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Abstract

Colorectal cancer (CRC) is one of the most prominent cancers detected worldwide. Cancer
treatment with standard chemotherapy has led to improved CRC patients' overall survival rate.
However, in more than 40% of patients, the standard chemotherapy achieves only a brief or no
tumour response or unexpected toxicity, leading to therapeutic failure. Accumulating evidence
identified a family of cell membrane transporter proteins (ABC transporters) that transport various
chemotherapeutics across cell membranes and, in this way, may control the cellular accumulation,
antitumour activity, and toxicity of front-line therapeutics. Multi-drug resistant proteins (MRPs)
belong to the ABCC subfamily, and overexpression of ABCC transporters in tumour cells results
in multi-drug resistance, which is when tumour cells are able to resist the antitumour cytotoxicity
of a range of structurally diverse anticancer drugs (e.g.: Oxaliplatin, 5-Fluorouracil). MRP7
(encoded by ABCC10 gene) has recently been reported to confer resistance to the antitumor drug
docetaxel and oxaliplatin. However, previous ABCC10 work was undertaken by using siRNA
gene knockdown and pharmacological inhibitors, but those experiments were confounded by the
off-target effects. Therefore, we hypothesized that CRISPR-cas9 gene editing technology could
be used to achieve precise and permanent disruption of the functional expression of ABCC10
transporter protein and reverse the drug resistance in human colorectal cancer Caco-2 cells. To
test our hypothesis, Caco-2 cells were transfected with ABCC10 guideRNA-Cas9 protein
ribonucleoprotein complexes through liposome-mediated delivery. The efficiency of the ABCC10
gene disruption was analysed using the T7 Endoneucleasel cleavage efficiency assay. The single
clones of ABCC10 knockouts were obtained from limiting dilution. The variation of the ABCC10
(MRP7) protein expression in the wild Caco-2 cells and the transfected clones was assessed
following western blot analysis. The sensitivity towards a model ABCC10 substrate docetaxel
and its concentration-dependent cytotoxicity was determined by using MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. The cleavage efficiency of
disrupting the ABCC10 gene was 13.98% in Caco-2 cells. Following western blotting, both wild
Caco-2 cells and the gRNA/Cas9 transfected clones produced the signal corresponding to

ABCCI10. However, one clone 6G2 developed significantly increased sensitivity towards
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docetaxel (P < 0.05), with docetaxel IC50 values of 1.84 uM and 0.27 uM in wildtype Caco-2
cells and single clone 6G2, respectively. Therefore, the sensitivity of the isolated single clone
towards the anticancer drug docetaxel has been increased approximately tenfold. The finding of
this study demonstrates that CRISPR-Cas9 transfection of Caco-2 cells is feasible in reverse
ABCCI10-mediated resistance towards docetaxel. Therefore, our research provides proof-of-
principle evidence that disruption of the ABCCI0 gene reduces the function of the ABCC10 and

could convert a less effective drug (e.g. docetaxel) into an exceptional one for CRC treatment.
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1. Introduction

1.1. Colorectal Cancer

1.1.1. Trends of Colorectal Cancer Worldwide

The Colon and rectum are crucial components of the digestive tract. The colon lies between the
small intestine and the rectum and is divided into four main sections: ascending, transverse,
descending, and sigmoidal colon. The colon's primary functions mainly include the absorption of
nutrients, minerals, and water and the storage of the waste material that forms the faeces. Due to
their physiological nature, the colon and the rectum are highly exposed to different chemical,
physical, and biological agents, which makes them highly vulnerable to pathologies that will lead
to conditions such as cancer (Arvelo et al., 2015). Due to the similarities between colon and

rectum cancers, they are classified into one main category and named colorectal cancers.

Colorectal Cancer (CRC) is one of the significant forms of cancer diagnosed annually. CRC is a
severe health hazard that is more prominent in older people who are above 50 years of age. It is
the third most prominent cancer, which falls behind breast and lung cancer. In 2022, the total
number of new cancer cases reported was 19,976,499; out of that, 1,926,425 (9.6%) were

colorectal cancer cases (Figure 1.1).

CRC is the third most prominent cancer form detected in males, while the most common form is
lung cancer, and the second form is prostate cancer. In the year 2022, according to the reports
published by GLOBOCAN, out of the 10,311,610 males diagnosed with cancer, 1,069,446
(10.4%) were of colorectal cancer. In women, breast cancer is the most prominent form (2,296,840
= 23.8%), while colorectal cancer is the third most common (856,979 = 8.9%) among this group.
CRC has the second-highest mortality rate and corresponds to 9.3% of cancer-related deaths in
the year 2022. The incidence trend and mortality rate of CRC is expected to increase annually
despite all the improvements in the treatment and diagnosis process. It is predicted that in the year
2040, there will be 3.2 million new CRC cases detected, while 1.6 million deaths are expected to

be reported (Morgan et al., 2023)
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Note: Adopted from (The Global Cancer Observatory, 2022)
Figure 1.1. Number of new cancer cases and cancer-related deaths reported in 2022
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1.1.2. Prevalence of Colorectal Cancer in New Zealand

According to global cancer records, Oceania had the highest age standardized rates (ASR) in 2022
(The Global Cancer Observatory, 2022) when considering new cases of all cancer forms. Oceania

reported an ASR of 409.0, and New Zealand reported an ASR of 427.3.

When considering the data from the New Zealand Cancer Registry and New Zealand Mortality
Collection, the Maori reported higher rates of new cancer cases as well as deaths compared to the
other prominent ethnic groups in New Zealand (Table 1.1). CRC and other GI cancers are the
third most common cause of cancer deaths among Maori and non-Maori males and females
reported in the year 2021 and account for 39.9% of all new cancer registrations in NZ. (Health

New Zealand, 2023)

Table 1.1. Cancer incidences by prioritized ethnicity in New Zealand in 2021

Ethnicity Registrations Deaths
All Sex | Male | Female | All Sex Male | Female
Maori 3435 1536 | 1899 1274 605 669
Pacific 1262 554 708 473 222 251
Number Asian 1556 697 859 456 223 233
European/Other | 21616 | 12137 | 9479 8285 4516 3769
Total 27869 | 14924 | 12945 10488 5566 | 4922
Age Maori 4322 | 412.5 | 452 167 173.1 | 163.8
Standardized | Pacific 383.8 | 359.1 |412.2 149.8 150.2 | 149.3
Rate per | Asian 187 185.3 | 189.2 57.5 62.3 54.1
100,000 European/Other | 346.3 | 388 309.5 106.4 122.7 |93.5
(ASR) Total 341.2 | 369.6 | 317.5 110.8 125 99.7
Note: Adopted from (Health New Zealand, 2023)
Table 1.2. CRC Statistics New Zealand 2012 to 2021
Year Registrations Deaths
All Sex Male Female All Sex Male Female
2012 2956 1559 1397 1262 652 610
2013 3022 1602 1420 1223 644 579
2014 3211 1700 1511 1249 637 612
2015 3101 1621 1480 1243 678 565
2016 3167 1637 1530 1268 639 629
2017 3031 1611 1420 1214 669 545
2018 3206 1718 1488 1221 639 582
2019 3327 1735 1592 1213 661 552
2020 3420 1845 1575 1266 671 595
2021 3368 1806 1562 1306 644 662
Note: Adopted from (Health New Zealand, 2023)

There were 4,070 new Colorectal Cancer patients diagnosed in New Zealand in the year 2022,

corresponding to 10.7 % of the total cancer patients diagnosed in that year (38,157). CRC is the
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most prominent cancer form detected, while Breast and prostate cancer take second and third
place, respectively (The Global Cancer Observatory, 2022). Similar to other developed countries,
the number of new cases of CRC and CRC-related deaths in the past ten years were reported to
have similar values (Table 1.2), indicating that further measures are needed to increase early-stage

diagnosis and effective treatment for metastasis cancer.

1.1.3. Risk Factors

Several factors significantly contribute to increasing the risk of being diagnosed as colorectal
cancer patients. It is crucial to identify these factors as it helps the clinical practitioner’s early
diagnosis of patients and prevent metastasis. The main risk factors contributing to increased CRC
incidence and mortality are inherited risk factors, dietary and lifestyle patterns, age, sex, and

ethnicity. These factors contribute to increasing the prognosis of colorectal cancer as follows.

1.1.3.1. Hereditary Factors

A family history of colorectal cancer is one of the main factors that increase the risk of developing
CRC in relatives. This risk increases if the relative is a first-degree relative, such as parents and
siblings, the age at which the relative first developed symptoms, the number of family members
recognized with CRC, and the co-occurrence of other forms of abnormalities (Sawicki et al.,
2021). Previous studies indicate that the risk is 2.1 times higher than one with no family history,
and this risk is 3.7 times higher when the relative is diagnosed with CRC before the age of 45 (St.
John et al., 1993). Furthermore, it is stated that 5% to 10% of CRC are developed from hereditary
syndromes. The most common are Familial Adenomatous Polyposis (FAP) and hereditary

nonpolyposis colon cancer (HNPCC) (Amersi et al., 2005).

1.1.3.2. Inflammatory Bowel Disease (IBD)

The risk of developing colorectal cancer is very high among patients who have been suffering
from IBD for many years (Bernstein et al., 2001). The two primary forms of IBD are Ulcerative
Colitis and Crohn’s Disease. According to previous studies, patients with ulcerative Colitis have

a 3.7% higher risk of developing colorectal cancer in the future (Eaden et al., 2001). In contrast,
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people with Crohn’s Disease have an increased risk of 2.5% of developing CRC in the latter stage

of life (Canavan et al., 2006).

1.1.3.3. Colon Polyps

Colon polyps can be either neoplastic or non-neoplastic; hamartomas, hyperplastic, inflammatory,
and mucosal polyps come under benign polyps, and adenomatous polyps become mostly
malignant (Amersi et al., 2005). Adenoma polyps have three histological variants: tubular,
tubulovillous, and villous. 75% to 85% of adenoma polyps fall under the tubular category and
have less than a 5% chance of developing into a malignant state. Tubulovillous represents 10% to
15% of adenomas and can become malignant at 20% to 25%. In contrast, the least number of
adenomas are of villous form, which is about 5% to 10%, but is the most potent, and about 35%

to 40% of these polyps are malignant.

According to previous studies, the cumulative risk of diagnosing colorectal cancer in 5, 10, and
20 years was 2.5%, 8%, and 24%, respectively (Stryker et al., 1987). Furthermore, studies have
also demonstrated that early diagnosis and removal of polyps has significantly reduced future

incidence of colorectal cancer (Muller & Sonnenberg, 1995).

1.1.3.4. Cholecystectomy

Cholecystectomy is the process of removal of the Gallbladder through surgery. Earlier studies
have proposed possible outcomes in changes in the secretion and composition of bile acids in the
absence of the bladder. There will be a continuous flow of bile acid, converted to secondary bile
acids and producing reactive oxygen and nitrogen species. They will damage colonic epithelial
cells, induce DNA damage, and disrupt mitochondria and cell membranes, leading to cancer

(Ajouz et al., 2014; Nguyen et al., 2018).

1.1.3.5. Gut Microbiota

A Healthy person relies on a microbiome to absorb nutrients and metabolite and eliminate
xenobiotics and drugs. However, the pathogenic microbiome will produce toxic metabolites and
induce dysfunction in the gut epithelial barrier, activating proinflammatory cytokinin’s,

interleukin-6, and tumour necrosis factor-a. Some bacterial species, such as Bacteroides fragilis
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and Enterococcus faecalis, produce endotoxins and reactive oxygen species that can cause DNA
damage (Saus et al., 2019). It is recommended that a person’s diet should be enriched with high
fibre, probiotics, polyphenols, and polyunsaturated fatty acids to regulate healthy levels of gut

microbiota (Sanchez-Alcoholado et al., 2020).

1.1.3.6. Diabetes Mellitus

Previous studies have indicated that patients who have diabetes have a high risk of being
diagnosed with colorectal cancer (Pang et al., 2018; Peeters et al., 2015). Hyperinsulinemia may
contribute to colorectal cancer directly by inducing colonic cell proliferation and indirectly by
inducing proinflammatory cytokines, interleukin-6, tumour necrosis factor-o and increasing the

levels of insulin-like growth factor-1 (Ma et al., 2018).

1.1.3.7. Overweight and Obesity

Obesity is associated with inflammation and tends to increase adipose tissue-derived
inflammatory factors such as tumour necrosis factors, insulin-like growth factors, leptin, and
adipokines. These compounds promote cell growth and oxidative stress and suppress immune
systems. Furthermore, estrogen has a protective function against CRC. Therefore, obese women
are less prone to cancer compared to men (Murphy et al., 2019). Earlier studies have demonstrated
that there is a significant increase in CRC risk among obese subjects (Abar et al., 2018; Peeters

et al., 2015).

1.1.3.8. Physical Inactivity

According to a previous study performed on people 40 years of age, physically active people were
less prone to lower digestive system cancer (Keum et al., 2016). In contrast, physically inactive
groups are more likely to be diagnosed with cancer. Studies have proven this among groups who
spend more time watching television. A study reported that colon cancer risk is 1.54 times higher
for television viewers and 1.24 times for occupational sitting time (Schmid & Leitzmann, 2014).
Another study reported that 2 hours per day of television viewing was associated with a 1.07
relative risk (95% CI 1.05-1.10, P<.001). In contrast, two hrs. of occupational sitting is associated

with a 1.04 risk of developing colorectal cancer (Ma et al., 2017).
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1.1.3.9. Dietary Patterns

A diet high in red and processed foods may contain heterocyclic amines, polycyclic aromatic
hydrocarbons, and N-nitroso compounds produced during cooking. These and heme present in
red meat are known to contribute to carcinogenesis (Keum & Giovannucci, 2019). According to
previous studies, western dietary pattern was linked with a 1.25 risk of CRC (95% CI 1.11, 1.40),

whereas prudent dietary patterns had a negative correlation (Garcia-Larsen et al., 2019).

Dietary fibre helps easy excretion of faeces limiting the time spent in the colon and, therefore,
reducing the exposure time for carcinogens. Furthermore, it aids the actions of microbiota. Studies
revealed that 10 g of dietary fibre intake is associated with a reduced risk of CRC. The risk is
further reduced to three daily servings (Aune et al., 2011). Furthermore, it is reported that patients
who increase their fibre levels by 5 g daily after diagnosis of CRC have an 18% low mortality

rate (Song et al., 2018).

High consumption of dairy products, particularly milk, is necessary as it is a source of vitamins
and minerals, mainly vitamin D and Calcium. Vitamin D is essential for Calcium homeostasis.
Calcium binds to secondary bile acids and ionized fatty acids, limiting its ability to modify the
colorectal lumen and reducing its carcinogenic effect. Studies have reported that a calcium intake

of 300 mg daily can reduce CRC risk by 8% (Keum et al., 2014).

1.1.3.10. Smoking and Alcohol Consumption

Tobacco smoke contains many carcinogenic compounds such as Nicotine, N-nitrosamines,
polycyclic aromatic hydrocarbons, aromatic amines, aldehydes, and metals, which are known to
damage DNA and lead to mutations that will generate polyps and lead to adenocarcinoma
(Sawicki et al., 2021). A previous study reported that smoking any tobacco has an increased risk
of CRC (OR = 1.90, 95% CI: 1.02-3.54) (Cross et al., 2014). Another study reported that the
incidence of CRC risk is 1.18 (95% confidence interval [CI], 1.11-1.25) and the mortality rate is

1.25 (95% CI, 1.14-1.37) compared to never-smokers (Botteri et al., 2008).

The intermediate product of ethanol metabolism, acetaldehyde, is a known carcinogen. In

addition, genetic polymorphisms may also lead to an increase in the activity of alcohol
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dehydrogenase and accumulate acetaldehyde, increasing carcinogenesis (Rossi et al., 2018). A
previous study conducted among Japanese men demonstrated that alcohol intakes of 23-45.9
g/day, 46-68.9 g/day, 69-91.9 g/day, and 92 g/day or more significantly increase the risk of CRC
incidence concerning alcohol intake. It was reported as 1.42 (95% confidence interval (CI): 1.21,
1.66), 1.95 (95% CI: 1.53, 2.49), 2.15 (95% CI: 1.74, 2.64), and 2.96 (95% CI: 2.27, 3.86),

respectively (Mizoue et al., 2008).

1.1.3.11. Age, Sex, and Race

Colorectal cancer symptoms are diagnosed more often among people above 50 years of age.
Furthermore, men are more prone to CRC susceptibility as well as deaths compared to women of
all age groups. Smoking, alcohol consumption, and hormonal levels such as estrogen are supposed
to be the cause of this difference. The median age of diagnosis is 72 for women and 68 for men
(Sawicki et al., 2021). According to records, the CRC risk among men is 2.75%, while it is 1.83%
among men. Similarly, the mortality rate is 1.14% in men and 0.72% in women (Mattiuzzi et al.,
2019). It is reported that 60.4% of CRC cases are between 50 and 74 years of age, and only 10%
are below 50. Furthermore, 50% of CRC deaths were between 50 and 74 years old (Morgan et al.,

2023).

Colorectal cancer incidence prevalence varies among different races; this may be due to
differences in their genetics, lifestyle, and dietary patterns. A previous study has reported that
non-Hispanic black had a 50% incidence of early-stage CRC (incidence rate ratios (IRR), 1.5;
95% confidence interval (CI) 1.4—1.6) and 40% incidence of late-stage CRC (IRR, 1.4; 95% CI,
1.3-1.5). Early-stage CRC incidence among Non-Hispanic black women is 60%, and late-stage
incidence (IRR, 1.6; 95% CI, 1.4-1.7) is 40% among the same group (IRR, 1.4; 95% CI, 1.3-1.5)

(Ellis et al., 2018).

1.1.4. Symptoms and Stages of Colorectal Cancer

The most common symptoms of colorectal cancer are abdominal pain, changes in bowel habits,

passing of blood with stools, anaemia, unexplained weight loss, bloating, feeling tired and
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vomiting (Sawicki et al., 2021). However, these symptoms may not be visible in the early stage
of cancer. Diagnosing at the early stages is crucial as it increases the survival rate. According to
data published by the American Cancer Society, the 5-year relative survival rate of localized colon
cancer patients is 91% (Stage I, IIA, 1IB); in the regional stage, it is 73% (stage IIC and III) and
13% in distant stage (stage IV). Similarly, patients diagnosed with rectal cancer are 90%, 74%,
and 18% in localized, regional, and distant stages, respectively (American Cancer Society, 2020).

Cancer development can be divided into five stages, from O to IV.

1.1.4.1. Stage 0
The abnormal cells are found in the mucosa layer, called Carcinoma in situ. These cells may

become cancerous and spread to nearby normal tissue.

1.1.4.2. Stagel
Cancer has formed in the innermost layer of the colon, the mucosa, and spread to the next layer

of tissues, the submucosa or even the muscle layer.

1.1.4.3. Stage Il

Stage IIA — Cancer spreads through the muscle layer to the outermost layer of the serosa.

Stage IIB — Cancer has spread through the serosa to the tissue lines and the organs in the abdomen.

Stage IIC — Cancer has spread through the serosa to nearby organs.

1.1.4.4. Stage 111
Stage I1I is also subdivided into stages IIIA, I1IB, and IIIC, depending on the number of layers

the cancer has spread and the number of lymph nodes it has been involved in.

Stage IIIA - Cancer has spread to the muscle layer and one to three lymph nodes / nearby tissue.

