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Abstract

BACKGROUND

Colorectal cancer (CRC) is the second leading disease of cancer-related mortality.
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. So far,
there have been no effective drugs to target colon CSCs. Diiminoquinone (DIQ) has
shown promising effect on targeting colon cancer. However, there is limited research on

the effects of DIQ on eradicating CSCs in CRC.

AIM
To investigate the anticancer potential of DIQ on colon CSCs in 2D and 3D models

using colonospheres and patient-derived organoids.

METHODS
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Various 2D methods have been used to assess the effect and the mechanism of DIQ on
HCT116 and HT29 cell lines including cell proliferation and viability assays, migration
and invasion assays, immunofluorescence staining, and flow cytometry. The potency of
DIQ was also assessed in 3D culture using sphere formation assay and colon cancer

patient-derived organoids model.

RESULTS

Our results showed that DIQ significantly inhibited cell proliferation, migration, and
invasion in HCT116 and HT29 cell lines. DIQ treatment induced apoptosis along with
an accumulation of HCT116 and HT29 cancer cells in the sub-G1 region and an increase
in reactive oxygen species in both CRC cell lines. DIQ reduced sphere-forming and self-
renewal ability of colon cancer HCT116 and HT29 stem/progenitor cells at sub-toxic
doses of 1 pmol/L. Mechanistically, DIQ targets CSCs by downregulating the main
components of stem cell-related f-catenin, AKT and ERK oncogenic signaling
pathways. Potently, DIQ 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

5-fluorouracil conditions.

CONCLUSION
This study is the first documentation of the molecular mechanism of the novel
anticancer therapeutic DIQ via targeting CSC, a promising compound that needs further

investigation.
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therapeutic Diiminoquinone exhibits anticancer effects on human colorectal cancer cells

in 2D and 3D in vitro models. World | Gastroenterol 2022; In press

Core Tip: Diiminoquinone (DIQ) has anticancer activity against colorectal cancer
(CRC). DIQ targets chemoresistant cancer stem cells in 3D in vitro models by
downregulating the main components of stem cell-related 3-catenin, AKT and ERK
oncogenic signaling pathways. Our findings highlights DIQ’s novel therapeutic

potential against CRC.

19
INTRODUCTION

Colorectal cancer (CRC) ranks as the third most common cancer worldwide in 2020 in
terms of incidence in men and women, and the second most common cause of cancer
death in 2020 reaching 935000 deaths according to GLOBOCAN 2020 datal'l.

Current medical treatment of CRC includes a wide array of systemic therapies, which
include chemotherapeutic [such as 5-fluorouracil (5FU)], targeted therapy (such as
epidermal growth factor receptor inhibitors), in addition to immunotherapy, depending
on the stages of CRC. High mortality and recurrence rates of CRC are mainly correlated
to metastasis, treatment resistancel23l, and presence of chemosresistant cancer stem cells
(CSCs)#51. Although 5FU is the standard chemotherapy for CRC, either alone or in
combination with other treatments, it has been ineffective and found to cause drug
resistancel®’l. Around 75% of patients with metastatic CRC receiving chemotherapy
develop recurrence within 18 mol®l. Although the field has witnessed several advances
on the quest to control advanced and metastatic colon cancer with some newly
developed drugs, there is still a pressing need to fully understand colon cancer biology,
develop novel treatment approaches and pre-clinical models, and identify useful
therapeutics targeting CSCs and chemoresistant cells and aiming at increasing patient
survival.

Recently, we have witnessed the development of different types of in vitro 3-

dimension (3D) culture systems to recapitulate the in vivo cancer growthl®1%l. 3D culture
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systems mainly include organoids models and multicellular spheroids delsll,
Cancer treatment, particularly using 3D culture for targeting CSC, is rapidly
progressing toward personalized medicine taking into consideration the individual
molecular biology and genetic variability of tumors. Introducing in vitre patient-derived
organoids (PDO) culture systems to 3D models have revolutionized colorectal cancer
research(1213],

CSCs are characterized by their self-renewal, pluripotency, and tumor expansion
potential of differentiated cell populations with altered molecular and cellular
phenotypesl!4l. They are responsible for angiogenic induction and apoptotic resistance.
This small subpopulation is associated with tumor invasion and metastasis,
therapeutics resistance, cancer relapse and poor prognosis in patients!’). CSCs are
present within solid tumors, and they are recognized to be resistant to chemotherapies
such as 5FU or oxaliplatinl¥l. Intriguingly, there are no effective drugs to target CSCs in
colorectal cancer. Therefore, targeting this population holds hope for treatment
response.

