onto the 

Matrigel-coated membrane (invasion assay) (A) or the uncoated membrane (migration 

assay) (B) in the top chamber of the transwell and were either treated or not with 40 and 

60 µM TQ respectively in the presence of FBS in the lower chamber. Cells that 

migrated/invaded to the lower chamber after 48hrs were fixed with methanol, stained 

with H&E, counted and represented as number of migrating/invading cells compared to 

the control. Data represent an average of three independent experiments. The data are 

reported as mean ± SEM (* P<0.05; ** P<0.01; *** P<0.001).  
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Interestingly, this reduction in cell migration and invasion in response to TQ 

correlated with a significant downregulation in vimentin expression, an intermediate 

filament protein that is expressed in mesenchymal cells, and upregulation in E cadherin, 

an epithelial marker, in both 5FU-sensitive and resistant cells (Figure 10). 

 

 

 

Figure 10. TQ regulates vimentin and E cadherin expression in 5FU-sensitive and 

5FU-resistant HCT116 colorectal cancer cells. Representative confocal images and 

quantification of vimentin (red) and E cadherin (green) expression in 5FU-S and 5FU-R 

HCT116 colorectal cancer cells treated or not with 40 and 60 µM TQ, respectively. 

Data represent an average of three independent experiments and are reported as mean ± 

SEM (* P<0.05; ** P<0.01; *** P<0.001). Scale bar for immunofluorescent images 20 

µm. 
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In addition, TQ up-regulated cytokeratin epithelial marker CK8 in 5FU-

resistant cells when compared to control and maintained an elevated expression of both 

cytokeratin epithelial markers CK8 and CK19 in sensitive and resistant cells (Figure 

11). Collectively, these results suggest that TQ has a high inhibitory effect on colorectal 

cancer cell migration and invasion. 
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Figure 11. TQ regulates the expression of CK8 and CK19 in 5FU-sensitive and 

5FU-resistant HCT116 colorectal cancer cells. 5FU-S and 5FU-R HCT116 colorectal 

cancer cells treated or not with 40 and 60 µM TQ respectively were 

immunofluorescently stained for CK8 (green) and CK19 (red). Quantification and 

representative images are shown. Data represent an average of three independent 

experiments and are reported as mean ± SEM (* P<0.05; ** P<0.01; *** P<0.001). 

Scale bar 20 µm. 
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C. Establishing TQ’s effect on an enriched population of 5FU-sensitive and 

resistant human colorectal cancer stem cells in 3D 

1. Effect of TQ on HCT116 sphere counts and size 

Having established TQ’s inhibitory effect on both cell lines in 2D, we next 

aimed at investigating its potential inhibitory effect on targeting the self-renewal 

capacity of colorectal CSCs enriched from 5FU-sensitive and resistant cell lines in 3D 

cultures using sphere formation and propagation assays. Cells that were able to form 

spheres in the first generation (G1) were collected and propagated by dissociating 

spheres into single cells and re-seeding the same number of cells (2000 cells/well). The 

assay was performed until the fifth generation (G5). In the 5FU-sensitive cells, 

treatment with 3 μM TQ significantly decreased the sphere formation ability up to G5 

(Figure 12A). In the 5FU-resistant cells, on the other hand, most of the spheres treated 

with 3 μM 5FU remained viable up until the fifth generation, which confirms resistance 

to 5FU (Figure 12B). Interestingly, successive propagation and treatment of 5FU-

resistant cells with 5 μM TQ significantly decreased sphere-forming unit (SFU) by a 

remarkable 70% after treatment (Figure 12B).  

In addition to assessing the effect of TQ on self-renewal capacity, we 

investigated its effect on sphere size. Spheres were propagated for several generations 

with or without treatment, and at each generation, sphere sizes were determined (Figure 

12A and B). TQ had no significant effect on the size of spheres derived from both 5FU-

sensitive and resistant cells where the average diameter was around 100 µm with or 

without treatment. 
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A. 

 
B. 

 
 

Figure 12. TQ reduces sphere-forming and self-renewal ability of colon cancer 

stem/progenitor cells. (A, B) Sphere forming unit (SFU) obtained from serially 

passaged colonopheres over five generations is shown under untreated conditions, TQ-

treated (1, 3 and 5 µM) and 5FU-treated (3 µM) condition for 5FU-S (A) and 5FU-R 

(B) HCT116 derived spheres. SFU is calculated according to the following formula: 

SFU = (number of spheres counted ÷ number of input cells)*100. Colon CSCs were 

enriched from 5FU-S and 5FU-R HCT116 cell line and treated with either TQ (1, 3 and 

5 µM) or media (control). Generated spheres are referred to as G1 (Generation 1) 

spheres. After each propagation, cells that were initially treated with TQ, 5FU or media 

(control) were seeded into separate wells. Spheres were propagated for five generations 

in duplicates for each condition. Data represent an average of three independent 

experiments and are reported as mean ± SEM (* P<0.05; ** P<0.01; *** P<0.001). 

Representative bright-field images showing the effect of TQ on SFU are shown next to 

the respective graphs. Images were visualized by Axiovert inverted microscope at 10X 

magnification and analyzed by Carl Zeiss Zen 2012 image software. Scale bar 100 µm. 
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To further investigate TQ’s effect on colorectal CSCs, we performed the side 

population (SP) assay to identify and quantify the cancer stem and/or drug resistant 

cancer cells. SP cells are defined as a sub-population of cells with high expression of 

ATP-binding cassette transporters (ABCG2) which are able to exclude Hoechst 33,342 

nuclear dye. Using flow cytometric analysis, we demonstrated that 5FU-resistant 

HCT116 cells contained a significantly increased percentage of SP cells (3.5% ± 1) 

when compared to 5FU-sensitive cells (0.9% ± 0.5) (Figure 13A).  