Alternatively, the cancer has spread to the submucosa and four to six lymph nodes.

Stage I1IB - Cancer has spread from the mucosa to the visceral peritoneum and one to three lymph
nodes or spread until the serosa, and four to six lymph nodes or spread up to the muscle layer and

seven or more lymph nodes.
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Stage IIIC - The cancer has spread from the mucosa to the visceral peritoneum and four to six
lymph nodes or spread to the serosa and seven or more lymph nodes, either spread to the serosa

and one or more lymph nodes and spread to nearby tissue or organs.

1.1.4.5. Stage IV
The cancer has spread to other parts of the body through the blood and lymph system and is also

known as metastatic cancer.

1.1.5. Diagnosis of Colorectal Cancer

Different diagnostic methods are available for preliminary screening and advanced techniques for
further diagnosing the extent of spreading. In addition, other methods are available to detect colon
cancer, depending on the location of origin. Furthermore, detection is required during the

treatment process to determine the efficiency of the treatment and plan future treatments.

1.1.5.1. Rectal Examination
The rectum is examined for any presence of lumps or abnormality with the help of a lubricated,
gloved finger. This initial evaluation of a symptomatic patient cannot be considered a screening

test (National Cancer Institute, 2022).

1.1.5.2. Fecal Occult Blood Test (FOBT)

This is used to detect the blood present in stools. However, the presence of blood can be due to
cancer, polyps, or other clinical conditions. There are two methods of FOBT. The first method is
the Guaiac FOBT, where feces are placed on a guaiac paper. In the presence of Heme, the paper
turns into a blue colour. However, this is not specific only to human haemoglobin. The reaction
takes place in the presence of food containing peroxidase. Therefore, the patient should avoid
uncooked vegetables and red meat three days before the test and avoid non-steroidal anti-
inflammatory drugs seven days before. The second is Immunochemical FOBT, which is more
sensitive than the Guaiac FOBT as it contains an antibody specific to the human heme group

(Granados-Romero et al., 2017).
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1.1.5.3. DNA Analysis is faeces.
PCR analysis is performed on the DNA samples present in the stool to identify any mutations in
genes (ex, Pancreatic Duodenal homeobox-1/PDX-1, Adenomatous Polyposis Coli/APC, K-ras,

and p53 gene mutations) specific for cancer (Hsieh et al., 2005).

1.1.5.4. Carcinoembryonic antigen (CEA) assay
Carcinoembryonic antigen assay is performed on blood samples to detect if the level is higher

than the accepted amount, which may indicate colon cancer or other conditions.

1.1.5.5. Sigmoidoscopy
This method uses a thin, tube-like instrument with a light and a lens to view the colon's lowest

part. It covers only the rectum and the lower sigmoidal colon for polyps or any abnormality.

1.1.5.6. Colonoscopy
It is a method similar to sigmoidoscopy but can cover the entire colon area; therefore, it is more

sensitive.

1.1.5.7. Computed Tomography scan (CT scan)

Multiple X-ray images are taken at different angles using a rotating X-ray tube. The images are
processed on a computer using tomographic reconstruction algorithms. Previous studies have
used the tomographic images produced from CT scans to differentiate the types of colorectal
cancer ex: adenocarcinomas (AC), mucinous adenocarcinomas (MAC), and signet-ring cell

carcinomas (SC) (Li et al., 2017).

1.1.5.8. Magnetic Resonance Imaging scan (MRI scan)

This method uses strong magnetic fields to generate images of organs in the body. MRI scan
produces images with better contrast of soft tissues and, therefore, can be used to image the
abdomen and rectum. The circumferential resection margin (CRM) is the closest distance from
the most profound tumour invasion to the surgical margin of the mesentery. It is a crucial factor
in the treatment and prognosis of rectal cancer. MRI scans can access the CRM; therefore, it is

the primary method for detecting the stage in rectal cancer patients (Torkzad et al., 2010).
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1.1.5.9. Positron Emission Tomography scan (PET scan)

Injects a radioactive substance (ex, Fluorodeoxyglucose) into the body, which emits positron and
interacts with electrons and annihilates to produce gamma rays, which are detected with gamma
cameras and create a three-dimensional image. It allows for capturing metastatic cancer

(Gallamini et al., 2014).

1.1.6. Treatments for Colorectal Cancer

Several standard treatments are available depending on the extent of the cancer progression.
Furthermore, combinations of treatments are used for cancer in the latter stage. Follow-up

treatments are essential to prevent reoccurrence.

1.1.6.1. Surgery
This is the most common treatment for all cancers. However, the type of surgery may differ

depending on the cancer stage.

1.1.6.1.1. Local Excision
If the cancer is in an early stage, the clinicians will use the colonoscopy method with a tool to cut
the tumour out without cutting through the abdominal wall (Nivatvongs, 2000). If this technique

is used to cut a cancer found in a polyp, this method is called polypectomy.

1.1.6.1.2. Anastomosis
This method is used when the can is spread to a much larger area. The area around the cancer is
cut, and the end of the remaining colon is joined. Colorectal anastomotic leak is one primary

concern in this method (Ho & Ashour, 2010).

1.1.6.1.3. Colostomy
In situations where the end join is not possible following the colectomy, the ends of the colon are
left open (stoma), and a colostomy bag is used to collect the secretions. This colostomy can be

permanent or temporary until the colon is healed (Maria & Lieske, 2020).
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1.1.6.2. Cryosurgery
This method uses extremely low temperatures to destroy cancer cells and is mainly used in the

metastasis stage (Ravikumar et al., 1997).

1.1.6.3. Radiofrequency ablation
In this method, a current is generated through radio waves and directed to the tumour using a
needle via the skin or through surgery. The current increases the temperature to 50-100 °C degrees,

leading to tumour coagulation and necrosis (Cirocchi et al., 2012).

1.1.6.4. Radiation Therapy

This treatment uses ionization radiation to destroy cancer cells. This high-energy radiation
damages the genetic material, Deoxyribonucleic acid (DNA) of cells and prevents them from
dividing and proliferating. This therapy combines other treatments, such as surgery,
chemotherapy, and immunotherapy. If applied before surgery, its purpose is to shrink the tumour;
if applied after surgery, it destroys the leftover tumour residues. Two methods are used to deliver
this radiation. The most common method is external beam radiation, where high-energy radiation
targets the tumour location from outside the body. The second method is internal radiation, also
known as brachytherapy, where the radioactive sources are directed to the tumour site using a

sealed catheter (Baskar et al., 2012).

The drawback of this method is that it affects both cancer and normal cells. However, normal cells
have a higher ability to repair themselves and retain their functions. Advanced techniques have
been developed to produce higher doses, penetrate deeper skin, and minimize side effects. Some
of these techniques are Intensity-modulated radiation therapy (IMRT), Image-guided radiotherapy
(IGRT), 3D Conformal radiotherapy (3DCRT), Stereotactic body radiation therapy (SBRT), and

Cone beam computer tomography (CBCT) (Abshire & Lang).

1.1.6.5. Targeted Therapy
In targeted therapy, monoclonal antibodies target cellular compounds produced specifically from
cancer cells. Therefore, this treatment will target only the cancer cells and reduce the impact on

normal cells. During cancer, the immune system is highly affected. Thus, antibodies are designed
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to target immune checkpoints. “Lpilimumab” is used to target cytotoxic T lymphocyte-associated
antigen-4 (CTLA-4), and “Pembrolizumab” targets programmed cell death protein (PD-1), which

activates T cells and kills the tumour cells (Zahavi & Weiner, 2020).

Some monoclonal antibodies target molecules over-expressed in cancer cells. (i) Alemtuzumab
targets CD52, overexpressed in malignant lymphocytes, granulocytes, macrophages, and natural
killer cells, and is approved as a treatment for lymphocytic leukaemia. (ii) Bevacizumab binds to
vascular endothelial growth factor (VEGF). It blocks its binding to the VEGF receptor, inhibiting
the formation and growth of blood vessels and restricting the growth of tumours. (iii)
Panitumumab and Cetuximab bind to the Epidermal growth factor (EGF) receptor and prevent
the division and growth of cancer cells (Scott et al., 2012). In addition, monoclonal antibodies
labelled with isotopes are used for selective radiation delivery to cancer cells to treat cancers

unresponsive to other treatments and to determine the extent of cancer spread (Pento, 2017).

1.1.6.6. Chemotherapy

New Zealand and international clinical practice guidelines, based on robust evidence from
randomised controlled trials, now recommend oxaliplatin-based chemotherapy as the preferred
regimen for the treatment of metastatic colorectal (National Comprehensive Cancer, 2009) and
other GI cancer (Lordick et al., 2022) types. This treatment uses cytotoxic chemicals to reduce or
eradicate the tumour, reduce symptoms, and increase survival. Chemotherapy is mainly done
intravenously but can also be administered orally. In some instances, if the cancer is developed
only in a particular region, the chemotherapy is administered only to the affected area, e.g., the
abdominal cavity or cerebrospinal fluid. Each cytotoxic drug has its mechanism of action;

therefore, a combination of drugs is commonly administered to increase efficiency.

Alkylators and alkylator-related agents bind to macromolecules such as DNA and interrupt gene
expression and cell division. Platinum drugs, too, act in the same way, e.g., Oxaliplatin.
Antimetabolites have mechanisms similar to normal molecules and, therefore, replace the normal
molecules in DNA and RNA synthesis and disturb the function, e.g., Fluorouracil and
Methotrexate. Topoisomerase inhibitors disrupt the function of topoisomerase. Topoisomerases

are essential for DNA replication and repair. This inhibition leads to permanent breaks in DNA,
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e.g., Doxorubicin. Microtubule-interacting agents interrupt the cellular cytoskeleton. Cell
structure is necessary for molecule transportation, cell division, and adhesion. Disruption of cell

structure leads to loss of function and growth arrest, e.g., docetaxel.

However, chemotherapy drugs develop resistance. Many factors are affecting, and the function of
multi-drug resistant proteins is crucial. Therefore, measures are needed to overcome this

challenge (Nygren, 2001).

1.2. Multi-Drug Resistance

Although oxaliplatin-based chemotherapy has been widely adopted as the standard and preferred
regimen for treating many types of GI cancer, its dose-limiting toxicities and tumour resistance
are major limitations for many patients in clinical practice. In a New Zealand clinical study, more
than 40% of patients receiving chemotherapy including oxaliplatin stopped that chemotherapy
early due to either severe toxicity or lack of efficacy (Jackson et al., 2015). Chemotherapeutic
regimens induce a short-lived response in many GI cancer patients whose tumours progress and
developed multi-drug resistance (MDR). Accumulating evidence suggests that ATP-binding
cassette (ABC) proteins mediated tumour resistance represents one of the most common causes

of MDR (Robey et al., 2018).

1.2.1. Multi-Drug Resistant Proteins (MRP)

Multi-drug resistance is one of the curial phenomena responsible for chemotherapeutic resistance
in cancer treatments and is an area that needs further understanding and development to combat
cancer. ATP-binding cassette (ABC) proteins are a large family that is responsible for active
transmembrane transport of a wide range of substances, including inorganic anions, peptides,
sugars, metal ions, amino acids, hydrophobic compounds, metabolites, and play a prominent role
in maintaining homeostasis. Forty-eight protein-coding genes and one pseudogene correspond to
ABC protein synthesis in humans. This family is divided into seven subfamilies named from

ABCA to ABCG based on their amino acid sequence similarities (Dvorak et al., 2017).
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The ABCC subfamily is also called the Multi Drug Resistant proteins (MRP), as nine (9) of its
members are primarily involved in drug resistance. Overexpression of these proteins in cancer
cells leads to the efflux of endogenous substances and resistance to xenobiotics. The ABCC7/
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), ABCC 8/ Sulfonyl Urea
Receptor 1 (SUR1), and ABCC9/ Sulfonyl Urea Receptor 2 (SUR2) do not confer multi-drug
resistance (Sodani et al., 2012). The symbol, alternate name gene accession number, chromosomal
location, protein accession number, number of amino acids, and their similarity percentage with

respect to MRP1 are compared in Table 1.3.

Depending on their topology, these nine main multidrug-resistant proteins can be classified into
two groups. Group one, named the “short” MRP, has the typical ABC structure with two
membrane-spanning domains (MSD1 and MSD2), and in between are the two nucleotide-binding
domains (NBD1 and NBD 2). MRP 4, 5, 8, and 9 fall under this group. MRP 1,2,3,6 and 7 come
under the “long” group, which has additional membrane-spanning domains (MSDO) at the amino-
terminal. MSD 1 and MSD2 are composed of 6 transmembrane o-helices through which the
substrates cross the membrane, and the two NBDs form a sandwich-dimer in a head-to-tail
formation. Each MRP is located either apical or basolateral in the membranes and has a different
tissue distribution. Therefore, they can transport structurally diverse molecules and show limited

substrate overlapping (Chen & Tiwari, 2011).

Table 1.3. Summary of ABCC subfamily members

Symbol | Alternate | Gene Chromosomal | Protein Amino | Amino acid

name accession localization accession acids Identity (%)
number number

ABCC1 | MRPI NM 004996 | 16p13.1 NP 004987 | 1531 100

ABCC2 | MRP2 NM 000392 | 1024 NP 000383 | 1545 50

ABCC3 | MRP3 NM 003786 | 1722 NP 003777 | 1527 58

ABCC4 | MRP4 NM 005845 | 13g32 NP 005836 | 1325 41

ABCCS5 | MRP5 NM 005688 | 3g27 NP 005679 | 1437 38

ABCC6 | MRP6 NM 001171 | 16p13.1 NP 001162 | 1503 46

ABCC7 | CFTR NM 000492 | 7q31.2 NP 000483 | 1480 30

ABCC8 | SURI NM 000352 | 11pl15.1 NP 000343 | 1581 36

ABCC9 | SUR2A NM 005691 | 12p12.1 NP 005682 | 1549 35

ABCC9 | SUR2B NM 020297 | 12pl12.1 NP 064693 | 1549 36

ABCC10 | MRP7 NM 033450 | 6pl12.1 NP 258261 | 1492 35

ABCCI11 | MRPS NM 033151 | 16qg12.1 NP 149163 | 1382 33

ABCCI12 | MRP9 NM 033226 | 16q12.1 NP 150229 | 1356 36

Note: Adopted from (Fromm & Kim, 2010)
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1.2.2. MRP 7/ABCC10

There is increasing evidence that ABCCI10 contributes to drug resistance and tumour
development. ABCCI10 gene, initially discovered in 2001 by Hopper et al., is located in
chromosome 6p12. ABCC10 cDNA codes for 1492 amino acids and synthesizes a protein named
ABCCI10 with a molecular weight of around 158 kDa. In the same study, signals were observed
when RT/PCR analysis was conducted in samples obtained from the skin, testis, spleen, stomach,
colon, kidney, heart, and brain. However, no apparent signals were detected in RNA blot analysis
on the same tissue samples, indicating that the expression of ABCC10 is low in these tissues
(Hopper et al., 2001). In another study, a splice variant of human ABCC10 is described, which
has a 15 amino acid deletion between the second membrane-spanning domains and the second

nucleotide-binding domain, which is recognized as MRP7A (Kao et al., 2003).

1.2.2.1. Single Nucleotide Polymorphisms in ABCC10 gene

Two single nucleotide polymorphisms (SNP) are observed in the ABCCI0 gene. The first is
rs9349256, located in intron 4, and the second is 12125739 in exon 12. The mutation in the exon
leads to an amino acid change of 11e920Thr, which leads to a change in ABCC10 expression. The
minor allele frequency of rs2125739 varies in different populations. It is 26.7% among Northern
and Western Europeans, 34.2% among Sub-Saharan Africans, and 3.4% among Han Chinese

(Pushpakom et al., 2011).

1.2.2.2. Physiological substrates and inhibitors of ABCC10

In a previous study (Chen et al., 2003), a ATP-dependent transport of 17p-estradiol-(17-p-D-
glucuronide) (E217BG) were observed in human embryonic kidney cells (HEK 293)
overexpressing ABCC10 but not in parental HEK293 cells. Further analysis of kinetics data
unravels E217BG is an ABCC10 substrate with Km and Vmax values of 57.8 £ 15 uM and 53.1
+ 20 pmol/mg/min. Leukotriene C4 (LTC4) also exhibited to a lesser extent. However, substrates
of other MRP family members were not transported by ABCC10, demonstrating its substrate
selectivity. Furthermore, E217BG transportation was inhibited entirely by amphiphiles, such as

leukotriene C4, glycolithocholate 3-sulfate, and MKS571, and lipophilic agents such as
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cyclosporine A. These findings proved that ABCC10 is a lipophilic anion transporter (Chen et al.,

2003).

1.2.2.3. ABCC10 mediated drug resistance

As arecently discovered member of the MRP family, limited data is available on the drug-resistant
profile of ABCC10. Studies conducted on MPR7 transfected HEK 293 cells have demonstrated a
higher resistance level towards the taxanes group drug “Docetaxel.” Interestingly, ABCC10 is the
only member of the long MRP family that has been reported to confer resistance towards
“Docetaxel.” MRP1, MRP2, MRP3, and MRP6 have not been reported to confer drug resistance
towards taxane family drugs. The ABCC10 transfected HEK293 cells had the highest resistance
towards docetaxel, followed by paclitaxel, vincristine, and vinblastine (Hopper-Borge et al.,

2004).

Further studies have demonstrated that ABCC10 confers resistance to nucleoside-based agents,
cytarabine and gemcitabine. Furthermore, it transport other cancer drugs, such as daunorubicin
and epothilone B (Hopper-Borge et al., 2009). A study conducted in the same lab demonstrated
that embryo fibroblasts derived from ABCC10-knockout (ABCC107) mice developed
hypersensitivity towards paclitaxel, docetaxel, vincristine, and cytarabine, which is associated
with cellular accumulation of ABCC10 drug substrates compared with WT controls (Hopper-
Borge et al., 2011). In addition, mice treated with paclitaxel developed neutropenia-associated
toxicity in bone marrow, as well as toxicity in the thymus and spleen. Therefore, it suggests that
ABCCI10 transporter (ABCC10) plays a crucial role in anticancer drug resistance in vivo (Hopper-

Borge et al., 2011).

1.2.2.4. Synthetic inhibitors of MRP7 / ABCC10

As discussed above, ABCC10 confers resistance to many anticancer drugs, preventing its function
and aiding cancer cell proliferation and mortality. Therefore, mechanism based ABCCI10
inhibitors are desired to reverse drug resistance. The function of ABCC10 inhibitors is to bind to
the transporter and block the channel. This will lead to drug substrate accumulation in the cancer
cells and increase DNA damage, leading to inhibition of metabolism, cell cycle arrest, and finally,

cancer cell death, which stops proliferation and improves survival rate.
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Researchers are attempting to develop compounds that are potential inhibitors of ABCCI10.
Cepharanthine, an herbal extract isolated from Stephania cepharantha Hayata, has successfully
reversed the drug resistance towards paclitaxel of HEK293 cells transfected with ABCC10 (Zhou
et al., 2009). Similarly, it has been reported that the tyrosine kinase inhibitors imatinib and
nilotinib could also reverse the drug resistance of ABCC10 towards paclitaxel. However, the
western blotting analysis showed that the ABCC10 expression was not significantly affected

(Shen et al., 2009).