Studies have reported that some quinones, which are often secondary metabolites
derived from plants, possess anticancer activityl'¢l. They are present and clinically used
in a variety of cancer treatments, such as the anthracyclines daunorubicin, doxorubicin
and mitoxantrone, acting through the redox quinone-hydroquinone systeml'7],
Anthraquinones are a class of natural compounds that possess anticancer properties
against various skin cancer cells and breast cancer cells!'®l. Studies have shown that
thymoquinone, which has a basic quinone structure, induces apoptosis and halts
metastasis in CRCI"2I, Also, iminoquinone exerts anticancer effects through inhibition
of cell survival/proliferation and inhibition of oncogene expression!?!,

The novel diiminoquinone compound DIQ has recently shown potent anticancer
effects against HCT116 colorectal cancer cell line as reported in our previous study?2.
The activity of DIQ is believed to be based on the structural similarities between
quinones and diiminoquinones. Here, we investigated the anticancer activities and

targeting mechanism(s) of DIQ against human colon cancer stem cells using
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colonosphere cultures and PDO. This study represents the first comprehensive
documentation of the activity of DIQ against colon CSC, findings that will provide the
basis for proposing this stable and non-toxic compound for clinical testing and future

discovery of new effective treatments for patients with colon cancer.

MATERIALS AND METHODS

Cell culture condition

Human colorectal cancer cell lines HCT116 and HT29 and non-tumorigenic fetal human
intestinal FH74Int cell line were purchased from ATCC (ATCC, United States). HCT116
and HT29 cell lines were cultured and maintained in RPMI 1640 (Sigma-Aldrich,
Germany) and L-glutamine (Sigma-Aldrich). FH74Int 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 (100
U/mL)], 10% heat-inactivated 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.

DIQ preparation and treatment

The purified compound DIQ was synthesized by Professor Makhlouf Haddadin
(Department of Chemistry, American University of Beirut)(22l. 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
stock solutions were then dissolved in cell culture medium such that the percentage of

DMSO on cells was less than 0.1 %.

-4
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Structure 1: Chemical structure of DIQ compound

MTT cell viability assay

The anti-proliferative effects of DIQ 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 WT, HT29 and FHSInt74 cells
were seeded in 96-well culture plates at a density of 10000 cells per well and incubated
overnight. Then, the subconfluent cells were treated jp_triplicates with different
concentrations of DIQ 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 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.

Trypan blue exclusion assay

HCT116, HT29 and FHSInt74 cell lines were seeded in duplicates in 24-well culture
plates at a density of 50000, 80000, and 100000 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 pmol/L) for 24, 48, and 72 h. Attached live cells were
harvested by trypsin EDTA and added to the supernatant. The cell pellet 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 at least three times.

Wound healing assay
r wound healing, or scratch assay, CRC cells were seeded in 24-well plates and

incubated until they reached 80%-90% confluence. Cells were then treated with 10
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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 DIQ
treatment at ICsp concentration. Images wusing bright-field microscopy were
subsequently taken 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.

Transwell invasion as

0.3 x 105 HCT116 and 0.5 x 10° HT29 cells were seeded in serum-free medium in the top
chamber of 24-well inserts (pore size, 8 pm; Falcon) coated with 1:10 of dilutiogin cold
PBS of Matrigel™ (BD Bioscience, Franklin Lakes, NJ, United States). A medium
supplemented with 10% FBS was u as a chemo-attractant in the lower chamber.
Cells with or without DIQ treatment were allowed to migrate through the membrane
coated with Matrigel™ at 37 °C in a 5% COz incubator for 72 h. Non-migratory cells 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 (HE). After staining, the total number of invading cells was counted using an

inverted light microscope (10% objective) from six consecutive fields for each well.

Reactive oxygen species

The level of intracellular reactive oxygen species (ROS) in HCT116 and HT29 yas
measured using the fluorescent probe-dihydroethidium (DHE). For DHE staining, cells
were seeded at a density of 50000 cells on coverslips in 24-well cell culture plates and
allowed to become 40%-50% confluent. Following 48 h incubation with DIQ treatment
at the ICsp 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 pmol/L @—IE dye
(Invitrogen, Carlsbad, CA, United States). After 45 min staining, the DHE stain was
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removed, and the cells were washed with 1x PBS. Mounting media with 4',6-diamidino-
-phenylindole (DAPI) dye was added. Fluorescence images were taken immediately
under a Zeiss LSM710 Laser confocal microscope (Carl Zeiss, Germany) equipped with

Zen software to process the images.

