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ABSTRACT
OF THE DISSERTATION OF

Samar Fadi Al Bitar

for

Doctor of Philosophy
Major: Cell and Molecular Biology

Title: Radiosensitizing Effect of Thymoquinone in 2D and 3D Cell Culture Models of
Human Colorectal Cancer

Background: Colorectal cancer (CRC) is the third most common cancer affecting both
men and women worldwide. Despite the great advances made in detecting and treating
CRC cancer, it remains a major burden in many countries. Standard treatments for CRC
include surgical resection, chemotherapy, radiotherapy, and ablative therapies for
metastases. These treatments have increased the overall survival of patients; however, in
many cases, tumor relapse occurs due to resistance of cancer stem cells (CSCs) to
conventional therapies, including radiotherapy. Some natural compounds have been
shown to induce radiosensitization of CSCs. Thymoquinone (TQ), the black seed extract,
has shown numerous anti-cancer activities in many cancers, including CRC. In addition,
a radiosensitizing effect of TQ has been documented in breast cancer, melanoma, and
head and neck squamous cell carcinoma (HNSCC), yet no studies have investigated its
radiosensitizing effects on CRC cells and stem cells.
Objective: The overall aim of this thesis was to investigate the radiosensitizing potential
of TQ on CRC cells and stem/progenitor cells and in patient-derived organoids. Our first
aim was to study the inhibitory effects of TQ and radiation on a panel of human colorectal
cancer cells cultured in 2D. Our second aim was to isolate and enrich for CRC stem cells
from HCT116 and HT29 cell lines using 3D sphere formation assay and study the
effect/mechanism of action of TQ and radiation on self-renewal capacity of
colonospheres. The third aim was to employ fresh CRC tissue specimens from treatmentnaïve patients to establish 3D patient-derived organoids and study the response of the
established organoids to TQ alone, radiation alone, and combinations of TQ and radiation.
Methods: We first assessed the radiosensitizing effects of TQ in 2D cultures of CRC
cells (HCT116, HCT116 p53 null, HT29, and DLD1) with different mutations and
sensitivity to TQ and radiation. We then tested the efficacy of the combination treatment
in CRC stem/progenitor cells enriched in 3D sphere formation assay, in which single cell
suspensions were plated using Matrigel as an extracellular matrix. Immunofluorescent
analysis and western blot were used to determine the mechanism of radiosensitization by
TQ in these 2D and 3D cultures. The effect of TQ and radiation combinations in patientderived organoids was established using organoid forming assay and
immunofluorescence staining for cancer stem cell markers CD44 and CK19. Statistical
analysis was performed using Graphpad prism 6.
3

Results: Our results showed that TQ sensitized CRC cells to radiation and reduced cell
proliferation, viability, clonogenic survival, and migration ability and was non-toxic to
non-tumorigenic intestinal cells. TQ sensitizing effects were associated with G2/M arrest,
DNA damage, oxidative stress, as well as changes in key signaling molecules involved
in radioresistance, including p-mTOR, MEK, β-catenin, and NF-κB. Moreover,
combination treatment upregulated p53 and p21 expression. Combining a low dose of TQ
(3 µM) with ionizing radiation (IR) (2 Gy) resulted in complete eradication of CSC
populations enriched from HCT116 and HT29 cells at generation 5 and this was
associated with inhibition of survival, stemness, and DNA repair through targeting
molecules involved in these processes, including CD44, CK8, CK19, CD133, β catenin,
and NF-κB while upregulating γH2AX, p53, and p21. These doses also led to ~1.4- to
~3.4-fold decrease in organoid forming ability of patient-derived organoids and resulted
in more than 1.3-fold decrease in stem cell markers CD44 and CK19 expression in
organoids that were resistant to radiation. Our findings show that combining TQ and
radiation could be a promising therapeutic strategy for eradicating CRC cells and
stem/progenitor cells.
Conclusion: This study underscores the importance of 3D sphere and organoid culture
assays for studying colorectal cancer stem/progenitor cell characteristics. Moreover, this
study demonstrates TQ’s potential as a radiosensitizing molecule against colorectal
cancer cells and stem cells, in addition to patient-derived organoids that are resistant to
radiation alone.

4

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ........................................................... 1
ABSTRACT ................................................................................... 3
ILLUSTRATIONS ......................................................................... 8
TABLES ....................................................................................... 10
ABBREVIATIONS ...................................................................... 11
INTRODUCTION ........................................................................ 14
A.

Colorectal cancer ................................................................................................ 14
1.
2.
3.
4.

Colon structure and function........................................................................... 14
Colorectal cancer epidemiology, risk factors, and subtypes ........................... 16
Development of colorectal cancer .................................................................. 17
Diagnosis and management of colorectal cancer ............................................ 21

B.

Cancer stem cells ................................................................................................ 22

C.

Colorectal cancer stem cells ............................................................................... 24
1.
2.
3.
4.

Origin, markers, and signaling pathways........................................................ 24
Resistance to therapy ...................................................................................... 26
Enrichment of colorectal cancer stem cells .................................................... 27
Targeting colorectal cancer stem cells ............................................................ 31

D.

Thymoquinone .................................................................................................... 33

E.

Aim of the study ................................................................................................. 36

MATERIALS & METHODS....................................................... 39
A.

Cell culture conditions ........................................................................................ 39

B.

TQ preparation and treatment ............................................................................. 39

C.

Irradiation............................................................................................................ 40

D.

MTT cell proliferation assay............................................................................... 40

E.

Trypan blue exclusion assay ............................................................................... 40
5

F.

Clonogenic survival assay .................................................................................. 41
1.
2.

2D clonogenic survival assay ......................................................................... 41
3D clonogenic survival assay ......................................................................... 41

G.

Wound healing assay .......................................................................................... 42

H.

Cell cycle analysis .............................................................................................. 42

I.

ROS detection by DHE stain .............................................................................. 43

J.

Sphere formation assay ....................................................................................... 43

K.

Propagation assay ............................................................................................... 44

L.

Patient-derived organoids ................................................................................... 44
1.
2.

Study design and ethical considerations ......................................................... 44
Establishment and propagation of patient-derived colorectal cancer organoids
45

M. Cell line-derived organoids ................................................................................. 46
N.

Immunofluorescent Analysis .............................................................................. 47
1.
2.
3.

2D cultures ...................................................................................................... 47
3D cultures ...................................................................................................... 48
Immunofluorescence of embedded tumor tissues ........................................... 49

O.

Histology and Immunohistochemical Analysis .................................................. 50

P.

Western blot analysis .......................................................................................... 50

Q.

Statistical analysis ............................................................................................... 52

RESULTS ..................................................................................... 53
A.

Effect of TQ and radiation on proliferation of colorectal cancer cells ............... 53

B.

Effect of TQ and radiation on colorectal cancer cell viability ............................ 58

C.

Effect of TQ and radiation on colony and sphere-forming ability of previously

treated cells ................................................................................................................. 61
1.
2.

2D clonogenic survival assay ......................................................................... 61
3D clonogenic survival assay ......................................................................... 64

D.

Effect of TQ on IR-induced cell migration ......................................................... 70

E.

Effect of TQ and radiation on cell cycle distribution in colorectal cancer cells . 72

F.

Effect of TQ and radiation on DNA repair in colorectal cancer cells ................ 73

G.

Effect of TQ and IR on oxidative stress ............................................................. 80
6

H.

Effect of TQ and radiation on pathways implicated in radioresistance .............. 82

I.

Effect of TQ and radiation on colorectal cancer stem/progenitor cells and their

sphere-forming and self-renewal ability ..................................................................... 86
J.

Effect of TQ and radiation on DNA repair and stemness in cancer

stem/progenitor cells ................................................................................................... 91
K.

Effect of TQ and IR on patient-derived tumor organoids ................................... 97

L.

Effect of TQ and radiation on cell line-derived organoids ............................... 104

DISCUSSION ............................................................................. 107
BIBLIOGRAPHY ...................................................................... 120

7

ILLUSTRATIONS
Figure
1. Mechanism of colorectal cancer progression. ........................................................ 19
2. Colorectal cancer stages. ........................................................................................ 22
3 . Origin of cancer stem cells. ................................................................................... 24
4. Mechanisms of CSC resistance to therapy. ............................................................ 27
5. Targeted therapies against colorectal cancer stem cells. ........................................ 32
6. Chemical structure of Thymoquinone. ................................................................... 33
7. Schematic diagram summarizing the experimental plan adapted for establishing
patient-derived organoids. .......................................................................................... 46
8. Effects of TQ and IR on HCT116 cell proliferation. ............................................. 54
9. Effects of TQ and IR on HCT116 p53 null cell proliferation. ............................... 55
10. Effects of TQ and IR on HT29 cell proliferation. ................................................ 56
11. Effects of TQ and IR on DLD1 cell proliferation. ............................................... 57
12. TQ and IR combination is non-toxic to non-tumorigenic intestinal cells. ........... 58
13. TQ sensitizes colorectal cancer cells to IR that leads to reduction in their cell
viability. ..................................................................................................................... 61
14. Effects of TQ and IR on non-tumorigenic intestinal cells viability. .................... 61
15. TQ sensitizes colorectal cancer cells to IR that leads to reduction in their colony
forming ability............................................................................................................ 63
16. Effects of TQ and IR on colony forming ability of non-tumorigenic intestinal
cells. ........................................................................................................................... 64
17. Inhibition of sphere-forming ability of spheres derived from colorectal cancer
cells previously treated with TQ and IR. ................................................................... 68
18. Sphere-forming ability of spheres derived from non-tumorigenic intestinal cells
previously treated with TQ and IR. ............................................................................ 69
21. TQ radiosensitization of colorectal cancer cells is associated with upregulation of
p-ATM and p-ATR expression in colorectal cancer cells. ......................................... 76
22. TQ radiosensitization of colorectal cancer cells is associated with an increase in
γH2AX expression in colorectal cancer cells............................................................. 78
23. TQ enhances IR-induced oxidative stress. ........................................................... 82
8

24. TQ and IR combination regulates p-mTOR expression in colorectal cancer cells.
.................................................................................................................................... 83
26. TQ sensitizes colorectal cancer cells to radiation through targeting major
pathways implicated in survival and resistance to radiation. ..................................... 85
27. TQ sensitizes colorectal cancer stem/progenitor cells to IR and reduces their
sphere-forming and self-renewal ability. ................................................................... 87
28. TQ enhances the effect of radiation on self-renewal capacity of colorectal cancer
stem/progenitor cells. ................................................................................................. 88
29. TQ sensitizes colorectal cancer stem/progenitor cells to IR and reduces their
sphere-forming ability. ............................................................................................... 90
30. TQ and IR are non-toxic to colorectal cancer stem/progenitor cells enriched from
non-tumorigenic intestinal cells. ................................................................................ 91
31. TQ radiosensitization of colorectal cancer stem/progenitor cells lead to inhibition
of DNA repair. ........................................................................................................... 92
32. TQ radiosensitization of colorectal cancer stem/progenitor cells lead to reduction
in the expression of CD44 cancer stem cell marker. .................................................. 93
33. TQ radiosensitization of colorectal cancer stem/progenitor cells lead to reduction
in the expression of CK8 and CK19. ......................................................................... 95
34. TQ radiosensitization of colorectal cancer stem/progenitor cells lead to inhibition
of survival and stemness. ........................................................................................... 96
35. TQ radiosensitizes patient 1-derived rectal cancer organoids and reduces their
organoid-forming ability and size. ........................................................................... 100
36. TQ and radiation inhibit patient 2-derived colon cancer organoids and reduce
their organoid-forming ability and size. ................................................................... 101
37. TQ and radiation inhibit patient 3-derived colon cancer organoids and reduce
their organoid-forming ability and size. ................................................................... 102
38. TQ and radiation inhibit HCT116 colorectal cancer cell line-derived organoids
and reduce their organoid-forming ability. .............................................................. 105
39. TQ radiosensitizes HT29 colorectal cancer cell line-derived organoids and
reduces their organoid-forming ability..................................................................... 106

9

TABLES
Table
1. List of primary and secondary antibodies used in immunofluorescent
/immunohistochemical staining .......................................................................... 48
2. List of primary and secondary antibodies used in western blot experiments ..... 51
3. Significance between different groups stained for p-ATM, p-ATR, and γ H2AX
in HCT116 cells irradiated for 0 mins, 10 mins, or 24 hrs ................................. 77
4. Significance between different groups stained for p-ATM, p-ATR, and γ H2AX
in HT29 cells irradiated for 0 mins, 10 mins, or 24 hrs. ..................................... 80
5. Colorectal cancer patients’ clinical and histopathologic characteristics .......... 104

10

ABBREVIATIONS
2D: Two-dimension
3D: Three-dimension
5-FU: 5-Fluorouracil
ABC: ATP-binding cassette
ACF: Aberrant crypt foci
ACNP: Aragonite calcium carbonate nanoparticles
AdDMEM: Advanced DMEM
AML: Acute myeloid leukemia
APC: Adenomatous polyposis coli
ATM: Ataxia telangiectasia mutated
ATR: ATM and Rad3-related protein
AUB: American University of Beirut
AUBMC: American University of Beirut medical center
CAFs: Cancer-associated fibroblasts
CAM: Chorioallantoic membrane
Capeox: Apecitabine and oxaliplatin
CBC: Crypt base columnar
Chk: Checkpoint kinases
CIMP: CpG island methylator phenotype
CIN: Chromosomal instability
CRC: Colorectal cancer
CSCs: Cancer stem cells
CS-NP: Chitosan-based nanoparticles
CTNNB1: Catenin-β1
DDR: DNA damage response
DHE: Dihydroethidium
DMH: 1,2-dimethyl-hydrazine
DOX: Doxorubicin
DSBs: Double strand breaks
ECM: Extracellular matrix
11

EGF: Epidermal growth factor
EGFR: Epidermal growth factor receptor
EMT: Epithelial to mesenchymal transition
FAM123B: Family with sequence similarity 123B
FAP: Familial adenomatous polyposis
FBS: Fetal bovine Serum
FOLFOX: 5-FU, leucovorin, and oxaliplatin
FOLFOX4: 5-FU, oxaliplatin, and leucovorin
FOLFOXIRI: 5-FU, leucovorin, oxaliplatin, and irinotecan
FZD10: Frizzled class receptor 10
G: Generation
GADD45alpha: DNA damage inducible gene
GSK-3β: Glycogen synthase kinase
H&E: Hematoxylin and Eosin
HNSCC: Head and neck squamous cell carcinoma
IBD: Inflammatory bowel disease
IR: Ionizing radiation
IRB: Institutional Review Board
ISCs: Multipotent intestinal stem cells
Lgr5: Leucine-rich repeat-containing G-protein coupled receptor 5
LOH: Loss of heterozygosity
LRP5: Low-density lipoprotein receptor-related protein 5
MAPK: Mitogen-activated protein kinase
MDR: Multiple drug resistance
MMR: DNA mismatch repair
MSI: Microsatellite instability
MTT: 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
NGS: Normal goat serum
NLC: Nano-structured lipid carriers
NPs: Nanoparticles
OD: Optical density
OFC: Organoid-forming count
12

PBS: Phosphate-buffered saline
PD-1: Lymphocyte exhaustion marker
PDOs: Patient-derived organoids
PE: Plating efficiency
PFA: Paraformaldehyde (PFA)
PI 3-kinase: Phosphatidyl-inositol 3-kinase
PI: Propidium iodide
PI3K: Phosphatidylinositol 3-kinase
PI3KCA: Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit-α
PIKKs: Phosphatidyl-inositol 3-kinase like family of protein kinases
PSCs: Pluripotent stem cells
PTEN: Phosphatase and tensin homologue
RI: ROCK inhibitor
ROS: Reactive oxygen species
RSPO: R-spondin
SCID: Severe combined immunodeficient mice
SEM: Standard error mean
SF: Surviving fraction
SFRP: Secreted frizzled-related protein
SFU: Sphere-forming unit
SLN: Solid-lipid nanoparticle
SMAD4: SMAD family member 4
TA: Transit amplifying
TGFBR2: TGFβ _receptor 2
TGFβ: Transforming growth factor-β
TME: Tumor microenvironment
TNT: Total neoadjuvant therapy
TQ: Thymoquinone
VEGF: Vascular endothelial growth factor
VEGF1: Vascular endothelial growth factor receptor1

