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ABSTRACT
OF THE DISSERTATION OF

Alissar Atef Monzer for Doctor of Philosophy
Major: Cell and Molecular Biology

Title: Investigating the Anticancer Potential of Novel Therapeutics Using 3D Model
Systems of Colon Cancer

Background:

Chemotherapy for colorectal cancer (CRC), the second leading disease of cancer-related
mortality, has so far revealed partial success. Cancer stem cells (CSCs) in CRC, which
are spared by many chemotherapeutics, have tumorigenic capacity and are believed to
be the reason behind cancer relapse. The inadequate response to 5-fluorouracil (5FU),
the first-line therapy for advanced CRC, might be caused by surviving CSCs. So far,
there have been no effective drugs to target colon CSCs. The identification of novel
therapeutics that simultaneously target CSCs and chemo-resistant cells is a major
challenge and is of high importance for successful cancer treatment. Quinones and
imipridone have shown promising effect on targeting different types of cancer.
However, research on the effects of DIQ, ONC201 and ONC206 to target CSCs in CRC
is very limited.

Objective: The overall aim of this thesis is to investigate the anticancer activities and
targeting mechanism(s) of three novel therapeutics, diiminoquinone DIQ, and the
imipridone DRD2 antagonists ONC201 and ONC206, against human colon cancer cells
with stem-like properties both in 2D and in 3D using colonosphere cultures and patient-
derived organoids. Our first aim was to assess the toxicity of DIQ, ONC201 and
ONC206 to non-tumorigenic colon FHS cells and their ability to target colon cancer
stem cells in HCT116 and HT29 cells. In this aim, we used 3D sphere-formation assays
to enrich cancer stem cells (CSCs) in the human colorectal cancer cell lines and
determine mechanism(s) of DIQ and ONC206 for targeting colon cancer self-renewal
capacity. The second aim was to establish three-dimensional patient-derived colon
cancer organoid cultures and assess the effect of DIQ, ONC201 and 206 on them.

Methods: We first assessed the safety of DIQ, ONC201 and ONC206 on non-
tumorigenic FHS74Int cells in comparison to their anticancer activity against colon
cancer HCT116 and HT29 cells. Cell cycle analysis and reactive oxygen species (ROS)
production in response to DIQ, ONC201 and ONC206 were investigated using
propidium iodide and dihydroethidium staining, respectively. Invasion and migration
ability of DIQ, ONC201 and ONC206 were assessed using wound healing and transwell
invasion assays, respectively. Then, we tested their efficacy on sphere formation, sphere

3



size, and self-renewal capacity of spheres derived from colon cancer cell lines grown in
3D setting for up to 5 generations. Immunofluorescent analysis and western blot were
used to determine the mechanism of action. For the second aim, we established colon
cancer patient derived organoids from fresh tissue samples from consented patients with
different stages of CRC undergoing colectomy at the American University of Beirut
Medical Center (AUBMC, Beirut, Lebanon) according to appropriate Institutional
Review Board (IRB) approval guidelines. Patient organoid model was used to assess
DIQ, ONC201 and ONC206 response in comparison to 5FU. The effects of DIQ,
ONC201 and ONC206 on organoids growth were evaluated by quantifying the number
of organoids formed (OFC) and calculating the average size (diameters). Colon patient-
specific organoids were characterized using immunofluorescent staining. Statistical
analysis was performed using Graphpad prism 7.

Results: Our results showed that DIQ, ONC201 and ONC206 significantly inhibited
cell proliferation, migration, and invasion in HCT116 and HT29 cell lines. DIQ,
ONC201 and ONC206 treatments induced apoptosis along with an accumulation of
HCT116 and HT29 cancer cells in the sub-G1 region and an increase in ROS in both
CRC cell lines. DIQ, ONC201 and ONC206 significantly reduced sphere-forming and
self-renewal ability of colon cancer HCT116 and HT29 stem/progenitor cells by
eradication of the propagated spheres at sub-toxic doses up to generation 5 (G5) .
Mechanistically, DIQ and ONC206 targeted CSCs by reducing the proliferation marker
Ki67 and CRC stem cell markers CD44, CD133 and CK19, as well as inducing DNA
damage through decreasing gamma-H2AX (y-H2AX) expression and downregulating
the main components of stem cell-related 3-catenin, AKT and ERK oncogenic signaling
pathways. Potently, DIQ, ONC201, and ONC206 displayed a highly significant
decrease in both the count and the size of the organoids derived from colon cancer
patients as compared to control and 5FU conditions.

Conclusion: This study represents the first documentation of the molecular mechanism
of the novel anticancer therapeutics DIQ, ONC201 and ONC206 via targeting CSCs,
findings that will certainly have therapeutic implications for colon cancer patients.
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CHAPTER |

INTRODUTION

A. Colorectal cancer
1. Colon Cancer Epidemiology

Cancer ranks as a leading cause of death worldwide before the age of 70 years
in both males and females in 112 countries worldwide, accounting for nearly 10 million
deaths and an estimated 19.3 million new cases in 2020 [1].

Colorectal cancer (CRC) is the third most common worldwide in 2020 in terms
of incidence of cancer (1.93 new million cases) in men and women, and the second
most common cause of cancer death in 2020 reaching 935,000 deaths according to the
global cancer statistics 2020 [1] (Figure 1). These statistics of CRC represent about one
in 10 cancer cases and deaths. Many factors influence the risk of developing CRC
including age, sex, race and ethnicity, dietary patterns, and lifestyle factors [2]. The
incidence rates of CRC are rising in individuals younger than 50 [3]. Primary
prevention and early screening remain the key strategies to lessen the growing global

burden of colorectal cancer [2].
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Figure 1. GLOBOCAN estimates of incidence and mortality worldwide for
colorectal cancer in 185 countries. Distribution of incidence and mortality for the top
10 most common cancers in 2020 for (A) Both Sexes, (B) Men, and (C) Women
according to global cancer statistics 2020 [Adapted and modified from [1]].
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2. Colon Anatomy and Function

The colon is the longest part of the large intestine. The colon is a U-shaped
tube made of muscle and connected at one end to a shorter tube called rectum. Together,
the colon and rectum are about 2 meters (6.5 feet) long. Its main function is to receive
almost completely digested food from the cecum, absorb water, vitamins and nutrients,
form stool and feces, and propel them toward the rectum for elimination [2, 3]. The
ascending, transverse, descending and the sigmoid colon are the four different parts of
the colon. The colon starts with the ascending colon, and ends with the sigmoid colon
that is connected to the rectum [2]. The colon wall is made up of four multiple layers
ordered from the lumen outward as follows: the mucosa, submucosa, muscular layer,
and serosa. These muscular layers contribute to the motility of the large intestine [4].

The intestinal epithelium is the most rapid self-renewing tissue of adult
mammals characterized by its highest turnover rate of five to seven-day turnover time in
humans [5]. The epithelium of the intestine is composed of differentiated villi and
proliferating crypts. It is made up of five major differentiated epithelial cells, including
enterocyte, goblet, enteroendocrine, Paneth and tuft cells. All these cells are derived
from intestinal stem cells (ISCs), which are located at the bottom of the crypts. Such
ISCs are characterized by two basic features: self-renewal and multipotency [6].
Proliferating progenitors called transit-amplifying (TA) cells allocated in the ISC niche
are vigorously produced by the ISCs. The ISC niche is involved in providing crucial key
biochemical structures and signals for polarity, growth, and physical strength of ISC.
The epithelial-mesenchymal crosstalk is crucial for the maintenance of the functional
stem cell niche, thus retaining a balance of stem cell quiescence and activity of 1ISCs [6].

Paneth cells are very crucial in leucine-rich repeat-containing G protein-coupled
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receptor 5+ (Lgr5+) stem cell niche within intestinal crypts [7].The direct cell contact
between Lgr5+ stem cells and Paneth cells (stem cell niche) regulates and determines
the self-renewal and proliferation potential of Lgr5+ stem cells both in vitro and in vivo
[8] . Inefficient culture and inability to control the fate of Lgr5+ stem cells were
reported in the absence of Paneth cells [9]. Wnt, bone morphogenetic protein (BMP),
hedgehog, and Notch control and regulate the ISCs function [10, 11]. Wnt signaling,
which mainly functions in the crypt base, is more likely involved in determining fate of
stem cells and transit-amplifying cells in the intestinal epithelium. Notch signaling
mainly controls daughter cell fate determination in the TA compartment. EGF, Noggin,
and R-spondinl are essential requirements in the crypt culture system. For example, R-
spondins are the major drivers of crypt self-renewal by enhancing Wnt signaling.
Removal of the BMP antagonist Noggin decreases Lgr5+ ISCs [12].

Specific molecular markers of stem cells are not yet known. Thus, there is a
major challenge toward the full characterization and isolation of stem cells. Multiple
markers of the adult ISCs, such as Lgr5, Bmil, were specified in different gene
expression and lineage tracing studies [13, 14]. Some markers that might correlate with
the stem cell tumorigenic phenotype were proposed to characterize CRC stem cells too

[15, 16] (Figure 5).

3. Colorectal Cancer Initiation and Progression

Cancer development is a multistep process that starts with tumor initiation,
followed by tumor promotion, and culminates with tumor progression. Colon cancer
represents a unique model. It arises primarily from polyps and might progress into

adenomas, which are characterized by their malignant potential. CRC is associated with
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one or a combination of mutations and chromosomal and microsatellite instability
(MIS) [17, 18] (Figure 2).

CRC initiation was triggered by mutations of the adenomatous polyposis coli
(APC) gene. APC gene is a tumor suppressor gene that is involved in the Wnt signaling
pathway [17].

Tumor promotion and progression are accompanied by additional mutations at
the level of KRAS, p53 and SMADA4, stimulating the amplification of growth rate of the
adenoma and leading to consequent tumor invasion and metastasis [17].

Mutations at the level of TP53 occur mainly at later stages of CRC
development in 50-70% of carcinomas. DNA damage, DNA repair and apoptosis are
sensed by the key player p53 protein [17]. p53 loss causes an enhancement of tumor
progression, failure of apoptotic mechanisms, and the induction of the epithelial—

mesenchymal transition [17].

Wnt pathway EGFR signaling TGFB response Loss of p53
Affected event 4 ctivation activation inactivation function Other genetic
A alterations
Gene(s) invoived APC KRAS Smad2/4 p53

Advanced
CRC

Wu-U-

Early adenoma/ Intermediate
Dysplastic crypt adenoma

Late adenoma Carcinoma Metastasis

Normal epithelium

Figure 2. Mechanism of colorectal cancer progression. This model represents the
observed clinicopathological changes along with genetic abnormalities in the
progression of chromosomally unstable CRC. All possible mutations during CRC
development are shown in the above figure. SMAD4: SMAD family member 4; TGFp:
transforming growth factor-B; EGFR: Epidermal growth factor receptor [Adapted and
modified from http://syscol-project.eu/about-syscol/].
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4. Stages and Treatments of Colorectal Cancer

Clinically, CRCs are usually subdivided into proximal or right-sided, and distal
or left-sided depending on the origin of the colon section. Proximal or right-sided CRCs
are the colon sections originating from proximal to the splenic flexure (cecum,
ascending colon and transverse colon), whereas distal or left-sided CRCs tumors arise
distally from descending colon and sigmoid colon. Rectal cancers arise 15 cm within
the anal sphincter and cause higher rates of loco-regional relapse and lung metastases,
whereas colon cancers spread towards the liver region and have a better prognosis [19].
Most colon cancers are classified as adenocarcinomas and are subdivided into low-
grade and high-grade colorectal tumors. Adenocarcinomas of the colon are represented
by three major subtypes, namely classical adenosquamous adenocarcinoma (CA),
mucinous adenocarcinoma (MAC), and signet-ring cell carcinoma (SRCC) [19].

Colorectal cancer is diagnosed after the onset of symptoms, or through
screening colonoscopy, or using noninvasive stool-based testing, such as occult blood
tests. Regular screening can prevent CRC. The focus of contemporary research is
directed towards minimally invasive surgical techniques, limit treatment-related
toxicities, and promote the personalization of therapy. Following surgical removal, CRC
is classified into four different stages [20-22] (Figure 3). Stage 0 represents the earliest
stage of the cancer, which is known as carcinoma in situ or intramucosal carcinoma. In
this stage, the cancer has not grown past the mucosa of the colon or rectum. Surgery is
the standard treatment at this stage. Stage | colon cancer is confined to the lining of the
colon with the appearance of small tumorigenic nodules, where the tumor has
penetrated the muscular layer of the colon but did not reach any adjacent organs or local

lymph nodes. Approximately 90% of stage | CRC patients do not experience a cancer
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relapse and are cured with surgery alone. Stage Il CRC has spread past the colon wall
into the abdominal cavity but did not invade any of the local lymph nodes. Surgery is
the first line of treatment in stage 11 CRC. Systemic adjuvant therapy is recommended
for the “high-risk™ stage II patients due to the risk of cancer recurrence after the surgery.
Adjuvant chemotherapy incorporates a variety of treatments such as 5-fluorouracil
(5FU) and leucovorin, or capecitabine if a high chance of recurrence exists. Stage 111
CRC has reached the abdominal cavity and has invaded the regional lymph nodes.
Contribution of systemic adjuvant therapy, preferably with a combination of
fluoropyrimidine and oxaliplatin, is recommended for all resected stage Il patients to
reduce the risk of colon cancer recurrence and improve survival. Stage IV CRC is
characterized by the metastasis of the advanced disease to other distant organs, mainly
liver and lungs. Surgery by itself is not enough at this stage, and chemotherapy
regimens or even radiation are recommended [20-23].

Colorectal cancers can be classified into local invasion depth (T stage), lymph
node involvement (N stage) and presence of distant metastases (M stage). These stages
are combined into an overall stage definition, which represents the basis for therapeutic
decisions [21, 22].

Current medical treatment of CRC includes a wide array of systemic
therapies, which include chemotherapeutic (e.g 5FU), targeted therapy (such as
epidermal growth factor receptor (EGFR) and (VEGFR) inhibitors), in addition to

immunotherapy [24, 25].
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Colorectal Cancer Stages
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Figure 3. Colorectal cancer stages. CRC is classified into four different stages. Stage
0 represents the earliest stage of the cancer. In stages 1, 2 and 3, CRC does not
metastase to distant organs. Stage 4 is characterized by the metastasis of the advanced
disease to other distant organs. [Adapted and modified from
https://medtour.help/disease/colorectal-cancer-rectal-cancer].
B. Cancer Stem Cells
1. Overview

Like normal pluripotent stem cells, cancer stem cells (CSCs) are long-lived,
and show quiescent potentials in a dormant state [26]. CSCs are characterized by their
self-renewal, pluripotency, and tumor expansion potential of differentiated cell
populations with altered molecular and cellular phenotypes [27, 28]. This small
subpopulation of cells is associated with tumor invasion and metastasis, resistance to
therapy, cancer relapse and poor prognosis in patients [28] (Figure 4). They are

responsible for angiogenic induction and apoptotic resistance. CSCs are present within

solid tumors; therefore targeting this population holds hope for treatment response [29].
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CSCs express distinctive arrays of stem cell marker genes, such as Lgr5, Oct4,
Sox2, Nanog, c-kit, ABCG2, and ALDH, which make them vulnerable to therapies
targeting multiple cellular pathways [26, 30]. In addition, it is not possible to develop a
‘pan-CSC’-targeting mechanism due to the absence of known universal markers for
CSCs [31, 32]. The stem cell niche is composed of fibroblasts, endothelia, and
inflammatory cells. It is involved in the maintenance and promotion of CSCs into more

aggressive and invasive potentials
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Figure 4. From carcinogenesis to tumor resistance via cancer stem cells. Neoplastic
progression, tumor recurrence, and metastasis are driven by CSCs. (A) Tumors can arise
from somatic cells undergoing genetic mutations and affected by the dysregulation of
microenvironmental factors. (B) CSCs are posited to be exclusively capable of driving
tumorigenesis through their self-renewal and differentiation abilities. (C) CSCs can
induce increased resistance to chemotherapeutic agents and/or ionizing radiation, and
mediate immune rejection. [Adapted and modified from [29]].

2. Colorectal Cancer Stem Cells
Using flow cytometric analysis and spheroid cultures, specific surface markers
have been identified and correlated to CRC phenotype including, CD133, CD44, CD34,

CD24, epithelial-specific antigen (ESA), CD166, CD29, Lgr5 and ALDH [16].
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However, most of the CSC surface markers identified so far are also expressed in
normal ISCs, thus not allowing their potential use as therapeutic targets for treating
cancer (Figure 5).

Among these specific colon surface biomarkers, CD133, which identifies a
colon cancer—initiating cell (CC-1C) population in human tumors, is considered to be a
key CSC marker in CRC. Human colorectal CSCs were first isolated based on CD133
expression [33, 34]. CD133, which is also expressed in normal colon tissue, accounts
for approximately 2.5% of colorectal cancer tumor cells that could have derived from
oncogenic transformation of normal colonic stem cells [35]. The use of CD133 as an
effective marker of colorectal CSCs has been supported by many studies. Notably,
tumor formation that resembled the original malignancy took place rapidly in
immunodeficient mice injected in CD133+ cancer cells, whereas CD133- cells did not
[33, 34]. Consistent with a CSC phenotype, CD133+ colorectal tumors were found to be
resistant to radiotherapy and chemotherapy.

