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ABSTRACT

INVESTIGATION OF THE DRUG RESISTANCE IN CAPECITABINE-
RESISTANT HCT-116, DABRAFENIB-RESISTANT HT-29, AND SN-38-
RESISTANT HT-29 CELL LINES USING CELLULAR BARCODING
TECHNOLOGY

Baygin, Rana Can
Master of Science, Biology
Supervisor: Dr. Ahmet Acar

November 2022, 111 pages

Cancer is a complex disease, and understanding its biology holds great importance.
Tumor cells exhibit hallmarks of cancer, including aberrantly activated signaling
pathways and gain or loss genomic alterations that result in alterations in their
differentiation programs, survival, proliferation, and programmed cell death.
Developing resistance to therapeutic agents is one of the major problems in cancer
therapies. Exploiting drug resistance using the principles of clonal evolution can
pave the way to overcoming or controlling drug resistance in cancers. Collateral
sensitivity as a second-line therapy strategy positively impacts the treatment of
cancer, and it could offer novel therapeutic strategies to overcome or control drug
resistance. In this study, it was aimed to monitor the development of drug resistance
using cellular barcoding technology to identify second-line therapeutic agents that
sensitize initially drug-resistant cell populations. To develop the evolutionary-
informed strategy for drug resistance and to study the effect of second-line therapy
in colorectal cancer cell lines, barcoded HCT-116 and HT-29 cell lines were used.

The barcode analysis showed that the capecitabine resistance in HCT-116 cells was



caused by de novo, dabrafenib resistance in HT-29 cells was caused by de novo, and
the SN-38 resistance in HT-29 cells was caused by pre-existing alterations in the
population. The cell viability assays of drug-resistant cells indicated that collateral
sensitivity exists for other drugs. Thus, the development of drug resistance in
colorectal cancer cells was associated with pre-existed or de novo mutations
depending on a cell line or a drug in the preferred experimental model system and
potentially had a great impact on mediating collateral sensitivity as a second-line

therapy option.

Keywords: Colorectal cancer, drug resistance, collateral sensitivity, second-line

therapies

vi
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ILAC DIRENCININ KAPESITABIN DIRENCLI HCT-116, DABRAFENIB
DIRENCLI HT-29 VE SN-38 DIRENCLI HT-29 HUCRE HATLARINDA
HUCRE BARKODLANMASI TEKNOLOJISIYLE INCELENMESI

Baygin, Rana Can
Yiiksek Lisans, Biyoloji
Tez Yoneticisi: Dr. Ahmet Acar

Kasim 2022, 111 sayfa

Kanser karmasik bir hastaliktir ve onu biyolojisini anlamak biiyiik bir 6nem arz eder.
Tiimor hiicreleri diizensiz bir sekilde sinyal yolaklarini aktif hale getirir ve bu
hiicrelerde farkli genetik degisiklikler meydana gelir. Bu genetik degisikliklerden
dolay1 kanser hiicreleri, ortamda bulunan hiicresel farklilasma, hayatta kalma,
proliferasyon ve 6liim sinyallerine saglikli bir hiicre gibi cevap veremezler. Kanser
tedavisinde kullanilan ilaca karsi direng olusmasi biiyiik bir problemdir. Klonal
evrim ilag direnci mekanizmasini arastirmak ve 6nleyebilmek i¢cin 6nemli bir mihenk
tagidir. Kollateral hassasiyet ikinci basamak terapide ila¢ direnc¢li kolon kanseri
hastalar1 i¢in sonraki tedaviyi belirlemede 6nemli bir yere sahiptir. Barkodlanmis
kolon kanseri hiicre hatlart HCT-116 ve HT-29 ila¢ direnci evriminin ve ikinci
basamak tedavinin etkilerini anlamak i¢in kullanilmistir. Barkod analizleri ilag
direncinin kapesitabin direngli HCT-116 hiicre hattinda daha once goriilmeyen,
dabrafenib direncli HT-29 hiicre hattinda popiilasyonda énceden bulunan ve SN-38
direngli HT-29 hiicre hattinda daha 6nce goriilmeyen faktdrlerden kaynaklandigini
gostermistir. Hiicre canliligi deneyleri ilag direncinin diger ilaglara kollateral

hassasiyet yarattigin1 gostermistir. BoOylece, ilag direnci olusumunun sadece

vil



popiilasyonda onceden var olan faktorlerden degil aynm1 zamanda daha Once
goriilmeyen faktorlerden kaynaklandigi ve kollateral hassasiyetin ikinci basamak

tedavi etkisini arttirdig1 gozlemlenmistir.

Anahtar Kelimeler: kolon kanseri, ilag¢ direnci, kollateral hassasiyet, ikinci basamak

tedavi

viil
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CHAPTER 1

INTRODUCTION

Cancer is a complex disease defined as the rapid formation of abnormal cells that
can grow, invade, and spread (Hanahan & Weinberg, 2000). Carcinogenesis's
evolution occurs with genetic and epigenetic alterations (Fouad & Aanei, 2017).
Accumulating these alterations is the main reason for transforming malignant cells
from normal cells (Hanahan & Weinberg, 2000). Self-sufficiency in growth signals,
evading apoptosis, insensitivity to anti-growth signals, sustained angiogenesis, tissue
invasion and metastasis, limitless replicative potential, reprogramming energy
metabolism, and evasion of immune destruction is crucial alterations found for

malignant growth (Hanahan & Weinberg, 2011), (Hanahan & Weinberg, 2000).

1.1 Colorectal Cancer

Colorectal cancer (CRC) accounts for second with 9.4% in terms of mortality and
third with 10% out of all cancers (Sawicki et al., 2021). Lifestyle, body fatness, and
dietary patterns such as consumption of alcohol, cigarettes, red and processed meat
can cause an increase in morbidity. The survival of colorectal cancer depends on the
diagnosed stage, with earlier stage diagnosis having a 90% survival rate (Q. Wang

et al., 2022).

1.1.1 Risk Factors

There are three main risk factors associated with colorectal cancer. Firstly, family

and personal medical history related to inherited genetic factors. Having



inflammatory bowel disease (IBD), colon polyps, diabetes mellitus, and
cholecystectomy increase the risk of CRC. Secondly, lifestyle has an essential role
in developing carcinogenesis. It impacts anti-inflammatory properties, oxidative and
retinoic acid metabolism, antioxidants, and releasing factors, including hormones
and cytokine secretions (Sawicki et al., 2021). Dietary patterns like a diet high in
red and processed meat, a diet low in fiber, fruits, and vegetables, and a diet low in
calcium, vitamin D, and dairy products are associated with the risk of developing
colorectal cancer. Finally, gut microbiota, age, gender, and race influence the risk of

developing CRC (Sawicki et al., 2021).

1.1.2 Signaling Pathways

Different signaling pathways play a crucial role in CRC pathogenesis, and it is a
heterogeneous disease that depends on clinical and histopathological information.
According to The Cancer Genome Atlas project (TCGA), three groups were
identified in CRC based on genomic and transcriptomic characterization:
ultramutated cancers, chromosomal instability, and hypermutated cancers (Caputo

etal., 2019).

Ultramutated cancers in 3% of CRC patients are related to incorrect nucleotides at
DNA replication by DNA polymerase (Hino et al.,, 2019). The change in the
chromosomal instability pathway (CIN pathway) gene is responsible for 70-85% of
all CRC cases (Velho et al., 2008) K-ras is one of the genes that are essential for the
serrated pathway (Domenica et al., 2019). Change in the KRAS gene cause
inactivation of tumor suppressors and the activation of oncogenes. Microsatellite
instability (MSI) is related to hypermutated cancers. Microsatellite unstable (MSI)
colorectal tumors are sporadic and inherited forms and are associated with repetitive
and non-repetitive sequence mutations (Caputo et al., 2019). The repetitive
sequences are targets of defective mismatch repair systems. KRAS and BRAF gene

mutations are non-repetitive sequence mutations of sporadic colorectal cancer (CRC)



(Domenica et al., 2019). In 45% of CRC patients, KRAS mutations are observed,
while BRAF mutations are observed in 10% of CRC patients (Hino et al., 2019).

1.1.3 The cancer therapies

One major problem in cancer therapies is the development of resistance to
chemotherapeutic agents and targeted drugs (Q. Wang et al., 2022). Genetic
mutations, epigenetic changes, and cellular and molecular mechanisms during drug
efflux lead to pharmaceutical treatment tolerance in various types of cancer (X.
Wang et al., 2019). The chemotherapeutic agents cause DNA damage to block cancer
growth and proliferation; however, it has relatively high toxicity since the non-
specificity of cancer cells (Caputo et al., 2019). Targeted drugs were developed to
overcome this problem and to block cancer growth and proliferation precisely where
these drugs showed a significant effect during the initial treatment (Q. Wang et al.,
2022). Although chemotherapeutics and targeted drugs are good options for cancer

treatment, most patients develop resistance.

Drug resistance can be categorized depending on the time it is developed: acquired
or intrinsic resistance (Zugazagoitia et al., 2016). Acquired resistance gradually
diminishes the anticancer effect of a drug during drug treatment (Chan et al., 2017).
Changes in the tumor microenvironment can cause the activation of the second proto-
oncogene, mutations, or altered expression levels of drug targets (X. Wang et al.,
2017). Intrinsic resistance exists before the drug treatment, and it can reduce the
therapy efficiency (Pluchino et al., 2012). Pre-existing genetic mutations, tumor
heterogeneity, and intrinsic pathways activation can lead to intrinsic resistance
(Pluchino et al., 2012). Both acquired and intrinsic resistance mechanisms can exist

in tumor progression and, notably in cancer treatment (Saus et al., 2019).
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Figure 1. 1 Drug resistance mechanism (X. Wang et al., 2019)

Tumors are heterogeneous and can be situated in various effects, including the
basement membrane, vasculature, immune cells, and tumor microenvironment,
among other components. Changes in the tumor's physical parameters, genome, and

surrounding environment drive drug resistance

1.1.4 Tumor Heterogeneity

Tumor heterogeneity contributes to drug resistance and therapeutic failure (M
Greaves, 2015). Genetic heterogeneity, metabolic heterogeneity, phenotypic
heterogeneity, and temporal heterogeneity are the levels of heterogeneity (X. Wang
et al,, 2019). Both genetic alterations and epigenetic mechanisms, including
chromatin remodeling, DNA methylation, and post-translational modifications of
histones, lead to intra-tumor heterogeneity (M Greaves, 2015). Selection and

Darwinian evolution have an essential impact on intratumor heterogeneity (ITH) (M



Gerlinger, 2010). The composition of genomic heterogeneity consisted of tumor
subclones populations under the drug treatment changes at different stages based on

the Darwinian selection manner pressure (Mel Greaves & Maley, 2012).

Tumor tissues s consist of cancer cells, various types of cells such as fibroblasts,
immune cells, and extracellular matrix (ECM) (D'Angelo et al., 2020). Tumor
growth and survival depend on ECM, blood vessels, fibroblast, immune and
inflammatory cells, and signaling molecules (Sugimoto et al., 2006). Studying the
tumor microenvironment is essential to understand why the tumor niche develops
resistance to therapy, especially intrinsic resistance (Pluchino et al., 2012). It can
mediate resistance through stimulating paracrine growth factors, immune clearance

of tumor cells, and hindering drug absorption (Sharma et al., 2017).
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Figure 1. 2 Tumor heterogeneity (Lin & Lin, 2019)

Genomic and epigenomic heterogeneity by phenotypically distinct cells and

microenvironmental components were shown.

The composition of the tumor microenvironment can change after treatment which
causes reducing drug efficacy (Costa et al., 2018). Tumor cells can shape the

microenvironment according to their favorable growth environment in terms of



hypoxia, acidosis, immune predation, and resource limitations (McGranahan &

Swanton, 2017).

Epigenetic changes and genetic heterogeneity cause phenotypic variation between
cancer cells (Ostman & Augsten, 2009). Clonal evolution is a necessary process not
only for intra-tumor heterogeneity but also for driving tumor initiation, progression,
and treatment resistance (McGranahan & Swanton, 2017). In tumor evolution,
mutations, genetic drift, and selection are crucial, and chromosomal instability is

central to it (McGranahan & Swanton, 2017).

1.2 Evolutionary Tracking of Drug Resistance by Barcoding

The evolution of large cell populations depends on mutational, circulating nucleic
acids (CNA), and single nucleotide variants (SNV) (Hino et al., 2019). These
determinants facilitate cancer progression and drug resistance (Hino et al., 2019). A
quantitive method is needed to understand which mutations, CAN, and SNV are the
underlying components of this evolution. A quantitative understanding of the
evolutionary dynamics can determine which mutations, CNA, and SNV, are higher

in population fitness and contribute to resistance development.

The net outcome of beneficial mutation rates is a critical concept both in large and
small populations, many beneficial mutations occur in the population, and one can
compete with one another (Blundell & Levy, 2014). Clonal interference, which
diminishes the effect of one mutation on the population, is crucial for small
populations (Mel Greaves & Maley, 2012). Thus, even in low frequencies, adaptive

mutations impact the evolutionary dynamics (Blundell & Levy, 2014).

Barcoding of the genome provides lineage tracking of evolution and drug resistance
(Blundell & Levy, 2014). The specific identity of mutations and their fitness effect
and times of occurrence can be measured by barcoding the genome with unique

random DNA sequences (Kebschull & Zador, 2016).
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Figure 1. 3 Barcoding of cells (Kebschull & Zador, 2018)

The cells contain different barcodes to allow tracking during evolution.

Population size and mutation rate are crucial to determine the mutation's fitness
which shows the expanding time of a mutation in a population since the impact of
beneficial mutations could be different on evolutionary dynamics (Blundell & Levy,
2014). Indeed, in small and large populations, the accumulation of beneficial
mutation is different (Blundell & Levy, 2014). In large populations, the effect of a
mutation occurs relatively quickly (Levy et al., 2015). Therefore, the fitness effects
on the population size and the mutation rates impact evolutionary dynamics (Levy

etal., 2015).

The beneficial mutations are rare, and when a small lineage is found in the
population, the frequency of mutation can be increased by genetic drift (Blundell &
Levy, 2014). The lineage trajectory can be used to find the properties of the mutation
(Levy et al., 2015).

There are limitations to the sequencing of the population. The frequency of mutations
can give a clue about dynamics. In large populations, low-frequency mutations,
which were observed at less than 1%, play a crucial role in driving the evolutionary
dynamics, and they could be abundant (Blundell & Levy, 2014). Because linkage

information does not exist for population sequencing, there is no information about



specific genotypes found in the population (Blundell & Levy, 2014). The relative
frequencies can detect small indels and single nucleotide polymorphisms in the
population (Levy et al., 2015). Replicate sequencing will be a powerful way to study
the evolutionary process; however, there is still a challenge in observing alleles that

exist at low frequencies (Blundell & Levy, 2014).

Genetically incorporated stable, heritable and sequence-able barcodes can be used to
determine lineage tracking (Kebschull & Zador, 2016). Some critical points for
creating a barcode library include no misidentification of one barcode with another,
no generation of erroneous restriction sites, and having constant and low complexity
surrounding regions for being easily sequence-able by next-generation sequence
(NGS). Also, there should be spacers between random regions to differentiate

barcode DNA from the host DNA.

Understanding the dynamics of tumor growth, metastasis, and drug resistance in
cancer and determining the cellular evolutionary process is a great hallmark;
however, the major challenge is determining which mutations represent beneficial
mutations and which represent pre-existing, neutral, and deleterious mutations (Acar
et al., 2020). These classifications are essential for determining the drivers of drug
resistance in cancer. The sequencing of the initial and drug-resistant population with
NGS can show why the resistance to chemotherapeutics exists. These can be caused
by mutations found as pre-existing resistant, sensitive, and de novo mutations (Acar
et al., 2020). These types are determined accordingly to the computational analysis

of barcode sequences and comparing replicates.
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Figure 1. 4 The barcode vector

CloneTracker XP™ IM Barcode-3’ Library Pool 1 with RFP-Puro.

