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Abstract

Current in vitro research methods are often difficult to translate into successful gene(s)
functional and clinical applications. Immortalised cell lines are monocellular, 2-
dimensional and do not accurately encapsulate the in vivo microenvironment, while in
vivo animal models are often impractical, prohibitively expensive and ethically
contentious. As such, novel in vitro experimental models are required to facilitate
research and improve translatability, particularly in colorectal cancer, which
demonstrates great genetic and phenotypic heterogeneity. Recently, methods for the in
vitro culture of three-dimensional (3D) derived “organoids” have been established,
which faithfully reproduce the genetic, proteomic and pharmacological characteristics
of their original tissue. Organoids present the opportunity to elucidate molecular
mechanisms underlying functional genetic modelling, personalised medicine and drug

discovery in vitro, thereby replacing and reducing the use of in vivo animal models.

In this study, we have initially combined the CRISPR/Cas-9 genome editing system
and murine intestinal/colon epithelial organoid cultures to study the functional impact
of genetic knockouts of the F-box family of E3 ligases, which are poorly understood
in colorectal cancer development and progression. Among the 32 F-box genes we
screened, five F-box knockout murine intestinal organoid lines demonstrated
differential growth pattern and morphology characteristics from healthy/normal

control organoids: the fbxI5, foxo31, foxI118, foxol7 and fbxI17 genes.

Moreover, we selected FBXL5 (F-box/LRR-repeat protein 5) for additional functional
analysis. Previous studies reported that FBXL5 plays a key role in iron homeostasis
by promoting ubiquitination and degradation of the IRP2 protein and other molecules,

maintaining of hematopoietic and neural stem/progenitor cell pool, hypoxia and drug

4|Page



response and epithelial-to-mesenchymal transition (EMT). However, the role of

FBXL5 in colorectal cancer cells is less characterised.

Furthermore, we generated CRISPR-Cas-9-mediated knockout DLD-1 and SW480
colorectal cancer cell lines to investigate the loss of FBXLS5 in colorectal cancer

function and activity.

We found that FBXL5 knockout significantly reduces wound healing and colony
formation efficiency, and dysregulates cell morphology, epithelial-to-mesenchymal
transition activity, iron homeostasis, autophagy, hypoxic cell activity and drug

response in colorectal cancer cells.

In addition, toward a mechanistic approach for the characterisation of FBXL5 function
and gene downstream analysis, differentially expressed genes (DEG) were identified
using RNA-Seq analysis of FBXL5-knockout and parental DLD-1 colorectal cancer
cells. Pathway mapping of the DEGs identified numerous novel FBXL5 roles,
particularly under hypoxic conditions, including colorectal and pancreatic cancer,
immune system function, spliceosome activity and carbon metabolism in cancer.
However, further investigation is required to explore the significant loss of FBXL5 E3

ligase function and targeted proteins in patients with colorectal cancer.

In conclusion, we have demonstrated the value and practicality of organoids as a
flexible in vitro model system for functional genetic studies, representing an important
tool for improving research methodology and reducing and replacing the use of in vivo
models in research. We also demonstrated that FBXL5 may be a key player in
colorectal cancer progression, metastasis, and relapse via influences in iron

homeostasis, autophagy, hypoxic cell activity and drug response.
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1. General Introduction

1.1.Colorectal Cancer

Colorectal Cancer (CRC) is the third most common cancer in both genders over 65
years old and the second leading cause of cancer mortality worldwide, with 1.8 million
cases and over 880,000 deaths occurring in 2018 (Bray et al., 2018). CRC diagnoses
vary primarily by socioeconomic status, with incidence and mortality correlating with
periods of significant economic development, fluctuating as social development
plateaus, and decreasing in the most developed regions (Siegel et al., 2020). 65% of
CRC patients survive five years post-diagnosis, with early identification dramatically
increasing survival rates. CRC typically occurs between ages of 50-79 (72%), with
less than 11% of cases appearing before that age (Siegel et al., 2020). Early screening
programs and awareness of lifestyle factors have contributed to dramatically reducing

mortality rates since the 1970’s (Siegel et al., 2020).

While CRC presentation and pathology can vary considerably, the TNM (Tumour,
Node, Metastasis) classification of malignant tumours is used to define cancer
pathology status and progression (Sobin, 2016). Tumour defines the growth status of
colorectal cancer, ranging from no evidence to growing though the colorectal tissue
into other organs, Node refers to the number of lymph nodes containing cancerous
cells and Metastasis to the number of metastatic growths in organs or tissues other than

the colon or rectum (Sobin, 2016), the combination of which determines cancer stage.

CRC initially manifests as abnormal growth of the intestinal mucous membrane
(“adenomatous polyps”) within the colon (41%) or rectum (28%) developing into
adenocarcinomas (abnormal growths in colonic epithelial cells) mortality (Guinney et

al., 2015). Polyps are typically benign, with approximately 1% of polyps smaller than
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1cm being cancerous, but up to 40% of those greater than 2cm can develop into CRC

(Ewing et al., 2014; Summers, 2010).

CRC is extremely heterogeneous, with a multitude of genetic and molecular
mechanisms contributing to tumorigenesis, metastasis and mortality (Guinney et al.,
2015). The most common genetic mutations in non-heritable (aka sporadic) CRC
include chromosomal instability (CIN, 85% cases), wherein changes to chromosomal
structure or number alter the expression of genes with oncogenic, tumour suppressive,
cell cycle regulation and proliferation roles, leading to cancer development (Nguyen
and Duong, 2018). The second most common mutation in non-heritable CRC is high-
frequency microsatellite instability (MSI, 15% cases), wherein single-base/point
mutations in hypermutable genomic regions are allowed to accumulate due to

abnormal functioning of DNA mismatch repair pathways (Nguyen and Duong, 2018).

Heritable CRC has two primary types: Familial adenomatous polyposis (FAP, < 1%
cases) is characterised by the inheritance of a non-functional APC (adenomatous
polyposis) gene leading to dysfunction of the APC/Wnt/-catenin pathway and KRAS
(KRAS Proto-Oncogene, GTPase). The second type is hereditary non-polyposis
colorectal cancer (HNPPC or Lynch syndrome, 1-3% cases) caused by microsatellite
instability due to defective DNA mismatch repair (Lynch et al., 2015). Other heritable
forms of CRC include hamartomatous polyposis syndrome (<1% cases) and those
cases caused by other less penetrant inherited mutations (32% cases) (Nguyen and

Duong, 2018).

In addition to chromosomal instability (CIN), microsatellite instability (MSI) and
APC/Wnt/f-catenin and KRAS dysregulation, several other molecular pathways are

commonly associated with CRC. Deletion of chromosome 18g tumour suppressor
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genes such as DCC (DCC Netrin 1 Receptor), SMAD2 and SMAD4 (SMAD Family
Members 2 and 4) is found in 70% of late stage CRC cases (Nguyen et al., 2020).
Additionally, TP53 is the most commonly mutated gene in human cancer (60% of
chromosomal instability CRC tumours), with the P53 protein regulating DNA repair
and cell response to oxidative stress (Yurgelun et al., 2015). CIMP-subtype CRC (CpG
island methylator phenotype, approximately 20% cases) involves the inactivation of
DNA expression due to hypermethylation of tumour suppressor genes including
CACNALG (Calcium Voltage-Gated Channel Subunit Alphal G), IGF2 (Insulin-like
Growth Factor 2) and RUNX3 (RUNX Family Transcription Factor 3)
(Nazemalhosseini Mojarad et al., 2013). Finally, mutations in BRAF can cause
abnormal polyps called serrated polyps to develop, which may cause 15% of non-

heritable CRC cases (Hazewinkel et al., 2014)

Recent research has identified four specific molecular subtypes of CRC divided by
pathological presentation (such as lesion location and stage) and molecular
background: Consensus molecular subgroups 1-4 (CMS), (Table 1.1) (Guinney et al.,
2015). CMS1 (MSI Immune, 14% of cases) refers to high microsatellite instability,
abnormal epigenetic instability via CpG island hypermethylation (CIMP), BRAF
mutations and immune infiltration and activation within CRC tissues. CMS1 has worse
survival rates after CRC recurrence. CMS2 (canonical, 37%) is characterised by high
SCNA (somatic copy number alterations) affecting gene expression, and both Wnt and
MYC activation. CMS3 (metabolic, 13%) shows mixed MSI status, low SCNA and
CIMP profiles, KRAS mutations and metabolic dysregulation. Finally, CMS4
(mesenchymal, 23%) shows high SCNA like CMS2, but also TGF- B, stromal
infiltration and angiogenesis. CMS4 also has poor relapse-free and overall survival

(Guinney et al., 2015). BRAF, KRAS and CIMP abnormalities are associated with
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serrated-polyp type CRC, making CMS1 and CMS3 more associated with this route

(De Palma et al., 2019).

Table 1.1: Prevalence and Molecular Features of CMS in CRC

CMS Prevalence Molecular Features

CMS1
(microsatellite 14%
instability immune)

Hyper-mutated, microsatellite unstable,
strong immune reaction

Epithelial, marked EMT & MY C oncogene
CMS2 (canonical) 37% signal activation, limited environmental-
immune activation/low immunogenicity.

Metabolic dysregulation, KRAS mutation,

CMS3 (metabolic) 13% . .
low immunogenicity

CMS4 230 Significant growth factor Beta activation,
(mesenchymal) ° angiogenesis, high inflammatory reaction.
Mixed 13% Displays mixed subtype characteristics

1.2.Modelling Colorectal Cancer
There are three broadly defined categories of biological model utilised for research
into CRC, prior to patient studies: Immortalised cell lines, animal studies and

organoids.

1.2.1. Immortalised Cell Lines

Immortalised cell lines are monocellular cell cultures generally isolated from a tumour
sample or created artificially that are capable of almost unlimited proliferation. The
first immortalised cell line “HeLa” was isolated in 1951 from cervical cancer cells and
has contributed to medical advances including polio vaccine, cancer, AIDS and

influenza (Lucey et al., 2009). Thousands of unique immortalised cell lines have since
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been generated, including dozens of CRC lines, and are valued for laboratory research
for ease-of-use, practicality and low financial and technical cost (Duval et al., 2017).
This diversity of cell lines available, the relative abundance of cells available during
experiments and ease of use also lends them to novel methodology, such as the
formation of 3D (3-dimensional) spheroids (“colonoids” or “tumourspheres” in CRC)
or use in bioreactors and microfluidics studies, although these methods are equally

compatible with stem cells (Hirt et al., 2015; Shaheen et al., 2016).

However, despite these advantages, the simplicity, two dimensional and monocellular
nature of immortalised cell lines limits their overall validity as experimental models
(Duval et al., 2017). Additionally, immortalised cell lines are often subjected to
decades of repeated use, leading to accumulation of mutations beyond their original
profile (Hughes et al., 2007). This genetic drift can make replicating results difficult,
as even allegedly identical cell lines may possess significant genetic diversity, or
mislabelling may result in contamination, with some estimates suggesting between 6-
18% of cell lines being misidentified or contaminated in this fashion (Hughes et al.,

2007).

One of the primary limitations of immortalised cell lines is their 2D growth, as this
does not adequately encapsulate the 3D tissue environment. The use of both
immortalised cell lines and stem cells to generate three dimensional models the tumour
microenvironment has gained significant research interest, with prominent methods of
generating 3D culture models in vitro including spheroids, 3-dimensional scaffold-

based models and microfluidics.

Spheroid culture can involve either immortalised or stem cells, wherein cell cultured

in adhesion-free plastics will spontaneously form spherical shapes (Fennema et al.,
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2013). Spheroid culture can increase cell viability, improve cell-specific function and
cell-cell interaction and ultimately provide a 3D rather than 2D tissue architecture,
which may be critical to the study in question (such as vascular tissue) (Fennema et
al., 2013). Spheroids are especially valuable for exploring pharmacokinetic, fluidic,
inflammatory and hypoxic factors, which are heavily influenced by physical tissue
structure (Fennema et al., 2013). It has been determined that spheroids derived from
colorectal cancer tissues will maintain molecular and histological characteristics of
their origin tissue, making them valuable for personalised medicine, such as patient-
drug response studies (Lee et al., 2015). Scaffold-based models for CRC involve the
culture of in vitro cell models in an artificial 3D scaffold to create a 3D culture model.
Microcapsule methods produce a group of spheroids initially grown in a matrix or gel
support system, then encapsulated with an alginate (typically a calcium-based gel) in
a liquid core to provide physical, encapsulating support to the spheroids without
altering cell-cell interactions (although microcapsules can be engineered to interact

with their content) (Agarwal et al., 2013).

Microfluidic technology is used to explore vascularisation, tumour microenvironment,
perforation, toxicity and metabolism by growing cells in a micro-engineered plate that
enables extremely precise fluid control across multiple chambers or compartments
simultaneously, creating biomolecular gradients within the plate (Buchanan et al.,
2014). Different chambers within the plate can support different functions or cell types,
enabling exploration of sequential experimental changes or across multiple tissue
types (Huh et al., 2011). Unfortunately, such micro-engineering is limited to specialist
laboratories and staff, being both expensive and requiring significant technical

expertise to employ (Huh et al., 2011).
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These alternative methods demonstrate improved viability and translational validity
over immortalised cell culture, each with specific advantages and disadvantages.
Spheroids and scaffold technologies are comparatively easy to culture and produce 3D
in vitro cultures, but are still primarily monocellular (Fennema et al., 2013).
Microfluidics can utilise multiple cell and tissue types and produce highly accurate
drug-response data, but require precision engineering and technical skills to utilise

(Huh et al., 2011), limiting their widescale use.

1.2.2. Animal Models

In vivo animal modelling is another research method in biosciences, with in vivo results
more translatable than those from in vitro models (Wendler and Wehling, 2010).
However, animal models are also expensive to utilise and maintain, difficult to handle
and prone to confounding/external experimental factors such as gender and
environmental effects (Schellinck et al., 2010). There are also ethical issues, with
animals exposed to harmful conditions to provoke an experimental response or
discarded as surplus to requirements. House mice (mus musculus) are the most popular
in vivo model for functional genetic and cancer studies due to their small size, quick
lifecycle and large breeding cohorts (Frese and Tuveson, 2007). Transgenic in vivo
models facilitate more comprehensive and coherent manner than immortalised in vitro
assays (Frese and Tuveson, 2007). Existing transgenic mus musculus cancer models
include prostate cancer (Ponthan et al., 2019), liver and colon (Oh et al., 2017), lung
(DuPage et al., 2009; Janne et al., 2013), hematopoietic leukaemia (Ablain and de The,
2014), ovarian (Szabova et al., 2014) and brain cancer (Huse and Holland, 2009),

among numerous other models for specific diseases and individual genes.
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Despite the ubiquity of animal modelling, less than 8% of animal studies are
successfully translated to clinical trials (Mak et al., 2014). This low translatability
means a loss of time, financial investment and animals without a corresponding
significant scientific gain, and makes pharmaceutical development prohibitively
expensive (Mak et al., 2014). Mouse models have been shown as a poor substitute for
human patient responses, radically differing from both humans and other genetically
diverse mouse strains (Schuh, 2004; Seok et al., 2013). In CRC, mouse models are
only suitable for early stages of cancer development and have high metastasis
variability compared to human patients, limiting their ability to accurately reflect the
tumour microenvironment (Oliveira et al., 2020). Transgenic mouse models are
typically generated for specific processes and pathways, lacking the broad
physiological changes that occur in patient settings (Fingleton, 2007). Even in highly
conserved breeding lines, genetic drift and spontaneous but impactful mutations occur,
eroding the advantage of breed-standardisation (Shi et al., 2016). Confounding,
extraneous and environmental factors including animal handling, animal stress and
housing conditions are known to significantly affect experimental results (Kafkafi et
al., 2018; Mogil, 2009). Replication of transgenic animal studies is also challenging,
with estimated at between 25-60% of animal studies unable to be replicated with
published methodology (Errington et al., 2014; Landis et al., 2012). The combination
of poor translation and limited replicability has encouraged the development of both
novel 3D modelling systems and the establishment of more comprehensive

experimental methods to make in vivo studies more scientifically valuable.

While in vivo models are accepted as necessary despite the limitations, the ethical use
and treatment of animals is an important consideration. In particular, the principle of

“The three R’s” (3R’s) has been encouraged in animal research, funding guidelines,

32|Page



laws and procedures since inception in 1959, with varying degrees of success (Burch,
1959). The 3R’s represent the efforts to Replace, Reduce and Refine the use of animals
in research. Therefore, 3R’s encourage the development of novel in vitro methods for
replacing and reducing animals in research (Taylor, 2019), refined experimental and
bioinformatics techniques and other technologies for extracting and utilising data from
existing experiments (Craig, 2018) and new animal handling techniques to reduce
animal stress and provide more accurate data during experiments (non-aversive

handling (Gouveia and Hurst, 2017)).