Another known CSC marker, CD44, regulates adhesion, differentiation, and
migration. CD44+ colorectal CSCs display aggressive proliferation, more colony
formation, and chemo- and radio-resistance as compared to CD44 negative cells. In
HCT116 colon cancer cells, knockdown of CD44 with short hairpin RNA (shRNA) led
to the reduction in cell proliferation, migration and invasion [36]. Some data argue
against the specificity of CD44 for colonic stem cells since CD44 was expressed not
only in the stem cell compartment at the crypt bottom but also in cells within the
proliferative compartment. Thus, questioning whether CD44 is a specific CRC stem

marker remains to be determined.
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Lgr5 is another reported marker for colorectal CSCs mainly during the
initiation of tumorigenesis. Interestingly, CRC resistance and relapse were prevented by
the combination targeting of both Lgr5+ cells and differentiated cancer cells. The Lgr5
expression is related to 5FU resistance and colorectal cancer relapse [37]. Lgr5-
expressing cells are able to generate long-term crypt-villus organoids with all
differentiated cell lines.

Although CD44, CD133, and Lgr5 are relatively good colorectal CSC markers,
the possibility of other CSCs markers in the colon still exists. More specific stem cell

markers are needed to enable targeting them at a premalignant stage.
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Figure 5. Normal and colorectal cancer stem cells. Some markers that might exist in
ISC (a) and CRC (b) stem cells. Some markers in CRC, such as Lgr5, CD44, CD133,
might correlate with the stem cell tumorigenic phenotype [Adapted and modified from

[15]].
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3. Targeting Colorectal Cancer Stem Cells

Although 5FU is the mainstay backbone of chemotherapy treatment for
metastatic CRC, it causes many side effects and toxicity [38]. Most CRC patients die of
metastasis due to the resistance of their disease to standard therapies. Around 75% of
patients with metastatic CRC receiving chemotherapy develop recurrence within 18
months [39]. The presence of chemotherapy-resistant CSCs is one of the most key
causes of tumor recurrence. There is a high need for significant identification of novel
therapeutics targeting chemo-resistant and cancer stem cells in CRC.

Different strategies aim to sensitize CSCs including the use of differentiation-
inducing agents, inhibitors of survival pathways, immune therapy, triple-target
therapeutic strategies, targeting proteins such as CD133, CD44, or EpCAM by
antibody-directed therapy, as well as targeting ABCG2 which are ATP- binding drug
efflux pumps by ATP-competitors [40]. It is believed that there are no effective drugs to
target CSCs.

Multiple signaling systems are involved in resistance of CSCs to therapy
(Figure 6). Three major signaling pathways contribute to stem cell development,
tumorigenicity, and oncogenesis: the Notch, sonic hedgehog (Shh) and Wnt signaling
[41, 42]. These pathways control the balance between proliferation, differentiation,
migration, and renewal of CSCs. It is widely accepted that the Wnt/B-catenin pathway is
the most relevant signaling pathway for CRC development; it plays a key role in
colorectal tumorigenesis and is involved in the process of epithelial to mesenchymal
transition (EMT) and invasion. This pathway is mechanistically responsible for drug
resistance of colon CSCs [41]. Blocking the Wnt/B-catenin pathway in CD133+ colon

cancer cells led to the reversal of their resistance to 5FU [43]. Increasing evidence
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shows that these three embryonic pathways can interact with other oncogenic signaling
pathways, such as those involving the MAPK, PI3K, AKT, ERK and EGF, which are
aberrantly activated in many human cancers [44-46]. Thus, identifying drugs that target
these oncogenic pathways would make a solid rationale for the targeted therapy of
cancers. Indeed, studies have shown that AKT and ERK are overexpressed in human
CRC [45]. Therefore, these developmental pathways could be considered important
therapeutic targets for suppressing CSC self-renewal and proliferation, and

tumorigenicity.
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Figure 6. Signaling pathways involved in resistance of CSCs to therapy. Signal
pathways and elements involved in the maintenance of the stemness of CSCs.
Dysregulation of signal pathway network plays an important role in controlling the self-
renewing and differentiation abilities of CSCs as well as normal stem cells including
PI3K/AKT, JAK/STAT, Wnt/B-catenin, hedgehog, Notch, and NF-kB.
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C. Three-Dimensional Models for Colorectal Cancer Stem Cells
1. Overview of Three-Dimensional Models

The identification of colorectal CSCs is not clear-cut. The need for models that
identify, and isolate CSCs is of high importance for effective treatment of cancer
recurrence. Recently, we have witnessed the development of different types of in vitro
three-dimensional (3D) culture systems to recapitulate the in vivo cancer growth [47,
48]. In vitro 3D systems have bridged the gap between 2D systems and in vivo systems
which were used for testing the efficacy of novel anticancer drugs [48]. 3D culture
systems are being used for enrichment and isolation of CSCs, drug discovery, cancer
cell study, and stem cell biology [49, 50].

3D culture systems mainly include organoids and multicellular spheres models.
These 3D models closely resemble each other. Nonetheless, even though they share a

common 3D conformation, each 3D model exhibits specific intrinsic properties.

2. Sphere Model

Sphere-formation assay is an in vitro method commonly used to identify CSCs
based on their reported capacity to evaluate self-renewal and differentiation potentials at
the single cell level. This in vitro model enables propagation of CSCs, molecular
characterization of CSCs, as well as evaluating the antitumor potential of various
conventional and novel chemotherapeutics to target this tumor-initiating population.

The sphere-forming assay was first presented as a functional approach for
studying adult stem cells. Since then, it has been widely utilized to evaluate the
stemness of CSC populations within tumors [51]. CSCs form 3D multicellular

heterogenous spheres containing stem cells, progenitors, and differentiated cells, when
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they are embedded in a 3D matrix called Matrigel with serum-free, non-adherent, and
nutritionally deficient conditions [88]. Under these culture conditions, differentiated
tumor cells do not form spheres and undergo apoptosis, while CSCs survive, proliferate,
and form spheres upon propagations [51]. Only this rare sub-population , CSCs, will
keep forming spheres that consistently display the similar phenotype equilibrium after
appropriate propagation in vitro [52].However, the progenitors differentiate, and the
differentiated cells lose their self-renewal ability and in turn senesce.

Within the same spheroids, we can find cellular heterogeneity very similar to in
vivo tissues and tumors, usually including proliferating (highly exposed to medium and
oxygen), quiescent, apoptotic, hypoxic, and necrotic cells. However, tumorospheres do
not fully recapitulate the 3D structure and microenvironment of an in vivo tumor.
Tumorospheres or spheroid models, which can retain the stemness of CSCs, are
excellent for CSC fraction enrichment but not for studying intrinsic properties of CSCs
related to their 3D architecture [57]. These intrinsic properties of CSC can be more
investigated by organoid models.

CSC isolation and expansion using sphere assay negligibly differ from one
cancer type to another. Sphere cultures have been successfully used to enrich and
propagate CSCs from different cancer cell lines, such as breast [58-60], prostate [61],
pancreatic [62], brain [63], and CRC cell lines [39,64, 65]. Ponti has originally reported
enrichment of CD44+/CD24~ cells with stem/progenitor cells properties within
mammospheres, which were able to induce tumorigenesis [58]. Colonospheres have
been successfully used to isolate and culture CSC from primary colon [65], but have

been infrequently used to enrich CSCs from colorectal cancer cell lines [34, 53, 54].
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3. Patient-Derived Organoid Model

Introducing Patient-derived organoid (PDO) culture systems to 3D models
have revolutionized colorectal cancer. In vitro organoids are a 3D cell culture model in
which organoids are derived from embryonic stem cells (ESCs), induced pluripotent
stem cells (iPSCs) or tissue-resident stem/progenitor cells [55, 56]. In 2009, the stem
cell field has witnessed a major methodical advancement by the successful development
of the intestinal organoid culture system referred to as the R-spondin method. Sato et al.
[57] produced indefinite expansion of 3D self-renewing intestinal organoids. This
method used intestinal crypts sorted Lgr5+ intestinal epithelium cells embedded in
Matrigel [57, 58]. These organoids embedded in Matrigel were supplemented with
different growth factors establishing key endogenous niche signals: Wnt a Frizzled/LRP
(lipoprotein receptor-related protein) ligand; Noggin (BMP inhibitor) for stem cell
expansion; R-spondin (a WnT agonist) for maintaining stem cell populations; and EGF
for promoting cell proliferation. After optimizing this method, the Clevers group
derived epithelial organoid models from human colorectal cancers [9, 86, 89]. This
culture system was subsequently adapted for not only generating human intestinal
organoids, but also organoids derived from other organs [58-61]. This major
technological breakthrough gives exciting promises for scientific discovery in
developmental biology as well as in translational research [82, 83] (Figure 7). It
provides a large range of both basic research and translational applications. A major
advantage of this system is mainly represented by the ability to analyze stem cell
behavior, novel markers, drug screening, gene editing, disease modelling , orthotopic
transplantation, and predicting acquisition of drug resistance for developing

personalized regimens [55].
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With the presence of cellular heterogeneity, cell/cell interaction, and
developing drug/chemo resistance, large-scale drug screening in 3D culture is reliable
as a relevant model for CRC research, especially after the establishment of a living
organoid biobank of organoids derived from colorectal cancer patients [62]. Intestinal
epithelial organoids provide an opportunity for studying the efficacy of potential
chemotherapeutics suitable for CRC patients prior to animal trials. By counting the
number of organoids, their sizes, and phenotypes, we are provided by important data
that guides the therapeutic efficacy of proposed chemotherapeutic drugs. Matano et al.
have successfully generated genetically engineered organoids derived from normal
human intestinal samples by using the CRISPR-Cas9 to establish driver mutations that
are mainly observed in the development of CRC [63]. Using this model also helped in

detecting the mutations that are involved in regulating metastasis and invasion [63].
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Figure 7. Organoid culture model for both basic and translational research.
Organoid culture provides a large range of both basic research including co-culture,
stem cell assay and easy genetic manipulation of tumor models, and translational
applications, such as drug assays, patient biopsies, correction of mutations using gene
editing, and iPS derived organoids [Adopted and modified from [47]].
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4. Advantages of Three-Dimensional Models Versus Two-Dimensional Models

The additional dimensionality of 3D cultures plays a critical role not only in
determining the morphology and the spatial organization of the cells but also in
inducing physical constraints. As opposed to 2D monolayer cultures, cells in 3D culture
systems form spheroids or organoids in a matrix or in a suspension medium. The cells
of spheroids and organoids have a morphology that is so close to its natural phenotype
in the body due to the presence of cell-cell interactions and cell-ECM interactions.
Biologically derived matrices used in 3D models, such as the most commonly used BD
Matrigel™, are generated from the extracellular matrix (ECM) of biological sources
[64-66]. These biologically derived matrices may better mimic the in vivo cell
microenvironment. The behavior of cancer cells in biologically derived 3D matrices are
closer to the in vivo cell behavior. These matrices affect and determine cell behavior,
gene expression, and drug sensitivity, and activate various signaling pathways in cancer
cells [64, 66]. Additionally, within the same spheroids, we can find cellular
heterogeneity very similar to in vivo tissues and tumors, whereas cells cultured in 2D
models are mostly proliferating cells [67, 68].

Cellular responses to drug treatments in 3D cultures have been shown to be
more physiologically relevant to what happens in vivo compared to 2D cultures [69, 70].
3D cultures are better predictors of in vivo drug responses. Several research groups have
shown that cancer cells cultured in 3D systems make them gain resistance to some
chemotherapeutics compared to 2D cultures [70-72]. Others have shown that depending
on the cell and/or drug type, 3D culture systems either sensitize or desensitize cancer
cells to anticancer therapeutics [73, 74]. These differences in drug sensitivity noted in

3D cultures are representing the way of how cancer cells in vivo respond to
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chemotherapy [5]. For instance, paclitaxel has reduced the ovarian cancer cell survival
and proliferation in 3D cultures by 40% or 60%, while it caused 80% reduction in cell
viability in the 2D cell monolayer [71]. The emergence of drug resistance in 3D cultures
primarily results from signals driven by the dynamic cellular interactions of neighboring
cells with ECM input into the cellular decision-making process [75]. The increased drug
resistance in 3D cultures can also be attributed to hypoxic conditions in the structure of
3D spheroids and the presence of stromal cells, which play a role in determining drug
sensitivity. Such chemoresistance observed in 3D spheroids exists in vivo as well [76].
Drug sensitivity in 2D is misleading, whereas the use of animal models is not always
possible due to ethical issues, in addition to the high cost and time-consuming factors
[73, 77]. Also, the action of the drug is affected by its accessibility to cells and local pH.
In 2D monolayer, drugs diffuse to cells almost evenly, however in 3D cultures drug
diffusion to cells varies depending on the depth of cell surface [78]. Altogether, 3D
culture models hold the promise for defining new targets that have not been observed

and predicted in traditional 2D culture studies.
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Table 1. Comparison of 2D versus 3D culture methods [Adapted and modified from

[79]].

Type of culture

2D

3D

Time of culture
formation

Within minutes to a few hours

From a few hours to a few days

Culture quality

High performance, reproducibility,
long-term culture, easy to interpret,
simplicity of culture

Worse performance and reproducibility,
difficult to interpret, cultures more
difficult to carry out

In vivo imitation

Do not mimic the natural structure
of the tissue or tumour mass

In vivo tissues and organs are in 3D
form

Cells
interactions

Deprived of cell-cell and cell-
extracellular environment interactions,
no in vivo-like microenvironment and
no “niches”

Proper interactions of cell-cell and
cell-extracellular environment,
environmental “niches” are created

Characteristics
of cells

Changed morphology and way of
divisions; loss of diverse phenotype
and polarity

Preserved morphology and way of
divisions, diverse phenotype and
polarity

Access to
essential
compounds

Unlimited access to oxygen, nutrients,
metabolites and signalling molecules
(in contrast to in vivo)

Variable access to oxygen, nutrients,
metabolites and signalling molecules
(same as in vivo)

Molecular
mechanisms

Changes in gene expression, mRNA
splicing, topology and biochemistry
of cells

Expression of genes, splicing, topology
and biochemistry of cells as in vivo

Cost of
maintaining
a culture

Cheap, commercially available tests and
the media

More expensive, more time-consuming,
fewer commercially available tests

5. Limitations of 3D Models

Despite the many advantages and potential uses of 3D models, it still has a

couple of limitations to be solved [48, 79, 80]

- First, lack of native microenvirenment studies about the communication of

stem cells with their niches.

- The limited presence (if not complete lack) of stromal components in their

niches, including immune cells, restricts their use in demonstrating inflammatory

responses to infection or drugs.
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- Potential limitations to drug penetration due to the rigidity of ECM in drug-
screening programs.
- The inability to mimic in vivo growth factor/signaling gradients in Matrigel

matrix and resemble biomechanical forces that stem cells come across in vivo.

D. Diiminoquinone DIQ
1. Overview

A novel diiminoquinone compound (DIQ), synthesized by Professor Makhlouf
Haddadin (Chemistry Department, American University of Beirut (AUB) ), exhibited
anticancer effects against colorectal cancer stem-like cells [81]. We believe that the
activity of DIQ is based on the similarities in structure between quinones and
diiminoquinones (Figure 8), Thus, DIQ might exhibit anticancer activities in a manner

analogous to quinone’s mechanism of action.

NC
DIQ

Figure 8. Chemical structure of DIQ.

Studies have shown that some quinones, which are often plant-derived
secondary metabolites, are active agents against cancer [82, 83]. Furthermore, other
quinones are active as anticancer compounds but such compounds did not become

commercial. Two proposed mechanisms of action of quinones that were reported in
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literature are either through an increase in the intracellular concentration of reactive
oxygen species (ROS) including superoxide, hydrogen peroxide, and ultimately the
hydroxyl radical or through acting as alkylating agents of crucial cellular proteins
and/or DNA [84].

Quinones possess a cyclic structure with two keto functional groups [85]. In an
aprotic medium, each keto group can be reduced in a one electron reduction step. The
two successive steps produce semiquinone and quinonedianion (Q2-), respectively [86].