We sorted the SP and the parental population from 5FU-resistant cells and 

cultured them in 3D sphere cultures with or without TQ treatment. Sphere forming 

ability was significantly decreased upon treatment of SP generated spheres with 5 and 

10 µM TQ and this decrease was more pronounced in spheres generated from the 

parental population (Figure 13B). Resistance to 5FU was also more pronounced in the 

SP generated spheres when compared to the parental population (Figure 13B), which 

confirms the high resistance nature of SP cells. Taken together, these results suggest 

that TQ targets the resistant population of colorectal cancer stem/progenitor cells. 
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Figure 13. Inhibitory effect of TQ on sphere-forming ability of drug-resistant 

HCT116 cells. (A) Representative FACS analysis (n=3) demonstrating the percentage 

of SP cells in 5FU-sensitive compared to 5FU-resistant HCT116 cells. (B) 

Colonospheres generated from sorted 5FU-resistant SP and parental population cells 

were treated for nine days with 3, 5 and 10 μM TQ or 5 μM 5FU. Sphere forming unit 

(SFU) and representative bright-field images are shown. Images were visualized by 

Axiovert inverted microscope at 10X magnification and analyzed by Carl Zeiss Zen 

2012 image software. Scale bar 100 µm. Data represent an average of two independent 

experiments and are reported as mean ± SEM (* P<0.05; ** P<0.01; *** P<0.001). 
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2. TQ effect on proliferation, epithelial and stem cell markers expression in 3D 

colonospheres 

To further study TQ’s effect on the enriched CSCs population, we analyzed the 

expression of the proliferation marker Ki67 and the stem cell markers CD44 and 

EpCAM. Immunohistochemical staining of spheres derived from both cell lines showed 

a significant reduction of EpCAM expression upon TQ treatment (Figure 14).  

 

 

Figure 14. TQ downregulates EpCAM in 3D colonospheres. Spheres were collected, 

fixed and stained for EpCAM. Representative images were obtained using light 

microscopy and quantification of the intensity of EpCAM stain in control and TQ 

treated 5FU-S and 5FU-R HCT116 G1 and G5 spheres was performed using ImageJ 

software. Stain intensity was normalized to size. Data represent an average of three 

independent experiments and are reported as mean ± SEM (* P<0.05; ** P<0.01; *** 

P<0.001). Scale bar 20 µm. 
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Immunofluorescent analysis showed that TQ treatment significantly decreased 

CD44 and Ki67 expression in 5FU-sensitive and 5FU-resistant HCT116 spheres (Figure 

15 and 16). This suggests that the reduction in sphere-forming ability is associated with 

decreased cellular proliferation and inhibition of key stem cell markers.  

 

 

Figure 15. TQ reduces the expression of CD44 stem cell marker in 3D 

colonospheres. Spheres were collected, fixed and stained for CD44. Representative 

images were obtained using confocal and quantification of the intensity of CD44 stain 

in control and TQ treated 5FU-S and 5FU-R HCT116 G1 and G5 spheres was 

performed using Carl Zeiss Zen 2012 image software. Stain intensity was normalized to 

size. Data represent an average of three independent experiments and are reported as 

mean ± SEM (* P<0.05; ** P<0.01; *** P<0.001). Scale bar 20 µm. 
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Figure 16. TQ reduces the expression of Ki67 in 3D colonospheres. Spheres were 

collected, fixed and stained for Ki67. Representative images were obtained using 

confocal and quantification of the intensity of Ki67 stain in control and TQ treated 5FU-

S and 5FU-R HCT116 G1 and G5 spheres was performed using Carl Zeiss Zen 2012 

image software. Stain intensity was normalized to size. Data represent an average of 

three independent experiments and are reported as mean ± SEM (* P<0.05; ** P<0.01; 

*** P<0.001). Scale bar 20 µm. 

 

 

 

Interestingly, TQ up-regulated cytokeratin epithelial markers, CK8 and CK19, 

in 5FU-resistant spheres and maintained an elevated expression of both in 5FU-sensitive 

spheres (Figure 17), which could be indicative of reduced potential of epithelial-to-

mesenchymal transition.  
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Figure 17. TQ regulates the expression of CK8 and CK19 in 3D colonospheres. 

Spheres were collected, fixed and stained for CK8 and CK19. Representative images 

were obtained using confocal and quantification of the intensity of CK8 and CK19 stain 

in control and TQ treated 5FU-S and 5FU-R HCT116 G1 and G5 spheres was 

performed using Carl Zeiss Zen 2012 image software. Stain intensity was normalized to 

size. Data represent an average of three independent experiments and are reported as 

mean ± SEM (* P<0.05; ** P<0.01; *** P<0.001). Scale bar 20 µm. 

 

 

D. TQ’s mechanism of action on colorectal cancer stem/progenitor cells 

As mentioned previously, TQ caused a significant reduction in spheres number 

but not size, suggesting the involvement of a cell death mechanism. To investigate TQ’s 

mechanism of action, we performed TUNEL staining on 5FU-sensitive and resistant 

HCT116 G1 and G5 spheres (Figure 18). TQ treatment led to increased TUNEL 

positivity, indicating that the diminished sphere forming ability in TQ-treated 

colonospheres was in part due to the induction of apoptosis. In the TQ-treated spheres, 

mean apoptotic index estimated by TUNEL was 11.3% and 11.8% as compared to 8% 

and 5.5% in control G1 and G5 5FU-sensitive spheres, respectively. In 5FU-resistant 

spheres, mean apoptotic index estimated by TUNEL was 8% and 14% in TQ-treated 

spheres as compared to 0.5% and 5.6% in control G1 and G5 spheres, respectively.  
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Figure 18. TQ induces apoptosis in colon cancer stem/progenitor cells. 