13

CHAPTER I
INTRODUCTION
A. Colorectal cancer
1. Colon structure and function
The large intestine is the final section of the digestive tract and includes the
cecum, appendix, colon, rectum, and anal canal [1]. The colon consists of 4 parts: the
ascending, transverse, descending, and sigmoid colon. The ascending and transverse
colon constitute the proximal colon, while the descending and sigmoid colon constitute
the distal colon [2]. Histologically, the small and the large intestine are composed of three
tissue layers. The outer layer consists of sheets of smooth muscle that mediate, together
with the enteric nervous system, the peristaltic contraction of the intestine. A supportive
layer of connective tissue, known as submucosa or stroma, separates the outer layer from
the innermost layer of the intestine and contains a network of blood and lymph vessels,
in addition to nerves. The inner layer functions in absorption and processing and is made
up of a single-epithelial cell layer known as the mucosa. Unlike the small intestine, the
inner layer of the large intestine does not have villi [3]. There are four types of
differentiated epithelial cells in the colon: absorptive or enterocytes, muco-secreting (also
called goblet cells), enteroendocrine, and Paneth cells [4, 5].
Intestinal epithelium has a self-renewal capacity, whereby most of the gut
epithelial cells are replaced every 4 to 5 days. Renewal capacity is attributed to the
multipotent intestinal stem cells (ISCs) that reside at the bottom of the crypt. The
immediate daughter cells that result from ISC proliferation can proliferate for infinite
number of times before turning into fully differentiated cells. Undifferentiated cells in
transition between stem cells and differentiated cells are called transit amplifying (TA)
14

cells. These cells are located directly above ISCs and are the main producers of intestinal
epithelial cells [6].
Coexistence of quiescent and active normal adult ISCs has been shown in in vivo
and in vitro cultures following the identification of the long-lived yet rapidly dividing
intestinal crypt base columnar cells (CBCs) that specifically express leucine-rich repeatcontaining G-protein coupled receptor 5 (Lgr5) [7]. These cells are capable of selfrenewal and differentiation to produce all types of intestinal epithelial cells in vivo [3, 7].
They are now known as mitotically active ISCs and are thought to maintain the
physiological homeostasis of the intestine. Interestingly, long before Lgr5 CBCs were
identified, a subset of epithelial cells residing at +4 position relative to the base of the
crypt were thought to represent the ISCs, as they have been observed to share some
properties of adult stem cells. In fact, populations of crypt cells expressing specific
markers, such as Bmi1, Hopx, mTert, Krt19, Sox9, Mex3a, or Prox1 have been identified
at +4 position [8, 9]. Most of these cells are slowly dividing and can give rise to clonal
lineage-tracing events at much lower frequency than Lgr5 CBCs [9]. Importantly, Wnt,
bone morphogenetic protein (BMP), Notch, epidermal growth factor (EGF), and Hippo
signaling have central roles in ISC regulation, intestinal homeostasis, and regeneration
[8].
Self-renewal, multipotency, and plasticity of ISCs are largely controlled by
intrinsic molecular processes and extrinsic signals from neighboring niche. Vital niche
components include epithelial progenies of ISCs and mesenchymal cells, such as Paneth
cells, fibroblasts, endothelial cells, enteric neurons, and immune cells. These niche cells
secrete a variety of cytokines and growth factors to stimulate the regeneration of ISCs, in
response to injury induction [8, 10].
15

2. Colorectal cancer epidemiology, risk factors, and subtypes
Colorectal cancer (CRC) is the third most common cause of cancer-related
deaths worldwide. It is one of the most frequent malignancies in men and women
worldwide. According to the American Cancer Society [11], an estimated 106,180 new
cases of colon cancer and 44,850 of rectal cancer will be diagnosed in 2022 in the US,
with the majority being in people older than 50 years old. Although the death rate from
CRC has been dropping; however, it is expected that 52,580 deaths will result from CRC
in 2022. Statistics on death from colon and rectal cancer separately are currently not
available due to misconceptions in the use of the terms colon cancer and rectal cancer,
which often leads to the misclassification of deaths from colon cancers as deaths from
rectal cancer in almost 40% of the cases. Although the majority of CRC occur in people
above 50, it was estimated that 12% of the estimated CRC deaths in 2020 was in
individuals younger than age 50 [11-14].
Multiple factors are associated with an increased risk for developing CRC.
Lifestyle factors including unhealthy diet, heavy alcohol consumption, lack of physical
activity, and smoking contribute to half the cases of CRC in the US [11, 14]. On the other
hand, people who maintain a healthy lifestyle behavior have a 27% to 52% lower risk of
developing CRC, as compared to those who do not [14, 15].
Nonmodifiable factors are also among the causes of CRC. Heredity and family
history contribute to 30% of CRC cases, making them a major risk factor. The risk of
developing CRC increases 2 to 4 times in individuals with one or more first-degree
relative who has been diagnosed with CRC. Also, the risk is higher in individuals with a
personal history of adenomatous polyps or with 2 or more second-degree relatives who
have been diagnosed with adenomas. Moreover, personal history of inflammatory bowel
16

disease (IBD) is also a condition that increases the overall risk of developing CRC by 4to 20-fold [16].
It has been recently reported that 5% of CRC patients harbor a genetic mutation,
resulting in a high-risk hereditary genetic condition, and 5% harbor a genetic variation
associated with a moderate-risk condition that contributes to CRC development [17].
Lynch syndrome is an autosomal dominant genetic disease that accounts for 2-5% of all
CRCs and is the most common hereditary condition associated with CRC. It is also known
as hereditary non-polyposis CRC. In this disease, a germline mutation in one of several
DNA mismatch repair (MMR) genes, together with the inactivation of the other normal
allele, results in loss of function and microsatellite instability (MSI) [18]. Another
common hereditary condition associated with CRC is familial adenomatous polyposis
(FAP) that accounts for 1% of CRC cases and is caused by a mutation in the adenomatous
polyposis coli (APC) gene, truncation of APC protein, and consequently loss of APC
function [18]. Approximately, 75% of CRCs are sporadic, in which they occur in
individuals without genetic predisposition or family history of CRC [19]. The remaining
CRC cases arise through a serrated pathway that involves the activation of the MAPK
pathway and the presence of CIMP [19].

3. Development of colorectal cancer
It is postulated that CRC develops as a result of sequential accumulation of
mutations and epigenetic changes that drive tumor initiation and progression. Thirty-one
years ago, Fearon and Vogelstein proposed a genetic model describing the transition from
normal epithelia through dysplastic adenoma to cancer cells [20]. The model is illustrated
in figure 1. This “classic” CRC formation model states that most CRC arise from a polyp
17

or an aberrant crypt, which then develops into early tubular adenoma. The adenoma then
progresses into advanced adenoma, and finally CRC. This multistep process is driven by
the accumulation of mutations in APC, Kirsten-ras (K-ras), p53, and SMAD Family
Member 4 (SMAD4) [20].
The homozygous inactivation of the tumor suppressor gene APC is thought to
be the initiating mutation [20]. It is also responsible for FAP and approximately 85% of
sporadic CRC [21]. The APC gene is located at chromosome 5q21. It encodes an 8.5-kB
mRNA and a 312-kD protein. The structure of the APC protein complex is characterized
by many protein/protein interaction sites that allows it to bind to and regulate the activity
of key molecular players, including β-catenin [22]. APC has multiple cellular functions,
such as inhibiting canonical Wnt signaling, microtubule nucleation, and RNA binding
and regulation [9]. Most of the APC mutations occur in the mutation cluster region
(MCR), introducing a stop codon into the APC mRNA, and resulting in deletion of the
carboxyl-terminal functions of the protein, including β-catenin binding site. APC
mutation provides selective growth advantage to epithelial cells and regulates their entry
into the adenoma-carcinoma progression [21].
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Figure 1. Mechanism of colorectal cancer progression. The ‘classic’ or traditional
pathway (top) involves the development of tubular adenomas that can progress to
adenocarcinomas. An alternate pathway (bottom) involves serrated polyps and their
progression to serrated colorectal cancer. Genetically mutated or epigenetically altered
genes are indicated in each pathway. The signaling pathways deregulated during cancer
progression are shown, with the width of the arrow reflecting the significance of the
signaling pathway in tumor formation. APC, adenomatous polyposis coli; CIN,
chromosomal instability; CTNNB1, catenin-β1; FAM123B, family with sequence
similarity 123B; 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-4,5bisphosphate 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 and modified from
[23]].

Mutations in p53 occur in late events during CRC development. These mutations
occur in up to 70% of CRCs [24]. p53 gene is localized on the short arm of chromosome
17. p53 protein is the guardian of the genome and is also known as the gatekeeper that
functions as a transcription factor to control cell cycle by interacting with a variety of
proteins including p21, in response to cellular stress and DNA damage [25, 26]. Loss of
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p53 activity and thereby failure to induce apoptosis is considered an important
determinant of progression to a malignant tumor.
Another route to colorectal carcinogenesis has been described [27]. This route
occurs through serrated polyps rather than tubular adenomas and accounts for 5-10% of
all polyps. The latter arise by molecular and histological events that are distinct from
adenomas described in the first model (Figure 1) [23].
Three major molecular pathways play a role in CRC development.
Chromosomal instability (CIN) pathway, CpG island methylator phenotype (CIMP)
pathway, and microsatellite instability (MSI) pathway. The most common pathway is the
CIN pathway that accounts for more than 85% of the cases and involves the accumulation
of chromosomal abnormalities [28]. Loss of heterozygosity (LOH) at tumor suppressor
loci, chromosomal rearrangements, and accumulation of mutations in oncogenes (ex. KRAS) and tumor suppressor genes (APC and p53) are characteristics of CIN CRC [29].
Microsatellite instability results from mutations and dysfunctions in DNA
mismatch repair (MMR) genes. MSI is found in 15% of all sporadic CRCs [19]. The
MMR system is composed of several proteins that associate with specific partners to form
functional heterodimers. Silencing of MMR genes, such as MLH1, occurs through
promotor hypermethylation. In MSI tumors, mutations in genes such as MSH3, TGFBR2,
BAX, CASP5, MSH6, CTNNB1, APC, IGF2, and E2F4 are also observed [19].
CpG island methylator phenotype also accounts for 15% of all sporadic CRCs
[18]. This pathway results in genetic instability via aberrant methylation of the promotor
regions, and thus the epigenetic inactivation of tumor suppressor genes, including MLH1
[30]. CIMP-positive cancers can be further classified into CIMP-low (or CIMP-2) or
CIMP-high (or CIMP-1) categories and may associate with distinct mutations [31].
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4. Diagnosis and management of colorectal cancer
CRC can be classified into five stages (Figure 2). Stage 0 is defined by
appearance of small tumorigenic nodules that are confined to the mucosa or inner layer
of the colon (carcinoma in situ). Surgery is all what is required at this stage. Stage I is
characterized by tumor invasion through the submucosa and muscularis propria with no
spread outside these layers. Surgical resection is a standard treatment for this stage. Stage
II is defined by tumor invasion through muscularis propria into pericolorectal tissues,
then penetration to the surface of the visceral peritoneum [32]. Surgery is usually the only
treatment needed for stage II, and the use of an adjuvant chemotherapy at this stage is
still controversial. Patients with stage II CRC with high-risk features are sometimes
treated with a 6-month course of adjuvant chemotherapy with one of the following
regimens: 5-fluorouracil (5-FU)/leucovorin, capecitabine, or combination chemotherapy
with a regimen of 5-FU, leucovorin, and oxaliplatin (FOLFOX) or capecitabine and
oxaliplatin (Capeox) [33]. In stage III, the tumor invades muscularis propria and spreads
outside the colon with metastases in one or more regional lymph node. Surgery is applied
to remove the tumor and the affected lymph nodes (fractional colectomy). Adjuvant
chemotherapy using FOLFOX and Capeox regimens are also utilized. In addition,
radiation might be also applied to ensure eradication of tumor cells that remain after
surgery [34]. Stage IV is characterized by tumor spread to one organ or site, such as lung,
liver, ovary, or non-regional lymph node. For this stage, surgery is combined with various
chemotherapy regimens to control the disease. In some cases, radiation is applied after
surgery [32, 34, 35].
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Figure 2. Colorectal cancer stages. Stage 0 is defined by appearance of small
tumorigenic nodules that are confined to the mucosa or inner layer of the colon
(carcinoma in situ). Stage I is characterized by tumor invasion through the submucosa
and muscularis propria. Surgical resection is a standard treatment for stages 0 and I. Stage
II is defined by tumor invasion and penetration to the surface of the visceral peritoneum.
Surgery is usually the only treatment needed for stage II, and the use of an adjuvant
chemotherapy at this stage is still controversial. In stage III, the tumor invades muscularis
propria and spreads outside the colon with metastases in one or more regional lymph
node. Surgery is applied to remove tumor and the affected lymph nodes (fractional
colectomy). Adjuvant chemotherapies are also utilized. In addition, radiation might be
also applied to ensure eradication of tumor cells that remain after surgery. Stage IV is
characterized by tumor spread to one organ or site, such as lung, liver, ovary, or nonregional lymph node. For this stage, surgery is combined with various chemotherapy
regimens to control the disease. In some cases, radiation is applied after surgery.
[Adapted and modified from [32]].
B. Cancer stem cells
Cancer stem cells (CSCs) were first identified in leukemia and isolated via
CD34+ and CD38− surface expression markers in the 1990s [36, 37]. Subsequently,
surface markers, such as CD44, CD133, and nestin have been also identified in CSCs
originating from various non-solid and solid tumors [38, 39]. CSCs develop tumors via
self-renewal and multi-lineage differentiation into multiple cell types. Self-renewal
capacity is one of the most known characteristics of CSCs and is essential for maintaining
proliferating capacities. CSCs can symmetrically divide into two CSCs or into one CSC
and one daughter cell. By expanding symmetrically, CSCs increase tumor growth,
leading to tumor formation. Common signaling pathways involved in self-renewal
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process include Sonic Hedgehog [40], Notch [41], and Wnt/β-catenin pathways [42]. The
latter pathway is of relevance to CRC.
The ability of CSCs to differentiate into different cell types has been shown in
several in vitro and in vivo studies. A study showed that CD34+/CD38− leukemia stem
cells, isolated from acute myeloid leukemia (AML) patients, can differentiate, and
proliferate in severe combined immunodeficient mice (SCID) [37]. Another study
showed that CD133+ cells give rise to multi-lineage CD133- cells, such as astrocytes,
oligodendrocytes, and neurons [43]. In CRC, CD44+/EpCAM+ [44] and CD133+ [45]
subpopulation initiate tumorigenesis and differentiate into CRC cells, while also
reproducing the same morphological and phenotypic heterogeneity of the original tumor
they were isolated from.
Initially, CSCs were thought to originate from normal stem cells; however,
several studies in mouse models showed that progenitor cells can give rise to CSCs
(Figure 3). Krivtsov et al. [46] showed that transducing MLL-AF9 fusion protein into
myeloid progenitors gives rise to leukemia stem cells, whereas Huntly et al. [47] reported
that MOZ-TIF2 converts myeloid progenitor cells to stem cells. Notably, CSCs do not
necessarily originate from normal stem cells or progenitors (Figure 3). Ectopic expression
of transcription factors (e.g., TWIST1 and Snail) in epithelial cells induces stem cell-like
phenotypes [48]. Oncogenic Ras or NF-κB activation induces intestinal epithelial cell
dedifferentiation and acquisition of stemness state and properties [49]. Interestingly,
CSCs have the ability to transdifferentiate into stromal cells, such as vascular endothelial
cells and pericytes in vitro and in vivo [50]. All these findings show the plasticity of CSCs,
another key characteristic of these cells.
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Figure 3 . Origin of cancer stem cells. Cancer stem cells may arise from (1) normal
stem cells that undergo mutations, (2) progenitor cells that undergo mutations or
differentiation and then de-differentiate to produce CSCs, (3) differentiated cells or (4)
somatic cells that undergo de-differentiation, or from (5) cancer cells that undergo
epithelial to mesenchymal transition (EMT). [Adapted and modified from [51]].
C. Colorectal cancer stem cells
1. Origin, markers, and signaling pathways
Colorectal cancer stem cells share major characteristics with stem cells from
other solid tumors, including self-renewal, plasticity, multi-directional differentiation
capacity, deregulation of survival and proliferation signaling pathway (Wnt, Notch, and
Hedgehog), tumorigenicity, and resistance to chemo- and radiotherapy [52]. CRC stem
cells also share key characteristics of normal ISCs, such as infinite division and high
telomerase activity [53].
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The “top-down” and “bottom-up” models have been proposed to explain the
origin of CRC stem cells. The first model suggests that the differentiated (luminal)
intestinal cells at the top of the crypt acquire genetic alterations, mainly at the APC locus,
that results in stem-like properties. These cells display abnormal patterns of proliferation
and form morphologically abnormal crypts by spreading laterally and downwards
towards the normal crypt [54]. The “bottom-up” morphogenesis suggests that stem cells
residing at the crypt base migrate to the crypt apex and expand, thereby populating the
entire crypt [55].
The Wnt/β-catenin pathway activation is important for stemness maintenance
and drug resistance in both models [56, 57]. The activation of this pathway is mediated
through binding of Wnt ligands with Frizzled receptor complex, resulting in the activation
of β-catenin, key effector and a transcription co-regulator [56]. APC/Axin/ glycogen
synthase kinase (GSK-3β) complex is a negative regulator of β-catenin [58]. The multifunctional kinase GSK-3β phosphorylates β-catenin, resulting in its ubiquitination and
proteasomal degradation. Upon activation of Frizzled receptor, GSK-3β is displaced from
APC/Axin complex, therefore stabilizing β-catenin. β-catenin then translocates into the
nucleus, binds to LEF/TCF transcription factors, and activates gene expression.
Mutations in the APC/Axin/GSK-3β complex prevents degradation of β-catenin and
results in its accumulation and nuclear translocation, and consequently activation of genes
involved in stemness and malignancy of CRC [58].
Colorectal cancer stem cells are characterized by the expression of several cell
surface markers. These include CD44, CD133, CD24, EpCAM, LGR5 and ALDH1 [44,
59]. These molecules are involved in cell adhesion, proliferation, malignant progression
and metastasis, resistance to therapy, and stemness [60].
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2. Resistance to therapy
Traditional treatment for CRC includes surgery, chemotherapy, and
radiotherapy. Chemo-and radiotherapy kill highly proliferating non-CSCs and spare
CSCs [61-64]. Mechanism of stem cell resistance is still unclear, but several potential
mechanisms have been proposed (Figure 4). CSCs remain mostly in the quiescent G0
phase and do not enter cell cycle [50]. The three pathways previously described, CIN,
MSI, and CIMP pathways contribute to DNA damage. Moreover, the DNA damage
response (DDR), which is found in all cells, is aberrant in most cancers, including CRC
[65]. DDR is initiated by damage sensors known as DDR sensors that detect DNA
damage, recruit downstream transducer molecules, and trigger a cascade of
phosphorylation events to eliminate deleterious damage [66]. Main transducers and
regulators of DDR are ataxia telangiectasia mutated (ATM) and ATM and Rad3-related
protein (ATR), which are members of the phosphatidyl-inositol 3-kinase (PI3-kinase) like
family of protein kinases (PIKKs) [67]. They interact with p53 and checkpoint kinases
(chk) 1 and 2 through ATM/chk2 and ATR/chk1 pathways that converge on Cdc25, a cell
cycle regulator [67, 68]. An additional contributor to CSC resistance to therapy is the
expression of high levels of anti-apoptotic proteins, including Bcl-2 family members and
apoptotic inhibitors, which results in resistance to cell death by apoptosis [69]. Moreover,
CSCs express high levels of ATP-binding cassette (ABC) transporters, which results in
increased efflux of chemotherapeutic drugs from these cells [70]. Radiotherapy targets
cancer cells by inducing accumulation of reactive oxygen species (ROS) and DNA
damage, thereby leading to cell death. Resistance to radiotherapy is conferred mainly by
the upregulation of anti-apoptotic proteins, activation of an enhanced DDR, and
activation of survival pathways. Moreover, radiotherapy may induce cancer cells to
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acquire phenotype and functions of CSCs, in addition to epithelial to mesenchymal
transition (EMT), resulting in stemness and resistance to therapy [71].