Cell cycle analysis

ells were seeded at 5 x 105 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 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 pL of propidium iodide (PI) (Sigma, United States) solution [6 pL
RNase, 30 pL PI (1 mg/mL)] in the dark in a flow tube (BD Flacon). A total of 10000
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.

Annexin V- PI staing

HCT116 and HT29 cells were seeded at a density of 5 x 10° cells in 6-well cell culture
plates and incubated overnight prior to drug treatmgent 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 nL annexin V-FITC and 5 pL PI in the dark for 30 min at room
temperature. Then, 400 pL binding buffer was added and apoptotic cells were analyzed
with FACS flow cytometry.

here formation assay
Self-renewal capacity is deemed to be one of the major defining hallmarks of
stem/progenitor cells. Thus, to determine whether DIQ was able to target the self-
renewing CSC pool, we investigated sphere formation capability over 5 generations.

Sphere formation assay was used as previously reported by our laboratory(2.24l. Briefly,
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1000 single cells/well in 96-well culture plate 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 and allowed to
solidify in the incubator at 37 °C for 1 h. Subsequently, 100 nL of RPMI with 5% FBS
treated with DIQ was added gently ihthe 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 d of sphere culture and bright field images of the spheres were
obtained using Axiovert microscope from Zeiss at 10x magniﬁcatiﬂ-l. 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.

Sphere propagation assay

To enrich the stem-like population of cells, the media was aspirated from the well.
Collected spheres using cold media were incubated in 300 uL of Trypsin/E[EA at37°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.

Immunofluorescence 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
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
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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, yH2AX, CK19 and
CKS8 (refer to Table 1 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 IgG (Invitrogen, CA) for 2 h at room temperature. Spheres were mounted
with the anti-fade Fluoro-gel II with DAPI (Abcam, Cambridge, United Kingdom).
Confocal fluorescent images were acquired and analyzed using the Carl Zeiss LSM 710

Laser scanning microscope.

Western blot analysis

For 2D western blot (WB) results, cells were plated in 12-well plates, treated with DIQ,
and then collected. For 3D WB results, HCT116 and HT29 cells were plated in 24-well
plates (3 x 105 cells/well) with or without treatment to form spheres. At Day 8-10,
spheres were collected with cold RPMI media then_yvashed with PBS to remove any
residual media. Proteins were then extracted with RIPA lysis buffer (sc-24948, Santa
Cruz, CA, United States). Protein extracts were quantified using the DC Bio-Rad Protein
Assay (Bio-Rad Laboratories, Hercules, CA, United States) according to the
manufacturer’s protocol. Equal amounts of protein lysate were mixed with 5% [3-
mercaptoethanol and Laemmli Sample Buffer (Bio-Rad, CA, United States) ,
electrophoresed in 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and
then transferred to 0.45 pm nitrocellulose membrane (Bio-Rad, CA, United States) 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 primaﬁ antibodies (antibodies used are listed in
Table 2) 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
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target proteins were detected using the enhanced chemiluminescence system (Bio-Rad,
CA, United States). Images were generated and quantified using ChemiDoc™ Imaging

Systems (Bio-Rad, CA, United States).

Ethicgl consideration of patient derived-organoid culture

The study with all its experimental protocols was conducted under the Institutional
Review Board (IRB) approvals of the American University of Beirut (AUB) and
American University of Beirut Medical Center 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 consent was obtained from all patients and
confidentiality was maintained. For colectomy specimens, a core biopsy was taken from
the area most likely to be involved with cancer according to the surgeon and

pathologist recommendations.