Representative images of control and TQ treated 5FU-S and 5FU-R HCT116 G1 and 

G5 spheres after TUNEL staining. Data represent an average of three independent 

experiments. TUNEL positive cells were counted and represented as mean percentage ± 

SD (* P<0.05; ** P<0.01; *** P<0.001 significantly different from control). Scale bar 

20 µm. 

 

 

Analysis of p53 protein expression in 5FU-sensitive and 5FU-resistant 2D cells 

and 3D spheres during TQ treatment showed up-regulation of this protein further 

confirming apoptosis induction (Figure 19A and B). This was also associated with an 

upregulation in p21 expression (Figure 19A and B). Western blot analysis also showed 

a decrease in NF-κB, PCNA and p-MEK expression especially in 3D colonospheres 

further confirming TQ’s inhibitory effects on proliferation (Figure 19B). 
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Figure 19. TQ induces apoptosis and inhibits proliferation in colon cancer 

stem/progenitor cells. Analysis of p53, p21, NF-κB (p65), p-MEK and PCNA protein 

expression in 5FU-S and 5FU-R HCT116 cells (A) and spheres (B) during TQ treatment 

is shown. Fold expression changes normalized to GAPDH and total MEK in case of p-

MEK expression are given below the blots. Data represent an average of three 

independent experiments. 
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An early cellular response to double-strand breaks is the phosphorylation at 

Ser139 of a subclass of eukaryotic histones, H2AX. To study TQ’s effect on inducing 

DNA damage, we studied the expression of H2AX. Interestingly, TQ caused a dramatic 

increase in the amount of H2AX protein mainly in 5FU-resistant cells and spheres 

(Figure 20A and B) indicating a role of DNA damage pathway in these cells in response 

to TQ.  
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Figure 20. TQ induces DNA damage in colon cancer stem/progenitor cells. (A) 

Representative images of γ-H2AX staining in control and TQ-treated 5FU-S and 5FU-R 

HCT116 G1 and G5 spheres. Scale bar 20 µm. γ-H2AX positive cells were counted and 

are represented as mean percentage ± SEM (* P<0.05; ** P<0.01; *** P<0.001 

significantly different from control). (B) Analysis of γ-H2AX in 5FU-S and 5FU-R 

HCT116 cells and spheres during TQ treatment is shown. Fold expression changes 

normalized to GAPDH are given below the blots. Data represent an average of three 

independent experiments. 



 

 

 

63 

 

 

 

E. Effect of TQ and radiation combination on colorectal cancer cells in 2D and 3D 

cultures 

After showing that TQ induces DNA damage by upregulating H2AX, we 

decided to investigate its effect on colorectal cancer cells and spheres when combined 

with radiation. For this purpose, 5FU-sensitive and 5FU-resistant cells were treated with 

TQ for 24hrs followed by irradiation at a dose of 2 Gy. Cells were then fixed at 0 

minutes, 10 minutes and 24hrs post irradiation and γ-H2AX expression was analyzed. 

We saw an upregulation in γ-H2AX expression with the highest peak in TQ and 

radiation combination at 10 minutes when compared to TQ or radiation alone. 

Interestingly, γ-H2AX expression remained significantly high after 24hrs in the 

combination group; whereas, it went back to control levels in cells treated with TQ or 

radiation alone (Figure 21A and B). Taken together, these results suggest that TQ is 

acting as a radiosensitizer in 5FU-sesnitive and resistant cells. 
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Figure 21. TQ combination with radiation increases γ-H2AX expression in 2D 

cultures of 5FU-sensitive and resistant cells. Representative images of γ-H2AX 

staining in 5FU-S (A) and 5FU-R (B) HCT116 cells untreated and treated with TQ, 

irradiation (IR) and combination of TQ and irradiation (TQ+IR). γ-H2AX positive cells 

were counted and are represented as average count ± SEM (* P<0.05; ** P<0.01; *** 

P<0.001 significantly different from TQ 40 µM and TQ 40µM+IR). Data represent an 

average of three independent experiments. Scale bar 20 µm.     
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Based on the 2D results, we sought to determine the effect of TQ and radiation 

in 3D. To assess the effect of TQ and radiation on sphere-forming and self-renewal 

ability, 5FU-sensitive and resistant cells were seeded with Matrigel in 3D culture sphere 

formation assay. Cells were treated with TQ from day zero and then irradiated at day 4. 

Interestingly, TQ and radiation combination resulted in a significant decrease in the 

number of spheres when compared to either treatment alone, suggesting that TQ is 

capable of sensitizing the colonospheres to radiation (Figure 22A and B).  
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Figure 22. TQ sensitizes 5FU-sensitive and resistant colonospheres to radiation. 