Figure 4. Mechanisms of CSC resistance to therapy. Multiple mechanisms of CSC
resistance have been identified and studied: Activation of apoptotic pathways through
upregulation of Bcl2 family of proteins, dysregulation in differentiation, increased ALDH
activity, enhanced DNA damage response, presence of hypoxic niche that stimulates
resistance (through regulating angiogenesis, survival, proliferation, and stemness),
quiescence, and activation of prosurvival pathways (Wnt, Notch, and Hedgehog
pathways). [Adapted and modified from [72]].

3. Enrichment of colorectal cancer stem cells
Three-dimensional (3D) models of CRC have emerged as useful tools for a better
simulation of in vivo tumors, as compared to their 2D counterparts. Although 2D cultures
have been widely used to study CRC, they do not truly represent the complexity and
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interactions that take place between cancer cells and tumor microenvironment (TME),
such as the extracellular matrix (ECM).

a. 3D colonosphere cultures
Sphere cultures or tumorospheroids are major 3D in vitro models used for
enrichment of CSCs, including CRC stem cells [73]. In these models, cells are grown as
aggregates in suspension or on a reconstituted basement membrane (BD Matrigel matrix).
They maintain cell-cell and cell-matrix interaction and allow for evaluation of CSC
characteristics, such as self-renewal capacity and differentiation potential [74].
3D spheroids are composed of different cell layers [75]. The external layer
consists of highly proliferating cells, the middle layer harbors senescent cells, while the
inner core consists of hypoxic and necrotic cells, similar to tumors in vivo, which is
basically due to limitations in nutrients and oxygen supply to the center of the tumor [75].
This important feature makes spheroids good models for evaluating drug resistance, and
they are usually more resistant to chemo- and radiotherapy compared to cells grown in
2D monolayers [76].
In our study, we adopted a sphere formation assay to isolate and enrich CRC
stem cells from different CRC cell lines, whereby single cells are resuspended in serumfree media and Matrigel. The latter is a semi-solid basement membrane majorly
composed of collagen IV, laminin, heparin sulfate proteoglycans, entactin, nidogen, and
growth factors, mimicking TME in vivo [77]. Upon propagation of spheres, progenitors
are capable of self-renewal up to 2-3 generations, due to their limited self-renewal
capacity. On the other hand, the continuously self-renewing stem cells continue to form
spheres up to generation 10.
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b. Patient-derived organoids
Organoids have emerged as advantageous disease models that bridge the gap
between 2D cultures and in vivo models and have improved basic and clinical cancer
research. The term organoids signifies “resembling an organ”, whereby organoids are
capable of self-organization into 3D structures that mimic the structure and characteristics
of the original tissue [78]. Organoids can be derived from either pluripotent stem cells
(PSCs) or organ-specific adult stem cells [79]. These novel models are being used in
multiple fields and for various purposes. They have been used to model several diseases
including cancer, infectious diseases, and inheritable genetic disorders [80].
Intestinal organoids from either postnatal or adult intestinal epithelium [81] or
from a single adult ISC [82] were cultured in media supplemented with EGF, noggin, and
Wnt agonist R-spondin (RSPO). Mouse- and human-colonic stem cells have been also
used to establish organoids using slightly different media compositions [83]. Sato et al.
[83] succeeded in expanding single crypts and stem cells derived from mouse and human
intestine using long-term culture conditions and the resulting organoids displayed major
hallmarks of small intestinal epithelium, including cell type composition and self-renewal
capacity.
Multiple organoids have been established from gastric [84, 85], colorectal [86,
87], pancreatic [88], liver [89], bladder [90], esophagus [91], brain [92], lung [93] and
endometrial [94] cancers. This has enabled the study and validation of personalized
therapy and prediction of treatment response [95]. Co-culturing organoids with immune
cells enabled the progress of cancer immunotherapy research, while co-culturing
organoids with other stromal cells, such as cancer-associated fibroblasts (CAFs) allowed
the understanding of TME contribution to carcinogenesis [95, 96].
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The development of patient-derived organoids (PDOs) has enabled disease
modeling with precision, which opened new opportunities in biomedical applications,
translational medicine, and personalized therapy [95]. In the context of CRC, organoids
from patients with primary, metastatic or recurrent disease were used to evaluate the
response to standard-of-care chemotherapy, radiotherapy [97], and neoadjuvant
chemoradiation [98]. Ganesh et al. [97] reported that ex vivo organoid responses to
chemotherapy (5-FU alone or FOLFOX) or radiotherapy (single dose, 0-8Gy) correlated
with clinical responses in patients’ tumors. Interestingly, radioresistance was observed in
organoids derived from patients who received radiotherapy or who have shown no to
minimal clinical response. Results from another recent study showed that PDOs treated
with neoadjuvant chemoradiation (5-FU and irinotecan) reported promising predictive
value for clinical response, with 78% sensitivity and ~92% specificity [98]. Several
studies also used PDOs to screen for effective targeted therapies based on specific genetic
variants detected within organoids and that could serve as potential targets for therapy
[99-101]. This approach was implemented using colon and CRC organoids, among other
tumor tissue-derived organoids, to identify patient subsets with vulnerability to targeted
agents, such as Plocabulin, EZH2 inhibitors, and EGF receptor (EGFR) inhibitors [99101]. A more than additive combination effect was demonstrated in patient-derived CRC
organoids treated with second-generation TRAIL receptor agonist (APG-880) in
combination with radiation, suggesting the potential use of AG880 as a radiosensitizer
for treating CRC [102].
We have succeeded in generating PDOs from fresh rectal and colon cancer
tissues. These preclinical models were used to model CRC disease, validate our 2D and
3D spheroid results, and predict treatment response.
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4. Targeting colorectal cancer stem cells
CRC stem cells are resistant to traditional chemo- and radiotherapy, resulting in
disease recurrence and decreased survival [103, 104]. Notably, therapeutic approaches
have been devised to overcome resistance to radiation and chemotherapy in CSCs. 5-FU
is a pyrimidine analog that disrupts DNA, thus inhibiting DNA replication and leading to
cell death. It is the standard treatment for metastatic CRC. Other chemotherapeutic drugs
have been also implemented in clinical practices including irinotecan, oxaliplatin, and
capecitabine [105]. These drugs have become standard treatments for patients with CRC;
however, their efficacy is limited by the intrinsic and acquired resistance to these
therapies, limiting overall survival. The effective use of multidrug chemotherapy
regimens such as 5-FU, leucovorin, and irinotecan (FOLFIRI), 5-FU, leucovorin,
oxaliplatin, and irinotecan (FOLFOXIRI), and 5-FU, oxaliplatin, and leucovorin
(FOLFOX4) has been evaluated in randomized clinical trials [106, 107]. These
combination therapies have led to superior therapeutic results and significantly improved
survival of patients with advanced CRC. CSCs can be directly targeted by inhibiting
pathways involved in self-renewal capacity, such as Wnt, Notch, and Hedgehog pathways
[108]. Frank et al. [109] summarized current approved and investigational therapies
targeting CRC stem cells (Figure 5). These include the administration of small molecule
inhibitors of MEK, mutant BRAF, c-Met, and STAT3 and monoclonal antibodies against
epidermal growth factor receptor (EGFR) and vascular endothelial growth factor
receptor1 (VEGFR1). Additional approaches include selective CSC killing through
targeting Lgr5 and CXCR4 cell surface molecules, differentiation therapy through
administration of BMP4, and reversal of multiple drug resistance (MDR) by blocking
ABCB5 transporters. The application of these therapies has generally further improved
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overall survival [106, 107, 109]. In addition, immune checkpoint therapy has also shown
promising results in patients with metastatic CRC [110]. Interestingly, there is a growing
interest in the use of natural compounds, such as phytochemicals, for sensitizing CSCs to
conventional therapies. These compounds are generally safe, available, cost effective, and
potent when used as complementary treatments for therapies implemented in the clinic
[111].

Figure 5. Targeted therapies against colorectal cancer stem cells. Clinically approved
therapies that target CRC stem cells include small molecule inhibitors of MEK, mutant
BRAF, c-Met, and STAT3 and administration of monoclonal antibodies against EGFR
and VEGFR1. Additional approaches include selective CSC killing through targeting
Lgr5 and CXCR4 cell surface molecules, differentiation therapy through administration
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of BMP4, and reversal of multiple drug resistance (MDR) by blocking ABCB5
transporters. [Adapted and modified from [109]].
D. Thymoquinone
Thymoquinone (TQ) (2-isopropyl-5-methyl-1,4-benzoquinone) is the bioactive
phytochemical constituent of the oil of Nigella sativa L. black seed [112]. Nigella sativa,
also known as black cumin, fennel flower, or nutmeg flower, is a common medicinal herb
with well-known properties that help contain and treat several diseases. It was
traditionally believed to be useful for all diseases except death (Prophetic hadith) [113].
TQ has a basic quinone structure consisting of a para substituted dione conjugated to a
benzene ring in which the hydrogens at positions 2 and 5 are replaced by methyl and
isopropyl groups, respectively (Figure 6) [114].

Figure 6. Chemical structure of Thymoquinone. [Adapted from [115]].

TQ exhibits anti-oxidant [116], hypoglycemic [117], anti-inflammatory [118],
anti-cancer [112], neuro- [119], cardio- [120], nephro- [121] and hepato-protective [122]
activities, in addition to its immune-modulating property [123]. It has also shown antiproliferative, anti-oxidant, anti-inflammatory, and apoptotic activities in multiple cancer
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types, including colorectal [124-127], gastric [128], prostate [129], bladder [130], breast
[131], lung [132], and osteosarcoma [133].
TQ has shown promising anti-cancer effects in in vitro and in vivo models of
CRC, alone and in combination with chemotherapeutic compounds [124, 127, 134-138].
In human LOVO colon adenocarcinoma cell line, TQ was reported to reduce the
expression levels of cancer-promoting molecules such as p-PI3K, p-Akt, p-GSK3β, and
β-catenin, thereby reducing Cox-2 levels and modulating cellular proliferation and
migration. The anti-metastatic effect of TQ was further confirmed in a highly aggressive
human LOVO cancer cell xenograft nude mouse model [134]. In another study, TQ
decreased the viability of COLO205 and HCT116 cells and sensitized these cells to
cisplatin by inhibiting NF-κB activation. Molecular analysis showed that TQ decreased
the levels of phosphorylated p65 in the nucleus. It also reduced the levels of VEGF,
c-Myc, and Bcl-2 [124]. By inhibiting NF-κB through activation of JNK and p38, TQ
also inhibited metastasis in Irinotecan-resistant (CPT‐11‐R) LOVO cells [135]. Another
study showed that TQ induces apoptosis in HCT116 cells through enhancing the activity
of caspase 3 and cleavage of caspase-9, -7, and -3, and PARP. It also reduced the
expressions of Bcl-2 and Bcl-xl [136]. The inhibition of EGFR, JAK2, and Src kinase
phosphorylation by TQ inhibited STAT3 activation [136]. TQ mediates p53-dependent
chk1 inhibition and consequently, apoptosis induction in HCT116 [137]. TQ reduced
tumor multiplicity and aberrant crypt foci (ACF) and inhibited tumor growth while
inducing apoptosis in HCT116 xenograft [127]. TQ inhibited 1,2-dimethyl-hydrazine
(DMH)-induced colon carcinogenesis in Wistar rats through modulating ROS and lipid
peroxidation levels and reducing dysplasia degree [138]. It has been reported that TQ
derivatives inhibit the proliferation by increasing p21cip1/waf1 mRNA levels and
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reducing cyclin E levels in HCT116 cells [139]. Recently, combining TQ and 5-FU or
using a novel 5-FU/TQ hybrid were shown to be more effective than 5-FU in targeting
resistant CRC stem cells by inhibiting self-renewal capacity through targeting Wnt/ßCatenin and PI3K/Akt signaling pathways in vitro. In vivo, 5-FU/TQ hybrid was effective
in reducing the growth of chick chorioallantoic membrane (CAM) xenograft [140].
In addition to its anti-cancer role, TQ has been shown to have radio-potentiating
role in several types of cancer with limited toxicity to normal cells and thus, might be an
ideal adjuvant to radiotherapy in CRC. Studies have shown that TQ enhances apoptosis
and cell cycle arrest when combined with radiation in breast cancer cells [141]. Another
study showed that TQ enhances radiosensitivity, alone or in combination with paclitaxel,
of breast cancer cells. Further investigation showed that it mediates sensitivity and
inhibits radiation-induced migration and invasion and EMT via restoring high levels of
E-cadherin and decreasing TGF-β, integrin αV, MMP9, and MMP2 expression [142].
Moreover, it was shown that TQ modulates pathways involved in radiotherapy resistance,
including PI3K/Akt/mTOR signaling pathway [143]. TQ also demonstrated synergistic
effects when combined with radiation in head and neck squamous cell carcinoma
(HNSCC) cells through inhibition of proliferation [144]. It also enhanced the effect of
gamma knife on apoptosis and DNA damage in B16-F10 melanoma cells by modulating
the JAK2/STAT3 pathway [24].
On the other hand, in vivo studies have shown that TQ has a radio-protective
effect by reducing radiation-induced oxidative [145] and nitrosative stress in brain tissues
[146]. Moreover, TQ protected T cells from apoptosis and exhaustion, in gamma
radiation-exposed rats, through modulating the expression of apoptosis-related proteins
(Bcl-2, Bax, and caspase-3), pro-inflammatory cytokines (TNF-α and IL-6), and T
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lymphocyte exhaustion marker (PD-1) [147]. TQ mediates its radio-protective activity
mainly by acting as a free radical and superoxide radical scavenger through activating
anti-oxidant enzymes in healthy cells [148], while inducing ROS, and thus oxidative
stress in cancer cells [138, 148].
Few studies investigated the pharmacokinetic and pharmacodynamic
characteristics of TQ [149, 150]. It was shown that TQ is reduced by catalyzing liver
enzyme into hydroquinone [149]. Upon oral administration, TQ was detected in the
plasma of rats up to 12 hours [150]. Despite the promising anti-cancer effects of TQ, its
use in clinical practice is hindered by its limited bioavailability, hydrophobicity, and high
capacity to bind plasma proteins [151]. For this reason, encapsulation of TQ in
nanoparticles (NPs) is being extensively studied and has shown promising results so far
for better TQ bioavailability, delivery, and targeting against cancer cells. Examples
include the use of polymeric TQ nanoparticles (PLGA, PHA–mPEG, and PEGylated),
lipid-based (Nano-structured lipid carriers (NLC), liposomes, and solid-lipid nanoparticle
(SLN)), and chitosan-based (Chitosan (CS-NP)) [151].
As for the safety and effectiveness of TQ administration, a recent phase I study
reported that TQ reduced potentially malignant oral lesions in patients at a dose of
100/200 mg [152]. In a phase I trial, TQ was found non-toxic in patients up to 10
mg/kg/day; however, no significant anti-cancer effect was achieved at this dose [153].