Several potent chemotherapeutic agents such as doxorubicin (adriamycin),
emodin, mitomycin C, and mitoxantrone (shown in table 2) possess highly substituted
stable p-quinone functionalities acting through the redox quinone-hydroquinone system
[83, 87]. It is well known that doxorubicin is used as a component in a mixture of
compounds used in the treatment of cancer [88]. The chemotherapeutic drugs
adriamycin and mitomycin C act as anticancer active agents through the redox quinone-
hydroquinone system [89]. In addition, p-quinonimines such as the 1, 2, 4-
benzotriazinones have shown anticancer activities [90, 91]. The basic structure of
doxorubicin is the anthraquinone moiety. It should be mentioned that a derivative of
1,4-diimiinobenzoquinone (19, Y=CI. X= H) has been reported to be the best, in ten
compounds tested, against the ascitic form of sarcoma 180 in mice [112]. Some of the
most well-known anticancer agents that belong to the quinone family are shown in

Table 2.
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2. Anticancer Activity of Quinones in Colorectal Cancer

Anthraquinones are a class of natural compounds that possess anticancer
properties [92]. Emodin is an anthraquinone derived from multiple plant families, that
has been used for centuries as herbal laxative, anti-inflammatory or antibiotic agent [92-
95]. Studies have shown that Emodin promotes apoptosis, inhibits DNA synthesis, halts
metastasis, and promotes free radical generation in breast, lung, and prostate cancers. It
can also increase the efficacy of other anticancer agents, with minimal toxicity to
normal cells. It was shown that Emodin treatment induces apoptosis in CRC by
differentially modulating the expression of extrinsic and intrinsic apoptotic molecules,
cell survival signaling, and the localization or activity of Bcl-2 family of proteins [96].
Emaodin also reduces regulatory components involved in MAPK/INK, PI3K/AKT, NF-
kB, and STAT pathways associated with apoptotic functions of Bcl-2 family proteins, in
addition to decreasing the expression and function of mTOR [96].

In a recent study by Li et al [97], a series of new amide anthraquinone
derivative compounds were synthesized, and the mechanism of action of anthraquinones
was further examined in colon cancer. The compound 8a was shown to have the best
anti-tumor activity against colon cancer cells, by inducing apoptosis via the ROS/JNK
signaling pathways [97]. ROS-JNK signaling pathway caused increased ROS
production and JNK phosphorylation in colon HCT116 cells, followed by a decrease in
mitochondrial membrane potential and release of cytochrome ¢ mediated by the actions
of Bax and Bcl-2. These results then led to the cleavage of caspases 9 and 3, which
ultimately result in apoptosis [97]

Studies have shown that thymoquinone (TQ), which has a basic quinone

structure, induced apoptosis and halted metastasis in CRC [98-101]. TQ suppressed
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mouse colon tumor cell invasion and reduced tumor growth in murine colon cancer
models. TQ decreased the expression levels of CRC stem cell markers CD44 and
EpCAM, and the proliferation marker Ki67 in colonospheres derived from CRC cell
lines. TQ induced DNA damage and apoptotic CRC cell death, and inhibited NF-xB and
MEK signaling in mouse tumors.

Also, iminoquinone exerts anticancer effects through inhibition of cell
proliferation, inducing cell cycle arrest, and inhibition of oncogene expression in

prostate and breast cancer cell lines [102, 103].

Table 2. Anticancer agents that belong to the quinone family [Adapted from [83]]
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E. Imipridone DRD2 Antagonists
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Figure 9. Chemical structure of ONC201 and ONC206.

1. ONC201

ONC201 belongs to the imipridone molecular family and was found to have
selective competitive and non-competitive antagonist functions of dopamine receptor
D2 (DRD2) [104, 105]. It is predicted that ONC201 targets DRD3 as well [104].
Dopamine receptors are upregulated and differentially expressed in several
malignancies [106, 107]. The antagonism of DRD?2 has resulted in anticancer effects in
several tumor types [108-111] through a mechanism of action that is still under
investigation. In addition, intracellular signaling can occur downstream of D2-like
receptor signaling in a G protein-independent manner via B-arrestin, which performs
functions related to receptor desensitization and internalization [112], which can further
translate into decreased dopamine-mediated tumor growth. It was shown for instance
that in glioblastoma cells, DRD2 knockdown mimicked downstream signaling by
ONC201 involving both integrated stress response. In contrast, knockout of either
DRD2 or DRD3 did not impact ONC201 sensitivity in breast cancer cells indicating a
DRD2-independent mechanism of action. Furthermore, isogenic studies showed that
ONC201-mediated cancer cell death was affected by transient changes in DRD2

expression, suggesting that it may affect ONC201 anticancer efficacy [113, 114].
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In addition to DRD2/3 antagonism, evidence recently uncovered that direct
activation of Caseinolytic protease P (ClpP) by ONC201 constitutes another anticancer
mechanism of this drug [115]. CIpP is a serine protease located in the mitochondrial
matrix that regulates several mitochondrial functions. Direct binding to ONC201
induces a conformational change that leads to hyperactivation of proteolytic activity of
ClpP, which in turn leads to increased degradation of respiratory chain complex
subunits. ClpP was found to play a role in the activation of the integrated stress
response (ISR) [116] and downstream effects including protein synthesis inhibition and
ultimately mitochondrial changes initiated by compounds such as ONC201 [115].

TRAIL is an endogenous protein that induces significant tumor-specific
apoptosis by binding to death receptors DR4 or DR5 expressed in human tumor cells
[117]. In response to ONC201, Foxo3a was found to be activated, where it translocated
into the nucleus to transactivate the TRAIL gene by binding to its gene promoter [118].
In particular, pro-survival kinases AKT and ERK were shown to synergistically and
indirectly be inactivated by ONC201, which resulted in decreased phosphorylation of
their target sites on Foxo3a, effectively activating it [118, 119].

Gene expression profiling (GEP) studies undertaken in CRC and non-Hodgkin
lymphoma cell lines showed an 11-gene ER stress response that was upregulated in
many types of cells in response to ONC201 treatment [120, 121]. Many of these genes
were then shown to be regulated by the ATFA/CHOP axis [122], which is known to
promote apoptosis. In other terms, observations from these GEP studies strongly
suggested that ATF4 is being activated in tumor cells treated with ONC201. Moreover,

anticancer downstream signaling pathways of ONC201 mediated by activation of ISR
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occurs by the phosphorylation of eukaryotic initiation factor 2 (eIF2a) which results in

selective increased translation of ATF4 and subsequent increase of CHOP [123] .

a. Anticancer Activity of ONC201 in Colorectal Cancer

ONC201 is in Phase Il clinical trials for breast cancer, colorectal cancer, lung
cancer, and serous endometrial cancer (SEC) [111]. In CRC, DRD2 is overexpressed in
tumor samples [111].ONC201 demonstrated cytotoxic and apoptotic effects in a dose-
and frequency-dependent manner in CRC cell lines; via inactivation of AKT and ERK,
as well as downstream induction of TRAIL and DR5 expression [124, 125]. ONC201
also induced TRAIL and subsequent cell death in a fresh CRC patient specimen that
was not responsive to standard-of-care 5FU chemotherapy. In vivo studies using an
orthotopic mouse model of p53—/— metastatic CRC have shown that ONC201 has single
agent antitumor efficacy, reducing both tumor burden and spread to metastatic sites
without apparent toxicity [126].

Furthermore, ONC201 contributed to downregulate CSC markers such as ID1-
3 and ALDH7AL1, as well as decreasing self-renewal in CRC cell lines. Such effects
were observed both in vitro and in vivo through the use of colonosphere formation
assays and subcutaneous CRC xenografts in mice [126, 127]. It appears that resistance
to ONC201 treatment in CRC arises through the overexpression or mutation of DRD5

or hyperactivation of mTOR [113, 127].

2. ONC206
ONC206 is an imipiridone analogue of ONC201 but with higher potency [128].

ONC206 inhibited cellular proliferation through DRD2/5 and TRAIL/DRS5 pathways, in
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a dose-dependent manner, and was more potent than ONC201 in SEC cell lines [130].
ONC206 also induced apoptosis in SEC cells, which was demonstrated using ELISA
assays, whereby there was increase in relative cleaved caspase-9 and caspase-3
activities in treated cells. In addition, ONC206 triggered ISR activation, manifested by
production of ROS and reduction of mitochondrial membrane potential. Wound healing
assays showed that ONC206 significantly inhibited cellular adhesion and migration.
Pretreatment with the stress inhibitor N-acetylcysteine (NAC) significantly attenuated
the efficacy of ONC206 on cell proliferation, ROS production and cellular invasion.
This emphasizes the use of ISR activation as an important pathway in its anti-
proliferative and anti-metastatic effects [129].

In the study of EI-Soussi et al. [128] ONC206 showed more potent effects in
targeting MY CN-Amplified Neuroblastoma cell lines than ONC201. ONC206
significantly induced apoptosis, slowed down migration and invasion potential,
decreased cellular proliferation, viability, and tumorosphere formation potential in
MY CN-amplified neuroblastoma cell lines. ONC206 decreased the protein expression
of tumorigenic Sox-2, and Oct-4, and increased expression of cleaved PARP1/caspase-3
and y-H2AX in the MYCN-amplified IMR-32 cell line [128].

In the study of Wagner et al. [141], ONC206 demonstrated cytotoxic and
apoptotic effects in HCT116 cell lines.

With ONC206 exhibiting increased non-competitive DRD2 antagonism,
nanomolar potency, distinct biodistribution, differentiated gene expression and
disruption of DRD2 dimers relative to ONC201, it might be able to target tumors that

are not targeted by ONC201 or that have acquired resistance to it [130].

44



F. Aim of the Study

The overall aim of this thesis is to investigate the anticancer activities of three
novel colon cancer therapeutics, diiminoquinone DIQ, and the DRD2 antagonists
ONC201 and ONC206, in 2D colon cancer cell lines, 3D colonospheres and in 3D
patient-derived organoids. We hypothesized that 3D models can be used as an in vitro
model to assess DIQ, ONC201 and ONC206 responses against human colorectal cancer.
Altogether, this will hold great promise as it could lead to identifying new effective
compounds for better management and treatment of patients with colon cancer. The
specific aims of the project are:

« Specific aim 1: To investigate the toxicity of DIQ, ONC201, and ONC206 on
non-tumorigenic colon cell lines and their ability to target cancer cells with stem-like
properties.

-Sub-aim 1-A: To assess the safety/toxicity of DIQ, ONC201, and ONC206 on
non-tumorigenic cell lines in comparison to their anticancer activity against colon
cancer cells.

-Sub-aim 1-B: To investigate the potency of DIQ, ONC201, and ONC206 on
sphere formation, sphere size, and self-renewal capacity of spheres derived from colon
cancer cell lines grown in 3D setting for up to 5 generations.

-Sub-aim 1-C: To determine the potential molecular targets of DIQ, ONC201,

and ONC206 in 2D and 3D cultures.

« Specific aim 2: To establish and propagate 3D human colon organoids

derived from fresh tissues from consented treatment-naive patients undergoing radical
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colectomy at American University of Beirut (AUBMC) and assess the effect of DIQ,
ONC201, and ONC206 on them.

-Sub-aim 2-A: To assess the effect of DIQ, ONC201, ONC206, and the
standard therapy for colorectal cancer 5-fluorouracil (5FU) on the growth of the
different patient-derived colon cancer organoids by quantifying the number of
organoids forming count (OFC) and calculating the average size (diameters).

Sub-aim 2-B: To examine the efficiency of DIQ, ONC201 and ONC206 on the

growth of colorectal cancer cell-derived organoids.
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CHAPTER lI

METHODS

A. Cell Culture Conditions

Human colorectal cancer cell lines HCT116 and HT29 and non-tumorigenic
fetal human fetal intestinal FHS74Int cell line, purchased from ATCC (ATCC, USA)
were available in our laboratory. HCT116 and HT29 cell lines were cultured and
maintained in RPMI 1640 (Sigma-Aldrich, Germany) and L-glutamine (Sigma-
Aldrich). FHS74Int cells were grown in DMEM (Lonza, Belgium) supplemented with
10 pg/mL insulin and 1% sodium pyruvate. Cell culture media was supplemented with
antibiotics [1% Penicillin-Streptomycin (P/S) (100 U/mL)], 10% heat-inactivated fetal
bovine serum (FBS; Sigma-Aldrich, Germany), and 5 pg/mL Plasmocin™ Prophylactic
(InvivoGen). Cells were maintained in an incubator at 37 °C in a humidified atmosphere
of 5% CO2 and 95% air and were routinely checked for mycoplasma contamination. All

cells were mycoplasma free.

B. Drug Preparation and Treatment

The purified compound DIQ was synthesized by Professor Makhlouf Haddadin
(Department of Chemistry, American University of Beirut (AUB)) [81]. Stocks of the
purified compound DIQ were prepared by dissolving 5 mg in 1 mL 100% dimethyl
sulfoxide (DMSO) (Pan Biotech, Aidenbach, Germany). DIQ dilutions were stored at -
20 °C. The drugs ONC201 and ONC206 were purchased from Oncoceutics and were

both reconstituted in DMSO, as per manufacturer’s instructions. The stock solutions
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were then dissolved in cell culture medium such that the percentage of DMSO on cells

was less than 0.1%.

C. MTT Cell Proliferation Assay

The anti-proliferative effects of DIQ, ONC201 and ONC206 were measured in
vitro by using MTT ([3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide])
(Sigma-Aldrich) assay according to the manufacturer’s instructions. HCT116, HT29
and FHS74Int cells were seeded in 96-well culture plates at a density of 10* cells per
well and incubated overnight. Then, the subconfluent cells were treated in triplicates
with different concentrations of DIQ (1, 4 and 10 uM), ONC201 and ONC206 (1, 5 and
10 uM) diluted in 100 pL complete media for 24, 48 and 72 h. For each time point, 10
pL of 5 mg/mL (in 1x PBS) MTT reagent was added to each well and incubated at 37
°C for 4 h. The reduced MTT dye was solubilized with absolute isopropanol (Sigma-
Aldrich) (100 pL/well) after which MTT optical density (OD) was measured at 595 nm
by an ELISA reader (Multiskan Ex). The percent cell proliferation with respect to

control was determined for each drug dose.

D. Trypan Blue Exclusion Assay

For the trypan blue dye exclusion method, HCT116, HT29 and FHS74Int cell
lines were seeded in duplicates in 24-well culture plates at a density of 5x10%, 8x10%,
10° cells/300 pL complete media per well, respectively. Cells were incubated overnight
then treated in duplicates with various concentrations of DIQ (1, 4 and 10 pM),
ONC201 and ONC206 (1, 5 and 10 uM) for 24, 48, and 72 h. The supernatant was

collected and the attached live cells were harvested by trypsin EDTA. The cell pellet
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was re-suspended in 300 pL media. Live cells were counted using a hemocytometer.
The percentage cell viability was expressed as percentage growth relative to the control
condition of each time point and are derived from the mean of triplicates wells. Each

experiment was repeated-minimum three times.

E. Wound Healing Assay

For wound healing or scratch assay, CRC cells were seeded in 24-well plates
and incubated until they reached 80-90% confluency. Cells were then treated with 10
pg/mL mitomycin C (Sigma) to block cellular proliferation. A sterile 200 pL tip was
used to scratch wounds of the same width on each monolayer. After washing the plates
twice with phosphate buffered saline (PBS, Sigma-Aldrich) to remove the detached
cells, the remaining cells were cultured in complete media with or without treatments at
ICso concentration. Images were subsequently taken using bright-field microscopy at 0
h and 72 h to compare the wound width. The wound width was measured and expressed
as percentage of the relative wound width. The experiment was repeated three times

with duplicate measurements in each experiment.

F. Transwell Invasion Assay

HCT116 and HT29 cell lines were seeded at a density of 0.3x10° and 0.5 x10°
cells respectively in serum-free medium in the top chamber of 24-well inserts (pore
size, 8 um; Falcon) coated with 1:10 of Matrigel™ diluted in cold PBS (BD Bioscience,
Franklin Lakes, NJ, USA). A medium supplemented with 10% FBS was used as a
chemo-attractant in the lower chamber. Cells with or without treatments were allowed

to migrate through the membrane coated with Matrigel ™ at 37 °C in a 5% CO;
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incubator for 72 h. Cells which did not migrate and remained in the upper chamber were
then gently scraped off with a cotton-tip applicator. Invading cells on the lower surface
of the membrane were fixed and stained with Hematoxylin and Eosin (H&E). After
staining, the total number of invading cells was counted using an inverted light

microscope (10x objective) from six consecutive fields for each well.

G. Reactive Oxygen Species

The level of intracellular reactive oxygen species (ROS) in HCT116 and HT29
was determined using the fluorescent probe-DHE which detects ROS. For DHE
staining, cells were seeded at a density of 5x10* cells on coverslips placed in 24-well
cell culture plates and allowed to become 40-50% confluent. Following 48 h incubation
with DIQ, or ONC206 treatments at the ICso dose, CRC cells were fixed in 4%
formaldehyde for 20 min. After fixation, CRC cells were washed twice with 1x PBS,
then incubated with 20 uM dihydroethidium (DHE) dye (Invitrogen, Carlsbad, CA).
After 45 min staining, the DHE stain was removed, and the cells were washed with 1x
PBS- and then incubated with mounting media with 4,6-diamidino-2-phenylindole
(DAPI) dye. Fluorescence images were taken immediately under a Zeiss LSM710 laser
confocal microscope (Carl Zeiss, Germany) equipped with Zen software to process the

images.