5FU-sensitive and 5FU-resistant spheres were treated with TQ at day 0 of sphere culture 

and irradiated at day 4. Representative images and sphere count 9 days post irradiation 

of 5FU-sensitive (A) and 5FU-resistant (B) G1 spheres untreated and treated with TQ, 

irradiation (IR) and combination of TQ and irradiation (TQ+IR) are shown. Data 

represent an average of two independent experiments. Spheres were counted and are 

represented as average count ± SEM (* P<0.05; ** P<0.01; *** P<0.001 significantly 

different from control). Scale bar 100 µm. 
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We further analyzed the effect of TQ and radiation combination on the 

expression of CD44 and γ-H2AX expression. CD44 expression was decreased; 

however, this decrease in expression was comparable to TQ or radiation treatment alone 

(Figure 23A). On the other hand, γ-H2AX was significantly upregulated in TQ and 

radiation combination (Figure 23B) suggesting enhanced DNA damage and increased 

sensitivity to radiation.  
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Figure 23. TQ and radiation combination regulates the expression of CD44 and γ-

H2AX in 5FU-sensitive and resistant colonospheres. 5FU-sensitive and 5FU-resistant 

spheres were treated with TQ at day 0 of sphere culture and irradiated at day 4. Spheres 

were collected, fixed and stained for CD44 and γ-H2AX. Representative images were 

obtained using confocal microscopy and quantification of the intensity of CD44 (A) and 

γ-H2AX (B) stain in 5FU-S and 5FU-R G1 spheres untreated and treated with TQ, 

irradiation (IR) and combination of TQ and irradiation (TQ+IR) was performed using 

Carl Zeiss Zen 2012 image software. Stain intensity was normalized to size. Data 

represent an average of two independent experiments and are reported as mean ± SEM 

(* P<0.05; ** P<0.01; *** P<0.001). Scale bar 20 µm. 
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Remarkably, western blot analysis showed that radiation significantly 

decreased the expression of the structural protein F-actin when compared to untreated 

and TQ treated conditions (Figure 24A). This reduction was confirmed by 

immunostaining analysis of the expression of F-actin and tubulin (Figure 24B).  
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Figure 24. Radiation downregulates F-actin and tubulin expression in 5FU-

sensitive and resistant colonospheres. 5FU-sensitive and 5FU-resistant spheres were 

treated with TQ at day 0 of sphere culture and irradiated at day 4. (A) Western blot 

analysis of tubulin protein expression in 5FU-S and 5FU-R HCT116 G1 spheres 

untreated and treated with TQ, irradiation (IR) and combination of TQ and irradiation 

(TQ+IR) is shown. (B) Spheres were collected, fixed and stained for F-actin and 

Tubulin. Representative images were obtained using confocal microscopy and 

quantification of the intensity of F-actin and Tubulin in 5FU-S and 5FU-R G1 spheres 

untreated and treated with TQ, irradiation (IR) and combination of TQ and irradiation 

(TQ+IR) was performed using Carl Zeiss Zen 2012 image software. Stain intensity was 

normalized to size. Data represent an average of two independent experiments and are 

reported as mean ± SEM (* P<0.05; ** P<0.01; *** P<0.001). Scale bar 20 µm. 
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F. TQ’s effect on targeting an enriched population of colon cancer stem/progenitor 

cells in vivo  

To experimentally prove that the HCT116 population derived from spheres is 

enriched with cells having stem-like properties, we assessed their tumorigenic potential 

in mice. NOD-SCID mice were used for the 5FU-sensitive cell line as they easily 

showed tumor development. 5FU-resistant cells failed to develop tumors in NOD-SCID 

mice, so NOD/Shi-scid IL2rgammanull (NOG) mice were used. The number of spheres 

needed for tumor development was optimized by serial dilution. 100 5FU-sensitive and 

250 5FU-resistant spheres induced tumor development in 4 and 8 weeks in NOD-SCID 

and NOG mice, respectively. We have previously reported that intraperitoneal 

injections of TQ at doses up to 20 mg/kg are not toxic to mice and significantly delay 

tumor growth in a xenograft model of 5FU-sensitive HCT116 colorectal cancer [117]. 

To test the effect of TQ on targeting an enriched population of cells with stem-

like properties in vivo, we injected two groups of NOD-SCID mice with 100 spheres 

derived from HCT116 sensitive cell line and two groups of NOG mice with 250 spheres 

derived from HCT116- resistant cell line. One group acted as a control, and the other 

group was treated with TQ at a dose of 20 mg/kg body weight [117] three times per 

week for 21 days by intraperitoneal injections when a palpable tumor was observed. TQ 

significantly inhibited tumor growth in these mice when compared to control group 

(Figure 25A and B). At the end of the treatment period, the average tumor volume was 

1182 mm3 and 485 mm3 in the control group, while it was 79 mm3 (P<0.01) and 14 mm3 

(P<0.001) in TQ treated mice injected with 5FU-sensitive and 5FU-resistant spheres, 
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respectively (Figure 25A and B). A dose of 20 mg/kg TQ did not affect the body weight 

or resulted in animal death (data not shown), indicating that this dose is not toxic.  

 

A. 

 
B. 

 
 

Figure 25. TQ reduces tumor growth in NOD-SCID and NOG mice. (A, B) NOD-

SCID mice (8 mice/group) (A) were injected with 100 5FU-sensitive HCT116 G1 

spheres and NOG mice (5 mice/group) (B) were injected with 250 5FU-resistant 

HCT116 G1 spheres and tumor progression was monitored. Tumor volume during 21 

days of i.p. treatment (3x/week) with either 20 mg/kg TQ or 10% methanol in 

physiologic saline was reported. P<0.05 between TQ and vehicle (control) treated 

animals. Representative images of control and TQ-treated mice at day 21 and H&E 

stain of tumor tissues are shown.  