E. Aim of the study
Colorectal cancer is still one of the leading causes of death worldwide. Despite
the great advances made in detecting and treating CRC, it remains a major burden in many
countries. This is due to some limitations in using traditional chemotherapy and
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radiotherapy alone for cancer treatment. Many chemotherapeutic drugs are nonspecific
to cancer cells and cytotoxic to normal cells. Additionally, multidrug resistance may
occur during treatment, resulting in recurrence and metastasis [154]. It is believed that
cancer stem cells (CSCs), which are a subpopulation within the tumor characterized by
stemness and self-renewal capacity, are responsible for resistance and aggression of the
disease.
There is a growing interest in developing combination therapy for effective and
significant targeting of CSCs. Natural compounds are attractive candidates in
combination therapy due to their multitargeting, safety, and cost-effectiveness [111].
Thymoquinone, the major bioactive compound found in Nigella sativa, exhibits
several cytotoxic activities against many cancer types, including CRC, through the
modulation of multiple hallmarks of cancer. Notably, TQ can sensitize chemo- and radioresistant cancer cells by modulating several survival and DNA repair pathways involved
in resistance [155]. Although multiple investigators explored the effect of TQ on cancer,
no studies have investigated the anti-tumor effect of TQ in combination with radiation on
CSCs.
In this study, we aim to investigate a novel approach to the inhibition of CRC
cells and CRC stem cells using a novel combination therapy with promising possibilities
for clinical translation. Panels of CRC cell lines (HCT116, HCT116 p53 null, HT29, and
DLD1) with different mutations and sensitivity were used to study the effects of TQ and
ionizing radiation (IR). 3D spheroid cultures derived from HCT116 and HT29 cells were
used to enrich for stem/progenitor cells and study effects of TQ and IR on CSCs selfrenewal capacity. Patient-derived organoids from fresh rectal and colon cancer tissues
were successfully established and propagated to investigate the anti-cancer potential of
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TQ alone and in combination with IR. These models were used to validate the
radiosensitizing effect of TQ.
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CHAPTER II
MATERIALS & METHODS
Based on my manuscript that was published in Cancers journal [156], below is
the methods:

A. Cell culture conditions
Human non-tumorigenic intestinal epithelial FHs74Int cells and CRC cell lines
HCT116, HCT116 p53 null, HT29, and DLD1 were purchased from ATCC (ATCC,
USA). HCT116, HT29, and DLD1 cells were cultured and maintained in RPMI 1640
(Sigma-Aldrich, Germany) with 20 mM HEPES and L-Glutamine. HCT116 p53 null cells
were cultured in DMEM 4.5 g/L Glucose with L-Glutamine (LONZA). FHs74Int cells
were cultured in DMEM 4.5 g/L Glucose with L-Glutamine (LONZA) supplemented
with 10 µg/mL insulin and 1% sodium pyruvate. Media was 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. TQ 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 were prepared as
per manufacturer’s instructions. Intermediate concentrations were prepared in appropriate
media by serial dilutions from stock.

39

C. Irradiation
Irradiation of 2D and 3D cultures was performed using the 225 kV biological Xray Irradiator. Following treatment with TQ for 24 hrs, 2D cells were irradiated with 2
Gy once and incubated for another 24 and/or 48 hrs, unless indicated otherwise. For MTT
assay, cells were irradiated with different IR doses (1, 2, or 4 Gy). For 3D assays,
spheres/organoids were irradiated with 2 Gy once at each generation.

D. MTT cell proliferation assay
Cell proliferation was determined by MTT ([3-(4, 5-dimethylthiazol-2-yl)-2, 5diphenyltetrazolium bromide]) (Sigma-Aldrich) assay according to the manufacturer’s
instructions. Non-tumorigenic and CRC cells were plated in 100 μL complete medium in
96-well culture plates and then treated at 50% confluency in triplicates with various TQ
concentrations or IR doses or with TQ followed by irradiation. TQ treatment was
replenished every day. At specific time points, 10 µL of MTT (5mg/mL in DMSO) was
added to each well and incubated at 37°C for 4 hrs, after which 100 µl isopropanol was
used 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. The percentage of proliferating cells was
calculated as: % proliferation= OD of treated cells/OD of untreated cells x 100.

E. Trypan blue exclusion assay
Non-tumorigenic and CRC cells were seeded in 24-well plates and treated with
TQ, IR, or TQ+IR for 48 and 72 hrs. TQ treatment was replenished every day. Each
experiment was repeated three times and in duplicate measurements. Following treatment
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attached live cells were harvested by trypsin/EDTA and the cell pellet was re-suspended
in media. 50 µl of cell suspension was mixed with 50 µL of trypan blue and live cells
were counted using a hemocytometer.

F. Clonogenic survival assay
1. 2D clonogenic survival assay
Non-tumorigenic and CRC cells were seeded in 12-well plates and treated at
50% confluency with TQ alone, radiation alone, or combinations for 48 hrs. Cells were
then trypsinized, counted, and plated at low density (2000-3500 cells) in 100-mm tissue
culture dishes and left for 8-10 days in the incubator. Subsequently, cells were washed
with PBS, fixed with 95% ethanol, and stained with 1 mL of aqueous 0.5% solution of
crystal violet. Colonies having more than 50 cells were counted. The plating efficiency
(PE), defined as the ability of control cells to survive and grow into colonies, was
calculated as: PE = colonies counted in control/plating density of control. Surviving
fraction (SF) for each treatment was calculated as: SF = colonies counted/[cells plated ×
(PE/100)]. The SF value of each treatment was then plotted.

2. 3D clonogenic survival assay
3D clonogenic survival assay was done as described above; however following
trypsinization, cells were re-suspended in serum free media, counted, and single cell
suspensions (1000 cells/well) were mixed with growth factor-reduced Matrigel™ (1:1)
in a total of 10 µL. The solution was then plated gently around the rim of individual wells
of 96-well culture plates (10 μL per well). Each experimental condition was performed
in duplicate. The Matrigel™ (Corning Life Sciences) was allowed to solidify for 1 hr at
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37°C in a humidified incubator, after which 200 µL/well of complete media (+5% FBS),
without treatment, was gently added to the center of each well and regularly changed
every 3 days. Sphere counts were performed at day 10-12 of culture. The sphere-forming
unit (SFU) was calculated as the ratio of the number of spheres formed/ number of cells
originally seeded x100. Bright field images of the spheres were obtained using Axiovert
microscope from Zeiss at 10X magnification.

G. Wound healing assay
Cells were seeded in 6-well plates and allowed to adhere in the respective
medium. When cells reached 90-100% confluency, 2 µg/mL of mitomycin C (SigmaAldrich) was added to each well for 20 mins to block cellular proliferation. The media
was discarded, and the monolayer was scraped to make a scratch in the middle of each
well using a 200 µL micropipette tip. Wells were then washed twice using phosphatebuffered saline (PBS) to remove the detached cells. The medium alone or with TQ alone,
or radiation, or combinations was added to the cells. Photos were taken directly after
treatment at different intervals. The percentage of the wound width was calculated:
(wound width at specific time point)/(control wound width at 0 h) × 100.

H. Cell cycle analysis
Cells were seeded in 6-well plates at appropriate densities and treated at 50%
confluency with TQ alone, radiation alone or combinations. Dead and live cells were then
collected, washed, and incubated in 70% cold ethanol for 30 mins. Cells were then
incubated for 30 mins at 37 °C with 100 μL of propidium iodide (PI) solution [6 μL
RNase, 30 μL PI (1 mg/mL) in PBS]. Cell cycle analysis was performed by flow
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cytometry using Guava EasyCyte8 Flow Cytometer-Millipore. GuavaSoft™ 2.7
Software was used to analyze the distribution of cells in the different phases of the cell
cycle.

I.

ROS detection by DHE stain
The level of oxidative stress was assessed by Dihydroethidium (DHE) staining

of cells treated with TQ, IR or combinations. DHE is a cell-permeant reagent that
intercalates with the cell’s DNA, staining its nucleus a bright fluorescent red when it is
oxidized by ROS. Briefly, HCT116 and HT29 cells were seeded on coverslips in 12 well
plate. After 48 hrs of treatment with TQ, IR, or combination, cells were washed gently
with PBS twice and then incubated in 10 mM DHE at 37°C for 45 mins in a dark
environment. Cells were then washed with PBS twice to remove DHE that did not
combine with nucleus and were incubated with DAPI for 15 mins. Cells were mounted
and images were directly taken using confocal microscope. Analysis of DHE intensity
was done using Zen 2012.

J.

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

[157]. In brief, single cell suspensions (2000 cells/well) of non-tumorigenic and CRC
cells were seeded in cold growth factor-reduced Matrigel™/ serum-free media (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 plates. Each experimental condition was performed in duplicate.
The Matrigel™ (Corning Life Sciences) was allowed to solidify for 1 hr at 37°C in a
humidified incubator. Wells were randomly assigned to control and treatment conditions,
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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. Irradiation (2
Gy) was performed at day 4 of sphere culture. Sphere counts were performed at day 1012 of culture. SFU was calculated as the ratio of the number of spheres formed/ number
of cells originally seeded x100. Bright field images of the spheres were obtained using
Axiovert microscope from Zeiss at 10X magnification.

K. Propagation assay
To enrich for CSCs, the media was aspirated from the well and the MatrigelTM containing spheres was collected using ice-cold media. The resulting sphere suspension
was centrifuged, and the pellet resuspended with Trypsin/EDTA at 37°C for 2-2.5 mins.
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.

L. Patient-derived organoids
1. Study design and ethical considerations
Human colon/rectal tissues were obtained from the American University of
Beirut medical center (AUBMC) after obtaining informed consent forms from patients
prior to sample acquisition. The study was conducted under the Institutional Review
Board (IRB) approvals of the American University of Beirut (AUB) and AUBMC. The
work was carried out in accordance with relevant guidelines and regulations, and in
agreement with all ethical considerations of the IRB. Tumor tissues and unaffected adjacent tissues were isolated from resected colorectal/rectal segments from patients
diagnosed with colorectal/rectal cancer and undergoing colectomy at AUBMC.
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2. Establishment and propagation of patient-derived colorectal cancer organoids
Tissues were processed using protocols described by Boehnke K. et al. (Figure
7) [158]. Tissues from patients were rinsed with Hank’s Balanced Salt Solution (Gibco),
minced using sterile scalpels, and digested in advanced DMEM/F12 (adDMEM/F12)
(Gibco) supplemented with dihydrochloride kinase inhibitor, Y-27632, 1% P/S,
collagenase IV (Sigma-Aldrich), and amphotericin B (Sigma-Aldrich) at 37 °C for 60
mins. During incubation, tissue fragments were mechanically dissociated by repetitive
pipetting. The suspension was filtered through a 40 µm cell strainer (Corning) to remove
undigested fragments. Isolated single cells were seeded in 24-well plates with Matrigel
in a 9:1 ratio at a cell density of 20,000 cells/well. A volume of 20 µL volume was plated
in the middle of the well. Plates were placed upside down in the incubator for 30 mins to
allow Matrigel to solidify. Cells were cultured with adDMEM/F12 with various factors
added to maintain tumor’s biological traits and growth activity. Medium (supplemented
with Y-27632) without treatment was changed every 2-3 days. Organoids were
propagated at day 10-12. Ice cold adDMEM/F12 medium without factors was added to
detach and collect Matrigel with organoids. Organoids were then pelleted and dissociated
enzymatically using TrypLE on a shaking platform for 5 mins at 37°C. TrypLE was
inactivated by adding adDMEM/F12 containing 5% FBS. Following centrifugation, cells
were resuspended in adDMEM/F12 and centrifuged again. Finally, pellet was
resuspended in Matrigel and cells plated as described above. Medium with or without TQ
was refreshed every 2-3 days and organoids were irradiated at day 4. Organoids were
counted at day 10-12 of passage under inverted microscope at 10X magnification. Images
were taken and analyzed by Carl Zeiss Zen 2012 image software to determine size.
Organoid-forming count (OFC) was reported as the number of organoids counted.
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Figure 7. Schematic diagram summarizing the experimental plan adapted for
establishing patient-derived organoids. Fresh unaffected and tumor colon/rectal tissue
fragments were minced before being digested in 5 mg/mL collagenase type II in
Advanced DMEM/F12 medium with RI (ROCK inhibitor). After 1 hr, tissue pellet was
subjected to strain filtration and the resulting cell suspension was counted and plated in
droplets of 90% MatrigelTM and supplemented with serum-free human colon growth
medium. After 10-12 days, organoids were propagated into generation 2 (G2), after which
organoids were treated with TQ, IR, or combinations. After 10-12 days, organoids were
counted, and images taken before collection for fixation and staining. Fragments of tissue
specimens were also fixed in 4% PFA.

M. Cell line-derived organoids
The organoid formation assay was used as previously reported by our laboratory
[157] and as described above with minor modifications. In brief, single cell suspensions
(5000 cells/well) seeded in cold growth factor-reduced Matrigel™/serum-free
adDMEM/F12 (Gibco) in a 9:1 ratio in a total volume of 5 μL in the middle of individual
wells of 96-well culture plates. Each experimental condition was performed in duplicate.
The Matrigel™ (Corning Life Sciences) was allowed to solidify for 1 hr at 37°C in a
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humidified incubator. Wells were randomly assigned to control and treatment conditions,
and 200 µL/well of adDMEM/F12 media with several factors, with or without treatment,
was gently added to each well and changed regularly every 2 to 3 days. Irradiation (2 Gy)
was performed at day 4 of organoid culture. Organoids were counted at day 10-12 of
culture. The organoid-forming count (OFC) was calculated as the ratio of the number of
organoids formed/ number of organoids in untreated group x100. Bright field images of
the spheres were obtained using Axiovert microscope from Zeiss at 10X magnification.

N. Immunofluorescent Analysis
1. 2D cultures
Immunofluorescent staining was performed to assess the mechanisms of TQ
radiosensitization on DNA repair markers and pathways involved in radioresistance in
2D cells. Cells were grown on glass coverslips and treated at 50% confluency with TQ
and then exposed to 0 Gy (no IR) or 2 Gy. At the specific time point, media was removed,
and cells were washed with 1x PBS. Cells were then fixed with 4% paraformaldehyde
(PFA) in PBS for 20 mins and permeabilized with 0.5% Triton X-100 in PBS for 30 mins
at room temperature. Cells were blocked with blocking buffer (0.1% BSA, 0.2% Triton
X-100, 0.05% Tween-20, and 10% normal goat serum (NGS) in PBS) for 1 hr at room
temperature. Cells were incubated overnight with γH2AX, p-ATM, ATR, MEK, and pmTOR primary antibodies (Table 1). Cells were washed with PBS containing 0.1%
Tween-20 and incubated with fluorophore-conjugated secondary antibody for 1 hr at
room temperature. After washing, cells were mounted with the anti‑fade Fluoro‑gel II
with DAPI. γH2AX foci were visualized and counted using confocal microscope. For the
other molecules, fluorescent signals were captured using a Zeiss LSM 710 laser scanning
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confocal microscope (Zeiss, Germany), and images were acquired and analyzed using the
Zeiss ZEN image software.
Table 1: List of primary and secondary antibodies used in immunofluorescent
/immunohistochemical staining
Antibody
name

Species

Dilution

Catalog
number

Primary antibodies
1:250
# 9718S

γH2AX

Rabbit

p-ATM
p-ATR
p-mTOR

Mouse
Rabbit
Rabbit

1:200
1:200
1:200

Sc-47739
sc-109912
# 2971S

MEK

Rabbit

1:200

# 9126S

CD44
CK8
CK19
Ki67

Mouse
Mouse
Rabbit
Mouse

Alexa fluoro
488
Alexa fluoro
568
Phalloidin

1:100
sc-7297
1:200
904801
1:200
Ab15463
1:50
sc-23900
Secondary antibodies
Goat anti1:400
A-28175
mouse
Goat anti1:200
A-11011
rabbit
1:200
R415

Company

Cell
signaling
Santa Cruz
Santa Cruz
Cell
signaling
Cell
signaling
Santa Cruz
Biolegend
Abcam
Santa Cruz
Invitrogen
Invitrogen
Invitrogen

2. 3D cultures
Immunostaining was performed according to a protocol described previously by
our laboratory [159]. Spheres and organoids were grown then collected with cold media
and centrifuged to washout all Matrigel debris. After centrifugation, spheres and
organoids were fixed in 4% PFA. After washing, spheres and organoids were
permeabilized with 0.5% Triton X-100 and blocked with sphere blocking buffer (0.1%
BSA, 0.2% Triton X-100, 0.05% Tween-20, and 10% NGS in PBS) for 2 hrs at room
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temperature. Spheres were then incubated overnight at 4°C with various primary
antibodies (CD44, γH2AX, CK8, and CK19; Table 1) prepared in blocking solution.
Organoids were stained for CD44 and CK19. Spheres and organoids were then washed
and incubated with secondary antibody for 1 hr at room temperature. Finally, spheres and
organoids 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.