The vector provides tracking of individual clones with using Next-Gen Sequencing
(NGS) via genomic DNA or RNA-seq. The library contains one million unique
lentiviral constructs that express unique barcode sequences. The barcodes integrate
into the genomic DNA of host cells through transducing of barcode library and it
provides cells to have different DNA-sequenceable barcodes in nearly every cell in
the population. The barcode is stably integrated, and it is passed onto any cell
progeny during DNA replication which provides tracking of all the progeny derived

from each individual cells.



The barcode library can be used to identify expression profiles with single-cell RNA-
Seq. The barcode vector contains promoter region and poly A tail for barcode
transcription. Promoter region is crucial for transcription initiation and poly A tail
makes the RNA molecule more stable and prevents its degradation and plays
significant role in mRNA molecule exportation from the nucleus and translated into
a protein by ribosomes in the cytoplasm. Different cells can activate different
signaling pathways and clonal populations of cells from a single progenitor can be

identified by cellular barcoding.

The barcode library is in a lentiviral vector that express TagRFP and Puro resistance
genes under an EFS promoter. The barcode vector contains 48 bp including the
barcode region consisting of 14 bp region, four by linker region, and 30 bp Celesta
barcode region. Through this technology barcode identification using NGS analysis

can be performed from genomic DNA can be achieved.

The barcode library can be used for identification of genetic heterogeneity of cell
populations since it facilitates heritable, stable, and sequenceable barcodes in every
individual cell of population. The barcoded cells treated, grown for several passages,
frozen and thawed and the lentiviral vector that contains barcode sequence remain in
the host cell. Thus, it can be used in identifying and quantifying barcodes present in

the selected cell population after drug treatment.

1.4 Kras Signaling

KRAS is a proto-oncogene, and it encodes a small GTPase transductor protein
KRAS (Liu et al., 2019). RAS superfamily is a group of guanosine triphosphate
(GTP) binding proteins. The three RAS genes encoding the RAS proteins, HRAS,
NRAS, and KRAS, are the most frequently mutated in cancer (Waters & Der, 2018).
It ranges from 50% to 60% (L. Liang et al., 2018).
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There is an on-off molecular switch for KRAS protein via binding to GTP and
guanosine diphosphate (GDP) (L. Liang et al., 2018). The activation mechanism is
regulated by guanosine nucleotide exchange factors (GEFs) and GTPase-activating
proteins (GAPs) (Waters & Der, 2018). KRAS, predominantly GDP-bound and
RAS-GEFs nucleotide binding, releases the nucleotide in the presence of stimulation
(Waters & Der, 2018). GTP binding to KRAS causes a conformational change,
which activates KRAS interactions with GAPs and affects the GEFs interactions,
lead GTP release (Liu et al., 2019). The mitogenic processes can be controlled by
receptor tyrosine kinases (RTKs) and other cell-surface receptors activation by RAS-
GTP formation that regulates intracellular signaling via effector proteins (Waters &

Der, 2018)

There are three mutational hotspots found in the RAS genes. Glycine-12 (G12),
glycine-13 (g13), and glutamine-61 (Q61) are the most frequently observed missense
mutations that encode single amino acid substitutions (Velho et al., 2008). G12
mutation cause activation of RAS, G13 mutation cause decreased GAP binding and

hydrolysis, and mutation at Q61 reduce the hydrolysis rate (Liu et al., 2019).

The crucial cellular processes, especially cell differentiation, growth, chemotaxis,
and apoptosis, depend on signaling molecules’ activation (Mo & Moschos, 2005).
KRAS signaling allows the transmission of the transducing signals from the cell
surface to the nucleus (Liu et al., 2019). Three essential processes are found in the
activation of KRAS signaling: proper post-translational modifications, plasma-

membrane-localization, and interaction with effector proteins (Waters & Der, 2018).

11
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Figure 1. 5 Kras signaling pathway (Zhu et al., 2021)

Receptor tyrosine kinase activation causes GRB2 combination with the guanine
nucleotide exchange factor SOS and interaction with KRAS protein. Activation of
KRAS regulated by GEFs and GAPs with GTP-GDP cycling. KRAS mutation cause
disruption of this cycle and accumulation of active state KRAS. Thus, the

downstream MAPK and PI3K signaling cascade cell proliferation and survival.

Activation of KRAS with the conversion from RAS-GDP to RAS-GTP triggers
multiple downstream pathways that promote cell growth and survival, such as
rapidly accelerated fibrosarcoma (RAF), mitogen-activated protein kinase (MEK),
extracellular signal-related kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)-
protein kinase B (AKT)- the mechanistic target of rapamycin (mTOR) pathways
(Zhu et al., 2021). RAS-GTP can directly bind to RAF protein and activate it, which
causes chain phosphorylation/activation reactions to downstream substrates (Zhu et

al., 2021).



1.5  Braf signaling

Braf is a signal transduction protein that serine/threonine protein kinase and has a
crucial role downstream of the KRAS mitogen-activated protein kinase (MAPK)
pathway (Caputo et al., n.d.). Braf gene drives cell proliferation, differentiation,

migration, survival, and angiogenesis (Yaeger & Saltz, 2012).
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Figure 1. 6 Braf family and activation of Braf signaling pathway (Bellio et al.,
2021)

Class, I BRAF mutants capable of signaling via monomers, and Class 11 BRAF
mutants are capable of signaling via dimers. Both of them are RAS independent and
enable the activation of MEK and ERK. ERK has a negative feedback response on
RAS inactivation by phosphorylation. Class III BRAF mutant is a heterodimer, RAS
dependent, and enables MEK and ERK activation. There is no feedback response for

RAS inactivation.

13



RAS small guanidine triphosphatase (GTPase) activates the RAF family proteins,
including BRAF (De Falco et al., 2020). Activated BRAF can cause phosphorylation
and activation of MEK proteins that lead to phosphorylation and activation of ERKSs.
Phosphorylated ERK can phosphorylate multiple transcription factors (Caputo et al.,
2019). Dysregulation of the MAPK pathway can cause tumorigenesis.

There are three classes of BRAF mutations based on kinase activity and acting as
monomers or dimers. Class I mutations, including BRAF Y¢F  gsignaling as
monomers and Class II mutations as dimers, are RAS independent and cause a gain
of function in the MAPK pathway by BRAF kinase activation (Bellio et al., 2021).
Class III mutations are RAS-dependent and amplify ERK signaling by impaired
BRAF kinase activity (Schaufler et al., 2021). Both Class I and Class II mutations
depend on RAS activation for overcoming negative feedback from ERK; however,
Class III mutations activate RAS by the high activity of receptor tyrosine kinases
(RTKs) (Bellio et al., 2021). Although Class I and II are intrinsically resistant to
EGFR inhibitors, Class III mutants can have a higher sensitivity to EGFR inhibitors
(Yaeger & Corcoran, 2019). Oncogenic mutations cause both three classes (Bellio et

al., 2021).

BRAF V6%E mutation is the most frequent mutation, caused by a valine amino acid
substitution with glutamic acid at codon 600 (Chan et al., 2017). It leads to an
increase in BRAF activity of about 10-folds compared to wild-type, which increases
the stimulation of downstream effector proteins MEK and ERK via phosphorylation
(Caputo et al., 2019), (Chan et al., 2017). Thus, BRAF mutations cause melanoma
cell survival, proliferation, tumor angiogenesis, and metastasis by ERK signaling

pathway (Pratilas et al., 2015).

A patient who has BRAF V6%F mutation can be categorized into two groups
according to gene expression profile (Caputo et al., 2019). The first group (BMI1)
has poorer survival since the high activation of KRAS/mTOR/AKT/4EBP1 signaling

and epithelial-mesenchymal transition (EMT) and macrophage infiltration genes
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(Caputo et al., 2019). The second group (BM2) is involved with activated cell-cycle
checkpoint-associated genes (Caputo et al., 2019).

1.6 Development of Drug Resistance

Chemotherapy, molecular targeted therapy, and immunotherapy are the treatment
options for CRC patients. Anticancer drugs have to be metabolized into their active
forms and transported to the target location to cause the death of tumor cells (Q.
Wang et al., 2022). Highly proliferating intrinsic or extrinsic aggressors lead to drug
resistance development (Heydt et al., 2021). Tumor growth, tumor burden, physical
barriers, tumor heterogeneity, immune system and tumor microenvironment,
therapeutic pressure, and undruggable genome are biological determinants of

resistance (Vasan et al., 2019).

Tumor burden and growth kinetics are essential for developing cancer and metastasis
since advanced tumors present enhanced metastatic risk (Vasan et al., 2019).
Although, according to the Golie-Coldman hypothesis, mutation rate and tumor size
significantly impact drug-resistant clones, therapy and resistance cause changes in

tumor growth and kinetics (Goldie, 1989).

Tumor heterogeneity results in genetic diversity, and the different genomic
alterations cause it through mutation (Chung et al., 2017). Genomic and
chromosomal instability have different evolutionary speeds; large chromosomal
alterations can cause macro-evolutionary events (McGranahan & Swanton, 2017).
Therapeutic pressure has an essential effect on change in tumor phenotype by the
disappearance of targeted cellular clones and acquisition of new mutations (Vasan et
al., 2019). Thus, in the presence of selection pressure, these mutational processes

lead to tumor heterogeneity (N McGranahan, 2017).

Effective exposure to a drug from a tumor is affected the physical barriers of a tumor

(Vasan et al., 2019). The tumor cells create a hypoxic environment and prevent
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adequate blood flow. These situations diminish the efficiency of drug exposure and

therapy resistance (Jain, 2005).

Immune cells, stroma, fibroblast cells, and vascularity are the composition of the
tumor microenvironment (Hanahan & Weinberg, 2011). The tumor
microenvironment can cause drug resistance by hindering drug absorption, and
immune clearance, and stimulating growth factors, especially paracrine growth
factors. Immune evasion and immunosuppressive cancer microenvironments can

lead to the failure of immunotherapy (Sharma et al., 2017).

Selective therapeutic pressure and undruggable genomic drivers can cause the failure
of treatment (Mel Greaves & Maley, 2012). Although some target oncogenic driver
mutations exist, undruggable tumor suppressor genes remain (Vasan et al., 2019).
The pressure of chemotherapy and radiotherapy induces immune responses and
increases genomic instability (Q. Wang et al., 2022). This situation contributes to the
acquired resistance. Negative feedback mechanisms and epigenetic modulations are

found in the early adaptive stage of these changes (Sun & Bernards, 2014).
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Figure 1. 7 Biological determinants of drug resistance (Vasan et al., 2019)

Developing drug resistance depends on some biological parameters, especially
changes in genome and environment, tumor heterogeneity, tumor growth, tumor

microenvironment, and physical pressure.

1.7 Chemotherapeutics

Chemotherapy or surgery supplemented with chemotherapy is used in treating CRC
patients (Q. Wang et al., 2022). 5-fluorouracil, capecitabine, irinotecan, and
oxaliplatin are chemotherapeutic agents used in treating CRC patients (Shao et al.,
2022). These drugs are metabolized into their active form and transported to the

target location to eradicate tumor cells (Shao et al., 2022).



1.7.1.1 Capecitabine

Capecitabine is cytotoxic via inhibition of DNA synthesis (Mcgavin et al., 2001). It
is activated in cells by transforming its active form of 5-fluorouracil (5-FU) to
maximize the anti-tumor effect (Shao et al., 2022). This process is mediated by
thymine phosphorylase (TP), a tumor-associated angiogenesis factor, and its
expression promotes tumor growth (Q. Wang et al., 2022). 5-FU inhibits the
thymidylate synthase (TS) and binds DNA and RNA (Q. Wang et al., 2022).
Fluorudeoxyuridine monophosphate (FAUMP) and fluorouridine triphosphate
(FUTP) are the catabolized molecules of fluorouracil, which are cytotoxic as they
inhibit thymidylate synthase and get incorporated into RNA as false nucleotides
(Mcgavin et al., 2001). Thus, the anti-DNA mechanism and anti-RNA effects are the
anti-tumor mechanisms of fluorouracil. The capecitabine sensitivity in tumors is
related to TP’s activity and expression (Van Cutsem et al., 2005). Capecitabine or 5-
FU resistance in CRC is associated with the lower expression of metabolic enzymes
that has a crucial role in the transformation of active anticancer metabolites (Van
Cutsem et al., 2005). There is a three-step enzymatic reaction found in cells. Orotate
phosphoribosyl-transferase (OPRT), uridine monophosphate (UMP) synthetase
(UMPS), and UMP kinase (UMPK) are essential enzymes for this transformation (Q.
Wang et al., 2022).

1.7.1.2 Irinotecan

Irinotecan inhibits DNA replication and transcription via topoisomerase 1 (TOP-1),
an essential nuclear enzyme during DNA replication and transcription. Irinotecan is
a pro-drug and its active metabolite is SN-38 (Jensen et al., 2016). Carboxylesterase
2 (CES2) is crucial for this conversion, and its expression is related to irinotecan
sensitivity in CRC (Q. Wang et al., 2022). Some metabolites such as uridine
diphosphate glucuronosyltransferase 1A1 (UGT1Al), pB-glucuronidase, and

cytochrome P450-3A4 (CYP3A4) can cause resistance to Irinotecan or its activated
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form SN-38 (Q. Wang et al., 2022). Low Topl expression can also be a mediator of
drug resistance since it has a vital role in genetic mutations, gene copy number
alterations, mRNA and protein expression levels, and enzyme activity levels which
significantly impact the sensitivity to treatment (Jensen et al., 2016). Therefore,
resistance to SN-38 is directly correlated with Topl activity via mutations or DNA

methylation (Jensen et al., 2016).

1.8 Targeted Drugs

Rather than chemotherapies that disrupt rapid cell proliferation and kill cells,
targeted therapies inhibit the specific target protein and prevent the growth of cancer
cells (C. Wang et al., 2019). However, the alteration of drug targets with a secondary
mutation in the target protein or epigenetic alterations in its expression can cause the

development of resistance (X. Wang et al., 2019).

1.8.1.1 Dabrafenib

Dabrafenib is a BRAF V600E-specific inhibitor that disrupts the RAF/MEK
pathway (Kirouac et al., 2017). Dabrafenib has a five-membered heterocyclic group
with a central ring locking and an affinity to binding BRAF; therefore, there is
reversible competitive inhibition of potent adenosine triphosphate, which selectively
inhibits the BRAF (V600E) kinase domain (H. Wang et al., 2017). Although BRAF
inhibitors inhibit the target in all cells, V60OE BRAF inhibitors inhibit only mutated
BRAF protein -which is monomer-not the wild-type BRAF — dimer- (Chan et al.,
2017). Thus, this can be the main reason for developing drug resistance since
negative feedback on MAPK pathway inhibition causes the formation of Raf dimers

and resistance to RAF inhibitors (Heidorn et al., 2010).

Activation of MEK/ERK (which is found downstream of RAS/RAF) causes survival
and cell proliferation in RAF mutated cells (Kirouac et al., 2017). ERK inhibition
can inhibit the proliferation of CRC cells (Kirouac et al., 2017). Targeting multiple
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agents of the MAPK pathway in CRC can enhance the anti-tumor effect of the
treatment (H. Wang et al., 2017). In the presence of an ERK inhibitor, targeting
BRAF has a synergetic effect (Q. Wang et al., 2022). Thus, RAF inhibitors, in
combination with ERK inhibitors, can play a crucial role in BRAF V600E mutated
tumors. An ERK inhibitor, SCH772984, can inhibit MAPK signaling and enhance
treatment sensitivity in CRC patients (Q. Wang et al., 2022).
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Figure 1. 8 The list and target of chemotherapeutics for CRC (Q. Wang et al.,
2022)

The targets 5-FU, irinotecan and dabrafenib in cell.