H. Cell Cycle Analysis
Cells were seeded at 5x10° cells in 6-well cell culture plates and incubated
overnight prior to drug treatment for 24 and 72 h. Cells were then harvested and washed

in PBS then fixed in 70% ice-cold ethanol added dropwise to the cell pellet while

50



vortexing for 30 min on ice. To ensure that only DNA was stained, fixed cells were
incubated for 30 min at 37 °C with 100 puL of a mixture of propidium iodide (PI)
(Sigma, USA) and RNase [6 uL RNase, 30 uL. PI (1 mg/mL)] in the dark in a flow tube
(BD Flacon). A total of 10,000 gated events were acquired in order to assess the
proportions of cells of different stages of the cell cycle. Cell cycle analysis was
performed by flow cytometry using Guava EasyCyte8 Flow Cytometer- Millipore.

GuavaSoft™ 2.7 Software.

I. Annexin V- Pl Staining

HCT116 and HT29 cells were seeded at a density of 5x10° cells in 6-well cell
culture plates and incubated overnight prior to drug treatment for 72 h. Cells were then
harvested and washed in cold PBS. The pellet was resuspended in 100 pL binding
buffer and stained with 5 pL annexin V-FITC and 5 pL P1 in the dark for 30 min at
room temperature. Then, 400 pL binding buffer was added and apoptotic cells were

analyzed with Guava EasyCyte8 Flow Cytometer- Millipore.

J. Sphere Formation Assay

Self-renewal capacity is deemed to be one of the major defining hallmarks of
stem/progenitor cells. Thus, to determine whether DIQ, ONC201 or ONC206 were able
to target the self-renewing cancer stem cells (CSC) pool, we investigated sphere
formation capability over 5 generations. Sphere formation assay was used as previously
reported by our laboratory [131, 132]. Briefly, 1000 single cells were suspended in cold
Matrigel ™/serum-free medium (1:1) in a total volume of 10 pL. Cells were seeded

uniformly in a circular manner around the bottom rim of the well of 96-well culture
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plate and allowed to solidify in the incubator at 37 °C for 1 h. Subsequently, 100 pL of
RPMI with 5% FBS treated with DIQ, ONC201 or ONC206 was added gently in the
middle of each well. Each experimental condition was performed in duplicate. Spheres
were replenished with warm media as in the original seeding every other day. Spheres
were counted in the 96-well plate dishes after 8 to 12 days of sphere culture and bright
field images of the spheres were obtained using Axiovert microscope from Zeiss at 10x
magnification. Images were analyzed by Carl Zeiss Zen 2012 image software to
determine sizes. Sphere-formation unit (SFU) was calculated for each generation (G) as
follows: SFU = number of spheres formed/number of cells originally plated. Results

were represented as percentage of the SFU of each condition.

K. Sphere Propagation Assay

To enrich the stem-like population of cells, the media was aspirated from the
well. Spheres were collected using cold media, incubated in 300 pL of Trypsin/EDTA
at 37 °C for 1-3 min and then passed through 27-gauge syringes three times. Single cells
resulting from the dissociation of spheres were re-plated and treated at the same density
of 1000 cells/well in 96-well culture plates as previously described. We believe that at
least 5 generations of colonospheres were required to enrich the subpopulation of

progenitor/stem-like colon cancer cells.

L. 3D Imaging of Colonospheres
Spheres at G1 were collected with cold RPMI media and centrifuged to
washout all Matrigel™ debris. After centrifugation, spheres were fixed in-situ in 4%

paraformaldehyde (PFA) at room temperature for 20 min. The PFA was aspirated
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gently, and spheres were permeabilized with 0.5% Triton X-100 for 30 min at room
temperature. After carefully aspirating the permeabilization solution, spheres were
blocked using the sphere blocking buffer (0.1% BSA, 0.2% Triton X-100, 0.05%
Tween-20, and 10% normal goat serum in PBS) for 2 h at room temperature. Spheres
were washed in PBS then incubated overnight with different primary antibodies for
assessment of treatment and characterization including Ki67, CD44, y-H2AX, CK19
and CKa8 (refer to table 5 for details on antibodies used). After gentle washing with PBS
containing 0.1% Tween-20, spheres were incubated with Alexa-488 and/or 568
conjugated 1gG (Invitrogen, CA) for 2 h at room temperature. Spheres were mounted
with the anti-fade Fluoro-gel 1l with DAPI (Abcam, Cambridge, UK). Confocal
fluorescent images were acquired and analyzed using the Carl Zeiss LSM 710 laser

scanning confocal microscope.

M. Western Blot Analysis

For 2D western blot (WB) results, cells were plated in 12-well plates, treated
with DIQ, ONC201 or ONC206 and then collected. For 3D WB results, HCT116 and
HT29 cells were plated in 24-well plates (3x10° cells/well) with or without treatment to
form spheres. At day 8-10 of culture, spheres were collected with cold RPMI media
then washed with PBS to remove any residual media. Proteins were then extracted from
collected cells and spheres with RIPA lysis buffer (sc-24948, Santa Cruz, CA, USA).
Protein extracts were quantified using the DC Bio-Rad Protein Assay (Bio-Rad
Laboratories, Hercules, California, USA) according to the manufacturer’s protocol.
Equal amounts of protein lysate were mixed with 5% [-mercaptoethanol and 2X

Laemmli Sample Buffer (Bio-Rad, CA, USA) , electrophoresed in 12% sodium dodecyl
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sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), and then transferred to 0.45
um nitrocellulose membrane (Bio-Rad, CA, USA) for 2 h. Membranes were blocked for
1 h with 5% skim milk in tris-buffered saline with 0.1% tween 20 (TBST), then blotted
with primary antibodies (antibodies used are listed in Table 6) overnight at 4 °C. The
next day, membranes were washed three times with TBST and blotted with
corresponding secondary antibodies for 1 h at room temperature. Hybridization with
GAPDH-HRP (6C5) coupled antibody was performed for 1 h at room temperature as
housekeeping gene. Membranes were developed and 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).

N. Ethical Consideration

The study with all its experimental protocols was conducted under the
Institutional Review Board (IRB) approvals of AUB-and American University of Beirut
Medical Center (AUBMC) to obtain patient information and human colorectal tissue
samples from consented patients. All protocols were performed in accordance with The
Code of Ethics of the World Medical Association (Declaration of Helsinki) and in
agreement with all ethical considerations of the IRB for experiments involving human
subjects. Oral/Written informed consent was obtained from all patients and
confidentiality was maintained. If a consented patient was undergoing any colon cancer
surgery, a primary or metastatic tissue sample was collected only if it did not

compromise the sample for diagnosis or staging.
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O. Tissue Processing and Organoid Culture

Colon and prostate tumor tissues from patients were rinsed with PBS, manually
minced using sterile scalpels. The majority of minced fragments was employed for
organoid culturing; remaining fragments were transferred directly to 4% PFA for
histological examination. Colon minced fragments for organoid culturing were digested
in advanced adDMEM/F12 (Gibco) supplemented with 1x P/S, collagenase IV (Sigma-
Aldrich), and amphotericin B (Sigma-Aldrich) at 37 °C for 1 h according to the protocol
described by Boehnke et al [133]. Prostate minced fragments for organoid culturing
were digested with the same mixture at 37 °C overnight according to the protocol used
in the laboratory of Dr. Abou-Kheir [134]. During incubation, the tissue fragments were
repeatedly suspended with a 100 pL micro-pipette. To exclude undigested tissue
fragments, the suspension was filtered through a 100 um cell strainer (Corning). The
flowthrough was subjected to consecutive filtrations when needed. Isolated cells were
seeded in 24-well plates with Matrigel™ at a cell density of 2x10* single cells/well. 20
uL drops were plated into the middle of the well. The plate was placed upside down in
the 37 °C incubator for 15 min to allow the Matrigel™ to solidify. Finally, 300 pL of
pre-warmed human colon growth medium plus Y-27632 was added into each well.
Cells were cultured with adDMEM/F12 supplemented with various factors added to
maintain tumor’s biological traits and growth activity. Medium with or without
treatment was changed every 2-3 days. Cultures were passaged when the aggregates
reached 800 um diameter. Colon Organoids were counted at day 8-12 of each passage
under Axiovert inverted microscope: whereas prostate organoids were counted at day
19-21. Images of organoids were taken, then analyzed by Carl Zeiss Zen 2012 image

software to determine size. The organoid formation count (OFC) was calculated at each
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generation by counting the number of organoids formed, starting with the same number

of input cells in all conditions.

Table 3. List of components and their respective concentrations used in human

colorectal organoids culture medium. Adopted and modified from Boehnke et al.

[133].
Component Stock Final
Concentration Concentration
N2 100X 1X
B27 50X 1X
NAC 500mM 1ImM
EGF 500ug/mL 50ng/mL
Noggin 100 pg/mL 50 ng/mL
FGF2 50pg/mL in PBS + 20ng/mL
0.1% BSA

Table 4. List of components and their respective concentrations used in human

prostate organoids culture medium. Adopted and modified from Cheaito et al. [134].

Component Stock Final
concentration concentration

B27 50X 1X

Nicotinamide 1M 10 mM

NAC 500 mM 1.25 mM

A83 5mM 500 nM

Noggin 100 pg/mL 50 ng/mL

FGF10 0.1 mg/mL 10 ng/mL

RI 10 mM 10 uM

P. Passaging of the Newly Established Organoids

Organoids were collected when they reached the appropriate size and

confluency for passaging (8-12 days after plating). Ice-cold medium was used to

dissolve Matrigel™ and collect organoids. Organoids were then centrifuged at 200 g for

5 min at 4 °C. After that, the pellet was resuspended in 1 mL ice-cold adDMEM/F12 to

dissolve residual Matrigel. After counting the cells in the pellet, the cells were
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resuspended in 90% cold Matrigel™ and seeded as a 5 pL drop in 96-well plate. Cells
were cultured with adDMEM/F12 additional with various factors and medium was
changed every 2-3 days with or without treatments. Cultures were passaged when the
aggregates reached 800 um diameter. The previous steps were repeated for several

generations.

Q. Cell Line-Derived Organoids

Briefly, 5000 HCT116 and HT29 single cells were suspended in cold
Matrigel ™/serum-free medium (9:1) in a total volume of 5 uL and added as drops in the
middle of individual wells of 96-well culture plates. Plated colon cells were allowed to
solidify in the incubator at 37 °C for 30 min. Subsequently, 200 pL/well of advanced
DMEM/F12 media with several factors, with or without DIQ, ONC201 or ONC206
treatments were added. Each experimental condition was performed in duplicate.
Organoids were replenished with warm media as in the original seeding every other
day. Organoids were counted in the 96-well plate dishes after 8 to 12 days of organoid
culture and bright field images of the organoids were obtained using Axiovert

microscope from Zeiss at 10x magnification.

R. Immunofluorescence and Morphological Analysis of Organoids

Indirect immunofluorescence analysis was used to characterize the colon
epithelial lineage CK19 and stem cell marker CD44 expressed by the 3D organoids. To
preserve the 3D architecture, immunofluorescence analysis was performed in
suspension. Collected organoids using cold medium were fixed in-situ in 4% PFA at

room temperature for 20 min. The PFA was aspirated gently, and organoids were
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permeabilized with 0.5% Triton X-100 for 30 min at room temperature. After carefully
aspirating the permeabilization solution, organoids were blocked using the blocking
buffer (0.1% BSA, 0.2% Triton X-100, 0.05% Tween-20, and 10% normal goat serum
in PBS) for 1 h at room temperature. Organoids were incubated overnight with the
primary antibodies, CK19 and CD44, at 4 °C. After gentle washing with PBS containing
0.1% Tween-20, organoids were incubated with Alexa-488 and/or 568 conjugated IgG
for 2 h at room temperature. Organoids were mounted with the anti-fade Fluoro-gel 11
with Dapi. Confocal microscopic analyses were performed using Zeiss LSM 710
confocal microscope and images were acquired and analyzed using the ZEN 2012
image software.

Paraffin embedding, microtome sectioning and standard hematoxylin and eosin
(H&E) staining were all performed by the Histology Laboratory at the Diana Tamari

Sabbagh building; all steps were performed at room temperature.

S. Animal Experiments

Animal experiments were performed according to approved protocols by the
Institutional Animal Care and Use Committee of the American University of Beirut
(AUB, IACUC). Mice were housed under optimum conditions of temperature and light
set in specific pathogen-free animal housing. Mice were kept in plastic cages covered
with sawdust and had unrestricted access to a commercial mouse diet (24% protein,
4.5% fat, 4% fiber) and water. Animals were sacrificed by cervical dislocation
following deep anesthesia with isoflurane. For tumor induction in mice, a group of 6-8
week old NOD/SCID male mice were inoculated subcutaneously into the flanks with

100 HCT116-derived spheres in a total volume of 50 uL. growth media and Matrigel™
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(1:1). Upon the detection of a palpable tumor post cells/spheres injection, mice were
divided to 2 groups. The first group was treated with saline (control group), and the
second group was treated with DIQ (20 mg/Kg). Mice were treated three times/week
until tumor burden necessitates that we sacrificed the animals. Tumor size was
measured every other day using Mitutoyo caliper throughout the study. Mice were daily

monitored for signs of morbidity. Body weight recordings were carried out biweekly.

T. Microscope Imaging
Cells were visualized and imaged by Axiovert inverted microscope from Zeiss
at 5, 10, and 20x magnification. Confocal images were taken on Confocal Microscope

Zeiss LSM710 at 40x oil immersion magnification.

U. Statistical Analysis

All statistical tests were performed including student's t-test, One-way or two-
way ANOVA tests using GraphPad Prism 7 (version 7.0, GraphPad Software Inc., La
Jolla, CA, USA). Statistical significance was reported at p-values of < 0.05. * P<0.05;
** P<(.01; *** P<0.001. Experimental values are means + standard error of the mean

(SEM).
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Table 5. List of primary and secondary antibodies used in immunofluorescent
staining

Antibody name Species Dilution Catalog Company
number

Primary antibodies

CK8 Mouse 1:200 904801 Biolegend
CK19 Rabbit 1:200 ab15463 Abcam
CD44 Mouse 1:100 sc-7297 Santa Cruz
Ki67 Mouse 1:50 sc-23900 Santa Cruz
p- Histone Rabbit 1:200 #9718S Cell signaling
H2AX

Secondary antibodies
Alexa fluoro 488 Goat anti-mouse 1:200 A-28175 Invitrogen
Alexa fluoro 568 Goat anti-rabbit 1:200 A-11011 Invitrogen
Phalloidin 1:200 R415 Invitrogen

Table 6. List of primary and secondary antibodies used in western blot
experiments

Antibody name Species Dilution Catalog number Company

Primary antibodies

p53 Rabbit 1:50 sc-6243 Santa Cruz
p21 Rabbit 1:1000 SC-2947 Cell signaling
CD133 Rabbit 1:500 # 64326S Cell signaling
B-catenin Mouse 1:200 SC-7963 Santa Cruz
PCNA Mouse 1:50 sc-25280 Santa Cruz
p-ERK Mouse 1:300 sc-7383 Santa Cruz
ERK Rabbit 1:300 sc-93 Santa cruz
p-AKT Rabbit 1:1000 #4060 Cell signaling
AKT Rabbit 1:1000 #4691 Cell signaling
GAPDH-HRP  Mouse 1:20,000 #MAB5476 Abnova
(6C5)

Secondary antibodies
Goat anti-mouse Goat 1:1000 sc-516102 Santa Cruz
Mouse anti- Mouse 1:1000 sc-2357 Santa Cruz
rabbit
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Table 7. Colorectal cancer patients’ clinical and histopathologic characteristics

Patient1  Patient 2 Patient 3 Patient 4 Patient 5
Gender N/A Female Male Female Female
Age N/A 86 62 55 61
(deceased)
BMI N/A 28.3 29.7 25 21
Smoking N/A No Yes No Yes
Chemotherapy  N/A No No No No
preop
Radiation N/A No No No No
therapy preop
Location of N/A Left Rectum Sigmoid colon Descending
tumor (descending) colon/
colon sigmoid colon
Type Adenocarci Adenocarcin ~ Mucinous  Adenocarcinoma Adenocarcinoma
noma oma adenocarcinoma
T stage N/A pT3 pT2 pT2 pT3
N stage N/A pNO pNO pNO pNO
M stage N/A N/A N/A N/A N/A
Size N/A 7cm 6 cm 4.5cm 2cm
Grade N/A 2: Not applicable:  2: Moderately ~ 2: Moderately

Moderately mucinous tumor  differentiated differentiated
differentiated
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CHAPTER Il

RESULTS

A. Effect of DIQ, ONC201 and ONC206 Compounds on the Cell Proliferation of
Human Non-Tumorigenic and Colorectal Cancer Cell Lines in 2D in vitro Models
To assess the effect of DIQ, ONC201 and ONC206 compounds on the

proliferation of human CRC cell lines cultured in 2D monolayers, we employed the
MTT assay. Two human CRC cell lines, HCT116 and HT29, were treated with different
concentrations of DIQ (1, 4, and 10 uM), ONC201 and ONC206 (1, 5, and 10 uM) for
24,48 and 72 h. The MTT results revealed that the three novel therapeutics significantly
inhibited the proliferation of HCT116 and HT29 human CRC cells in a time- and dose-
dependent manner (Figures 10 and 11). Interestingly, a concentration of each DIQ and
ONC206 compounds as low as 4 and 1 uM respectively were able to inhibit cell
proliferation by approximately more than 30% at 24 h in HCT116 and more than 50%
cell reduction was observed at 48 and 72 h in both cell lines. The mean 1Cso values of
DIQ, ONC201 and ONC206 were ~4 uM , ~5 uM , and ~1 puM respectively in both cell
lines (Figures 10 and 11).