1.3.0rganoids

Organoids are 3D in vitro cultures which possess multiple cells of the same type,
generated from stem cells harvested from the tissue of interest. Organoids accurately
encapsulate the molecular and genetic characteristics of their original cells in tissue
(Boretto et al., 2019). Once isolated, organoids can be passaged and expanded almost
indefinitely and are compatible with most standard laboratory methods (Sato et al.,
2011). Organoid cellular composition and molecular biology re-encapsulates the
original tissue; however, they do not accurately represent the tissues physical anatomy
and other cells present in the tissue microenvironment. For example: Intestinal
organoids will produce regions with both crypt and villus similarities but do not
represent stromal fibroblasts and gut immune cells (Sato et al., 2011), and brain
organoids do not produce anatomical features that can be associated with any specific

lobe, nor grooves or fissures characteristic of the brain (Marx, 2020).

Organoids have been successfully cultured from several different tissues such as: brain
(Mohamed et al., 2019; Oliveira et al., 2019; Quadrato et al., 2017), liver (Artegiani et

al., 2019; Fiorotto et al., 2019), lung (Barkauskas et al., 2017), intestine and colon
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(Date and Sato, 2015; Kashfi et al., 2018), kidney (Cruz and Freedman, 2019; Forbes
et al., 2018), pancreas (Boj et al., 2016), prostate (Gleave et al., 2020; Karthaus et al.,
2014), stomach (Bartfeld et al., 2015), fallopian tubes (Kessler et al., 2015), testicles
(Sakib et al., 2019), endometrial tissue (Boretto et al., 2019), breast (Sachs et al.,
2018), bladder (Banerjee and Southgate, 2019; Said, 2019), taste buds (Ren et al.,
2014), salivary glands (Maimets et al., 2016), oesophagus (DeWard et al., 2014) and

retinal (Zheng et al., 2020) stem cells (Figure 1.1).
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Figure 1.1: Human primary tissues suitable for organoid isolation

Since initially established from human intestinal stem cells (Sato et al., 2009b),
organoids have been grown from a wide variety of human tissues (Huch and Koo,

2015).

Organoids have been rapidly adapted for various aspects of biomedical sciences

research, including drug discovery and screening (Booij et al., 2019; Kondo and Inoue,
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2019; Skardal et al., 2016), organoid patient biobanking (Kashfi et al., 2018), tumour
immune microenvironment (Neal et al., 2018), proteomics (Lindoso et al., 2019),
genetic-disease and cancer modelling (Di Donato et al., 2019; Geurts et al., 2020; Sun
et al., 2019), parasite/immune infection reactivity (Heo et al., 2018) and targeted gene
editing via CRISPR/Cas-9 (Kashfi et al., 2020; Schwank and Clevers, 2016) (Figure

1.2).
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Figure 1.2: The various application of organoids in biosciences.

Organoids have many applications including drug screening and development,
disease modelling, personalised and regenerative medicine, functional genomic
studies and infectious disease modelling (Corro et al., 2020) New methods and

applications are being continually developed.
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1.3.1. Intestinal Organoids

Intestinal organoids are cultured from Lgr5-positive multipotent intestinal stem cells
(ISC) within the intestinal crypt (Sato et al., 2009b). Intestinal crypts are areas within
the small intestine between villi that contain a number of cell types (Rao JN, 2010).
Two conflicting theories suggest ISCs may either be located at the “+4 position” in the
crypt, above Paneth cells, or be intermingled with Paneth cells (Figure 1.3) (Rao,
2010). Four to six actively proliferating intestinal stem cells (aISC’s) are located at the
base of the crypt and differentiate into the Absorptive Progenitor (differentiating into
enterocytes and M cell) and Secretory Progenitor (differentiating into Paneth, goblet,
enteroendocrine and tuft cells) lineages (Bankaitis et al., 2018). Enterocytes are
intestinal epithelial cells that absorb small molecules such as proteins, fats, sugars and
vitamins from the intestine (Bankaitis et al., 2018). M cells act to monitor the intestinal
immune environment and present antigens to trigger an immune response (Bankaitis
et al., 2018). Paneth cells have antimicrobial and immunomodulating properties to
regulate the intestinal environment (Bankaitis et al., 2018). Goblet cells both digest
nutrients not absorbed by enterocytes, and secrete mucus into the intestine (Gehart and
Clevers, 2019). Enteroendocrine cells are intestinal endocrine regulatory cells,
secreting and regulating hormones in response to intestinal environmental changes.
Finally, tuft cells facilitate immune response to parasites (Gehart and Clevers, 2019)

(Figure 1.3).

As the intestinal epithelium is exposed to a highly corrosive environment, the cell
turnover is high and requires intestinal stem cells to be exceptionally proliferative to
maintain homeostasis (Barker et al., 2008). The anatomical location also makes
intestinal stem cells access easier in both animal and human samples compared to other

stem cell populations. For example, neural or bone marrow biopsies may be
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significantly more invasive. These characteristics make intestinal organoids uniquely
amenable to in vitro culture, and intestinal organoids have been more widely
established and studied than any other type (Sato et al., 2009b). For a detailed method
for isolating and culturing intestinal organoids, please see Materials and Methods

section 2.2.15.

Image removed due to
3 party copyright

Figure 1.3: Diagram of the Intestinal Crypt and role in epithelial homeostasis.

In both colon and small intestine, the intestinal crypt contains the intestinal stem cells
that regenerate the intestinal epithelium in response to environmental damage. As
stem cells migrate to the top of the crypt, they differentiate into the various cells

required for intestinal function (Bankaitis et al., 2018).

Intestinal organoids have been instrumental in both refining organoid methodology
and exploring possible applications. Among others, intestinal organoids have been

used for studies in cancer (Drost et al., 2015; Vlachogiannis et al., 2018) high
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throughput drug discovery (Bartfeld et al., 2015), personalised medicine and tissue
synthesis (Todhunter et al., 2015), novel imaging methods (Bardenbacher et al., 2019),
epigenetics and methylation (Kraiczy et al., 2019; Kraiczy and Zilbauer, 2019),
molecular biology and genetic analysis (Fernandez-Barral et al., 2020) and model for

infectious disease (Yin et al., 2015).

While in vitro and in vivo model systems have contributed incalculably to biosciences
research, their limitations demand the development of novel methodologies that can
more effectively translate in vitro results into clinical practice. Organoids represent an
important step forward in both the methodology used in bioscience studies, and efforts
to replace and reduce the use of animals in research. Future studies will continue to
develop the organoid methodology, thereby improving overall accessibility and
refining organoids into an effective tool for in vitro research into disease progression,
tumorigenesis, drug screening, functional genomic studies, and personalised

regenerative medicine.
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1.4.CRISPR/Cas-9 Genomic Editing

The CRISPR/Cas9 system (Clustered Regularly Interspaced Short Palindromic
Repeats) is natively found in prokaryotic bacteria and functions in a similar way to
mammalian acquired immune systems (Deltcheva et al., 2011) (Figure 1.4). During
initial viral infection, non-specific Cas enzyme (CRISPR-associated-enzyme) will
cleave and render the virus inoperative (Mojica and Rodriguez-Valera, 2016).
Subsequently, a small portion of the viral DNA or RNA (typically 20-40 base pairs)
will be integrated into the CRISPR regions of the bacterial genome as a proto-spacer,
downstream of a Protospacer Adjacent Motif (PAM) and bracketed by the dozens of

AT repeats (Mojica and Rodriguez-Valera, 2016).

During subsequent viral infections and CRISPR activation, tracrRNA (trans-activating
crRNA) simultaneously stimulates the expression of these proto-spacer regions into
CRISPR RNA (crRNA), and subsequently binds to the newly expressed crRNA
forming an RNA duplex (Mojica and Rodriguez-Valera, 2016). In turn, this duplex is
cleaved by the RNase Il ribonuclease to form a crRNA/tracerRNA hybrid guide for
Cas9 (Mojica and Rodriguez-Valera, 2016). This complex binds to complementary
regions on their respective virus, generating a double stranded region for Cas enzymes

to cleave (Mojica and Rodriguez-Valera, 2016).
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Figure 1.4: CRISPR/Cas-9 mediated immunity in prokaryotes

During bacterial infection by a virus, alien nucleic acid sequences are incorporated
into the host bacterial genome between CRISPR spacers. During subsequent viral
infection, these saved sequences are expressed and bind to complimentary alien
sequences, facilitating their cleaving by Cas enzymes (Thurtle-Schmidt and Lo,

2018).

This method of generating targeted double-stranded breaks has been repurposed for
laboratory use. Modern Cas-9 editing systems only require a single guide RNA
(JRNA/sgRNA): a fusion of crRNA and tracerRNA to hybridise and generate a
double-stranded cleave in a target region, streamlining and facilitating experimental
use (Gasiunas et al., 2012). Research has identified Cas-9 as the sole Cas gene required
for CRISPR-related immune activity, and that purified Cas-9 RNA can cleave targeted
DNA in vitro (Jinek et al., 2012). This double stranded cleave is subsequently repaired
by either non-homologous end joining (NHEJ) or homology-directed repair (HDR)

(Jinek et al., 2014). However, NHEJ in particualar frequently causes genetic errors at
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the repair site, resulting in knockdown mutations in the cleaved gene, thereby

facilitating the generation of transgenic knockout models (Jinek et al., 2014).

The advent of the CRISPR/Cas9 genomic editing system has enabled the rapid
development and application of transgenic in vitro and in vivo strains for bioscientific
research, enabling the more accurate and rapid study of individual genes and their role
in molecular biology of both healthy and unhealthy tissues (Li et al., 2020).
CRISPR/Cas9 editing also has potential in cancer immunotherapy treatment by editing
patients own immune cells to target tumour antigens and treatment of disease caused

by single-gene mutations (Li et al., 2020).

There are many genes and pathways that would benefit from further study by utilising
CRISPR/Cas9 mediated transgenic models. Of these, the Ubiquitin-Proteasome

System and F-box family of E3 ligases are some of the most promising.

1.5.The Ubiquitin-Proteasome System

The Ubiquitin-Proteasome System (UPS) is responsible for maintaining intracellular
protein homeostasis by the degradation of proteins into either smaller polypeptides or
amino acids in collaboration with proteasomes (Nandi et al., 2006). The UPS is a key
aspect of post-transcriptional protein regulation; therefore, depending on other
regulatory factors, proteolysis can occur both before and after the activity of a specific
protein (Nandi et al., 2006). The UPS is also responsible for the targeting of damaged
or dysfunctional proteins (Nandi et al., 2006; Wilkinson, 2005). The UPS targets
approximately 90% of intracellular proteins, including many associated with cell cycle
regulation, proliferation and apoptosis with the remaining 10% are generally degraded

by autophagy and the lysosome proteolytic process (Hochstrasser, 2009).
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The UPS functions by the addition of Ubiquitin (Ub, 8.6kDa) to a protein substrate.
In addition to protein homeostasis, Ubiquitin also alters the cellular location of a
protein (Glickman and Ciechanover, 2002; Schnell and Hicke, 2003) and protein-

protein interactions (Mukhopadhyay and Riezman, 2007).

UPS activity and protein specificity is governed by the three ubiquitin enzyme
families: ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and
ubiquitin ligases (E3) (Nandi et al., 2006) (Figure 1.5). Ubiquitination follows three
stages: Initially, the ubiquitin protein binds to an E1 via ATP, is subsequently passed
to the E2 and together they form a protein complex with an E3 ligase (Nandi et al.,
2006). The E3 ligase enables the binding and transport of ubiquitin from the E2 to the
targeted protein as a signal for degradation by the proteasome (Nandi et al., 2006).
Ubiquitin binding can be either mono or poly-ubiquitination, typically with larger
proteins having greater ubiquitin binding (Kraft et al., 2010). Primarily, ubiquitin
chains target proteins for degradation by the proteasome, although some chain
configurations have roles in signalling, endocytosis, DNA repair, and macroautophagy
(Kraft et al., 2010; Nathan et al., 2013). Once sufficient ubiquitin proteins are bound
to the target protein, is it degraded by the proteasome into shorter polypeptides or
amino acids and recycled (Reits et al., 2003). Currently; eight E1 enzymes, 60 E2
enzymes and between 600-900 E3 enzymes have been identified in humans (Wang et

al., 2014c).
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Figure 1.5: Diagram of the Ubiquitin-Proteasome System (UPS)

The UPS regulates protein homeostasis by the combination of E1, E2 and E3 ligases
to facilitate ubiquitination of a target protein. This protein is subsequently recycled into
peptides and amino acids for future use (Zerr, 2021). E3 ligases govern the majority

of UPS specificity (Bedford et al., 2011).

1.5.1. E1l Enzymes
Unlike E2 and E3 enzymes, the eight human E1 enzymes require ATP, and have been
noted as a possible therapeutic targets for ubiquitin-related diseases (Schulman and
Wade Harper, 2009). Of the identified E1 enzymes, UBA1 is most well understood,
with most studies focusing on E1 enzymes in general (Schulman and Wade Harper,

2009). The limited number of E1 enzymes compared to E2 and E3 may suggest that

43|Page



E1 enzymes have broad rather than specialised roles in the UPS, with grater specificity

determined by E2 and E3 enzymes.

1.5.2. E2 Enzymes

The primary role of E2 enzymes is mediation of the ubiquitin chain within the E3-
ubiquitin ligase structure, with both length and structure of ubiquitin chains affecting
subsequent protein activity prior to degradation (Ye and Rape, 2009). Some E2
enzymes are more involved in ubiquitin chain initiation than elongation, or vice versa,
or even attach entire premade ubiquitin chains to substrates, and several E2 enzymes
may work together to regulate ubiquitin binding on specific proteins (Rape et al.,
2006). Alternatively, some E2 enzymes perform both roles, collaborate when
environments are replete with misfolded or abnormal proteins or even directly
interacting with proteins without the need for an E3 enzyme (Stewart et al., 2016).
Evidence suggests that E2 enzymes have multiple E3 collaborators, or may only be
active with a specific subgroup, with the E2 ligase UBE2L3 binding to many RING-
type E3’s, but only functional with HECT-type (Wenzel et al., 2011). As such, E2
enzymes may be possible therapeutic targets, with subgroups responsible for specific

roles within the cell as well as within the UPS.

1.5.3. E3 Enzymes

E3 ligases can be divided into three structural categories: HECT (homologous to E6-
Ap carboxyl terminus), RBR (RING-between-RING, (two RING fingers and a double
RING finger linked)) and RING-finger (Really Interesting New Gene aka RING

Finger/Motif/Domain) (Metzger et al., 2014).

HECT family E3 ligases have a HECT domain at the C-Terminus that binds ubiquitin,

acting as intermediary between the E2 enzyme and protein substrate when transferring
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ubiquitin (Metzger et al., 2014). The HECT family includes a further three subfamilies:
NEDD4 (neural precursor cell expressed developmentally down regulated protein 4),
HERC (Homologous to E6AP C-terminus) and the miscellaneous “other” family
(Metzger etal., 2014). The 12 RBR ligases are the smallest family of HECT E3 ligases,
but share features with both HECT and RING families, directly catalysing the
ubiquitin transfer with the HECT C-terminal domain as well as utilising a RING
domain to recruit E2 ligases (Spratt et al., 2014). The most well-known RBR enzyme
is parkin, which has a prominent role in early-onset Parkinson’s Disease (Marin and

Ferrus, 2002).

RING E3’s do not actively bind ubiquitin but activate the E2’s that transfer ubiquitin
to the substrate directly (Metzger et al., 2014). This direct transfer of ubiquitin from
the E2 makes RING E2-E3 bindings more specific, whereas HECT E3’s supersede E2
specificity (Kim and Huibregtse, 2009). The RING type E3 ligase family are the most
numerous and has multiple subgroups: monomeric or homodimeric RING or U-BOX
(Ubiqutin-box) (one RING zinc-finger binding domain or U-BOX non-zinc binding
domain), homodimeric RING or U-BOX, heterodimeric RING (two or more different
RING E3 required), Cullin-RING and “other.” RING E’3 utilise zinc binding sites,
while U-BOX utilise hydrogen bonds and salt conjugations to generate their protein

structure (Nordquist et al., 2010).

The RING associated APC/C family (anaphase-promoting complex) of E3 ligases has
11-13 different subunits, making it the most complex E3 ligase rather than the most
versatile (Schreiber et al., 2011). Alternatively, Cullin-RING E3 ligases (CLR’s) form
an SCF complex of an adaptor protein (e.g. SKP1) and Cullin RING-box protein E2

ligase (RBX1 or 2), and an E3 ligase F-box protein (Fouad et al., 2019). Approximately
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20% of all ubiquitin-mediated degradation is modulated by cullin-RING E3 ligases
(Soucy et al., 2009). There are 69 F-box proteins in humans that may each act on

multiple substrates, partially governing specificity within the UPS (Ho et al., 2008).

1.5.4. UPS in Colorectal Cancer

In addition to extensive roles in neurodevelopmental and degenerative diseases, the
UPS is an important topic of cancer studies. Multiple SCF and APC/C subunits have
been strongly linked to cell cycle control and cancer, and have been reviewed
elsewhere (Bassermann et al., 2014; Borg and Dixit, 2017; Shi and Grossman, 2010;
Young et al.,, 2019). Intracellular proteins are continuously degraded by the
proteasome during infection or cancer, with those few surviving proteins presented on
the cell surface for lymphocyte identification and subsequent T-cell destruction (Shin

et al., 2006).