 

 



 

 

 

73 

 

 

 

Interestingly, two weeks after stopping TQ treatment, the average tumor 

volume in the TQ treated group (558 mm3 in 5FU-sensitive and 37.5 mm3 in 5FU-

resistant) was still significantly lower than that of the control group (1451 mm3 in 5FU-

sensitive and 459 mm3 in 5FU-resistant) (Figure 26A and B). 
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Figure 26. TQ treated mice showed minimal tumor growth after stopping 

treatment. (A, B) Average tumor volume of control and TQ treated mice (n=3) during 

and after stopping treatment for 2 weeks was reported in NOD-SCID and NOG mice. 

P<0.05 between TQ and vehicle (control) treated animals.   
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The diminished tumor size in TQ-treated xenografts was in part due to the 

induction of cell death, as shown by increased TUNEL positivity (Figure 27A). In the 

TQ-treated group, average apoptotic index estimated by TUNEL was 51.6% and 20% as 

compared to 4.2% and 2% in vehicle controls in mice injected with 5FU-sensitive and 

5FU-resistant spheres, respectively. Similar to in vitro results, the stem cell marker 

CD44 was also decreased in mouse tumor tissues upon TQ treatment (Figure 27B). 

Western blot analysis showed upregulation of p53, p21, γ-H2AX and the NF-κB 

inhibitor Iκβα, and downregulation of the proliferation markers PCNA, NF-κB (p65), 

and p-MEK in tumor tissues of TQ-treated mice (Figure 27C), similar to in vitro 3D 

results.  
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Figure 27. TQ induces apoptosis and reduces proliferation in NOD-SCID and 

NOG mice. (A) Representative images of control and TQ treated tissues from NOD-

SCID mice injected with 100 5FU-S and 250 5FU-R HCT116 G1 spheres after TUNEL 

staining. TUNEL positive cells were counted and are represented as mean percentage ± 

SEM (* P<0.05; ** P<0.01; *** P<0.001 significantly different from control). (B) 

Representative confocal images of CD44 expression in control and treated tissues from 

NOD-SCID mice injected with 100 5FU-S and 250 5FU-R HCT116 G1 spheres. Images 

were analyzed and quantified by Carl Zeiss Zen 2012 image software. Scale bar 20 µm. 

(C) Analysis of p53, p21, γ-H2AX, NF-κB (p65), Iκβα, p-MEK and PCNA protein 

expression in control and TQ-treated tissues from NOD-SCID and NOG mice injected 

with 100 5FU-S and 250 5FU-R HCT116 G1 spheres. Fold expression changes 

normalized to GAPDH and total MEK in case of p-MEK expression are given below 

the blots. Data represent an average of three independent experiments. 
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CHAPTER IV 

DISCUSSION 

 

CRC is a heterogenous disease arising from one or a combination of 

chromosomal instability, CpG island methylator phenotype, and microsatellite 

instability [15]. CRC persists as one of the most prevalent and deadly tumor types in 

both men and women worldwide. This is in spite of widespread, effective measures of 

preventive screening, and also major advances in treatment options. Despite advances in 

cytotoxic and targeted therapy, resistance to chemotherapy remains one of the greatest 

challenges in long-term management of incurable metastatic disease and eventually 

contributes to death as tumors accumulate means of evading treatment. Malignant 

tumors can have intrinsic resistance and/or acquired resistance. The primary reason for 

treatment failure is believed to be acquired resistance to therapy which occurs in 90% of 

patients with metastatic CRC [177]. In general, resistance to traditional cytotoxic 

therapy is accomplished by a) genetic and epigenetic modifications within the cell itself 

that can alter drug sensitivity, b) cell cycle and signaling pathway perturbations, c) or 

decreased drug delivery to cancer cells either by increased efflux out of the cell, 

decreased uptake or change in enzymes involved in metabolism [177]. It has been 

recently suggested that CSCs are the tumor initiating cells in a primary tumor and that 

they constitute a reservoir of self-renewing cells and are at the origin of 

chemoresistance, minimal residual disease, and cancer recurrence [178, 179]. Although 

conventional cytotoxic chemotherapies inhibit the highly proliferative cells, these 
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quiescent or slowly cycling CSCs survive successive treatments and lead to local and 

distant tumor initiation [180]. Therefore, identifying new therapeutic approaches is of 

high importance to overcome resistance and prevent relapse.  

In the process of development and discovery of new potential anticancer 

agents, growing interest is heading towards ‘safe’, cost-effective and widely available 

molecules, prominently from plant extracts. The natural compound TQ has shown 

promising effects against colon cancer both in vitro and in vivo [127]. However, studies 

tackling TQ’s effect on CSCs are limited. The current study was designed to investigate 

the effect of TQ on targeting the self-renewal capacity of colorectal CSCs and its 

underlying mechanisms of action in 5FU-resistant as opposed to 5FU-sensitive HCT116 

cell lines in vitro and in xenograft mouse models.  

We focused on 5FU-resistant colorectal cancer cells that are believed to be 

more relevant to the clinical setting as they mimic the residual cancer cells post 

chemotherapy. Our results showed that TQ exhibits strong inhibitory effect on the self-

renewal potential of 5FU-resistant colorectal cancer stem/progenitor cells by inducing 

apoptosis and DNA damage. Furthermore, our data established TQ’s effect as a 

radiosensitizer on 2D and 3D cultured colorectal cancer cells. Lastly, we showed that 

TQ targets an enriched population of chemo-resistant colorectal CSCs in vivo by 

reducing proliferation, inducing apoptosis and inhibiting NF-κB expression in treated 

xenografts.  