1.9 Collateral Sensitivity

Collateral sensitivity is sensitivity to a drug in therapeutic resistance evolution
(Scarborough et al., 2020). Although chemotherapy is a standard treatment for
metastatic and hematological malignancies, the development of resistance to
chemotherapy is often (Pluchino et al., 2012). The resistant cancer cells can have
resistance to other drugs that differ structurally and mechanistically, called multidrug
resistance (MDR). In the presence of MDR, cancer cells have less chemotherapy

response. Collateral sensitivity can be essential in MDR cell growth and tumor
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resensitization (Pluchino et al., 2012). Thus, collateral sensitivity can create an

excellent opportunity to improve the ability to target cancer cells.

Cellular alterations include changes in gene and protein expression, reduction in drug
accumulation, mutations that decrease the binding of the drug to its target, changes
in drug metabolism, and apoptotic signaling diminishing can cause MDR
(Gottesman et al., 2002). These cellular alterations can resist a drug and sensitize
cells to other drugs. Thus, there can be a positive correlation or negative correlation
in the presence of drug resistance. If resistance to a drug cause MDR, it will be a
positive correlation; however, if resistance to a drug cause collateral sensitivity, it
will be a negative correlation in terms of the fitness landscapes (Scarborough et al.,
2020). Therefore, the evolution of one drug resistance can lead to variable changes

in the second drug response in cancer cells.

There are four possible putative mechanisms of collateral sensitivity. The first one is
the modulation of collateral sensitivity by reactive oxygen species that cause an
increased amount of cellular ATP hydrolysis (Hall et al., 2009). In the presence of
an increase in the hydrolysis of ATP, cells suffer from oxidative stress because of an
increase in ROS production or an indirect result of a decrease in antioxidant defenses
(Pluchino et al., 2012). Collateral sensitivity can cause futile hydrolysis of ATP. The
second one has increased sensitivity to changes in energy levels by cellular metabolic
pathways such as glycolysis or oxidative phosphorylation (Hall et al., 2009). Thus,
the agents that affect cellular ATP stores can be used in MDR cells. The third one is
extruding endogenous substrates that are needed for cell survival. The collateral
sensitivity agents can indirectly facilitate or stimulate the endogenous essential
molecules extrusion (Pluchino et al., 2012). The final one is membrane perturbation
since some collateral sensitivity agents, such as Triton X detergents, impact the

alteration of membrane biophysical properties (Pluchino et al., 2012).
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Figure 1. 9 Collateral sensitivity shown (Hall et al., 2009)

Dose-response curve of the representative cell line (solid line belongs to parental

cells, and the dotted line belongs to drug-exposed cells (A). Determination of

collateral sensitivity and multidrug resistance (B).

Collateral sensitivity can be determined by calculating a drug’s cytotoxicity (IC50)

and comparing parental and resistant cells (Gottesman et al., 2002). In MDR, the

second drug will have lower efficiency in cytotoxic effect against drug-resistant than

parental cell lines, that is, cross-resistance (Scarborough et al., 2020). In collateral
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sensitivity, the second drug has high cytotoxicity against drug-resistant than parental

cell lines (Gottesman et al., 2002).

1.10 Drug combinations

Overcoming drug resistance is challenging since the high heterogeneity during tumor
growth and the complexity of tumor progression. Combinational and personalized
therapies are required to treat drug resistance since the individual differences in
mutations during drug exposure (Yalcin et al., 2020) (C. Wang et al., 2019). The
single drug used in therapeutic strategies can cause the death of sensitive cells, but
resistant cells survive and proliferate (Mel Greaves & Maley, 2012). On the other
hand, combinational therapies use two or more drugs that allow targeting of multiple
driver genes at the same time (Bellio et al., 2021). Hence, it creates a more complex

environment for cancer cells for selection and growth.

To enhance the chemotherapeutic effect of drugs on colorectal cancer patients,
chemotherapy with oxaliplatin combinations can be used (Hattori et al., 2019). The
combination treatment can be used in the second-line therapy in advanced colorectal
cancer cells after a treatment failure. In second-line therapies, oxaliplatin-based
doublets could be utilized (Guglielmi et al., 2007). Oxaliplatin combinations with

capecitabine, irinotecan, or dabrafenib are highly used in CRC (Lurie et al., 2021).

According to NCCN colon cancer guidelines, 2021, capecitabine and oxaliplatin
combination (CAPEOX) can be used in CRC as first and second-line therapy, and it
could be beneficial in the presence of metastasis. The response rate of cells increases
compared to single-agent therapies under CAPEOX treatment (Guglielmi et al.,
2007).

Oxaliplatin, combination with dabrafenib, can be used in BRAF V600E mutated
cells. This combination can increase the survival rate of patients with minimal

toxicities (D'Angelo et al., 2020). Inhibition of BRAF with MAPK signaling can also
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overcome the monotherapy resistance. Thus, a combination of dabrafenib and MEK

or ERK inhibitors can increase the survival rate of patients (Williams et al.,2015).

Oxaliplatin, combination with irinotecan (IRINOX,) can be used as second-line
therapy in CRC (Lurie et al., 2021). IRINOX treatment can increase the response
rate of cancer cells compared to a single chemotherapeutic treatment (Guglielmi et
al., 2007). IRINOX treatment could benefit patients with FU or FU prodrug

(capecitabine) contraindicated (Guglielmi et al., 2007).

1.11 The aim of the study

This study aimed to investigate the development of drug resistance using the cellular
barcoding technology and the reasons behind it such as pre-existing cellular
alterations or de novo mutations. This study also aimed at the second-line therapy
effect on colorectal cancer cells. HCT-116 and HT-29 cell lines were used for this

purpose. To pursue this;

1.) Barcoded the colorectal cancer cells (HCT116 and HT-29) by lentiviral
barcodes,

2.) Generated Capecitabine-resistance in HCT-116 cells, Dabrafenib-resistance
in HT-29 cells and SN-38-resistance in HT-29 cells,

3.) Assessed secondary drug sensitivity in capecitabine-resistant HCT-116 cells,
dabrafenib-resistant and SN-38-resistant HT-29 cells,

4.) Assessed combine therapy effect on dabrafenib resistant and SN-38 resistant
HT-29 cells,

5.) Investigated dabrafenib and SN-38 resistance effect on clonogenic capacity
in HT-29 cell line,

6.) Assessed the dabrafenib resistance and SN-38 resistance effect on cellular

mobility in HT-29 cells.
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CHAPTER 2

MATERIALS AND METHODS

2.0 Cell Line Characteristics

According to ATCC, HCT-116 is a colon carcinoma cell isolated from a male. HCT-
116 cells carry a mutation in codon 13 of the KRAS proto-oncogene. KRAS has a
critical role in colon carcinogenesis and the HCT-116 cell line harboring G13D
mutation (DOI: 10.18632/oncotarget.5021). According to ATCC, HT-29 is a
primary tumor cell isolated from a female patient with colorectal adenocarcinoma.
HT-29 cell line carries BRAF V600E mutation. BRAF is one of three RAF genes
that has an effect on KRAS signaling (Roma et al., 2016). Both cell lines carry
highly observed mutations in CRC patients. Therefore, we selected these cell lines

to track the evolutionary dynamics of drug resistance.

2.1 Cell Lines and Growth Conditions

HCT-116 (Human colorectal carcinoma cell line) described previously (Liu et al.,
2022) were maintained in Roswell Park Memorial Institute 1640 Medium (RPMI,
BI, 01-100-1A) supplemented with 10% fetal bovine serum (Biological Industries,
USA, 04-007- 1A), %1 L-glutamine (BI, 03-020-1B ) and 1%
Penicillin/Streptomycin (BI, 03-031- 1B).

HT-29 (Human colorectal adenocarcinoma cell line) described previously
(Grohmann et al., 2012) were maintained in high glucose (4.5 g/L) Dulbecco’s
Modified Eagle Medium (DMEM, BI, 01-052-1A) supplemented with 10% fetal
bovine serum (Biological Industries, USA, 04-007- 1A), %1 L-glutamine (BI, 03-
020-1B) and 1% Penicillin/Streptomycin (BI, 03-031- 1B).
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293T (Human embryonic kidney cells) described previously (Yang et al., 2021) were
maintained in high glucose (4.5 g/L) Dulbecco’s Modified Eagle Medium (DMEM,
BI, 01-052-1A) supplemented with 10% fetal bovine serum (Biological Industries,
USA, 04-007- 1A), %1 L-glutamine (BI, 03-020-1B ) and 1%
Penicillin/Streptomycin (BI, 03-031- 1B).

2.2 Transformation

For transfection, envelop vector; pCMV-VSV-G (Plasmid #8454), packaging
vector; pCMV-dR8.2 (Plasmid #8455), which were purchased from Addgene, were
used. These vectors transformed into chemically induced competent cells. 16h after
the transformation, single colonies grown on LB agar ampicillin plates were picked,
put into a 5 ml LB-Ampicillin medium, and incubated on an orbital shaker overnight.
Plasmids were isolated from these overnight grown cultures using the ZymoPURE

Plasmid Miniprep Kit (Zymo Research, USA, D4211).

23 Determining of Minimum Lethal Dose of Puromycin

HCT-116 (150,000/well) and HT-29 (150,000/well) cells seeded in 6-well plate.
After 48 hours of seeding, puromycin dilutions were prepared, and the cells were
treated for 72 hours. MTT (Serva, SE2039502) assay was used to determine cell
viability.

2.4 Generation of Lentiviruses

To generate the lentiviruses, 2 X 106 293T cells were seeded into Poly-L-Lysine
(Serva, SE3322501) coated cell culture dishes with a complete growth medium.
After the allowing of attachment, the cells were co-transfected with the envelope
vector p>CMV-VSV-G (Addgene, Plasmid #8454), packaging vector pPCMV-dRS.2
(Addgene, Plasmid #8455), and pRS19 Barcode-CloneTracer (Cellecta, USA) in the
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presence of lipofectamine 2000 transfection reagent (ThermoFisher Scientific,
USA). After 24h, the medium was changed, and the viruses were harvested 72 hours

post-transfection and stored at -80°C.

2.5 Transduction

For transduction experiments, 150,000 cells/well of HCT-116 and HT-29 were
seeded in two separate 6-well plates. After the cells allow attachment for 24 hours,
different virus amounts are transduced in the presence of polybrene (Santa Cruz, sc-
134220) to enhance transduction efficiency. Puromycin selection was used to
determine the 10% transduced population over the whole population, which is MOI

0.1 ratio.

2.6 Generation of Barcoded Cells

For barcoding of HCT-116 cells, 15x10° cells were seeded in 3 different 15 cm tissue
culture dishes (5x10° cell/dish) and allowed attachment for 24 hours. Pre-determined
virus amount (3.266 ul) transduced in two different 15 cm tissue dishes in the
presence of polybrene (Santa Cruz, sc-134220) (8ug/ml), and there was no virus
induction on the third dish, which is negative control. After 24 hours from
transduction, the cells were treated with a pre-determined puromycin dosage
(lug/ml) for 72 hours. Barcoded cells were selected with puromycin until there was
no living cell in the negative control dish containing wild-type cells. Selected cells
grew on a complete medium. When the barcoded cells reached confluency, they were

taken to the pellet for further analysis, frozen, and stored at -80°C.

For barcoding of HT-29 cells, 5x10° cells per 15cm tissue culture dish were seeded
into three different dishes and allowed attachment for 24 hours. For transduction, a
pre-determined virus amount (6.666ul) was transduced into two different dishes with
8ul/ml polybrene (Santa Cruz, sc-134220), and the cells allowed transduction for 24

hours. One of the seeded dishes was negative/puromycin control; thus, there was no
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transduction. The cells were treated with a pre-determined puromycin dosage
(1.5ug/ml) for 72 hours. After puromycin selection, there was no living cell in the
dish containing wild-type cells. The selected cells grow on a complete medium, and
when the cells reach confluency, taken cell pellet for further analysis and frozen and

stored at -80°C.
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Figure 2. 1 Representation of cellular barcoding.

2.7 Proliferation Assay

The pre-barcoded and barcoded cells were seeded into 96-well plates as 10.000 cells
per well to observe barcode vectors’ effect on cells in terms of proliferation. After
three days of seeding, the cells were fixed with a solution of 2% formaldehyde (Serva
SE3162802) diluted in phosphate-buffered saline (PBS) (BI 02-023-1A). After two
hours, the cells were stained with 0.1% crystal violet (Amresco 0528) diluted in
water. Eight minutes later staining solution was removed by washing with dH>O and
left to dry overnight. 10% acetic acid (Merck 1.00056.2500) solution in water used
to dissolve crystal violet and microplates were read using a microplate

spectrophotometer (Multiskan GO; Thermo Fisher Scientific, USA) at 570 nm.
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2.8  MTT Assay

3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assay was
used to observe the cytotoxic effect of chemotherapeutics. For the MTT assay, the
cell lines were seeded in 96-well plates as 10x10° cells per well and incubated for 24
hours to allow attachment. Different concentrations of capecitabine, dabrafenib, and
SN-38 were treated for 72 hours. 10 ul of MTT solution (5 mg/ml in PBS) (Serva,
SE2039502) was added to cells and incubated for the synthesis of formazan crystals
for four hours. SDS-HCI solution (0.01M HCI in 10%SDS in dH>O) was applied to
dissolve formazan crystals and incubated overnight. The 96-well plate was read
using a microplate spectrophotometer (Multiskan GO; Thermo Fisher Scientific,
USA) at 570 nm. The relative cell viability was found by accepting the untreated

groups’ viability was 100%, and treated cells’ viability was determined accordingly.

2.9 Determining Chemotherapeutic Dosages

The IC50 dosage of chemotherapeutics was determined and used to develop drug
resistance on colorectal cancer cell lines. For the HCT-116 cell line, capecitabine
was used in a dilution of 1:2 ratio from 10mm. For the HT-29 cell line, dabrafenib
1:2 ratio from 700 nm and SN-38 1:2 ratio from 10 um were used. Cells treated were
described in section 2.9. The IC50 dosage was calculated with log(inhibitor) vs.
normalized response curves at Graphpad Prism 8.1 (GraphPad Software Inc., USA).

2.10 Developing Stable Drug-Resistant Cell Lines

For the HCT-116 cell line, barcoded cells were thawed and seeded in a 15 cm dish.
When the cells reached confluency, they were divided into four 15 cm dishes by
seeding 2x 10° cells per dish, and cell pellets were taken for further analysis. After
four days, cells reached the confluency and started the capecitabine treatment with

IC50 dosage in three dishes for seven months. In the fourth dish, when the cells were
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~70% confluency, growth for three passages in the presence of solvent (DMSO),
then cell pellets were taken for further analysis, and cells were frozen and stored at
the -80°C. After the treatment of capecitabine, developing resistance was controlled
with an MTT cell viability assay, and the cells were frozen and stored at -80°C, and

cell pellets were taken for further analysis.

For the HT-29 cell line, two cryovials of barcoded cells were thawed and seeded 15
cm dish. After the cells reached confluency, they were divided into four 15 cm dishes
by seeding 2x 10° cells per dish, and the cell pellets were taken for further analysis.
After five days, when the cells reached confluency, treatment of dabrafenib at
2xIC50 dosage started for three dishes and one dish used for DMSO control, and
treatment of SN-38 at IC50 dosage started for three dishes and the fourth dish was
solvent (DMSO) control. Dabrafenib treatment continued for three months, and the
cells were passaged every month with a ratio of 1/10. SN-38 treatment continued for
four months; there was a drug holiday every 20 days for ten days. This group
passaged the 1:10 ratio three times. When cells reached confluency, the cell viability
assay was performed to control the development of drug resistance. Solvent control
dish passaged three times with a 1/10 ratio. Resistant cells and solvent control cells

were frozen, and the cell pellet was taken for further analysis.