As shown in Figures 9 and 10, ONC206 exhibited dose-dependent anti-
proliferative effects on tested cell lines at significantly lower doses than that of
ONC201. The maximum percentage of reduction in proliferation of HCT116 and HT29
cells upon 1 pM ONC201 treatment at 72 h was almost 10% and 12% compared to 70%

and 62% upon the same concentration of ONC206 treatment respectively. These
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experiments revealed that the micromolar activity of ONC206 was more potent as
compared to that of ONC201 in both cell lines (Figures 10 and 11).

The effect of DIQ, ONC201 and ONC206 on the viability of the human CRC
cell lines was further confirmed by trypan blue method (Figures 12 and 13). There was
consistency between the MTT results and trypan blue exclusion assay. Following 72 h,
the inhibitory effects of DIQ, ONC201 and ONC206 were accompanied with
considerable changes in cell morphology and confluency. Treated cell lines were less
clumped, unlike control cells which had large nuclei and were more clumped (Figure
14).

It is worth noting that the toxicity of all treatments at their corresponding 1Cso
concentrations was investigated in FHS74Int cells derived from non-tumorigenic human
fetal intestinal tissue by MTT and Trypan blue exclusion assays. Interestingly, all
treatments had relatively limited toxicity to the human non-tumorigenic intestinal

FHS74Int cells when applied over 72 h period (Figures 15 and 16).
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Figure 10. DIQ, ONC201 and ONC206 reduce the proliferation of HCT116 CRC
cell lines in a time and dose-dependent manner. The anticancer effect of different
concentrations of DIQ, ONC201 and ONC206 on the proliferation of HCT116 cells
using MTT assay was determined in triplicates at 24, 48 and 72 h. Results are expressed
as percentage of proliferation of the treated group compared to control at every time
point. Data represents an average of three independent experiments and is reported as
mean + SEM (* P<0.05; ** P<0.01; *** P<0.001).
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Figure 11. DIQ, ONC201 and ONC206 reduce the proliferation of HT29 CRC cell
lines in a time and dose-dependent manner. The anticancer effect of different
concentrations of DIQ, ONC201 and ONC206 on the proliferation of HT29 cells using
MTT assay was determined in triplicates at 24, 48 and 72 h. Results are expressed as
percentage of proliferation of the treated group compared to control at every time point.
Data represents an average of three independent experiments and is reported as mean +
SEM (* P<0.05; ** P<0.01; *** P<0.001).
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Figure 12. DIQ, ONC201 and ONC206 reduce the viability of HCT116 CRC cell
lines in a time and dose-dependent manner. The anticancer effect of different
concentrations of DIQ, ONC201 and ONC206 on the viability of HCT116 cells using
trypan blue exclusion assay was determined in duplicates at 24, 48 and 72 h. Results are
expressed as percentage of proliferation of the treated group compared to control at
every time point. Data represents an average of three independent experiments and is
reported as mean £ SEM (* P<0.05; ** P<0.01; *** P<0.001).
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Figure 13. DIQ, ONC201 and ONC206 reduce the viability of HT29 CRC cell lines
in a time and dose-dependent manner. The anticancer effect of different
concentrations of DIQ, ONC201 and ONC206 on the viability of HT29 cells using
trypan blue exclusion assay was determined in duplicates at 24, 48 and 72 h. Results are
expressed as percentage of proliferation of the treated group compared to control at
every time point. Data represents an average of three independent experiments and is
reported as mean £ SEM (* P<0.05; ** P<0.01; *** P<0.001).
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Figure 14. The inhibitory effects of DIQ, ONC201 and ONC206 were accompanied
with considerable changes in cell morphology and confluency. Representative
images of HCT116 and HT29 cells upon DIQ, ONC201 or ONC206 treatment up to 72
h at 20x magnification (scale bar = 100 pm).
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Figure 15. DIQ, ONC201 and ONC206 have relatively limited toxicity on the
proliferation of FHS74Int cell line. The anticancer effect of DIQ (4 pM) , ONC201 (5
puM) and ONC206 (1 uM) on the proliferation of FHS74Int cells was determined at 24,
48 and 72 h using MTT. Results are expressed as percentage of proliferation or viability
of the treated group compared to control at every time point. Data represents an average
of three independent experiments and is reported as mean £ SEM (* P<0.05; ** P<0.01,
*** P<0.001).
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Figure 16. DIQ, ONC201 and ONC206 have relatively limited toxicity on the
viability of FHS74Int cell line. The anticancer effect of DIQ (4 uM) , ONC201 (5 uM)
and ONC206 (1 uM) on the viability of FHS74Int cells was determined at 24, 48 and 72
h using Trypan blue exclusion assays. Results are expressed as percentage of
proliferation or viability of the treated group compared to control at every time point.
Data represents an average of three independent experiments and is reported as mean +
SEM (* P<0.05; ** P<0.01; *** P<0.001).

B. Effect of DIQ, ONC201 and ONC206 on Migration and Invasion Ability of
Colorectal Cancer Cells

As activating invasion and metastasis are hallmarks of cancer progression,
wound healing and transwell invasion assays were employed to evaluate the effects of
DIQ, ONC201 and ONC206 on human CRC cell migration and invasion. All treatments
at their corresponding 1Cso concentrations significantly suppressed and slowed down
cell migration ability of both cell lines at 72 h compared to the vehicle-treated control

cells as determined by the wound healing assay (Figures 17 and 18). The treatments
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failed to close the wound by more than 70% in both cell lines compared with control

conditions, which were able to almost complete wound closure (Figures 17 and 18).
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Figure 17. DIQ, ONC201, and ONC206 reduce the migration of HCT116 colorectal
cancer cells. HCT116 cells were seeded in 24-well plate. A scratch was made on
confluent cells using a 200 puL tip and images were taken at 0, 24, 48 and 72 h with or
without the indicated treatment concentration. Representative images of wound healing
assay at 5x magnification (scale bar = 100 pm). Quantification of the distance of the
wound closure was assessed over time. Results are expressed as a percentage of each
group compared to its condition at O h. Data represent an average of three independent
experiments. The data are reported as mean + SEM (* P<0.05; ** P<0.01; ***
P<0.001).
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Figure 18. DIQ, ONC201, and ONC206 reduce the migration of HT29 colorectal
cancer cells. HT29 cells were seeded in 24-well plate. A scratch was made on confluent
cells using a 200 pL tip and images were taken at 0, 24, 48 and 72 h with or without the
indicated treatment concentration. Representative images of wound healing assay at 5x
magnification (scale bar = 100 pm). Quantification of the distance of the wound closure
was assessed over time. Results are expressed as a percentage of each group compared
to its condition at O h. Data represent an average of three independent

experiments. The data are reported as mean + SEM (* P<0.05; ** P<0.01; ***
P<0.001).

In addition, DIQ and ONC206 showed significant inhibitory potential on CRC
cell invasion. The number of HCT116 and HT29 invasive cells were remarkably
decreased in response to FBS in treated conditions reaching a value of less than two-
folds compared to the control condition at 72 h (Figure 19).Collectively, these results
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suggest that DIQ and ONC206 have anti-migratory and invasive effects on CRC cell

lines.
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Figure 19. DIQ and ONC206 reduce the invasion of HCT116 and HT29 colorectal
cancer cells. HCT116 and HT29 cells were seeded onto the Matrigel™-coated
membrane in the top chamber of the transwell and were either treated or not with the
indicated treatment concentration of DIQ (A) or ONC206 (B) in the presence of FBS in
the lower chamber. Cells that invaded to the lower chamber after 72 h were fixed with
methanol, stained with H&E, counted and represented as number of invading cells
compared to the control. Data represent an average of three independent experiments.
The data are reported as mean £ SEM (* P<0.05; ** P<0.01; *** P<0.001).

C. Effect of DIQ, ONC201 and ONC206 on Cell Cycle and Apoptosis in Colorectal
Cancer Cells

To evaluate the underlying mechanism of growth inhibition by DIQ, ONC201
and ONC206 in CRC, the cell cycle distribution analysis of HCT116 and HT29 cells
treated with the 1Cso concentrations of each treatment for 72 h was performed using
flow cytometry. As shown in Figure 20, DIQ treatment in HCT116 cells caused G1

arrest with concomitant decreases in the S and G2/M fractions mainly after 72 h. No
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changes in the cell cycle were noticed after treating both cell lines with DIQ for 24 h.
DIQ effect on the HCT116 cell cycle was pronounced at 72 h. The proportion of
HCT116 cells in G1 phase was increased from 45.6% in control cells to 60.2% in cells
treated with DIQ for 72 h, while the proportion of cells in G2/M phase decreased from
35.2 to 21.5% (Figure 20). However, in HT29 cells, DIQ treatment induced S phase
(38.35%) cell cycle arrest after 72 h treatment and depleted cells at G1 and G2/M
phases. Interestingly, upon treatment with 4 uM DIQ, the percentage of HCT116 and
HT29 cells in the sub-G1 phase significantly increased reaching 3.5- and 5-folds at 72
h, respectively; suggesting that the reduction in cell viability in response to DIQ could
be due to cell death (Figure 20).

ONC201 and ONC206 significantly induced sub-G1 apoptotic cells and S
arrest in HCT116 and HT29 cells. As illustrated in Figures 21 and 22, treatment with 5
UM ONC201 and 1 pM ONC206 for 72 h caused significant increase in the S phase
with concomitant increase in G1 phase and decrease in G2/M fractions in CRC cells. S
arrest phase increased from 17% in control cells to 31.2% in the ONC201-treated
HCT116 cells and from 30 to 37% in the HT29 cells. The S phase cell population
significantly increased from 17 to 30% with ONC206 in the HCT116 and from 30 to
35% in the HT29 cells.

To further confirm whether growth inhibition was related to apoptosis,

Annexin V and PI staining was performed. As shown in Figures 20, 21 and 22, after
treating CRC cells with DIQ, ONC201 or ONC206 at the indicated concentrations for

72 h, the total apoptotic cell populations were significantly increased in both cell lines.

74



HCTI116 HT29

=
14
=
[ury
[
=

& 100 —— == = P mGt = 100 J— — — — mc
S so ms S 80 i s
= G2M =® n
E 50 E 60 G2/M
T 40 T 40
B ®

20 20

0 0
Control DIQ Control DIQ Control DIQ Control DIQ
24h 72 h 24h 72 h
HCT116 HT29

30 40-
= = *
E . g 50
- 20+ <
5 X
5 = 20
I 10] g
5
& Z 101

0-—*= . 0l

Control DIQ Control DIQ Contrel  DIQ Control DIQ
24 h 72h 24h 72h
HCT116 HT29
Z 804 F80
3 Il Control H ok ¥ Il Control
E 604 i DIQ 4uM “f 60 DIQ 4uM
2
= 401 z 40
' '
-U lU
£ 201 €20
3 3
< 0 ; < 0
Total Apoptosis Total Apoptosis

Figure 20. DIQ induces an accumulation of HCT116 and HT29 cancer cells in the
sub-G1 region and apoptosis. The distribution of phases of the cell cycle upon DIQ
treatment at 24 and 72 h in HCT116 and HT29 cells using propidium iodide-based flow
cytometric analysis of DNA content were shown. HCT116 and HT29 cells were stained
with Pl and FITC-conjugated Annexin V, and analyzed by Guava EasyCyte8 Flow
Cytometer for the detection of apoptosis. Data represent the average of three
independent experiments and are reported as mean + SEM (* P<0.05; (** P<0.01)
treatment compared to control).
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Figure 21. ONC201 induces an accumulation of HCT116 and HT29 cancer cells in
the sub-G1 region and apoptosis. The distribution of phases of the cell cycle upon
ONC201 treatment at 24 and 72 h in HCT116 and HT29 cells using propidium iodide-
based flow cytometric analysis of DNA content were shown. HCT116 and HT29 cells
were stained with Pl and FITC-conjugated Annexin V, and analyzed by Guava
EasyCyte8 Flow Cytometer for the detection of apoptosis. Data represent the average of
three independent experiments and are reported as mean = SEM (* P<0.05; (** P<0.01)
treatment compared to control).
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Figure 22. ONC206 induces an accumulation of HCT116 and HT29 cancer cells in
the sub-G1 region and apoptosis. The distribution of phases of the cell cycle upon
ONC206 treatment at 24 and 72 h in HCT116 and HT29 cells using propidium iodide-
based flow cytometric analysis of DNA content were shown. HCT116 and HT29 cells
were stained with Pl and FITC-conjugated Annexin V, and analyzed by Guava
EasyCyte8 Flow Cytometer for the detection of apoptosis. Data represent the average of
three independent experiments and are reported as mean = SEM (* P<0.05; (** P<0.01)
treatment compared to control).

D. Effect of DIQ, ONC201 and ONC206 on the Production of Reactive Oxygen
Species (ROS) in Colorectal Cancer Cells
Recently, targeting cancer via ROS-based mechanisms has been reported as a

radical therapeutic approach as increased ROS level could be detrimental for stem cells,

might inhibit cancer metastasis, and mediate apoptosis via mitochondrial DNA damage
7



[26]. To investigate the effect of DIQ and ONC206 on cellular stress and the
involvement of oxidative stress in their anti-proliferative effect in CRC, ROS
production was examined by DHE stain intensity. DHE is a fluorescent dye that can
easily permeate cell membranes and has been widely used to quantify cellular O2+¢— and
H>02 by producing red fluorescent products. Our results showed that a significant
increase of the DHE staining intensity was detected in treated cells at 48 h as compared
to the control (Figure 23). Thus, DIQ and ONC206 treatment induced ROS production

in both CRC cell lines.
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Figure 23. ROS production in HCT116 and HT29 cells as detected by
dihydroethidium (DHE) staining. Panel shows representative images of CRC cells
exposed to different treatments stained with dihydroethidium (DHE) for ROS content
(red color). Cell nuclei were stained with DAPI (blue). A summary of the quantification
of the red fluorescence intensity is represented. 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 pm.

E. DIQ, ONC201 and ONC206 Effects on the Expression of the Survival,
Proliferation, and Stem Cell Markers in Colorectal Cancer Cells
To determine the association between the observed cell cycle arrest and the

increased ROS in HCT116 and HT29, western immunoblot analyses were performed on
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total cell extracts prepared from 2D-treated cells to detect possible changes in the
expression of cell cycle and proliferation markers. As shown in Figure 24, the
expression levels of the proteins p53 and p21, which are cell cycle regulators of G1
phase, were upregulated by 1.3 and 1.5 folds in HCT116 upon DIQ treatment
respectively as compared to control conditions. Whereas, p53 was downregulated in
HT29 treated cells but showed a significant upregulation of p21 expression by 1.8 folds,
suggesting that the inhibitory mechanism of DIQ is different in HCT116 and HT29
cells. ONC206 downregulated the expression levels of the proteins p53 and p21 in both

CRC cell lines by more than 50% as compared to control conditions (Figure 25).
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Figure 24. DIQ alters the expression of the survival, proliferation, and stem cell
markers in 2D colorectal cells. Lysates of CRC cells treated with 4 uM DIQ were
immunoblotted against p53, p21, B-catenin, p-ERK, ERK, p-AKT, AKT, PCNA. Bands
were detected by enhanced chemiluminescence (ECL) and quantified using ChemiDoc
MP Imaging System. Data represents an average of three independent experiments.
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Figure 25. ONC206 alters the expression of the survival, proliferation, and stem
cell markers in 2D colorectal cells. Lysates of CRC cells treated with 1 uM ONC206
were immunoblotted against pS53, p21, B-catenin, p-ERK, ERK, p-AKT, AKT, PCNA.
Bands were detected by enhanced chemiluminescence (ECL) and quantified using
ChemiDoc MP Imaging System. Data represents an average of three independent

experiments.
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F. Establishing DIQ, ONC201 and ONC206 Effects on an Enriched Population of
Human Colorectal Cancer Stem Cells in 3D

1. Effect of DIQ, ONC201 and ONC206 on HCT116 and HT29 Sphere Counts and
Sizes

We investigated colonosphere formation of HCT116 and HT29 cells, a salient
feature of cancer stem cells. To better visualize their sphere forming capabilities in 3D
cultures, HCT116 and HT29 cells were cultured as single cells in Matrigel™ for 8-12
days in the presence of DIQ, ONC201 and ONC206. The spheres were then visualized
under an inverted light microscope and bright-field images were taken (Figures 26, 27,
28, 29, 30 and 31). Cells that were able to form spheres in the first generation (G1) were
collected and propagated by dissociating spheres into single cells and re-seeding the
same number of cells (1000 cells/well). The assay was performed until the fifth
generation (G5). Our data showed that both HCT116 and HT29 cells formed spheres
suggesting the presence of a unique population with stem cell-like properties. Notably, a
clear dose-dependent attenuation of the sphere-forming unit (SFU) at G1 for both cell
lines was observed when treated with different concentrations of DIQ (0.5, 1uM),
ONC201 (0.5, 1, 2, 3 uM), or ONC206 (0.5, M) (Figures 26, 27, 28, 29, 30 and 31).
The SFU was always significantly and remarkably lower in drug-treated cells compared
to that of the control condition by more than 50%.