3. Immunofluorescence of embedded tumor tissues
Fresh tissues were fixed in 4% PFA at room temperature for 30 mins.
Immunofluorescence staining was performed against CRC markers β-catenin, CK8,
CK19, and CD44. Slides were dried, dewaxed in xylene and rehydrated using a
decreasing alcohol series. Antigen retrieval was performed in 10 mM citrate buffer pH 6
followed by blocking with blocking buffer (10% NGS, 0.1%Triton-X, 3% BSA in PBS).
Sections were incubated with primary antibody at 4°C overnight in antibody solution (2%
NGS, 0.1% Triton-X, 3%BSA in PBS). After washing, tissue sections were incubated for
2 hrs with secondary antibodies diluted in PBS containing 2% NGS and 0.1% Triton-X.
Mounting was performed using mounting media with DAPI, after which cells were left
to dry and then imaged using Zeiss LSM 710 laser scanning confocal microscope (Zeiss,
Germany) at 10X.
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O. Histology and Immunohistochemical Analysis
Serial tissue sections (4μm) were H&E stained and analyzed by an expert who
was blinded for the treatment groups. Immunohistochemical staining was performed on
paraffin-embedded tissues spheres using Ki67 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 10 mM citrate buffer, pH 6.
Subsequently, slides were blocked with Protein Block (Novolink Polymer Detection Kit,
RE7150-K, Leica). Primary antibody was 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 20X magnification
using an Olympus BH-2 microscope and an Olympus E330 digital camera.

P. Western blot analysis
Cells were plated in 100-mm tissue culture dishes and treated with TQ, IR, or
combinations and then collected. Spheres were grown with or without treatment in 24well plates then collected at G1 with cold media and centrifuged to wash out all Matrigel
debris. Cellular protein extracts were prepared using RIPA lysis buffer (sc-24948, Santa
Cruz, CA, USA). Protein extracts were quantiﬁed using the DC Bio-Rad Protein Assay
(Bio-Rad Laboratories, USA) according to the manufacturer’s protocol. Protein samples
were mixed with 5% β-mercaptoethanol and 2X Laemmli Sample Buffer (Bio-Rad, CA,
USA) for gel electrophoresis. An equal amount of protein lysate was separated on 8%,
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10%, or 12% SDS–PAGE for 2 hrs at 90 V then transferred onto 0.45 μm nitrocellulose
membrane (Bio-Rad, CA, USA) in transfer buffer for 2 hrs at 220 mA at 4°C. Membranes
were blocked with 5% skim milk in tris-buffered saline with 0.1% tween 20 (TBST) for
1 hr and then incubated overnight at 4°C with different primary antibodies (Table 2).
Membranes were then washed and incubated with the diluted secondary antibody for 1
hr at room temperature. Hybridization with GAPDH-HRP (6C5) (1:10,000–20,000,
Abnova, #MAB5476) coupled antibody was performed for 30 mins 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).

Table 2: List of primary and secondary antibodies used in western blot
experiments
Antibody
name

Species

β catenin
CD133

Mouse
Rabbit

NF-κB p65
p53
p21
GAPDH-HRP
(6C5)

Rabbit
Rabbit
Mouse
Mouse

Goat antimouse
Mouse antirabbit

Goat
Mouse

Dilution

Catalog
number

Primary antibodies
1:200
sc-7963
1:500
# 64326S
1:50
1:50
1:50
1:20,000

sc-372
sc-6243
sc-6246
#MAB5476

Secondary antibodies
1:1000
sc-516102
1:1000

sc-2357
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Company

Santa Cruz
Cell
signaling
Santa Cruz
Santa Cruz
Santa Cruz
Abnova

Santa Cruz
Santa Cruz

Q. Statistical analysis
Statistical analysis was performed using GraphPad Prism 6 Software version
6.0.1. Experimental values are expressed as mean ± SEM. Student’s t-test was employed
for significance and values of p<0.05 was considered significant (* P<0.05; ** P<0.01;
*** P<0.001, **** P<0.0001).
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CHAPTER III
RESULTS

A. Effect of TQ and radiation on proliferation of colorectal cancer cells
Our first objective was to investigate the effects of TQ, IR, and combinations on
CRC cell lines (HCT116, HCT116 p53 null, HT29, and DLD1), along with human nontumorigenic intestinal cells (FHs74Int), using MTT (Figures 8–12). The CRC cell lines
have different mutations [160] and sensitivity to TQ [126, 161]. Treatment with
individual or combination treatment induced a time- and dose-dependent reduction in
proliferation of these cells. IC50 of TQ at 24 hrs was highest (112 µM) in HT29 cells
(Figure 10) and lowest (61 µM) in DLD1 cells (Figure 11). IR doses of 1 Gy and 2 Gy
reduced the proliferation of HCT116 at 48 hrs (Figure 8). IR dose of 2 Gy reduced the
proliferation of HCT116 p53 null at 24 hrs (Figure 9), while all IR doses were toxic to
DLD1 cells at 24 hrs (Figure 11). However, the effect of IR was reversible at 48 and 72
hrs in these cell lines. None of the IR doses applied to HT29 induced a significant
reduction in proliferation at the studied time points. Treatment with TQ (40 µM or 60
µM) followed by irradiation significantly reduced the proliferation of HCT116 cells at 48
hrs; however, this effect was comparable to TQ alone (Figure 8). A similar effect was
observed in HCT116 p53 null (Figure 9). In DLD1 (Figure 11) and HT29 (Figure 10)
cells, combining TQ and IR reduced proliferation in comparison to IR alone at TQ
concentrations of 60 µM and 120 µM, respectively. Interestingly, TQ was non-toxic to
FHs74Int human non-tumorigenic intestinal cells at doses up to 60 µM at 24 hrs (Figure
12). High IR dose (4 Gy) reduced the proliferation of FHs74Int cells at 24 hrs, while
lower IR doses (1, 2, and 4 Gy) were toxic to these cells at 48 hrs; however, this effect
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was reversible at 72 hrs. TQ and IR combination treatment had similar inhibitory effect
to TQ alone.

Figure 8. Effect of TQ and IR on HCT116 cell proliferation. HCT116 cells were either
left untreated or were incubated with TQ alone, IR alone (2 Gy), or combinations for 24,
48, or 72 hrs. Cell proliferation was determined using MTT. Results are expressed as
percentage of the studied group as compared to its 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, **** P<0.0001).
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Figure 9. Effect of TQ and IR on HCT116 p53 null cell proliferation. HCT116 p53
null cells were either left untreated or were incubated with TQ alone, IR alone (2 Gy), or
combinations for 24, 48, or 72 hrs. Cell proliferation was determined using MTT. Results
are expressed as percentage of the studied group as compared to its 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, **** P<0.0001).
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Figure 10. Effect of TQ and IR on HT29 cell proliferation. HT29 cells were either left
untreated or were incubated with TQ alone, IR alone (2 Gy), or combinations for 24, 48,
or 72 hrs. Cell proliferation was determined using MTT. Results are expressed as
percentage of the studied group as compared to its 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, **** P<0.0001).
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Figure 11. Effect of TQ and IR on DLD1 cell proliferation. DLD1 cells were either
left untreated or were incubated with TQ alone, IR alone (2 Gy), or combinations for 24,
48, or 72 hrs. Cell proliferation was determined using MTT. Results are expressed as
percentage of the studied group as compared to its 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, **** P<0.0001).
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Figure 12. TQ and IR combination is non-toxic to non-tumorigenic intestinal cells.
FHs74Int cells were untreated or were incubated with TQ alone, IR alone (2 Gy), or
combinations for 24, 48, or 72 hrs. Cell proliferation was determined using MTT assay.
Results are expressed as percentage of the studied group as compared to its 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, **** P<0.0001).

B. Effect of TQ and radiation on colorectal cancer cell viability
We then studied the effect of TQ, IR (2 Gy), and combinations on the viability
of CRC and non-tumorigenic cells using Trypan blue exclusion assay (Figures 13 & 14).
While treatment of CRC cells with 10 µM TQ alone did not inhibit cell viability at 48 and
72 hrs, combining the same doses of TQ and IR significantly inhibited cell viability when
compared to TQ alone (Figure 13). Combining 10 µM TQ with 2 Gy IR led to a 30%,
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31%, 26%, and 21% inhibition of HCT116, HCT116 p53 null, HT29, and DLD1 cell
viability at 48 hrs, respectively. A combination of TQ (30 µM or 60 µM) and 2 Gy IR led
to a significant reduction in the viability of all CRC cells at 48 hrs, when compared to IR
alone (Figure 13). In HT29 cells, combining 60 µM TQ and IR caused a significant ~60%
reduction in cell viability compared to either treatment alone (Figure 13C). In FHs74Int
cells, TQ alone was non-toxic at doses up to 60 µM at 48 hrs and 72 hrs, and IR alone
reduced the viability of these cells at 48 hrs (Figure 14). The effect of TQ and IR
combination was comparable to the individual treatments at both time points.
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Figure 13. TQ sensitizes colorectal cancer cells to IR that leads to reduction in their
cell viability. HCT116 (A), HCT116 p53 null (B), HT29 (C), and DLD1 (D) colorectal
cancer cells were either left untreated or were incubated with TQ alone, IR alone (2 Gy)
or combinations for 24, 48, or 72 hrs. At the specific time point, cell viability was
determined using trypan blue exclusion assay. Results are expressed as percentage of the
studied group as compared to its 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,
**** P<0.0001).

Figure 14. Effect of TQ and IR on non-tumorigenic intestinal cells viability. FHs74Int
cells were either left untreated or were incubated with TQ alone, IR alone (2 Gy) or
combinations for 24, 48, or 72 hrs. At the specific time point, cell viability was
determined using trypan blue exclusion assay. Results are expressed as percentage of the
studied group as compared to its control. Data represent an average of three independent
experiments. The data are reported as mean ± SEM (* P<0.05; **P<0.01).
C. Effect of TQ and radiation on colony and sphere-forming ability of previously
treated cells
1. 2D clonogenic survival assay
We next studied the effect of TQ and IR on colony formation ability (long-term
survival) of CRC and non-tumorigenic FHs74Int cells using 2D clonogenic survival
assay. Cells were treated with TQ alone, IR (2 Gy) alone, or combinations for 48 hrs,
after which they were collected, seeded at low densities (2000-3500 cells), allowed to
form colonies for 7–10 days, and stained with crystal violet. Combining low TQ
concentration (10 µM) with 2 Gy IR had a more pronounced inhibitory effect, when
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compared to TQ alone in all CRC cell lines (Figure 15). In DLD1 cells, 10 µM TQ and
IR led to a significant inhibition when compared to TQ or IR alone (Figure 15D).
Combining 30 µM and IR resulted in more than 64% reduction in long-term survival of
HCT116 (Figure 15A) and HCT116 p53 null (Figure 15B), when compared to TQ alone.
Combining 60 µM TQ and IR led to 77% and 69% reduction in HCT116 (Figure 15A)
and HT29 (Figure 15C) colony formation, respectively, an inhibition that was greater
than the effect of either treatment alone. The combination of TQ and IR inhibited HT29
long-term survival by 54.85%, 69%, and 72.56% at 10 µM, 60 µM, and 120 µM TQ,
respectively (Figure 15C). Similar to MTT and Trypan results, clonogenic survival assay
showed an inhibitory effect on the survival of non-tumorigenic FHs74Int cells at high TQ
concentration (60µM) (Figure 16). IR alone inhibited the long-term survival of these
cells, and this inhibition was comparable to combination treatment. Interestingly,
combining low (10 µM) or high (60 µM) TQ dose and IR did not increase cytotoxicity in
comparison to individual treatments.
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Figure 15. TQ sensitizes colorectal cancer cells to IR that leads to reduction in their
colony forming ability. (A-D) Colony formation assay was used to determine the effect
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of TQ and IR on the long-term survival of HCT116 (A), HCT116 p53 null (B), HT29 (C),
and DLD1 (D) colorectal cancer cells. Cells were treated with TQ, IR, or combinations,
after which they were collected and seeded in treatment-free media at low density (20003500 cells). After 7-10 days, the resulting colonies were fixed, stained with 0.5% crystal
violet and counted. Representative images of colonies are shown. Results are expressed
as percentage of the studied group as compared to its control. Data represent an average
of three independent experiments. The data are reported as mean ± SEM (* P<0.05;
**P<0.01).

Figure 16. Effect of TQ and IR on colony forming ability of non-tumorigenic
intestinal cells. Colony formation assay was used to determine effect of TQ and IR on
the long-term survival of non-tumorigenic FHs74Int cells. Cells were treated with TQ,
IR, or combinations, after which they were collected and seeded in treatment-free media
at low density (2000-3500 cells). After 7-10 days, the resulting colonies were fixed,
stained with 0.5% crystal violet, and counted. Representative images of colonies are
shown. Results are expressed as percentage of the studied group as compared to its
control. Data represent an average of three independent experiments. The data are
reported as mean ± SEM (* P<0.05; ** P<0.01).
2. 3D clonogenic survival assay
For the 3D clonogenic survival assay, cells were treated with TQ, IR, or
combinations for 48 hrs, as described above. At the specific timepoint, cells were
collected and resuspended in serum-free media, after which cells were counted and mixed
with Matrigel, and plated at low density around the rim of each well. Treatment-free
media (+5% FBS) was added and cells were incubated for 8-12 days without treatment.
Spheres were counted and images were obtained to determine effect of TQ and IR on
SFU (Figure 17). The combination of 10 µM or 30 µM TQ and 2 Gy IR led to more than
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3-fold decrease HCT116 sphere formation, and this decrease was significant when
compared to either treatment alone (Figure 17A). In HCT116 p53 null cells, 30 µM TQ
and 2 Gy IR combination resulted in significant decrease by 5.28-fold and was more
significant than that of TQ alone (Figure 17B). Interestingly, HT29 SFU decreased by
~3-fold in response to 10 µM TQ and IR, and this reduction was greater than that of TQ
alone (Figure 17C). Combining 60 µM TQ and IR inhibited the sphere formation ability
of HT29 cells by a remarkable ~9-fold, and this inhibition was greater than that of TQ or
IR alone. In DLD1 cells, treatment with 10 µM TQ and IR reduced SFU by 4.1-fold
(Figure 17D). Interestingly, this decrease was significant when compared to either
treatment alone. Moreover, combination of 30 µM TQ and IR combination led to a similar
inhibition to 10 µM TQ and IR combination in these cells.
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Figure 17. Inhibition of sphere-forming ability of spheres derived from colorectal
cancer cells previously treated with TQ and IR. Sphere formation assay was used to
determine the inhibitory effect on spheres derived from HCT116 (A), HCT116 p53 null
(B), HT29 (C), and DLD1 (D) cells previously treated with TQ alone, IR (2 Gy) alone,
or combinations for 48 hrs. At the specific time point, cells were collected and resuspended in serum free media. Cells were then counted, mixed with growth factorreduced Matrigel™ (1:1), and allowed to grow in media with 5% FBS without treatment.
Sphere counts were performed at day 10-12 of culture. The sphere-forming unit (SFU)
was calculated as the ratio of the number of spheres formed/ number of cells originally
seeded x100. Data represent an average of three independent experiments and are
reported as mean ± SEM (* P< 0.05; **P < 0.01; ***P< 0.001, **** P<0.0001).
Representative bright-field images of spheres are shown next to the respective graph.
Images were visualized by Axiovert inverted microscope at 10X magnification and
analyzed by Carl Zeiss Zen 2012 image software. Scale bar 100 µm.

In FHs74Int cells, radiation alone reduced the sphere counts and combining TQ
with IR had comparable effect to IR and TQ (60 µM) alone (Figure 18).
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Figure 18. Sphere-forming ability of spheres derived from non-tumorigenic
intestinal cells previously treated with TQ and IR. Sphere formation assay was used
to determine the inhibitory effect on spheres derived from FHs74Int cells previously
treated with TQ alone, IR (2 Gy) alone, or combinations for 48 hrs. At the specific time
point, cells were collected and re-suspended in serum free media. Cells were then
counted, mixed with growth factor-reduced Matrigel™ (1:1), and allowed to grow in
media with 5%FBS without treatment. Sphere counts were performed at day 10-12 of
culture. SFU was calculated as the ratio of the number of spheres formed/ number of cells
originally seeded x100. Data represent an average of three independent experiments and
are reported as mean ± SEM (**P < 0.01). Representative bright-field images of FHs74Int
spheres are shown next to the respective graph. 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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D.