Frozen cell stock

2x10° cell seeded

exposure I
duration

Replicate A Replicate C DMSO

Figure 2. 2 The experimental design of development of drug resistance.
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2.11 Determining Drug Sensitivity on Resistant Cell Lines

To determine the resistance to one chemotherapeutics creates drug sensitivity on
another chemotherapeutic, drug-resistant cells were seeded into a 96-well plate as
10.000 cells per well. Cells were treated with drugs 1:2 ratio and performed cell

viability assay as described in section 2.9.

2.12 Determining Synergistic Effect

Synergy assays were carried out to determine the effect of the ERK inhibitor
(SCH77298) and chemotherapeutics. For the SN-38 resistant HT-29 cell line, SN-38
dosage was 4x 1C50, 2xIC50, IC50 (0.5uM), and SCH77298 dosage was applied
from 250 nm to 7 nm with a 1:2 ratio. For dabrafenib resistant HT-29 cell line,
Dabrafenib dosage was 8xIC50, 4xIC50, and 2xIC50 (200nM), and SCH77298 was
applied from 250 nM to 7 nM with a 1:2 ratio.

To determine the synergistic effect of dabrafenib plus oxaliplatin combination and
capecitabine plus oxaliplatin in dabrafenib resistant HT-29 cell line were used. For
the combination of dabrafenib and capecitabine, the dabrafenib dosage was 8xIC50,
4x1C50, and 2xIC50 (200nM), and the oxaliplatin dosage was 60 uM to 0.9 uM with
a 1:2 ratio. For the combination of capecitabine and oxaliplatin, the capecitabine
dosage was 3 mM to 0,75 mM with a 1:2 ratio and the oxaliplatin ratio was 60 uM
to 0.9 uM with a 1:2 ratio.

The synergistic effect and the synergy doses were determined from SynergyFinder

(Ianevski et al., 2020a).

2.13 Colony Formation Assay

To observe the effect of resistance in single cell growth into a colony, 20.000 cells
per well were seeded into 6-well plates and allowed attachment for 24 hours. The

treatments started with IC50 dosages of chemotherapeutics, and the medium changed
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twice a week. Thirty days later, the cells were fixed with a solution of 2%
formaldehyde (Serva SE3162802) diluted in phosphate-buffered saline (PBS) (BI
02-023-1A). After two hours, the cells were stained with 0.1% crystal violet
(Amresco 0528) diluted in water. Eight minutes later staining solution was removed

by washing with dH>O and left to dry overnight.

2.14 Total Protein Isolation

5x10° cells were collected and washed with cold PBS. Cells were lysed in 50 ul
RIPA buffer (Serva, 39244), including 1x protease inhibitor (Serva, 39102) and
phosphatase inhibitor (Serva SE3905501). After collecting cell extracts in RIPA
buffer, extracts were kept on ice for 5-minutes. Extracts were then centrifugated at
7500rpm for 15 minutes at 4°C. Supernatants were collected, and protein
concentration was measured by using the Quick Start Bradford Protein assay (Bio-

Rad, USA, 5000205).

2.15 Western Blot

50 pg of total protein was denatured in 10x Laemni buffer (Eco-tech, Turkey), which
contains 30% B-mercaptoethanol at 95° C for 5 minutes and loaded into 10% SDS-
PAGE gel. Proteins were then transferred onto a nitrocellulose membrane through a
wet transfer system for 75 minutes at 120 V. After the membrane was blocked with
5% Skim milk in 0.05 Tris Buffered Saline-Tween (TBS-T) for 1 hour, the
membrane was then incubated with the primary antibody for overnight at +4°C. After
primary antibody incubation, the membrane was washed with 0.05 TBS-T three
times 5 minutes each. The secondary antibody was added to the membrane and

incubated for 2 hours at room temperature.

For imaging, the membrane was incubated with Clarity Max Western ECL substrate
(BR, 1705062) in a 1:1 luminol-enhancer reagent: peroxide reagent ratio in the dark

for 2 minutes. ChemiDocTM MP system (Bio-Rad, USA) was used for imaging the
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membrane, and Image Lab 5.1 (BioRad, USA) program was used for analyzing the
image results. For molecular weight marker in the 10-250 kDa range, PageRuler Plus

Prestained Protein Ladder (Thermo Fisher Scientific, USA) was used.

The membranes were stripped with mild stripping buffer when required. The mild
strip buffer was applied to the membrane for 15 minutes when it was heated. Then

the membrane was washed with TBS-T three times for 5 minutes each.

Table 2. 1 List of antibodies used in this study.

Name of | Company | Host Molecular | Dilution Blocking
antibody (Catalog #) Weight Agent
(kDa)

p-EGFR Santa Cruz | Mouse 170 kDa 1:200 BSA

Antibody | sc-377547

p-ERK-1/2 | Santa Cruz | Mouse 44/42 kDa | 1:500 Skim milk

antibody sc-7383

p-MEK-1/2 | Santa Cruz | Mouse 47/45 kDa | 1:500 Skim milk

antibody sc-81503

GAPDH Santa Cruz | Mouse 36 kDa 1:1000 Skim milk

antibody Sc-32233

IgG-HRP Santa Cruz | Goat - 1:10000 Skim milk
sc2005

2.16 Statistical Analysis

All experiments were carried out with at least two or three different biological
replicates, and each had at least three technical replicates. GraphPad Prism 8.1
(GraphPad Software Inc., USA) was used for data analysis of cell viability assays.
Student’s t-test, One-way ANOVA, was carried out to determine significance where

a p-value < 0.05 was considered statistically significant.
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2.17 Analysis of Barcodes

Barcode analysis was carried out by Arda Temena. For quality statistics of barcode
reads, both raw and trimmed reads were computed using FastQC. After filtering
Fastq files with a quality score >20 in all nucleotide positions, FASTQ reads were
trimmed to correspond to the variable barcode region (48bp). This barcode region
consists of a 14 bp region, four bp linker region, and 30 bp Celesta barcode region
from the library excel file (Cellecta-NGS-QC-CloneTracker-XP10x1M-Barcode3-
Lib-RFP xls).

14bp 30bp
variable variable

20bp 4bp 79bp
constant constant constant

Figure 2. 3 Schematic representation of the reads.

Each variable barcode(represented as the sequence between the red lines) is flanked

by constant sequences (20bp to the left) and (79bp to the right).

Indexing of barcodes was used to count the barcodes with Salmon Salmon (Patro et

al., 2017). The -k 47 parameter was used for the index function in Salmon.

The number of barcodes in forward and reverse reads were quantified and written an
SF fine using the quant in Salmon function and converted to a JSON file that was

used to read and write the counts of barcodes.

The growth rate is crucial for annotating each barcode with a phenotype. For
determining the growth rate under each condition, barcode frequencies were used as

described previously (Acar et al., 2020). The representative frequency of barcodes
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was calculated as the frequency of each barcode in the corresponding DMSO

replicates in each replicate. The formula for growth rate is found below:

Growth Rate = log(fr/f0o) 1/T

Here, fr represents the frequency of barcode, fo represents the maximum frequency
of DMSO replicates, and T is the duration of the drug exposure in terms of the week.
Barcodes have a positive growth rate (>0) and were observed for two or more
replicates called resistant, which have positive growth rates but were observed in one
replicate called de novo, and have negative growth rates (<0) called sensitive. The
barcodes were observed only in replicates, not in the initial or DMSO population

called not determined.

Four different mediums were collected at equal intervals for tracking barcodes, and
barcode frequencies were used to trace the resistant barcodes. The barcodes detected
in the initial or DMSO population were not counted if it was not observed in the
medium. Resistant barcodes which have a positive growth rate, and sensitive

barcodes were plotted for comparison.

2.18 Wound healing assay

A wound healing assay was carried out to determine the resistance effect on the
motility of the HT-29 cell line. The initial and DMSO population of HT-29 cells
were seeded 200,000 cells/well, and the dabrafenib-resistant and SN-38-resistant
cells were seeded 250,000 cells/well into a 24-well plate. The cells reach 80%c
confluency 24 after the seeding. Cells were incubated with 5 pg/ml mitomycin C to
prevent cell division for two hours. The scratch wounds were made with a sterile 200
ul pipette tip. Cell washed three times with PBS to remove cell debris. Every four-
hour scratch wound imaging was carried out with a Nikon Eclipse ti2e Fluorescence
Microscope in the laboratory of Dr. Altug Ozgelikkale (METU, Mechanical

Engineering). The area of the scratch was calculated with Imagel.
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CHAPTER 3

RESULTS AND DISCUSSION

3.0 Generation of Barcoded Cells

Lentiviruses carried the barcode sequence generated in the HEK293T cell line
described in 2.5. The optimization of infection is crucial for barcoding experiments.
The barcode vector has a puromycin resistance gene for selection. Before the
lentivirus transduction, the puromycin dosages and the virus amounts were
determined. Determining the minimum lethal dosage of puromycin in both HCT-116
and HT-29 cells is vital for selection after the lentivirus transductions (Figure 3.1A).
For tracking the barcoded cell, the cells should carry one unique barcode since if the
cell integrates more than one barcode, there will be multiple integration events, and
the diversity of the population will be directly affected (Serrano et al., 2022). The
multiplicity of infection (MOI) refers to the virion amount added per cell, and the
optimal MOI is crucial for the cells containing one barcode. In that case, the highest
MOI should be 0.1 to avoid multiple integrations (Serrano et al., 2022). For that, the
cells were transduced with different amounts of virus, and a cell viability assay was
performed to determine which dosage caused the maximum of 10% cell viability
(Figure 3.1B). The number of starting cells is essential for the diversity of barcodes.
The barcode library has 1,000,000 unique barcodes; for getting the highest barcode
diversity transducion of 10,000,000 cells. To optimize the required virus amount,
the barcoding experiments were performed. The assamptions of this experiment was
that the barcoded populations carried one million unique barcode sequences and
every barcode sequence was found once after the puromycin selection in barcoded

population.

The determined minimum lethal puromycin dosages were; 1 pl/ml in HCT-116 cells

and 1.5 pl/ml in HT-29 cells (Figure 1A). MOI 0.1, 1 million virions transduced into
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10 million cells, represents one cell transduced with one virion; thus, the cells carried
only one barcode. The HCT-116 cells have an MOI 0.1 ( 40 ul lentivirus/150,000
cells) and the HT-29 cells have an MOI 0.05 (100 pl lentivirus/ 150,000 cells)
(Figure 1B). Therefore, 2 ml 667 pl lentivirus was used in HCT-116 cells, and 6 ml
667 ul lentivirus was used in HT-29 cells. The puromycin selection was continued
until the wild-type non-transduced control cells were dead in both cell types. The
cells were expanded and stored, and the expression of the barcode plasmid that
carried the RFP sequence was confirmed by controlling of expression of RFP with

microscopy (Figure 3.2).
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Figure 3. 1 Puromycin kill curves of A in HCT-116 and B in HT-29

The minimum lethal dose of puromycin was determined in both HCT-116 and HT-
29 cell lines. Both cells were seeded into 6-well plates, and different puromycin doses
were applied to the cells and treated for 72 hours. Cell viability assay processed
according to standard techniques. (A) Puromycin kill curve of HCT-116 cell line.
(B) puromycin kill curve of HT-29 cell line.
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Figure 3. 2 The determination of virus amount

The multiplicity of infection (MOI) represents the number of virions added per cell
during transduction. The cells were seeded and transduced with different amounts
of viruses in the presence of polybrene and selected with puromycin. Cell viability
assay was processed according to standard techniques. (A) Cell viability assay of
HCT-116 cells with different amounts of lentivirus transduction under the puromycin
selection. (B) Cell viability assay of HT-29 cells with different amounts of lentivirus

transduction under the puromycin selection.
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Figure 3. 3 The images of barcoded HCT-116 and barcoded HT-29

The brightfield and red fluorescence microscopy images of barcoded HCT-116 and
barcoded HT-29 cells. The brightfield image of barcoded HCT-116 (4), RFP image
of barcoded HCT-116 (B), and composite images (C). the brightfield image of
barcoded HT-29 (D), RFP image of barcoded HT-29 (D), and composite image (E).

3.0 Effects of barcode vector on cellular proliferation

A proliferation assay with crystal violet was conducted to determine whether the
presence of a barcode vector affected cellular proliferation in HCT-116 or HT-29
cells. Wild-type (WT) cells were used as controls to differentiate the effect of
lentiviral transduction in terms of proliferation. There were no significant changes
between WT HCT-116 and Barcoded HCT-116 and WT HT-29 and Barcoded HT-
29 cells, which shows there is no effect of barcode vector in the proliferation of the

cells (Figure 3.4)
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Figure 3. 4 The effects of barcode vector on cellular proliferation of HCT-116 and
HT-29 cells

HCT-116 wild type and barcoded cells and HT-29 wild type and barcoded cells were
seeded. Seventy-two hours after the seeding, cells were fixed with 2% formaldehyde
and stained with 0.1% crystal violet. 10% acetic acid solution was used to dissolve
crystal violet, and the absorbance at 570 nm was measured using a microplate
reader. Two independent biological replicates were carried out. No significant

changes in cellular proliferation were observed.( p-value > 0.05, ANOVA).

3.1 Determining chemotherapeutic dosages

The cell viability assay was performed to determine chemotherapeutic dosages in
both HCT-116 and HT-29 cells (Figure 3.5). Capecitabine, dabrafenib, and SN-38
are the chemotherapeutics that mostly develop resistance in CRC patients (De Falco

et al., 2020). HCT-116 cell line carries a mutation on the KRAS gene, and the
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patients have mutation status on KRAS treated with capecitabine in the clinic
(Domenica et al., 2019). HT-29 cell line carries V60OE mutation on BRAF gene;
dabrafenib is a targeted drug for this mutation (Roma et al., 2016). SN-38 is one of
the highly used chemotherapeutics in the clinic; it is used in HT-29 cells (Paillas et
al., 2011). Therefore, capecitabine treatment was applied in HCT-116 cells, and
dabrafenib and SN-38 treatment were used in HT-29 cells.

For the treatment, IC50 dosage (1.7 mM) of capecitabine was carried in HCT-116
cells (Figure 3.5A). For the HT-29 cell line 2xIC50 (200 nM) of dabrafenib was

carried (Figure 3.5B). For SN-38 IC50 (0,54 uM) determined for drug treatment in
HT-29 cells (Figure 3.5C).
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Figure 3. 5 The dose-response curves of chemotherapeutics

The HCT-116 and HT-29 cells were plated and allowed to attach for 24 hours. The
cell was treated for 72 hours with serially diluted chemotherapeutics. The MTT cell
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viability assay was done according to standard techniques. Three independent
technical replicates for each group were carried out. (A) Dose-response curve of
capecitabine in HCT-116 cell line. IC50 of capecitabine is 1.786 mM. (B) Dose-
response curve of dabrafenib in HT-29 cell line. IC50 of dabrafenib is 99,8nM. (C)
Dose-response curve of SN-38 in HT-29 cell line. IC50 of SN-38 is 0.54 uM.