Consecutive propagations of formed spheres at each generation with successive
treatment with DIQ, ONC201 and ONC206 were performed up to 5 generations.
Interestingly, our results showed additional inhibition of the SFU upon DIQ treatment
when the cells were propagated from G1 up to G5 spheres (Figures 26 and 27). 1 uM of

DI1Q treatment decreased SFU of HCT116 cells by more than 10 times compared to the
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control (13.3%) at G5 reaching approximately 1%. Moreover, as shown in Figure 27,
HT29 cells were more sensitive to DIQ and there was an eradication of spheres at G4
(SFU=0%) compared to the control (14.28%). ONC201 and its analogue ONC206
significantly decreased the sphere formation ability in CRC cell lines up to G5 (Figures
28, 29, 30 and 31). ONC206 treatment as low as 0.5 uM was more effective than the
same concentration of ONC201 treatment at G1 in both cell lines. Upon propagation,
ONC206 was more potent than ONC201 in decreasing SFU at a dose that is 10 times
lower. It is noteworthy mentioning that this low 0.1 uM ONC206 concentration used in
the 3D culture spheres assay is 10-folds less than the concentration adapted in all 2D
assays.

In addition to assessing the effect of DIQ, ONC201 and ONC206 on self-
renewal capacity, we investigated their effects on sphere size over 5 generations. All
treatments significantly decreased the sizes of the spheres compared to untreated control
conditions. Further decrease in sphere sizes was recognized over the 5 generations in
both cell lines depicting pronounced additive effect of the treatments on the formed
spheres upon propagation (Figures 26, 27, 28, 29, 30 and 31). Thus, DIQ, ONC201 and
ONC206 have led to the formation of a lower number and smaller spheres.
Interestingly, none of these treatments showed any significant effect on the size and
SFU of FHS74Int-derived spheres over 5 generations (Figure 32). Taken together, these

findings suggest that DIQ, ONC201 and ONC206 specifically target the colorectal CSC.
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Figure 26. DIQ reduces the sphere-forming and self-renewal ability of HCT116
colorectal cancer stem/progenitor cells. HCT116 cells were seeded at a density of
1,000 single cells/well in Matrigel™ for 8 days with and without 0.5 and 1 uM DIQ
treatment at G1. Spheres with or without 1 uM DIQ were propagated for five
generations (G1-G5) in duplicates for each condition. Media or treatment was
replenished every 2 days. Spheres were counted at day 8-12 of sphere culture. Results
are expressed as SFU which is calculated according to the following formula: SFU =
(number of spheres counted / number of input cells) x 100. Quantification of the
average size of G1 to G5 colon cancer spheres with or without treatment conditions.
Spheres sizes were measured by Carl Zeiss Zen 2012 image software. Data represent an
average diameter (um) of 50 measured spheres. Representative bright field images of
HCT116 colorectal spheres in Matrigel™ taken by the Axiovert inverted microscope
are shown. Data represents an average of three independent experiments and are
reported as mean = SEM (* P<0.05; ** P<0.01; *** P<0.001). Scale bar 100 pm.
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Figure 27. DIQ reduces the sphere-forming and self-renewal ability of HT29
colorectal cancer stem/progenitor cells. HT29 cells were seeded at a density of 1,000
single cells/well in Matrigel™ for 8 days with and without 0.5 and 1 uM DIQ treatment
at G1. Spheres with or without 1 UM DIQ were propagated for five generations (G1-G5)
in duplicates for each condition. Media or treatment was replenished every 2 days.
Spheres were counted at day 8-12 of sphere culture. Results are expressed as SFU
which is calculated according to the following formula: SFU = (number of spheres
counted / number of input cells) x 100. Quantification of the average size of G1 to G5
colon cancer spheres with or without treatment conditions. Spheres sizes were measured
by Carl Zeiss Zen 2012 image software. Data represent an average diameter (um) of 50
measured spheres. Representative bright field images of HT29 colorectal spheres in
Matrigel™ taken by the Axiovert inverted microscope are shown. Data represents an
average of three independent experiments and are reported as mean + SEM (* P<0.05;
** P<0.01; *** P<0.001). Scale bar 100 pm.
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Figure 28. ONC201 reduces the sphere-forming and self-renewal ability of
HCT116 colorectal cancer stem/progenitor cells. HCT116 cells were seeded at a
density of 1,000 single cells/well in Matrigel™ for 8 days with and without 0.5-3 UM
ONC201 treatment at G1. Spheres with or without 1 uM ONC201 were propagated for
five generations (G1-G5) in duplicates for each condition. Media or treatment was
replenished every 2 days. Spheres were counted at day 8-12 of sphere culture. Results
are expressed as SFU which is calculated according to the following formula: SFU =
(number of spheres counted / number of input cells) x 100. Quantification of the
average size of G1 to G5 colon cancer spheres with or without treatment conditions.
Spheres sizes were measured by Carl Zeiss Zen 2012 image software. Data represent an
average diameter (um) of 50 measured spheres. Representative bright field images of
HCT116 colorectal spheres in Matrigel ™ taken by the Axiovert inverted microscope are
shown. Data represents an average of three independent experiments and are reported
as mean = SEM (* P<0.05; ** P<0.01; *** P<0.001). Scale bar 100 pm.
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Figure 29. ONC201 reduces the sphere-forming and self-renewal ability of HT29
colorectal cancer stem/progenitor cells. HT29 cells were seeded at a density of 1,000
single cells/well in Matrigel™ for 8 days with and without 0.5-3 uM ONC201 treatment
at G1. Spheres with or without 1 uM ONC201 were propagated for five generations
(G1-G5) in duplicates for each condition. Media or treatment was replenished every 2
days. Spheres were counted at day 8-12 of sphere culture. Results are expressed as SFU
which is calculated according to the following formula: SFU = (number of spheres
counted / number of input cells) x 100. Quantification of the average size of G1 to G5
colon cancer spheres with or without treatment conditions. Spheres sizes were measured
by Carl Zeiss Zen 2012 image software. Data represent an average diameter (um) of 50
measured spheres. Representative bright field images of HT29 colorectal spheres in
Matrigel™ taken by the Axiovert inverted microscope are shown. Data represents an
average of three independent experiments and are reported as mean + SEM (* P<0.05;
** P<0.01; *** P<0.001). Scale bar 100 pm.
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Figure 30. ONC206 reduces the sphere-forming and self-renewal ability of
HCT116 colorectal cancer stem/progenitor cells. HCT116 cells were seeded at a
density of 1,000 single cells/well in Matrigel™ for 8 days with and without 0.1-0.5 pM
ONC206 treatment at G1. Spheres with or without 0.1 uM ONC206 were propagated
for five generations (G1-G5) in duplicates for each condition. Media or treatment was
replenished every 2 days. Spheres were counted at day 8-12 of sphere culture. Results
are expressed as SFU which is calculated according to the following formula: SFU =
(number of spheres counted / number of input cells) x 100. Quantification of the
average size of G1 to G5 colon cancer spheres with or without treatment conditions.
Spheres sizes were measured by Carl Zeiss Zen 2012 image software. Data represent an
average diameter (um) of 50 measured spheres. Representative bright field images of
HCT116 colorectal spheres in Matrigel TM taken by the Axiovert inverted microscope
are shown. Data represents an average of three independent experiments and are
reported as mean £ SEM (* P<0.05; ** P<0.01; *** P<0.001). Scale bar 100 pum.
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Figure 31. ONC206 reduces the sphere-forming and self-renewal ability of HT29
colorectal cancer stem/progenitor cells. HT29 cells were seeded at a density of 1,000
single cells/well in Matrigel™ for 8 days with and without 0.1-0.5 uM ONC206
treatment at G1. Spheres with or without 0.1 pM ONC206 were propagated for five
generations (G1-G5) in duplicates for each condition. Media or treatment was
replenished every 2 days. Spheres were counted at day 8-12 of sphere culture. Results
are expressed as SFU which is calculated according to the following formula: SFU =
(number of spheres counted / number of input cells) x 100. Quantification of the
average size of G1 to G5 colon cancer spheres with or without treatment conditions.
Spheres sizes were measured by Carl Zeiss Zen 2012 image software. Data represent an
average diameter (um) of 50 measured spheres. Representative bright field images of
HT29 colorectal spheres in MatrigelTM taken by the Axiovert inverted microscope are
shown. Data represents an average of three independent experiments and are reported
as mean = SEM (* P<0.05; ** P<0.01; *** P<0.001). Scale bar 100 pm.
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Figure 32. DIQ, ONC201 and ONC206 are not targeting non-tumorigenic
FHS74Int cells. FHS74Int cells were seeded at a density of 2,000 single cells/well in
Matrigel™ for 8 days with and without 1uM DIQ, 1uM ONC201 , and 0.1uM ONC206
treatments at G1. Spheres were propagated for five generations (G1-G5) in duplicates
for each condition. Media or treatment was replenished every 2 days. Spheres were
counted at day 8-12 of sphere culture. Results are expressed as SFU, which is calculated
according to the following formula: SFU = (number of spheres counted / number of
input cells) x 100. Quantification of the average size of G1 to G5 colon cancer spheres
with or without treatment conditions using Carl Zeiss Zen 2012 image software. Data
represent an average diameter (um) of 50 measured spheres. Representative bright field
images of FHS74Int spheres in Matrigel™ taken by the Axiovert inverted microscope
are shown. Data represents an average of three independent experiments and is reported
as mean = SEM (*P < 0.05, **P < 0.01, ***P < 0.001). Scale bar 100 um.

2. DIQ and ONC206 Effect on Proliferation, Epithelial and Stem Cell Markers
Expression in 3D Colonospheres

To further assess the effect of the novel therapeutics DIQ and ONC206 on the

enriched CSCs population, spheres collected at G1 were subjected to
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immunofluorescence analysis of the expression of the proliferation marker Ki67,
cytokeratin epithelial markers, CK8 and CK19, and the stem cell marker CD44. Our
data revealed that Ki67, CK8 and CK19 expression were significantly reduced in treated
spheres derived from HCT116 and HT29 cell lines (Figures 33, 34, 35 and 36). This
suggests that the mechanism of reduction of colon sphere formation in CSCs could be
due to inhibition of proliferation. The downregulation of CK19 marker in both HCT116
and HT29 spheres at G1 could be an indicator of an inhibition of the EMT process.
Immunofluorescence staining showed high expression of CD44 in control spheres at G1
indicating enriched stemness in these cells. Treatment with DIQ or ONC206 showed a
significant reduction of CD44 expression in HCT116 and HT29 colonospheres as
compared to the control, which is in tune with the downregulation of the CRC stem
marker CD133 data (Figures 37 and 38). Finally, DIQ and ONC206 effect on DNA
damage was studied by assessing the expression of y-H2AX. Our results revealed that
the expression of y-H2AX was markedly increased in treated spheres in both cell types

(Figures 34 and 36).
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Figure 33. DIQ reduces the expression of the cytokeratin epithelial markers, CK8
and CK19, and the stem cell marker CD44 in 3D colonospheres. Representative
immunofluorescence imaging of control and DIQ-treated HCT116 and HT29 spheres
collected at G1. Spheres stained for A: CK8 (green) and CK19 (red), B: CD44 were
obtained using confocal microscopy. The nuclei were stained with anti-fade reagent
Fluorogel 11 with DAPI. The quantification of the intensity of CK8, CK19, CD44 stain
in control and DIQ treated spheres was performed using Carl Zeiss Zen 2012 image
software. Stain intensity was normalized to size. Scale bar 20 pm.

92



A. Control DIQ 1uM B. Control DIQ 1pM

50

HCT116
HCT116

HT29
HT29

80 _ ~
— Il Control :. e Il Control
= ~ 40 — *
< 60 DIQ 1M z T DIQ 1uM
g % 30
2 40 =
@ e =
s T & 20
3 ”~
= = o
M 0 T T =0 T T
Ki67 Ki67 -H2AX y-H2AX
HCT116 HT29 HCT116 HT29

Figure 34. DIQ reduces the expression of the proliferation marker Ki67 and
increases the expression of the DNA damage marker y-H2AX in 3D colonospheres.
Representative immunofluorescence imaging of control and DIQ-treated HCT116 and
HT29 spheres collected at G1. Spheres stained for A: Ki67, B: y-H2AX were obtained
using confocal microscopy. The nuclei were stained with anti-fade reagent Fluorogel Il
with DAPI. The quantification of the intensity of Ki67 and y-H2AX, were stain in
control and DIQ treated spheres was performed using Carl Zeiss Zen 2012 image
software. Stain intensity was normalized to size. Scale bar 20pum.
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Figure 35. ONC206 reduces the expression of the cytokeratin epithelial markers,

CK8 and CK19, and the stem cell marker CD44 in 3D colonospheres.

Representative immunofluorescence imaging of control and ONC206-treated HCT116
and HT29 spheres collected at G1. Spheres stained for A: CK8 (green) and CK19 (red),
B: CD44 were obtained using confocal microscopy. The nuclei were stained with anti-
fade reagent Fluorogel Il with DAPI. The quantification of the intensity of CK8, CK19,
CD44 stain in control and ONC206 treated spheres was performed using Carl Zeiss Zen
2012 image software. Stain intensity was normalized to size. Scale bar 20 pum.
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Figure 36. ONC206 reduces the expression of the proliferation marker Ki67 and
increases the expression of the DNA damage marker y-H2AX in 3D colonospheres.
Representative immunofluorescence imaging of control and ONC206-treated HCT116
and HT29 spheres collected at G1. Spheres stained for A: Ki67, B: y-H2AX were
obtained using confocal microscopy. The nuclei were stained with anti-fade reagent
Fluorogel II with DAPI. The quantification of the intensity of Ki67 and y-H2AX, were
stain in control and ONC206 treated spheres was performed using Carl Zeiss Zen 2012
image software. Stain intensity was normalized to size. Scale bar 20 pm.

To further assess the effect of DIQ and ONC206 on the enriched CSCs
population, we were interested in determining the effect of these treatments on the
expression of proliferation markers, stem cell markers, and Wnt signaling molecules of
cancer stem cells using western blot. Consistent with the western blot analyses of 2D
CRC cells, the expression of the proliferation markers p-AKT and p-ERK were
remarkably downregulated by DIQ and ONC206 treatment in both HCT116 and HT29-
derived spheres confirming DIQ and ONC206’s inhibitory effects on the proliferation of
3D CSCs colonospheres (Figures 37 and 38). Western blot analysis revealed a decrease

in the levels of the proliferation marker PCNA protein post treatment consistent with the
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data that DIQ and ONC206 decreased the size of HCT116 and HT29-derived spheres.
For the Wnt signaling studies, we investigated treatment effects on B-catenin, which
plays an important role in CRC stemness properties. Western blot analysis showed a
down regulation of B-catenin expression in treated compared to untreated spheres.
Analysis of p53 and p21 protein expression in HCT116 spheres upon DIQ treatment
showed up-regulation of these proteins by 1.32 and 1.99 folds respectively further
confirming apoptosis induction. p21 expression was upregulated in HT29 cells by 1.29
folds as compared to non-treated spheres, whereas the expression of p53 was not
affected by DIQ treatment in HT29 spheres (Figure 37). The expression of p53 and p21
did not change upon ONC206 treatment in both CRC cell lines, in contrast to what

happened in 2D culture (Figure 38).
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Figure 37. DIQ induces apoptosis and inhibit proliferation in colorectal cancer
stem/progenitor cells. Analysis of pS3, p21, CD133, B-catenin, PCNA, p-ERK, ERK,
p-AKT, and AKT protein expression in HCT116 and HT29 G1 spheres upon treatment
is shown. GAPDH served as an internal control. Bands were detected by enhanced
chemiluminescence (ECL) using ChemiDoc MP Imaging System. Fold expression
changes normalized to GAPDH, and to total ERK and total AKT in case of p-ERK and

p-AKT expression respectively, are given. Data represents an average of three
independent experiments.
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Figure 38. ONC206 induces apoptosis and inhibit proliferation in colorectal cancer
stem/progenitor cells. Analysis of p53, p21, CD133, B-catenin, PCNA, p-ERK, ERK,
p-AKT, and AKT protein expression in HCT116 and HT29 G1 spheres upon treatment
is shown. GAPDH served as an internal control. Bands were detected by enhanced
chemiluminescence (ECL) using ChemiDoc MP Imaging System. Fold expression
changes normalized to GAPDH, and to total ERK and total AKT in case of p-ERK and
p-AKT expression respectively, are given. Data represents an average of three
independent experiments.