Effect of TQ on IR-induced cell migration
We next evaluated the migration ability of HCT116 and HT29 cells in response

to TQ and IR using wound healing assay (Figure 19). In HCT116, wound closure was
slower in cells treated with a combination of 30 µM TQ and 2 Gy radiation, in comparison
to cells treated with IR alone (wound width normalized to control: 82.20 vs. 63.44)
(Figure 19A). Wound width in combination-treated cells was comparable to TQ-treated
cells. Wound width in IR-treated HT29 cells decreased by 40% (Figure 19B). In contrast,
wound width decreased by less than 4% in HT29 cells treated with TQ 60 µM and IR at
48 and 72 hrs, and this decrease was significant when compared to IR alone (Figure 19B).
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Figure 19. TQ inhibits IR-induced migration of colorectal cancer cells. Cell migration
ability was tested using wound healing assay. HCT116 (A) and HT29 (B) cells were either
treated or not with TQ, IR, or TQ+IR. For HCT116, wound width was measured at 0, 2,
6, and 24 hrs following treatment. For HT29 cells, wound width was measured at 0, 24,
48, and 72 hrs following treatment. The percentage of the wound width was calculated as
follows: (wound width at specific time point)/(control wound width at 0 h) × 100. Data
represent an average of three independent experiments. The data are reported as mean ±
SEM (* P < 0.05; ** P < 0.01; *** P < 0.001).
E. Effect of TQ and radiation on cell cycle distribution in colorectal cancer cells
We then determined the effects of individual and combination treatments on
HCT116 and HT29 cell cycle distribution using flow cytometry with PI staining of DNA
(Figure 20). While IR (2 Gy) alone induced a slight increase in the percentage of HCT116
cells in G2/M phase, combining IR with TQ (10 µM and 30 µM) induced a significant
increase in G2/M cell population by more than 1.5-fold (Figure 20A). Moreover, the 13%
decrease in percentage of cells at G0/G1 was significant in HCT116 cells treated with 30
µM TQ and IR. In HT29, G2/M cell cycle arrest was observed in irradiated cells and in
cells treated with high concentrations of TQ and was more pronounced in cells treated
with combinations compared to either treatment alone (Figure 20B). Interestingly,
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combining TQ and IR induced a significant increase in the G2/M population from 21%
in the control to 26% and 31% at TQ concentrations of 10 µM and 60 µM, respectively.

Figure 20. TQ enhances IR-induced cell cycle arrest at G2/M phase in colorectal
cancer cells. Cell cycle was evaluated by flow cytometry using DNA staining of HCT116
(A) and HT29 (B) cells after each treatment (control, TQ, IR, and combinations) at 48
hrs. Data represent an average of three independent experiments and are reported as mean
± SEM (* P < 0.05; ** P < 0.01; *** P<0.001).
F. Effect of TQ and radiation on DNA repair in colorectal cancer cells
To elucidate the mechanism underlying the observed G2/M arrest in response to
TQ and IR, we analyzed the dynamics of the DNA damage and repair maker, γH2AX and
the kinases responsible for its phosphorylation during DDR, mainly ATM and ATR
(Figure 21). ATM and ATR are also involved in the regulation of G2/M checkpoint. To
check whether G2/M arrest is ATM- or ATR-dependent, we analyzed the dynamics of
these kinases over a 48 hrs period in HCT116 and HT29 cells (Figure 21). Cells were
treated with TQ for 24 hrs followed by irradiation at 2 Gy. Cells were then fixed at 0
mins, 10 mins, and 24 hrs post irradiation, followed by permeabilization and staining for
p-ATM, p-ATR, and γ-H2AX. We observed similar activation of the kinases in both cell
lines. Interestingly, combining 30 µM TQ and IR in HCT116 cells led to a significant
1.25-fold increase in p-ATM, 10 mins after irradiation (Figure 21A). At 24 hrs, the levels
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of p-ATM were high in combination-treated HCT116 cells but were not significant when
compared to the control. p-ATR was upregulated by more than 1.37-fold 10 mins post
irradiation in HCT116 cells treated with IR alone or combination, and this increase was
persistent and more pronounced at 24 hrs, especially in cells treated with combination of
30 µM TQ and IR (Table 3). In HT29 cells, the increase in p-ATM and p-ATR 10 mins
post irradiation was insignificant compared to the control (Figure 21B). On the other
hand, when cells were treated with either 10 µM or 60 µM TQ prior to irradiation, the
levels of both kinases significantly increased by more than 1.7-fold 10 mins after
irradiation (Figure 21B, Table 4). Importantly, at 24 hrs the levels of p-ATM in
combination-treated cells were comparable to control cells. On the other hand, the level
of p-ATR remained significantly high (1.57-fold greater than control cells) in cells treated
with 60 µM TQ and IR.
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Figure 21. TQ radiosensitization of colorectal cancer cells is associated with
upregulation of p-ATM and p-ATR expression in colorectal cancer cells. HCT116
(A) and HT29 (B) cells were either left untreated or incubated with TQ for 24 hrs followed
by irradiation at 2 Gy. Cells were then fixed at 0 mins, 10 mins and 24 hrs post irradiation,
followed by permeabilization and staining for p-ATR and p-ATM. Quantification and
representative images are shown. Quantification of immunofluorescence intensity was
performed using Carl Zeiss Zen 2012 image software. Data represent an average of three
independent experiments and are reported as mean ± SEM (* P<0.05; ** P<0.01
significantly different from control). Scale bar for immunofluorescent images is 20 µm.
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Table 3: Significance between different groups stained for p-ATM, p-ATR, and γ
H2AX in HCT116 cells irradiated for 0 mins, 10 mins, or 24 hrs

In HCT116 cells, γH2AX expression was upregulated in response to TQ alone
(Figure 22A). γH2AX foci count in irradiated cells was comparable to cells treated with
10 or 30 µM TQ at 10 min after irradiation. The highest peak of γH2AX was observed at
10 mins in cells treated with 30 µM TQ and IR combination. Importantly, γH2AX
expression remained significantly high (>2-fold increase) 24 hrs after radiation in cells
treated with IR and TQ (10 µM or 30 µM) (Figure 22A). Importantly, the increase in the
77

levels of γH2AX in cells treated with 30 µM TQ and IR was significant when compared
to TQ alone, 10 mins and 24 hrs post irradiation. In HT29 cells, a similar increase of
γH2AX expression was observed (Figure 22B). TQ concentration as low as 10 µM TQ
was sufficient to sensitize these cells to radiation and induce a ~12-fold and 6-fold
increase in γ-H2AX counts at 10 mins and 24 hrs post IR, respectively. Combining 60
µM TQ and IR caused a more pronounced upregulation (~7-fold) of γH2AX expression
than TQ or IR alone at 24 hrs (Figure 22B).
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Figure 22. TQ radiosensitization of colorectal cancer cells is associated with an
increase in γH2AX expression in colorectal cancer cells. HCT116 (A) and HT29 (B)
cells were either left untreated or incubated with TQ for 24 hrs followed by irradiation at
2 Gy. Cells were then fixed at 0 mins, 10 mins and 24 hrs post irradiation, followed by
permeabilization and staining for γH2AX. γH2AX foci were counted. Data represent an
average of three independent experiments and are reported as mean ± SEM (* P<0.05; **
P<0.01 significantly different from IR). Scale bar for immunofluorescent images is 20
µm.
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Table 4: Significance between different groups stained for p-ATM, p-ATR, and γ
H2AX in HT29 cells irradiated for 0 mins, 10 mins, or 24 hrs.

G. Effect of TQ and IR on oxidative stress
Reactive oxygen species (ROS) have been implicated in cellular proliferation
and apoptosis [162]. As shown from cell cycle data, TQ in combination with IR was able
to induce G2/M arrest, in parallel with DNA damage induction, in both HCT116 and
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HT29 cells. Therefore, the ability of TQ to induce oxidative stress in the presence of
radiation was tested using DHE as a fluorescent probe for ROS (Figure 23). In HCT116
cells, TQ or IR alone enhanced ROS production after 48 hrs treatment (Figure 23A).
Importantly, when combined with IR, low (10µM) and relatively high (30µM) TQ
concentrations were able to induce ROS accumulation by ~1.3 and 2-fold, respectively.
A similar induction was also evident in cells treated TQ alone at 30µM. In HT29 cells,
no significant ROS induction was shown in IR-treated cells, whereas ROS levels
increased by ~46% in combination-treated cells, suggesting induction of oxidative stress
by combination treatment (Figure 23B).
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Figure 23. Effect of TQ and IR on oxidative stress in colorectal cancer cells. HCT116
(A) and HT29 (B) cells untreated and treated with TQ, IR, and combination of TQ and
IR (TQ+IR) were immunofluorescently stained for ROS using DHE staining assay.
Quantification and representative images are shown. Data represent an average of three
independent experiments. The data are reported as mean ± SEM (* P<0.05; ** P<0.01;
*** P<0.001). Scale bar is 20 µm.
H. Effect of TQ and radiation on pathways implicated in radioresistance
To determine the mechanism of TQ radiosensitization, we analyzed the
expression of several molecules involved in survival and radioresistance (Figures 24-26).
In HCT116, combination of 30 µM TQ and IR significantly reduced the expression of pmTOR by 50%; however, this decrease in expression was comparable to TQ alone (Figure
24A). MEK was significantly reduced in combination-treated cells and the observed
effect was comparable to individual treatments (Figure 25A). In HT29 cells, combining
10 µM TQ and IR resulted in a significant decrease in the expressions of p-mTOR (Figure
24B) and MEK (Figure 25B). Interestingly, a dose of 60 µM TQ was able to reverse pmTOR induction by IR.
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Figure 24. TQ and IR combination regulates p-mTOR expression in colorectal
cancer cells. HCT116 (A) and HT29 (B) cells were treated or not with TQ alone, IR
alone, or combinations (TQ+IR) and immunofluorescently stained for p-mTOR.
Quantification and representative images are shown. Data represent an average of three
independent experiments and are reported as mean ± SEM (* P<0.05). Scale bar for
immunofluorescent images is 20 µm.
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Figure 25. TQ and IR combination regulates MEK expression in colorectal cancer
cells. HCT116 (A) and HT29 (B) cells were treated or not with TQ alone, IR alone, or
combinations (TQ+IR) and immunofluorescently stained for MEK. 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 for immunofluorescent images is 20 µm.

In HCT116 cells, Western blot analysis showed that 30 µM TQ and IR increased
the expression of p53, and this increase was comparable to individual treatments, with
slight enhancement in p53 expression in cells treated with combinations (Figure 26). A
combination of TQ (10 µM or 30 µM) and IR induced an upregulation in p21 expression
by ~1.7-fold, and this upregulation was comparable to IR alone. Combining TQ (10 µM
or 30 µM) with IR led to a significant ~1.5-fold reduction in NF-κB expression and
combining 30 µM TQ with IR reduced β-catenin expression by more than 2-fold. CD133
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levels did not change upon treatment of HCT116 cells. In HT29 cells treated with TQ (10
µM or 60 µM) and IR, more than 1.6-fold increase in p53 expression was observed,
whereas the increase in p21 was insignificant under these conditions (Figure 26).
Importantly, 60 µM TQ and IR significantly reduced the expression of NF-κB by 1.82fold and this reduction was significant when compared to IR alone. Notably, combining
60 µM TQ and IR led to a significant reduction in β- catenin and CD133 expression.

Figure 26. TQ sensitizes colorectal cancer cells to radiation through targeting
major pathways implicated in survival and resistance to radiation. Western blot
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analysis of p53, p21, NF-κB (p65), β-catenin, CD133 48 hrs post-treatment with TQ,
IR, or combinations in HCT116 and HT29 cells. Fold expression changes normalized to
GAPDH. Data represent an average of at least three independent experiments.
I. Effect of TQ and radiation on colorectal cancer stem/progenitor cells and their
sphere-forming and self-renewal ability
Self-renewal is one of the major hallmarks of cancer stem/progenitor cells. To
assess the effect of combination treatment on sphere-forming and self-renewal abilities,
3D culture sphere formation assay was employed and spheres were propagated till
generation 5 (G5) (Figure 27). At each generation, cells were treated with TQ, IR, or
combinations, after which spheres were imaged and counted. At G1, combining TQ (1
µM or 3 µM) with IR significantly reduced the sphere forming ability of HCT116, in
comparison to IR alone (Figure 27A). Combining 1 µM TQ and IR decreased HCT116
SFU by more than 3-fold, whereas treatment with 3 µM TQ and IR decreased sphere
count by a remarkable 12-fold. At G3, 3 µM TQ and IR resulted in inhibition that was
greater than either treatment alone. Notably, at G5, 3 µM TQ and IR led to 97% reduction
in sphere count. While treatment of HT29 cells with TQ or IR alone induced no significant
decrease in sphere forming ability, combining 5 µM TQ and IR led to ~68% decrease at
G1 (Figure 27B). Interestingly, successive propagation and treatment of HT29 cells with
3 µM TQ and IR significantly decreased sphere count by ~84% at G3 and by ~100% at
G5. This decrease was greater than that either treatment alone.
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Figure 27. TQ sensitizes colorectal cancer stem/progenitor cells to IR and reduces
their sphere-forming and self-renewal ability. SFU obtained from serially passaged
colonopheres over five generations is shown for spheres derived from HCT116 (A) and
HT29 (B) and treated with TQ (1, 3 and 5 µM), radiation (2 Gy), or combinations. SFU
is calculated according to the following formula: SFU = (number of spheres counted/
number of input cells) ×100. Cells were suspended in Growth Factor reduced
Matrigel/serum-free media (ratio 1:1) and allowed to grow in media with 5%FBS (with
or without treatment) to enrich for CRC stem cells. Generated spheres are referred to as
G1 (Generation 1) spheres. After each propagation, cells that were initially treated with
TQ, IR, combinations, 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,
IR, and combinations 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.

Interestingly, upon withdrawal of combination treatment in the subsequent
generations, HCT116 and HT29 spheres did regain some of their sphere-forming ability,
yet they had lower sphere counts, when compared to the control at the same generation
(Figure 28), suggesting that the treatment is partially irreversible.
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Figure 28. TQ enhances the effect of radiation on self-renewal capacity of colorectal
cancer stem/progenitor cells. CRC stem cells were enriched from HCT116 (A) and
HT29 (B) cell lines and treated with either TQ, IR, combinations, or media (control).
After each propagation, cells that were initially treated with combinations or media
(control) were seeded into separate wells and cultured with or without treatment. Spheres
were propagated for five generations in duplicates of each condition. SFU is calculated
according to the following formula: SFU = (number of spheres counted/ number of input
cells) ×100 and an average of three experiments is represented. The data are reported as
mean ± SEM.

We also aimed to study the effect of TQ and IR on G1 spheres enriched from
HCT116 p53 null and DLD1 cells (Figure 29). Our preliminary data showed that
88

combination of 1 µM TQ and IR reduced sphere forming ability of HCT116 p53 null
cells, and this reduction was significant when compared to TQ alone (Figure 29A).
Combining higher TQ concentration (3 µM) with IR resulted in a decrease that is
significant when compared to IR alone. Interestingly, IR alone had no effect on HCT116
p53 null SFU. In DLD1 cells, combining 3 µM TQ with IR led to a significant 5.16-fold
reduction in sphere count, and this reduction was greater than that of either treatment
alone (Figure 29B).
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Figure 29. TQ sensitizes colorectal cancer stem/progenitor cells to IR and reduces
their sphere-forming ability. Preliminary data showing effect of TQ and IR on CRC
stem spheres enriched from HCT116 p53 null (A) and DLD1 (B) cell lines following
treatment with either TQ, IR, combinations, or media (control) at G1. SFU is calculated
according to the following formula: SFU = (number of spheres counted/ number of input
cells) ×100. Data represent an average of two independent experiments and are reported
as mean ± SEM (* P< 0.05; ** P < 0.01). Representative bright-field images showing the
effect of TQ, IR, and combinations 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.

Notably, IR alone and in combination with 3 µM TQ induced a slight reduction
in SFU of FHs74Int cells, whereas TQ alone did not induce a significant reduction in
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FHs74Int sphere count (Figure 30). Importantly, combination treatment induced
comparable reduction to individual treatments.

Figure 30. TQ and IR are non-toxic to colorectal cancer stem/progenitor cells
enriched from non-tumorigenic intestinal cells. CRC stem cells enriched from
FHs74Int cells following treatment with either TQ, IR, combinations, or media (control)
at G1. SFU is calculated according to the following formula: SFU = (number of spheres
counted/ number of input cells) ×100. Data represent an average of three independent
experiments and are reported as mean ± SEM (* P< 0.05; ** P < 0.01). Representative
bright-field images showing the effect of TQ, IR, and combinations 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.

J. Effect of TQ and radiation on DNA repair and stemness in cancer
stem/progenitor cells
We next checked for DNA damage in spheres treated with individual or
combined treatment. Our results indicated that IR alone induced a significant increase in
the γH2AX foci by ~2-fold in HCT116 spheres (Figure 31A). Interestingly, combining 3
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µM TQ and IR led to a 4-fold increase in the expression of γH2AX, and this increase was
more pronounced than either treatment alone. While TQ or IR alone did not induce a
significant upregulation in γH2AX expression in HT29 spheres, combining TQ (3 µM or
5 µM) and IR treatment induced a ~4-fold upregulation in γH2AX expression, suggesting
a delay in DNA damage repair after exposure to combination of TQ and IR (Figure 31B).