Tissue processing and patient-derived organoid culture

Colon tumor tissue from patients was 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.
According to the protocol described by Boehnke ef all?5], minced fragments for organqj
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. During incubation, the tissue fragments were repeated&suspended with a 100 pL
micro-pipette. To exclude undigested tissue fragments, the suspension was filtered
through a 100 pm cell strainer (Coxning). The flowthrough was subjected to consecutive
filtrations when needed. Isolated cells were seeded in 24-well plates with Matrigel at a
cell density of 20000 single cells /well. 20 pL 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
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Matrigel to solidify. Finally, 300 pL gf pre-warmed human colon growth medium plus
Y-27632 was added into each well. Cells were cultured with adDMEM/F12 additional
with various factors added to maintain tumor’s biological traits and growth activity.
Medium was changed ev, 2-3 d. Cultures were passaged when the aggregates
reached 800 pm diameter. Organoids were counted at day 8-12 of each passage under
Axiovert inverted microscope at 10x magnification and then images of organoids were
taken at the same magnification. Images were then analyzed by Carl Zeiss Zen 2012
image software to determine size. The organoid formation count (OFC) was calculated
at each generation by counting the number of organoids formed, starting with the same

number of input cells in all conditions.

ssaging of the established patient-derived organoids
Organoids were collected when they reached the appropriate size and confluency for
passaging (8-12 d after plating). To dissolvﬁ\/latrigel, ice-cold medium was used and
organoids were collected. 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 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 added to maintain tumor’s biological
traits and growth activity. Medium was changed every 2-3 d with or without DIQ
treatment. Cultures were passaged when the aggregates reached 800 pm diameter. The

previous steps were repeated for several generations.

Cell line-derived organoids protocol

Briefly, 5000 HCT116 and HT29 single cells/well_in 96-well culture plate were
suspended in cold Matrigel™/serum-free medium (9:1) in a total volume of 5 pL as
drops in the middle of individual wells of 96-well culture plates. Plated cglon cells were
allowed to solidify in the incubator at 37 °C for 30 min. Subsequently,(g[] pL/well of

advanced DMEM/F12 media with several factors, with or without DIQ treatment. Each
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experimental condition was performed in duplicate. Organoids were replenished with
warm media as in the original seeding every other day. Orgapoids were counted in the
96-well plate dishes after 8 to 12 d of organoid culture and bright field images of the

organoids were obtained using Axiovert microscope from Zeiss at 10x magnification.

Immunofluorescence and morphological analysis of colonospheres and colorectal
organoids
Spheres/ organoids were collected with cold RPMI media andéentrifuged to washout
all Matrigel™ debris. After centrifugation, spheres/organoids were fixed in-situ in 4%
paraformaldehyde (PFA) at room temperature for 20 min. The PFA was aspirated
gently and spheres/organoids were permeabilized with 0.5% Triton X-100 for 30 min at
room temperature. After carefully aspirating the permeabilization solution,
spheres/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 2 h at room temperature.
Spheres/ organoids were washed in PBS then incubated overnight with different
primary antibodies for assesE'lent of treatment and characterization (refer to Table 1 for
details on antibodies used). After gentle washing with PBS containing 0.1% Tween-20,
spheres/organoids were incubated with Alexa-488 and/or 568 conjugated IgG
(Invitrogen, CA) for 2 h at room temperature. Spheres/organoids were mounted with
the anti-fade Fluoro-gel 11 with DAPI (Abcam, Cambridge, United Kingdom). Confocal
fluorescent images were acquired and analyzed using the Carl Zeiss LSM 710 Laser
ﬁanning microscope. Paraffin embedding, microtome sectioning and standard HE
staining were all performed by the Histology Laboratory at the Diana Tamari Sabbagh

building; all steps were performed at room temperature.

imal experiments
Animal experiments were performed according to approved protocols by the
Institutional Animal Care and Use Committee of the American University of Beirut

(AUB, TACUC). Mice were housed under optimum conditions of temperature and light

13/32




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™ (1:1).
Upon the detection of a palpable tumor post cells/spheres injection, group 1 injected
with 3D spheres was treated with saline (control group), group 2 injected with 3D
spheres 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.
Statistical analysis

All statistical tests were performed using GraphPad Prism 7 (version 7.0, GraphPad
Software Inc., La Jolla, CA, United States). Student's t-test, One-way or two-way
ANOVA tests were used in this study. In all statistical tests, the mean of treated groups
was compared to the mean of control groups. Statistical significance was reported at P-
values of < 0.05. ?P < 0.05; PP < 0.01; <P < 0.001. Experimental values are means +

standard error of the mean (SEM).