Furthermore, in the presence of epidermal growth factor receptor inhibitors, lapatinib and
erlotinib, the sensitivity towards docetaxel, paclitaxel, vinblastine, and vinorelbine was increased
in ABCC10-transfected HEK293 cells but not in parental HEK293 cells. Lapatinib was a more
potent ABCC10 inhibitor compared to Erlotinib. Therefore, it proves that combinational therapy

can overcome drug resistance and increase the efficiency of chemotherapy (Kuang et al., 2010).

In addition, phosphodiesterase type 5 inhibitors, sildenafil and vardenafil too enhanced the
sensitivity of paclitaxel, docetaxel, and vinblastine in HEK 293 cells transfected with ABCC10
but not in parental HEK293 cells (Chen et al., 2012). Similarly, a third-generation ABCB1
inhibitor, tariquidar, was able to increase the sensitivity of paclitaxel, docetaxel, vincristine,
vinblastine, and vinorelbine (Sun et al., 2013). Furthermore, in the presence of FMS-like tyrosine
kinase 3 inhibitor, tandutinib, the sensitivity of paclitaxel and vincristine has increased in
ABCCI10-transfected HEK293 cells but not in parental HEK293 cells (Deng et al., 2013).
Therefore, combining chemotherapy with an ABCC10 inhibitor is a promising strategy to

overcome drug resistance and improve therapeutic efficacy.

1.3. Docetaxel

1.3.1. History of Docetaxel Development

The first taxane was extracted from the bark of the Pacific yew or western yew tree (Zaxus
brevifolia). It was supplied to Dr. Jonathanl. Hartwells’ lab in 1964 by the National Cancer

Institute from the collection of Botanists Arthur S. Barclays 650 plant samples collected from
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bark, twigs, leaves, and fruit of Taxus brevifolia from Washington State in August 1962 (Wall &

Wani, 1995).

The plant was extracted in Dr. Hartwells’ lab, and its crude was obtained in 1964 following a
laborious process. Next, the name “taxol” was given, and its structure was deduced in 1971 in the
same lab (Wani et al., 1971). Furthermore, it was evident that the extracts had antitumor activity

against leukaemia, melanoma and several in vivo rodent assays (Wall & Wani, 1995).

In 1979, the mechanism of action of taxol was identified by Dr. Susan B. Horwitz and her group
(Schiff et al., 1979). From 1982 to 1994, there was a rapid development in chemical synthesis and

clinical trials of taxol (Table 1.4).

In 1991, the Cancer Institute conducted a competition, and the Cooperative Research and
Development Award was issued to Bristol-Myers Squibb, which filed a Food and Drug
Administration (FDA) approval for marketing a New Drug and received the application to

trademark Taxol in December 1992 (Wall & Wani, 1995).

Table 1.4. Chronology of Taxol Development

Event Year
Structure Determination 1971
Antitumor Activity 1975 -1976
Preclinical Development 1977
Mechanism of Action 1979
Animal Toxicology 1982

Phase I Clinical Trials 1983 — 1984
Phase II Clinical Trials 1985 — 1986
Synthesis of Taxol side chain 1986

Semi Synthesis of Taxol 1988
Improved Synthesis of Taxol Side Chain 1990 - 1993
Food and Drug Administration Approval 1992

Total Synthesis of Taxol 1994

Note: Adopted From (Wall & Wani, 1995)

However, as Taxol (Paclitaxel) was derived from an exhaustible sauce, there was a need to
develop a similar drug from a synthetic method. Therefore, in 1981, a French Chemist, Pierre
Potier, developed Taxotere (Docetaxel) semi-synthetically by esterifying 10-Deacetylbaccatin 111
obtained from the needles of 7axus Baccata, a European yew tree. Clinical trial phase I studies of
docetaxel were initiated in 1990, and phase II studies were conducted in 1992. Docetaxel was

further developed by an American Chemist, Robert. A. Holton. FDA approval was obtained to
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treat breast cancer in 1996, non-small-cell-lung cancer in 1999, metastatic hormone-refractory
prostate cancer in 2004, and head and neck cancer in 2006. Currently, new formulations are

undergoing to improve the efficiency of the drug and targeted drug delivery (Ojima et al., 2016).

1.3.2. Structure of Docetaxel

The chemical formula of docetaxel is C43H53NO14; it has an anhydrous molecular weight of
807.9 g/mol, and the weight of the trihydrate form (C43Hs3NO14.3H>0) is 861.9 g/mol (Clarke &

Rivory, 1999).

Docetaxel has the main taxane ring to which a four-membered oxetane side ring is attached at
carbon 4 and 5; in addition, at carbon 13, there is a bulky ester side chain attached, which plays a
central role in its anti-tumour function (Figure 1.2). Both docetaxel and paclitaxel have the above-
mentioned main taxane structure, explaining their similarity in function. However, it differs in
only two positions, leading to a slight change in their functionality. In Paclitaxel, an acetyl group
is attached to Carbon 10, which is replaced by a hydroxyl group in docetaxel, making it more
hydrophilic (Fauzee et al., 2011). In addition, the 3’ position on the lateral carbon 13 is attached

to a benzamide group in Paclitaxel, whereas it contains a tert-butyl carbamate in docetaxel.
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Figure 1.2. Structure of Docetaxel
Note: Adopted from PubChem
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1.3.3. Mechanism of Action

Taxanes have a mechanism of action different from all other anti-cancer drugs, which is called
hyper-stabilization of microtubules. Taxanes bind to microtubules and stabilize them, while vinca
alkaloids and colchicine inhibit microtubule polymerization (Montero et al., 2005). The bulky
ester side chain at C-13 is essential for binding the B-subunit of the tubulin heterodimer. The
microtubules produced by docetaxel are larger than the tubules made by paclitaxel. Furthermore,
docetaxel binds more strongly to the tubulin and retains it longer (Vaishampayan et al., 1999).
The taxanes stabilize the microtubules in a guanosine triphosphate (GTP) independent manner,
disrupting the physiological disassembly of microtubules and arresting the cell cycle at the
metaphase/anaphase boundary. This affects the mitotic spindles and inhibits cell division and
chromatic separation, leading to cell death. These drugs are mitotic inhibitors and cause frozen

mitosis, often called “mitotic Poisons” (Fauzee et al., 2011).

1.3.4. Clinical Uses

In human and mouse studies, docetaxel has proven anticancer activity against a broad range of
cancers, both in vitro and in vivo. Docetaxel displayed cytotoxicity in murine embryonic cells
(SVras) and leukaemia (P388) as well as human epidermoid carcinoma (KB), small cell lung
carcinoma (N417), colon adenocarcinoma (HCT116), bladder carcinoma (T24) and breast
carcinoma (Calc18) cell lines. Furthermore, docetaxel displayed 1.3 to 12 times more potency

than paclitaxel (Riou et al., 1992).

In in vivo studies, docetaxel antitumor activity was tested against several transplantable tumours
in mice. Following IV administration of docetaxel B16 melanoma (B16), pancreatic ductal
adenocarcinoma 03 (P03) and colon adenocarcinoma 38 (C38) were reduced significantly. In the
same study, Lewis lung carcinoma (3LL), Glasgow osteogenic sarcoma (GOS), lymphoid
leukaemia (L1210), and lymphocytic leukaemia (P388) responded to a lesser extent (Bissery et

al., 1991).

Docetaxel has produced promising results at higher doses as well as lower doses. Previous studies

have demonstrated that low-dose metronomic therapy (LDM) is cytotoxic to proliferating
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endothelial cells and inhibiting tumour vasculogenesis (Muta et al., 2009). Therefore, LDM

therapy may still show activity even after tumours have become taxane-resistant.

During phase I, II, and III clinical trials, docetaxel demonstrated a positive effect on patients
diagnosed with several cancer types when administrated alone or in combination with other
anticancer drugs. Lung cancer is one of the most prevalent and non-operable diseases. Many
studies provide evidence for a positive response for docetaxel among patient groups suffering
from non-small cell lung cancer as well as small cell lung cancer. A phase II study administered
docetaxel for 29 patients with unresectable stage III and IV Non-small cell lung cancer at a dose
of 100 mg/m2 intravenously (IV) over 1 hour every 21 days. The primary objective response was
observed among 38%, and the median duration of response was 5.3 months (P. A. Francis et al.,
1994). Another study displayed a similar response rate where 33% achieved partial response
during 14 weeks (Fossella et al., 1994). The same dose was administered to 34 patients with small
cell lung cancer, and 25% reported a partial response rate; the duration of response was 3.5 to

12.6 months (Smyth et al., 1994).

Docetaxel is a prominent drug used to treat breast cancer. It is very active, and some patients
demonstrate complete response during clinical trials. Docetaxel is administered to cancer patients
who are previously untreated, as well as those who have previously undergone treatments such as
surgery, radiotherapy, and other chemotherapy. There are several studies demonstrating the
efficacy of docetaxel. A study by the EORTC (European Organization for Research and Treatment
of Cancer) Early Clinical Trials Group administered docetaxel 100 mg/m?2 every three weeks as
a l-hour infusion. In this study, 24 patients were treated as second-line therapy; 13 achieved
partial remission, and 1 achieved complete remission (overall response rate 58%). Eight patients
were treated as first-line therapy; 2 achieved partial response, and 1 achieved complete response.
The median response duration was 38 weeks (ten Bokkel Huinink et al., 1994). Another study
demonstrated that in phase II trials, the overall response rate was 73% in patients receiving
docetaxel as first-line therapy. In contrast, the rate was 38% in patients receiving it as second-line
therapy (Eisenhauer & Trudeau, 1995). Furthermore, docetaxel seems to be superior to paclitaxel
in breast cancer treatment. In a phase III study with 449 patients, 225 patients were randomly
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assigned to receive 100 mg/m? docetaxel, and 225 patients were randomly assigned to receive 175
mg/m? paclitaxel. Both the overall survival rate and median time to progression were higher

among the group who received docetaxel (Jones et al., 2005).

Another most common cancer that is treated with docetaxel is ovarian cancer. In four phase II
trials, which study 340 ovarian cancer patients treated with docetaxel 100 mg/m? as 1-hour
infusions every three weeks, previously treated with cisplatin or carboplatin therapy, the overall
response rate was 30%. Among the patients who were once resistant to treatments, the response
rate was 28%. Response duration was 4 to 17 months (Kaye et al., 1997). Another study selected
97 patients who had disease relapse or disease progression within 12 months from platinum-based
first-line or second-line therapy and injected the same dose of docetaxel as mentioned above. The
overall response rate was 23.5 % whose tumour progressed in the most recent platinum treatment.
The median progression-free period was 3.9 months, and overall survival was 8.4 months (Piccart
et al., 1995). A similar response was observed among another study group that had administered
docetaxel to patients who were already resistant to platinum-based drugs. 35% observed partial
response, and the median response duration was five months (P. Francis et al., 1994). Therefore,
treatment with docetaxel is a solution to overcome platinum resistance among ovarian cancer

patients.

Prostate cancer is one of the leading causes of death among men. Mitoxantrone is one of the main
treatments provided along with prednisone. This combination has been able to reduce pain and
increase quality of life. However, the survival rate still needs to be improved. When combined
with prednisone, docetaxel has a higher survival rate than Mitoxantrone. One thousand six men
treated with 5 mg of prednisone twice daily were randomly divided into three groups and
administered either 12 mg/m? of Mitoxantrone every three weeks, 75 mg/m? docetaxel every three
weeks or 30 mg/m? docetaxel weekly until six weeks. The median survival was 16.5 months, 18.9
months, and 17.4 months, respectively. The predefined pain reduction was 22%, 35%, and 31%,
respectively. Furthermore, the improvement in quality of life was 13%, 22%, and 23%,
respectively, suggesting the docetaxel treatment every three weeks in combination with
prednisone gave the best overall expected outcome (Tannock et al., 2004). Another study
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compared two groups of men with androgen-independent prostate cancer; the first group was
administered 60 mg of Dexamethasone, 60 mg/m2 docetaxel, and 280 mg of Estramustine, and
the second group was administered 12 mg/m? of Mitoxantrone and 5 mg of prednisone. The first
group had a median survival of 18 months, whereas the second group had 15 months.
Furthermore, the median progression time was six months and three months, respectively. The
response rates were 17% and 10%, respectively, which too proved that docetaxel is a better

treatment for patients with androgen-independent prostate cancer (Petrylak et al., 2004).

Squamous cell carcinoma of the head and neck (SCCHN) is another malignancy which docetaxel
treats. In a study, 31 patients were treated with 100 mg/m? as a 1-hour infusion every three weeks.
13% demonstrated a complete response, and 29% had a partial response. The duration of response
was from 2 to 14 months (Dreyfuss et al., 1996). In another study, the same dose was given to 43
patients. Of them, ten had a partial response, and two yielded complete responses confirming the
use of docetaxel against SCCHN (Catimel et al., 1994). Docetaxel is responsive against metastatic
melanoma, too. Docetaxel was administered 100 mg/m? as a 1-hour infusion every three weeks
to 37 patients with no prior chemotherapy. One complete and one partial response was observed
(Einzig et al., 1996). When the same dose was administered to 29 patients with metastases of soft
tissue sarcomas, 5 had a partial response (17%, C.1. 6%-36%) (van Hoesel et al., 1994). Docetaxel
displayed less activity against renal carcinoma. Only one of the twenty patients in the phase 11
trial demonstrated a mixed response (Mertens et al., 1994). Similar results were obtained in
another study group, confirming its less activity towards renal carcinoma (Bruntsch et al., 1994).
Docetaxel displays a desirable response against pancreatic adenocarcinoma. In the phase II study,
40 patients were treated with 100 mg/m? as a 1-hour infusion every three weeks. 6% had a partial
response, and 38% displayed stable disease conditions. The median duration of response was 5.1

months, and the median pain control time was 4.5 months (Rougier et al., 2000).

Docetaxel is an active agent against advanced gastric cancer. In a phase II study, 33 patients were
treated with 1-hour infusions of 100 mg/m2 docetaxel every three weeks; the dose was reduced
as necessary. Eight of the evaluable patients achieved partial remission during a median of 7.5
months. In addition, 11 patients developed stabilization of the disease (Sulkes et al., 1994). In a
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phase II study, 75 mg/m2 docetaxel combined with 75 mg/m2 cisplatin and 750 mg/m2
fluorouracil (DCF) every three weeks shows a more desirable effect in advanced gastric cancer
patients. Four hundred forty-five patients were randomly assigned to be treated with DCF or 75
mg/m? cisplatin and 750 mg/m? fluorouracil (CF) every four weeks. The group that received DCF
treatment exhibited a longer time to progression than the CF group. The two-year survival rate
was 18% in DCF and only 9% among the CF group (Van Cutsem et al., 2006). Meta-analysis

studies further confirm these results (Li et al., 2019).

However, when administered in the normal phase II dose, 1-hour infusions of 100 mg/m?
docetaxel every three weeks display limited activity towards colorectal cancer. Of thirty-three
evaluable patients treated, only one achieved a complete response, and two achieved a partial
response (Sternberg et al., 1994). A similar pattern was obtained in other studies, too (Clark et al.,
1998; Pazdur et al., 1994). However, it displayed promising results in animal studies and in vitro
studies. Therefore, further measures should be taken to enhance the effect, such as varying the
dose, testing the combination of drug treatments, and moving on to advanced methods such as

genetic modifications.

1.3.5. Pharmacokinetics of Docetaxel

Docetaxel displays linear pharmacokinetics when administered between 20 mg/m2 and 115
mg/m?. Therefore, the area under the curve increases with increasing dose. The plasma clearance
was biexponential at lower concentrations (Concentrations below 70 mg/m2), and at higher
concentrations, it displayed a triexponential curve with three half-lives a, B, and vy, and for
concentration 115 mg/m2; it was reported as 5 minutes, 60 minutes, and 10 to 18 hours
respectively. The mean terminal half-life was recorded as 13.5+7.5 h, the plasma clearance was

21.2+5.3 liters/h/ m2, and the distribution volume was 72440 litres/m? (Extra et al., 1993).

The pharmacokinetic models’ studies using paediatrics demonstrated a bicomponent model with
a distribution half-life of 0.09 hours and an elimination half-life of 1.4 hours. The plasma

clearance was higher than adults and was reported as 33 liters/h/ m? (Clarke & Rivory, 1999).
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1.3.5.1. Metabolism of Docetaxel

Due to its low solubility during intravenous administration, docetaxel is formulated with
pharmaceutical vehicles, and in recent years, it has mostly been polysorbate 80. About 98% of
docetaxel within the body is protein-bound, mainly serum albumin, lipoprotein, and al-acid
glycoproteins. The concentration of al-acid glycoproteins varies among patients, and this could
contribute to the varied amount of free docetaxel observed in cancer patients. A meagre percentage
is associated with erythrocytes, and the majority is present in the plasma component of blood.
Also, it is reported that the drugs co-administered will not modify the plasma binding of docetaxel

(Urien et al., 1996).

Docetaxel distribution is evident in many tissues and was observed at the highest level in the liver,
bile duct, and intestine. However, a limited amount is presented among the central nervous system
and testis. The brain is protected from taxane thanks to efflux by P-glycoproteins at blood-brain
barriers. The exposure to docetaxel is higher in tumour tissues than in other tissues, but peak
tumour levels are low. However, as the elimination from tumour tissues is low, the area under the
curve is about five-fold higher than in plasma (de Weger et al., 2014). As it has low solubility,
oral administration of docetaxel is limited. Furthermore, orally administrated docetaxel is
extensively excreted from the intestine by P-glycoproteins, metabolized by CYP3A enzymes.
Preclinical studies have demonstrated that oral co-administration of docetaxel with a CYP3A
inhibitor, ritonavir, has increased the plasma docetaxel level by 50-fold. However, intravenous

and oral administration displayed similar tissue distribution and plasma protein binding.

Docetaxel is mainly metabolized by the hepatic cytochrome P450-3A subfamily of isoenzymes
(CYP3A) to inactive metabolites. Around 70-80% of dosed docetaxel is excreted through hepatic
clearance into bile by P-glycoproteins and MRP2 transporters as metabolites or parent drugs and
passes through faeces. Renal clearance is only about 5-10%, whereas excretion through breath is

not detected. It cleared entirely after seven days, and most recovered within the first two days.

Metabolism mainly occurs in the C-13 side chain, tert-butyl carbamate, where M2 is formed by

oxidation of one side chain methyl group. Next, the unstable aldehyde and acid, intermediates of
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the alcohol, are spontaneously cycled to form diastereoisomers M1 and M3 and a ketone

metabolite M4 (Royer et al., 1996).

The metabolites of docetaxel showed minimal cytotoxic activity (Sparreboom et al., 1996).
Docetaxel is the preferred drug for older adults with renal disease and impaired creatinine
clearance as it has limited usage of renal clearance. However, the dose must be altered when
treating patients with hepatic dysfunction as the docetaxel is mainly metabolized via the liver. The
clearance rate is reduced from 12- 27% among patients with elevated liver enzymes. Therefore,
this population's recommended dose is reduced to 75 mg/m? over a 1-hour infusion (Clarke &

Rivory, 1999).

1.3.6. Toxicities related to Docetaxel

Neutropenia was the most common dose-related toxicity observed in all studies. Several other
side effects also occur depending on the duration of the infusion and dosage. In the phase one
study with a five-day schedule, 1 mg/m? docetaxel was infused continuously for five consecutive
days. This process was repeated every three weeks, and the dose was increased each time. Initially,
the dose was increased by 100% until biological activity was detected. At this stage, the dose is
increased by 50% until grade 2 toxicity is observed; subsequently, the dose is increased by 25%
until the maximum tolerated dose. Granulocytopenia and concurrent mucositis were observed
starting at 12 mg/m?. However, different patients began to develop toxicities at different doses.
The area under the curve for plasma concentration and duration of exposure was directly
correlated with neutropenia. Therefore, dose modification is recommended according to the AUC

reported on the first day of the treatment (Pazdur et al., 1992).