33 Developing capecitabine resistance in HCT-116 cells

To develop capecitabine resistance in HCT-116 cells, barcoded cells thawed and
seeded when they reached confluency cells divided into four flasks. (described in
2.11) The capecitabine treatment started after the seeded cells reached confluency in
three flakes, and the other flask was solvent (DMSO) control. When the solvent
control plate reached the confluency, the cells were frozen, and cell pellets were
taken. The cells found in drug-treated replicates were treated with an IC50 dosage
(1.7 mM) of capecitabine until cells reached confluency under the capecitabine
treatment (seven months). The treated cells were frozen, cell pellets were taken when
they reached confluency, and the cells were seeded into 96-well plates to perform an
MTT cell viability assay for whether cells developed drug resistance (Figure 3.5.A)
The cell viability assay result shows the change in viability in the presence of drug
treatment. The resistance fold change was calculated according to the proportion of
IC50 values of the drug-treated and control groups. The control group was the
DMSO group of barcoded HCT-116 cells. There was a significant change in terms
of the IC50 value of capecitabine between drug-treated, initial, and DMSO control
cells (Figure 3.5.B). The resistance fold changes were determined with the ratio of
IC50 of the drug-treated group to the DMSO group. The resistance fold changes in
each drug-treated group versus DMSO were shown (Table 3.1).
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Figure 3. 6 Dose-response curve and comparison of IC values of capecitabine in
barcoded HCT-116 cell lines

Barcoded HCT-116, barcoded HCT-116 DMSO, and three independent replicates
of drug-treated barcoded HCT-116 cells were seeded at a density of 10,000 cells per

well in a 96-well. After 24 hours of seeding, cells were incubated with the serial



diluted capecitabine treatment for 72 hours. MTT cell viability assay was performed
according to standard procedure. Two independent biological replicated and three
technical replicated for each group are shown. (A) dose-response curve of
capecitabine. (B) bar graph of the IC50 values of barcoded HCT-116, barcoded
HCT-116 DMSO, and capecitabine treated barcoded HCT-116 cells. The significant
change in IC50 values of capecitabine was found. (p<0.05, one-way ANOVA test).

Table 3. 1 The table of comparison for IC50 and drug resistance fold of
capecitabine

ICs 1Cs0

Cell line Control Drug Resistance fold
group resistant

Hct-116 1,764 + 2,603+0429 |1,617

Cape A 0,206 mM m

Hct-116 1,764 + 2,929 + 1,66

Cape B 0,206 mM 0,452 mM

Hct-116 1,764 + 44856 +1,11 |2544

Cape C 0,206 mM mM

Capecitabine treated HCT-116 cells versus DMSO. Data are presented as means SD
(n=2).

Three capecitabine-treated groups showed significant resistance fold change (figure
3.5B). The most significant change in resistance fold was observed in group C
capecitabine-resistant barcoded HCT-116 (Table 3.1); thus, this group was chosen

for further investigations.

34 he Barcode Analysis of Capecitabine Resistant Barcoded HCT-116 cells

Monitoring the barcoded cell under the capecitabine treatment provides to observe

clonal evolution under treatment and determine the possible causes of the drug
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resistance. The cellular alterations that cause drug resistance can already be found in
the cell; thus, pre-existed alterations can be crucial for the development of resistance
(Acar et al., 2020) (Levy et al., 2015). These cellular alterations can be gain or loss
during the treatment; in the presence of treatment, cellular altered cells can rapidly
increase distribution (N McGranahan, 2017) (Levy et al., 2015). Barcodes were
determined according to unique barcode sequences with NGS results. The barcodes
observed in the DMSO population and two or three resistant cell populations, called
resistant barcodes, indicated pre-existed cellular alterations in the population. The
barcodes determined in DMSO and only one resistant cell population, called de novo,
indicated the gain or loss of genetic alterations during the treatment. Resistant and
de novo barcodes have a positive growth rate. Some lineages have no fitness
advantage, and these barcodes have a negative growth rate called sensitive. The
barcodes were determined in only the resistant population, not in DMSO or the initial

population called not determined.

All groups were sequenced at the same run in NGS to eliminate the batch effect of
sequencing. For capecitabine-resistant barcoded HCT-116 cells, there were 10827
unique barcodes determined in barcoded HCT-116 (initial) cells, 11327 unique
barcodes determined in barcoded HCT-116 DMSO cells (Figure 3.7A), 67 unique
barcodes determined in capecitabine-resistant barcoded HCT-116 group A, 2017
unique barcode observed in capecitabine-resistant HCT-116 group B, and 209
unique barcodes observed in capecitabine resistant barcoded HCT-116 group C cells
(Figure 3.7B). This decrease in the unique barcode number indicated a strong
selective pressure. The number of identified barcodes in the initial population was a
small subsample of the total number of barcodes because of limitations of
sequencing. The sequencing was performed in 200,000-400,000x depth, and DNA
isolation was performed in 2,000,000 cells; thus, only some thousands of unique
barcodes were determined. The assumptions of this experiment were the sequenced

cell represent all the population so it contains every unique barcode in population.

The barcodes positively selected under treatment have a positive growth rate with

respect to DMSO. Functional subclones were used to determine the growth
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dynamics. Four functional subclones were identified in capecitabine-resistant HCT-
116 cells. The first and second groups were the largest and represented not
determined (grey) and sensitive clones (beige). Sensitive clones died under the drug,
and not determined clones could not be observed in DMSO. There was no
determination of the resistant barcode (Figure 3.7B). Two barcodes were found in
only A replicate, which indicated de novo barcodes (blue), one barcode found in only
B replicate, and two barcodes found only in C replicate (Figure 3.7C). These
barcodes respond to de novo lineages. The barcode frequencies between treated
groups were highly similar, showing that these treatment conditions could represent
the drug-resistance evolution. Thus, the barcode analysis shows stochastic clonal
behavior in the presence of de novo alterations in polyclonal drug resistance for

capecitabine resistance in HCT-116 cells.
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Figure 3. 7 Barcoding sequence results of capecitabine-resistant barcoded HCT-
116 cells

Barcode frequency distributions of barcoded HCT-116, barcoded HCT-116 DMSO
control, and capecitabine-treated barcoded HCT-116 cells were examined. Barcode
colors and order are identical between replicates. Barcode phenotypes were
determined by the growth rate and conserved distribution between replicates. Here,
the red color represents resistant barcodes that have positive growth rate and were
determined in two or more replicates; the blue color represents de novo barcodes
that have positive growth rate and were determined in only one replicate; the beige
color represents sensitive barcodes that have negative growth rate, and grey color
represents not determined barcodes that not determined in DMSO or initial
populations. (A) Evolutionary dynamics of barcoded HCT-116 (initial) and
barcoded HCT-116 DMSO cells. (B) Evolutionary dynamics of capecitabine treated
barcoded HCT-116 cells. (C) Evolutionary dynamics of capecitabine treated
barcoded HCT-116 cells in focused frequency between 0,99 and 1,00.

In this experiment, one re-plating cells under the drug treatment can cause a
stochastic effect and sampling bias. There was medium change twice a week. HCT-
116 is an adherent cell line; the detachment of the surface indicates cell death.
Collection of dead cells from floating media was done; however, there was no time-

course barcode analysis since no resistant barcode was determined.

3.5 Developing dabrafenib resistance in barcoded HT-29 cells

Barcoded HT-29 cells thawed. They seeded into four different T-175 flasks (2x106
cells/ flask); when they reached confluency and cell pellets were taken, and the
remaining cells were frozen. The cells reached confluency, and the dabrafenib
treatment with a 2xIC50 dosage started in three flasks, and one flask was the solvent
(DMSO) control. DMSO control flask reached confluency earlier than the treated
groups. When the solvent control plate reached the confluency, the cells were frozen,

and cell pellets were taken. The cells were treated with a 2xIC50 dosage of
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dabrafenib for three months. The treated cells were passaged every month, and they
were frozen, and cell pellets were taken. After the treatment, an MTT cell viability
assay was performed for whether cells developed drug resistance (Figure 3.8) The
resistance fold change was calculated according to the ratio of IC50 values of drug-

treated and DMSO groups. The resistance changes were shown (Table 3.8).

A

- Barcoded HT-29
150

—— Barcoded HT-29 DMSO

Barcoded HT-29

- Dabrafenib Resistant
A group
Barcoded HT-29

—-x- Dabrafenib Resistant
B group

Barcoded HT-29
0 ¥ Dabrafenib Resistant

0 500 1000 1500 C.group
Dabrafenib conc. (nM)

100

50+

Cell viability %

52



B * ok k

*kk
5000 — * %k %k
| ;
4000 - - BEm Barcoded HT-29
S Bl Barcoded HT-29 DMSQO
£, 4000= - Barcoded HT-29 Dabrafenib Resistant A
o group
8 2000 — : .
= — Barcoded HT-29 Dabrafenib Resistant B
10004 ® group
. Barcoded HT-29 Dabrafenib Resistant C
0- group
O L8 88
é‘%“c’q@“’é‘%""
2 Q0
& P tavs
:Pbé‘ & oS
PN gt
% ob‘aq_ﬁe Q.B':’Q.ad,
o® P @
@ 4@- éﬁ
P iy
it o
QOO
SEL
t;b Gb
Ob CP Ob
L O
PP

Figure 3. 8 Dose-response curve and comparison of IC values of dabrafenib in
barcoded HT-29 cells

Barcoded HT-29, barcoded HT-29 DMSO, and three independent replicates of drug-
treated barcoded HT-29 cells were plated at a density of 10,000 cells per well in a
96-well plate. After 24 hours of seeding, cells were incubated with the serial diluted
dabrafenib treatment for 72 hours. MTT cell viability assay was performed
according to standard procedure. Two independent biological replicated and three
technical replicated for each group are shown. (A) dose-response curve of
dabrafenib. (B) bar graph of the IC50 values of barcoded HT-29, barcoded HT-29
DMSO, and dabrafenib-treated barcoded HT-29 cells. Significant change in IC50
values of dabrafenib was found. (p<0.05, one-way ANOVA test).

Table 3. 2 The table of comparison for IC50 and drug resistance fold of dabrafenib
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1Cs0 ICs0

Cell line Control Drug Resistance fold
group resistant

HIi-29 82,98 = 4235+ 1,986 | 51,04

Dabra A 53,17 nM nM

Hi-29 82,96 + 1229 + 902 14,8

Dabra B 53,17 nM nm

Ht-29 82,98 + 6770 £ 8,16

DabraC 53,17 nM 451,5 nM

Dabrafenib-treated HT-29 cells versus DMSO. Data are presented as means SD
(n=2).

Three dabrafenib treated groups showed significant resistance fold change (figure
3.7B). The most significant change in resistance fold was observed in group A
dabrafenib-resistant barcoded HT-29 (Table 3.2); thus, group A was chosen for

further investigations.

3.6 Barcode analysis of Dabrafenib resistant HT-29 cells

Understanding the clonal evolution under the dabrafenib treatment, the barcoded
cells were monitored, and the possible causes behind it were investigated. Several
cellular alterations were essential to develop drug resistance (D'Angelo et al., 2020).
These alterations can pre-exist in the cell or can be gain or loss during the treatment
(N McGranahan, 2017)(Levy et al., 2015). Under selective pressure, the cells that
have beneficial alterations can rapidly increase distribution (Levy et al., 2015).
Unique barcodes were determined according to NGS results and divided into four
subpopulations. The first group, resistant barcodes, were determined in two or three
resistant populations and showed the pre-existed cellular alterations (Acar et al.,
2020). De novo barcodes were determined in only one replicate and showed the gain

or loss of genetic alterations during the treatment. Resistant and de novo barcode
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lineages have fitness advantages, and there were some barcodes that have no fitness
advantages called sensitive. The final group was determined only in resistant

populations, not in DMSO or the initial population called not determined.

Barcodes were identified by NGS that allows all samples to be analyzed in a single
run to eliminate the batch effect. For dabrafenib-resistant HT-29 cells, 12515 unique
barcodes were determined in the barcoded HT-29 (initial) cell population, 3525
unique barcodes were determined in the barcoded HT-29 DMSO cells population
(Figure 3.9A); for dabrafenib-treated groups, 942 unique barcodes determined in A
group, 4054 unique barcodes determined in B group, 4596 unique barcodes
determined in C group (Figure 3.9B). A decrease in identified unique barcode
numbers indicated a strong selective pressure. There was a limitation in barcode
analysis since the challenge of increasing the throughput of this method, the depth
of sequencing, and the number of cells that extract DNA. The depth of sequencing
was 200,000-400,000x and extraction of DNA from 2,000,000 cells; therefore, some
thousand unique barcodes were determined. These experiments assumption was the

sequenced population represents all the population.

The barcodes/clones can either be positively selected or negatively selected under
treatment with respect to the DMSO control plate. The positively selected clones had
a positive growth rate, and the negatively selected clones had a negative growth rate
during the dabrafenib-treatment in the ratio with DMSO. Functional subclones were
identified for determining the growth dynamics. Four functional subclones were used
in dabrafenib-resistant HT-29 cells. The first two groups were the largest and
represented not determined (grey) and sensitive clones (beige). Not-determined
clones could not be observed in DMSO, and sensitive clones had a negative growth
rate. The resistant barcodes were determined according to founding at least two
replicates. There was one resistant barcode resolved in the A group, six resistant
barcodes resolved in the B group, and five resistant barcodes resolved in the C group
for dabrafenib-treated barcoded HT-29 cells (Figure 3.9C). These clones had very
low frequency. The frequency between replicate B and C were highly similar, and

clonal dominance increased the fitness in replicate A, which can be caused by the re-
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planting since A group had one more passage than other replicates. Therefore, this
may have caused an additional bottleneck to the population in the replicate A and a
change in heterogeneity. This may well recapitulate the tumor surgery in clinic
whereby a clone can be selected even further following surgery considered as a
bottleneck. Moreover, the cell viability results of initial populations in figure 3.5
gives a clue about resistance can be caused by pre-existing cellular alterations since
the cells show no increase in cell death with increase in drug dose. The de novo
barcodes (blue) were determined; accordingly, 1 in group A, 9 in group B, and 1 in
group C. It indicates de novo lineages. This dramatic clone reduction and
development of dabrafenib resistance in HT-29 cell lines can be considered

stochastic. The intrinsic properties of the clones can lead to these conditions.
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Figure 3. 9 Barcoding sequence results of dabrafenib-resistant barcoded HT-29
cells.

Barcode frequency distributions of barcoded HT-29, barcoded HT-29 DMSO
control, and dabrafenib-treated barcoded HT-29 cells were determined. Barcode
colors and order are identical between replicates. Barcode phenotypes were
resolved by the growth rate and conserved distribution between replicates. Here, the
red color represents resistant barcodes that have positive growth rate and were
determined in two or more replicates; the blue color represents de novo barcodes
that have positive growth rate and were determined in only one replicate; the beige
color represents sensitive barcodes that have negative growth rate, and grey color
represents not determined barcodes that not determined in DMSO or initial
populations. (A) Evolutionary dynamics of barcoded HT-29 (initial) and barcoded
HT-29 DMSO cells. (B) Evolutionary dynamics of barcoded HT-29 (initial) and
barcoded HT-29 DMSO cells focused in frequency between 0,0-0,0025. (C)
Evolutionary dynamics of dabrafenib treated barcoded HT-29 cells.
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In this experiment, the dabrafenib-treated cells were passaged every monthina 1:10
ratio, and it can cause a sampling bias. The medium was changed twice a week. HT-
29 is an adherent cell line. The detachment of cells from the surface shows cell death.
The dead cells were collected from floating media; however, the time-course barcode

analysis did not perform because of determining one unique resistant barcode.

3.7  Developing SN-38 resistance in barcoded HT-29 cells

Barcoded HT-29 cells thawed and seeded. When they reached confluency, they were
divided into four flasks with 2x10° cells seeding per flask. The remaining cells were
frozen, and cell pellets were taken for further analysis. The SN-38 treatment started
in three flakes. The solvent control (DMSO) flask reached confluency, the cells were
frozen, and cell pellets were taken. The SN-38 treated flasks were treated with IC50
dosage of SN-38 until the cells reached confluency under treatment. The duration of
treatment was four months. There was a drug holiday every 20 days for ten days, and
SN-38 treated groups passaged three times. When they reached confluency, the
treated cells were frozen, cell pellets were taken, and cells were seeded for the MTT
cell viability assay (Figure 3.10). The resistance fold changes in each drug-treated
group were shown (Table 3.3).
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Figure 3. 10 Dose-response curve and comparison of IC values of SN-38 in
barcoded HT-29 cells

Barcoded HT-29, barcoded HT-29 DMSO, and three independent replicates of drug-
treated barcoded HT-29 cells were seeded (10,000 cells per well) in a 96-well plate.