RESULTS

DIQ reduces the cell proliferation of human colorectal cancer cell lines in 2D in vitro
models

To assess the effect of DIQ compound 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
pmol /L) for 24, 48 and 72 h. The MTT results revealed that DIQ signiﬁcaltly inhibited

the proliferation of HCT116 and HT29 human CRC cells at micromolar concentrations
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in a time- and dose-dependent manner (Figure 1A). Interestingly, a concentration of
DIQ as low as 4 umol/L was able to inhibit cell proliferation by approximately more
than 30% at 24 h in HCT116 and HT29 cell lines and more than 50% cell reduction was
observed at 48 and 72 h in both cell lines. The mean 1Csp values of DIQ was ~4 pmol/L
in both cell lines (Figure 1A). The effect of DIQ on the viability of the human CRC cell
lines was further confirmed by trypan blue exclusion method and there was consistency
between the MTT results and trypan blue exclusion assay (Figure 1B). Interestingly,
DIQ treatment had relatively limited toxicity to the human non-tumorigenic intestinal
FHS74Int cells when applied at doses up to 5 pumol/L and over 72 h period
(Supplementary Figure 1A).

DIQ inhibits migration and invasion of colorectal cancer cells

One of the most well-known properties of cancer cells is their ability to break away
from their site and invade neighboring tissues?l. Wound healing and transwell
invasion assays were employed to evaluate the effects of DIQ on human CRC cell
migration and invasion. DIQ at the corresponding ICs» concentration 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 (Figure
2A). The treatments 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
(Figure 2A). In addition, DIQ 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 2B).

DIQ induces cell cycle arrest and apoptosis in colorectal cancer cells
To evaluate the underlying mechanism of growth inhibition by DIQ in CRC, the cell
cycle distribution analysis of HCT116 and HT29 cells treated with the ICsp concentration

of DIQ for 72 h was performed using flow cytometry. As shown in Figure 2A, DIQ
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treatment in HCT116 cells caused G1 arrest with concomitant decreases in the S and
G2/M fractions mainly after 72 h. No 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 3A). However, in HT29
cells, DIQ treatment induced S phase (38.35%) cell cycleaarrest after 72 h treatment and
depleted cells at G1 and G2/M phases. Interestingly, upon treatment with 4 pmol /L
DIQ, the percentage of HCT116 and HT29 cells in the sub-Gl 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 3A). To further
confirm whether growth inhibition was related to apoptosis, Annexin V and PI staining
was performed. As shown in Figure 3A, after treating CRC cells with DIQ at the
indicated concentrations for 72 h, the total apoptotic cell populations were significantly

increased in both cell lines reaching 61% in HCT116 and 70% in HT29 cells.

Q induces the production of ROS in colorectal cancer cells
Recently, targeting cancer via ROS-based mechanisms has been reported as a radical
therapeutic approach!?l. To investigate the effect of DIQ 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
H202 by producing red fluorescent products. Our results showed that a significant
increase of the DHE staining intensity was observed in treated cells at 48 h as compared
to the control (Figure 3B). Thus, DIQ treatment induced ROS production in both CRC

cell lines.

DIQ alters the expression of the cell cycle and proliferation markers in colorectal

cancer cells
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To determine the associatio&between the observed cell cycle arrest and the increased
ROS in HCT116 and HT29, western immunoblot analyses were performed on 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 3C, the expression levels of p53
and p21, which are cell cycle regulators of G1 phase, were upregulated by 1.28 and 1.42
folds in HCT116 upon DIQ treatment respectively as compared to control conditions.
Whereas, in HT29 treated cells, p53 was downregulated and p21 was significantly
upregulated by 1.8 folds, suggesting that the inhibitory mechanism of DIQ is different
in HCT116 and HT29 cells. The expressions of the proliferation-associated proteins,
such as AKT, p-AKT, ERK, p-ERK, and proliferating cell nuclear antigen (PCNA), were
markedly decreased by DIQ treatment in both cell lines (Figure 3F). In addition, the
expression levels of stem cell markers, CD133 and p-catenin were also downregulated

in both CRC cell lines.

EIQ targets the enriched population of human colorectal cancer stem cells in 3D

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 d in the
presence of DIQ. The spheres were then visualized under an inverted light microscope
and bright-field images were taken (Figure 4). 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 and 1 pmol/L). The SFU was always significantly and remarkably lower in
drug-treated cells compared to that of the control condition by more than 50% (Figure