Other toxic signs are visible when the infusion lasts longer than 1 hour. One study compared
infusion doses of 100 mg/m? for 2 hours and 115 mg/m? for 6 hours, repeated every three weeks.
Alopecia was observed in this study, which was absent in the previous study, with lower doses
administered in less time. The transient rash was observed in both groups but was more common
in 2-hour infusions, whereas Mucositis was more common among 6-hour infusions.

Hypersensitivity reactions were visible only among some patients (Burris et al., 1993). Another
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study treated 110 mg/m? for 1 hour on days one and eight. It repeated the process every three
weeks, displayed neutropenia, alopecia, and hypersensitivity reactions, and, in addition, showed
asthenia, skin toxicity, and edema. Furthermore, paresthesia aggravated in patients with
preexisting history, and new sensory symptoms developed in others (Tomiak et al., 1994). Another
study that tested 5 - 115 mg/m? doses during 1-2 hour infusions observed alopecia and delayed
cumulative skin reaction doses above 70 mg/m? (Extra et al., 1993). However, neither cardiac nor
neurotoxicity were observed in the above studies. Acute hypersensitivity reactions could be
controlled by pretreatment of 32 mg of methylprednisolone, 10 mg of cetirizine, and 1 mg of
ketotifen. Furthermore, skin toxicity is reduced with ointments of chlorhexidine and glycerin

(Schrijvers et al., 1993).

1.3.7. Limitations and Future Perspectives

Patients must visit the hospitals regularly as the pharmaceutical excipients cause hypersensitive
reactions. Therefore, new formulas should be developed for intravenous administration with the
same anticancer activity and can simultaneously reduce hypersensitivity reactions. Initial steps
have been taken to develop an albumin-bound paclitaxel, bringing about a satisfactory effect

(Blum et al., 2007). Therefore, these developments must be applied to docetaxel as well.

The bioavailability is less following oral administration. However, if developed to increase
bioavailability, it could be more accessible to administer and produce less hypersensitive
reactions. One group used nano micelles to improve the uptake of paclitaxel (Lian et al., 2013).

Therefore, similar approaches should be tested for docetaxel in the future.

Preclinical studies have demonstrated that docetaxel can increase plasma concentration when
administered with ritonavir. Therefore, further studies are essential to demonstrate its effect on
patients. Other combinations of drug forms should be tested, which will not reduce the antitumor

activity but increase the plasma concentration by delaying metabolism.

Most importantly, it is reported that the ABCC10 transporter is responsible for the drug resistance

developed among patients treated with taxanes. Therefore, possible drug combinations must be
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tested to act as ABCCI10 inhibitors. Also, novel approaches, such as gene editing using the

CRISPR technique, should be tested to alter the ABCC10 gene.

1.4. CRISPR-Cas9

1.4.1. Mechanism of the CRISPR-Cas9 system

CRISPR-Cas9 is derived from the bacterial immune system. It disrupts foreign plasmids or
viruses that invade the organism (Saber et al., 2020). CRISPR-Cas9 is currently recognized as a
promising tool for gene editing due to its ability to induce site-specific breaks in the DNA double-

strand (Ghosh et al., 2019).

The CRISPR-Cas9 system is comprised of two crucial constituents: a single-guide RNA (sgRNA)
and Cas9 nuclease. Cas9, typically derived from Streptococcus pyogenes (SpCas9), can cleave
double-stranded DNA. The Cas9 protein is characterized by two nuclease domains: HNH and
RuvC-like. The HNH domain cuts the complementary DNA strand, while the RuvC-like domain
cuts the non-complementary strand (Saber et al., 2020). The sgRNA, a typical 20 bp nucleotide
sequence, is designed to pair with the target DNA sequence through Watson-Crick base pairing
(Xia et al., 2019). The sequence of the sgRNA determines the precision of CRISPR-Cas9 genome
editing, as the first 10-12 nucleotides at the 3' end of the gRNA are involved in recognizing and
binding to the target sequence (Liu et al., 2019). Upon binding of the sgRNA to the designated
site provides guidance for the sgRNA-Cas9 complex, which is positioned at the protospacer
adjacent motif (PAM). This triggers a conformational alteration in the Cas9 protein, forming two
nuclease domains that cleave both strands of the target DNA, thereby generating double-strand
breaks (DSBs) approximately three nucleotides before the PAM site. SpCas9, a widely utilized
Cas9 variant, can recognize the typical PAM sequence NGG. This recognition site commonly
occurs in the genome and exhibits less restrictive requirements for target site selection. A mutation
occurring in a single amino acid in one of the two nuclease domains of the Cas9 protein will lead
to a single-stranded DNA break instead of the formation of DSBs. If both nuclease domains of

Cas9 are mutated, its ability to cleave DNA will be compromised (Xia et al., 2019).
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After double-strand breaks (DSBs) occur in mammalian cells, two main repair pathways are
promptly activated: non-homologous end joining (NHEJ) and homology-directed repair (HDR)
(Ghosh et al., 2019). NHEJ, being the primary pathway, mends DSBs by chemically rejoining the
two ends together (Baliou et al., 2018). Although this pathway is efficient, it often results in small
insertions or deletions at the site of the break (Xia et al., 2019). These insertions/deletions can
lead to frameshift mutations or premature stop codons, ultimately causing disruption to the target

gene (Karimian et al., 2019).

On the contrary, while less efficient, the HDR pathway is more precise. In this mechanism of gene
repair, a DNA template searches for a homologous position at the flanking site of the DSB to
reconstitute dysfunctional genes and restore gene function (Xia et al., 2019). The phase of the cell
cycle influences the choice of the repair pathway. NHEJ is commonly employed when the cell is
in the G1, S, or G2 phases, whereas HDR can only be utilized in cells during the S and G2 periods

(Baliou et al., 2018).

These two pathways are utilized differently in genomic editing based on their repair mechanisms.
The NHEJ pathway is typically employed for gene disruption, which may involve causing small
deletions or insertions, duplications, and inversions. Conversely, since the HDR mechanism can
introduce new genetic information into the genome, it is usually applied for large deletions,

insertions, and replacements (Baliou et al., 2018).

1.4.2. CRISPR-Cas9 in cancer therapeutics

Cancer represents a complex series of events involving the accumulation of genetic alterations,
including mutations, genome rearrangements, and epigenetic changes occurring in oncogenes and
tumour suppressor genes. Investigating both normal and cancerous cell genomes is crucial for
understanding the initiation processes and assessing the therapeutic responses of cancer cells to
facilitate the development of treatments (Rodriguez-Rodriguez et al., 2019). Consequently,
CRISPR-Cas9 technology, serving as a gene-editing tool, holds vast potential applications in this
domain. It can be utilized either to elucidate the underlying molecular mechanisms of tumour

growth or directly participate in various therapeutic approaches (Baliou et al., 2018).
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1.4.2.1. Association of CRISPR-Cas9 and cancer related genes

Due to the potential mutations and variations in genomic instability, cancer cells often exhibit
diverse genomic features as they progress through cancer development. Therefore, through
CRISPR/Cas 9, identifying mutant proteins that drive tumour proliferation can reveal cancer-

specific targets for drug development (Guo et al., 2017).

By applying CRISPR-Cas9 to different cell lines, shared essential genes across various cancer
types have been identified. By deducing these shared essential genes, CRISPR-Cas9 technology
provides an opportunity to pinpoint context-specific fitness genes in specific tumour cells. For
example, recent studies comparing four cancer types have identified several context-specific
fitness genes in glioblastoma, colorectal carcinoma, cervical carcinoma, and melanoma,
demonstrating the potential of genome sequencing and functional genomic screens for patient

categorization (Hart et al., 2015).

Furthermore, CRISPR-Cas9 has facilitated the correlation of functional genomic data with known
pathological features, aiding in the development of specific genetic mutation models for rare

tumours (Hong et al., 2016).

1.4.2.2. CRISPR libraries to combat drug resistance

Drug resistance in tumour cells is associated with multiple cellular mechanisms, including
epithelial-mesenchymal transition (EMT), alterations in autophagy and glycolysis, suppression of
apoptosis, epigenetic modifications, and changes in drug metabolism. New genomic changes are
triggered by treatment and tumour heterogeneity. Therefore, the treatment plan should be altered

to suit the new molecular features of the tumour (Saber et al., 2020)

To combat drug resistance, understanding the mechanisms behind it is crucial. Thus, CRISPR
libraries are employed for screening purposes to evaluate synthesized drugs or to test random
mutations, aiming to identify potential therapeutic targets (Kurata et al., 2018). Genome-wide
CRISPR activation (CRISPRa) and CRISPR knockout (CRISPRn) screens are utilized to assess
the effects of gain or loss of function in various genes on tumour drug response. By modifying

genomic DNA at the single nucleotide level or knocking out specific genes, the CRISPR-Cas9

46|Page



system offers a platform to investigate the mechanisms of drug resistance across different cancer

types (Konermann et al., 2015).

1.4.2.3. Role in examining noncoding regulators of cancer
Apart from protein-coding genes, numerous non-coding genome regions play crucial roles in
regulating protein-encoding gene expression. CRISPR-Cas9 offers a powerful tool for exploring

the potential therapeutic utility of these non-coding regions in cancer therapy.

Utilizing CRISPR interference (CRISPRi), researchers have identified nine distal enhancers
located within a one-megabase sequence near the MYC and GATA1 oncogenes. These noncoding
regulators can be manipulated and potentially harnessed for novel cancer treatment strategies

(Fulco et al., 2016).

Moreover, besides targeting enhancer binding sites, CRISPR screening using saturation
mutagenesis or deletion can identify various other oncogenic modulators, including long
noncoding RNAs (IncRNAs) (Zhu et al., 2016), microRNAs (miRNAs) (Golden et al., 2017), and
other critical noncoding regions such as introns and untranslated exons (Kataoka et al., 2016).
This broader approach enables the detection of a wide range of potential targets involved in cancer

progression and drug resistance.

1.4.2.4. Application in cancer immunotherapy

One of the most impactful applications of CRISPR-Cas9 technology in cancer therapy lies in its
integration into cancer immunotherapy, which stands as one of the most promising treatment
strategies for cancer. The immune system, particularly T lymphocytes, plays a pivotal role in

recognizing tumour-specific antigens, thereby potentially eradicating cancerous cells.

CRISPR-Cas9 technology has emerged as a powerful tool for eliminating genes encoding immune
checkpoint molecules, such as programmed cell death protein 1 (PD-1) and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), which are expressed in T cells. In cancer patients,
chimeric antigen receptor (CAR)-T cells can lead to exhaustion. Additionally, tumour cells can

upregulate the expression of PDL-1, resulting in reduced immune response. Universal T-donor
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cells have been successfully generated by CRISPR-Cas9-mediated simultaneous knockout of four

loci of PD-1 and CTLA-4. (Ren et al., 2017).

Similarly, CRISPR-Cas9 technology has been utilized to overcome the Fas receptor member of
the tumour necrosis factor a family of death receptors. Fas/FasL-dependent activation-induced
cell death (AICD) has been reported to contribute to attenuating CAR-T cell activity. Therefore,
Fas-induced cell death was reported to be prevented by knocking out the Fas receptor using

CRISPR-Cas9 technology (Ren et al., 2017).

In conclusion, this method holds significant implications for personalized cancer therapy, as
genetically modified T cells carrying tumour-targeting receptors have achieved positive
therapeutic outcomes in patients with various haematological malignancies such as leukaemia and

lymphomas (Mollanoori et al., 2018).

1.4.3. Factors Affecting Therapeutic Efficacy

While CRISPR-Cas9 technology has demonstrated promising advancements in previous clinical
trials, several factors continue to influence its effectiveness and safety for widespread clinical
application. These factors primarily revolve around the fitness of the edited cells, editing
efficiency, delivery methods, and the potential for off-target effects. Ensuring that the edited cells
are robust and functionally viable is essential for therapeutic success. Additionally, optimizing
editing efficiency to achieve precise and accurate modifications without off-target editing is
critical. Moreover, the development of efficient delivery methods that can effectively transport
CRISPR-Cas9 components to target cells in vivo remains a significant challenge. Addressing
these challenges will be crucial for harnessing the full potential of CRISPR-Cas9 technology in

clinical settings while ensuring its safety and efficacy for therapeutic purposes.

1.4.3.1. Fitness of edited cells

One of the challenges in the clinical use of CRISPR-Cas9 technology is the fitness changes in
edited cells. Fitness changes refer to alterations in the adaptability, proliferation capacity, and
viability of genetically edited cells compared to their unedited counterparts. If edited cells exhibit

improved proliferation and adaptability, they may gain a selective advantage over unedited cells,
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reducing the initial cell number needed to reverse the antitumor effect (Cox et al., 2015).
Conversely, if edited cells experience fitness defects, such as reduced proliferation and
differentiation capabilities compared to unedited cells, they may be concealed by diseased
counterparts. This scenario increases the threshold for modification and diminishes treatment
efficiency. Therefore, the gene that leads to producing such unfit cells is not considered a suitable
candidate for gene editing therapy (Xia et al., 2019). Thus, understanding and managing fitness
changes are crucial considerations for the successful implementation of CRISPR-Cas9 in clinical

settings.

In certain types of cancer, edited cells may not exhibit changes in fitness, proliferation, or
differentiation, potentially necessitating editing a larger initial cell population for therapeutic
effect. If diseased counterparts surpass modified cells, there remains hope for curing the disease
through in vitro CRISPR-mediated genome editing, in which edited cells are expanded
sufficiently in vitro before reintroducing into the patient. Furthermore, cancer cells mainly possess
more significant growth advantages than normal cells, including rapid proliferation. However,
there is a risk of spontaneous mutation in p53 in edited cells, and Cas9 may induce a p53-mediated
DNA damage response. Therefore, monitoring p53 function is critical to ensure that patients' cells
retain functional p53 before and after engineering (Chen et al., 2019). This emphasizes the
importance of thoroughly assessing and managing potential risks associated with CRISPR-Cas9

gene editing therapies in cancer treatment.

1.4.3.2. Editing efficiency

The repair pathway of double-strand breaks (DSBs) significantly influences editing efficiency.
NHEJ induces frameshift mutations or premature stop codons, making it suitable for gene
knockout studies. In contrast, HDR targets transgenes or replaces specific genomic mutations with
exogenous sequences. The choice between NHEJ and HDR-mediated repair mechanisms results
in noticeable differences in editing efficiency, observed across different cell types and within
different cell states. Generally, NHEJ pathways exhibit higher activity and efficiency in most cell
types compared to HDR pathways. In germ cells, replication occurs, increasing the chance of
integrating homologous chromosomes into the genome. However, in somatic cells, replication
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primarily occurs from the identical sister chromatids, resulting in a low integration rate of donor
DNA. Furthermore, HDR is limited to the S/G2 stages of the cell cycle, where sister chromatids
are available for repair. Utilizing sequences from sister chromatids or homologous chromosomes

enhances the accuracy of DNA repair in the HDR pathway (Devkota, 2018).

In summary, NHEJ is generally more flexible and efficient for generating indels to knock out
carcinogenic genes, while HDR offers precise genetic modification but is relatively slower. The
activity of the DSB repair pathway dictates the speed of gene editing, thus affecting the efficacy
of most gene-editing processes. Enhancing the efficiency of the HDR repair pathway presents a
significant challenge. The DNA repair machinery can be manipulated to favour either NHEJ or
HDR based on experimental requirements. Strategies to increase HDR repair pathway efficiency
include activating HDR chemically or genetically or suppressing NHEJ activity. Cells can be

arrested at the S/G2 cell cycle stage to provide more time for HDR. (Cox et al., 2015).

1.4.3.3. Editing and Delivery Methods

For the comprehensive implementation of CRISPR-Cas9-mediated gene therapy in clinical
applications, selecting appropriate editing and delivery methods poses a significant challenge.
Currently, two main editing methods are available: in vitro and in vivo. The in vitro method
includes removing targeted cells from the patients, editing outside the body, and re-engrafting.
However, for this process, the cells should be capable of surviving outside the human body. In
contrast, in vivo methods include altering the genes inside the body. It can be either by targeted

local injection or by editing a wide range of tissue types (Cox et al., 2015).

The success of gene editing comprises effective cell targeting, rapid clearance, and minimal
cytotoxicity within the CRISPR system. However, achieving all these criteria simultaneously with
current delivery methods is challenging. Reducing off-target effects and immune responses is
crucial for realizing sufficient clinical benefit. Additionally, programmable nucleases must be
transiently delivered appropriately to avoid possible off-target cleavage and immune response
activity. Moreover, the choice of delivery method impacts whether the nuclease expression in the

target cell is transient or permanent.
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Delivery methods generally fall into three categories: physical delivery, viral vectors, and non-
viral vectors. Standard physical delivery methods include microinjection and electroporation.
Viral delivery vectors encompass specifically engineered adeno-associated viruses (AAV), full-
sized adenoviruses, and lentiviruses, with viral vectors being the predominant choice for in vivo
CRISPR-Cas9 delivery. Although less common, non-viral vector delivery offers several
advantages over viral vectors and is an area of growing research. Non-viral vector systems include

nanoparticles (Chen et al., 2019).

1.4.3.4. Off-target effects

Off-target effects (OTEs) in CRISPR-mediated gene editing can arise from various events,
including unintended DNA cleavage or binding at genomic sites and subsequent editing or
regulatory events. Studies have shown that OTEs often lead to the generation of insertions or
deletions (indels) at undesired genomic loci. The specificity of CRISPR-related nucleases is
influenced by factors such as the genomic locus, host cell type, culture conditions, and the dose
and duration of nuclease presence. Continuous genetic modification increases the risk of off-target
cleavage and reduces editing specificity, potentially causing unnecessary mutations and toxicity.
CRISPR-Cas9 has been found to pose a higher risk of off-target effects in human cells compared
to other genome editing methods like zinc finger nucleases (ZFNs) and transcription activator-
like effector nuclease (TALENSs). Off-target effects can lead to genomic toxicity, carcinogenesis,
genomic instability, disruption of functional genes, epigenetic changes, cell death, and cell

transformation (Xia et al., 2019).

The successful monitoring of on-target changes in genome-edited cells can be achieved through
targeted analysis of genomic loci using various assays. Detection and mapping of off-target effects
(OTESs) allow for the assessment of the specificity of a particular guide RNA (gRNA). However,
the impact of detected OTEs on the interpretation of experimental results remains uncertain.
Despite techniques available for assessing the specificity of particular guide RNAs, off-target
effects can still impact the interpretation of experimental results. Therefore, it is crucial to
minimize and control off-target effects. Previous studies have developed strategies using a range
of design tools, engineered reagents, and experimental procedures to mitigate off-target effects.
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These strategies aim to increase the specificity of nuclease-mediated cleavage at the target site or

restrict the duration of nuclease expression to minimize off-target mutations (Chen et al., 2019).