Figure 31. TQ radiosensitization of colorectal cancer stem/progenitor cells lead to
inhibition of DNA repair. HCT116 (A) and HT29 (B) spheres were treated with TQ at
day 0 of sphere culture and irradiated at day 4. Spheres were collected, fixed, and stained
for γH2AX. Representative images were obtained using confocal microscopy and
quantification of the intensity of γH2AX stain in HCT116 and HT29 G1 spheres untreated
and treated with TQ, IR, and combinations (TQ+IR) was performed using Carl Zeiss Zen
2012 image software. γH2AX positive cells were counted and are 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 50 µm.
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Immunostaining analysis showed that 3 µM TQ alone and in combination with
IR decreased expression of colorectal stem cell marker CD44 in HCT116 spheres by more
than 1.2-fold (Figure 32A). In HT29 spheres, 5 µM TQ decreased CD44 expression level
by ~1.5-fold, whereas combining the same dose of TQ with IR led to a ~1.8-fold
reduction, and this reduction was significant when compared to IR alone (Figure 32B).

Figure 32. TQ radiosensitization of colorectal cancer stem/progenitor cells lead to
reduction in the expression of CD44 cancer stem cell marker. TQ, IR, and TQ+IR
treated HCT116 (A) and HT29 (B) G1 spheres were collected, fixed, and stained for
CD44. Representative images were obtained using confocal and quantification of the
intensity of CD44 stain 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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In HCT116 spheres, TQ or IR alone had no effect on the expression level of the
epithelial marker CK8, while combining 3 µM TQ with IR resulted in a ~1.5-fold
decrease (Figure 33A). Interestingly, combining TQ (1 µM or 3 µM) with IR significantly
reduced the level of the stem cell marker CK19. In HT29 spheres, none of the treatments
induced significant changes in the expression of CK8 or CK19 (Figure 33B), suggesting
that the inhibitory mechanism is different in HCT116 and HT29 spheres.
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Figure 33. TQ radiosensitization of colorectal cancer stem/progenitor cells lead to
reduction in the expression of CK8 and CK19. TQ, IR, and TQ+IR treated HCT116
(A) and HT29 (B) G1 spheres were collected, fixed, and stained for CK8 and CK19
epithelial cytokeratin markers. Representative images were obtained using confocal and
quantification of the intensity of CK8 and CK19 stains 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.

Analysis of p53 expression by Western blot showed a significant upregulation
in HCT116 colonospheres in response to 3 µM TQ and IR combination and was
significant when compared to TQ alone (Figure 34). p21 expression was upregulated by
more than 1.2-fold in HCT116 spheres treated with 3 µM TQ alone and in combination
with IR. Combining 3 µM TQ and IR resulted in a significant reduction in NF-κB
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expression, and the reduction was more pronounced in comparison to TQ or IR alone.
Combining 3 µM TQ and IR reduced the expression levels of β-catenin and CD133. In
HT29 spheres, a combination of 5 µM TQ and IR led to a significant increase (1.54-fold)
in p53, but not p21 expression (Figure 34). Combining 5 µM TQ and IR decreased the
expression levels of NF-κB and β-catenin by ~2-fold. TQ (3 µM or 5 µM) and IR
combination treatment reduced the levels of CD133 by more than 1.5-fold.

Figure 34. TQ radiosensitization of colorectal cancer stem/progenitor cells lead to
inhibition of survival and stemness. Analysis of p53, p21, NF-κB (p65), β-catenin, and
CD133 protein expression in HCT116 and HT29 G1 spheres following treatment with
TQ, IR, and combinations (TQ+IR). Fold expression changes normalized to GAPDH.
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K. Effect of TQ and IR on patient-derived tumor organoids
We succeeded in establishing PDOs from three different treatment-naïve
patients and propagating them to model CRC disease in 3D culture. The three patients
had different clinical manifestations whereby patient 1 had rectal mucinous
adenocarcinoma (pT2 stage), and patients 2 and 3 had moderately differentiated (grade
2) pT2 and pT3 sigmoid colon adenocarcinoma, respectively (Table 5). Fresh unaffected
and tumor tissues were processed as mentioned before (Figures 35-37). Interestingly only
tumor samples successfully formed organoids in culture, which further confirms their
tumorigenicity (Figures 35D-37D). Single cells from tumor tissues were allowed to form
organoids, after which they were propagated and either treated with TQ (3 µM or 5 µM),
IR (2 Gy), or combinations. After 10–12 days, the number and size of organoids were
calculated. While IR or TQ alone had no significant effect on the count or size of PDOs
derived from patient 1, combining TQ (3 µM or 5 µM) and IR significantly reduced both
organoid count and size (Figure 35F). Combination treatment resulted in a ~1.7- fold and
~2-fold reduction in patient 1 OFC at TQ concentrations of 3 µM and 5 µM, respectively.
The average organoid size was significantly reduced by ~1.4-fold in organoids treated
with TQ (3 µM or 5 µM) and IR and was significant compared to either treatment alone.
IR alone in patient 2 significantly reduced organoid count by ~1.5-fold, whereas
combination of 5 µM TQ and IR reduced OFC by ~1.7-fold (Figure 36F). Combining 5
µM TQ with IR reduced the size of organoids by ~1.2-fold. In patient 3 (Figure 37F), IR
alone significantly reduced the total count of organoids by ~5.2-fold and its effect was
comparable to that of combination treatment. Combining 5 µM TQ and IR reduced the
size of organoids by more than 1-fold and this reduction was significant when compared
to TQ alone.
97

Immunofluorescent characterization of the established PDOs for CD44 and
CK19 CRC stem cell markers showed that all organoids stained positive for these
markers, demonstrating the presence of stem-like cells within the bulk of these organoids
(Figures 35E–37E). Furthermore, treatment of patient 1 organoids with 3 µM TQ and IR
significantly reduced the expression of CD44 (by 1.24-fold) and CK19 (by 1.45-fold),
and this reduction was more pronounced than that of either treatment alone (Figure 35G).
Immunofluorescent staining of the parental tumor tissues with CK19 showed a
positive expression, in consistency with the established PDOs. Tumor tissues were further
characterized for other markers and showed positive immunofluorescent staining for CK8
and β-catenin (Figures 35B-37B) and positive immunohistochemical staining for Ki67
(Figures 35C-37C).
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Figure 35. TQ radiosensitizes patient 1-derived rectal cancer organoids and reduces
their organoid-forming ability and size. (A) Representative images of H&E stain of
unaffected rectum and rectal cancer tissue from patient 1 with rectal mucinous
adenocarcinoma (pT2 stage). Representative images of rectal cancer tissues stained for
CK8, β-catenin (B) and Ki67 (C). (D) Representative bright-field images of organoids
derived from unaffected rectum and rectal cancer samples. (E) Immunofluorescent
images of rectal tumor issues and control organoids stained for CD44 and CK19. (F)
Representative bright-field images of organoids derived from rectal cancer patient 1
sample and treated with TQ (3 and 5 µM), radiation (2 Gy), or combinations. (G)
Immunofluorescent images of rectal tumor organoids treated with TQ, IR, and TQ+IR
and stained for colorectal cancer stem cell markers CD44 and CK19. Images were
obtained using confocal microscopy. Fresh unaffected and tumor tissues were digested,
and single cells were resuspended in Matrigel and serum-free media (9:1) and allowed to
grow without treatment. Generated organoids are referred to as G1 organoids. Organoids
were propagated to G2 and treated with TQ, IR, or combinations (TQ+IR). Organoidsforming count (OFC) was calculated according to the following formula: (number of
organoids counted/ number of input cells) ×100. Size of organoids was calculated.
Average values were reported as mean ± SEM (* P < 0.05, ** P < 0.01, *** P < 0.001).
Bright-filed and immunohistochemistry images were visualized by Axiovert inverted
microscope at 10X magnification. Scale bar for bright-field images is 100 µm and for
immunofluorescent images is 50 µm.
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Figure 36. TQ and radiation inhibit patient 2-derived colon cancer organoids and
reduce their organoid-forming ability and size. (A) Representative images of H&E
stain of unaffected and tumor colon tissue from patient 2 with moderately differentiated
(grade 2) pT2 sigmoid colon adenocarcinoma. Representative images of colon cancer
tissues stained for CK8, β-catenin (B) and Ki67 (C). (D) Representative bright-field
images of organoids derived from unaffected and tumor colon patient 2 samples. (E)
Immunofluorescent images of tumor colon tissues and organoids stained for colorectal
cancer stem cell markers CD44 and CK19. Images were obtained using confocal
microscopy. (F) Representative bright-field images of organoids derived from tumor
colon patient 2 sample and treated with TQ, IR, or combinations (TQ+IR). Fresh
unaffected and tumor tissues were digested, and single cells were resuspended in Matrigel
and serum-free colon media (9:1) and allowed to grow without treatment. Generated
organoids are referred to as G1 organoids. Organoids were propagated to G4 and treated
with TQ, IR, or combination (TQ+IR). OFC was calculated according to the following
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formula: (number of organoids counted/ number of input cells) ×100. Size of organoids
was calculated, and average values were reported as mean ± SEM (* P < 0.05, ** P <
0.01). Bright-filed and immunohistochemistry images were visualized by Axiovert
inverted microscope at 10X magnification. Scale bar for bright-field images is 100 µm
and for immunofluorescent images is 50 µm.

Figure 37. TQ and radiation inhibit patient 3-derived colon cancer organoids and
reduce their organoid-forming ability and size. (A) Representative images of H&E
stain of unaffected and tumor colon tissue from patient 3 with moderately differentiated
(grade 2) pT3 sigmoid colon adenocarcinoma. Representative images of colon cancer
tissues stained for CK8, β catenin (B), and Ki67 (C). (D) Representative bright-field
images of organoids derived from unaffected and tumor colon patient 3 samples. (E)
Immunofluorescent images of tumor colon tissues and organoids stained for colorectal
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cancer stem cell markers CD44 and CK19. Images were obtained using confocal
microscopy. (F) Representative bright-field images of organoids derived from tumor
colon patient 3 sample and treated with TQ (3 and 5 µM), radiation (2 Gy), or
combinations. Fresh unaffected and tumor tissues were digested, and single cells were
resuspended in Matrigel and serum-free colon media (9:1) and allowed to grow without
treatment. Generated organoids are referred to as G1 organoids. Organoids were
propagated to G2 and treated with TQ, IR, or combination (TQ+IR). OFC was calculated
according to the following formula: (number of organoids counted/ number of input cells)
×100. Size of organoids was calculated, and average values were reported as mean ± SEM
(* P < 0.05, ** P < 0.01, *** P < 0.001). Bright-field and immunohistochemistry images
were visualized by Axiovert inverted microscope at 10× magnification. Scale bar for
bright-field images is 100 µm and for immunofluorescent images is 50 µm.
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Table 5: Colorectal cancer patients’ clinical and histopathologic characteristics

L. Effect of TQ and radiation on cell line-derived organoids
Given that HCT116 and HT29 are derived from colorectal adenocarcinoma
patients, we next aimed to establish organoids from HCT116 and HT29 and assess the
effect of TQ and IR combination on these organoids (Figures 38-39). Our results showed
significant reduction in HCT116 OFC upon treatment with TQ (1 or 3 µM) with IR, and
this reduction was comparable to TQ or IR alone (Figure 38A).
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Figure 38. TQ and radiation inhibit HCT116 colorectal cancer cell line-derived
organoids and reduce their organoid-forming ability. (A) Representative bright-field
images of organoids derived from HCT116 cells and treated with TQ, IR (2 Gy), or
combinations (TQ+IR). Images were visualized by Axiovert inverted microscope at 10X
magnification and analyzed by Carl Zeiss Zen 2012 image software. Scale bar 100 µm.
OFC was calculated and expressed as percentage of the treatment group as compared to
its control according to the following formula: OFC (%control) = (number of organoids
counted/number of organoids in control group) ×100. HCT116 cells were suspended in
Matrigel and serum-free colon media (9:1) and allowed to grow in serum-free colon
media (with or without treatment). Generated organoids are referred to as G1 organoids.
Data represent an average of three independent experiments and are reported as mean ±
SEM (*P < 0.05). Representative immunofluorescence images of phalloidin-stained
HCT116 organoids were obtained using confocal microscopy. Scale bar 50µm.

Interestingly, there was no significant effect of IR alone on HT29 organoid
count, whereas treatment with 5 µM TQ alone led to a ~13% reduction (Figure 39A).
Importantly, combining 5 µM TQ with IR resulted in a 2.26-fold decrease in OFC, and
this decrease was significant when compared to individual treatments. Notably, organoids
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established from the HT29 cells and treated with individual and combination treatments
showed similar response to organoids from patient 1.

Figure 39. TQ radiosensitizes HT29 colorectal cancer cell line-derived organoids
and reduces their organoid-forming ability. (A) Representative bright-field images of
organoids derived from HT29 cells and treated with TQ, IR (2 Gy), or combinations
(TQ+IR). Images were visualized by Axiovert inverted microscope at 10X magnification
and analyzed by Carl Zeiss Zen 2012 image software. Scale bar 100 µm. OFC was
calculated and expressed as percentage of the treatment group as compared to its control
according to the following formula: OFC (%control) = (number of organoids
counted/number of organoids in control group) ×100. HT29 cells were suspended in
Matrigel and serum-free colon media (9:1) and allowed to grow in serum-free colon
media (with or without treatment). Generated organoids are referred to as G1 organoids.
Data represent an average of three independent experiments and are reported as mean ±
SEM (*P < 0.05). Representative immunofluorescence images of phalloidin-stained
HT29 organoids were obtained using confocal microscopy. Scale bar is 50 µm.
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CHAPTER IV
DISCUSSION