4). Consecutive propagations of formed spheres at each generation with successive
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treatment with DIQ were performed up to 5 generations. Interestingly, our results
showed additional inhibition of the SFU upon DIQ treatment when the cells were
propagated from GI up to G5 spheres. 1 pmol/L of DIQ treatment decreased SFU of
HCT116 cells by more than 10 times compared to the control (13.3%) at G5 reaching
approximately 1%. Moreover, as shown in Figure 4, HT29 cells were more sensitive to
DIQ and there was an eradication of spheres at G4 (SFU = 0%) compared to the control
(14.28%). In addition to assessing its effect on self-renewal capacity, DIQ significantly
decreased the sizes of the spheres by more than 50% as 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 (Figure 4). Thus, DIQ has led to fewer and smaller HCT116
and HT29 spheres. Interestingly, DIQ treatment did not show any significant effect on
the size and SFU of FHS74Int-derived spheres over 5 generations (Supplementary
Figure 1B). Taken together, these findings suggest that DIQ specifically targeted the
colorectal CSC.

DIQ induces apoptosis and inhibits proliferation of human colorectal cancer stem cells
Spheres collected at Gl were subjected to 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 (Figure 5A-D). The downregulation of CK19 marker in both HCT116

d 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 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
(Figure 5C and 5E). Finally, DIQ effect on DNA damage was studied by assessing the

18/32




expression of yH2AX. Our results revealed that the expression of yH2AX was markedly
increased in treated spheres in both cell types (Figure 5D).

To further assess the effect of DIQ on the enriched CSCs population, we were
interested in determining the effect of DIQ 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
treatment in both HCT116 and HT29-derived spheres confirming DIQ’s inhibitory
effects on the proliferation of 3D CSCs colonospheres (Figure 5E). Western blot analysis
revealed a decrease in the levels of the proliferation marker PCNA post treatment
consistent with the data that DIQ decreased the size of HCT116 and HT29-derived
spheres (Figure 5E). For the Wnt signaling studies, we investigated treatment effects on
p-catenin which plays an important role in colon cancer 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 upregulation of these proteins 1.32 and 1.99 folds respectively
further confirming apoptosis induction (Figure 5E). Only p2l expression was
upregulated in HT29 cells by 1.26 folds as compared to non-treated spheres, whereas

the expression of p53 was not affected by DIQ treatment in HT29 spheres.

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 subcutaneously injected two groups of NOD-SCID mice with 100 spheres derived
from HCT116 cells. Mice developed tumors in 2 wk and were then treated with 20
mg/kg DIQ three times per week for 21 d. 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 6). Interestingly, the average tumor volume
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was 403.2 mm? in DIQ treated mice at sacrifice while it was 2158.5 mm? in control group

(Figure 6).

Assessment of the effect of DIQ treatment on the established colon cancer patient
derived organoids: Organoids as models for DIQ assessment
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 20000 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 colectomy. Organoids formed at Gl were
dissociated, propagated to G2, and the effect of DIQ 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 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. We succeeded in establishing colon organoids and
propagating them. The two different doses of DIQ (0.5 and 1 pmol/L) Esplayed a
highly significant inhibition in the OFC and the size of tumor organoids derived from
the five studied patients when they were compared to the control group in a dose-
dependent manner (Figure 7-9) . These results were consistent with the response of
HCT116 and HT29 cell line-derived organoids to DIQ treatment. DIQ elicited a
statistically significant decrease in both OFC and size of cell line-derived organoids
(Supplementary Figure 2).

In Patient 1, organoids were successfully propagated up to G6 as shown in Figure 7.
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
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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.

As shown in Figure 8, a reduction in the OFC and size of the treated organoids was
noticed in patient 3 with rectal mucinous adenocarcinoma (pT2 stage). Characterization
of 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 consistent with the
corresponding tumor tissue (Figure 8). The co-expression of CK19 and CD44 was
decreased upon treatment in a dose-dependent manner (Figure 8B). In Patients 2 and 5,
both exhibited similar grade (grade 2) moderately differentiated sigmoid colon
adenocarcinoma and were of the same stage pT3. DIQ treatment at concentrations as
low as 0.5 pmol/L displayed a decrease in the growth of the organoids in Patient 2 and
an eradication of organoids in Patient 5 (Figure 9). Organoids formation was eradicated
upon DIQ (0.5 and 1 pmol/L) treatment in Patient 4 diagnosed with moderately
differentiated (grade 2) pT2 sigmoid colon adenocarcinoma. Interestingly, DIQ effect on
the OFC and the size of the organoids was more potent than that of 5FU particularly in

patients 2, 4 and 5 (Figure 9).