Both adult and paediatric brain cancer have recently been the target of comprehensive
molecular analysis and characterisation, leading to the successful division into various
molecular subtypes as well as identification of novel genes of interest (Guerreiro
Stucklin et al., 2018; Orozco et al., 2018). Several dozen proteins have been correlated
with paediatric brain cancer that are regulated by the UPS in a highly specific manner,
suggesting that UPS activity may be a significant factor in brain cancer development
and that modulation of proteasome or UPS activity may be a viable treatment strategy

(Zaky et al., 2017).

In colorectal cancer, the oncogene FBXL20 is frequently overexpressed, and inhibition
of FBXL20 suppresses cell proliferation and promotes apoptosis in CRC cell lines
(Zhu et al., 2014a). UHRF2 (ubiquitin-like with PHD and ring finger domain 2) is

upregulated in colorectal cancer tissues and is significantly associated with CRC
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development clinical presentation (Lu et al., 2014) and overexpression with reduced
survival rates. CHIP (C-terminal Hsp-interacting protein) is an E3 ligase with tumour
suppressive properties, being downregulated in late-stage CRC and overexpression
inhibiting tumour growth in mouse models (Wang et al., 2014b). NEDDA4L (Neural
precursor cell expressed, developmentally down-regulated 4-like) is similarly
downregulated in CRC and inhibits the Wnt/ p-catenin pathway (Tanksley et al.,
2013). FBXW?7, as discussed in more depth below, is highly mutated in colorectal
cancer and is associated with cell cycle regulation (Zheng et al., 2016a) and

oncoprotein activity (Yeh et al., 2018).

The unique design of many E3 ligases makes them suitable for high throughput
screening and targeted small molecule methods, either stabilising the interface
between a mutated ligase and its substrate, or retargeting another ligase to replace a
dysfunctional one (Skaar et al., 2013). Small molecule therapeutics directly targeting
individual E2 and E3 ligases are currently in development such as MLN4924, which
inhibits E3 ligase MDMZ2 activity in a highly specific manner (Zhou et al., 2018).
Recently developed 2" generation proteasome inhibitors attempt to ameliorate the
short effect duration of 1% generation therapeutics by permanently binding to their
substrate within the UPS, rather than reversibly binding (Manasanch and Orlowski,
2017). Carfilzomib has received much attention for low toxicity, extended treatment
effect duration and strong efficacy on cancers already resistant to 1% generation
inhibitors like Bortezomib and has demonstrated improvement to patient outcomes in
Phase three trials. (Alsina et al., 2012; Stewart et al., 2015). The numerous roles of
UPS in cell cycle regulation and association with various cancers has made the system
a research topic of interest, and the SCF family of E3 ligases in particular has begun

to attract greater attention for its high specificity.
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1.5.5. The SCF Complex (Skpl, Cull and F-box) E3 Ligases

As previously outlined, the SCF (SKP1, Cull and F-box) complex is an important
aspect of protein homeostasis and contributes to the degradation of proteins by the
conjugation of ubiquitin to the targeted protein substrate. SCF complexes function by
the combination of the Cull scaffold protein. The carboxyl terminus of CUL1 binds
the FBX1 RING protein, which initially directs E2-E3 enzyme interaction, while the
amino terminus the SKP1 and F-box binding which ultimately governs substrate
specificity (Skaar et al., 2013). Alternative Cul proteins act as structural and scaffold

proteins to other ubiquitin ligase complexes(Skaar et al., 2013).

There are currently 69 human F-box family E3 ligases (Marzio et al., 2019) (Figure
1.6). The F-box family can be divided into three subfamilies: The FBOW (F-box with
WD40 domain), the FBXL (F-box with Leu-rich repeat) and FBXO (F-box only)
groups. F-Box is named for Cyclin-F/FBXO1, a founding member of the FBXO

subfamily (Augustine et al., 2017).

The WDA40 repeat is a structural motif of approximately 40 amino acids of 4-16
repeating sequences. The 12 human F-box proteins in the WD40 subfamily have
assorted roles including signal transduction, RNA synthesis, chromatin and
cytoskeletal activity and cell-cycle regulation (Smith, 2008; Smith et al., 1999). LRR
domains consist of 2-45 leucine-rich repeats which provide an extensive structural
framework for protein interactions (Ng and Xavier, 2011). The most well-known
human LRR protein is the ribonuclease inhibitor, but there are also approximately 21
human LRR F-box proteins, many of which have limited research. Finally, the 36

human ligases of the FBXO family have neither a WD40 motif nor LRR domain
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associated with them, instead possessing conserved regions uncommon in other F-box

proteins that have variable and unknown function (Augustine et al., 2017).

Figure 1.6: Structure of the SCF E3 Ligase Complex

The SCF E3 Ligase Complex is the combination of the Skpl, Cull and F-box E3
ligases and acts to ubiquitinate target proteins for degradation by proteasomes
(Magori and Citovsky, 2011). 69 human F-box family E3 ligases with differing
substrates, roles and pathway associations have been identified so far (Bassermann

et al., 2014).

Recent interest in F-box has identified several alternative regulatory systems for F-box
binding. F-box typically bind to their substrate without cofactor assistance, but several
examples have demonstrated cofactor-dependent substrate recognition among F-box,
implying a further regulatory mechanism in this system. p27 is a substrate for FBXL1
(aka SKP2), however mutual binding also requires assistances of CKS1 (CKD

regulatory subunit 1), while FBXO4 requires af3-crystallin as a cofactor for substrate

recognition (Ganoth et al., 2001; Lin et al., 2006). Methylation-dependent substrate

recognition (Lee et al., 2012a), small molecule regulation, priming and inducible
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degrons and alterations to the SCF structure have also been noted in F-box activity
(Kaelin, 2005; Li and Hao, 2010; Skaar et al., 2013), further implying additional

regulatory mechanisms in F-box protein activity.

F-box are known to have a variety of roles, including cell cycle regulation,
developmental signalling pathways, circadian rhythm maintenance, cell survival and
apoptosis among others (Zheng et al., 2016a). For example: numerous F-box proteins
across all three subfamilies are associated with cell cycle regulation, notable examples
in the FBXW family including FBXW1, FBXW5 and FBXW?7, FBXL1 and FBXL2

of the FBXL family and FBXO01, FBX07 and FBX011 of FBXO (Zheng et al., 2016a).

Image removed due to
3rd party copyright

Figure 1.7: F-box interactions with the Hallmarks of Cancer
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Of the 69 human F-box E3 ligases identified, many have associations or interactions
with cellular processes and pathways related to the Hallmarks of Cancer. Adapted

from (Randle and Laman, 2016)

FBXW1 (aka B-TrCP1/2 (Beta-transducin repeats-containing proteins)) is a well
characterised F-box which has numerous roles in cellular and physiological processes.
Examples of processes and substrates of B-TrCP1/2 include cell cycle (BTG1, BORA,
EMI1) and migration (cortactin, SNAIL), signal transduction (B-Catenin, FOBXP3),
transcription (ATF1, FOBX03, p53, VEGFR2), immune regulation (PKD1, ACT1,
CD4), apoptosis (BimEL, MAP3K5), DNA damage response (CLASPIN, ARID1A)
and others. Additionally, B-TrCP has both tumour suppressor and oncoprotein
substrates and is frequently mutated in cancers including CRC, despite it also being

highly regulated {Bi, 2021 #1200}.

FBXWS5 targets both Eps8 and DLC-1 (Deleted in liver 1) for ubiquitination and
disruption of FBXWS5 causes multipolar spindles and heavily disrupts chromosome
migration, and is also associated with blood pressure regulation (Puklowski et al.,
2011; Singh et al., 2019). Among the most well understood F-box proteins is FBXW?7,
regulating both Cyclin E and Aurora A and B, both having critical roles in cellular
phase-phase transition as well as numerous oncoproteins including c-Myc, mTOR, Jun
and Notch (Yeh et al., 2018). As a result, FBXW?7 is strongly associated with several
cancers (Babaei-Jadidi et al., 2011; Sailo et al., 2019), the epithelial-mesenchymal

pathway and stem cell activity (Yang et al., 2015).

FBXL1 (aka SKP2) and FBXL2 are both noted for their regulatory role in cell-cycle

and cyclin activity among two dozen other substrates related to gene transcription,
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interferon signalling, transduction, apoptotic control and DNA repair (Frescas and
Pagano, 2008; Zheng et al., 2016a). Depletion of FBXL1 decreases cell growth and
increases apoptosis, as well as completely eliminating pituitary tumours in mice (Wang
et al., 2009). Conversely, overexpression is found in lymphoma, prostate, pancreatic
and breast cancer among others (Chan et al., 2010). FBXL1 regulates tumour
suppressors p21, p57, RBL2, FOBO01, and p27-KIP1, overexpression of which
destabilises cyclin complexes and lead to uncontrolled proliferation (Bashir et al.,
2004). FBXL1-p27 interactions may contribute to tumorigenesis, with reduced p27
and increased FBXL1 expression found in lymphomagenesis, prostate cell lines and
breast cancer xenografts and other in vitro cancer cell lines (Frescas and Pagano,
2008). A mutant p27 knock-in mouse line demonstrated that FBXL1 dependent p27
degradation is crucial for progression of colon adenomas to carcinomas (Timmerbeul
et al., 2006). FBXL2 is also associated with Cyclin activity and depletion of FBXL2
stabilises Cyclin D2 and D3 levels, which are required for leukemic, lymphoblastoid
cell survival and lung cancer proliferation respectively, whereas overexpression arrests

tumour development in mouse models (Chen et al., 2011, 2012).

FBXO01 (aka Cyclin F), is both a Cyclin protein and an F-box substrate binding subunit
of the SCF structure (Augustine et al., 2017). FBX01 has been associated with
neurodevelopmental and degenerative diseases, with linkage analysis and in-vitro
experiments suggesting that FBX01 mutations result in increased ubiquitination of the
Cyclin F protein and possible damage to motor neurons (Hogan et al., 2017). FBX07
interacts with Parkin genes PARK2 and PARKG®, cornerstones of Parkinson’s Disease
and autosomal recessive Juvenile Parkinson’s Disease (AR-JP) (Zhou et al., 2016).
AR-JP is an almost exclusively inherited form of Parkinson’s Disease and mutations

in FBX07 have been found in several families (Paisan-Ruiz et al., 2010). Cell models
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deficient in FBX07 have similar loss of Parkin and resulting mitophagy characteristic
of the disease. In a drosophila model of FBXO07, disruption resulted in mitochondrial
dysfunction, while overexpression of FBXO07 repaired loss of Parkin (Burchell et al.,
2013). Finally, FBXO011 is an oncogene in several cancers including colorectal, lung,
ovarian and nonspecific neck tumour growth (Schneider et al., 2016). It also degrades
the BLMP-1 (B lymphocyte-induced maturation protein 1) protein in C. elegans,
which regulates developmental timing and maturation (Horn et al., 2014).
Additionally, a mouse model for Otitis Media, a form of hearing impairment in
children, is FBXO11 KO (Hardisty-Hughes et al., 2006). Postnatal mice heterozygotes
express FBXO11 in the middle ear at day 13, whereas homozygotes instead show
severe facial clefting and perinatal lethality, implying a cross-species role in

development (Hardisty-Hughes et al., 2006).

These specific examples of F-box roles and substrates demonstrate the singularly
broad potential role in protein and cellular homeostasis. However, understanding of
both individual F-box ligases and the family is lacking, especially given the little
currently known about the family. Therefore, further research is required to explore

the pathways, pathologies and regulatory mechanisms influenced by F-box activity.

1.5.6. F-box in Cancer

While the precise roles of F-box in cellular and protein homeostasis are still largely
undetermined, F-Box association with both cancer and pathology is undeniable. This
section attempts to briefly elaborate on current understanding of F-box in clinical
diagnosis and treatment, justifying the need for further research. Table 1.2 and Figure

1.7 summarise the known F-box interactions with cancer.
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Table 1.2: F-box involved in cancer

F-box

Role in Cancer

FBXW1/g-TrCP

Colorectal (Ougolkov et al., 2004), Pancreatic,
Prostate, Breast (Fuchs et al., 2004)

FBXW2 Lung (Xu et al., 2017)
FBXWS5 Liver (Scholata. T, 2016)
Breast (Chen et al., 2018), Liver (Koch et al., 2005),
Lung (Xiao et al., 2018), Oesophageal (Gong et al.,
EBXWT g( _ ) .p geal (Gong
2016), Gastric/stomach (Uddin et al., 2016), Colorectal
(Lorenzi et al., 2016b; Nateri et al., 2004)
FBXW11 Leukaemia (Wang et al., 2014a)

FBXL1 (aka SKP2)

Colorectal (Nakayama and Nakayama, 2006), Breast
(Signoretti et al., 2002), Cervical (Narayan et al.,
2007), Endometrial, Gastric, Glioma/Glioblastoma,
Lung Lymphoma and Leukaemia, Myeloma,
Melanoma, Ovarian (Frescas and Pagano, 2008; Xie et
al., 2013),

FBXL3 Colorectal (Guo et al., 2017)
FBXL4 Prostate (Stankiewicz et al., 2017)
Pancreatic (Tzatsos et al., 2013) (Smits et al., 2012),
FBXL10 aka ) .
Brain (Frescas et al., 2007), Breast (Kottakis et al.,
KDM2B
2014)
FBXL14 Glioblastoma (Fang et al., 2017)
FBXL19 Colorectal (Shen et al., 2017)
FBXL20 Colorectal (Zhu et al., 2014b)
FBX0O2 Gastric (Sun et al., 2018a)
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Cancer (general) (Barbash et al., 2008; Kanie et al.,
2012)

FBXO3

FBXO4 Breast (Liu et al., 2014), ovarian (Min et al., 2013)

FBXO5 aka EMI1 | Ovarian, Breast, Lung (Wang et al., 2018b)

FBXO8 Gastric Cancer (Wu et al., 2015a)
FBX11 B-Cell Lymphoma (Duan et al., 2012)
FBX022 Gastric (Donner et al., 2015)

FBXO025 aka Lymphoblastic Leukaemia (Anadon et al., 2017)

NUDT16

Breast Cancer (Zhou et al., 2017), Ovarian
FBXO32

Cancer(Chou et al., 2010)
FBXO33 Breast Cancer (Hein et al., 2013)

Of those F-box with associations to tumour suppressive and oncogenic activity,
FBXWT?7 is most well understood, acting as both an oncogene and tumour suppressive
gene in multiple cancers (Yeh et al., 2018) (Figure 1.8). Interestingly, it is also the F-
box gene with the highest mutational rate in human tumour samples at 2.54%, followed
by FBXW10 at 0.58% (Forbes et al., 2017). FBXW?7 protein levels are found
significantly depleted in liver, lung, melanoma, pancreatic, prostate, renal, skin, testis,
thyroid and urothelial cancers, with differing oncogenic and tumour suppressive
effects (Uhlen et al., 2015). FBXW?7 targets the oncoproteins c-Myc, c-Jun, Cyclin E1
and Notch for ubiquitination, and has other roles in cell homeostasis, proliferation and
genomic stability, making FBXW?7 dysregulation a significant cancer risk marker (Tan

et al., 2008). FBXW?7 is commonly mutated in colorectal cancer (7.5% Stage 1 & 2
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CRC diagnoses), although FBXW?7 mutation has no significant impact on survival rates

(Chang et al., 2015).

In breast cancer, FBXW?7 acts as a tumour suppressor by targeting the oncoprotein
Metadherin for degradation. Metadherin expression increased substantially during
FBXWT?7 depletion, suggesting that abundant FBXW?7 expression could be a suitable
therapeutic target for Metadherin-mediated breast tumour growth (Chen et al., 2018).
FBXWT? also acts as a tumour suppressor for lymphoblastic leukaemia by modulating
Notch 1 and c-Myc expression, with combined loss of FBXW?7 and either PTEN or
p53 causing enhanced tumorigenesis (Kumar et al., 2014). Low FBXW?7 protein
expression is found in a significant proportion of early onset gastric cancers and is
correlated with chemotherapy response (Calcagno et al., 2013; Milne et al., 2010).
FBXW?7 expression is also down regulated in non-small cell lung cancer, with
expression correlated with more aggressive cancer and greater mortality rates
(Yokobori et al., 2014; Zhang et al., 2017). Recent evidence suggests that the miR-
223/FBXW?7 axis is involved in drug resistance, with miR-223 expression correlating
with Erlotinib resistance in lung carcinoma cells and subsequent downregulation of
FBXW?7 (Zhang et al., 2017). Due to FBXW?7’s multiple substrates and interactions,

it has several potential roles drug resistance (Yan et al., 2020).
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Figure 1.8: Interactions between FBXW?7 and Hallmarks of Cancer

FBXW?7 is the most well studied F-box E3 ligase, and is associated with receptor
signalling, metabolism, resisting death, angiogenesis, DNA damage and cell

proliferation (Babaei-Jadidi et al., 2011).

The published data on the wider role of F-box proteins in cancer drug resistance and
cytotoxicity, and therefore on cancer treatment prognosis is inadequate. While
FBXWT7’s extensive substrate interactions propose multiple roles in cytotoxicity,

information on other F-box proteins is currently limited.