Since its discovery 50 years ago, 5FU has been the backbone of treatments for 

CRC, but with poor success rate of less than 30% [181]. The ineffectiveness of 5FU has 

been mainly limited by drug resistance [182-184]. Our first aim was to demonstrate the 
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effect of TQ on 5FU-resistant colorectal cancer cells in 2D before moving into the 3D 

culture system. Our results showed that TQ exhibited antitumor effects on 5FU-resistant 

HCT116 cells. In line with previously published data [116, 120], we showed that TQ 

reduced the viability of 5FU-sensitive HCT116 cells in a time- and dose-dependent 

manner.  

Our major focus was to test the effect of TQ on colorectal CSCs. A major 

problem with the isolation of CSCs is that most techniques are cumbersome and 

expensive making them unideal for drug testing. In addition, cancer stem cell markers 

are expressed in a complex pattern; neither single marker expression nor simple 

combinations can be universally used for the isolation and enrichment of colorectal 

CSC [5, 59]. Consequently, we employed a 3D sphere formation assay to enrich for 

colorectal cancer stem/progenitor cells from 5FU-sensitive and resistant HCT116 cells 

and investigate the efficacy of TQ on targeting these cells. Sphere cultures represent a 

major 3D in vitro model in cancer stem cell research [66] and provide a means to 

evaluate the self-renewal capacity and differentiation potential of CSCs [67]. Sphere 

cultures have been used to isolate and propagate colon CSCs from primary tumors but 

have been rarely used to enrich CSCs from colorectal cancer cell lines [85-87]. In this 

study, we demonstrated the ability to grow and maintain colonospheres in culture up to 

G5. Notably, G5 colonospheres showed an increased expression of the stem cell maker 

CD44 when compared to G1 colonospheres, suggesting an enrichment in CSCs upon 

propagation. CD44 is a transmembrane glycoprotein highly expressed in almost every 

cancer cell and is crucial in tumor initiation and colonosphere propagation in vitro 

[185]. CD44 is known to have a multifunctional role in many cellular processes, like 
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survival, growth, and differentiation, and may regulate stemness in CSCs [186]. 

Furthermore, our results showed that TQ exhibits a strong inhibitory effect on the 

sphere-forming and self-renewal potential of 5FU-resistant colorectal cancer 

stem/progenitor cells demonstrating that CSCs, which are resistant to chemotherapy 

compared to the bulk of the tumor cells, are selectively and effectively targeted by TQ. 

We further confirmed this by the observed decrease in the sphere forming ability of the 

side population cells sorted from 5FU-resistant cells upon TQ treatment. Side 

population cells are characterized by high expression of ATP-binding cassette 

transporters (ABCG2) which can exclude Hoechst 33,342 nuclear dye and often 

represent cancer stem-like and/or drug resistant cancer cells [175]. Our results showed 

that 5FU-resistant cells demonstrate cancer stem-like features evident by the increased 

expression of side-population cells when compared to 5FU-sensitive cells. 

To understand the underlying mechanism of the observed reduction in sphere-

formation, we investigated apoptosis induction and activation of DNA damage as 

possible mechanisms of cell death. TQ has been shown to induce apoptosis by 

modulating several types of players including generation of reactive oxygen species 

[116], up-regulation of apoptotic mediators, interference with angiogenesis, metastasis 

and DNA damage markers [127, 156]. Indeed, TQ treatment led to increased TUNEL 

positivity and upregulation of p53 and p21 in colonospheres, indicating induction of 

apoptotic cell death.  

H2AX is a member of the histone H2A family and is one of the first molecules 

to be phosphorylated at serine 139 (γ-H2AX) in response to double-strand DNA breaks. 

This phosphorylation mediates the recruitment of repair factors to the damaged DNA 
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sites [187]. H2AX has been proposed as a factor to assess response to treatment, and 

several agents and chemotherapeutic drugs used in colorectal cancer treatment have 

been shown to increase γ-H2AX, including oxaliplatin, sorafenib, valproic acid, and 

oncolytic adenovirus [188, 189]. The response to DNA damage results in either cell 

cycle arrest, to allow the lesions to be repaired, or in p53-dependent and independent 

apoptosis [190, 191]. Interestingly, our results showed opposite response to TQ 

treatment in terms of γ-H2AX expression between 5FU-sensitive and resistant 

colonospheres. TQ downregulated γ-H2AX in 5FU-sensitive cells, which could suggest 

that TQ has a low genotoxic potential in these cells since it induced p53 activation with 

minimal DNA damage response [192]. In addition, γ-H2AX plays an essential role in 

the process of DNA repair through the recruitment of DNA repair proteins such as 

53BP1, RAD51, BRCA1, and MDC1 to the damage sites [193]. Therefore, this decrease 

in γ-H2AX could indicate reduced DNA repair in malignant cells, which enhances their 

sensitivity to TQ. In contrast, γ-H2AX was remarkably upregulated by TQ in 5FU-

resistant cells, indicating activation of DNA damage response, which may generate a 

positive feedback loop that enhances p53 activity. DNA damage can cause various post-

translational modifications on p53 that can enhance its ability to activate target genes 

and promote apoptosis [192] thus increasing the susceptibility of the chemo-resistant 

malignant cells to apoptosis by TQ. Further analysis is essential to understand the 

involved mechanism of action such as evaluating the expression of upstream and 

downstream effectors including p-ATM, CHEK2, DNA-PKc, MDM2. 