DISCUSSION

In this study, we investigated the anticancer activity of DIQ in 2D and 3D models of

human colon cancer. DIQ reduced the sphere forming and self-renewal ability of
lorectal cancer HCT116 and HT29 stem cells at sub-toxic doses. Mechanistically, DIQ

targeted CSCs by reducing the proliferation marker Ki67 and CRC stem cell markers

ﬁDélf:l and CK19, as well as inducing DNA damage through increasing yH2AX

expression and downregulating the main components of stem cell-related B3-catenin,
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AKT and ERK oncogenic signaling pathways. DIQ displayed a highly significant
decrease in both the count and the size of the organoids derived from colon cancer

tients as compared to control and 5FU conditions. Furthermore, in 2D culture, DIQ
significantly inhibited cell proliferation, migration, and invasion of HCT116 and HT29
cell lines. DIQ also induced apoptosis and an increase in ROS along with an
accumulation of cells in the sub-G1 region. Consistent with the in vitro data, DIQ
exhibited reduction in the tumor growth and proliferation in vivo.

Our major focus in this study was to evaluate the ability of DIQ to target CSCs in
HCT116 and HT29 cells using a 3D sphere formation assay. CSCs are a rare
subpopulation of stem-like tumor cells that are responsible for tumor relapsel2%2?l. 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 at concentration as low as 1
pmol /L 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. HT29 spheres were more sensitive to 1 pmol/L DIQ and an
eradication of HT29 spheres occurred at G3. The interesting finding of DIQ not affecting
non-tumorigenic FHS74Int cells make DIQ somewhat selective to cancer cells which is
thegnost essential aspect sought after in anticancer drugs.

To understand what molecular pathways could be targeted by DIQ, we focused
mainly on the pathways implicated in CSCs. Multiple signaling systems are involved in
resistance of CSCs to therapy. It is widely accepted that the Wnt/-catenin pathway is
the most relevant signaling pathway for colon cancer development. Wnt signaling
contributes to stem cell development, tumorigenicity, and oncogenesisl®?1. This
pathway is mechanistically responsible for drug resistance of colon CSCs. Increasing
evidence validates that this pathway can interact with other oncogenic signaling
pathways, such as those involving MAPK, PI3K, AKT, and ERK, which are aberrantly
activated in many human cancers?233l. Indeed, evidence has shown that AKT and ERK

are overexpressed in human CRCP, Thus, identifying drugs that target these
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onﬂﬁnic pathways could make a solid rationale for the targeted therapy of cancers.
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 treatment in CRC
spheres. These findings suggest that DIQ suppressed sphere growth and formation via
dual inhibition of AKT/ERK dependent signaling pathways. We additionally
investigated the protein levels of the key stem cell markers in CRC, CD133 and f3-
catenin, which are involved in chemotherapy resistance. Interestingly, the expression of
CD133 and p-catenin were dramatically downregulated after DIQ treatment. Moreover,
upon DIQ 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, along with
a decrease in the expression of Ki67 and PCNA. 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. Altogether, this suggests that DIQ could
be considered a novel therapeutic compound for suppressing CSC self-renewal.

DIQ-mediated apoptosis and inhibition of cell cycle progression was dependent on
the upregulation of p21,which is a known tumor suppressor(®|, promotes ROS
accumulation, binds to PCNA, and inhibits cell cycle progressionl®l. ROS is one of the
major inducer of DNA damage. Induction of ROS generation induces increased stress
on cancer cells leading to cancer cell death. Interestingly, DIQ treatment induced ROS
production in CRC cell lines suggesting that an increase in ROS might also be involved
in the anticancer effects of DIQ.

Since DIQ induced apoptosis in HCT116 colonospheres through increase in Tunel
positivity as we previously reported!®], we assessed whether DNA damage was
activated in the spheres derived from both cell lines. We evaluated the expression of
yH2AX, which is a DNA double-strand damage biomarker and could be a classical
cancer prognostic factor3637. The loss of DNA damage in CRC is involved in the
development of therapeutic resistancel’l. In addition, quinones and oxaliplatin have

shown to induce apoptosis of CRC cells by activating DBS and activating yH2AX
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expressionl’8l. Interestingly, DIQ increased the expression of yH2AX in both CRC cells;
clearly emphasizing that DIQ is a potent inducer of DNA damage.