Among the FBXO family: FBXO4 knockdown causes resistances to chemotherapeutic
drugs in lung cancer (Feng et al., 2017). FBXO5 depletion causes chemosensitivity
and radiosensitivity (Shimizu et al., 2013). FBXO6 enhances Cisplatin sensitivity by
inhibition of checkpoint kinasel (Cai et al., 2019). FBXO?7 is inversely correlated with
sensitivity to the immunomodulatory drugs lenalidomide and pomalidomide (Liu et
al., 2019c). FBX010 may affect resistance to ibrutinib in mantle cell lymphoma (Li et

al., 2016). FBX018 ’s regulation of homologous recombination via RADS51 may affect
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resistance to DNA damaging agents camptothecin and hydroxyurea (Stanescu et al.,
2014). FBX021’s impairment by the oncogene CD44 leads to P-gp-overexpression
mediated drug resistance (P-glycoprotein) (Ravindranath et al., 2015). FBX022’s
ubiquitination of CD147 contributes to several types of chemoresistance (Wu et al.,
2017), and FBXO031 and FBXO32 have roles in Cisplatin and 5-FU resistance

respectively (Wang et al., 2018a), (Liu et al., 2018).

Among the FBXL and FBXW families: Abnormal FBXW1/B-TrCP expression is
associated with both various cancers and with drug reactivity, with B-TrCP
suppression increasing Paclitaxel sensitivity in cancer cells both in vivo and in vitro
and Berberine resistance in HepG2 hepatoma cells. (Su etal., 2011; Wang et al., 2016).
FBXL1/Skp2 inhibition in lung cancer cells increases sensitivity to Paclitaxel, reduced
Tamoxifen resistance in breast cancer, while upregulation causes Camptothecin and
Cisplatin resistance in lung adenocarcinoma, Troglitazone in hepatocellular
carcinoma, Actinomycin D resistance in gastric carcinoma, resistances to
Cyclophosphamide, Adriamycin and 5-FU in breast cancer cells, sensitivity to
Adriamycin, Daunorubicin and Arabinosylcytosine in leukaemia (Yan et al., 2020).
FBXL7 expression is correlated with Paclitaxel resistance (Chiu et al., 2018) and
FBXL10 overexpression is noted in aggressive brain and breast cancers (Frescas et al.,
2007; Kottakis et al., 2014), and downregulation increases sensitivity to Cisplatin and

Paclitaxel (Xiao et al., 2008).

F-box proteins are widely associated with drug resistance and cytotoxicity in cancer
cells; however, this also demonstrates the incomplete and uncoordinated nature of
available data, making prioritisation of F-box proteins as therapeutic or diagnostic
targets difficult. Currently, there are no known drug or therapeutic agents or trials

specifically targeting F-box for cancer therapy (Yan et al., 2020).
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1.5.7. FBXL5

The human F-box and leucine-rich repeat protein 5 (FBXL5) gene encodes the FBXL5
protein of 78kDa (Benson et al., 2013) located on human chromosome 4 with 10
introns and 11 coding exons (2.1kb). Human and murine FBXL5 both have nine
predicted protein-encoding transcript variants (Howe et al., 2021). Mouse and human

nucleotide FBXL5 genome sequences are identical (Benson et al., 2013).

FBXL5 mRNA expression in colorectal adenocarcinoma mapped using the UALCAN

cancer RNA-omics database (http://ualcan.path.uab.edu/cqi-

bin/TCGAExResultNew?2.pl?genenam=FBXL5&ctype=COAD) shows FBXL5

expression is significantly lower in primary tumour samples compared to paired
normal tissues (All comparisons p <0.001), and this significance is consistent across
all cancer stages (Chandrashekar et al., 2017; Yang et al., 2019) (Figure 1.9), although
it is not specified which isoform was examined by this analysis. Similar results were
found in analysis of colon adenocarcinoma lipid-metabolism-related genes, with
FBXL5 expression significantly reduced in colorectal adenocarcinoma tissues and
potentially acting as a novel marker (Jiang et al., 2021). UALCAN data on TP53
mutations also identified FBXL5 expression as slightly higher in TP53-non-mutant

samples compared to TP53 mutant (Figure 1.9) (Chandrashekar et al., 2017).

This suggests that FBXL5 may act as a tumour suppressor in CRC, although this is in
contrast to the limited published experimental data that shows FBXL5 protein
expression is significantly upregulated in colorectal cancer, and that FBXL5 silencing
inhibits cell proliferation in colorectal cancer cells (Yao et al., 2018). These differences

will be discussed in more detail in Chapter 4.
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Figure 1.9: FBXL5 expression is downregulated in colorectal adenocarcinoma.

60|Page



FBXL5 expression is consistently downregulated across all four stages of CRC, and
further downregulated in TP53 mutant samples compared to non TP53-mutant
samples in UALCAN cancer-omics data. All comparisons p <0.001, total patient
samples in analysis between 320-330. Data accessed Nov-Dec 2020

(http://ualcan.path.uab.edu/cqi-

bin/TCGAExResultNew2.pl?genenam=FBXL5&ctype=COAD) (Chandrashekar et

al., 2017).

FBXL5 was first identified in large scale sequencing and protein analysis studies
(Cenciarelli et al., 1999), and since then several studies have been published linking
FBXLS5 to a large variety of substrates and pathways including Dynactin in Motor
Neuron Disease (Zhang et al., 2007), iron homeostasis (Moroishi et al., 2011),
epithelial-to-mesenchymal transition (Findlay et al., 2014), HIF-1la in hypoxia
(Machado-Oliveira et al., 2015a) and drug resistance (Ahmed et al., 2019; Wu et al.,
2016). FBXLS5 itself may be targeted for silencing by MiR1306-3p (He et al., 2018),
and depletion of the HECT-type ubiquitin ligase HERC2 stabilises FBXL5 activity

(Moroishi et al., 2014) , implying a role in upstream regulation of FBXLS5.

One of the earliest studies of FBXL5 identified it as the primary ubiquitinating
substrate of DCTNL1 (Dynactin Subunit 1) (Zhang et al., 2007). Dynactin is a protein-
binding complex component of the cytoskeletal microtubule motor Dynein-1, which
moves membrane vesicles along microtubules in vitro. Dynactin dysfunction is linked
to motor neuron disease (MND) (Lai et al., 2007). Homozygous knock-in DCTN1 mice
are embryonically lethal, while heterozygous mice develop a MND-like phenotype at
10 months old including loss of spinal motor neurons, reduced mobility and protein

accumulation in neuromuscular junctions (Lai et al., 2007). The disease phenotype is
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caused by abnormal vesicular movement in both mice and humans (Ferrara et al.,
2018; Laird et al., 2008). It has previously been noted that DCTNZ1-associated
cytotoxicity can be ameliorated by either the UPS or autophagy pathways, and
overexpression of the TFEB (Transcription Factor EB) autophagy master transcription
factor compensates for UPS inactivity (Wang et al., 2020b). One possible link between
FBXL5 and MND may be the iron homeostasis pathway, as iron insufficiency has been

shown to cause mitochondrial dysfunction within motor neurons (Jeong et al., 2011).

FBXL5 stabilises and accumulates in iron-replete and oxygen-replete conditions,
while it is degraded by the proteasome when cellular iron is low (Chollangi et al.,
2012). FBXL5’s N-terminal folds into a hemerythrin-like domain that incorporates
both iron during synthesis and interacts with oxygen in a real-time fashion (Chollangi
et al., 2012) (Figure 1.10). Currently, FBXLS5 is the only known mammalian protein
with a hemerythrin-like domain for both iron and oxygen binding (Chollangi et al.,
2012). Hemerythrin is a copper-based oxygen transport protein found in marine
invertebrates, functionally similar to the iron-based haemoglobin in mammals (Shu et
al., 2012). Deletion of this domain nullifies the iron-dependent regulation of FBXL5
(Chollangi et al., 2012). When oxidised, the C-terminal of FBXL5 contains a 2Fe2S
cluster that binds and ubiquitinates IRP1 and IRP2 (iron regulatory protein 1 and 2)
(Wang et al., 2020a) (Johnson et al., 2017), although IRP1 ubiquitination may only be
active after impairment of CIA (Iron-sulphur cluster assembly) (Johnson et al., 2017).
Interestingly, IRP2 is stabilised in hypoxia conditions while FBXL5 expression is
reduced, implying that FBXL5 may be a dynamic oxygen sensor (Wang et al., 2020a).

Mice lacking FBXL5 expression in neural stem progenitor cells (NSPC) have
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increased concentration of NSPCs in the cortex and accumulation of ferric iron and

reactive oxygen species (ROS) (Yamauchi et al., 2017).

E—(Hemerythrin-like (Hr) domain : E 78 kDa

Figure 1.10: Protein structure of FBXL5 showing hemerythrin-like domain.

FBXL5’s hemerythrin-like domain is uniqgue among mammalian proteins and may

contribute to its interactions with both passive iron and active oxygen sensing.

Iron homeostasis and metabolism have a complex role in cancer, as while increased
metabolism is emblematic of cancerous cell types, the corresponding increase in labile
iron is cytotoxic. Both depletion of cellular iron and artificial iron overload are
potential therapeutic targets, starving cells of iron required for proliferation or causing
iron toxicity-induced apoptosis respectively (Brown et al., 2020). Regulation of iron
metabolism also prevents free iron from forming free-radical ions that cause tissue,
protein and DNA damage (Kakhlon and Cabantchik, 2002). Previous bioinformatic
analysis and next generation sequencing across 31 different cancer types has identified
19 genes potentially related to iron homeostasis (Chen et al., 2019). Preoperative
anaemia is common in CRC and treatment with iron supplementation has potentially
detrimental effects (Wilson et al., 2018), while in liver and hepatocellular cancers, iron
accumulation may cause hepatocellular injury and fibrosis of liver lobules (Baecker et

al., 2018).

Iron accumulation and deficit also affects tumour metastasis and angiogenesis by
deregulating epithelial-to-mesenchymal transition (EMT), promoting VEGF and
altering Myc-relators (Jiang and Elliott, 2017). Ferritin, the primary storage media of

intracellular iron, interacts strongly with tumour-associated macrophages (Costa da
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Silvaet al., 2017). Tumour-associated macrophages have roles in tumour progression,
drug resistance and feedback effects between iron homeostasis and immune functions
and have been successfully targeted to reinforce anti-tumour immune responses (Costa
da Silva et al., 2017; Tang, 2013). By regulation of free radical formation, DNA and
protein damage and tumour microenvironment and metastasis, iron metabolism has

important roles in both cancer diagnosis, progression and treatment.

FBXL5-deficient mice are susceptible to liver carcinogenesis (Muto et al., 2019), while
FBXL5 double recessive mice are embryonically lethal (Moroishi et al., 2011). Current
data suggests that FBXL5 may be a cornerstone E3 ligase in the iron-homeostasis
pathway, and further research may suggest possible diagnostic and therapeutic uses
for FBXL5. Of note: hepatitis C (CHC) is a form of viral hepatitis that causes chronic
liver disease and hepatic cancer (Nanba et al.,, 2016). FBXL5 has been found
significantly suppressed in CHC patients (Nanba et al., 2016). It is suggested that
FBXL5’s role in the iron homeostasis pathway and oxidative stress may contribute to
this relationship (Nanba et al., 2016). Recently, FBXL5 has been found differently
expressed in sepsis models, although the mechanisms involved are currently unknown

(Zhao et al., 2020).

During Epithelial-to-Mesenchymal Transition (EMT), epithelial cells lose their cell-
cell adhesion while gaining invasive and migratory properties to become mesenchymal
cells, which is reversed during Mesenchymal-to-Epithelial Transition (MET) (Kalluri
and Weinberg, 2009) (Figure 1.11). EMT/MET is critical for tissue development and
healing, wherein multipotent cells will transition from epithelial to mesenchymal cells,
migrate to a specific location, then transition back into epithelial cells and differentiate
as required (Kalluri and Weinberg, 2009). Cancer metastasis is facilitated by

EMT/MET, with cancerous cells developing migratory and invasive characteristics
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and establishing secondary tumour metastases (Kalluri and Weinberg, 2009). EMT
characteristics are a significant contributory factor in chemotherapy resistance

(Qureshi et al., 2015).

Initial induction of EMT may be triggered by one of several oncogenic pathways, such
as Wnt/p-catenin, Notch and TGFp via PI3BK/AKT, leading to downregulation of E-
Cadherin (Larue and Bellacosa, 2005). Zinc Finger Protein SNAIL/SNAIL
downregulates E-Cadherin, thereby inducing EMT activity (Wu et al., 2015b). FBXL5
ubiquitinates SNAIL in the nucleus, inhibiting metastasis of cancerous cells, while loss
of FBXL5 post-transcriptionally stabilises SNAIL and reduces E-Cadherin expression,
promoting EMT activity (Wu et al., 2015b). Whether this loss of FBXLS5 is sufficient
to completely disable the EMT/MET pathway is not fully understood and varies
between cell lines (Vifias-Castells et al., 2014; Wu et al., 2015b). Recently, it has been
found that miR-1306-3p directly inhibits FBXL5 expression in HCCLM3 liver
carcinoma cells leading to SNAIL accumulation, inducing EMT activity (He et al.,
2018). Increased FBXL5 expression subsequently reduced miR-1306-3p expression

and ameliorated the mesenchymal phenotype (He et al., 2018).

Epithelial Transition cells Mesenchymal
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Z0-1 and gaining of [B-catenin
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MUC1 markers SLUG
MiR200 family ETS
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Figure 1.11: Diagram of Epithelial-to-Mesenchymal Transition
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The Epithelial-to-Mesenchymal Transition involves epithelial cells losing cell
cohesion, attachment and epithelial markers while gaining migratory and invasive
characteristics and mesenchymal markers (Kalluri and Weinberg, 2009). This
mechanism is frequently dysfunctional in cancer, and some tissues may display both
epithelial and mesenchymal characteristics, presenting a “partial EMT” phenotype

(Saitoh, 2018).

Another substrate of FBXL5 is CITED2 (Cbp/P300 Interacting Transactivator With
Glu/Asp Rich Carboxy-Terminal Domain 2) protein, which negatively regulates the
hypoxia master-regulator HIF-1a (Machado-Oliveira et al., 2015a). Hypoxia is a
common development in late stage tumour growth, wherein the capacity of tumour
vascularisation to supply oxygen to the tumour mass is outstripped by the growth of
the tumour itself (Muz et al., 2015). This causes alterations to cell metabolism and
therapeutic resistance by reducing cell proliferation and inducing quiescence (Muz et
al., 2015). CITED?2 levels are inversely correlated to FBXL5, in turn dysregulating
HIF-1a expression. Given FBXL5’s oxygen-dependent stability, hypoxic conditions
may lead to reduced FBXL5 expression, however compensating regulatory pathways
ensure reduced CITEDZ2 and upregulated HIF-1a expression (Machado-Oliveira et al.,

2015a).

In addition to its role in hypoxia regulation, CITED2 also has essential roles in tissue
development, with CITED2 KO mice being embryonically lethal with severe
cardiovascular abnormalities including pulmonary valve stenosis and ventricular
septal defects (Yin et al., 2002). Analysis of CITED2 negative cardiac tissue shows
reduced mRNA levels of several HIF-1a target genes including vascular endothelial

growth factor (VEGF), while Glutl and phosphoglycerate kinase 1 (PGK1) were
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increased (Yin et al.,, 2002). Of these, VEGF is most interesting, as VEGF
overexpression embryos share similar debilitating cardiac phenotypes as CITED2
negative embryos, while overexpression of VEGF produces equally dramatic cardiac
abnormalities (Yin et al., 2002). As such, FBXL5 via CITED2 may have a significant

role in hypoxia response, VEGF regulation and cardiac development.

FBXL5 has been found to interact with Alpha-Synuclein (aSyn), the protein which
gradually accumulates in neurons as Lewy Bodies, eventually propagating across
neurons and leading to Parkinson’s pathologies (Gerez et al., 2019). In mouse models,
downregulation of FBXL5 expression induces aSyn accumulation and Parkinson’s-
like pathologies (Gerez et al., 2019). Remarkably, overexpression of FBXL5 via
lentiviral transduction prevented oSyn accumulation and spread within the mouse
neurons, suggesting that FBXL5 overexpression may be a therapeutic treatment for

aSyn-pathologies (Gerez et al., 2019).

Some studies have presented evidence of FBXLS5’s role as an oncogene and tumour
suppressor, including modulating the PI3BK/AKT/mTOR pathway (Yao et al., 2018)
and Cisplatin resistance in colorectal cancer (Wu et al., 2016), miR-20a regulation in
cervical cancer (Xiong et al., 2017), hssB1-mediated DNA damage repair in lung
cancer (Chen et al., 2014), as well as acting as a prognostic marker in renal cell
carcinoma (Park et al., 2021). FBXL5 was also found to be correlated significantly
with immune cells CD8+T, CD4+T, macrophages and dendritic cells as well as
Austocystin D and Bafilomycin, which act as tumour suppressors and immunotherapy

modulators (Jiang et al., 2021).