The cells were incubated for 24 hours to allow attachment. The cells were incubated
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with the serial diluted SN-38 treatment for 72 hours. MTT cell viability assay was
performed according to standard procedure. Two independent biological replicated
and three technical replicated for each group are shown. (A) Dose-response curve
of SN-38. (B) Bar graph of the IC50 values of barcoded HT-29, barcoded HT-29
DMSO, and SN-38-treated barcoded HT-29 cells. Significant change in IC50 values
of SN-38 was found. (p<0.05, one-way ANOVA test).

Table 3. 3 The table of comparison for IC50 and drug resistance fold of SN-38

ICsq ICsq

Cell line Control Drug Resistance fold
group resistant

Ht-29 0,3825 + 1,447 + 0,387 | 3,783

Sn-38 A 0,0854 uM | uM

Ht-29 0,3825 + 1,013 + 2,648

Sn-38 B 0,0854 uM | 0,2611 uM

Ht-29 0,3825 + 1,063+0,58 |2,779

Sn-38 C 0,0854 uM |[uM

SN-38-treated HT-29 cells versus DMSO. Data are presented as means SD (n=2).

Two SN-38 treated groups showed significant resistance fold change (figure 3. 9B).
Group A had the most significant change in the resistance fold (table 3.3); thus, this

group was chosen for further analysis.

3.8  Barcode analysis of SN-38 resistant HT-29 cells

Investigating the possible reasons for clonal evolution in the presence of SN-38
treatment, the barcoded HT-29 cells were monitored. These possible reasons were
cellular alterations, which can be pre-existing in the population or gain or loss under
treatment (D'Angelo et al., 2020). The cells having beneficial alterations can rapidly

increase fitness under selective pressure (Levy et al., 2015). NGS analysis allows us
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to identify unique barcodes, and there were four subpopulations found. One of them
was resistant barcodes determined in two or three replicates and indicated the pre-
existed cellular alterations (Acar et al., 2020). De novo barcodes were determined
in one replicate and indicated the gain or loss of genomic alterations under the drug
exposure. Resistant and de novo barcodes have beneficial mutations and can increase
the distribution of the population (Levy et al., 2015). Sensitive barcodes have no
fitness advantage, and the final group was not determined and identified only in the

resistant population, not in DMSO.

Determination of barcodes were performed by the NGS analysis. All samples were
analyzed in a single run to eliminate the batch effect. For SN-38 treated barcoded
HT-29 cells, 7555 unique barcodes resolved in the barcoded HT-29 initial cell
population, and 7421 unique barcodes resolved in the barcoded HT-29 DMSO cell
population (Figure 3.11A). The determined unique barcode numbers of SN-38
treated groups were 3199 for group A, 1465 for group B, and 777 for group C (Figure
3.11B). There was a strong selective pressure shown by diminishing the identified
unique barcodes. The barcode analysis had a limitation in the depth of sequencing
and the number of cells that isolated DNA. The depth of sequencing was 200,000-
400,000x, and isolation of DNA was performed from 2,000,000 cells. Some
thousand unique barcodes were determined because of these limitations. The
barcodes can be positively selected, which has a positive growth rate, or negatively
selected, which has a negative growth rate during the SN-38 exposure with respect
to DMSO. According to the growth dynamics of barcodes, four functional subclones
were identified. The first group was not determined (grey), and the second group was
sensitive clones (beige). These groups had the largest frequencies. Not determined
clones could not be observed in DMSO, and sensitive clones had a negative growth
rate under SN-38 treatment. The barcodes identified in at least two replicates were
called resistant barcodes. Five resistant barcodes were determined in group A, three
resistant barcodes were determined in group B, and six resistant barcodes were
determined in group C of SN-38 treated barcoded HT-29 cells (Figure 3.11C). There

were seven unique resistant barcodes resolved (Figure 3.11C). The frequencies of
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barcodes between replicates of drug-treated were highly similar (Figure 3.11C).
Hence the clonal behavior is repeatedly observed in SN-38 treated cells. This
indicates non-stochastic clonal evolution and intrinsic properties such as biological
factors of the clones. Thus, these dynamics were deterministic and indicate that
development of drug resistance for a chemotherapeutic can be caused by pre-existing

cellular alterations which is unpredictable.
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Figure 3. 11 Barcoding sequence results of SN-38-resistant barcoded HT-29 cells

Barcoded HT-29, barcoded HT-29 DMSO control, and SN-38-treated barcoded HT-
29 cells' barcode frequency distributions were shown. Barcode colors and order are
identical between replicates. The barcode growth rate and conserved distribution
determine barcode phenotypes. Here, barcodes that had a positive growth rate and
were determined in two or more replicates were resistant and shown in red color.
Barcodes that had a positive growth rate and determined only one replicate were de
novo barcodes and shown in blue color. The barcodes had a negative growth rate,
sensitive barcodes, and shown in the beige color. The barcodes were determined
only in resistant replicates not determined in DMSQO, or initial populations were not
determined barcodes and shown in grey color. (4) Evolutionary dynamics of
barcoded HT-29 (initial) and barcoded HT-29 DMSO cells. (B) Evolutionary
dynamics of barcoded HT-29 (initial) and barcoded HT-29 DMSO cells focused on
0,00 and 0,01. (C) Evolutionary dynamics of SN-38 treated barcoded HT-29 cells.
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In this experiment, the SN-38-treated cells were passaged three times, and it can
cause a sampling bias. The medium was changed twice a week. HT-29 is an adherent
cell line; the detachment of the surface indicates cell death. The floating cells

collected from media at every medium change.

3.9  Tracking the SN-38 resistance dynamics in barcoded HT-29 cells

Inherited genomic properties of the cell are crucial for developing drug resistance
(Coftey et al., 2013). In cancer therapy, tumor heterogeneity is a challenge, and the
clones can develop resistance to therapy (N McGranahan, 2017). The clones carried
inherited genomic properties for drug resistance, could be low frequencies in a
population before the therapy and could be enriched after the therapy (Serrano et al.,
2022). Thus, drug exposure can cause drastic clonal selection. Apart from genomic
characteristics leading the clonal selection during treatment, the plasticity of clones
could have an essential role in treatment resistance (Marine et al., 2020). If there is
no decrease in the barcode numbers in the presence of treatment, it indicates this
resistance mechanism is not caused by pre-determined genetic factors; however,
resistance can be developed by the transient state of a few clones that can resist

(Serrano et al., 2022).

In this experiment, there was a collection of dead cells from floating media twice a
week in every medium change. HT-29 is an adherent cell line since cell float in media
was identified as cell death. The barcodes from floating cells were isolated and
sequenced every month. Resistant cells died because of a natural causes released
their barcode DNA into the medium and this floating barcodes were used to
determine longitudinal barcode selection through the course of experiment.
Monitoring the time-course of barcodes provides the tracking of evolution under SN-

38 treatment.

The tracking evolution under drug exposure barcodes was determined with time-

course. This result shows there is a similarity between the final time point of
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barcodes collected from floating cells and the barcodes identified in the final
population (Figure3.12A). This indicated the evolutionary dynamics under drug
exposure. In the initial population, many of the barcodes were extinct of the
sensitivity for SN-38. The harvested media barcode sequence results indicate both
sensitive and resistant barcodes. They determined in the initial stages; the cells found
in the floating media and identified them as different barcodes of sensitive cells
(Figure 3.12B). there is no enrichment in those clones. The resistant cells grow under
the SN-38 treatment, becoming dominant over the population at the end of the
experiment. This indicates the resistant cells dividing and turning over under drug
exposure. At the third time point, the resistant cells have a drastic increase in
frequency overpopulation, which can cause by drug holidays; since there is no
selective pressure, the frequencies of both sensitive and resistant cells increase
(Figure 3.12A). Final time point shows that after the drug holiday was lifted selected
barcode clones exhibited increased frequency suggesting the presence of drug

induced selection in the system monitored by barcode technology.
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Figure 3. 12 Temporal frequencies for the floating barcodes in replicate A of SN-
38 treated barcoded HT-29

Barcoded HT-29 (initial) and barcoded HT-29 DMSO measurements were harvested
populations as is the final time point, and all others are floating barcode
measurements. The harvested ones belong to live cells, and the floating ones belong

to dead cells. The final sample's harvested population largely matched the last
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floating barcode sample. After the second time, there was a drug holiday, and after
the third one, drug exposure started again. (A) Temporal frequencies for resistant

barcodes. (B) Temporal frequencies for sensitive barcodes.

3.10 Investigation of capecitabine resistance effect on the proliferation

Drug treatment impacts cellular processes such as proliferation (Gottesman et al.,
2002). Thus, there can be a proliferation change in the drug adaptation stage since
adaptive approaches use buffer therapy. The buffer therapy is developing resistance

to a drug that can cause a diminish in proliferation (Acar et al., 2020).

The growth curve analysis and the proliferation experiments indicated a cost in terms
of proliferation in drug resistance development (Figure 3.13). There is a reduction in
terms of growth rate and proliferation when compared to the initial and DMSO
population with drug-resistant cells (Figure 3.13B). It can be caused by buffer
therapy since the drug-sensitive cell population can be more competitive, and the

drug-resistant cell populations can be outcompeted in a drug-free environment.
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Figure 3. 13 The effects of capecitabine resistance in proliferation

The cells were plated in 10,000 cells per well into three 96-well plates, and cells

were fixed with 2%formaldyde every 24 hours for 72 hours. Cells were stained with

0.1% crystal violet solution and 10% acetic acid solution used to dissolve crystal

violet. The absorbance at 570 nm was measured using a microplate reader. (A)
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growth curve of initial, DMSO, and capecitabine resistant HCT-116 cell lines. (B)
the proliferation assay for 72 hours on barcoded HCT-116, barcoded HCT-116
DMSO, and barcoded HCT-116 capecitabine-resistant cells. Two independent
biological replicates were carried out. Significant changes in cellular proliferation

were observed.( p-value < 0.05, ANOVA).

3.11 Investigation of dabrafenib and SN-38 resistance effect on the

proliferation

Cellular proliferation can be affected by the alterations during drug exposure
(Gottesman et al., 2002). The buffer therapy can cause proliferation change that
could occur in drug resistance development. It is used to check the resistant

subpopulations by the sensitive subpopulation through competition (Acar et al.,
2020).

The growth curve analysis and the proliferation experiments indicated there was no
cost in terms of proliferation in drug resistance development (Figure 3.14A&B).
Thus, dabrafenib and SN-38 resistance did not cause any change in proliferative

pathways (Figure 3.14B).
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Figure 3. 14 The effects of dabrafenib and SN-38 resistance in proliferation

The cells were seeded in 10,000 cells per well into three 96-well plates. Cells were
fixed with 2%formaldyde every 24 hours for 72 hours and stained with 0.1% crystal
violet solution. To dissolve the crystal violet, 10% acetic acid solution was used, and

the absorbance at 570 nm was measured using a microplate reader. (4) growth curve
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of initial, DMSO, and dabrafenib-resistant and SN-38-resistant HT-29 cell lines. (B)
the proliferation assay for 72 hours on barcoded HT-29, barcoded HT-29 DMSO,
barcoded HT-29 dabrafenib-resistant, and barcoded HT-29 SN-38 resistant cells.
Two independent biological replicates were carried out. No significant changes in

cellular proliferation were observed.( p-value > 0.05, ANOVA).

3.12 Effect of capecitabine resistance on drug sensitivity

Collateral sensitivity and therapeutic resistance evolution to one drug can create
sensitivity to another drug (Pluchino et al., 2012). Under selection pressure, the drug-
exposed cells can have two different fitness. The fitness landscape can have a
positive correlation against the second drug, which indicates collateral resistance
(Scarborough et al., 2020). It is caused by genomic alterations that occur in the
development of first drug resistance, which can allow fitness increase in the second
drug exposure. The fitness landscape can have a negative correlation that indicates
collateral sensitivity. It shows that the genotypic alterations in the presence of
developing drug resistance lead to a fitness decrease in second drug exposure

(Scarborough et al., 2020).

In this experiment, the investigation of three different chemotherapeutics, irinotecan
(3.15A), oxaliplatin (figure 3.15B), and SN-38 (figure 3.15C) on capecitabine-
resistant HCT-116 cells. The cell viability results were analyzed by comparing
barcoded HCT-116 DMSO cells to capecitabine-resistant barcoded HCT-116 cells
(Figure 3.15).
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Figure 3. 15 The effect of capecitabine resistance in HCT-116 cells in the exposure
of irinotecan, oxaliplatin, and SN-38 drugs

Barcoded HCT-116, Barcoded HCT-116 DMSO, and capecitabine-resistant
barcoded HCT-116 cell plated in 96 well with 10,000 cells per well. The cells were
allowed to attach for 24 hours. The medium was replaced, serial dilutions of drugs

prepared and added, not drug included wells used as interval control. Cells were
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incubated for 72 hours. MTT cell viability assay was performed. Two independent
biological replicates and three technical replicates from each group are shown. (A)
MTT cell viability graph of irinotecan. (B) Bar graph of IC 50 comparison with
barcoded HCT-116 DMSO and capecitabine resistant HCT-116 cells with irinotecan
treatment. No significant change was found in comparison with the initial cell
population, DMSO cell population, and capecitabine-resistant cell population (p >
0,05, one-way ANOVA). (C) MTT cell viability graph of oxaliplatin. (D) Bar graph
of IC50 comparison of oxaliplatin in barcoded HCT-116, barcoded HCT-116
DMSO, capecitabine-resistant barcoded HCT-116 cells. No significant change was
found in comparison with the initial cell population, DMSO cell population (p >
0,05, one-way ANOVA); however, significant change was found in comparison with
the DMSO population and capecitabine resistant population (p < 0,05, one-way
ANOVA). (E) MTT cell viability graph of SN-38. (F) Bar graph of IC50 comparison
of SN-38 in barcoded HCT-116, barcoded HCT-116 DMSO, capecitabine-resistant
barcoded HCT-116 cells. No significant change was found in comparison with the
initial cell population, the DMSO cell population (p > 0,05, one-way ANOVA).
Significant change was found compared with the DMSO and capecitabine-resistant
population (p < 0,05, one-way ANOVA).

There can be variable changes in feedback to the treatment of the second drug in the
presence of capecitabine resistance. Figure 3.15 indicates the collateral sensitivity or
resistance by fold change of IC50 to irinotecan, oxaliplatin, and SN-38. There is no
significant change compared to the initial DMSO or capecitabine-resistant HCT-116
populations in irinotecan treatment (Figure3.15A). However, oxaliplatin and SN-38
treatment show a significant increase in IC50 in the presence of capecitabine
resistance in HCT-116 cells (Figure 3.15B&C). The resistance ratio can calculate the
collateral resistance. It is the ratio of IC50 values of the resistant cells to the parental
cells (Hall et al., 2009). A higher than two ratio indicates the collateral cross-
resistance (Hall et al., 2009).

The IC50 values of oxaliplatin in capecitabine-resistant cells were 25 uM, and the

DMSO population was 12 uM; a 2,1-resistance ratio was calculated, indicating the
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cross-resistance. The capecitabine resistant cells' IC50 value of SN-38 was 7 uM,
and the DMSO control group IC50 value was 0,2 uM. The resistance ratio was 35-
fold, indicating the cross-resistance in capecitabine-resistant HCT-116 cells. Thus,
there was no collateral sensitivity observed in capecitabine-resistant HCT-116 cells.
However, collateral cross-resistance was found in capecitabine HT-116 cells in

oxaliplatin and SN-38 treatment.