Interestingly, this study has also demonstrated effects of DIQ in patient-derived
organoids. This model, closely recapitulates tissue architecture and cellular
composition, and is used to assess the self-renewal and differentiation capacities of the
organoid CSC, including growth kinetics and drug sensitivity[1213], Testing drug
efficacy in colon patient-derived organoids holds great promise for personalized
medicine and exhibits a significant potential to dict patient response and connect
compound screening and clinical trials(3%401. 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. Since chemotherapy response in CRC treatment varies between patients, the
current study used patient-derived CRC organoids to evaluate the antineoplastic effect
of DIQ in targeting stem cells. 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, DIQ caused a prominent inhibitory effect on growth of CRC organoids from
various patients at different CRC stages, emphasizing its antitumor potential in CRC
patients. This effect was either more than or as potent as that of 5FU, emphasizing its
inhibitory effect. The results of response of HCT116 and HT29 cell-derived organoids to
DIQ treatments were consistent with that of patient-derived organoids. We, therefore,
for the first time, revealed that DIQ targeted the CSC in patient-derived colon
organoids.

The present study has several limitations. The two major limitations in organoids
establishment and subsequent applications were the small size of the patient tissue and
the availability of tissues at the time of the study. As a clinical study, the patient sample
size was relatively small. Additionally, the percentage success rate of deriving colon
patient derived organoids was not more than 42%; only 5 out of 12 specimens were

successfully established as colon organoids. This could possibly be due to limitations in
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tissue quality as well. A larger cohort is still required to further investigate and evaluate

the effect of DIQ in translational medicine.

CONCLUSION

In conclusion, we demonstrated for the first time that DIQ reduces self-renewal capacity
of colorectal tumors and prevents therapy resistance in patient-derived organoids
through interfering with the stem cell Wnt/{3-catenin and AKT and ERK pathways that
are involved in CRC tumorigenesis. Also, DIQ effect was involved in the major cell-fate
responses including apoptosis, cell-cycle arrest, and stress response. DIQ inhibits the
key processes of CRC tumorigenesis, including cell growth, proliferation, migration,
and invasion. Our findings strongly suggest that DIQ could be a promising compound
for treatment of CRC patients and could be clinically used as a non-toxic compound for

targeting human colon cancer stem/ progenitor cells.

ARTICLE HIGHLIGHTS

Research background

Colorectal cancer (CRC) is a multistep genetic disorder caused by sequential mutational
events in signal transduction pathways occurring along with progression of the cancer.
Quinones-containing compounds have been reported as one of the promising novel
anticancer therapeutics against CRC. However, the effects of diiminoquinone DIQ on

colorectal cancer stem cells (CSCs) have not been extensively investigated yet.

Research motivation
To explore the promising anticancer effects of a novel diiminoquinone DIQ on

colorectal cancer.

Research objectives
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To investigate the anticancer potential of novel therapeutic DIQ on colorectal cancer

using 2D and 3D models.

Research methods

MTT and trypan blue exclusion assays were employed to assess the anti-proliferative
effect of DIQ on HCT116 and HT29 cell lines in vitro. Propidium iodide DNA and DHE
staining were performed to determine cell cycle distribution and reactive oxygen
species production in response to DIQ respectively. Wound healing and transwell
invasion assays were used to determine the invasion and migration ability of DIQ,
respectively. Then, sphere formation model was used to evaluate the potency of DIQ on
targeting CSCs in colorectal cancer cells Pé)r up to 5 generations. Immunofluorescent
analysis and western blot were performed to elucidate the mechanism of action of DIQ
in colorectal cancer. Organoid model was used to assess DIQ response on established

organoids from fresh colorectal tissue samples from consented patients.

Research results

DIQ reduced the self-renewal capacity of colorectal cancer cells and targeted the growth
of colon cancer patient-derived organoids. DIQ donwregulated the expression of key
markers involved in the oncogenic stem cell WnT /8- catenin, AKT and ERK signaling
pathways that are involved in CRC tumorigenesis. Also, DIQ decreased proliferation,

migration, and invasion, and induced apoptosis, cell-cycle arrest, and ROS.

Research conclusions

Our findings strongly suggesta'lat DIQ could be a promising novel therapeutic for the
treatment of CRC patients. This study represents the first documentation of the
molecular mechanism of the novel anticancer therapeutics DIQ via targeting CSCs,

findings that have potential therapeutic implications for colon cancer patient.
Research perspectives
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Further research on the DIQ mechanisms that are involved in CRC tumorigenesis is
needed to be performed in future. A larger cohort is still required to further investigate

and evaluate the effects of DIQ in translational medicine.
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