The PIBK/AKT/mTOR pathway is associated with cell proliferation and cancer

(Papadatos-Pastos et al., 2015) (Figure 1.12). In brief, a transmembrane receptor

67|Page



triggers PI3K (phosphatidylinositol 3-kinase) which phosphorylates and activates
AKT, in turn beginning a signalling cascade that activates the two mTOR complexes
mMTORC1 and mTORC2 (Mammalian target of rapamycin complex). mTOR
downstream interactions include autophagy suppression, mitochondrial activity, cell
survival, ion transport and epithelial growth factors (Zarogoulidis et al., 2014). PTEN
(Phosphatase and Tensin homolog) negatively regulates AKT’s activity by
dephosphorylation, thereby reducing mTOR activation (Duronio, 2008). In colorectal
cancer tissues and cell lines, FBXL5 has been shown to physically interact with PTEN
and negatively regulate its expression, with corresponding increases in PI3K, AKT
and mTOR expression (Yao et al., 2018). FBXL5 overexpression increased cell
proliferation and tumour formation ability, with corresponding results for FBXL5
inhibition (Yao et al., 2018). PTEN also correlates with p53 protein expression
(Freeman et al., 2003). FBXL5 protein expression is significantly upregulated in
colorectal cancer compared to normal tissues, and greater FBXL5 protein expression
was also found to correlate with lower 5-year post-surgical survival rates in colorectal
cancer patients (Yao et al., 2018). This increased FBXLS5 protein is in contrast to the
UALCAL analysis, which shows consistently reduced FBXL5 RNA expression across

colorectal cancer patient samples (Chandrashekar et al., 2017)
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In contrast to colorectal cancer, FBXL5 expression is associated with increased
survival rates in cervical cancer (Xiong et al., 2017). As such, FBXL5 may be a new
prognostic marker for colon cancer and novel therapeutic target.
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Figure 1.12: The simplified mTOR Pathway

The mTOR (Mammalian target of Rapamycin) pathway is a central regulator of cell
metabolism and physiology. mTOR is frequently dysregulated in metabolic diseases

and cancer (Zarogoulidis et al., 2014). Image adapted from (Wong M, 2012)

Another study found that FBXL5 increases Cisplatin resistance in gastric cancer cells
by inducing phosphorylation of the ERK and p38 of the MAPK pathway (Wu et al.,
2016). Interestingly, this study also determined that RhoGD12, a GTPase inhibitor
which regulates actin cytoskeletal activity and is associated with acquired Cisplatin
resistance and tumour metastasis, may promote the ubiquitination of FBXLS5 itself in
response to Cisplatin treatment (Wu et al., 2016). FBXL5 depletion increases Cisplatin
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resistance by activation of MAPK pathway ERK and p38, while FBXLS5 expression
was depleted in RhoGDI2-overexpressing cells post-Cisplatin treatment (Wu et al.,
2016). This implies a negative feedback loop between RhoGDI2 and FBXLS5, with
FBXLS5 possibly binding RhoGDI2 and preventing its suppression of apoptosis (Wu
et al., 2016). Silencing the p53 inhibitor IASPP reduces cervical cancer cell
proliferation and sensitised the cells to Cisplatin treatment in vivo, while silencing
FBXL5 and BTG3 expression reversed these changes (Xiong et al., 2017). This
suggests that FBXL5 may be a therapeutic target in RhoGD12-induced Cisplatin

resistant cancers.

Human single-strand DNA binding protein 1 (hssB1) participates in the single-strand
DNA damage response caused by environmental, carcinogenic and chemical exposure
(Tang et al., 2014). Cells lacking hssB1 protein demonstrated increased genomic
instability and radiation-induced DNA damage (Richard et al., 2008). FBXL5 has been
shown to ubiquitinate non-phosphorylated hssB1. In lung cancer cell lines and clinical
lung cancer samples, FBXL5 and hssB1 proteins show an inverse correlation, with
FBXL5 overexpression causing sensitivity to DNA damage (Chen et al., 2014).
Bioinformatic analysis has identified alternative splicing of FBXL5 as a prognostic

biomarker for lung adenocarcinoma (Chang et al., 2020).

The evidence thus far shows that FBXL5 may have a substantial role in both cellular
homeostasis and cancer response. Known interactions with iron homeostasis, hypoxia
response, EMT/MET, PIBK/AKT/mTOR, drug resistance and several cancers strongly
supports the study of FBXL5 and its association with colorectal cancer as an oncogene,

tumour suppressor, prognostic marker and important therapeutic target.
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1.6. Aims and Objectives

The UPS has been shown as an essential contributory factor in the development and
progression of human cancers including colorectal cancer. However, current research
fails to elaborate on a detailed understanding of the F-box gene associations, with only
a few such as FBXW?7 studied in any depth. The remainder is limited to few studies
focusing on single mechanisms or pathways rather than a comprehensive analysis of
each F-box in a particular tissue. At the same time, the function of some F-box proteins
is still unknown. Further research on F-box is a clear priority for a greater
understanding of the role of F-box protein mediated ubiquitination in tissue

homeostasis and cancer.

As outlined above, organoids are a novel, three-dimensional in vitro modelling system
for functional genetics studies that demonstrate many advantages of in vitro
immortalised cell lines and in vivo animal models. Combined with the CRISPR/Cas-9
editing system, organoids can largely overcome the limitations of current in vitro and
in vivo methodology for functional gene analysis and other applications with an

accessible, scientifically viable alternative.

Therefore, this project aimed to initially experimentally explore the role of F-box
genes by utilising Cas-9 expressing murine intestinal organoids. After identifying the
loss of F-box gene(s) that phenotypically or functionally impact intestinal organoids,
this study aimed to investigate further the role of the candidate gene (i.e., FBXL5) in

human colorectal cancer cells using cell and molecular techniques.

To achieve these:

e In Chapter 3, we generated Cas9 expressing transgenic murine intestinal
organoids, then utilised an F-box gRNA library to generate F-box knockout
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organoids. The growth and morphology of these organoids was analysed to
investigate the possible impact of F-box knockout on murine intestinal
organoid function. Once those F-box that caused significant organoid growth
and morphology changes were identified, the selected loss-of candidate (i.e.,
FBXL5) was further examined in subsequent chapters using colorectal cancer
cells.

e Chapter 4 investigated the functional role of F-box E3 ligase FBXLS5 on growth
and cell division in colorectal cancer by generating colorectal cancer cell lines
(DLD-1 and SW480) knockout for FBXLS5. This chapter further examined how
FBXL5 knockout may affect cell morphology, cell proliferation, cell migration
and epithelial-to-mesenchymal activity in these colorectal cancer cells.

e In Chapter 5, to further understand the role of FBXLS5 in colorectal cancer, we
studied FBXL5 and its possible association with Iron Metabolism, Autophagy,
Hypoxia and Drug Response in colorectal cancer cells.

e Chapter 6 analysed publicly available transcriptomic and proteomic databases
including STRING, GEPIA and UALCAN. Furthermore, differentially
expressed genes (DEGs) were identified using RNA-Seq and analysed by
Pathway Mapping Analysis to determine novel associations with FBXL5 in

colorectal cancer.
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Chapter 2: Materials and

Methods
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2. Materials and Methods

2.1.Materials

2.1.1.

Cell Lines

Cell lines were purchased from ATCC between 2008-2010. Cells were regularly tested

as mycoplasma free.

Table 2.1: List of Human Cell Lines used in this project

Cell Line

Genetic Background

Media

DLD-1: DL Dexter
Human Colorectal
Cancer Cells
(Epithelial)

DLD-1: KRAS G13B, PI3K E545K
mutation, D549N mutation, TP53
mutation (tumour suppressor) (Ahmed
etal., 2013a)

RPMI, 10% FBS,
1% Lg, 1% P/S

SW480 Colorectal
Cancer Cells
(Epithelial)

Keratin, p53 high  expression,
matrilysin ~ not  expressed  (cell
matrix/transformation), GM-CSF

expressed (growth factor/migration
factor) (Ahmed et al., 2013b)

RPMI, 10% FBS,
1% Lg, 1% P/S

HEK?293: Human
Embryonic
Kidney Cells 293 (

Contains SV40-T antigen, loss of
function p53 and pRb mutations (Lin et
al., 2014).

RPMI, 10% FBS,
1% Lg, 1% P/S

R-Spondin 1
secreting HEK-
293 T cells (HA-R-
Spol-Fc cell line)

Zeocin resistance gene. Secrete R-
Spondin 1 protein.

Culture: DMEM
RPMI, 10% FBS,
1% Lg, 1% P/S

R-Spondin 1
production:
ADMEM  10%
FBS, 1% Lg, 10%
HEPES Buffer

2.1.2. Antibodies
Table 2.2: List of Antibodies used in this project
Antibody
Antibody Source and Citation concentration for
Western lot
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. i Cell Signalling 146975 (Muller | 1:1000
Anti-Mouse Cas-9 etal., 2021)

Anti-Noagin BD Biosciences 560170 (Choi | 1:1000
% etal., 2007)

. Santa Cruz Biotechnology sc- | 1:100
Anti-FBXLS 376102 (no citations available)

. i Santa Cruz biotechnology sc- | 1:5000-1:10000
Anti-B-Actin 47778 (Lin et al., 2021)

- . Cell Signalling 95615 (Wu et | 1:1000
Anti-B-Catenin al., 2021)

. . BD  Biosciences 610920 | 1:1000
Anti-N-Cadherin (Bhowmick et al., 2001)

. . BD  Biosciences 610181 | 1:1000
Anti-E-Cadherin (Jaksits et al., 1999)

- . Santa Cruz Biotechnology sc- | 1:1000
Anti-Vimentin 32322 (Samson et al., 2021)

Cell Signalling C15D3 | 1:1000
Anti-SNAIL (Barrallo-Gimeno and Nieto,

2005)
Anti-IRP1 (Iron | Santa Cruz Biotechnology sc- | 1:1000
Regulatory Protein 1) | 166022 (Miniaci et al., 2016)

A Santa Cruz Biotechnology sc- | 1:1000
Anti-Ferritin 71102 (no citations available)
Anti-Transferrin Santa Cruz Biotechnology sc- | 1:250
Receptor 1 (TfR aka | 51829 (Rockfield et al., 2018)

CD71)

. Santa Cruz Biotechnology sc- | 1:1000
Anti-RBCK1 365523 (Elliott et al., 2021)

. Santa Cruz Biotechnology sc- | 1:1000
Anti-VHL 135657 (Liu et al., 2021)

Autophagy Protein 5 | Cell Signalling 26305 (Zhu et | 1:500
(ATG5) al., 2021b)
Anti-Microtubule- Cell Signalling 27755 (Zhu et | 1:500

associated proteins
1A/1B Lightchain 3B
(LC3B)

al., 2021a)
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Anti-Beclinl

al., 2021)

Cell Signalling D40C5 (Li et

1:500

Rabbit
secondary HRP

Anti-Mouse

Santa

Cruz
Biotechnology

sc-2005 | 1:5000

Rabbit

Anti-Mouse
Fluorescent Secondary

Life Technologies A-21155

1:500-1:2000

2.1.3. Buffers
Table 2.3: List of Buffers used in this project
Protocol Buffer Ingredients
: 250 mM Tris-HCL ph. 6.8, 10% SDS

Loadin Buffer : :
(5%) ng ) 50% Glycerol, 5% B-Mercaptoethanol
SDS-PAGE 10g SDS, 30g Trisma, 144g M Glycine
Running  Buffer | 1y gistilled water, 0.05% bromophenol
(10x) blue

SDS-PAGE and | Transfer  Buffer 3g Tris HCL, 14.5g glycine, 200 ml

Western Blot

(Semi Dry, 10x)

methanol, 800 ml water

Transfer Buffer
(TURBO) 1x

600 ml double distilled water, 200 ml
methanol, 200 ml x5 stock

Tris Buffer Saline
with Tween (TBS-
T) 10x

24.23g Trizma, 88g NaCL, 800 ml
distilled water, 20mM Tris 7.6pH,
130nM NaCL, 0.1% Tween 20, 3%
BSA

E.coli
Amplification

LB Bacterial
Growth Media

20g LB powder (10g/l tryptone, 5g/I
yeast extract, 5g/1 NaCL)

1ltr distilled water

Alkaline Lysis

Suspension Buffer

50mM Tris-Cl pH 8.0, 10mM EDTA,
100 pg/ ml RNase A

Lysis Buffer

200mM NaOH, 1% SDS (w/v)

Neutralisation
Buffer

3.0M potassium acetate, pH 5.5
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Equilibration
Buffer

750mM NaCL, 50mM MOPS pH 7.0,
15% isopropanol (V/V), 0.15% Triton
X-100 (v/v)

Wash Buffer

1.0 M NaCL, 50mM MOPS pH 7.0,
15% isopropanol

Elution Buffer

1.25M NaCL, 50mM Tris-CL, pH 8.5,
15% isopropanol (V/V)

Agarose Gel
Electrophoresis

TAE Buffer (50x)

2429 Tris free base, Disodium EDTA
18.61g, Glacial Acetic Acid 57.1 ml.
dH20 to 11.

10mM Tris-CL (pH 8.0), ImM EDTA,
0.5mM EGTA, 1% Triton X-100, 0.1%
Sodium Deoxycholate, 0.1% SDS, 140

Sl s RIPA Buffer mM NaCl, prior to use add 1 pl
phosphatase inhibitor for every 1 ml
RIPA)
2.1.4. Primers
Table 2.4: List of Primers used in this project
Target Sequence

B-Actin Human

F: GCGCGGCTACAGCTTCA

R: CTTAATGTCACGCACGATTTCC

FBXL5 Human

F: CTGCAGGGCTGTCTCATCTC

R: TCTGAAGGATGGTCCTGGCT

[-catenin Human

Tn

: GGAAGGTCTGAGGAGCAGC

R: TCCAACTCCATCAAATCAGCTTG

N-Cadherin Human

F: GACAATGCCCCTCAAGTGTT

R: CCATTAAGCCGAGTGATGGT

E-Cadherin Human

F: TGGAGGAATTCTTGCTTTGC

R: CGTACATGTCAGCCAGCTTC

Vimentin Human

F: GAGAACTTTGCCGTTGAAGC

R: TCCAGCAGCTTCCTGTAGGT

SNAI1 Human

F: AATCCAGAGTTTACCTTCCA

R: AGAGTCCCAGATGAGCATTG
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IRP1 (Iron Regulatory
Protein 1) Human

: CTGGAGTGTGGTAGGAACACG

: TCCAATGGCTCAGCAAGGTG

IRP2 (Iron Regulatory
Protein 2) Human

: TACCTGCCGAGGATCTTGHTG

R: GAACTCCATCAGGCACTGGTT
N F: CCAGAACTACCACCAGGACTC

Ferritin Heavy Human

R: AAAGTAGTAAGACATGGACAG

- F: CTTGCCAACCAACCATGAGC

Ferritin Light Human

R: AGAAGCCCAGAGAGAGGTAGG
Transferrin Receptor 1 F: GGACGCGCTAGTGTTCTTCT
(TfR aka CD71) Human | g. cATCTACTTGCCGAGCCAGG

F: CTTGGCAGAGCCTCAGGATG
ALDH3B1 Human

R: GTTTTCTTGCAGGAAGCGGC

F: GCTGGAGGTACCCACTGATG
APP Human

R: TCTGCCACAGAACATGGCAA

F: AGACCAAGAAAGGCTGTGGG
RBCK1 Human

R: CAAGACTGGTGGGAAGCCAT

F: ATCCACAGCTACCGAGGTCA
VHL Human

R: GGCAAAAATAGGCTGTCCGTC

F: GGAGCTCCGACAAGGCATTA
GLRX5 Human

R: CCCCCTACAAACTCGCCATT

F: AAGGAGAAAAGGGTGCGGAG
YBX-1 Human

R: CCTACGACGTGGATAGCGTC

F: TCAACAAGGTCGACAAGCAC
HOPX Human

R: TCTGTGAGGATCTGCACTC

F: GACAACAGCAGTATGGACG
LGR5 Human

R: GCATTACAAGTAAGTGCCAG

F: ACTTTGCCTCTTGCAGTTGAG
CD44 Human

R: TTTCTCCACATGGAATACACCTG

F: GGCACGGCTTTTGTTCAGAT
TERT Human

R: GGCATAGCTGGAGAGTCGCT

F: GATAGCAAGACTTTCCTCAGTCG
HIF-/a Human

R: TGGCTCATATCCCATCAATTC
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CA9 Human

: CTTGGAAGAAATCGCTGAGG

: TGGAAGTAGCGGCTGAAGTC

VEGFR2 Human

: GCAGCTTGAGTTAAACGAACG

: GGTTCCCGAAACCCTGAG

ANGPTL4 Human

: GACAAGAACTGCGCCAAGA

: GCCGTTGAGGTTGGAATG

Cortactin Human

: CCGCAGGATCAGGAAACTCA

: AGTCCCGAGACATTTCCACG

: CAAGGTGGAGTTGGCGAGAC
ATG5 Human

: ACCAAAGCCAAACTTAGTAAGCA

: CCGCACCTTCGAACAAAGAG
LC3B Human

 AAGCTGCTTCTCACCCTTGT

Beclinl Human

: GGGCTCCCGAGGGATGG

:CTCGTGTCCAGTTTCAGGGG
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2.1.5. Plasmids and Lentiviral VVectors

Table 2.5: List of Plasmids used in this project

Name Source
PLVx-eGFP Sigma Merck (no longer listed for purchase)
pCMVR8.74 Addgene #22036
pMD2.G Addgene #12259

Generated by Wim de Lau and Hans Teunisse

Noggin Plasmid of Hubrect Institute, Netherlands

Kindly generated by Dr Emmanouli
F-box CRISPR-gRNA Library Metzakopian and colleagues of the Welcome
Trust Sanger Institute, Cambridge

pLv5-Cas-9-Neo Lentiviral vector | Sigma Merck Cas-9NEO-1EA

2.1.6. Animals
C57BL/6J mice of either gender at approximately 4-6 weeks old were used for
organoid isolation experiments. Mice were housed and bred in the transgenic animal
facility of the Biomedical Service Unit at the University of Nottingham. Animals

sacrificed by cervical dislocation and confirmed by exsanguination.
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2.2.Methods

2.2.1. Culture, Freezing and Thawing of Epithelial Cells

After seeding, immortalised cell lines were incubated at 37°c/5% CO> and sustained
via cell growth media such as Roswell Park Memorial Institute Media 1640 (RPMI,
Thermo Fisher Scientific, 25030-024) and Dulbecco’s Modified Eagle’s Media
(DMEM, Sigma Aldrich, D5671), supplemented with L-Glutamine (Thermo Fisher
Scientific, 25030-024), and Foetal Bovine Serum (Sigma; F7524). This media was
replaced every 2-3 days as required. Once confluent, cells were subcultured/passaged:
media was aspirated, the cells washed with PBS (Phosphate-Buffered Saline, Sigma;
D8537) and cells detached from vessel using Trypsin (Sigma; T3924), a digestive
protease. Once cells were completely detached and suspended, additional prewarmed
growth media was added to dilute and inactivate the trypsin and the cell-containing

media divided among required vessels as required.