Colorectal cancer is the third most common cancer affecting both men and
women worldwide. It remains among the most lethal and prevalent malignancies
worldwide with 14% survival for patients with metastatic CRC [163]. Despite the great
advances made in detecting and treating CRC cancer, it remains a major burden in many
countries. Treatments for CRC include surgical resection, radiotherapy, ablative therapies
for metastases, and palliative chemotherapy [164]. However, in many cases, cancer
recurrence may occur due to the resistance of CSCs to conventional therapies, including
radiotherapy. Chemo- and radiotherapy are often combined and given as neoadjuvant
therapy in cases of advanced rectal cancer disease (>T3), lymph node involvement, and
after surgery to prevent local recurrence [165]. Several trimodality approaches have been
devised for better management of the disease. Previously, the standard sequence was
preoperative chemotherapy or radiotherapy, followed by surgery, and sometimes
application of adjuvant multi-agent chemotherapy. Recent advances have been made to
optimize the sequence of these approaches for better outcomes [166]. Total neoadjuvant
therapy (TNT) is now being implemented in patients with higher risk of recurrence. This
new approach consists of preoperative delivery of radio- and chemotherapy in sequence
with multi-agent chemotherapy [166]. Delivering radiation before surgery led to lower
recurrence, when compared to surgery alone [167-170]. Long-course chemoradiation
(with concurrent 5-FU or capecitabine) and short course-radiotherapy have been studied
in clinical trials; however, both involve the delivery of high radiation dose (>25 Gy) [171,
172].
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The interest in the development of potential radiosensitizers in radiotherapy has
expanded [173]. Mechanisms of radiosensitization may include inhibition of radiationinduced DNA damage repair, cell cycle progression, growth signaling pathways, energy
metabolism pathways, angiogenesis, inflammation, hypoxia, and invasion and metastasis
[174, 175].
Thymoquinone, the major bioactive compound found in Nigella sativa, exhibits
several cytotoxic activities against many cancer types, including CRC, through the
modulation of multiple hallmarks of cancer. However, no studies have investigated the
radiosensitzing effect of TQ on CRC cells and stem/progenitor cells. This study was
designed to investigate the radiosensitizing potential of TQ and the molecular
mechanisms of TQ and IR combination in different 2D and 3D models of CRC cells, and
in PDOs. Our study is the first to show a radiosensitizing potential of TQ in CRC
stem/progenitor cells and in PDOs. In 3D colonosphere cultures, radiosensitization by TQ
correlated with significant inhibition of DNA repair, stemness, and radioresistance
through targeting CD44, CK19, and CD133 CRC stem cell markers, in addition to βcatenin and NF-κB molecules involved in survival and radioresistance. These findings
confirm the efficacy of combination treatment in eradicating CSCs. On the other hand,
combination treatment induced the expression of cell cycle regulators p53 and p21,
suggesting cell cycle arrest in response to DNA damage. In our 2D model, combination
of TQ and IR inhibited cell proliferation, viability, migration, and colony forming ability.
It also induced DNA damage and G2/M cell cycle arrest, which was associated with
persistent expression of γH2AX and p-ATR, in addition to induction of ROS and
oxidative stress. Mechanistically, TQ and IR combination upregulated p53 and p21, and
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targeted NF-κB, MEK/ERK, Wnt/β catenin, and p-mTOR pathways involved in
radioresistance.
For the first part of the study, we used a panel of CRC cells with different
mutations and sensitivity to TQ: HCT116 (Wild-type p53, mutant K-ras), HCT116 p53
null (absent p53, mutant K-ras), HT29 (mutant p53, wild-type K-ras), and DLD1 (mutant
p53, mutant K-ras). We showed that TQ radiosensitized these cells, independent of their
p53 or K-ras status. IR alone had reversible inhibitory effects on the proliferation of all
cell lines and no cytotoxic effects on HT29 cells. Combining IR with TQ led to a dosedependent reduction in proliferation of all CRC cells. Notably, MTT measures the level
of cellular metabolic activity, which is associated with cell proliferation, and thus may
not be the ideal assay to clearly see the effect of combination treatments. On the other
hand, trypan blue assay showed that combining TQ with IR reduced the viability of CRC
cells more than TQ or IR alone and was non-toxic to FHs74Int intestinal cells at low
doses of TQ. Clonogenic survival of irradiated HCT116, HCT116 p53 null, HT29, and
DLD1 cells was reduced by TQ, indicating radiosensitization through inhibition of longterm survival. This long-term inhibitory effect of TQ has been previously reported in
breast cancer and HNSCC cell lines exposed to radiation [144, 176]. Importantly, using
3D clonogenic survival assay, we showed a reduction in sphere forming ability of CRC
cells previously treated with combination treatment in 2D culture, indicating
radiosensitization by TQ. Clonogenic survival assay showed inhibitory effect of IR alone
on the FHs74Int non-tumorigenic intestinal cells, consistent with studies reporting
radiation-induced toxicity in these cells [177, 178] and in normal tissues [179].
For subsequent experiments, HCT116 and HT29 cells were chosen to elucidate
potential mechanisms of TQ radiosensitization. Interestingly, we showed that IR alone
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induced migration of both HCT116 and HT29 cells, whereas combining TQ with IR
reversed this induction. TQ is known to inhibit migration and invasion of cancer cells by
targeting EMT markers, such as E cadherin and vimentin [159, 180]. When combined
with IR, TQ was able to reverse the IR-induced upregulation of mesenchymal and
metastasis markers (integrin αv, MMP2, MMP9) and downregulation of epithelial
markers (E cadherin and CK19) in breast cancer cells [142].
Interestingly, our results showed that combining TQ with IR enhanced arrest at
the G2/M phase, during which cells are most vulnerable for IR. The induction of G2/M
arrest by TQ in irradiated cells is consistent with the mechanism of action of potent
radiosensitizing agents studied in CRC models [181-184]. ATM and ATR play important
roles in the cellular response to DNA damage and regulation of G2/M checkpoint [185].
Analysis of the active forms of ATM and ATR showed an upregulation at early times
following irradiation in HCT116 and HT29 cells treated with TQ and IR. However,
significant high levels of p-ATR but not p-ATM were maintained 24 hrs post irradiation
in combination-treated cells. Following exposure to IR, double strand breaks (DSBs)
activate ATM and ATR, which in turn phosphorylate and activate chk2 and chk1,
respectively [66]. ATM is the major kinase that phosphorylates H2AX, but ATR and
DNA-PKc kinases can substitute for ATM [186, 187]. Phosphorylation of H2AX is
required for the assembly of the DNA repair machinery and for the activation of cell cycle
checkpoints [188]. Importantly, an ATM-to-ATR switch is observed during DSB
resection, which results in phosphorylation and activation of chk1 leading to G2/M phase
arrest [66, 189]. These observations could explain the persistent high levels of p-ATR 24
hrs post irradiation, suggesting that DNA damage induced by combination treatment
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results in the activation of both kinases at early times following irradiation, and are
thereafter dependent on ATR activation and cell cycle arrest to repair DNA damage.
We next examined the changes in the expression of the DNA damage and repair
marker, γH2AX in response to TQ and IR. Radiation-induced cytotoxicity is mediated
through induction of DSBs, which are lethal to cells if not repaired [190]. We [159] and
others [133, 191-193] have used γ-H2AX foci as a marker for TQ- and radiation-induced
DNA damage. Our results showed that the repair of damage began early in CRC cells, as
evident from the high number of γH2AX foci only 10 mins post IR. Interestingly, we
found a persistent upregulation of this DNA damage marker upon treatment with TQ prior
to irradiation. In contrast, cells treated with either TQ or IR had lower γH2AX levels 24
hrs post IR. This suggests that TQ is a potent inducer of DNA damage when combined
with IR, whereby it sensitizes HCT116 and HT29 cells to radiation through maintaining
constitutive activation of H2AX, resulting in a delayed repair of radiation-induced DSB,
cell cycle arrest, and possibly apoptosis.
IR induces direct damage to cells through generation of ROS [194]. Similarly,
TQ is also known to for its ROS generating effect in tumor cells [195, 196] Researchers
have previously found that it increases ROS levels and decreases glutathione (GSH), an
intracellular antioxidant, in prostate cancer cells [197]. This results in induction of growth
arrest and DNA damage inducible gene (GADD45alpha) and apoptosis-inducing factor1 and downregulation of several anti-apoptotic proteins [197]. Thus, we checked for ROS
induction upon combining TQ with IR. IR alone induced oxidative stress in HCT116 cells
but not in HT29 cells. On the other hand, TQ alone was able to induce ROS generation
in both cell lines. Importantly combining TQ and IR led to a more pronounced increase
in ROS generation, and this increase was comparable between the two cell lines at low
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TQ concentration (10µM), suggesting that TQ radiosensitizes CRC cells to a similar
extent, through modulating oxidative stress.
To understand what molecular pathways could be involved in radiosensitization,
we focused on pathways implicated in radioresistance. mTOR has a central role in cell
proliferation, growth, survival, metabolism. Its frequent activation has been documented
in CRC liver metastasis [198]. Importantly, radiation induces mTOR phosphorylation and
activation, which contributes to cancer metastasis and radioresistance. On the other hand,
inhibiting mTOR sensitizes cancer cells to radiation via mechanisms that involve
inhibition of survival and induction of DNA damage and apoptosis [199, 200]. In fact,
PI3K/AKT/mTOR could be a potential target in the treatment of CRC [201]. Our results
showed that p-mTOR was highly expressed in control and irradiated cancer cells and that
combination treatment was successful in reversing this high expression. Importantly, the
effect was greater in HT29 cells whereby treatment with low TQ concentrations prior to
radiation inhibited mTOR activation and sensitized these cells to radiation. Wnt and
MEK/ERK pathways are known to be involved in CRC tumorigenesis and thus, targeting
them may be of clinical significance for patients with metastatic CRC [202]. Moreover,
MEK/ERK pathway is known to play a role in cell survival and resistance in response to
radiation [203]. Therefore, we were interested in studying the potential effects of TQ and
IR on these pathways. According to our findings, combination treatment reduced the
expression of β-catenin and MEK, suggesting that radiosensitization by TQ may be
associated with inhibition of survival and metastasis of CRC cells through targeting these
molecules. Interestingly, TQ and IR reduced the expression of NF-κB, which is involved
in cellular survival in response to radiation exposure and oxidative stress, in addition to
radioresistance [204]. It was shown that TQ sensitizes CRC cells to cisplatin by reducing
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phosphorylation levels of NF- κB and thus inhibiting its activation [124]. The inhibition
of NF-κB by TQ reduced metastasis of irinotecan-resistant LOVO colon cancer cells
[135]. IR alone and in combination with TQ induced the upregulation of p53 and p21 in
HCT116 cells, and this upregulation was associated with G2/M arrest. Cell cycle arrest
through p53 and p21 activation following DNA damage is well studied [25]. TQ and IR
combination upregulated p53 but not p21 in HT29 cells. Treating HCT116 and HT29
with combination treatment reduced the expression of the stem cell marker CD133 in
HT29 but not in HCT116 cells, suggesting that combination treatment may be targeting
different CRC stem cell markers in these cells. TQ was shown to sensitize cancer cells to
radiation through targeting other molecular pathways [141, 142]. TQ alone or in
combination with paclitaxel enhanced radiosensitivity of MCF7 and MDA-MB-231
breast cancer cells by inhibiting colony formation, migration and invasion, and EMT via
targeting TGF-β, upregulating the epithelial marker E-cadherin and decreasing the
expression of several mesenchymal markers including integrin αV and MMPs [142].
Morphologically, TQ reversed the fibroblast-like shape of breast cancer cells that is
acquired following irradiation, further confirming inhibition of EMT and metastasis as a
mechanism of sensitization. Another study showed that TQ radiosensitized MCF7 and
T47D and this sensitization was associated with inhibition of proliferation, colony
forming ability, and induction of cell cycle arrest and apoptosis [141]. A synergistic effect
of TQ and radiation was observed in HNSCC through inhibition of proliferation [144].
Another study reported that TQ enhanced the effect of gamma knife on proliferation,
survival, DNA damage, and apoptosis in melanoma cells by modulating the
JAK2/STAT3 pathway [205].

113

Given that CSCs are the population responsible for radioresistance and tumor
relapse, we aimed to study the radiosensitizing potential of TQ in stem/progenitor cells
enriched from HCT116 and HT29 cell lines. TQ alone inhibited the sphere-forming and
self-renewal capacity of spheres derived from both cell lines, which is consistent with
recent findings from our lab [159]. The radiosensitizing effect of TQ was observed at low
doses of TQ in colonospheres at G1 and led to depletion of spheres at G5, which suggests
that combination of TQ and IR effectively targets resistant CRC stem/progenitor cells and
exert a stronger inhibitory effect than either treatment alone. Studies investigating the
effect of TQ on cancer stem/progenitor cells are very few. Recent studies have shown that
combining TQ with chemotherapeutic agents or natural compounds increases treatment
efficacy through enhancing inhibition of CSCs [206-208]. The co-delivery of TQ and
Doxorubicin (DOX) in aragonite calcium carbonate nanoparticles (ACNP) attenuated the
self-renewal abilities of breast CSCs, which was accompanied with downregulation of
the breast CSC markers CD44, CD24, and ALDH1 [209]. Synergism from combining
TQ with emodin was observed in breast CSCs against CD44+/CD24- CSCS population
through downregulation of stemness markers, OCT-4 and SOX-2 [208]. The combined
treatment of TQ and 5-FU depleted CD133+ CSCs and reduced self-renewal potential of
CRC stem/progenitor cells, possibly through downregulation of Wnt and PI3K/AKT
stemness pathways [140].
To evaluate the underlying mechanism of inhibition by TQ and IR in 3D
colonospheres, we determined the effect of combination treatment on DNA damage and
on the expression of several CRC stem cell markers and major stem cell regulatory
pathways. Our results showed no change in γH2AX levels following treatment with TQ
or IR alone, which translates into a highly efficient activation of DDR and repair in CSCs
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[210]. Interestingly, combination of TQ and IR led to increased phosphorylation of
H2AX, suggesting radiosensitization of resistant CSCs through diminishing their DNA
damage repair ability. Moreover, we showed high expression of CD44 in control and
irradiated HCT116 and HT29 spheres and that TQ sensitized spheres to radiation by
reducing its expression. TQ alone downregulated CD44 expression, which is in
agreement with our previous findings that showed a decrease in CD44 in spheres derived
from HCT116 cells [159]. The inhibition of sphere forming ability seen here correlated
with the decrease in this stem cell marker upon treatment with TQ alone or TQ and IR
combination. Combination treatment led to reduction in the expression of CK8 and CK19
in CSCs enriched from HCT116 but not HT29 cells. This suggests a different mechanism
of stemness inhibition by TQ and IR in different CSCs, whereby inhibition is mediated
by downregulation of two CSC markers CD44 and CK19 in HCT116 spheres and of
CD44 in HT29 spheres. Importantly, treating HCT116 and HT29 spheres with TQ and
IR combination also reduced the expression of CD133, which is associated with migration
and stemness in CRC, in addition to chemotherapy resistance [211]. CD44 and CD133
are recognized among others as putative stem cell markers in CRC [212, 213]. The high
expression of CD44 and CD133 in CSCs that were derived from HCT116 and HT29 cells
confirms enrichment of cells having stem-like properties in our 3D colonosphere cultures.
Both markers have high prognostic impact, however the functional relevance of CD133
for the metastasis of CRC is still not very clear [213, 214]. CD44 is a surface glycoprotein
that plays a role in several key processes including survival, growth, stemness, cell
migration. CD44 is partly activated by Wnt/β catenin pathway [104], which explains the
decrease in its expression, in line with the observed downregulation of β catenin in
combination treated HCT116 and HT29 spheres. CK19, which was significantly
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downregulated in HCT116 spheres treated with combination, is known to be a colon
lineage epithelial and CSC marker and is therefore used to identify circulating CRC stem
cells and to confirm their epithelial nature [215]. In fact, CK8 and CK19 have been
reported to be the most abundant cytokeratin epithelial markers in sporadic CRC [216].
As for the PDOs established in this study, different responses to individual and
combination treatments were observed, which could be explained by the differences in
clinical and histopathological characteristics, such as tumor location and stage. Organoids
derived from patient 1 were the most resistant to IR. Notably, TQ radiosensitized these
organoids by reducing their total count and size. In patient 2, IR alone was good as
standalone treatment for the established organoids. These organoids were partially
sensitive to irradiation, and combination treatment had a similar effect, as compared to
IR alone, on the organoid forming ability. Only combination treatment had an inhibitory
effect on organoid size, suggesting inhibition of proliferation in response to TQ and IR
combinations. OFC of organoids from patient 3 were drastically reduced by IR alone,
indicating high sensitivity to IR, and combination of TQ with IR resulted in similar
inhibition by IR alone on OFC. Interestingly, TQ was good as a standalone treatment for
organoids derived from this patient. Similar to patient 2, organoid size was reduced in
combination-treated organoids.
Interestingly, organoids derived from HT29 cells and patient 1 tumor tissue
showed similar response to individual and combination treatments. On the other hand,
combining TQ and IR in HCT116 organoids showed comparable effect to TQ or IR alone,
suggesting that higher TQ concentration should be used to sensitize these organoids to
radiation.
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CD44 has prognostic and clinical value in CRC and has been used to predict
unfavorable prognosis and cancer aggressiveness [217]. High expression of CD44 has
been associated with self-renewal, tumor initiation and metastasis, as well as resistance
to apoptosis and to chemo- and radiotherapy [218, 219]. CK19 expression has been also
shown to be associated with carcinogenesis of colon cancer [220]. Therefore, the high
expression of these CRC stem cell markers in the established PDOs, as well as in the
corresponding parental tumor tissues, confirms the presence of CSCs and the
maintenance of tumor tissue molecular characteristics in these disease models.
Interestingly, data from patient 1-derived organoids showed a decrease in the expression
of CD44 and CK19 upon treatment with TQ and IR, suggesting that combination
treatment is effective in targeting stemness pathways in radiation-resistant CSCs.
Further analysis of parental tumor tissues showed positive staining for the
proliferation marker Ki67, in addition to the epithelial marker CK8 and stemness marker
β-catenin. The epithelial cytokeratin CK8 is found in most cancers and has prognostic
value in colon cancer [221].
Patient-derived organoids are superior models to identify and study potential
anti-cancer drugs and compounds and have been shown to be a powerful preclinical
platform for drug testing and personalized therapy. These models retain and thus
recapitulate basic biological functions and characteristics of their source tumor, including
histological complexity and genetic heterogeneity of cancer tissue, in contrast to 2D
monolayer cultures [222, 223]. We have succeeded in establishing patient-derived CRC
organoids and characterizing the expression of some CSC markers in primary tumor
tissue and patient-matched organoids and we showed a positive expression in our PDOs
and their corresponding tissue of origin.
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The present study has several limitations. We acknowledge that the patient
sample size is small and dependent on the availability of tissues at the time of the study.
Additionally, among the few tissue samples we received, only three successfully formed
PDOs in culture, possibly due to limitations in tissue quality and size, which hindered
organoid derivation. Also, PDO staining was limited by the low number of organoids
generated, mainly in treated groups. Future investigations are essential to validate the
radiosensitizing effects of TQ on additional colon/rectal patient samples and to link the
differential responses to clinical variables. It remains essential to determine the
radiosensitizing effects of TQ on more CRC cell lines and the mechanisms of
radiosensitization in 2D and 3D cultures. It would be interesting to study effect on several
pathways and molecules implicated in radioresistance and survival (PI3K/Akt/mTOR and
Notch) and DNA damage repair (DNA-PKc, RAD51, and BRCA). Mechanistic studies
in vitro could be followed by validation in PDOs, which have more physiological and
clinical relevance relative to 2D and 3D spheroid cultures and offer a suitable tool for
predicting patients’ drug response and implementing personalized medicine. Based on
future experiments, our data hold promise for the potential use of TQ as a potent
radiosensitizing agent in clinical practice, with minimal toxicity on normal tissue.
In summary, we reported for the first time a radiosensitizing potential of TQ in
2D and 3D cultures of CRC cells and in PDOs. Importantly, radiosensitization was
associated with inhibition of cell viability, colony forming ability, migration, cell cycle
progression, and DNA repair ability. TQ in combination with IR also targeted pathways
implicated in survival, stemness, and radioresistance in cancer cells and cancer
stem/progenitor cells. Based on these results, combination of TQ with radiation might
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represent a useful tool for targeting radiation-resistant cancer cells and stem/progenitor
cells.
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