Multiple strategies are implemented in experimental design and downstream phenotypic
assessment to reduce OTEs and derive meaningful conclusions. Proper selection of the gRNA is
crucial, with target sequences chosen for lower homology and careful control of CRISPR-Cas9
dosage. Modifications to the structure and composition of the gRNA, such as using truncated
sgRNAs, can reduce off-target effects. Additionally, high-fidelity Cas9 nuclease variants have
been developed, showing a significant reduction in off-target cleavage events while maintaining

on-target editing capability (Campenhout et al., 2019).

The choice of delivery method can also influence off-target effects, as different methods result in
varying levels and durations of Cas9 and gRNA expression. While cell lines with stable and
constitutive Cas9 expression are beneficial for gene knockout, continuous high-level expression
of Cas9 may increase off-target effects due to increased mismatch tolerance. Despite efforts to
reduce OTEs, they cannot be entirely avoided. Therefore, steps should be taken in experimental

design to control these effects and increase confidence in the results (Cox et al., 2015).

In summary, CRISPR-Cas9 holds excellent promise as a gene-editing tool in anticancer therapies.
Despite challenges, systematic optimization of its efficacy, safety, and specificity can lead to the

development of effective biological treatments, enhancing patient outcomes in the future.

1.5. Research hypotheses and aims

We hypothesize that ABCC10 gene (encoding MRP7) can be silenced by using CRISPR-Cas9
system in human colorectal Caco-2 cells. This thesis aims to investigate the deletion of ABCC10
by using liposome-mediated delivery of ABCC10 guide-RNA/Cas9 protein ribonucleoprotein
complexes and to evaluate the effect of ABCC10 silencing on the proliferation of colorectal

Caco-2 cells and their sensitivity to docetaxel.
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2. Materials and Methods

2.1. Chemicals and reagents

The chemicals and reagents used in this study are listed below in Table 2.1.

Table 2.1. Chemicals and reagents used for the study with their supplier

Chemicals

Supplier

Lipofectamine™ CRISPRMAX™ Cas9
transfection kit

Thermo Fisher (Pub.No.MANO0014545)

TrueCut™ Cas9 Protein v2

Thermo Fisher (Pub.No.MAN0017066)

DMEM

Thermo Fisher

Opti-MEM medium

Thermo Fisher

Fetal Bovine Serum (FBS)

Moregate biotech

Phosphate Buffered Saline (PBS)

Thermo Fisher

TrypLE™ express enzyme

Thermo Fisher

GeneArt® genomic cleavage detection
kit (GCD)

Thermo Fisher

2.2. Reviving Cell Culture from Frozen Cells

The Caco-2 cell lines already available at AUT University were defrosted by immersing the frozen

cells containing vials in a 37 °C water bath for a few minutes with continuous agitation. Complete

media was prepared by adding 10% Fetal Bovine Serum (FBS) to Dulbecco's Modified Eagle

Medium (DMEM). Next, 5 ml of complete medium was added to a T25 flask, and the defrosted

Caco-2 cells were added to it. The cells were placed in a CO» incubator at 37 °C for 24 hours. The

next day, the medium was removed, 5 ml of new complete medium was added, and the cells were

allowed to grow in the CO; incubator at 37 °C until confluent.

2.3. CRISPR-Cas 9 Transfection

A CRISPR-Cas9 Transfection was carried out to produce an ABCC10/MRP7 knockout Caco-2

cell line. The contents of the Lipofectamine™ CRISPRMAX™ Cas9 transfection kit, TrueCut™

Cas9 Protein v2 and the Invitrogen™ TrueGuide™ Synthetic gRNA were used in this reaction.

The steps followed are explained below.
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2.3.1. Preparation of sgRNA working solution

The 1.5 nmol dry sgRNA from Thermo Fisher was dissolved in 15 pl of 1X TE buffer to prepare
100 pmol/ul stock sgRNA solution. The working solution (15 pmol/ul sgRNA) was prepared by

dissolving 15 pl of the stock solution in 85 pl of nuclease-free water.

2.3.2. Seeding Cells

Once the Caco-2 cells were about 70-80% confluent in the T25 flask, the complete medium was
removed, and the cells were washed with 5 ml of pre-warmed PBS. Next, 2ml of TrypLE™ was
added to the flask and incubated for 5 minutes at 37 °C. Once the cells were detached, 4 ml of
complete medium was added to the flask, and the contents were transferred to a 15 ml centrifuge
tube. The cells were centrifuged at 1200 rpm for 5 minutes. The supernatant was discarded, and

the cell pellet was resuspended in 1 ml of complete medium.

For the cell counting, 10 pul of the resuspended cells were added onto a parafilm and mixed with
10 pl of Trypan Blue. Trypan blue is added to stain the cells to ease the cell counting. The mixture
was loaded to one side of the haemocytometer until it filled the area under the cover slip. The
haemocytometer was kept under a microscope and observed under a 10X objective. The total
number of cells in the four corner squares was counted, and the cell number was calculated using

the following equation.
Number of cells per ml = Average number of cells X dilution factor X 10*

The cell concentration was adjusted to 100,000 cells/ml, and 1 ml of this solution was added to
five wells of the 6-well plate to have a final Caco-2 cell concentration of 100,000 cells per well
(Figure 2.2). The cells were grown in a CO, incubator at 37 °C. The following day, transfection

was carried out as described below.

2.3.3. Transfection

Two separate solutions (solution 1 and solution 2) were prepared with a mixture of different
reagents, as shown in Figure 2.1 below. Solution 1 had four different compositions; therefore, it

was prepared in four separate tubes labelled from A to D.
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Solution 1

Tube C (15 pmol/pl | Tube D (45 pmol/pl
Tube A (gRNA only) | Tube B (Cas9 only) oRNA + Cas9) oRNA + Cas9)
50 pl Opti-MEM 50 ul Opti-MEM
. 50 pl Opti-MEM + +
50 pl Oﬁtl‘MEM T 2.5 ul (2500ng) Cas9 | 2.5 ul (2500ng) Cas9
2.5 ul (2500ng) Cas9 Protein Protein
3ul %_RNA Protein + +
+ 1 ul gRNA 3 ul gRNA
Sliu (1) t% ztsz?nﬁlrlll: 5 pl Cas9 Plus + +
p lipofectamine 5 ul Cas9 Plus 5 ul Cas9 Plus
lipofectamine lipofectamine
Solution 2

12 pl Lipofectamine CRISPRMAX
+

200 pl Opti-MEM

Figure 2.1. Composition of Transfection Solutions

Solution 1 (tubes A to D) was incubated at room temperature for 10 minutes. Solution 2 was
incubated at room temperature for 1 minute and quickly transferred 50 ul of solution 2 to tubes
A, B, C and D. The solutions were mixed and incubated at room temperature for 15 minutes.
Finally, add 100 pl of each tube (Tube A to D) into four separate wells of the 6-well plate, as

shown below in Figure 2.2.

15pmolipd

gRNA only
gRNA + Cas9

Cas9 only

o .D?
l lb:j
2

45pmolipd
gRNA + Cas9

Figure 2.2. Layout of transfection 6-well plate
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The plate was incubated at 37 °C for two days. After two days, the culture medium was removed,
and the cells were washed with 500 pl of PBS. Next, the cells of each well were prepared to detect

the cleavage efficiency.

2.4. Cleavage Efficiency Assay

This study used a GeneArt® genomic cleavage detection kit purchased from Thermo Fishers. The
gene editing efficiency was detected according to the manufacturer's instructions supplied with

the kit.

In the process of creating ABCC10/MRP7 knockouts, a gRNA specific for the ABCC10 gene is
used. Following the CRISPR-Cas9 transfection process, double-stranded breaks will be created,
and during the process of non-homologous end joining, indels will be incorporated into the DNA

strand.

In this method, the gene target that contains the indels will be amplified by PCR using pre-
designed primers for the interested region. The PCR product will be subjected to several cycles
of denaturing and reannealing. Mismatches will be generated when the strands with indels are re-
annealed with complementary stand with no indels. The product will be cleaved with the T7
Endonuclease 1 (T7E1) Detection Enzyme provided in the kit. Only the DNA regions with
mismatches will be cleaved by the enzyme. Therefore, the correctly transfected cells will have
three bands, while the un-transfected cells will only have the band corresponding to the PCR
product. The digested product will be visualized using agarose gel electrophoresis. The cleavage

efficiency will be calculated by band densitometry. Each stage of this process is explained below.

2.4.1. Harvest Cells

The cells ready for cleavage analysis were centrifuged at 200 g for 5 minutes at 4 °C. The

supernatant was removed, and the cell pellet was stored at -80 °C until prepared for the reaction.

56|Page



2.4.2. Cell lysis and DNA extraction

A Cell lysis buffer and Protein degrader mix was prepared by mixing 250 pl of cell lysis buffer
with 10 pl of the protein degrader in a microcentrifuge tube. An aliquot of 50 pl of this mixture
was added to each cell pellet obtained from the tubes containing cell pellets of wells A, B, C, D,
and W (of the transfected 6-well plate). The cells were resuspended, and all the content was
transferred to five separate PCR tubes. The following program (Table 2.2) was run on a

thermocycler, and the product was used for the downstream PCR analysis step.

Table 2.2. Temperature program for cell lysis

Temperature Time
68°C 15 minutes
95°C 10 minutes
4°C Hold

2.4.3. Preparing primer working solution

The forward (sequence - GAGGTGAGGGGTATGTCTGG) and reverse (sequence -
CACAACACGGTCAGCACTAG) primers were designed using the Invitrogen TrueDesign
Genome Editor software (Thermo Fisher Scientific, NZ). Both primers had a higher GC content,
between 40-60%. The primers were designed to amplify the region, which included the indels.
Furthermore, they were designed to produce bands of two distinguished sizes following cleavage

with the T7E1 Detection Enzyme.

Both forward and reverse primers' stock solution was 100 uM, whereas their working solution
was 10 pM. The dry forward primer (32.6 nmol) was dissolved in 326 pul of the TE buffer to
prepare a 100 uM stock solution. Similarly, the reverse primer (26.7 nmol) was dissolved in 267
ul of the TE buffer. Both the stock solutions were diluted ten times to prepare the working

solutions.

2.4.4. PCR amplification

The cell lysate prepared as described in section 2.4.2 was vortexed and added 2 pl of it along with
the other components mentioned in (Table 2.3) according to the specified volumes to PCR tubes.
The final mixture was placed in a thermocycler, and the temperature was changed according to

the PCR program mentioned in (Table 2.4)
57T|Page



Table 2.3. Composition of the PCR mixture

Component Sample Control
Cell lysate 2 ul -
10 uM F/R primer mix 1 uL -
Control template primers - 1 pL
ampliTaq Gold 360 Master Mix 25 uL 25 uL
Water 22 uL 24 uL
Total 50 pLL 50 pLL
Table 2.4. Temperature program of PCR reaction
Stage Temp Time Cycles
Enzyme activation 95 °C 10 minutes 1X
Denature 95 °C 30 second
Anneal 58.9 °C (Tm) 30 second 40 X
Extend 72 °C 30 second
Final Extension 72 °C 7 minutes 1X
Hold 4 °C Hold 1X

2.4.5. PCR Products Gel Analysis

A 2% agarose gel was prepared by dissolving 1 g of agarose in 50 ml of 1X TBE buffer in a 100
ml conical flask. The flask was heated for 2 minutes in a microwave oven until the solution
became clear with no clumps. Red-safe dye was added to this solution and was poured onto a tray
while hot. Once the gel became cool and solid, the comb was removed, and the samples were

loaded after placing the gel in a gel tank.

2.4.6. PCR product verification

A ladder was loaded to the first well (1 pl ladder (100 bp Thermo Fisher) + 2 pl dye (10X blue
juice supplied with ladder) + 11 ul water) to compare the band size. To the rest of the wells, 10 pl
of the PCR products were added after mixing with 2 ul of gel loading dye. Gel electrophoresis
was performed at 50 V for 10 minutes, and the voltage was later increased to 100 V and continued
for 1.5 hours. Following the electrophoresis, the gel was observed using MS major Science, Gel
documentation system. If a single band of the expected band size was obtained for the PCR
products, proceed to the denaturing and reannealing step to form mismatches. The PCR products

were stored at -20 °C until the next step was performed.

2.4.7. Cleavage Assay

The PCR product (2 ul) was mixed with 1 pl of the 10X Detection reaction buffer in a PCR tube.

Added 6 ul of nuclease-free water to make the final volume 9 pl. The mixture was then placed in
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a LightCycler® 480 Real-time PCR System (Roche Molecular Systems, Inc), and the re-

annealing program was performed, as shown below in Table 2.5.

Table 2.5. Temperature program of re-annealing cycle

Stage Temperature Time Temperature/Time

1 95 °C 10 minutes -

2 95-85 °C - -2 °C/s
3 85 °C 1 minute -

4 85-75°C - —0.3 °C/s
5 75 °C 1 minute -

6 75-65 °C - —0.3 °C/s
7 65 °C 1 minute -

8 65-55 °C - —0.3 °C/s
9 55 °C 1 minute -

10 55-45°C - -0.3 °C/s
11 45 °C 1 minute -

12 45-35°C - —0.3 °C/s
13 35°C 1 minute -

14 35-25°C - -0.3 °C/s
15 25°C 1 minute -

16 25-4°C - -0.3 °C/s
17 4°C e -

Once the temperature program was completed, proceeded to the enzyme digestion. For each
sample, 1pul of the detection enzyme and 1ul of water were added for each control. All the
mixtures were placed in Mastercycler® Pro (Eppendorf AG) and incubated at 42 °C for 30

minutes. Following the reaction, immediately proceeded to the gel analysis.

2.4.8. Cleavage Products Gel Analysis

A 2% agarose gel was prepared by dissolving 2 g of agarose in 100 ml of 1X TBE buffer in a 250
ml conical flask. The solution was dissolved, as mentioned in section 2.4.5. above, and 1X
SYBR™ Gold stain was added and allowed to be solidified on a gel tray. The cleavage product
(10 pl) was mixed with 2 pl of loading dye and loaded into the wells. The rest of the steps were
followed, as mentioned in section 2.4.5. Following Gel electrophoresis, the cleavage efficacy was

calculated using the equation below.
Cleavage Efficiency = 1 — [ (1 — fraction cleaved)'?]

Fraction cleaved = sum of cleaved band intensities / (sum of cleaved and parent band intensities)
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2.5. Selection of Single Clones

After determining the cleavage efficiency, knockout clones were selected using the limiting
dilution method. The Caco-2 cells transfected with 15 pmol/ul gRNA, and Cas9 was used for the
downstream process. The cells were seeded as described in section 2.3.2. The seeding cell density
was 0.8 cells per well. This amount was seeded to prevent having more than one cell per well.
Therefore, 100 pl of 8 cells/ml solution was added to each well of a 96-well plate. Only one well
in the corner was seeded with 1000 cells per well. This was to ease focusing the microscope as
detecting one cell is difficult. The layout of the 96-well plate for limiting dilution is given below

in Figure 2.3.

1000

Figure 2.3. The layout of the 96-Well plate for limiting dilution
Note: The yellow box indicates 1000 cells per well, and the white colour boxes indicate 0.8 cells
per well seeding densities.

The wells were checked under the microspore every 3-4 days, and the wells containing surviving
cells were marked. The complete medium was changed weekly, and once the cells were

approximately 80% confluent, they were transferred to 12-well plates.

After the cells had reached confluency in the 12-well plate, the surviving cells were transferred
to 6-well plates, each having two copies, one for western blotting analysis and the other for MTT

analysis.

Once the cells are about 80% confluent, they are transferred to T25 flasks. Following this process,
fifteen clones were isolated, those which had undergone both western blotting and MTT assay.
These clones were analysed to detect if the expected knockout was produced during the

transfecting process.
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2.6. Western Blotting

Western Blotting analysis is performed to detect the expression of the protein ABCC10. A signal
should be produced at around 158 kD if the protein is expressed in the cells. A western blot was
developed to observe the signal corresponding to ABCC10 in the wild Caco-2 cells. Next, the
developed method was used to compare the western blot results of the wild Caco-2 cells and the
cells of the single clones obtained from CRISPR-Cas9 transfection to detect if the knockout was
successful. If a homologous knockout is produced, the signal corresponding to the ABCC10

around 158 kD should be absent in the western blot.

2.6.1. Preparation of cell lysate

Once the wild Caco-2 cells grown in T25 flasks reach about 80% confluency, they will be used
for the western blotting. First, the old culture medium is removed, and the cells are washed twice
with ice-cold PBS. The PBS was discarded, and 500 pl of Dithiothreitol-containing Laemmli
sample buffer was added to the flask at room temperature. The composition of the mixture is

given below in Table 2.6.

Table 2.6. Composition of Dithiothreitol containing Laemmli sample buffer.

Solution Volume

4 X Laemmli Buffer 250 ul
1000 mM Dithiothreitol (DTT) 50 ul
Mili Q water 200 ul

Total 500 pl

The volume of the lysis buffer needs to be adjusted according to the confluency; for example, if
the cells are about 50% confluent, 300 ul from the final mixture was added because the cells will

tend to degrade in the presence of more lysis buffer.

The T25 flask containing the lysis buffer was swirled to uniformly spread the buffer. The lysate
was scraped using a cell scraper and collected in a weighing boat. The lysate was passed several
times through a 27.5-gauge needle to reduce the viscosity. Next, the lysate was transferred to a
microcentrifuge tube and centrifuged at 14,000 g for 15 minutes at 4 °C. The cell pellet was
discarded, and the supernatant was transferred to a new tube kept on ice and stored at -80 °C until

used for further steps in the western blot analysis.
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2.6.2. Western blot gel electrophoresis

The gel tank was assembled, and a 10% precast polyacrylamide gel cassette (Mini-PROTEN
TGX) was placed in the tank (Bio-RAD mini-PROTEAN® Tetra System). The tank was loaded
with 1X running buffer (Tris/Glycine/SDS), and the lysed cells were loaded into the wells with a
ladder (Precision Plus Protien™ Dual Xtra Standards). The electrophoresis was conducted by
running the gel for 10 minutes at 50 V and next for 1 hour at 100 V in Bio-RAD PowerPac
Basic™. After the electrophoresis, the proteins on the gel were transferred to a membrane using
Trans-Blot® Turbo™ Mini PVDF Transfer Packs and System. The efficiency of protein transfer

will be assessed by MemCode™ Reversible Protein Stain Kit — for PVDF Membranes.

2.6.3. Staining with antibodies and visualizing

The PVDF membrane was blocked with blocking buffer (0.5% milk dissolved in TBST and
filtered) for 1 hour at room temperature on a plastic tray with continuous agitation. Next, the
membrane was washed with TBST for 5 minutes while shaking. The membrane was incubated
with the primary antibody (1 pg/ml) diluted in blocking buffer for 1 hour at room temperature
with continuous agitation and left overnight at 4 °C in a fridge. The next day, the primary antibody-
stained membrane was washed thrice with TBST buffer for 3 minutes each. The excess TBST was
removed, and the membrane was stained with the secondary antibody (1 pg/ml) conjugated with
horseradish peroxidase (HRP) diluted in a blocking buffer for 1 hour at room temperature in a
dark environment while shaking. Following the incubation, the membrane was washed twice with
TBST for 3 minutes and once with Mili Q water (3 minutes), all the time with continuous shaking
to remove unbound antibodies. Meanwhile, a working solution of SuperSignal™ West Atto was
freshly prepared by mixing 3ml of each peroxide and substrate solution. This solution was added
to the membrane and agitated for 5 minutes at room temperature. The blot was removed from the
solution and placed on a tray, carefully ensuring no bubbles were trapped. An image of the blot
was captured using the ImageQuant LAS 500. Images were captured using auto exposure, semi
auto exposure and adjusting the exposure time from 30 seconds to 3 minutes. The best image was

selected from all the images generated.