Freezing media for cells used in this study was 90% FBS/10% DMSO (Dimethyl
sulfoxide, Sigma; D4540). To freeze cells for storage: tryptonised cells were diluted
with growth media and the entire solution centrifuged at 300xg for three minutes to
form a pellet. Supernatant was removed and pellet resuspended in FBS supplemented
with 10% DMSO and aliquoted to a freeze-safe storage vial and stored at -80 in a
freezing container overnight. Vials were subsequently moved to longer term storage
such as liquid nitrogen or -150 freezer facilities. To thaw cells: cell vials were
completely thawed in a 37°c water bath. The content was aliquoted to a centrifuge-
safe vessel, diluted with growth media and centrifuged at 300xg for three minutes to
form a pellet. The supernatant was removed, the pellet resuspended in growth media
and reseeded to suitable vessels. Cells were passaged at least once before experimental

use.
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2.2.2. Colony Formation Efficiency Assay/ Clonogenic Assay

The Colony Formation Efficiency/Clonogenic Assay determines the ability of
individual cells to proliferate (Franken et al., 2006). Both colony quantity and size will
differ between cell lines (Franken et al., 2006) (Rafehi et al., 2011) and according to

experimental conditions.

To perform the colony formation efficiency assay: Cells were seeded in triplicate at
500 cells per 75cm? flask or 200 cells per 6-well plate, with either media changed every
3-4 days or no media change at all depending on cell requirements. 10-14 days post
seeding, cell media was removed, and cells are washed with 6 ml PBS and fixed with
4% paraformaldehyde solution at room temperature (1 ml per well in 6-well plate or 6
ml per T75) for 20 minutes, washed with PBS and subsequently stained with 1 ml or
6 ml 0.01% crystal violet (Sigma Aldrich, 0775) in PBS for 20 minutes. Finally, the
crystal violet dye was removed, and the flask washed again with PBS and air dried at
room temperature overnight. The result should be numerous purple spots or dots of
varying size across the growth surface of the flask that are visible without microscopy

(Dong et al., 1984).

2.2.3. Flow Cytometry and Propidium lodide staining

Flow Cytometry is a high throughput method of analysing the type and cell cycle status
of single cells in suspension by their response to fluorescent light and light scatter. In
this technology: single cells in solution are passed through a light beam one cell at a
time, the beam scattering differently depending on cell morphology and fluorescent
labelling, thereby allowing accurate cell counting and sorting of different cell types,
as well as detection of chemical and clinical characteristics (Riccardi and Nicoletti,

2006). For this study, we utilised Propidium lodide, a fluorescent molecule that binds
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both DNA and RNA indiscriminately, therefore may be used in conjunction with flow
cytometry to quantify DNA and RNA to determine cell cycle stage (Davies, 2021,

Riccardi and Nicoletti, 2006).

Propidium lodide staining was performed using manufacturer instructions (Propidium
lodide Flow Cytometry Kit ab139419 (Davies, 2021)): 10cm plates of 70% confluent
cells were tryptonised and washed with PBS in triplicate. Cells were fixed with 1 ml
ice cold 70% ethanol added dropwise while vortexing to reduce cell clumping. Cells
were incubated at 4°C for 30 minutes and washed a further two times with PBS. To
ensure only DNA is stained, cells were treated with 50 pl ribonuclease. Finally, 200
pl of propidium iodide solution was added (stock: 50 pg/ ml). Cells status was
determined using Beckman Coulter FC500 Flow Cytometer by measurement of
forward scatter/cell size (FS) vs side scatter/granularity of cells (SS) ratio and
fluorescent expression. For this project, Flow Cytometry procedure was Kkindly
performed by Dr David Onion of University of Nottingham Flow Cytometry Service.

Data was analysed using WEASEL 3.7.1 and doublets removed from analysis.

2.2.4. Growth Curve/Proliferation Assay

The exponential proliferation of mutated cells and subsequent malignancy is a defining
feature of cancer (Fouad and Aanei, 2017). The Growth Curve/Proliferation Assay
measures the logarithmic proliferation rate of cells over time (Von Rosen, 1991).
Precise cell seeding is important during the initial setup, which therefore requires

repetition to ensure accuracy (Von Rosen, 1991).

Growth Curve Analysis was performed for a seven-to-eight-day period, with 3x10*
cells/well seeded in triplicate using a 24 well plate. Each day, three wells from each

condition were tryptonised with 100 ul 1x trypsin, centrifuged and counted manually
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via haemocytometer or using an automated cell counter (Bio-Rad, Germany) (Von
Rosen, 1991) for a total of 21-24 wells per condition over 7-8 days. Data was converted
to logarithmic scale for analysis and compared against control growth to determine

possible experimental effects.

2.2.5. Wound Healing Analysis

The Wound Healing Assay (aka Scratch Assay) is a simple and inexpensive method
of investigating cell migration and attachment in a 2D environment without relying on
more complex 3D assays or specialist equipment (Rodriguez et al., 2005). This assay
mimics cell migration during wound healing by creating a “wound” in a cell monolayer
and imaging this area at specific timepoints until the wound is closed (Rodriguez et
al., 2005). To ensure experimental data is the result of cell migration rather than
proliferation, cells are starved for 24 hours pre-assay using 1% FBS rather than 10%

media, encouraging cells to synchronise at quiescent stage (Rodriguez et al., 2005).

For this assay; cells were seeded in triplicate in a 6-well plate to confluency. Cells
were starved for 24 hours post-seeding using 1% FBS media, then the media was
removed, cells washed with PBS, and a straight line scratched into the cellular
monolayer by hand using a P20 pipette tip, held perpendicular to the adherent surface.
A fresh P20 tip was used on each scratch for uniformity. Cells were washed twice more
with PBS and complete 10% media added. The scratched area was immediately
imaged in 3 places per well via microscopy, then imaged further at 24 and 48-hours
post-scratch. The distance between two sides of the “wound” and the total area
between each side was quantified using ImageJ software to determine possible

experimental effects (ImageJ version 1.5A) (Abramoff et al., 2003).
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2.2.6. Immunofluorescence (IF) and Phalloidin staining

To prepare cells for immunofluorescent staining (Donaldson, 2015): Standard cover
slips were placed in each well of a 6-well plate, sterilised with 70% ethanol, washed
twice with PBS and air-dried. Cells were then seeded at between 1-5x10° cells per well
and incubated in growth media overnight. The following day, the growth media was
removed, and cells washed with PBS twice before fixation in 1 ml of 4%
paraformaldehyde (PFA, Sigma P6148) for 30 minutes at room temperature. After
washing twice more, cells were permeabilised with 500 pl 0.1% Triton (Sigma 9002-
93-1) for 30 minutes and washed a further two times with PBS. At this point, protocols
differ between Phalloidin staining (Sigma Aldrich, 1951) and probing with alternate

primary antibodies:

For Phalloidin staining: Cells were then stained with 800 pl 0.5% Phalloidin for 40
minutes in darkness. Slides were removed from the well and mounted to microscopy
slides using Vectashield Mounting Media with DAPI (Abcam ab104139), incubated
at room temperature for at least 20 minutes and fixed in place using nail polish. These

slides were stored at 4°c and imaged using fluorescent microscopy the following day.

For alternative primary antibodies: cells were blocked with 3% BSA 500 ul/well for
one hour at room temperature, washed three times with 1 ml PBS for five minutes
each, then probed with primary antibody in 2% BSA 400 ul/well overnight at 4°c. The
following day, cells were washed twice with PBS, and probed with secondary antibody
at 1:500 for one hour at 4°c in the dark. Cells were washed twice more with PBS, then
fixed using Vectashield Mounting Media with DAPI (Abcam ab104139), incubated at

room temperature for at least 20 minutes and fixed in place using nail polish. These
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slides were imaged using fluorescent microscopy the following day and stored at 4°c.

Incubation time and antibody concentration was optimised for each assay.

Cells were imaged using Leica DMI3000 B fluorescence microscope (Leica
Microsystems) and Leica Application Suite software (Version 2.5.0.6735). Samples
were imaged using both brightfield and respective fluorescence setting. Fluorescence

and image settings were adjusted uniformly across all images in each experiment.

To quantify changes to cellular morphology: The ImageJ software (ImageJ version
1.5A (Abramoff et al., 2003)) was used to measure total cell area, perimeter and both
long and short cellular axes. As we could not locate a published method for quantifying
cellular elongation from Phalloidin imaging: cell elongation was determined by the

long/short cell axis ratio.

2.2.7. Transfection

Transfection is a method of introducing purified nucleic acids, such as plasmids, to
cells without using viral vectors. In order to induce uptake in cells via endocytosis,
DNA molecules are bound with polyethylenimine (PEI) (Polysciences; 23966-1). The
positively charged PEI will bind and condense negatively charged DNA into positively
charged bundles, which bind more effectively to the negatively charged cell
membrane, facilitating endocytosis (Baker et al., 1997). In this state, plasmid
sequences are expressed and act within that cell (Baker etal., 1997; Longo et al., 2013).
As plasmid transfection is transient, plasmid expression will typically only last several

days, with detectable expression gradually diminishing (Longo et al., 2013).
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For polyethylenimine plasmid transfection: cells were grown to 70% confluency, the
growth media removed and replaced with a solution of low-serum media (such as Opti-
MEM, Thermo Fisher Scientific, 31985070) supplemented with PEI and the plasmid
construct at a ratio of 4-15 pg PEI: 1 pg total DNA. The cells were incubated for 6-8
hours at 37°c, after which the Opti-MEM was replaced with appropriate complete
growth media without antibiotics. If plasmids contain a fluorescent marker such as

tBFP, this will typically be expressed 12-18 hours after initial transfection.

2.2.8. Transduction

This project utilised the pCMV R8.74 packaging plasmid (Addgene #22036) and
pMD2.G (Addgene #12259) envelope plasmids to generate our lentiviral F-box
gRNA-containing constructs. The plasmid backbone of our F-box gRNA library was

the pLv-U6g/PGK-Puro-2a-tBFP transfer plasmid (Addgene, no longer available).

To generate gRNA-containing 3" generation lentiviral particles: HEK293-T cells were
grown to 70% confluency in T75 flasks using complete media at two flasks per
construct. The following day, cells were transfected with the packaging, envelope and
gRNA-containing transfer plasmids at the ratio of: 15 ug gRNA plasmid: 5 ug
envelope plasmid: 10 pg packaging plasmid and between 4-15 pg PEI per 1 ug DNA
in 1.5 ml Opti-MEM per T75 flask. After 6-8 hours, Opti-MEM was replaced with
complete media and cells incubated overnight. The following day, flasks were checked

for transfection efficiency via fluorescence.

For three days post transfection, the growth media was replaced, and old media filtered
through 0.45um filter, aliquoted to 50 ml falcons and stored in suitable hazardous-
sample containment. After three days of harvesting, the media was amalgamated into

50 ml falcon tubes with approx. 7-8 ml of virus sucrose solution and centrifuged at
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25-27g for 4-4.5hours at 4°C. (Virus sucrose solution 50 ml in ultrapure water: 10%
sucrose, 50 mM Tris HCL pH 7.4, 100 mM NaCL, 0.5 mM EDTA) (Jiang et al., 2015).
After centrifugation, the supernatant was carefully discarded and either 500 pl
organoid media or complete ADMEM was added to each tube at left overnight at 4°C.
The following day, this concentrated virus-containing media was aliquoted in 50-100

pl volumes to 1.5 ml Eppendorf tubes and stored at -80°C (Kashfi et al., 2020).

2.2.9. Plasmid Amplification

Plasmid application consists of three stages: bacterial transformation with competent

cells, bacterial amplification and plasmid purification via alkaline lysis.

2.29.1. Bacterial Transformation

The method for the heat-shock of bacterial transformation is as follows (Birnboim and
Doly, 1979): 50 ul Escherichia coli (E. coli) chemically competent cells were
combined with 1-5 pg of plasmid suspended in dH20. This solution was incubated on
ice for 10 minutes, then heated to 42°C for one minute and returned to ice for a further
10 minutes. This solution of transformed cells was initially amplified in 500 pl LB
(Lysogeny Broth, Sigma Aldrich, L3022) for 90 minutes at 37°C while shaking. The
transformed cells can be frozen in 50% glycerol at -80°c or amplified further in LB
media for 12-18 hours at 37°C while shaking. Plasmids in this project used 1%
ampicillin for antibiotic selection (Birnboim and Doly, 1979). An aliquot of bacterial
solution was frozen at each stage of the amplification to ensure against accidental loss

or for future use.

2.2.9.2. Alkaline Lysis Purification

Alkaline lysis is a method of isolating plasmid DNA or RNA from bacterial cells,

relying on the size difference between bacterial and plasmid DNA, as the smaller
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plasmid can easily re-nature after lysis and dissolve in solution, while larger bacterial
chromosomal DNA will instead form white precipitate that can be purified from the
solution. Alkaline Lysis method was adapted from manufacturer instructions
(Genopure Plasmid Midi Kit, Roche Scientific 03143414001, 2020, Figure 2.1). All

buffer preparations are found in Table 2.3.

Centrifuge 5 - 30 ml E coli . Resuspend pelletin 4 ml

culture, at 3000 - 5000 x g Suspension Buffer/RNase
at 2 to 8°C for 10 min
a l Add 4 ml Lysis Buffe
ml Lysis Buffer
Discard supernatant ‘/

Mix gently, incubate
at 15 to 25°C
2 -3 min

Add 4 ml chilled
-l Neutralization Buffer

Mix gently by inversion,
incubate 5 min on ice

!

Clear bacterial lysate by
filtration (or by centrifuga-
tion), transfer flowthrough

(or supernatant) to pre-

equilibrated column
a Add 5 ml Wash Buffer
Discard pellet

Allow the column to empty
by gravity flow and repeat
< this wash step
Discard flowthrough l Add 5 ml Elution Buffer

/

Allow the column to empty
by gravity flow and collect
flowthrough

Add 3.6 ml isopropanol
A equilibrated to 15 to 25°C

Centrifuge at 15,000 x g
at 2 to 8°C for 30 min

a Add 3 ml chilled
A/ 70% ethanol

Discard supernatant
Centrifuge at 15,000 x g
at 2 to 8°C for 10 min

o l
Discard supernatant
Briefly air-dry the pellet
(10 min) and redissolve Add 20 - 100 ul TE Buffer
the pellet - or H20 double dist

Figure 2.1: Flow diagram for alkaline lysis (Mini-prep) isolation and purification

of DNA plasmid from e.coli (Roche Scientific 03143414001).
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Post-amplification in LB, 50 ml of LB was pelleted by centrifugation at 3-5,000 x g at
4°C and the LB aspirated. The pellet was resuspended in 4 ml of Suspension Buffer. 4
ml lysis was added, and solution gently mixed by hand for 2-3 minutes. 4 ml
neutralisation buffer was added to the solution and gently invert by hand until
homogenous suspension is formed, then incubated on ice for five minutes. Lysate was
cleared of debris by centrifugation for 30 minutes at 12,000 x g at 4°C, meanwhile
elution buffer was prewarmed at 37-50°C and purification columns prepared by adding
2.5 ml equilibration buffer and allowing to clear by gravity. Once centrifuged, lysate
was loaded into purification columns through filter paper. Lysate was allowed to clear
column by gravity, flow through collected and reloaded into a column a second time.
Flow through was subsequently discarded. Purification column was washed with 12
ml wash buffer and flow through discarded again. The column was finally inserted into
a centrifugation tube and 5 ml prewarmed elution buffer was added and flow though
collected. 3.6 ml room temperature isopropanol was added to precipitate plasmid DNA
and solution centrifuged for 45-90 minutes at 15,000 x g at 2-8°C. This was repeated
if a pellet did not form. The supernatant was removed, and plasmid DNA pellet washed
with 3 ml chilled 70% ethanol (2-8°C) and centrifuged for a further 10 minutes at
15,000 x g at 2-8°C, after which ethanol was removed, and pellet air-dried for 10
minutes. The pellet was resuspended in 100-150 pl ddH20 and DNA concentration
measured by Nanodrop/spectrophotometer. Minimal DNA concentration should be
>0.4 ug/ pl but can range as high as 3 pg/ pl. High concentration can be diluted and

aliquoted to prevent repeat freeze-thaw cycles. Final product should be stored in -20°C.