3. DIQ has Anti-Tumor Potential in NOD-SCID Mice Injected with HCT116 Spheres

To investigate the anti-tumor effect of DIQ on targeting CSC population of
cells in vivo, we injected subcutaneously two groups of mice each with 100 spheres
derived from HCT116 cells. NOD-SCID mice developed tumors in 2 weeks. Mice were
treated with 20 mg/Kg DIQ three times per week for 21 days. DIQ treatment did not
cause any change in the body weight or death of mice, indicating no toxicity.

DIQ significantly inhibited tumor growth in the treated group when compared
to the control group particularly at day 21 (Figure 39). Interestingly, the average tumor

volume was 403.2 mm? in DIQ treated mice at sacrifice while it was 2158.5 mm?® in

control group (Figure 39).
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Figure 39. DIQ reduces tumor growth in NOD-SCID mice. NOD-SCID mice (5
mice/group) were injected with 100 HCT116 G1 spheres. Tumor growth was monitored
by measuring the tumor volume during 21 days of treatment (3 times per week) with
either 20 mg/kg DIQ or physiologic saline. Representative images of control and TQ-
treated mice at day 21. Data represent an average of two independent experiments and is
reported as mean = SEM (***P < 0.001).

99



G. Assessment of the Effect of DIQ, ONC201 and ONC206 Treatments on the
Established Colon Cancer Patient Derived Organoids
1. Organoids as Models for DIQ, ONC201 and ONC206 Assessment

Patient-derived organoids technology has made a great impact on drug
discovery programs, toxicity screens, and predicting acquisition of drug resistance for
developing and designing personalized regimes. In this study, we generated patient-
derived organoids from colon where we used them to test the anticancer effect of a
novel compounds DIQ, ONC201, and ONC206 against CRC. We established a 3D
organoid system from fresh tissue samples obtained from different stages of five
random colon cancer consented patients. As described in the methods section, a total of
20,000 single cells derived from freshly digested tissues were plated per 20 uL droplets
of 90% Matrigel™ in 24-well plates. Cells were plated depending on the total cell count
that was successfully derived from the tissue specimens. Despite the expected
challenges in modeling colon cancer, we succeeded in establishing colon organoids
from patients undergoing radical colectomy. Organoids formed at G1 were dissociated,
propagated to G2, and the effect of DIQ, ONC201 and ONC206 on the organoids
formed was assessed. The growth of organoids was determined by the total number
(OFC) and size (diameters) of the organoids formed. The response of colon cancer
patient-derived organoids to DIQ, ONC201 and ONC206 was compared to that of 5FU,
which is the standard first-line treatment option for CRC. This response was evaluated
on 5 random treatment-naive patients with different clinical data (Table 7). We
succeeded in establishing colon organoids and propagating them. The two different
doses of DIQ (0.5 and 1 uM), ONC201 (1 and 2 uM) , and ONC206 (0.1, 0.5and 1

KUM) displayed a highly significant inhibition in the OFC and the size of tumor
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organoids derived from the five studied patients when they were compared to the
control group in a dose-dependent manner (Figures 41,42,44, 45 and 46).

In Patient 1 (Figures 40 and 41), organoids were successfully propagated up to
G6 as shown in Figure 40. Interestingly, an increase in the number of tumor organoids
formed was observed with each propagation, thus indicating enrichment of stem cells
and enhancement of the establishment of colon organoids. Characterization of the
established patient 1-derived organoids was performed by studying the expression of the
CRC epithelial lineage markers CK19 and CK8 and the stem cell marker CD44. Using
immunofluorescence staining, the tumor organoids showed a positive expression of
CK19, CK8 and CD44 confirming the presence of stem-like/progenitor CRC cells
within the bulk of our patient-derived organoids.

In Patients 2 exhibiting similar grade (grade 2) moderately differentiated
sigmoid colon adenocarcinoma and of stage pT3, DIQ treatment at concentrations as
low as 0.5 uM displayed a decrease in the growth of the organoids (Figure 42).

As shown in Figure 44, a dose-dependent reduction in the OFC and size of the
treated organoids with DIQ, ONC201 and ONC206 was noticed in patient 3 with rectal
mucinous adenocarcinoma (pT2 stage). Characterization of the patient 3-derived
organoids and corresponding tissue was assessed by investigating the expression of
CK19 and CD44 markers using immunofluorescence staining. These organoids
mimicked the heterogeneity of corresponding tumor tissue. Strong expression of CK19
and CD44 was noted in organoids, thus consistent with the corresponding tumor tissue
(Figure 43). The co-expression of CK19 and CD44 was decreased upon all treatments

(Figure 43).
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Organoids formation was eradicated upon DIQ (0.5 and 1 uM), ONC201 (2
M), and ONC206 (0.1 and 0.5uM) treatment in Patient 4 diagnosed with moderately
differentiated (grade 2) pT2 sigmoid colon adenocarcinoma (Figure 45).

In Patient 5 of grade 2 moderately differentiated sigmoid colon
adenocarcinoma and of stage pT3, DIQ treatment at concentrations as low as 0.5 uM
displayed an eradication of organoids (Figure 46). Both ONC201 and ONC206
significantly decreased the growth of the organoids at concentrations as low as 1 UM
and 0.1 UM respectively.

ONC206 was more potent than ONC201 in decreasing the OFC and the size of
the organoids at a dose that is 2, 10 and 10 times lower in patients 3, 4 and 5
respectively.

Interestingly, DIQ effect on the OFC and the size of the organoids was more
potent than 5FU particularly in patients 2, 4 and 5 (Figure 42, 45 and 46). ONC201 and
ONC206 effects on the OFC and the size of the organoids was more potent than 5FU in

patient 4, and as potent as 5FU in patient 5 (Figure 45 and 46).
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Organoid
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Figure 40. Establishment and characterization of patient-derived organoids from
colon cancer patient 1. A: Representative image of organoids derived from patient 1
stained with H&E. B: Immunofluorescent images of organoids stained with colon
lineage epithelial markers CK19 and CK8 and stem cell marker CD44. The nuclei were
stained with anti-fade Fluorogel 1l with DAPI. Representative confocal microscopy
images were acquired using a Zeiss LSM 710 laser scanning confocal microscope. Scale
bar 100 um. C: Representative bright-field images of organoids at G1, G2, and G6.
Fresh tumor tissues were enzymatically digested, and single cells were plated in 90%
Growth Factor reduced Matrigel. G1 organoids were successfully propagated up to G6.
Images were visualized by Axiovert inverted microscope at 5, 10, and 20x
magnification. Scale bar 100 um.
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Figure 41. DIQ reduces the growth of the patient-derived organoids from colon
cancer patient 1. Representative bright-field images of G2 patient 1 organoids treated
with DIQ (0.5 and 1uM) or 5FU (3uM). OFC and size were calculated, and mean
values were reported as mean £ SEM (*P < 0.05, **P < 0.01, ***P < 0.001). Images
were visualized by Axiovert inverted microscope at 5 and 20x magnification. Scale bar
100 pm.
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Figure 42. DIQ reduces the growth of the patient-derived organoids from colon
cancer patient 2. Representative bright field images of G1 organoids derived from
patient 2 [grade 2; stage T3] grown with or without DIQ or 5FU. OFC was calculated in
duplicate wells per condition. The quantification of the average diameter was
calculated. The data of OFC and size are presented in two separate graphs. OFC was
calculated in duplicate wells per condition. The quantification of the average diameter
was calculated. The average mean of OFC and size are presented in two separate
graphs. All mean values were reported as mean = SEM (*P < 0.05, **P < 0.01, ***P <
0.001). Scale bar 100 pm.
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Figure 43. Establishment and characterization of patient-derived organoids from
colon cancer patient 3. A: Immunohistochemistry images of tissue derived from
patient 3 stained with H&E. B: Immunofluorescent images of tissue stained with colon
lineage epithelial markers CK19 and stem cell marker CD44. The nuclei were stained
with anti-fade Fluorogel Il with DAPI. Representative confocal microscopy images
were acquired using a Zeiss LSM 710 laser scanning confocal microscope. Scale bar 20
pum. C: Representative confocal microscopy images of organoids derived from colon
cancer patient 3 at G2 in the presence and absence of DIQ, ONC201 and ONC206
treatments stained with colon lineage epithelial markers CK19 and stem cell marker
CD44 were acquired using a Zeiss LSM 710 laser scanning confocal microscope. The
nuclei were stained with anti-fade Fluorogel 11 with DAPI. Scale bar 20 pm.
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Figure 44. D1Q, ONC201 and ONC206 reduce the growth of patient-derived
organoids from colon cancer patient 3. Representative bright-field images of
organoids derived from colon cancer patient 3 at G2 in the presence and absence of
treatments. Images were visualized by Axiovert inverted microscope at 5x
magnification. OFC and size of G2 organoids were calculated, and mean values were
reported as mean = SEM (*P < 0.05, **P < 0.01, ***P < 0.001). Scale bar 100 pum.

107



Patient 4

Control SFU 3uM

100

% % %

"I |

6@1&“@@\@}&@‘
S oD O
T S Qb S

OFC

DIQ 0.5uM DIQ 1pM

ONC206 0.1pM ONC206 0.5pM

"
100um Qx A é CJ v
' o o‘\ o’\
ONC201 1pM ONC201 2pM
Patient 4
g 120;
‘% 100
]
Y 80 e o 3
g
(It A 60
]
S
=
St
@)

] l
Q\?‘?\?\?\?\?
06‘\\'\;\“’5
CP 0' '\9\@%‘6{‘0
& éé &
N oéé

Figure 45. DIQ, ONC201 and ONC206 reduce the growth of the patient-derived
organoids from colon cancer patient 4. Representative bright field images of G4
organoids derived from patient 4 [grade 2; stage T2] grown with or without DIQ),
ONC201, ONC206 or 5FU. OFC was calculated in duplicate wells per condition. The
quantification of the average diameter size was calculated. The average mean of OFC
and size are presented in two separate graphs. All mean values were reported as mean +
SEM (*P <0.05, **P < 0.01, ***P < 0.001).
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Figure 46. DIQ, ONC201 and ONC206 reduce the growth of the patient-derived
organoids from colon cancer patient 5. Representative bright field images of G2
organoids derived from patient 5 [grade 2; stage T3] grown with or without DIQ),
ONC201, ONC206 or 5FU treatment. OFC was calculated in duplicate wells per
condition. The quantification of the average diameter was calculated. The average mean
of OFC and size are presented in two separate graphs. All mean values were reported as
mean £ SEM (*P < 0.05, **P < 0.01, ***P < 0.001).

2. DIQ, ONC201 and ONC206 Assessment on Cell-Derived Organoids from
Colorectal Cancer Cell Lines
The effect of DIQ, ONC201 and ONC206 on the growth of the organoids was further

confirmed by assessing the effect of these treatments on cell-derived organoids from

CRC cells. The results of response of HCT116 and HT29 cell-derived organoids to
109



DIQ, ONC201 and ONC206 treatments were consistent with that of patient-derived
organoids. DIQ (0.5 and 1 uM), ONC201 (1 and 2 uM), and ONC206 (0.1 and 0.5 uM)
elicited a statistically significant decrease in the growth of cell line-derived organoids
(Figure 48 and 49). The count of the organoids was remarkably decreased upon
treatment as compared to control conditions. DAPI/phalloidin staining was performed
to determine the morphology of actin filaments upon treatments, which are involved in

the regulation of cell shape and polarity (Figure 47).

Control DIQ 0.5pM ONC201 1pM ONC206 0.5pM

HT29

Figure 47. The morphology of the cell-derived organoids from HCT116 and HT29
cells upon DIQ, ONC201 and ONC206 treatments. Immunofluorescent images of
organoids derived from HCT116 and HT29 cell lines at G1 in the presence and absence
of DIQ (0.5 uM), ONC201 (1 uM), and ONC206 (0.5 pM) stained with phalloidin. The
nuclei were stained with anti-fade Fluorogel 11 with DAPI. Representative confocal
microscopy images were acquired using a Zeiss LSM 710 laser scanning confocal
microscope. Scale bar 20 um.
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Figure 48. DIQ, ONC201 and ONC206 reduce the growth of the cell-derived
organoids from HCT116 cells. Representative bright field images of G1 organoids
derived from the colorectal HCT116 cell lines grown with or without DIQ (0.5 puM),
ONC201 (1 M), and ONC206 (0.5 pM) . Scale bar 100 um. OFC was calculated in
duplicate wells per condition. All mean values were reported as mean + SEM (*P <
0.05, **P < 0.01, ***P < 0.001).
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Figure 49. DIQ, ONC201 and ONC206 reduce the growth of the cell-derived
organoids from HT29 cells. Representative bright field images of G1 organoids
derived from the colorectal HT29 cell lines grown with or without DIQ (0.5 pM),
ONC201 (1 uM), and ONC206 (0.5 uM) . Scale bar 100 um. OFC was calculated in
duplicate wells per condition. All mean values were reported as mean + SEM (*P <
0.05, **P < 0.01, ***P < 0.001).
3. DIQ Assessment on Patient-Derived Organoids from a Different Solid Tumor
Prostate Cancer

We have also assessed the effect of DIQ on prostate patient-derived organoids
from prostate (PC) cancer, another solid tumor, following the protocol used in the
laboratory of Dr. Abou-Kheir. Knowing that my colleague Katia Cheaito at Dr. Abou-

Kheir’s laboratory has succeeded in optimizing the organoids culture protocol and

establishing PC patient-derived organoids. PC human tissue samples were freshly
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collected from patients who underwent radical prostatectomy at AUBMC, minced into
small pieces using sterile scalpel blades, then enzymatically digested and cultured using
specific human prostate organoids growth medium and successfully established into
prostate organoid cultures at day 21. The effect of different concentrations of DIQ (0.5
and 1uM) was assessed on 6 different prostate cancer patients belonging to different
Gleason groups. DIQ displayed the potential to affect the growth of prostate-derived
organoids from tumor tissue samples (Figure 50 and 51). In patients 1, 3, 5 and 6, the
OFC was significantly decreased upon DIQ treatment as compared to control condition.
DIQ effect was more pronounced in patient 1 at G2; eradication of organoids took place
at G2 upon DIQ treatment.

In patient 2, DIQ treatment showed effect only on the size of the organoids at
G1; however, the OFU was remarkably decreased at G2 upon 1uM DIQ and increased
upon 0.5 uM DIQ.

Interestingly, for patient 4, the addition of 0.5 uM DIQ resulted in a significant
increase in the count and a significant decrease in the size of organoids, while the tumor

organoids size and count did not change in the presence of 1uM DIQ.
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Figure 50. DIQ reduces the growth of the patient-derived organoids from different
prostate cancer patients. Representative bright field images of organoids derived from
prostate cancer patients 1 and 2 grown with or without DIQ treatment. OFC was
calculated in duplicate wells per condition. The quantification of the average diameter
was calculated. The average mean of OFC and size are presented in two separate
graphs. All mean values were reported as mean = SEM (*P < 0.05, **P < 0.01, ***P <
0.001).
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Figure 51. DIQ reduces the growth of the patient-derived organoids from different
prostate cancer patients. Representative bright field images of organoids derived from
prostate cancer patients 3, 4 , 5 and 6 grown with or without DIQ treatment. OFC was
calculated in duplicate wells per condition. The quantification of the average diameter
was calculated. The average mean of OFC and size are presented in two separate
graphs. All mean values were reported as mean = SEM (*P < 0.05, **P < 0.01, ***P <

0.001).
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CHAPTER IV

DISCUSSION

Colorectal cancer is a multistep genetic disorder caused by sequential
mutational events in signal transduction pathways occurring along with progression of
the cancer [18]. CRC is one of the most commonly diagnosed and lethal cancers
worldwide [1]. High mortality of CRC is mainly correlated to metastasis, treatment
resistance and recurrence [135]. Advance in diagnosis and treatment of CRC reveal
marginal success in producing favorable clinical outcome, and the disease-free survival
of CRC is still limited [136]. 5FU is the standard treatment for CRC; however, it has
been ineffective due to drug resistance [100, 137]. The presence of chemotherapy-
resistant CSCs, also known as the tumor-initiating cells, has been determined to be one
of the most significant causes of treatment failure and tumor recurrence in CRC
suggesting that CSCs are a rational target [138, 139]. Therefore, the significant
identification of novel therapeutics targeting CSCs in colorectal cancer patients is of
high importance for cancer management.