62|Page



2.6.4. Western blot method optimisation

The western blot image obtained after following the abovementioned steps did not consist of a
clear signal corresponding to ABCC10. Therefore, the western blot was developed using different
lysis buffers to select the buffer producing the clearest ABCC10 signal. When the lysis buffer
used is strong, it will degrade the protein, and the expected signal will not appear. Therefore, in
such a case, a milder buffer is preferred. Detergents such as sodium dodecyl sulfate (SDS) will
solubilize proteins but may be harsh for some proteins. Therefore, in this study, different lysis
buffers were tested to detect which was best for the antibody used and which produced the

expected signal for ABCC10 at 158 kD. The different lysis buffers used in this study are given

below.
1. Laemmli Buffer 4. EDTA Buffer
277.8 mM Tris-HCI, pH 6.8 50 mM Tris-HCI, pH 6.8
44.4% (v/v) glycerol 2% Sodium Dodecyl Sulfate
4.4% LDS 1 mM Ethylenediaminetetraacetic acid (EDTA)
0.02% bromophenol blue 10% glycerol
2. RIPA Buffer 5. Triton — X Buffer
10 mM Tris-HCI, pH 7.4 50 mM Tris-HCI, pH 8.0
150 mM NaCl 0.1% Triton-X
0.1% Triton X — 100 150 mM NaCl

0.5% Sodium Deoxycholate
0.1% Sodium Dodecyl Sulfate 6. Tris-NaCl Buffer

50 mM Tris-HCI, pH 8.0
3. Tris Buffer 150 mM NaCl

50 mM Tris-HCI, pH 8.0
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Before reacting with the cells, all these buffers were mixed with a phosphatase inhibitor
(PhosSTOP) and Protease inhibitor cocktail tablets (supplied by Roche). The final mixture added

to the cell lysate is given below.

Table 2.7. Composition of cell lysate mixture

Cell lysate Mixture for 50% confluent T25 flask

Solution Volume
Cell Lysis Buffer 300 pl
10 X phosphatase inhibitor 30 pl
25 X Protease Inhibitor 24 ul
Total 354 nl

The cell lysate will be prepared from the Caco-2 cells grown in the T25 flask using 300 pl of the
above lysate mixture. All the other steps followed will be similar to those mentioned in sections
2.6.1t0 2.6.3. According to the images obtained the most suitable lysis buffer will be selected that

produced the best signal for ABCC10 around 158 kD.

2.6.5. Western Blot analysis of isolated clones

The single clones isolated following limiting dilution will be lysed using the best lysis buffer
selected from above, and the western blot procedure will be followed, as mentioned above, from
sections 2.6.1 to 2.6.3. For all blots, a wild Caco-2 cell lysate was added for comparison along

with the ladder to verify the size of the signals produced.

If a homologous knockout was produced during the CRISPR-Cas9 transfection, the clones
produced will not have the signal corresponding to ABCC10 following western blot analysis.
However, if a heterozygous knockout or nor knockout is produced, the signal corresponding to

ABCCI10 will be visible around 158 kD.

2.7. MTT assay

Western blotting is performed to detect the protein expression changes that occurred due to the
transfection. In comparison, the MTT assay is used to detect the functional changes of the clones.
MTT assay is used to detect the sensitivity of the cells towards drugs. Therefore, the sensitivity
of the wild Caco-2 cells and the knockout clones towards the antitumor drug docetaxel was

detected in this study.
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2.7.1. Definition of linear range

Before developing a method to detect the sensitivity towards antitumor drugs of the wild Caco-2
cells, the number of cells which behave in the linear range should be detected. The number of
cells seeded during the follow-up assays depends on the cell count, which falls within the linear
range. Only the number of cells that produce an absorbance in the linear range should be seeded

to prevent errors and disrupt the observations.

The cell viability is detected by treating the live cells with MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide]. The metabolically active cells will react with MTT and reduce
it to form Formazan, which is purple. Following the reaction of DMSO (Dimethyl sulfoxide), the
formazan produced will be solubilized. Therefore, the purple colour is extracted to the medium,

and the colour intensity can be detected by a spectrometer at 540 nm.

In this method, a series of wild CaCo-2 cells will be seeded, as described in section 2.3.2. The
seeding density will be varied from 1000 cells/well to 64,000 cells/well. The cells will be seeded
in a 96-well plate, as shown below in Figure 2.4. The seeded cells will be allowed to grow for 16-

24 hours in a CO; incubator at 37 °C.

1,000 | 2,000 | 4,000 | 8,000 | 16,000 | 32,000 | 64,000
1,000 | 2,000 | 4,000 | 8,000 | 16,000 | 32,000 | 64,000
1,000 | 2,000 | 4,000 | 8,000 | 16,000 | 32,000 | 64,000
1,000 | 2,000 | 4,000 | 8,000 | 16,000 | 32,000 | 64,000
1,000 | 2,000 | 4,000 | 8,000 | 16,000 | 32,000 | 64,000
1,000 | 2,000 | 4,000 | 8,000 | 16,000 | 32,000 | 64,000

Figure 2.4. The Layout of the 96-well plate for linearity range detection

Note: The wells marked in grey contain sterile PBS only, marked in orange are complete medium-
only wells, and the yellow-coloured wells contain the wild Caco-2 cells; the seeding density is
mentioned, which is between 1,000 to 64,000 cells per well.

The following day, remove all the medium from the 96-well plate kept in the incubator. Prepare
a 12 mM MTT solution by dissolving 5 mg of MTT in 1 ml of sterile PBS. Add 700 pl of the 12
mM MTT solution to 7,000 pl of the complete medium. Add 110 ul of this MTT, complete
medium mixture, to each well (except the wells containing PBS). Incubate for 3 hours in a CO,

incubator at 37 °C. After 3 hours, remove all medium but 25 pl of all wells containing MTT. Add

150 ul of DMSO and shake in an orbit shaker for 30 minutes. Insert the plate into a plate reader,
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shake for another 2 minutes, and read the absorbance at 540 nm and 680 nm reference

wavelengths to correct the background absorbance.

The absorbance at 540 nm is reduced from the absorbance at 680 nm to correct the background
absorbance. Next, the absorbance from the blank is reduced. The corrected absorbance is plotted
against the cell number per well. From the graph plotted, the cell numbers that fall within the

linear range are detected.

2.7.2. Method Development to detect ICS50 of wildtype Caco-2 cells

This study tested the sensitivity of wild Caco-2 cells towards the antitumor drug docetaxel. As
described in section 2.3.2, wild Caco-2 cells were seeded in a 96-well plate to have a final
concentration of 10,000 cells / 100 pl / well. The cells were incubated for 16-24 hours in a CO,
incubator at 37°C. Following the incubation, cells were treated with docetaxel at various
concentrations as shown in Figure 2.5. As the IC50 of docetaxel of the wildtype Caco-2 cells is
unknown at this stage, a concentration gradient was prepared from 100 uM to 0 pM with a series

of 1 in 2 dilution, as shown in Figure 2.5. Each concentration was triplicated.

100.000pM | 50.000uM | 25.000uM | 12.500uM | 6.250pM | 3.125uM | 1.563uM | 0.781pM | 0.391uM

100.000pM | 50.000uM | 25.000uM | 12.500uM | 6.250pM | 3.125uM | 1.563uM | 0.781pM | 0.391uM

100.000pM | 50.000uM | 25.000uM | 12.500pM | 6.250pM | 3.125uM | 1.563pM | 0.781uM | 0.391uM

0.195pM | 0.098uM | 0.049uM | 0.024uM | 0.012pM | 0.006pM | 0.003uM | 0.0015uM | 0.000uM

0.195pM | 0.098uM | 0.049uM | 0.024pM | 0.012pM | 0.006pM | 0.003uM | 0.0015uM | 0.000uM

0.195uM | 0.098uM | 0.049uM | 0.024uM | 0.012uM | 0.006pM | 0.003uM | 0.0015uM | 0.000uM

Figure 2.5. The layout of the 96-well plate of docetaxel treatment for 24 hours on 10,000 wild
Caco-2 cells

Note: The wells marked in grey colour contain sterile PBS only, marked in orange are complete
medium-only wells, and the yellow-coloured wells contain the wild Caco-2 cells, 10,000 cells per
well treated with a concentration range of docetaxel as shown in the figure for 24 hours.

The docetaxel-treated cells were incubated for 24 hours in a CO; incubator at 37 °C, and following
the drug treatment, the MTT assay was performed, as mentioned above in section 2.7.1. The

percentage of cell viability was calculated using the following equation.

Absorbance of the docetaxel treated cells

Percentage cell viability = ( )X 100%

Absorbance of the untreated cells
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The IC50 value is the drug concentration responsible for the 50% reduction of cell viability
obtained from the dose-response-inhibition curve. Therefore, the percentage cell viability Vs log
concentration was plotted, and the IC50 value of docetaxel was detected using the GraphPad

Prism version 6.

The MTT assay was optimized by varying conditions, such as the docetaxel concentration, time
incubated after treatment and the number of cells used. In the next step, the concentration range
was narrowed as the cells did not show a significant inhibition at very low concentrations, and
each concentration was repeated six times. Furthermore, as the doubling time of Caco-2 cells is
low, the cells were treated for 72 hours, providing sufficient time for the cells to grow. Or else,
cells treated with both high and low drug doses will display low cell viability. Therefore, the
experiment was repeated by changing the conditions mentioned above, and all the other steps
were the same as those mentioned earlier in section 2.7.2. The concentration range applied, and

the layout of the 96-well plate is given below in Figure 2.6.

100.000pM | 50.000uM | 25.000uM | 12.500pM | 6.250uM | 3.125uM | 1.563pM | 0.781uM | 0.000uM

100.000pM | 50.000uM | 25.000uM | 12.500pM | 6.250uM | 3.125uM | 1.563pM | 0.781uM | 0.000uM

100.000pM | 50.000pM | 25.000uM | 12.500uM | 6.250uM | 3.125pM | 1.563uM | 0.781uM | 0.000pM

100.000pM | 50.000pM | 25.000uM | 12.500uM | 6.250uM | 3.125pM | 1.563uM | 0.781uM | 0.000pM

100.000pM | 50.000pM | 25.000uM | 12.500uM | 6.250uM | 3.125pM | 1.563uM | 0.781uM | 0.000pM

100.000pM | 50.000uM | 25.000uM | 12.500pM | 6.250uM | 3.125uM | 1.563pM | 0.781uM | 0.000uM

Figure 2.6. The layout of the 96-well plate of docetaxel treatment for 72 hours on 10,000 wild
Caco-2 cells

Note: The wells marked in grey colour contain sterile PBS only, marked in orange are complete
medium-only wells, and the yellow-coloured wells contain the wild Caco-2 cells, 10,000 cells per
well treated with a concentration range of docetaxel as shown in the figure for 72 hours.

Cells with high seeding density will not be affected significantly at lower drug concentrations.
Therefore, the cells will be doubling; their cell growth will be inhibited once they reach
confluency due to limited space in the well. The reason for the inhibition was not the dose of the
drug but the higher initial seeding cell density. Therefore, the experiment was repeated using
5,000 Caco-2 cells per well. The other conditions are the same as in Figure 2.6. Following the
MTT assay, the IC50 of docetaxel for 5,000 wild Caco-2 cells treated for 72 hours was detected
using prism software, which was used to compare the sensitivity of the isolated single clones.
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2.7.3. Docetaxel sensitivity of the knockout clones

The IC50 value of docetaxel was detected as 2 uM in the wildtype Caco-2 cells. Therefore, 2 pM
of docetaxel was used to treat the isolated single clones for 72 hours. Each separate clone isolated
was seeded in columns 3 to 10, and the wild type was seeded in column 11 of the 96-well plate;
the seeding density was 5,000 cells per well. The wild type and the single clones were treated
with 2 uM docetaxel and compared with untreated cells. The layout of the 96-well plate used to
compare the cell viability of the knockout clones and wild type is shown in Figure 2.7. Following
the treatment, the MTT assay was performed as described in section 2.7.1. The cell viability of

the wild Caco-2 cells was compared to that of the isolated transfected clones.

Clone A Clone B Clone C Clone D Clone E Clone F Clone G Clone H WT

0.0uM | 0.0puM | 00pM | 0.0pM | 0.0pM | 0.0pM | 00uM | 00uM | 0.0uM

00pM | 00pM | 00pM | 00uM | 00puM | 00pM | 00uM | 00uM | 0.0uM

00pM | 00pM | 00pM | 00uM | 00puM | 00pM | 00uM | 00uM | 0.0uM

2.0 uM 2.0 uM 2.0 uM 2.0 uM 2.0 uM 2.0 uM 2.0 yM 2.0 uM 2.0 uM

20uM | 20uM | 20pM | 20pM | 20pM | 20pM | 20pM | 20pM | 2.0pM

20uM | 20uM | 20pM | 20pM | 20pM | 20pM | 20pM | 20pM | 2.0pM

Figure 2.7. The layout of a 96-well plate, Comparison of docetaxel sensitivity in wild Caco-
2 cells and knockout clones

Note: The wells marked in grey contain sterile PBS only, marked in orange are complete medium-
only wells, the yellow-coloured wells are untreated, and the green-cloured ones are treated with
2 uM of docetaxel for 72 hours. Each column from 3 to 10 is seeded with cells of different clones,
and the 11" column is seeded with wildtype Caco-2 cells. (The seeding density of all cell types is
5,000 cells per well).

The percentage cell viability, mean and standard deviation were calculated, and the regression
analysis was performed using the GraphPad Prism software. The mean values of the wild type
and the isolated clones were compared using one-way ANOVA with Dunnett’s multiple
comparisons test. Clones with a P value less than 0.05 suggests significant changes in sensitivity

to docetaxel compared to the wildtype control.

The IC50 value was detected in clones, which produced significant variation as described above
in section 2.7.2. The concentration of docetaxel was varied from 50 uM to 0 uM and treated 5,000
cells per well for 72 hours. An MTT assay was conducted after the treatment, and the cell viability
Vs log concentration was plotted. Using Prism non-linear regression analysis, the IC50 value of

the clones was calculated and compared with the IC50 value of the wild type.
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3. Results

This study investigated the efficiency of knocking out the ABCC10 gene in the Caco-2 cell lines
using CRISPR-Cas9 based gene editing. A gRNA designed to target the ABCCI0 gene was
transfected with the Cas9 protein. The cleavage efficiency was analysed to determine the extent
of transfection. Western Blotting analysis was performed to detect the changes in protein
expression. MTT analysis compared the functional differences between the gene-altered single

clones and the wild type.

3.1. Gene Alteration with CRISPR-Cas9

3.1.1. Selection of sgRNA and primers

Invitrogen TrueDesign Genome Editor software was used to design the sgRNA sequence. Out of
the two sgRNAs generated from in silico analysis, the sequence with the least off-targets (Table

3.1) was selected for the CRISPR-Cas9 system.

Table 3.1. In silico sgRNA design

RN . No. of
SgRNA Target Sequence PAM | Score Genm.mc off-
Name Location

targets

ABCC10 Cl1 | ACCCATAGGGCTAGAGGTGT | TGG | 98.52 | chr6[43432267] 2

ABCC10 C2 | TCGCTGGCAATGCCACAACA | CGG | 97.87 | chr6[43432451] 5

The same software was used to design the primers needed for the PCR amplification flanking the
region, including the sgRNA sequence. The system generated Three primer sets (Table 3.2), and
the primer pair, which had a melting temperature (Tm) of 58.9 0C, which amplified a 366 bp
region, was selected for the PCR amplification. The GC content of the forward primer was 60%,

and 55% in the reverse primer.

Table 3.2. In silico Primer Design

FP RP ]
Forward Primer (FP) Tm Reverse Primer (RP) Tm Amslglgon
(O (C)

AAAGACCCTGGGTTCTGAGG | 58.9 | GCCAACACCTCTAGCCCTAT | 58.9 307

GAGGTGAGGGGTATGTCTGG | 58.9 | CACAACACGGTCAGCACTAG | 58.9 366

TCCTTCCTGCTTTCCGTCTT | 58.9 | CAGGATGAGCAAGCATAGGC | 58.8 315
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3.1.2. PCR Analysis

PCR Analysis was performed to amplify the interested 366 bp region, which flanks the sgRNA

binding sequence. All the mixtures produced the desired band (Figure 3.1), and the PCR product

was used for further analysis. A positive control supplied with the kit (template and primers with

a different band size) was used to compare the accuracy of the result.

Lanel Lane2 Lane3 Lane4 Lane5 Lane6 Lane?7

Figure 3.1. Products of PCR Analysis
Note: Lane 1- ladder, lane 2 — 45 pmol/pl sgRNA only, lane 3 - Cas9 only, lane 4 — 15 pmol/pl
sgRNA + Cas9, lane 5 — 45 pmol/ul sgRNA + Cas9, treated Caco-2 cells. lane 6 - wild type Caco-
2 cells, lane 7 - positive control

The Primers were designed to anneal to the base sequences, as shown in Figure 3.2 below.

4441 gagaaaagac
4501 gggagttgat
4561 tcagccacga
4621 ccctgcagtc
4681 ctgctagacc

PAM

cctgggttcet
tccttaggta
tgtgcctect
ctggatggcyg
ttcttccagt

gaggtaaagt
agtgaattat
tgtcttcecee
cctccgactt
tgctttgeca

4741 JEcoc cacootgocot ggcageotgtg goctggatca gocacagect ggecctgtgg
4801 gtgttggcac attcccctca tggccactcc cggggtccct tggccttggc cctggtagcec

4861 ttgctgccag ctccagcc.
4921 ctgcccccac ttctcccagg gocccatggecc cgoctatgct tgctcatcct gcagcectggcet

[cut site
PCR Product 366bp
Digested bands 212bp and 154bp

ggagtaggga taagatgtgc aaggcaggaa
togaggtgag gugtatgtet ggetoctgag
cttgtcccca ggagtccaga ttacatccta
gcagcttcct tcctgectttc cgtcttcccg

ccaggggcag gcccag

gEgtEgtgoc attgccageg aggcacactt

Figure 3.2. ABCC10 gene sequence amplified by PCR
Note: The PCR amplifies the sequence between the two primers (light blue)
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3.1.3. Genomic Cleavage Assay

The PCR product was subjected to further analysis to detect the extent of insertions and deletions

(indels) incorporated into the ABCCI0 gene during the CRISPR-Cas9 transfection. Life

Technologies GeneArt Genomic Cleavage Detection Kit was used for cleavage efficiency

analysis. Only the sgRNA plus Cas9 mixtures (knockout clones) produced the expected band

pattern (Figure 3.3), confirming that the CRISPR-Cas9 transfection has been able to generate

indels adjacent to the targeted sequence.