2.2.10. Restriction Enzyme Digest and Gel Electrophoresis

The protocol for restriction enzyme digest is as follows (Gonzélez-Ballester et al.,

2005): on ice, 1 pg DNA sample, 2 ul 10x buffer and 1 pl of each chosen restriction
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enzyme was mixed and volume made up to 20 pl with sterile water. The solution was
incubated at digestion temperature (typically 37°C) for one hour and enzyme
inactivated by incubating at 65°C for 15 minutes. The sample should be immediately
visualised or store at -20°C. Agarose gel was prepared at 0.7%-2% using TAE-buffer,
heated until agarose is completely dissolved, cooled at room temperature and
supplemented with 0.15 ul/ ml ethidium bromide and poured into gel dock with
suitable well combs inserted. Once set, the gel surface was covered with TAE buffer
and combs carefully removed. Samples and ladder were mixed with 5x loading buffer.
Gel should be run until loading buffer has reached the end of the gel. Gel should be
visualised by UV light imaging, with DNA fragments appearing as orange bands on a

black or purple background (Lee et al., 2012b).

2.2.11. Protein Extraction and Quantification using RIPA-

mediated Cell Lysis and Bradford Assay

For this project, radioimmunoprecipitation assay buffer (RIPA, Sigma R0278)
supplemented with 1x protease inhibitor cocktail (Sigma Aldrich, P8340) was utilised

for cytoplasmic protein lysis.

To prepare cells for lysis using RIPA (method adapted from manufacturer’s
instructions): Cells were seeded to confluency in 10cm dishes and incubated overnight
at 37°C in complete media. The following day, media was removed, and cells washed
with PBS before 200-600 ul RIPA buffer was added on ice and incubated at 4°C for
20-25 minutes. Cell monolayer was transferred to eppendorf tubes and centrifuged at
12k RCF for 15 minutes. Supernatant was transferred to a fresh eppendorf and stored

at -20°C until needed. Precipitated pellet is discarded.
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Protein concentration in samples was quantified using the Bradford Assay. This assay
utilises the Coomassie Brilliant Blue G-250 dye, which undergoes colorimetric change
when bound to protein, changing from anionic (blue) to cationic (red) depending on
protein concentration in a sample, which can be quantified via spectrophotometer and
compared against known protein concentration standards (Bio-Rad Laboratories,
2000). Using this data, matched protein concentration can be used in comparative

assays such as SDS-PAGE/Western Blot.

For the Bradford Assay: On ice, lysis samples were vortexed and 5 ul of stock protein
supernatant aliquoted to fresh tube and diluted 1:30 with dH20. Dilute 5x Coomassie
Blue dye solution 1:5 with dH20 and 200 pl diluted dye solution was added to each
required well in flat-bottomed 96 well plate. Next, 20 ul of each stock standard and
diluted sample was added in triplicate to the wells. Plate was incubated for 1-3 minutes

at room temperature, shaken gently for 10 seconds and read at 620nm.

2.2.12. SDS-PAGE and Western Blot

SDS-PAGE (Sodium dodecyl sulphate-poly acrylamide gel electrophoresis) and
Western Blot separate proteins according to their molecular weight. These proteins are
subsequently transferred to a protein-binding membrane and probed with protein-

sensitive antibodies to quantify the expression of proteins of interest.

SDS-PAGE and Western Blot protocol (Blancher and Jones, 2001): The SDS-PAGE
gel was inserted into the electrophoresis apparatus and submerged in SDS-PAGE
Running Buffer. A uniform concentration of sample proteins was mixed with loading
buffer, denatured at 95°C for five minutes and loaded to individual wells within the

gel. A protein ladder was loaded to an additional well. The gel was resolved until the
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sample loading buffer was completely run through the gel and the ladder fully

separated.

Transfer sponges were soaked in transfer buffer for several minutes and membrane
activated before use. This project used PVDF membrane for western blot assays
(polyvinylidene difluoride, GE Healthcare, RPN303F). After running, the gel was
carefully extracted and placed within the transfer sandwich. Semi-Dry transfer systems
were set at 15v for 40-50 minutes depending on protein size. Turbo Transfer systems
were set according to manufacturer’s instructions (Trans-Blot Turbo Transfer System,

Bio Rad).

Once transferred, the membrane was blocked using 3% BSA (Bovine Serum Albumin,
Sigma A3294) in PBS for at least one hour at 4°C, then the blocking buffer replaced
with 2% BSA PBS supplemented with appropriate primary antibody and incubated
according to manufacturer’s instructions. Once incubation was complete, the
membrane was washed twice with TBS for 10 minutes before probing with suitable
secondary antibody in 2% BSA. Finally, the secondary antibody solution was
removed, the membrane washed twice more and imaged using a fluorescent membrane

reader (Licor Odyssey XF Imaging System).

Western Blot results were quantified by Densitometry analysis using Licor Image
Studio Lite Version 5.2.5. Band intensity was quantified, and the result normalised for
image background. B-Actin expression was subtracted from target band intensity and

final result normalised against control sample.

2.2.13. RNA extraction, reverse transcription and RT-qgPCR
RNA isolation protocol for this project was as follows (Rio et al., 2010): cells were
seeded to confluency in 10cm dishes and incubated overnight. The following day 1
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ml/10cm? TRIzol (acid guanidinium thiocyanate-phenol-chloroform, Invitrogen,
15596-018) reagent was added and dishes incubated for 3-5 minutes at room
temperature. Lysate was homogenised and transferred to RNAse free tube and 200 ml
chloroform per ml lysate. The vial was shaken vigorously by hand for 30 seconds and
incubated at 15-30°C for 2-3 minutes. Samples were centrifuged at 12,0009 for 20
minutes at 4°C, causing phase separation of sample. Clear aqueous phase was removed
from sample without disturbing interphase or organic supernatant and 0.5ul
isopropanol alcohol for 1 ml sample was added. Sample was incubated at 15-30°C for
a further 10 minutes and centrifuged at 12,000g for 10 minutes at 4°C. Supernatant
was discarded and pellet washed by adding 1 ml absolute ethanol and sample
homogenised with pipette. Finally, sample was centrifuged at 7,500 g for 20 minutes
at 4°C. Supernatant was discarded and pellet air-dried for 5-10 minutes, then dissolved

RNA in 20-25ul RNAse free water.

Once isolated, RNA was used to generate complimentary DNA (cDNA) for the PCR
reaction. Total RNA was reverse transcribed into cDNA using PrimeScript RT
Reagent Kit following manufacturer instructions (Takara-Clontech Laboratories,
RRO37A). To generate cDNA, 1ug RNA sample was incubated with 0.5ul reverse
transcriptase, 50pmol random six-mers primers and 1ul mRNA-binding Oligo dT
primer for 30 minutes at 37°C, then at 85°C for five seconds to inactivate the enzyme

activity. Result was stored in -20°C.

RT-gPCR is used to quantify cDNA amplification during the PCR amplification
process. By utilising a non-specific fluorescent dye that binds to double stranded DNA,
fluorescence is produced only when primers bind to cDNA fragments prior to
polymerase activity. As amplification during PCR cycles is an exponential process,

this fluorescence can be used to quantify initial concentration of targeted cDNA
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sequence, either by absolute or relative to a standard curve or reporter such as -Actin.
This projected utilised SYBR Green | (Roche, 04707516001), which absorbs 497nm
light and emits 520nm light when bound to DNA, thereby enabling quantification of

amplification between PCR cycles.

RT-gPCR protocol was as follows (Nolan et al., 2006): Each RT-gPCR reaction was
prepared on ice: 1ul of each forward and reverse primers at 210mM concentration, 2ul
cDNA solution diluted 1:10, 10ul SYBR Green 1 mix and 6ul purified water to a total
of 20ul per sample/well. RT-qPCR was performed in triplicate to compensate for
variability. This solution is pipetted to a 96 well plate and tested using a LightCycler

480 Il (Roche) or similar instrument.

Relative fold change in RT-gPCR was calculated using the delta-delta CT method (2"
AACt method), which determines the difference in CT values between experimental and
control samples (Livak and Schmittgen, 2001). CT referring to cycle threshold (Ct),
the point at which experimental sample fluorescence is detectable above background.
Delta (%) referring to the difference between two numbers, in this case CT of each
sample against the housekeeping gene (we utilised S-Actin as housekeeping gene in
this project) (Livak and Schmittgen, 2001). Therefore the 2-22Ct method determines
the Delta-CT values of control sample vs housekeeping sample, experimental sample
vs housekeeping sample, then compares those resulting values against each other to
determine significance (Livak and Schmittgen, 2001). Relative fold change is the ratio
change between control (X) and experimental (Y) Delta-CT values as the formula

Y/X-1.
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2.2.14. Cytotoxicity Assay/ICso Proliferation Determination

Assay.

Protocol for this assay as follows (Ahmed et al., 2019): Cells were seeded at 3x10°
cells/well in flat-bottom 96 well plate at 200 pl total per well, Two experimental
conditions in triplicate (3 columns each) with 10 different concentrations can be
performed on a single plate using this approach (Figure 2.2). Cells were incubated at
normal culture conditions for 24-48 hours to ensure resumption of cell function.
Growth media was replaced with fresh media supplemented with drug of interest.
Control wells should be supplemented solution used to initially dilute compound of
interest (e.g., dH20, DMSO, methanol). Cells were cultured for the experimental time
period, after which the media was removed and 200 pl 15% trichloroacetic acid (TCA,
Sigma Aldrich, T4885) added to each well and incubated for 60 minutes at 4°C for
fixation. TCA was removed and wells washed with 200 pl tap water. Water was
removed and plate air dried for a further 1-2 hours. 0.4% Sulforhodamine B solution
(SRB, Sigma Aldrich, 230162) in 1% acetic acid solution 50 pl/well was added and
plate incubated at room temperature for 20 minutes. The SRB solution was removed
by washing each well 5x with 200 pl 1% acetic acid until excess colour is removed.
Plate was air-dried overnight at room temperature. The following day 200 pl 10mM
Tris (Sigma Aldrich, 93349) in dH20 was added to each well and read using
spectrophotometer at 492nM. The data was analysed using GraphPad Prism to
generate ICso value at each experimental condition (Ahmed et al., 2019; Orellana and

Kasinski, 2016).
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Figure 2.2: Example cytotoxicity plate diagram.
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96 well plate was seeded with 3,000 cells per well in 200 ul growth media, leaving
outer edges blank, allowing for six rows of 10 wells each, suitable for two
simultaneous experimental conditions (such as cell lines or drugs) shown here in blue

and red.

2.2.15. Murine Intestinal Organoid Methodology

2.2.15.1.  Preparation of Murine Intestinal Organoid Culture
Media

5 ml 2.5x intestinal organoid culture media was prepared as follows (Kashfi et al.,

2020):

e 500 ul B-27 50x supplement (Fisher Scientific, 12585-010)

e 1mM N-acetylcysteine
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e 250ul 1x N2 supplement (Fisher Scientific, 17502048)
e Make up volume to 5 ml with Complete Advanced DMEM/F-12 media (1% L-
Glutamine. 1% Penicillin/Streptomycin, 10% HEPES Buffer, Fisher Scientific,

17502048)

5 ml 1x intestinal organoid culture media was prepared as follows:

e 2 ml 2.5x intestinal organoid culture media as above

e 50ng/ ml murine recombinant epidermal growth factor (mEGF, Fisher
Scientific, PMG8043)

e 100ng/ ml Noggin-containing media (Produced in-house)

e 1 pg/ ml R-Spondin 1-containing media (Produced in-house)

Make up to 5 ml volume using Advanced DMEM as above

Noggin-rich media was produced inhouse by PEI-mediated-transfection of HEK293-
T cells with the Noggin plasmid to cause Noggin secretion. HEK293-T cells were
grown in complete RPMI and seeded to 10cm dishes at 70% confluency. The following
day, the media was removed from each plate, cells washed with PBS and replaced with
1.8 ml Opti-MEM media containing 15 pg plasmid DNA with 45-60 pg PEI. Cells
were incubated for 6-8 hours at cell culture conditions, then the Opti-MEM was
removed, cells washed with PBS and replaced with complete ADMEM for seven days.
After seven days, media was removed, centrifuged at 4009 for three minutes, filtered
through a 0.22 pl filter and stored at -80 until needed. Noggin expression was validated

by western blot (see Results section 3.1.1).

R-Spondin 1 for this project was produced inhouse using R-Spondin 1-secreting
HEK?293-T cells (cells gratefully gifted by Prof. Hans Clevers). The cells were grown
to 70% confluency in complete DMEM media, the media was then removed and
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replaced with complete ADMEM (5% HEPES, 1% L-Glutamine, 1%
Penicillin/Streptomycin) for one week, after which the media was harvested,
centrifuged, filtered using a 0.22um filter and stored at -80 °C. Concentration of R-
Spondin 1 containing media was initially analysed in our research group by TOP
Luciferase Assay and we determined experimentally that 500ul-750 pl infused media
per 1x organoid media solution was sufficient for intestinal organoid culture (see

Results section 3.1.2).

2.2.15.2.  Luciferase Reporter Assay

To evaluate the activity of the R-Spondin 1 containing media, we used the TOP/FOP-
flash dual-luciferase reporter assay (Promega E1910). This assay consists of two
luciferase expressing plasmids transfected into HEK293-T cells, which are
subsequently exposed to media containing R-Spondin 1. One plasmid contains two
groups of three copies of the TCF/LEF bindings sites upstream of a Firefly luciferase
reporter gene. TCF/LEF are Wnt-mediating transcription factors, as such will be more
highly expressed in R-Spondin 1, therefore also expressing the Firefly luciferase. FOP-
flash plasmid contained three non-functional copies of the TCF/LEF binding site as a

negative control. The Renilla luciferase is used as a transfection control.

Assay was performed according to manufacturer’s instructions (Promega E1910
(Lorenzi et al., 2016a)): HEK293 cells were seeded in triplicate in a six well plate to
confluency and incubated overnight to 60-80% confluency, at which point they were
transfected with both Renilla vector (0.05 pg DNA/well) and either TOP-flash/FOP-
flash plasmids (0.2 pg DNA/well). After six hours, media was replaced with R-
Spondin 1 containing media and incubated for a further 48 hours. After 48 hours,

media was discarded, and cells lysed as previously outlined (Materials and Methods
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section 2.2.11) Lysate was loaded in triplicate to flat bottomed 96 well plate and
50ul/well of Luciferase Assay Reagent II was added into the wells and the
bioluminescence produced was detected by a Luminoskan Ascent Microplate
Luminometer (Thermo Fisher Scientific, UK). In addition, the measurement of the
Renilla luciferase activity was measured by adding 50ul/well of Stop & Glo® Reagent
to the same wells. The Firefly luciferase readings were normalised to Renilla luciferase

readings and then to the activity of the control samples.

2.2.15.3.  Isolation of Murine Intestinal Crypts and Culture of

Murine Intestinal Organoids

Method for isolating and culturing murine intestinal organoids was adapted from Sato

et al 2009 (Sato et al., 2009b) and discussed in detail in (Kashfi et al., 2020).

Briefly, intestinal crypts were isolated from BL6J mice (approx. 4-6 weeks old). Mice
were sacrificed by cervical dislocation and the whole intestine excised from the
abdominal cavity. The sample was cleaned with ice-cold PBS, opened longitudinally,
divided into 1mm sections and washed with cold PBS several times to remove
intestinal contents until PBS became clear. The sample was incubated while rolling in
3mM EDTA for 45 minutes at 4°C to disassociate crypt regions from epithelial tissue.
Afterwards, the sample was transferred to 10% FBS/PBS at room temperature, and
repeatedly agitated and filtered through 70um strainer 3-6 times to remove large solid
debris. Subsequently, the sample was centrifuged at 300xg for five minutes to pellet
crypts. Immediately after, the supernatant was removed, and crypts resuspended in ice-
cold Matrigel (typically 200-300 pl Matrigel/8-12 wells per isolation), 25uL of which
was seeded to the centre of a well in 96 well plates and incubated at 37°C for 5-10

minutes until Matrigel solidified. Finally, 300uL fresh mouse organoid media
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prewarmed to 37°C was added to each well and the plate incubated at 37°C. Organoid
growth was monitored by microscopy. Murine colorectal organoids take 6-9 days post
isolation/passage to grow to maturity with multiple crypt/villus-like domains.
Organoids can typically be kept in culture for a further 3-5 days, however organoid

mortality will increase over time if not passaged.