Quinones-containing compounds and imipridone have been reported as one of
the promising novel anticancer therapeutics against CRC. The quinone-containing
compounds have been found to inhibit colon cancer growth and induce apoptosis both
in vitro and in vivo [96, 97, 100]. We have recently shown that the novel quinone-
containing compound DIQ exhibited anticancer effects against colorectal cancer stem-
like cells [81]. In addition, ONC201 and its analogue ONC206 which belong to
imipridone molecular family have been demonstrated as promising cancer
chemotherapeutic agents [121, 123, 128, 130]. ONC201 is currently being investigated

in phase /11 clinical trials of patients with hematological malignancies and solid tumors,
116



and ONC206 demonstrated cytotoxic and apoptotic effects in CRC cell lines [140].
However, limited research exists on the effects of ONC201 targeting the CSC
population within bulk tumor cells in colorectal cancer, and there are no studies on the
antitumor effects of ONC206 targeting the stemness characteristics of CSCs. Thus, their
effects on colorectal CSCs has not been extensively investigated yet.

Our study was designed to investigate the anticancer potential of novel
therapeutics DIQ, ONC201 and ONC206 in 2D and 3D model systems of colorectal
cancer. To our knowledge, this is the first research that investigated the effects of these
therapeutic agents against colorectal cancer and determined their ability to target the
self-renewal capacity of CSCs.

In this study, we used PDOs in addition to two different human CRC cell lines
HCT116 and HT29. Considering their widespread use, HCT116 and HT29 cell lines
included in this study had different mutations and varied in appearance and growth
characteristics. The significant finding of this study was the reduction of the sphere-
forming and self-renewal ability of colorectal cancer HCT116 and HT29 stem cells by
DIQ, ONC201 and ONC206 treatments and eradication of the propagated spheres at
sub-toxic doses. Mechanistically, DIQ and ONC206 targeted CSCs by reducing the
proliferation marker Ki67 and CRC stem cell markers CD44 and CK19, as well as
inducing DNA damage through decreasing y-H2AX expression and downregulating the
main components of stem cell-related 3-catenin, AKT and ERK oncogenic signaling
pathways. DIQ, ONC201 and ONC206 displayed a highly significant decrease in both
the count and the size of the organoids derived from colon cancer patients as compared
to control and 5FU conditions. Furthermore, in 2D culture, DIQ, ONC201 and ONC206

significantly inhibited cell proliferation, migration, and invasion of HCT116 and HT29
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cell lines. These treatments also induced apoptosis along with an accumulation of cells
in the sub-G1 region and an increase in ROS.

In our first aim, we assessed the effect of DIQ, ONC201 and ONC206 on
HCT116 and HT29 cells in 2D culture before exploring their effects in the 3D culture
system. Our 2D results clearly demonstrated that DIQ, ONC201 and ONC206 have a
potent antitumor action against HCT116 and HT29 colorectal cancer cells. DIQ,
ONC201 and ONC206 reduced the growth of these two cell lines in a time- and dose-
dependent manner, and interestingly were relatively non-toxic to non-tumorigenic
FHS74Int cells. These data were consistent with previous findings [81, 127, 129, 141].
Being non-toxic to non-tumorigenic FHS74Int cells makes these therapeutic agents
somewhat selective to cancer cells, which is the most essential aspect sought after in
anticancer drugs. The potent inhibitory effect of DIQ and ONC206 treatments was
accompanied with a significant decrease in cell migration and invasion along with dual
reduction in the expression of AKT and ERK and downregulation of PCNA,
subsequently suggesting suppression of CRC metastasis by these novel therapeutics.

Our major focus in this study was to evaluate the ability of DIQ, ONC201 and
ONC206 to target CSCs in HCT116 and HT29 cells using a 3D sphere formation assay.
The increase of SFU in both CRC cell lines from G1 up to G5 suggests an enrichment in
CSCs upon propagation, thus confirming the advantage of using 3D sphere formation
assay. Treatment of HCT116 and HT29 cells with DIQ, ONC201 and ONC206 at
concentrations as low as 1, 1 and 0.1 uM respectively targeted the sub-population of
stem/progenitor cells over 5 generations as reflected by the drastic decrease in the SFU
and the sphere size in both cell lines over five generations. Both CRC cell lines were

similarly sensitive to 1 uM ONC201; however, HCT116 cells were generally more
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sensitive in response to 0.1 uM ONC206 treatment where we found an eradication of
HCT116 spheres at G4. HT29 spheres were more sensitive to 1 uM DIQ and an
eradication of HT29 spheres occurred at G3. Our findings regarding ONC201 treatment
are in agreement with a study by Prabhu et al, which demonstrated that ONC201
contributed to downregulation of CSC markers in HCT116, DLD1, and SW480 cell
lines and decrease of the CSC self-renewal in vitro and in vivo through the use of
colonosphere formation assays [126 ]. So, our data of ONC201 targeting CSCs in 3D
sphere assay provides further insight into the potent anticancer efficacy of ONC201 and
further strengthen the preclinical evidence for its potential therapeutic use in clinics on
patients with CRC. These findings suggest that DIQ, ONC201 and ONC206 might
selectively target CSC in CRC subsequently preventing cancer relapse. Notably, the
inhibitory effects in CRC cell lines were observed at much lower concentrations with
ONC206 (1 uM in 2D and 0.1uM in 3D) versus ONC201 (5 uM in 2D and 1uM in 3D),
suggesting that ONC206 was more potent against CRC compared to ONC201. This is
why we were interested in investigating ONC206’s molecular mechanisms, in addition
to DIQ, in CRC.

Multiple signaling pathways such as EGFR/ MAPK, PI3K/AKT, and Wnt,
have been reported to be dysregulated and associated with the resistance of CSCs to
therapy [44, 45]. Wnt signaling contributes to stem cell development, tumorigenicity,
and oncogenesis in CRC [41, 42] . PI3K/AKT activation was suggested to potentiate
drug resistance and increase tumorigenicity by increasing the cancer stem-like
populations (CD133) [142]. Additionally, PI3BK/AKT/mTOR and MAPK/ERK
pathways, which are involved in mediating cell proliferation, invasion and

tumorigenesis, are aberrantly activated in cancer, inducing unlimited growth and driving
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carcinogenesis. Evidence has shown that AKT and ERK are overexpressed in human
CRC [45, 143]. The dysregulation of AKT and ERK signaling pathways are nowadays
target therapies against cancer as it was documented that the dual inhibition of AKT and
ERK decreased cell survival. Studies have shown that ONC201 affected both bulk
tumor cells and CSCs, especially in CRC, prostate cancer, glioblastoma, and AML in
3D sphere cultures and patient-derived models. ONC201 action mechanisms in this
regard include modulation of stem cell pathways such as Wnt signaling and genes
known to regulate self-renewal (ID1, ID2, ID3 and ALDH7AL) [144, 145]. These
effects are followed by depletion of CD133, CD44 and Aldefluor-positive CRC stem
cells in an Akt/Foxo3a/DR5/TRAIL-dependent manner [23, 25, 26]. The results Sine
ONC206 is an analogue of ONC201, we proposed that ONC206 would act through
similar mechanisms.

To understand what molecular pathways could be targeted by DIQ and
ONC206, we focused mainly on the pathways implicated in CSCs. The mechanism of
inhibition of colon sphere formation and the decrease in the sphere size were mainly
correlated with the observed decrease in expression of proliferation marker Ki67, the
CRC stem markers CD44 and CK19 along with downregulation of p-ERK, p-AKT,
PCNA and the CRC stem cell marker CD133. The result of western blot analysis
showed that the ratio of both phosphorylated AKT to total AKT (p-AKT/AKT) and
phosphorylated ERK to total ERK (p-ERK/ERK), which are key players of AKT/ERK
pathways, were decreased upon DIQ and ONC206 treatments in CRC spheres. DIQ and
ONC206 reduced the activities of AKT and ERK in 3D culture, resulting in reduction in
cell proliferation, thus decreasing the self- renewal potential of colon CSCs. These

findings suggest that DIQ and ONC206 suppressed sphere growth and formation via
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dual inhibition of AKT/ERK dependent signaling pathways. The profile (AKT/ERK)
for ONC206 was similar to that of ONC201 in CRC and other cancer types as shown in
previous studies [118, 141].

Given that Wnt/B-catenin and PI3K and ERK signaling pathways are strongly
intersected in the maintenance of CSCs [26, 75], we additionally investigated the
protein levels of the key stem cell markers in CRC, CD133 and B-catenin, which are
involved in chemotherapy resistance. Interestingly, the expression of CD133 and B-
catenin were dramatically downregulated after DIQ and ONC206 treatment. Moreover,
upon DIQ and ONC206 treatment, there was a significant decrease in the expression of
CD44 and CK19 in both CRC cell lines which were highly expressed in control spheres.
It is interesting to note that CK19, which is considered a tumor marker in CRC, is
specifically and stably expressed in primary and metastatic colorectal cancer cells (9,
10). These results proposed that both DIQ and ONC206 could target a broad range of
proposed CSC markers in CRC considering the lack of single specific CRC marker.
Altogether, this suggest that DIQ and ONC206 could be considered novel therapeutic
compounds for suppressing CSC self-renewal via different oncogenic stemnesss
mechanisms.

We next assessed whether DNA damage was activated in the spheres derived
from both cell lines. We evaluated the expression of y-H2AX, which is a DNA double-
strand damage (DBS) biomarker and could be a classical cancer prognostic factor [35,
36]. The loss of DNA damage in CRC is involved in the development of therapeutic
resistance [35, 36]. Quinones and oxaliplatin have been shown to induce apoptosis of
CRC cells by activating DBS and activating y-H2AX expression [30, 37]. ONC206

sustained phosphorylated y-H2AX expression, increased cleaved PARP1 and cleaved-
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caspase-3 at 48 and 72 h compared with vehicle-treated cells in MY CN-amplified
neuroblastoma cells [128]. Interestingly, DIQ and ONC206 increased the expression of
v-H2AX in both CRC cells as compared to control condition; clearly emphasizing that
DIQ and ONC206 are potent inducers of DNA damage in agreement with previous
studies.

Consistent with the in vitro data, DIQ exhibited lower tumorigenic potential
and proliferation reduction in vivo. To further experimentally assess the effect of DIQ
on CRC tumorigenesis, we injected NOD-SCID mice with HCT116 spheres and treated
them with DIQ. Treatment with 20 mg/kg body weight of DIQ significantly inhibited
tumor growth in NOD-SCID mice injected with HCT116 spheres. Tumor development
happened earlier in NOD-SCID mice injected with spheres as compared to another
group injected with 2D equivalent cell density, reflecting the enrichment of CSCs in
HCT116 spheres injected. Tumor volume in DIQ-treated group was always lower than
that of control all over the period of treatment, indicating a potent inhibitory effect of
DIQ on tumor growth.

Additionally, in the present study, we explored the possible anticancer activity
of DIQ, ONC201 and ONC206 on HCT116 and HT29 cells by investigating their
effects on cell cycle and production of ROS. Our results showed that DIQ, ONC201 and
ONC206 induced apoptosis, increased ROS, and caused cell cycle arrest and
accumulation of CRC cell lines in sub-G1 phase. Apoptosis, which is a genetically
programmed cell death process, prevents the proliferation of damaged cells [37]. A
significant increase in sub-G1 population upon DIQ, ONC201 and ONC206 treatments
at 72 h was observed indicating that these treatments induced cell death. Annexin V and

Pl staining results revealed that treated cells were undergoing apoptosis; total (early and
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late) apoptotic phases were detected in all treatments. ROS is one of the major inducers
of DNA damage. Induction of ROS generation induces increased stress on cancer cells
leading to cancer cell death. This was proposed as a mechanism of action of quinones
[84]. ONC206 triggered ISR activation, manifested by production of ROS and reduction
of mitochondrial membrane potential [129]. Therefore, the data suggests that DIQ and
ONC206 have promoted apoptosis by increasing ROS generation.

In general, the overall cell cycle arrest was quite similar between HCT116 and
HT29 cells in response to each treatment, although there were some differences in DIQ
treatment. These results demonstrated that the activity of these compounds is
independent on proteins or genes that are commonly mutated in CRC, such as p53 and
KRAS. This is in agreement with previous studies that have demonstrated ONC201
induced cell death and cell cycle arrest by both TRAIL-dependent and TRAIL-
independent mechanisms based on the cancer type and independent of p53 activation
[128, 146]. The results of our study revealed that DIQ caused G1 arrest in HCT116 and
S phase arrest in HT29 cells along with upregulation of p21 protein expression in both
cell lines, suggesting that DIQ-mediated apoptosis and inhibition of cell cycle
progression mat be dependent on the upregulation of p21, was an effect that is mediated
through p53-dependent pathway in HCT116 but not in HT29 cells. Additionally, p21,
which is a known tumor suppressor [31], promotes ROS accumulation, binds to
proliferating cell nuclear antigen (PCNA) [32], and inhibits cell cycle progression. Cell
cycle assessment also showed that ONC201 and ONC206 induced S phase arrest and
sub-G1 population accumulation in the tested CRC lines. Interestingly, ONC206
downregulated protein levels of p53 and p21. The findings that ONC206 reduced the

level of p53 protein in CRC cell lines suggests its contribution to S-phase arrest and

123



apoptosis. Due to excessive DNA damage in CRC cells upon ONC206 treatment,
apoptosis is favored by downregulating p21. Co-localization studies showed that p21
levels are downregulated in cells with high y-H2AX staining suggesting that cells with
excessive DNA damage were diverted towards cell death by reducing the levels of p21.
In our second aim, we demonstrated effects of DIQ, ONC201 and ONC206 in
a patient-derived model. This model which closely recapitulates tissue architecture and
cellular composition is used to assess the self-renewal and differentiation capacities of
the organoid CSC, including growth kinetics and drug sensitivity [11, 12]. The
application of colon patient-derived organoid model is an effective tool that holds great
promise for personalized medicine and exhibits a significant potential to predict patient
response and connect compound screening and clinical trials [42, 43]. Since drug
resistance to chemotherapy is a serious challenge in treating solid tumors, drug exposure
studies on the patient-derived organoids help in choosing specific chemotherapy
regimens for patients with malignant disease. Consequently, we collected fresh tissue
specimens from consented treatment-naive patients undergoing radical colectomy at
AUBMC, to establish and test the effects of the DIQ, ONC201 and ONC206 in
targeting CSCs in organoids derived from human colon cancer patients. Regarding the
morphology of organoids, the majority consisted of solid organoids as detected by
bright-field microscopy. The established colon organoids expressed the CRC epithelial
marker lineage CK19 and the CSC cell marker CD44. This observed co-expression
recapitulates the architecture and the characteristics of colon tissues. Notably, the self-
renewal capacity of CSCs was also reduced upon all treatments in the PDO assay. DIQ,
ONC201 and ONC206 significantly reduced the count and the size of the organoids as

compared to control condition. Their effects were either more or as potent as that of
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5FU. The results of response of HCT116 and HT29 cell-derived organoids to DIQ,
ONC201 and ONC206 treatments were consistent with that of patient-derived
organoids. Interestingly, DIQ also caused a prominent significant inhibitory effect on
growth of organoids from different prostate cancer patients showing differential
responses between the patients and emphasizing its potential antitumor potential in
cancer patients. We, therefore, for the first time, revealed that DIQ targeted the CSC in
patient-derived colon and prostate cancer, thus making DIQ an interesting compound
that targets CSC in solid tumors.

Despite the many advantages and potential uses of 3D technology, the present
study has several limitations. The limited presence of stromal and lack of native
microenvironment components restricts the communication of stem cells with their
niches and fail at faithfully recapitulating the in vivo microenvironment. the inability to
mimic in vivo growth signaling gradients in Matrigel matrix and resemble
biomechanical forces that stem cells come across in vivo is another limitation. With
regards to organoids establishment, one major challenge was the availability of tissues
at the time of the study and the small size of patient tissue samples. Also, as a clinical
study, the patient sample size was relatively small and the percentage success rate of
deriving colon patient derived organoids was not more than 42% (as only 5 out of 12
specimens were successfully established as colon organoids). This could possibly be
due to low tissue quality as well. A larger cohort is still required to further investigate
and evaluate the effects of DIQ, ONC201 and ONC206 in translational medicine.

In conclusion, we demonstrated for the first time that DIQ, ONC201 and
ONC206 reduced the self-renewal capacity of colorectal tumors and prevented therapy

resistance in patient-derived organoids through interfering with the stem cell WnT/R-
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catenin, and AKT and ERK pathways that are involved in CRC tumorigenesis. Also,
DIQ, ONC201 and ONC206 effects were involved in the major cell-fate responses
including apoptosis, cell-cycle arrest, and ROS. These treatments inhibited the key
processes of CRC tumorigenesis, including cell growth, proliferation, migration, and
invasion. Our findings strongly suggest that DIQ, ONC201 and ONC206 could be
promising novel therapeutics for the treatment of CRC patients. These compounds
could be clinically used as non-toxic agents for targeting human colon cancer

stem/progenitor cells.
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