3.13 Effect of dabrafenib resistance in HT-29 cells on drug sensitivity

Therapeutic resistance to one drug can cause sensitivity to another drug in cancer
cells, called collateral sensitivity (Pluchino et al., 2012). In the presence of selection
pressure, cancer cells alter genomic features to survive. Two different fitness can be
observed in that case. First, the cells can have a positive correlation in terms of the
fitness landscape against the second drug, and it was identified as collateral
resistance (Scarborough et al., 2020). The genomic alterations that occur during the
development of first drug resistance can cause it, and the cells' fitness increases in
the second drug treatment. Last, the cells can have a negative correlation in the
fitness landscape in the presence of second drug exposure, which is collateral
sensitivity (Pluchino et al., 2012). The alteration of genomic features under the first
drug therapy can cause a decrease in fitness during the second drug treatment (Acar

et al., 2020).

In this experiment, the cell viability assays were performed against four different
chemotherapeutics SN-38 (Figure 3.16A), oxaliplatin (Figure 3.16B), capecitabine
(Figure 3.16C), irinotecan (Figure 3.16D) on dabrafenib-resistant HT-29 cells. The
cell viability results compared barcoded HT-29 DMSO cells to dabrafenib-resistant
barcoded HT-29 cells (Figure 3.16).
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Figure 3. 16 The effect of dabrafenib resistance in HT-29 cells in the exposure of
SN-38, oxaliplatin, capecitabine, and irinotecan drugs

Barcoded HT-29, Barcoded HT29 DMSO, and dabrafenib-resistant barcoded HT-
29 cell seeded in 96 well plates (10,000 cells per well). The cells were allowed to
attach for 24 hours. The medium was replaced with serial dilutions of drugs included
medium and not drug included medium added wells used as the internal control.
Cells were incubated for 72 hours. MTT cell viability assay was performed
according to standard procedure. Two independent biological replicates and three
technical replicates from each group are carried out. (A) MTT cell viability graph
of SN-38. (B) Bar graph of IC 50 comparison with barcoded HT-29 DMSO and
dabrafenib resistant HT-29 cells with SN-38 treatment. No significant change was
found in comparison with the initial cell population, DMSO cell population, and
dabrafenib-resistant cell population (p > 0,05, one-way ANOVA). (C) MTT cell
viability graph of oxaliplatin. (D) Bar graph of IC50 comparison of oxaliplatin in
barcoded HT-29, barcoded HT-29 DMSO, dabrafenib-resistant barcoded HT-29
cells. No significant change was found in comparison with the initial cell population,
DMSO cell population (p > 0,05, one-way ANOVA),; however, a significant change
was found in comparison with the DMSO population and dabrafenib resistant
population (p < 0,05, one-way ANOVA). (E) MTT cell viability graph of
capecitabine. (F) Bar graph of IC50 comparison of capecitabine in barcoded HT-
29, barcoded HT-29 DMSO, dabrafenib-resistant barcoded HT-29 cells. No
significant change was found in comparison with the initial cell population, the
DMSO cell population (p > 0,05, one-way ANOVA). Significant change was found
compared with the DMSO and dabrafenib-resistant population (p < 0,05, one-way
ANOVA). (G) MTT cell viability graph of irinotecan. (H) Bar graph of IC50
comparison of irinotecan in barcoded HT-29, barcoded HT-29 DMSO, dabrafenib-
resistant barcoded HT-29 cells. No significant change was found in comparison with
the initial cell population, the DMSO cell population (p > 0,05, one-way ANOVA).
Significant change was found compared with the DMSO and dabrafenib-resistant
population (p < 0,05, one-way ANOVA).
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Variable changes can be observed in response to second drug exposure when the
dabrafenib resistance evolved.Figure 3.16 shows the collateral sensitivity with cell
viability assay analysis and comparison of IC50 values for SN-38, oxaliplatin,
capecitabine, and irinotecan. No significant change was found in the SN-38

treatment in initial DMSO and dabrafenib-resistant HT-29 cell populations.

The collateral sensitivity determined by the resistance ratio that is the ratio of
resistant cells IC50 value to parental cells IC50 value (Hall et al., 2009). Whether
the ratio less than 0.5 it shows the collateral sensitivity (Hall et al., 2009). Whether

the ratio higher than 2 it can indicate the cross resistance (Hall et al., 2009).

The IC50 values of oxaliplatin in dabrafenib-resistant HT-29 cell was 7 uM and in
barcoded HT-29 DMSO cell was 27.9 uM; thus the resistance ratio was 0,25 which
indicates the collateral sensitivity. The capecitabine IC50 value was 1,3 mM in
dabrafenib resistant HT-29 cells and 3,26 mM in barcoded HT-29 DMSO cells;
hence the resistance ratio would be 0,39 that indicates collateral sensitivity. The IC50
value of irinotecan in dabrafenib-resistant cell was 4,8 uM and in DMSO control
was 8 uM; thus the resistance ratio was 0,6. There was no collateral sensitivity found
in dabrafenib-resistant HT-29 cells to irinotecan treatment. There is the identification
of collateral sensitivity for oxaliplatin, and capecitabine in dabrafenib-resistant HT-
29 cell line by a significant decrease in IC50 values against these drugs in

comparison of dabrafenib-resistant HT-29 cells to DMSO population of HT-29 cells.

3.14 Effect of SN-38 resistance in HT-29 cells on drug sensitivity

The evolution of drug resistance to one drug can lead to sensitivity to another drug,
and it is called collateral sensitivity (Pluchino et al., 2012). Different genomic
alterations occur under drug exposure, which is crucial for surviving the clones. The
clones can have a positive or negative correlation with fitness dynamics. The positive
correlation indicates collateral resistance, that is, the fitness landscape increase in the

presence of a second drug treatment (Scarborough et al., 2020). The negative
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correlation identified as collateral sensitivity is the fitness landscape decrease in the
exposure to second drug treatment (Pluchino et al., 2012). Thus, the genomic
alterations that occur in the evolution of drug resistance can cause diminish in fitness

under the second drug therapy (Acar et al., 2020).

There were the cell viability assays against four different chemotherapeutics
irinotecan (Figure 3.17A), capecitabine (Figure 3.17B), oxaliplatin (Figure 3.17C),
dabrafenib (Figure 3.17D) on initial, DMSO and SN-38 resistant HT-29 cell lines.
The comparison of IC50 values indicates the correlation between barcoded HT-29

DMSO and dabrafenib-resistant barcoded HT-29 cells (figure3.17).
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Figure 3. 17 The effect of dabrafenib resistance in HT-29 cells in treating
irinotecan, capecitabine, oxaliplatin, and dabrafenib drugs
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Barcoded HT-29, Barcoded HT29 DMSO, and SN-38-resistant barcoded HT-29
cells were plated in 96 well plates at 10,000 cells per well. After the cells were
allowed to attach for 24 hours, the cells were either untreated or treated with DMSO
as vehicle control or indicated doses of irinotecan, capecitabine, oxaliplatin, or
dabrafenib. Cells were incubated for 72 hours, and an MTT cell viability assay was
performed according to standard procedure. Two independent biological replicates
and three technical replicates from each group are carried out. (A) Cell viability 72h
after treatment of irinotecan. (B) The bar graph of IC 50 compares with barcoded
HT-29 DMSO and SN-38 resistant HT-29 cells in treating irinotecan. No significant
change was found in comparison with the initial cell population, the DMSO cell
population (p > 0,05, one-way ANOVA). Significant change in IC50 dose was found
in comparing DMSO cell populations and SN-38-resistant cell populations (p<0,05,
one-way ANOVA). (C) Cell viability 72h after treatment of capecitabine. (D) The bar
graph of IC 50 compares with barcoded HT-29 DMSO and SN-38 resistant HT-29
cells in capecitabine treatment. No significant change was found compared with the
initial cell population, the DMSO cell population, and the SN-38-resistant cell
population (p > 0,05, one-way ANOVA). (E) Cell viability 72h after treatment of
oxaliplatin. (F) Bar graph of IC 50 comparison with barcoded HT-29 DMSO and
SN-38 resistant HT-29 cells in the treatment of oxaliplatin. No significant change
was found compared with the initial cell population, the DMSO cell population, and
the SN-38-resistant cell population (p > 0,05, one-way ANOVA). (G) Cell viability
72h after treatment of dabrafenib. (H) Bar graph of IC50 comparison of dabrafenib
in barcoded HT-29, barcoded HT-29 DMSO, dabrafenib-resistant barcoded HT-29
cells. No significant change was found in comparison with the initial cell population,
the DMSO cell population (p > 0,05, one-way ANOVA). Significant change was
found compared with the DMSO and SN-38-resistant population (p < 0,05, one-way
ANOVA).

The resistant cell can respond to second therapy with various changes, including
collateral resistance, collateral sensitivity, or no change. Figure 3.17 indicates no

significant change in fold change of IC50 values in oxaliplatin and capecitabine
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treatment on SN-38 resistant HT-29. There was a significant increase in IC50 values
in SN-38 resistant HT-29 when compared to the initial and DMSO population in the
presence of irinotecan and dabrafenib treatment. This can be caused by collateral
resistance. Collateral resistance can be calculated by the ratio of the IC50 value of
resistant cells to parental cells, and the ratio higher than two indicates multidrug

resistance (Hall et al., 2009).

The IC50 values of irinotecan in SN-38 resistant cells were 17,8 uM, and the DMSO
population was 7,9 uM. Thus, the resistance ratio was 2,3, which indicates cross-
resistance. The dabrafenib IC50 value was 680 nM in SN-38 resistant HT-29 cells
and 371 nM in barcoded HT-29 DMSO cells; thus, the resistance ratio was calculated

as 1,8, which indicates insensitivity.

3.15 The investigation of changes in the MAPK pathway in relation to

capecitabine resistance in HCT-116 cells

MAPK signaling plays a crucial role in many cellular processes (Yaeger & Corcoran,
2019). Change in cellular proliferation, dedifferentiation, and survival can be caused
by dysregulation of MAPK signaling. Thus, MAPK pathway alterations are

important for cancer cells (Bellio et al., 2021).

The RAS protein activation triggers the MAPK pathway by the external stimulus
from EGFR ligand to activate guanine exchange factors such as son-of-sevenless
(SOS), which catalyze small guanine triphosphatase (GTPase) (Bellio et al., 2021).
This activation leads to a conformational change in RAS protein and facilitates
interactions with downstream proteins (Yaeger & Corcoran, 2019). Activated RAS
kinases cause the activation of RAF kinases which activates the MEK kinases
(Yaeger & Corcoran, 2019). MEK kinase activation leads to phosphorylation of ERK
kinases which has a crucial role in the regulation of cellular processes (Paillas et al.,

2011).

83



The negative feedback mechanism is essential for the regulation of MAPK pathway
signaling. The negative feedback loop from ERK signaling can inhibit the BRAF,
RAS, and expression of multiple MAPK phosphatases (Dougherty et al., 2005). This
mechanism directly affects the oncogenic alteration; thus, it has a crucial role in drug

resistance and therapy response.

To examine MAPK pathway activity in the presence of capecitabine in barcoded

HCT-116 cells, western blot analysis was performed (Figure 3.18).

Western blot analysis indicated the down-regulation of the MAPK pathway in the
presence of capecitabine resistance in HCT-116 cells. Phosphorylation of EGFR,
MEK, and ERK in capecitabine-resistant HCT-116 cells was diminished compared
to the initial population and DMSO control. The result demonstrates that
capecitabine resistance can cause a down-regulation in the MAPK signaling

pathway.
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Figure 3. 18 Expression of p-ERK, p-MEK, and p-EGFR in barcoded HCT-116,
barcoded HCT-116 DMSO, and capecitabine-resistant barcoded HCT-116 cell
lines with western blot
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Expression of p-ERK, p-MEK, and p-EGFR in barcoded HCT-116 DMSO and
capecitabine-resistant barcoded HCT-116 cells determined with western blot. 50 ug
total protein was loaded to 12% SDS-PAGE gel and wet transferred to nitrocellulose
membrane. The membrane was processed to standard techniques. GAPDH was the

loading control.

3.16 The investigation of changes in MAPK pathway in relation to
dabrafenib and SN-38 resistance in HT-29 cells

The MAPK pathway was significant for cellular proliferation, differentiation,
oncogenic transformation, and survival (Dougherty et al., 2005). The external
stimulus targets the EGFR ligand and causes activation of guanine exchange factors
such as son-of-sevenless (SOS). The activation of SOS catalyzes small guanine
triphosphate, leading to RAS protein activation by conformational changes (Bellio
et al., 2021). These changes cause interaction with downstream protein RAF and
phosphorylation of it. Phosphorylated RAF kinases facilitate the phosphorylation of
MEK kinases. Activation of MEK kinase leads to ERK kinase phosphorylation
(Yaeger & Corcoran, 2019). ERK kinase has an essential role in cellular process

regulations (Paillas et al., 2011).

There is a negative feedback mechanism found in MAPK pathway signaling. ERK
kinase was essential for negative feedback. It can inhibit RAS, BRAF, and multiple
MAPK phosphatase expression (Dougherty et al., 2005). This mechanism impacts
the oncogenic alterations; thus, drug resistance and therapy response were affected

by it.

To demonstrate the effect of dabrafenib and SN-38& resistance on activation of
MAPK, the western blot with p-ERK, p-MEK, and p-EGFR was performed in HT-
29 cell lines (Figure3.19).

Figure 3.19 indicates the up-regulation of the MAPK signaling pathway in the

presence of dabrafenib and SN-38 resistance in HT-29 cells. There was an increase
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in phosphorylation of EGFR and ERK in dabrafenib and SN-38 resistant HT-28 cells
compared to initial and DMSO cell populations. There was no change in the
phosphorylation of MEK, which might be due to the ERK feedback mechanism. This
result suggests that dabrafenib and SN-38 resistance can cause up-regulation in the
MAPK signaling pathway, including EGFR and ERK, and targeting these targetes

can enhance the therapy efficiency.
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Figure 3. 19 The protein levels of p-ERK, p-MEK, and p-EGFR in barcoded HT-
29, barcoded HT-29 DMSO, dabrafenib-resistant barcoded HT-29, and SN-38-
resistant barcoded HT-29

50 ug total protein loaded, and GAPDH was used as a loading control for western
blot. 12% SDS-PAGE gel was used and wet-transferred to nitrocellulose membrane.
Protein levels of p-ERK, p-MEK, and p-EGFR were determined with western blot

according to standard techniques.
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3.17 Inhibition strategies for activation of p-ERK on dabrafenib-resistant
HT-29 cell line

Drug combinations can be used in advanced cancers to enhance the therapeutic effect
(Wu et al., 2018). Intolerable dose range can be found in chemotherapy, and
therefore the drug combinations can be used in lower doses. Thus, drug combinations
can be used to reduce the treatment side effects on CRC patients (Ianevski et al.,
2020b). The degree of combination synergy or antagonism can be determined by

comparing the observed drug response to the expected response.

According to open form (NCCN) guideline 2021, a combination of BRAF inhibitor
and the ERK inhibitor could be used in BRAF V600E mutation-positive CRC (Lurie
etal., 2021) . The investigation of the combined therapy effect of dabrafenib (BRAF
V600E inhibitor) and SCH772984 (ERK inhibitor) also shows the efficiency of this
therapy (Pratilas et al., 2009) .

The dabrafenib resistance could be dependent on the MAPK signaling pathway
activity since the upregulation of pEGFR and pERK (figure 3.19); HT-29 has a RAS-
independent BRAF mutation, using an ERK inhibitor could be beneficial for that
case (L. Liang et al., 2018). SCH772984 is an ERK inhibitor and can show a
favorable effect on dabrafenib-resistant HT-29 cells (L. Liang et al., 2018). Targeted
MAPK pathway inhibitors can reduce the cell signaling response and tumor growth

(Kirouac et al., 2017).