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 3.3. Products of Genomic Cleavage Assay

Note: Genomic DNA was extracted from wildtype (WT) Caco-2 cells or Caco-2 cells
transfected with Cas9 protein/gRNA ribonucleoprotein complexes targeting human
ABCCI0 locus. After re-annealing PCR products, samples were treated with and without
T7E1 endonuclease and run on a 2% agarose gel. Lane 1 — ladder, lane 2 — positive control
(516 bp in size, provided by Thermo Fisher Scientific, NZ) treated with T7E1 digestion
enzyme, lane 3 - positive control (provided by Thermo Fisher Scientific, NZ) without
enzyme treatment, lane 4 — T7El treated PCR products derived from Caco-2 cells
transfected with 15 pmol/ul sgRNA/Cas9 protein , lane 5 - water treated PCR products
derived from Caco-2 cells transfected with 15 pmol sgRNA/Cas9 protein; , lane 6 - T7E1
treated PCR products derived from Caco-2 cells transfected with 45 pmol sgRNA/Cas9
protein; , lane 7 - water treated PCR products derived from Caco-2 cells transfected with 45
pmol sgRNA/Cas9 protein , lane 8 — T7E1 treated PCR products derived from WT Coco-2
cells followed by T7E1 enzyme treatment, lane 9 - water treated PCR products derived from
WT Coco-2 cells followed by water treatment, lane 10 - T7E1 treated PCR products derived
from Caco-2 cells transfected with 45 pmol/ul sgRNA only , lane 11 - water treated PCR
products derived from Caco-2 cells transfected with 45 pmol/ul sgRNA only , lane 12 —
T7E1 treated PCR products derived from Caco-2 cells transfected with Cas9 only, lane 13
— water treated PCR products derived from Caco-2 cells transfected with Cas9 only, lane 14
— blank
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All the reaction mixtures of the PCR were subjected to genomic cleavage assay in the presence
of the digestion enzyme and compared with control samples treated with water only. The cleavage
bands (212 and 154 bp in size) (Figure 3.3, lanes 4 and 6) is consistent as the predicted (Figure
3.2) and were only detected in T7E1-treated but not in water-treated PCR products, which were
derived from Caco-2 cells transfected with Cas9 protein/gRNA ribonucleoprotein complexes
targeting human ABCCI0 locus. The water-treated PCR products produced only the parent band
(366 bp in size, Figure 3.3, lane 5 and 7), which rules out the possibility of non-specific
degradation of PCR products. The T7E1-treated PCR products, which were derived from WT
Caco-2 cells (Lane 8), or Caco-2 cells transfected with sgRNA only (lane 10) or Cas9 only (lane
12), generated only the parent band (Figure 3.3), confirming that T7E1-mediated cleavage only
occurs in the detection of mismatch mutations. Taken together, this enables us to confirm that the

cleavage is exactly due to the indels and that the CRISPR-Cas9 mediated gene editing is on-target.

The sample provided with the kit was used as a positive control (lanes 2 and 3); it produced a
band with a different size. This, too, indicates that the reaction has taken place. (If the reaction
did not take place accurately, there would not be any bands for the positive control.) However,

there are no cleavage bands as it does not have indels.

A reaction mixture with water has been used as the negative control in lane 14; no bands are

visible, confirming no contamination.

Only the parent band is visible in the lanes from 8 to 13. Therefore, it confirms that the transfection
is successful and can produce indels only in the presence of both sgRNA and Cas9. In the mixtures
which have only the sgRNA or Cas9 and in the wild Caco-2 cells, the digestion is not visible as
there are no indels incorporated into the amplified target sequence and no Non-Homologous End
Joining (NHEJ) has taken place, which leads to the production of blunt ends which is the target

of the restriction digestion enzyme.

In lanes 4 and 6, the parent band and two digested bands are observed. The parent band appears
at 366bp, and the digested bands are at 212 bp and 154 bp. As the digestion products are better

visible in the mixture with 15pmol/ul sgRNA and Cas9 system (lane 4), this product was used for
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further analysis (selection of single clones). Therefore, the cleavage efficiency was calculated in

this mixture to predict the extent of possible indels incorporated.

The cleavage efficiency was calculated from the results obtained from image J software for each
band. According to the calculations, the cleavage efficiency was 13.98 %. Therefore, the CRISPR-

Cas9 system has produced indels in the ABCCI0 gene.

Further analysis is needed to detect if this alteration could produce the expected ABCCI0 gene
knockout. Therefore, western blotting is performed to check if the protein expression has changed,

and the MTT assay is performed to check for any functional changes.

3.2. Selection of Single Clones

The CRISPR-Cas9 transfected Caco-2 cells consist of a mixture of clones. They may have
different protein expression and functional levels. Therefore, single clones were separated before
further analysis using the limiting dilution method. Next, the single clones were allowed to divide
to produce sufficient cells for further analysis. Following limiting dilution, fifteen single clones
were isolated. The morphology of the cells after 2,3 and 4 weeks is compared in Table 3.3 below.

The figures clearly indicate a variation in these single clones' growth rate and morphology.

Table 3.3. Morphological changes of the single clones

Clone 2" Week 371 Week 4™ Week
Name

1F11

2D3
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Clone
Name

2M Week

37 Week

4" Week

2ES

2G9

4D7

5C3

5F2
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Clone
Name

2M Week

3' Week

4" Week

5G3

6G2

7B10

7B11

7C9
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Clone

2" Week 314 Week 4™ Week
Name

7D11

7G6

8B6

Some of the clones had a speedy growth rate. By the second week, they were spread in a
reasonable area in the 96-well plate. By the third week, they were about 50% confluent, and in
the fourth week, they were captured at low power (4X) as the cells were spread throughout the
well, and the complete area was not visible under high power (10X). In contrast, some colonies
were growing very slowly (indicated with arrows). Each of them had a unique morphology.
During the first three weeks, they were different from one another. However, once it had reached

about 50% confluency, all the colonies were identical.

Once they reached 80% confluency, the colonies were transferred to 12 well plates. When the
colonies in the 12 well plates reached 80% confluency, they were divided into two and sub-
cultured in 6 well plates. One set was grown for western blotting and the other for MTT assay.
When the six-well plates were 80% confluent, transferred to T25 flasks and when sufficient

number of cells are available, they were extracted, and the respective tests was performed.
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3.3. Western Blotting

Western Blotting analysis compared the protein expression of the wild Caco-2 cells and the
isolated single clones. This helps identify whether a complete knockout was generated from the

CRISPR-Cas9 transfection.

3.3.1. Protocol development for ABCC10 western blot analysis

As the initial approach, Dithiothreitol (DTT) containing Laemmli sample buffer was used to lyse
the wild Caco-2 cells. 350 ul of the DTT lysis buffer was used to extract 80% confluent wild
Caco-2 cells grown in a T25 flask. The following results were obtained after western blotting

(Figure 3.4).
30ul 40ul 50ul 20ul 10pl
. -

1 58K D ey

37KD e - ‘ -— -

Figure 3.4. ABCC10 signal in DTT cell lysates
Note: Wild Caco-2 DTT lysis buffer cell lysates loaded in different volumes ranging from
10 pl to 50 pl

The band size expected for ABCC10 protein (ABCC10) is = 158 kD. However, the intensity of
the desired band was very low in wild Caco-2 lysate extracted from DTT containing Laemmli
buffer. Therefore, different buffers were used, and their lysates were subjected to western blotting

to select the best lysis buffer, which produces a clear ABCC10 signal.
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The wild Caco-2 cells were lysed using different lysis buffers, and before loading into the gel,
each lysate was mixed with 1X Laemmli buffer. It contained a dye; therefore, it helped in loading

accurately to the wells and helped detect the band's position during electrophoresis.

Lysis solutions prepared with Laemmli buffer, RIPA buffer, | mM EDTA + 2% SDS + 10%
glycerol + 50 mM Tris-HCI1 (EDTA buffer), 0.1% Triton-X + 150 mM NaCl + 50 mM Tris-HCl
(Triton-X buffer), 150 mM NaCl + 50 mM Tris-HCI (Tris-NaCl buffer) and 50 mM Tris-HCI only
(Tris Buffer) was used to lyse wild Caco-2 cells. Western blotting was performed to compare the

ABCCI10 signal intensity of each cell lysate (Figure 3.5).

lane 1 2 3 4 5 6 7 8 9

| l-“ *158 kD

— ) ' (ABCC10)

---—b- amp b GER— |

Figure 3.5. Effect of different lysis buffers on ABCC10 signal.
Note:

Lane 1 — 30 pl cell lysate with RIPA buffer + 10 ul Laemmli buffer
Lane 2 — 15 pl cell lysate with RIPA buffer + 5 ul Laemmli buffer
Lane 3 — 30 pl cell lysate with Laemmli buffer

Lane 4 — 15 pl cell lysate with Laemmli buffer

Lane 5 — 30 pl cell lysate with EDTA buffer + 10 ul Laemmli buffer
Lane 6 — 15 ul cell lysate with EDTA buffer + 5 pul Laemmli buffer
Lane 7 — 30 pl cell lysate with Triton-X buffer + 10 ul Laemmli buffer
Lane 8 — 30 pl cell lysate with Tris-NaCl buffer + 10 ul Laemmli buffer
Lane 9 — 30 ul cell lysate with Tris buffer + 10 ul Laemmli buffer

The cell lysate from RIPA, EDTA, and Laemmli buffer was loaded in two volumes (30 ul and 15
ul) to compare if the intensity varied with the amount loaded. There was no significant difference
in the ABCC10 signal. However, the band's intensity at 37 kD decreased when the volume loaded

was reduced.

The intensity of the interested ABCC10 signal was highest (lane 9) in the cell lysate produced
using only 50 mM Tris-HCI1 (pH=8.00) solution. Therefore, this solution was used to lyse the

single clone's cells.
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3.3.2. Single clones ABCC10 expression comparison with Western blot

When comparing the ABCC10 expression of the single clones, a lysate from the wild Caco-2 cells
was also added to each western blot. 45 pul of each single clone lysate / wild type was mixed with
5 pl of Laemmli buffer before loading. The western blots obtained are given in Figure 3.6 and

Figure 3.8 below.

1F11 2D3 SF2 5G3  6G2 7B11  7C9 8B6 WT

— I

158kD P—
—v N
-
- o
37 KDeep g G - = -‘ - ="
Figure 3.6. Western Blot of Single Clones - Set 1
Ladder - 1F11 2D3  5F2 5G3  6G2 7B11  7C9 8B6 @ WT

e aoed !
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,Q‘"""f'_‘." e

Figure 3.7. Total Protein Image - Clones set 1
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2ES 4D7 5C3 7B10  7B11 7G6  8F7  WT  Positive

- - - - L
37 kD e G S— - e

Figure 3.8. Western Blot of Single Clones - Set 2

In the first set of clones, 7B11 produced a light band. Therefore, this sample was repeated with
the second set. Again, it produced a band with a lower intensity than the other bands. In the second
set, a wild Caco-2 lysate, which produced bands in set 1, was added as a positive control.
Therefore, it confirms that all the bands corresponding to 158 kD appear in the same position in
all the clones and the wild Caco-2 cells. It confirms that all the single clones isolated produced
the signal corresponding to ABCC10. The western blot results show that the ABCC10 protein is
expressed in all clones. The total protein analysis is performed as a loading control to normalize
the western blot protein band signal. In our experiment as the ABCC10 signal was observed in all
clones the total protein analysis is not compulsory. However, we performed a total protein analysis
for clone set 1 as clone 7B11 showed very low intensity. The intensities of the bands produced in
total protein too was very low for clone 7B11 confirming that the concentration of it is lower
compared to other samples (Figure 3.7). Therefore, the reduced intensity of 7B11 in not due to a

knockout but due to a dilution or the loaded volume being low compared to others.

3.4. MTT Assay

The MTT assay compares the functional changes that occurred in the single clones due to
transfection. The wild Caco-2 cells and the CRISPR-Cas9 transfected cells will be treated with

an anticancer drug (Docetaxel), and their cell viability will be compared in this assay.
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3.4.1. Linear range detection

This experiment aims to determine the range in which the cell number is proportional to the

absorbance. The results obtained are shown in Table 3.4 below.

Table 3.4. Linearity Range Detection

Cell number per well Absorbance

0 0.000

1000 0.159

2000 0.146

4000 0.282

8000 0.507

16000 0.850

32000 1.246

64000 2.743

Corrected Absorbance vs Cell number per well

3.0000

2.5000

20000 e

15000 | e

Absorbance

10000 [ e

0.5000 @

0.0000 & &
0 10000 20000 30000 40000 50000 60000 70000
Cell number per well
Figure 3.9. Linearity Range Detection
According to the results obtained from a 24-hour analysis, the cell number per well can be varied
between 1,000 and 64,000 as they are all within the linear range. Therefore, for the MTT assay
developed, the number of cells seeded was either 5,000 or 10,000, as they both fall within the

linear range.

3.4.2. Protocol Development of MTT Assay for IC50 Detection

As the first step of MTT assay development, a wide concentration range of the anticancer drug
(docetaxel) was used to treat the wild Caco-2 cells. 10,000 Caco-2 cells per well were grown for

16-24 hour. 100 ul of docetaxel was added to each well. (To obtain a final concentration range
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from 100 uM to 0 pM). After 24 hours, the MTT assay was performed, and the results are given

below in Table 3.5 and Figure 3.10.

Table 3.5. Percentage cell viability of 10,000 Caco-2 cells treated with docetaxel for 24 h

Conc |9 50 25 125 | 625 | 3.125 | 1.563 | 0.781 | 0.391
(kM)
1)
Yocell |, 58 92 124 | 128 117 121 115 131
viability
gﬁ\‘g 0.195 | 0.098 | 0.049 | 0.024 | 0.012 | 0.006 | 0.003 | 0.002 | 0.000
[1)
o cell | g 83 87 86 86 90 90 93 100
viability
log concentration Vs percentage cell viability
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Figure 3.10. Percentage cell viability of 10,000 Caco-2 cells treated with docetaxel for 24 h

From the results obtained above, we noticed that the concentrations of docetaxel needed to obtain
50% cell viability can be narrowed. Therefore, further testing was conducted using Docetaxel
concentration ranging from 100 uM to 1 uM. Furthermore, as the doubling time of Caco-2 cells

is longer, docetaxel-treated cells were incubated for 72 hours before the MTT assay. The results

obtained are given below in Table 3.6 and Figure 3.11.

Table 3.6. Percentage cell viability of 10,000 Caco-2 cells treated with docetaxel for 72 h

C"“c(il'l‘\t;)at‘““ 100.00 | 50.00 | 25.00 | 12.50 | 625 | 3.13 | 1.56 | 0.78 | 0.00
1)
7o Cell 070 | 50.73 | 60.92 | 63.13 | 69.01 | 63.60 | 49.92 | 48.62 | 100.00
viability
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Figure 3.11. Percentage cell viability of 10,000 Caco-2 cells treated with docetaxel for 72 h
As there was a decrease in cell viability when treated with Docetaxel concentration range from
3.13 uM to 0.78 uM compared to higher concentrations (50 uM to 6.25 pM), the experiment was
repeated using 5,000 Caco-2 cells per well. The results obtained are displayed below in Error!

Not a valid bookmark self-reference. and Figure 3.12.

Table 3.7. Percentage cell viability of 5,000 Caco-2 cells treated with docetaxel for 72 h

C"“c(‘:;\t;)at“’“ 100.00 | 50.00 | 25.00 | 12.50 | 625 | 3.13 | 156 | 0.78 | 0.00
[1)
Mean % Cell | oo | 753 | 27.00 | 30.61 | 41.37 | 49.10 | 51.78 | 52.55 | 100.00
viability
SD 0339 | 1.963 | 3.674 | 5.129 | 7.946 | 5.236 | 2.299 | 1.947 | 5.018
150
> IC50 = 1.838
% log IC50 = 0.2643

HOH
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=
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log Concentration (log pM)

Figure 3.12. Percentage cell viability of 5,000 Caco-2 cells treated with docetaxel for 72 h
Note: IC50 of docetaxel on wild Caco-2 = 2.0 uM (calculated using Prism software).
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Figure 3.13. Comparison of cell survival with respect to concentration of drug-treated
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There was a visible change in the number of cells that survived; when the concentration of
docetaxel treated was reduced from 100 uM to 0 puM, the amount of wild Caco-2 cells that
survived gradually increased. The cells were observed under the microscope (10X power) after
adding MTT. The surviving cells (pointed with arrows) were clearly visible in dark blue (Figure
3.12). The amount of blue colour cells increases with decreasing drug concentration. Therefore,
the comparison was easy. If the images were obtained before MTT treatment, the comparison
would not be evident as the cells would not be stained. After adding DMSO to the cells reacted
with MTT, the formazan produced will be solubilized, and a gradient of purple colour is produced
in the 96-Well plates (Figure 3.14) from blank (column 2) and when moving from docetaxel

concentration 100 uM to 0 uM (column 3 to column 11).

100 50 25 125 625 3.13 156 0.78 No

blank pM - yM - yM - pM pM yM uM pM  drug

}\ /\X /\ /\ ,,/\\ /\
NC Y \\/ N N
gt . ; }.\‘\\\ 4 \\\ //\ . \/‘\\.\ \
25008
J \ \ //\ - /\ = A

NS

Figure 3.14. IC50 detection of docetaxel for wild Caco-2 cells (96-Well plate following MTT
assay)

According to the results obtained following Prism analysis, 50% of wild Caco-2 cells survived
when 1.838 pM of docetaxel was treated (Figure 3.12). This value obtained from the software

also matched the results of Table 3.7 and Figure 3.12.
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3.4.3. Comparison of cell viability of the single clones

All clones isolated were treated with 2 uM docetaxel (IC50 of wild Caco-2 cells), and the cell

viability was compared with wild Caco-2 cells. The results obtained shown in Figure 3.15 A - D.
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Figure 3.15. Cell viability variations among Caco-2 cell clones treated with docetaxel (2 pM)

for 72 h.
Note: * =P <0.05, ** =P <0.01, *** =P <0.001, **** =P <(.0001

The shapes indicate the values of the triplicated results.

Following the ANOVA test, clones 5G3, 6G2, 7C9, and 7D11 displayed significant variations in
cell viability compared to the wild Caco-2 cells. Among them, only 6G2 was shown to have
significantly reduced the % cell viability (increasing the death rate of cancer cells) following the
treatment. Therefore, only the clone 6G2 has increased the sensitivity for docetaxel. Detailed
results from the ANOVA are attached in ANNEX tables A to D.

A concentration gradient of docetaxel varying from 50 uM to 0 uM was used to treat 5000 cells
of clone 6G2 for 72 hours the results obtained was compared with the response of wild Caco-2

cells treated with docetaxel (Figure 3.16).
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Figure 3.16. Cell viability of WT and clone 6G2 in different docetaxel concentrations

The cell viability of clone 6G2 showed reduced cell viability compared to the wild Caco-2 cells
treated with the same concentration of docetaxel. Sensitivity towards docetaxel has increased
following CRISPR-Cas 9 transfection. Therefore, the IC50 value was calculated to determine the
extent of the increased sensitivity. The IC50 of docetaxel was detected by treating 5000 cells of
clone 6G2 per well. The concentration of docetaxel was varied from 50 uM to 0 uM. Following
72 hours of incubation, an MTT assay was performed (Table 3.8). The IC50 value had been

reduced by approximately ten-fold compared to the wild type (Figure 3.17).