Recent evidence showed that CSCs can resist ionizing radiation treatment. This 

has been explained by a metabolic status that is associated with: a) high free radical 
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scavenger levels e.g., glutathione, thioredoxin, and enzymatic proteins peroxidase and 

catalase, which might shield the cells against radiation-induced oxidative stress [194, 

195], b) activated DNA checkpoints [196], which arrest cell cycle progression in the 

presence of DNA damage and allow cells to repair DNA and c) sustained hypoxic 

microenvironment, which trigger mechanisms important for the maintenance of CSCs 

such as hypoxia-inducible factor (HIF) signaling, autophagy, and EMT contributing to 

radio-resistance [197]. Therefore, new therapeutic radiosensitizers are required to 

overcome tumor radio-resistance and improve radiotherapy outcome. Various strategies 

have been proposed including synthetic inhibitors of particular constituent of radio-

resistance pathways, in addition to natural radiosensitizers such as curcumin that can 

compensate for synthetic inhibitors limitations [198]. Studies on the function of TQ as a 

radiosensitizer are limited. The observed effect of TQ on γ-H2AX expression led us to 

examine the effect of TQ and radiation combination on colorectal cancer 

stem/progenitor cells. TQ was found to exert supra-additive cytotoxic and apoptotic 

effects on MCF7 and T47D breast cancer cells when combined with a single dose of 

ionizing radiation (2.5 Gy) [138]. Radio-resistance has been reported to be correlated to 

several signaling pathways involving NF-κB as the key molecule [199]. The NF-κB 

signaling pathway is activated in several types of cancer, and its activation contributes 

to the malignant characteristics of cancer cells [127]. Irradiation activates the NF-κβ 

signaling pathway, leading to the transcription of downstream effector proteins such as 

cyclin D1, BCL2, TNF-α, VEGF, XIAP and COX2 and the development of radio-

resistance [200, 201]. NF-κB and its effector proteins have been shown to be correlated 

with poor radiotherapy response [201]. The therapeutic efficacy of radiotherapy can be 
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enhanced by inhibiting the NF-κB signaling pathway. In this study we showed that TQ 

reduced the expression of NF-κB indicating that TQ may have the potential to sensitize 

colorectal cancer cells to radiation. Indeed, TQ and radiation combination maintained a 

relatively high number of residual γ-H2AX foci 24hrs post irradiation in both cell lines 

suggesting decreased repair in these cells and increased sensitivity to apoptosis. 

Exposure to ionizing radiation triggers activation of specific DNA damage 

signaling and repair mechanisms including the phosphorylation of H2AX in the vicinity 

of a double strand break (DSB) [187]. The formation and loss of γ-H2AX foci is 

measured following exposure to radiation doses. γ-H2AX kinetic studies have shown 

that maximum foci levels can be observed as early as 3-10 minutes. With increasing 

post-exposure time, the number of γ-H2AX foci decreases rapidly to about 50% of the 

initial level within 1hr followed by a slower loss of the residual foci present a few hours 

and up to 24hrs post exposure. γ-H2AX foci disappearance over time follows DSB 

rejoining in repair-competent cells [202]. Furthermore, our results showed that TQ 

sensitized colorectal CSCs to radiation as evident by reduced sphere forming ability and 

upregulation of γ-H2AX upon TQ and radiation combination. Further studies on the 

effect of TQ and radiation on NF-κB pathway and its downstream targets would help in 

understanding TQ’s effect as a radiosensitizer and provide a potentially more effective 

treatment strategy to colorectal cancer.  

Despite the advantages of 3D tumorosphere culture systems for studying CSC 

properties, they do not fully replicate the 3D structure and environment of an in vivo 

tumor [73] and/or mimic cancer tissues. Therefore, colorectal CSCs need to be further 

characterized through functional features in an in vivo setting. To experimentally prove 
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that the derived spheres are enriched with cells having stem-like properties, we injected 

a group of mice with HCT116 cells cultured in 2D monolayers and another group of 

mice with spheres. The validity of our model will be confirmed if the injected spheres 

showed a higher tumor initiation capacity than 2D monolayer cells. Indeed, the injection 

of spheres derived from 5FU- sensitive HCT116 cell line and not the 2D equivalent cell 

density into NOD-SCID immunocompromised mice resulted in tumor development, 

suggesting that spheres are rich in cells with stem-like properties.  

Our next aim was to test the effect of TQ on targeting an enriched population 

of cells with stem-like properties in vivo. For this purpose, NOD-SCID and NOG mice 

were injected with spheres derived from 5FU-sensitive and resistant cell lines, 

respectively. Our results showed that treatment with 20 mg/kg body weight of TQ was 

able to significantly inhibit tumor growth in these mice when compared to control 

group. Remarkably, tumor volume in TQ-treated group remained significantly lower 

than that of control after stopping treatment for two weeks, indicating a relatively potent 

inhibitory effect of TQ on tumor growth. The most interesting finding was that TQ’s 

effect on 5FU-resistant induced tumors was irreversible when compared to 5FU-

sensitive tumors since the significant inhibition of tumor volume was maintained even 

after stopping TQ treatment for two weeks, suggesting a promising effect of TQ on the 

enriched population of chemo-resistant colorectal CSCs that is majorly responsible for 

tumor recurrence. This effect could be further enhanced with long-term exposure to TQ.  