To inhibit the phosphorylation of ERK in dabrafenib resistant HT-29 cell line, the
ERK inhibitor SCH77982 was used. In the presence of dabrafenib, the SCH77982
effect was investigated to determine whether a synergistic effect was found. To
clarify the role of dabrafenib resistance in HT-29 cells, the synergy of dabrafeniba
with SCH77982 was investigated (Figure 3.20). The synergictic effect investigated
on initial (Figure 3.20A), DMSO (Figure 3.20B) and dabrafenib resistant HT-29 cells
(Figure 3.20C).
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No synergistic effect was found on the combination of dabrafenib and SCH77982 in
both barcoded HT-29, barcoded HT-29 DMSO, and dabrafenib-resistant barcoded
HT-29 cells.
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Figure 3. 20 The synergistic effect of SCH77982 and dabrafenib in barcoded HT-
29, barcoded HT-29 DMSO, and dabrafenib-resistant barcoded HT-29 cells.

Cell lines were incubated at 37°C for 24 hours after plating at 10,000 cells per well

at a 96-well plate. Cells were treated with stated concentrations of dabrafenib,
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SCH77982, and dabrafenib and SCH7798. Cells were incubated for 72 hours, and
cell viability was evaluated using the MTT cell viability assay. The results are the
average of two independent biological replicates. Cell viability 72h after treatment
of dabrafenib, SCH77982, and the combination of dabrafenib and SCH77982 in
barcoded HT-29 cells(A), in barcoded HT-29 DMSO cells (B), and dabrafenib-
resistant barcoded HT-29 cells (C).

3.18 [Investigation of the synergistic effect of chemotherapeutics on

dabrafenib-resistant HT-29 cells

The standard treatment of colorectal cancer could be limited to advanced cancer (Van
Cutsem et al., 2005). In this case, drug combination strategies could be used. There
is clinical evidence of the efficiency of some chemotherapeutic combinations in
colon cancer treatment such as CAPEOX and dabrafenib plus oxaliplatin (Hattori et

al., 2019).

The oxaliplatin combinations with capecitabine or dabrafenib can be used in the HT-

29 cell line to reduce drug doses and enhance the treatment (Lurie et al., 2021).

According to NCCN guidelines 2021, CAPEOX (capecitabine plus oxaliplatin) and
dabrafenib plus oxaliplatin could be used in second-line therapy in BRAF V600E
mutated patients. Especially CAPEOX is a highly used second-line therapy because
of the effect on the decrease in metastasis and to diminish the side effects of both

oxaliplatin and capecitabine (Lurie et al., 2021).

There is a collateral sensitivity for oxaliplatin and capecitabine determined in
dabrafenib exposed cells (Figure 3.16B&C). To enhance the chemotherapeutic effect
of capecitabine and oxaliplatin (Figure 3.21), the combination of these drugs and the
combination of dabrafenib and oxaliplatin was used in dabrafenib resistant HT-29

cells (Figure 3.22).
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Figure 3. 21 The cell viability results from a combination of capecitabine and
oxaliplatin

Cell lines were seeded into a 96-well plate at 10,000 cells per well density and
incubated at 37°C for 24 hours after plating. Cells were treated with stated
concentrations of oxaliplatin and capecitabine and the combinations of capecitabine
and oxaliplatin. Cells were incubated for 72 hours, and cell viability was evaluated
using the MTT cell viability assay. The results are the average of two independent

biological replicates. Cell viability 72h after treatment of capecitabine, oxaliplatin,
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and capecitabine plus oxaliplatin in barcoded HT-29 cells(A), in barcoded HT-29
DMSO cells (B), and dabrafenib-resistant barcoded HT-29 cells (C).
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Figure 3. 22 The cell viability results from the combination of dabrafenib and
oxaliplatin

Cell lines were plated into a 96-well plate with a density of 10,000 cells per well.
Cells were treated with stated concentrations of oxaliplatin and dabrafenib and the

combinations of dabrafenib and oxaliplatin. Cells were incubated for 72 hours, and
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cell viability was performed using the MTT cell viability assay. The results are the
average of two independent biological replicates. Cell viability 72h after treatment
of capecitabine, oxaliplatin, and dabrafenib plus oxaliplatin in barcoded HT-29
cells(4), in barcoded HT-29 DMSO cells (B), and dabrafenib-resistant barcoded
HT-29 cells (C).

For figure 3.21, the CAPEOX treatment shows an antagonistic effect in
SynergyFinder. The initial (Figure 3.21A), DMSO (Figure 3.21B), and the
dabrafenib resistant HT-29 cells (Figure 3.21C) show no significant difference.
Thus, there was no significant change in the synergistic effect of CAPEOX in the

presence of dabrafenib resistance.

For figure 3.22, the combination of dabrafenib and oxaliplatin treatment shows an
antagonistic effect on initial and DMSO populations of HT-29 cells and the additive
effect in dabrafenib resistant HT-29 cells in SynergyFinder. The additive effect in
dabrafenib-resistant HT-29 cells indicated that dabrafenib resistance could create

sensitivity to dabrafenib plus oxaliplatin combination treatment.

3.19 Inhibition strategies for activation of p-ERK on SN-38-resistant HT-29

cell line

To enhance the therapeutic effect, drug combinations can be used in advanced
cancers (Wu et al., 2018). In some cases, the drug dose could be intolerable in
chemotherapy for the patient, and using drug combinations could decrease the
needed doses; since one drug dose could be used in high doses, however, using
multidrug in therapy can be used in lower doses (Wu et al., 2018). Hence, drug
combinations are important for reducing the side effects of treatment in CRC
patients. Synergy and antagonism are the degrees of combination (Ianevski et al.,
2020b). They can be calculated as the comparison of observed drug response to

expected response (Ianevski et al., 2020b).
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The SN-38 resistance can be dependent on the MAPK pathway because of the
increased phosphorylation of EGFR and ERK (Figure 3.19). HT-29 has a RAS-
independent BRAF mutation; thus, targeting the EGFR could not be beneficial.
Targeting ERK using SCH772984 can decrease the cell viability of SN-38-resistant
HT-29 cells.

To diminish the phosphorylation of ERK in SN-38-resistant barcoded HT-29 cells,
the ERK inhibitor SCH77982 was combined with SN-38. To assess the possible
synergistic effect of SCH77982 in the presence of SN-38 in barcoded HT-29
(Figure 3.23A), barcoded HT-29 DMSO (Figure 3.23B), SN-38 resistant barcoded
HT-29 cells (Figure 3.23C).

The synergy scores were calculated on SynergyFinder. No significant synergistic
effect was observed in the combination of SN-38 and SCH77982 in both barcoded
HT-29, barcoded HT-29 DMSO, and SN-38-resistant barcoded HT-29 cells. This
result indicates that SN-38 resistance does not impact the synergistic effect of ERK

inhibitor SCH77982 and SN-38 combined treatment in HT-29 cells.
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Figure 3. 23 The synergistic effect of SCH77982 and SN-38 in barcoded HT-29,
barcoded HT-29 DMSO, and SN-38-resistant barcoded HT-29 cells

Cell lines were incubated at 37°C for 24 hours after plating at 10,000 cells per well
at a 96-well plate to allow attachment. Cells were treated with stated concentrations
of SN-38, SCH77982, and the combination of SN-38 and SCH7798. Cells were
incubated for 72 hours. The cell viability was evaluated using the MTT cell viability

assay. The results are the average of two independent biological replicates and three
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technical replicates found on each. Cell viability 72h after treatment of SN-38,
SCH77982, and the combination of SN-38 and SCH77982 in barcoded HT-29
cells(A4), in barcoded HT-29 DMSO cells (B), and in SN-38-resistant barcoded HT-
29 cells (C).

3.20 Effect of dabrafenib and SN-38 resistance on clonogenic capacity

Genetic evolution is an essential factor for therapeutic resistance; genetic alterations
such as mutations, gene deletion, gene amplification, and chromosomal translocation
provide cancer cells to escape from therapeutic pressure (Marine et al., 2020).
Genetic clonal evolution plays an essential role in the development of resistance to

therapy (Assenov et al., 2018).

Oncogenic mutations can inhibit the signaling pathways in the presence of
therapeutic responses; this is caused by the addiction of cancer to activated pathways
(Fernandes Neto et al., 2020). Secondary mutations can restore signaling in drug-
inhibited pathways in advanced cancers. In acquired resistance, mutations have an
impact on the drug target or upstream or downstream of the activated signaling

molecule.

A colony formation assay was performed to investigate the effect of dabrafenib and

SN-38 resistance in HT-29 cell survival and growth (Figure 3.24).
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Figure 3. 24 The effects of dabrafenib and SN-38 resistance on clonogenic
capacity in HT-29 cells

Barcoded HT-29, barcoded HT-29 DMSO, and dabrafenib-resistant barcoded HT-
29 cells were plated at a density of 20,000 cells per well, and SN-38-resistant
barcoded HT-29 cells were seeded at a density of 40,000 cells per well in a 6-well
plate. Cells were incubated for three weeks in a humidified incubator with 5% CO;
at 37° and treated with 1C50 dosages of drugs. Colonies were fixed with 2%
formaldehyde solution for two hours and stained with 0.1% crystal violet. Then
plates were scanned. Three technical replicates from each group were shown. Two

independent biological replicates were carried out.

There was a significant change in colony number between capecitabine, SN-38, a
combination of capecitabine and oxaliplatin, and a combination of dabrafenib and
oxaliplatin-treated groups. The surviving cells were able to proliferate and form
colonies and could have an inherited resistance mechanism. The results indicated
that drug-resistant HT-29 cells have a higher effect when treated with combination
therapies, including capecitabine-oxaliplatin and  dabrafenib-oxaliplatin
combinations (Figure 3.24). In the presence of dabrafenib resistance on HT-29 cells,
the capecitabine treatment demonstrated a favorable effect. No colony formation was
observed on irinotecan, and a combination of irinotecan and oxaliplatin indicated
that oxaliplatin, irinotecan, and its combinations could be used in BRAF mutated
HT-29 cell lines (Figure 3.24). Thus, the treatment of the combination of
capecitabine and oxaliplatin or combination of dabrafenib and oxaliplatin could be
beneficial in dabrafenib, and SN-38 resistant HT-29 cells and capecitabine treatment

could be used in dabrafenib-resistant HT-29 cells.

3.21 The investigation of motility capacities on Dabrafenib and SN-38
resistant HT-29 cells

The scratch wound healing assay shows the effects of major wound-healing growth

factors, cytokines, and chemokines on cell migration (Q. Liang et al., 2021). A
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scratch wound healing assay was performed to investigate the cellular motility in the
presence of dabrafenib and SN-38 resistance on HT-29 cells. The scratch wound area
was imaged every 4 hours for 60hours, and images were carried with 4x in a Nikon

Eclipse ti2e Fluorescence Microscope and analyzed with ImagelJ (Figure 3.25).

SN-38 resistant cells had no mobility in first 12 hours and dabrafenib resistant cells
had lower motility than initial and DMSO populations of HT-29 cells. In 24, 36 and
48 hours, SN-38 and dabrafenib resistant HT-29 cells’ gap closure was significantly
lower than initial and DM SO populations of HT-29. However, the decrease in wound
healing was significant in comparison of DMSO and Dabrafenib-resistant HT-29

cells at 60 hours.
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Figure 3. 25 Effect of dabrafenib and SN-38 resistance on the motility of HT-29
cells

Barcoded HT-29, barcoded HT-29 DMSO, dabrafenib-resistant barcoded HT-29,
and SN-38-resistant barcoded HT-29 cells were plated in a 24-well plate at a density
of 200,000 cells per well. After 24 hours, cells were incubated with 5 ug/ml
mitomycin C for 2 hours, and scratch wounds were generated with 200 ul pipette

tips. Cells were washed with PBS three times, and a complete medium was given.
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Cells were incubated for 60 hours, and every 4 hours image was taken. Images
analyzed with ImageJ. Two technical replications and two independent biological

replicates were carried out.

Development of drug resistance impacts morphology, proliferation, living cell cycle
and mobility of cells (Q. Liang et al., 2021). This result demonstrates that gaining
drug resistance can have an impact in cellular motility; hence, there was a significant
decrease in cellular motility in both Dabrafenib and SN-38 resistance in HT-29 cell

line.
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CHAPTER 4

CONCLUSION AND FUTURE DIRECTIONS

Development of drug resistance is one of the major problems in the survival of CRC
patients (Smillie et al., 2019). Intra-tumor heterogeneity impacts clonal evolution
and developing drug resistance (Acar et al., 2020). Understanding the clonal
evolution dynamics can create a new perspective on that problem. The intra-tumor
heterogeneity and clonal evolution monitoring pave the way to multidrug adaptive
treatments. The cellular barcoding technology allows the monitoring of evolutionary
dynamics in drug-exposed environments. The resistance mechanism can cause a
proliferative cost. The drug-resistant cancer cells can be hypersensitive to other
drugs, which is collateral sensitivity (Hall et al., 2009). Collateral sensitivity can
improve response to chemotherapy. The molecular alterations occurred during drug
exposure directly or indirectly affect cell growth, invasion, and metastasis (Morris et
al., 2016). Thus, targeting these alterations can benefit treatment and lead to
collateral sensitivity. In our experimental system, the proliferation rate of
capecitabine-resistant HCT-116 cells significantly diminished which was

presumably due to the impact of drug resistantance observed in our system.

Monitoring the capecitabine resistance in the HCT-116 cell line showed that de novo
cellular alterations during treatment played a role in the development of capecitabine
resistance. Performing cell viablity assays to assses second-line drug sensitivity did
not show any collateral sensitivity which was presumably due to the acquired drug
resistance gained in our model system was not strong enough or potential other drug

combinations required to be tested as further.

Exploiting the Dabrafenib resistance and SN-38 resistance in the HT-29 cell line
showed pre-existing cellular alterations play an essential role in dabrafenib and SN-

38 resistance development. There was a sensitivity for oxaliplatin, capecitabine and
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irinotecan in dabrafenib-resistant HT-29 cells; moreover, the drug combinations
showed additive effects that can be an option for chemotherapy. There was no
collateral sensitivity determined in SN-38-resistant HT-29 cells for irinotecan and
capecitabine; however, if the same study was performed chemotherapeutics other
than capeciatebine, irinotecan and oxaliplatin there may be potential collateral

sensitivity observed.

The clonogenic capacity of drug-resistant cells is different from the initial
population. Thus, it indicates the cell’s survival and the ability of the cell to
proliferate from a clone. Drug combinations have a clonogenic impact on drug-
resistant cell lines. There is a dimisih in clonogenic capacity of dabrafenib resistant
and SN-38 resistant HT-29 cell in the dabrafenib and oxaliplatin combination and
CAPEOX combination therapies. This result indicates development of drug

resistance impacts the cell survival in drug exposed environments.

The drug resistant cells’ wound healing capacity was significanlty differrent from
the DMSO population of HT-29 cells. Hence, this result demonstrated that the
cellular motility can be efffected by drug resistance. Although the growth rate of
dabrafenib and SN-38 resistant HT-29 cells had no significant differences from
initial and DMSO populations, the cellular motility has decreased. In first 12 hours
SN-38 resistant HT-29 cell had no wound healing ability. There was a diminish in
wound healing ability in 12h, 24h, 36h, 48h in dabrafenib and SN-38 resistant HT-
29 cells when compared to DMSO population. Therefore, the mobility of HT-29

cells can be directly effected by drug-resistance.

There are some limitations found in this study. First, the passage and re-plating in
dabrafenib-resistant and SN-38-resistant HT-29 cell lines can cause sample bias.
Second, the concentration of drugs may not be achievable in patients. Third, the
genetic background of cell lines used in this study may not represent the patients.
Fourth, future studies should include stromal cells to mimic the tumor tissue
components of cancer patients. For example, the coculture studies of cancer-

associated fibroblasts and immune cells with the cancer cell lines with the help of
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cellular barcoding technology used in this study will further unravel true dynamics

and underlying mechanisms of drug resistance.

Overall, this study provides an experimental evolution model system integrated with
cutting-edge cellular barcoding technology to understand temporal dynamics of drug
resistance and second-line drug options sensitizing initially drug resistant cell

populations.
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