Table 3.8. Percentage cell viability of 5,000 cells 6G2 clone treated with docetaxel for 72 h

C°“c(‘:l';\t;)at“’“ 50.00 | 25.00 | 12.50 | 625 | 313 | 156 | 078 | 039 | 0.00
0
Mean % Cell | | ¢ | 373 | 923 | 2557 | 28.06 | 28.80 | 29.94 | 42.63 | 100.00
viability
SD 1293 | 1.519 | 2422 | 7.714 | 10.324 | 6.814 | 12.920 | 5.597 | 13.724

IC50 =0.2716
log IC50 =-0.5661

_50_
log concentration (log uM)

Figure 3.17. Concentration-dependant effect of docetaxel on clone 6G2 (5000 cells per well)
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4. Discussion

4.1. Introduction

Colorectal cancer is the third most prominent cancer detected worldwide. According to the data
published in GLOBOCAN 2022, Colorectal cancer has the highest incidences reported in New
Zealand in 2022. Despite all the new health advances, the incidences are increasing annually. It
is prevalent among older adults. Therefore, the increase in life expectancy and lifestyle patterns
may contribute immensely to this increase in prevalence reported throughout these years.
Furthermore, diagnosis is difficult as the cancer will have spread to a later stage when the

symptoms are evident.

There are several treatments for colorectal cancer, out of which chemotherapy plays a crucial role.
New Zealand and international clinical practice guidelines, based on robust evidence from
randomised controlled trials, now recommend oxaliplatin-based chemotherapy as the preferred
regimen for the treatment of metastatic colorectal and other GI cancer types. However,
chemotherapy fails to induce durable tumour responses in ~50% of GI cancer patients whose
tumours progress early during initial treatment or soon after a short-lived response. Due to the
action of multi-drug resistant proteins, the anticancer drugs are prevented from entering the cells.

Therefore, the drugs are unable to destroy the cancer cells.

Docetaxel is one of the prominent anticancer drugs used to treat multiple cancers. Pre-clinical
studies have shown docetaxel induced significant anti-tumour activities in various colon cancer
models (Bissery et al., 1991; Riou et al., 1992). However, it has shown less effect in clinical trials
(Clark et al., 1998; Pazdur et al., 1994; Sternberg et al., 1994). Multi-drug resistance is one of the

primary reasons for the reduced efficiency in human studies.

The multi-drug resistant protein 7 (MRP7/ABCC10) is the only ABCC transporter that is reported
to be responsible for the drug resistance induced in the drug group taxane (Hopper-Borge et al.,
2004). Docetaxel and paclitaxel are the main drugs that fall under this group. Furthermore,

RT/PCR analysis of ABCC10 has demonstrated that ABCC10 is expressed in colon tissues
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(Hopper et al., 2001). Therefore, ABCC10 could have a significant effect on the resistance

development toward docetaxel in the treatment of colorectal cancer.

CRISPR-Cas9 is a novel gene editing technique using gRNA and a cas9 protein to incorporate
changes into a targeted gene sequence. Previous studies have successfully produced other ABC
transporter gene knockouts by using CRISPR-Cas9 (Feng & Huang, 2022), thereby our current
project is to explore the feasibility of silencing ABCC10 in human Caco-2 cells by using
liposome-mediated delivery of Cas9 protein/gRNA ribonucleoprotein complexes targeting human
ABCC10 locus The effect of silencing ABCC10 on docetaxel sensitivity is also investigated in

current project.

4.2. Major Findings of the Study

The Caco-2 cells were transfected with the gRNA selected from in silico analysis (the gRNA with
the least number of off-targets). After allowing the clones to grow, fifteen separate clones were

identified following limiting dilution.

All the surviving clones were extracted, and the western blotting analysis was performed. The
signal corresponding to ABCC10 was observed in the wild Caco-2 cells and all the clones tested.

Therefore, the ABCC10 protein is expressed in all the clones even after transfection.

Next, the IC50 value of docetaxel treated for 72h on 5,000 wild Caco-2 cells was identified as
2uM. Therefore, 5,000 cells of all the clones identified were treated with 2uM docetaxel for 72h,
and their cell viability was detected. ANOVA was performed to compare the cell viabilities with
respect to the wild Caco-2 cells, and only the clones 5G3, 6G2, 7C9, and 7D11 displayed a

significant (P<0.05) variation.

Only clone 6G2 significantly reduced the cell viability out of the clones tested. Therefore, it was
treated with a concentration range of docetaxel for 72h, and its IC50 value was detected. At all
concentrations, the cell viability of clone 6G2 was lower than wild Caco-2 cells (Figure 3.16).
The IC50 value of clone 6G2 was detected as 0.27, whereas it was 1.84 in the wild Caco-2 cells.
Therefore, the sensitivity towards docetaxel has increased approximately tenfold following the

CRISPR-Cas9 transfection.
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However, even the clone 6G2 produced a signal corresponding to ABCC10 in the western blotting
analysis. Therefore, we can assume that following the CRISPR-Cas9 transfection, a heterozygous
change is created in the ABCCI0 gene, producing a lower amount of ABCC10 protein than the
wild type. Sequencing could have confirmed this assumption, which we could not do due to

limited time.

Furthermore, the above findings agree with the results of the cleavage assay. The cleavage
efficiency was calculated to be approximately 14%. Therefore, only one produced the expected
results from all the clones identified. Though there was no complete knockout, this process

produced a clone more sensitive to docetaxel than the wild type.

Therefore, it confirms that CRISPR-Cas9 has successfully increased the antitumor activity of
docetaxel by inhibiting the function of the ABCC10 protein. Therefore, the findings of this study

will be helpful in further analysis and development of docetaxel in clinical studies.

4.3. Active transportation of Docetaxel via ABCC10

ABCCI10 is a recently identified multi-drug-resistant protein family member in the basolateral
membrane and belongs to the long MRP subfamily. According to previous studies, it has generated
resistance towards many natural products and anticancer drugs. However, it is reported to be the
only member of the MRP family that has generated resistance towards the anticancer drug family

taxane. It has shown resistance towards docetaxel and paclitaxel (Hopper-Borge et al., 2004).

In the presence of ABCC10 inhibitors, the sensitivity towards docetaxel has increased. Previous
studies have proven that in the presence of epidermal growth factor receptor inhibitors (Lapatinib
and Erlotinib) (Kuang et al., 2010), Phosphodiesterase type 5 inhibitors (sildenafil and vardenafil)
(Chen et al., 2012) and third-generation ABCB1 inhibitor, Tariquidar the sensitivity towards

docetaxel has increased in HEK 293 cells (Sun et al., 2013).

However, in another study, ABCC10 knockout mice treated with docetaxel showed increased drug
accumulation and hypersensitivity reactions (Hopper-Borge et al., 2011). It is suggested that
ABCCI10 transporters (MRP7) are necessary for cell functioning. Therefore, complete knockout

may lead to a lethal reaction. However, limiting the ABCC10 function to increase the sensitivity
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towards anticancer drugs will be a better solution than complete knockout. Therefore, the clone
obtained in this study may have more desired properties. Further studies are necessary to evaluate

its efficiency and possible toxic reactions generated in animal modules.

4.4. Improvement of chemotherapy with gene editing

Chemotherapy is one of the primary cancer treatments performed. It is done for patients who have
undergone surgery and those for whom surgery is not possible. It is done before surgery to reduce
the number of affected areas to make the surgery easier. Also, if it is done after surgery, its primary
purpose is to remove the cancerous cells left from surgery and to increase the survival rate or

delay the death.

Despite the importance of chemotherapy in cancer treatment, it has one primary concern, which
is drug resistance, which makes it less effective during treatment. During preclinical studies,
docetaxel showed a significant effect in the treatment of colon cancer in murine (Bissery et al.,
1991; Riou et al., 1992). However, clinical trials have not shown promising results when treating
colorectal cancer patients (Clark et al., 1998; Pazdur et al., 1994; Sternberg et al., 1994). The

multi-drug resistance is one reason for the reduced efficiency of anti-cancer drugs.

In addition, Neutropenia was the most common dose-related toxicity associated with docetaxel.
Other toxicities, such as hypersensitivity reactions, Mucositis, and Alopecia, develop when the

dose increases (Burris et al., 1993; Pazdur et al., 1992).

Both the above drawbacks of chemotherapy can be reduced by using gene editing. The function
of the proteins responsible for drug resistance is removed by altering the gene. At the same time,
as the sensitivity towards the drug increases, a lower dose can produce the same effect, done using
a higher dose before gene editing. Therefore, the dose-related toxicities will be eliminated, and

the patient's quality of life will be increased.

In this study, ABCC10 was selected as the gene target as it is the only multi-drug resistant protein
that confers resistance towards docetaxel. By altering the MRP7/4BCC10 gene, the efflux of the
drug has been reduced. The accumulation of the drug has increased. Therefore, the sensitivity for

the drug has increased, and the same anticancer effect is observed using a lower drug dose.
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Therefore, this study confirms that chemotherapy and gene editing effectively reduce tumour cell
growth. Therefore, combining gene editing and chemotherapy using in vitro CRISPR-Cas9 is
feasible. However, further studies are necessary to implement this approach in animal models and

clinical trials.

4.5. Gene knockout efficiency and off-target effect

According to previous studies and according to the findings of this study, it is evident that
CRISPR-Cas9 has excellent therapeutic potential in generating gene knockouts. However, despite
all its benefits, this technique has a significant drawback known as the off-target effect. These are
mutations generated by binding the gRNA to DNA sequences with less-than-perfect

complementary sites (Hsu et al., 2013).

According to previous studies, to minimise off-target effects, the sgRNA should be designed to
match precisely to the Protospacer Adjacent Motif (PAM) sequence NGG and the “Seed
sequence,” which is 8 to 12 bases from the 3’ end of the gRNA (Mali et al., 2013). It is also
reported that the mismatches in the PAM-proximal sites are less tolerated than the PAM-distal

mismatches (Zheng et al., 2017).

It is reported that up to five mismatches in the gRNA can be tolerated (Fu et al., 2013). However,
it is recommended to perform sequencing on the target cell line before the experiment to check if
it matches the sequence generated from in silico analysis software (Campenhout et al., 2019). For
example, reports show that the commonly used cell line HeLa displayed a different gene

expression pattern compared to the Human cells (Landry et al., 2013).

The gRNA should be designed to have a higher GC content to prevent off-target effects. GC
content between 40%-60% is ideal as higher GC content will stabilize the DNA-RNA duplex
(Naeem et al., 2020). Furthermore, according to research, at position 20 of the gRNA, Guanine is
preferred, and at position 16, Cytosine is preferred to increase on-target editing (Doench et al.,

2014).

To minimize off-targets, the gRNA should be designed to target the N-terminal coding exons of

the protein-coding gene (Shi et al., 2015). Furthermore, the knockout experiment should be
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designed to disrupt the exon shared by all variants of the specific gene (Endo et al., 2015). The
genetic polymorphisms in the target region (Endo et al., 2015) and the SNP in the PAM region

should be considered as they may affect the Cas 9 binding (Zheng et al., 2017).

Apart from the base pair sequence, the chromatin structure also affects the binding of Cas9 in
vertebrates. Nucleosomes are the basic units of chromatin. It is reported that Cas9 is found to
bond to regions with low nucleosome content (Horlbeck et al., 2016). Furthermore, studies have
demonstrated varied effects on Cas9 binding depending on whether it is an open chromatin
(Euchromatin) or a closed chromatin (Heterochromatin). Closed chromatin hinders Cas9 binding

at the target site and editing the specific target (Daer et al., 2017).

As mentioned above, the gRNA and the Cas9 protein are essential for proper targeting. Therefore,
improved Cas9, too, has been engineered to reduce off-target effects. A study has demonstrated a
reduced off-target effect using a Cas9 nickase mutant and paired gRNA, which binds to two
locations. Therefore, it increases the number of bases required for recognition and decreases oft-

targets by 50 to 1500 fold (Ran et al., 2013).

Also, when the single clones are obtained from the limiting dilution method, the dilution process
should be conducted as soon as the transfection is completed. This is because the non-edited wild-
type cells will outgrow the knockouts if the transfected cells are left to grow for a long time.
Finally, the isolated single clone should be sequenced to identify on-targets and changes to the

sequence following the transfection (Campenhout et al., 2019).

4.6. Future Directions

In this study, the clone 6G2 had shown a significant increased sensitivity towards docetaxel
compared to the wild-type control. However, the wild type and the clone 6G2 have produced the
signal corresponding to ABCC10 protein in the western blot analysis. Therefore, clone 6G2 may
be a heterozygous of ABCCI10 knockout. This could be confirmed by performing a genomic
sequence analysis and comparing the sequences of the wild type, 6G2 clone and the proposed
knockout. On the other hand, it has been reported that residual protein expression occurred in

HAP1 cells for about one third of the genetically verified CRISPR knockouts (Smits et al., 2019).
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Two causal mechanisms have been proposed, including 1) translation reinitiation leading to N-
terminally truncated target proteins or 2) skipping of the edited exon leading to protein isoforms

with internal sequence deletions.

Furthermore, the western blot analysis produced two signals for each sample. The signal that
corresponds to the ABCC10 appeared around 158 kD, and a second signal appeared around 37
kD. Therefore, further analysis is required to identify the reasons for the 37 kD signal. Different
ABCCI10 antibodies can be tested, which bind to different locations of the ABCC10 protein to
detect if the band is available in all cases. Also, different cell lines can be compared to check
whether the pattern is common to all tissues when using the same antibody and if it is still
available with different antibodies. Furthermore, it must be analysed if the 37 kD band is available
even in the knockout. Typically, a known western blot target such as the PDL-1 or the total protein
analysis is used as a positive control to compare the signals of the knockout. Therefore, further
analysis must be performed to detect the ability to use the 37 kD band as an internal control of

the western blot in a knockout clone.

In this study, the MTT assay was performed to detect the IC50 of docetaxel following 72 hours
of treatment. Five thousand cells per well of both wild-type and knockout clones were tested, and
it was identified that clone 6G2 had significantly higher sensitivity towards docetaxel compared
to the wild-type. Several inhibitors of ABCC10 have been identified so far. Further analysis could
be performed to check the IC50 of docetaxel on wild Caco-2 cells in the presence of the inhibitors.
From such a study, we could predict whether the ABCC10 knockout clone is more efficient in
increasing the sensitivity compared to the ABCC10 inhibitors. Also, Further studies are necessary
to compare the docetaxel dose-related toxicities generated in the event of knockout and the

ABCCI10 inhibitors.

Oxaliplatin is one of the most common drugs used to treat colorectal cancer. Therefore, the
sensitivity of the wild and knockout Caco-2 cells can also be compared to check if the CRISPR-
Cas9 transfection had increased the sensitivity of the knockout clones towards oxaliplatin, too or

was the effect specific only to docetaxel.
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Docetaxel is a prominent drug used to treat breast cancer. Therefore, further studies can be
performed to create CRISPR-Cas9 knockout clones using breast cancer cell lines. Following
limiting dilution, the isolated clones can be tested using MTT assay, western blotting, and
sequencing to check the feasibility of obtaining ABCC10 knockout clones that are more sensitive

to docetaxel.

As explained in section 4.5, the off-target effect can be reduced using improved gRNA and
modified Cas9. Therefore, CRISPR/Cas 9 transfection can be performed using different gRNAs
or modified Cas9 nickase with paired gRNA. The functional analysis needs to be performed on
the clones obtained using different methods, and the efficiency of producing the expected

knockout can be compared.

4.77. Conclusion

This thesis demonstrates that liposome-mediated delivery of ABCC10 guide-RNA/Cas9 protein
ribonucleoprotein complexes to Caco-2 cells achieved an on-target ABCC10 editing with a gene
cleavage efficiency of 13.8%. The subsequent limiting dilution cloning identified a single Caco-
2 clone that are significantly more sensitive to an ABCC10 substrate drug docetaxel. Furthermore,
it demonstrates that by inhibiting the ABCC10 protein using a gene editing technique, the function
of docetaxel is increased. Therefore, this research's findings confirm previous studies' data that
ABCCI0 acts as a resistor towards docetaxel. As the sensitivity increases, lower concentrations
are sufficient to treat tumour cells. Therefore, the dose-related toxicities are reduced, and the
patient’s quality of life is increased. However, several factors, such as the gRNA, Cas9 protein,
the cell line used, and the target gene-modified, play a crucial role in generating the intended
knockout. Further studies are necessary to increase the efficiency of producing complete
knockouts and develop methods to test in animal models and clinical trials. In short, this study
provides evidence for invitro gene alteration of ABCC10 protein and decreases its resistance
towards docetaxel, increasing the sensitivity of Caco-2 cells. Therefore, this therapeutic strategy

provides a novel approach to increase docetaxel sensitivity in colorectal cancer patients.
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Annex

Table A: ANOVA results of figure A (% cell viability of clone set A)

Dunnett'.s multiple Mean Diff. 95°00% Clof Below threshold? Summary | Adjusted P Value
comparisons test diff.
WT vs. 2D3 -2.030 |-13.65 to0 9.587 No ns 0.9938
WT vs. 5C3 -10.07 |-21.69 to 1.546 No ns 0.1041
WT vs. 5F2 -2.195 |-13.81 to 9.421 No ns 0.9910
WT vs. 5G3 -34.01 |-45.63 to -22.40 Yes ook <0.0001
WT vs. 8B6 -7.165 |-18.78 t0 4.452 No ns 0.3522
WT vs. 6G2 17.85 | 6.2311t029.46 Yes ok 0.0021
WT vs. 7C9 -27.97 |-39.58 to -16.35 Yes ek <0.0001
Table B: ANOVA results of figure B (% cell viability of clone set B)
Dunnett'.s multiple Mean Diff. 95'000./0 Clof Below threshold? Summary|Adjusted P Value
comparisons test diff.
WTvs. 7D11 -14.61 |-28.21to-1.014 Yes * 0.0327
WT vs. 6G2 25.67 12.08 to 39.27 Yes ok 0.0003
WT vs. 7B11 -8.873 | -22.471t04.723 No ns 0.3009
WT vs. 7C9 -2.727 |-16.321t0 10.87 No ns 0.9873
WT vs. 5G3 -2.659 | -16.251010.94 No ns 0.9891
WT vs. 2G9 2.722 | -10.87 to 16.32 No ns 0.9874
WT vs. 2E5 -3.905 | -17.50t0 9.692 No ns 0.9255
Table C: ANOVA results of figure C (% cell viability of clone set C)
Dunnett’s multiple|\, oyl 93:00% CLof 1,0 threshold?| Summary | Adjusted P Value
comparisons test diff.
WT vs. 2D3 -18.83 |-37.84 t0 0.1873 No ns 0.0527
WT vs. 5C3 5.553 | -13.46to 24.57 No ns 0.8953
WT vs. 5F2 -14.06 | -33.07 to 4.952 No ns 0.1905
WT vs. 5G3 -25.51 |-44.53t0-6.499 Yes ok 0.0076
WT vs. 7C9 -13.61 | -32.62 to 5.403 No ns 0.2132
WT vs. 8B6 9.132 | -9.881 to 28.15 No ns 0.5608
Table D: ANOVA results of figure D (% cell viability of clone set D)
Dunnett'.s multiple Mean Diff. 95'00% Clof Below threshold?|Summary|Adjusted P Value
comparisons test diff.
WT vs. 1F11 -2.681 | -23.69t0 18.32 No ns 0.9977
WT vs. 4D7 -12.17 | -33.17 to 8.840 No ns 0.3882
WT vs. 7B10 -1.650 | -22.66 to 19.36 No ns 0.9997
WT vs. 7B11 11.62 | -9.381to0 32.63 No ns 0.4299
WT vs. 7G6 -8.624 | -29.63 t0 12.38 No ns 0.6948
WT vs. 8F7 14.64 | -6.364 to 35.65 No ns 0.2326
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