It is important to note that the oral administration of TQ was found to be safe in 

several animal models [203] and the effective anticancer dose used in this study (20 

mg/kg) is non-toxic and much lower than reported doses. In fact, the LD50 of TQ in 
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mice and rats ranged between 57 and 104 mg/kg when injected intraperitoneally and 

reached 870 mg/kg when given orally (reviewed in Ref. [130]). Studies on the 

anticancer therapeutic potential of TQ and its safety profiles in humans are very limited 

and its pharmacologically relevant doses in animal or human blood have not been 

determined. In a Phase I clinical trial, TQ was found to be well tolerated at doses up to 

10 mg/kg/day but no significant anticancer activity was observed at this dose [204]. A 

recent Phase II clinical study evaluating the effect of 100 mg and 200 mg TQ on oral 

potential malignant lesions is currently registered; however, it is still not open for 

participant recruitment 

(https://clinicaltrials.gov/ct2/show/NCT03208790?term=thymoquinone&rank=1). 

Nevertheless, several clinical trials testing the effect of Nigella sativa on various 

diseases including beta thalassemia major in children, dyslipidemia and arsenical 

keratosis have shown that it is not toxic in patients at doses up to 300 mg/day. 

(https://clinicaltrials.gov/ct2/results?cond=&term=nigella+sativa&type=&rslt=&age_v=

&gndr=&intr=&titles=&outc=&spons=&lead=&id=&cntry=&state=&city=&dist=&loc

n=&strd_s=&strd_e=&prcd_s=&prcd_e=&sfpd_s=&sfpd_e=&lupd_s=&lupd_e=&sort

=).  

The exact mechanism(s) by which TQ exerts its antitumor activity in vivo is 

not well understood, since few data is available on the molecular mechanisms of TQ 

effects. In this study we showed that tumor growth inhibition by TQ in HCT116 

xenograft mouse models may be attributed to its potent anti-proliferative effects, in 

addition to the induction of apoptosis as indicated by TUNEL and upregulated p53 and 

p21 expression. NF-κB is a crucial factor involved in the pathogenesis of cancer 

https://clinicaltrials.gov/ct2/results?cond=&term=nigella+sativa&type=&rslt=&age_v=&gndr=&intr=&titles=&outc=&spons=&lead=&id=&cntry=&state=&city=&dist=&locn=&strd_s=&strd_e=&prcd_s=&prcd_e=&sfpd_s=&sfpd_e=&lupd_s=&lupd_e=&sort=
https://clinicaltrials.gov/ct2/results?cond=&term=nigella+sativa&type=&rslt=&age_v=&gndr=&intr=&titles=&outc=&spons=&lead=&id=&cntry=&state=&city=&dist=&locn=&strd_s=&strd_e=&prcd_s=&prcd_e=&sfpd_s=&sfpd_e=&lupd_s=&lupd_e=&sort=
https://clinicaltrials.gov/ct2/results?cond=&term=nigella+sativa&type=&rslt=&age_v=&gndr=&intr=&titles=&outc=&spons=&lead=&id=&cntry=&state=&city=&dist=&locn=&strd_s=&strd_e=&prcd_s=&prcd_e=&sfpd_s=&sfpd_e=&lupd_s=&lupd_e=&sort=
https://clinicaltrials.gov/ct2/results?cond=&term=nigella+sativa&type=&rslt=&age_v=&gndr=&intr=&titles=&outc=&spons=&lead=&id=&cntry=&state=&city=&dist=&locn=&strd_s=&strd_e=&prcd_s=&prcd_e=&sfpd_s=&sfpd_e=&lupd_s=&lupd_e=&sort=
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through activation of genes and cytokines required for the induction of cellular 

proliferation [127] and has been shown to be regulated by TQ [205, 206]. In addition, 

MAPK signaling pathway is dysregulated in colorectal cancer, and various approaches 

for blocking signaling through this pathway have been studied [207]. We have 

previously shown that the inhibition of ERK pathway by MEK inhibitor PD98059 

potentiated apoptosis induction by TQ [116]. We also documented that TQ directly 

binds to PAK1/ERK kinase complex, induces considerable conformational changes of 

PAK1 and interrupts its function as a scaffold for ERK1/2/MEK to recruit MEK to RAF 

at the membrane [115]. Importantly, MEK kinase was shown to induce NF-κB 

activation through the degradation of IκB-α, a major inhibitor of NF-κB [208]. 

Interestingly, our results showed that TQ treatment reduced NF-κB (p65) and p-MEK 

and upregulated Iκβ-α expression in xenograft mouse tissues, suggesting a role for 

MEK as a signal mediator involved in Iκβ-α-induced NF-κB inhibition and further 

supporting TQ’s antitumor effects.  

In summary, we showed that TQ has several activities that make it desirable as 

a therapeutic agent. First, TQ showed a significant potential in targeting chemo-resistant 

colorectal CSCs both in vitro and in vivo. Second, TQ exhibited anti-proliferative and 

anti-inflammatory effects and induced apoptosis and DNA damage in these cells. 

Lastly, TQ sensitized colorectal cells to radiation. These data together suggest that TQ 

could be used as an effective agent either alone or in combination with radiation and/or 

chemotherapeutic drugs to enhance the therapeutic efficacy and indicate that this 

relatively non-toxic and inexpensive compound merits further clinical investigation. 
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Of course, there is a need to consider how TQ could be administered given its 

low bioavailability. One mode of delivery could be an intravenous route of 

administration, which could have efficacy in therapeutic paradigms. In this regard, a 

recent study demonstrated that a biodegradable polymeric polyaprolactone (PCL) TQ 

encapsulating nanoparticles can be administered intravenously for the effective 

treatment of colorectal tumors in murine model [209]. More importantly, this method 

was found to be effective, stable and safe, suggesting that nanoparticles are promising 

carrier systems for the utilization of TQ for various therapeutic purposes against 

colorectal cancer. 
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