2.2.15.4.  Transduction of Intestinal Organoids with Lentiviral

Particles.

Protocol as published (Kashfi et al., 2020). Protocol for generating lentiviral particles

may be found in section 2.2.8.

Briefly: 40-80 mature murine intestinal organoids were removed from Matrigel,
resuspended in 300uL 4°C PBS and disassociated by repeated pipetting as normal.
These organoids were resuspended in 100uL high-titre virus containing media
supplemented with 0.1% polybrene (8ug / ml concentration) and incubated at 37°C for
four hours, agitating the mixture carefully using 200uL pipette every 30-45 minutes.
Next, organoids were centrifuged for three minutes at 300xg, and virus-containing
media carefully discarded. Organoids were resuspended in Matrigel and seeded to
plates with organoid growth media as with normal organoid passaging. The following
day, any fluorescent selection markers should be visible using fluorescent microscopy.
At this point, organoid culture media can be supplemented with selection agent.
Supplemented culture media should be replaced every 2 days until all control cells are
dead. Continue selection process a further six days/3 media replacements, surviving

organoids can then be cultured as normal for experimental purposes.
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2.2.15.5.  Isolation of RNA from Organoid samples

Organoids were incubated in Matrigel Cell Recovery Solution (Corning 354253) for
three hours at 4 °C, subsequently washed with PBS 4°C and centrifuged at 300xg for
three minutes in microcentrifuge tubes. The supernatant was removed, and organoid
pellet homogenised with 500puL TRI reagent for five minutes at room temperature and
agitated with 200uL pipette every minute. 100uL chloroform was added to samples
and incubated for three minutes at room temperature. The sample was shaken
vigorously by hand and centrifuged at 12,000xg at 4 °C for 15 min to separate RNA
(aqueous phase). The pellet was washed twice with 4°C 75% ethanol by centrifugation
at 7,400xg for eight minutes at 4°C, air-dried and re-suspend with 20 pl of

DNase/RNase free water.

2.2.15.6.  Isolation of Protein from Organoid samples

50-100 mature murine intestinal organoids were removed from Matrigel, resuspended
in ice cold PBS and centrifuged as with normal passage. The supernatant was removed,
and organoid pellet resuspended in 70-80 ul RIPA buffer for 20 minutes in 4°C, while
rocking (20 oscillations/minute), occasionally agitating organoids using a 21-25-gauge

syringe. The resulting protein lysate is suitable for use in Western Blot analysis.

2.2.15.7.  Fixation and immune-histochemical staining of organoid

samples

Organoids were removed from Matrigel as normal, resuspended in 500uL 4% PFA
and incubated at 4°C for one hour. PFA was gently removed, organoids amalgamated
to a single tube, washed with room temperature PBS and centrifuged for three minutes
at 300xg. Washing and centrifugation was repeated three times in total. PBS was

removed, and organoids permeabilised with 500uL 0.5% Triton X 100 for 30 minutes
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at room temperature, then washed twice more with PBS for five minutes. For
Phalloidin staining, 800uL 1:500 Phalloidin was added, and organoids incubated for
40 minutes at room temperature in darkness, washed twice in PBS and mounted to

microscopy slides with DAPI mounting media.

2.2.16. Statistical analysis

All statistical analysis was performed using Microsoft Excel 2010 and GraphPad Prism
8 software. All experiments were independently performed 2-3 times or as noted in the
text. Error bars represent standard deviation (STDEV). Significance was determined
using Students t-test and P values = P < 0.05 (*), P <0.01 (¥*), P <0.001 (***), P <

0.0001 (****),
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Chapter 3: Utilising Murine
Cas-9-Expressing Intestinal
Organoids for screening of F-

box Genes Function
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3. Brief Introduction

Immortalised in vitro cell culture is an invaluable method in biomedical research,
providing a cheap, easy-to-use and plentiful system for exploring experimental
objectives ranging from drug discovery to functional genetics. However, in vitro cell
cultures are mono-cellular and two-dimensional platforms, thereby failing to
adequately encapsulate origin tissues, and genetic drift making results difficult to
replicate. Studies using immortalised cell lines often cannot be replicated in in vivo
animal models (Mak et al., 2014). Alternately, in vivo models more accurately predict
patient/human responses to experimental conditions while also enabling more
comprehensive analysis, but are also expensive, technically challenging and ethically
contentious. This lack of translatability of cell lines and expense of animal models
severely impacts biomedical research and therefore there is a need for novel,

translatable, in vitro models

Recent advancements in stem cell methodology have introduced organoids as a novel
in vitro culture system. Organoids are three-dimensional, multicellular in vitro cultures
that accurately encapsulate the cells found within the original tissues (Boretto et al.,
2019). Organoids have been generated from over a dozen tissue types including brain,
intestine, breast, pancreas and lung, and employed in fields including drug discovery
and screening, genetic modelling as well as disease and cancer modelling (Drost and
Clevers, 2018; Holloway et al., 2019; Perkhofer et al., 2018; Takahashi, 2019).
Intestinal organoids are initially isolated from Lgr5-positive multipotent stem cell
within the intestinal crypt and were first established by Sato et al (Sato et al., 2009b).
Owing to the highly corrosive environment of the intestine, intestinal stem cells are
highly proliferative, making intestinal organoids one of the most popular types of

organoids (Sato et al., 2009b). Recent data reports suggest that intestinal and colorectal
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patient-derived organoids (CRC PDOs) may inherit genetic and pathological
characteristics from the original tissue (Boretto et al., 2019; Kashfi et al., 2018).
Therefore, organoids are emerging as a “middle ground” option between in vitro
immortalised models and in vivo animal studies, and future organoid studies will

continue to expand on the possible uses of this system.

The focus of this chapter is firstly to establish and optimise methodology for in vitro
murine intestinal organoid functional screening by generating and validating the Cas-
9-expressing organoids. Next, we utilised Cas-9 expressing organoid lines to generate
F-box knockout organoids by transducing the F-box gRNA lentivirus library and
exploring resulting effects on organoid growth and morphology (Figure 3.1). This
chapter was accomplished in collaboration with Dr Hossein Kashfi in the Dr Nateri’s
laboratory. The methodology section of this chapter has recently been published in

Methods in Molecular Biology (Kashfi et al., 2020).
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Figure 3.1: Diagram of method of generating CRISPR/Cas-9 expressing murine

intestinal organoids via lentiviral transduction.

Intestinal crypts are isolated from the mouse small intestine and colon, seeded into
Matrix and cultured. Once mature, these organoids are transduced with Cas-9
expressing vector, re-cultured and selected for expression. These transgenic
organoids can be re-transduced with a Cas-9 gRNA plasmid to knockout expression

of a target gene (Kashfi et al., 2020).
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3.1.Results

3.1.1. HEK293-T cells were transfected to express and secrete

Noggin protein and validated by Western Blot.

Healthy/normal murine intestinal organoids require highly specific culture media to
maintain stemness and induce mitosis. One factor required in organoid culture media
is Noggin, a 64kDa disulphide-bonded homodimer glycoprotein governing factor in
Bone Morphogenic Protein activity (BMP). BMP affects intestinal stem cell self-
renewal by suppressing Wnt-p-catenin signalling, and early studies demonstrated that
Noggin supplementation is necessary for continued healthy/normal organoid viability
in vitro (Sato et al., 2011; Sato et al., 2009b). To reduce the batch-to-batch variability
of commercial Noggin, we determined to produce supplementary Noggin in-house by

generating Noggin-secreting HEK-293-T cells.

HEK-293-T cells were cultured and seeded to 70% in T75 flasks. The following day,
cells were transfected with 60 pg:15 pug PEI (Polyethylenimine): Noggin plasmid as
outlined in Materials and Methods section 2.2.7. A separate flask was simultaneously
transfected with GFP plasmid as a control for transfection efficiency. 24 hours-post
transfection, fluorescence of the control was examined to determine transfection
efficacy. Noggin-transfected cells were incubated in antibiotic-free media for seven
days. Day seven post-transfection, Noggin-containing cell media was removed,
centrifuged and subsequent filtered using a 0.22um filter and aliquoted for freezing.
Noggin expression of each batch was determined by Western Blot analysis using 10%
SDS-PAGE gel and 1:1000 Noggin antibody concentration. Noggin recombinant

produced in HEK-293-T cells is a disulphate-linked glycosylated homodimer with a
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total molecular weight of 64-65 kDa (Figure 3.2). Therefore, conditional media was

enriched with secreted Noggin suitable for organoid media supplementation.

We determined that 0.5-1 ml of Noggin-containing media per 5 ml 1x organoid culture
media was most effective in stimulating organoid growth and maintaining stemness
activity. Increasing Noggin concentration further had no noticeable impact on
healthy/normal organoid growth. Removal of Noggin supplementation caused arrested

growth and rapid organoid death as previously established (Kashfi et al., 2018).

Figure 3.2: Secretion of recombinant Noggin protein in cell culture media post-

transfection confirmed by Western Blot.

Cell culture media was harvested and 20 pl filtered media was analysed via Western

Blot using 10% SDS-PAGE gel and 1:1000 Noggin antibody concentration.

3.1.2. R-Spondin 1 Conditional Media was produced using R-

Spondin 1 expressing stable cells.

Another factor required to maintain stemness activity for normal murine intestinal
organoids in vitro is R-Spondin 1. R-Spondin proteins are Wnt/p-catenin agonists and
required for LGRS stem cell activity (Levin et al., 2020).. Like Noggin, R-Spondin 1
inclusion in intestinal organoid media is necessary for healthy/normal organoid growth
and viability (Levin et al., 2020). We also determined to produce recombinant R-

Spondin 1 in-house via HA-R-Spol-Fc cells (gratefully gifted by Prof. Hans Clevers).

HA-R-Spol-Fc cells were cultured to 70% confluency and incubated with antibiotic-
free media for seven days. Media was then centrifuged, filtered using a 0.22um filter

and aliquoted for storage in a -80°C freezer. Due to lack of available R-Spondin 1
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primary antibodies for western blot validation, suitable R-Spondin 1 media
supplementation was determined experimentally, with 0.5-0.75 ml in 10 ml 1x
organoid media deemed sufficient to sustain organoid cultures. R-Spondin 1 activity
was also measured using TOP/FOP luciferase reporter assay (Materials and Methods
Section 2.2.15.2, Data not shown) (Lorenzi et al., 2016a; Seyed Mohammad Hossein

Kashfi, 2018).

3.1.3. Amplification and Validation of F-box gRNA plasmid

library

Due to insufficient penetrative power, high toxicity and low transfection efficiency in
organoids and complex tissues, Polyethylenimine-mediated transfection (PEI) as
previously discussed (Materials and Methods section 2.2.7) was deemed unsuitable for
3D cultures. Methods such as electroporation also have low transfection efficiency in
murine intestinal organoids (Fujii et al., 2015). To effectively utilise CRISPR-Cas-9-

mediated gene editing in organoids we used a gRNA lentiviral library.

Prior to generation of lentiviral F-box gRNA-containing constructs (Figure 3.3), each
plasmid was amplified using E. coli via plasmid transformation, amplification and
alkaline lysis for DNA isolation. The initial F-box gRNA library was generated and
validated by Dr Emmanouil Metzakopian at Sanger Institute (Cambridge, UK). This
library contained 126 unique gRNA lentiviral vector DNASs (two copies of each known
63 murine F-box gene) and provided in competent E. coli bacteria. Each plasmid-
containing bacterium was amplified to sufficient volume in LB media and their DNA’s
purified by alkaline lysis using the manufacturer’s instructions. Post-purification DNA
concentration was determined by Nanodrop/spectrophotometer analysis, which ranged

between 0.1pg/ul to 3.0ug/ul. Following previous experience, DNA with
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concentration <0.4pg/ul could produce poor transfection efficiency in HEK293-T cells
irrespective of final plasmid volume used in transfection protocol. Where necessary
plasmids were repeatedly amplified and amalgamated to produce working
concentration. A small number of plasmids repeatedly produced extremely poor
plasmid DNA concentrations post-lysis and were removed from the project; however,

we successfully amplified at least one plasmid for each F-box gRNA.

Validation of plasmids was performed using restriction enzymes digestion and gel
electrophoresis. From plasmids which we successfully amplified and isolated suitable
DNA concentrations, four were chosen at random for restriction enzyme digestion
analysis (e.g., two copies of gRNA plasmids prepared for FBXO3 (Al & A2) and
FBXL15 (A3 & A4)). Validation utilised the EcoRI and EcoRI/Pvull enzymes (Figure
3.4). The EcoRI enzyme cut in a single site while the Pvull enzyme digest at multiple
locations. It appears DNAs were partially cut by EcoR1. At the same time, Pvull
resulted in completely digested gRNA plasmids with DNA bands on the gel
corresponding to the size of DNA fragments calculated on the plasmids map and as
expected following the manufacturer guideline (Sanger). Gel electrophoresis results
indicate that plasmid library was uncontaminated and suitable for use. These plasmids
were further sequenced, blasted and confirmed the insertion of their specified gRNA
(data not shown (Kashfi, 2020)) Figure 3.3 shows the pLv-U6g/PGK-Puro-2a-tBFP

plasmid schematic.
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Figure 3.3: Schematic presentation of pLv-U6g/PGK-Puro-2a-tBFP plasmid.

Diagram showing structure of pLv-Ugg/PGK-Puro-2a-tBFP plasmid used in gRNA F-
box library. The library utilised a backbone vector in constructing the F-box gRNA’s

library at the Sanger Institute.
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Figure 3.4: Restriction Enzyme Digestion analysis of plasmids constructed for FBX03-gRNAs (Al & A2) and FBXL15 (A3 & A4)

using EcoRI and EcoRI/Pvull enzymes.

Plasmids were incubated with restriction enzymes and subjected to gel electrophoresis analysis. Results indicate that all four plasmid
samples produced identical bands in both individual and mixed enzyme samples, therefore contain expected plasmid and no genetic
contaminants. Al and A2, and A3 and A4 representing the two copies of FBXO3-gRNAs and FBXL15-gRNAs each plasmid within the

F-box gRNA library.
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3.1.4. Generation of Cas-9 and F-box gRNA containing

lentiviral particles

Once plasmids were validated, the Cas-9 and F-box gRNAs expressing lentiviral
particles were generated as previously outlined (Materials and Methods section 2.2.8).
HEK?293-T cells were grown to 70-80% confluency in T75 flasks. These cells were
transfected using PEI and 3rd generation LV construct components (final
concentrations per flask: 15ug LV construct, Sug pMDG2 packaging, 10ug pCMV
R8.74 packaging plasmid, 1.5 ml Opti-MEM) for 6-8 hours at 37°C. Following which,
transfection media was replaced with antibiotic-free growth media and flasks
incubated overnight. As all F-box gRNA lentiviral plasmids used in this project were
engineered with blue fluorescent protein (BFP), transfection efficiency was
determined by fluorescent microscopy 24 hours post transfection with green
fluorescent protein efficiency (GFP) used as control (Figure 3.5). For three days post-
transfection, the virus-containing media was harvested from flasks and replaced with
fresh antibiotic-free growth media. The virus-containing media was filtered through
0.45um filter unit and stored at 4°C in suitable hazardous-sample containment. After
three days of harvesting, the cells were discarded, and virus-containing media was
amalgamated to 50 ml falcon tubes with 7-8 ml of virus sucrose solution and
centrifuged at 25-27g for 4-4.5 hours at 4°C. Subsequently the supernatant was
carefully discarded, and either 500 pl 1x organoid media or complete ADMEM was
added to each 50 ml falcon and left overnight at 4°C to resuspend virus particles. The
following day, this media was aliquoted in 50-100 pl volumes to 1.5 ml Eppendorf

tubes and stored at -80°C.
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Brightfield Fluorescence

Scale bar 75um

Figure 3.5: Transfection efficacy of lentiviral F-box gRNA plasmid expressing
BFP (Figure 3.3) and a control lentiviral (PLVx-eGFP) plasmid in transfection of

HEK?293-T cells by fluorescent microscopy.

Lentiviral vectors were generated by co-transfection of 3" generation lentiviral
constructs with F-box plasmid into HEK-293-T cells. Transfection success was
determined by fluorescence 24 hours post transfection, with 270% fluorescence
producing optimal results. Viral-rich media was harvested for three days post-

transfection and titrated using sucrose solution. Scale bar 75um.

3.1.5. Culturing and expansion of wild type mouse intestinal

organoid cultures by crypt isolation.
To generate Cas-9-expressing murine intestinal organoids, wild type murine intestinal
crypts were first isolated from 4-6-week-old C57BL/6J mice and embedded in
Matrigel and organoid culture media using the method previously described (Kashfi et
al., 2020; Li et al., 2019b; Lorenzi et al., 2016a; Sato et al., 2009a) (Materials and

Methods section 2.2.15). Organoid media was replaced every 2-3 days. Organoid
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growth was monitored and imaged every 24-48 hours using brightfield microscopy.

Fully matured organoids were passaged every 8-12 days as required.

Figure 3.7 shows representative images of murine intestinal organoid growth. Day 1
intestinal organoids displayed a spherical or “bubble” like appearance containing few
cells (Figure 3.7, left first panels). Organoids began to develop initial stages of crypt
and villus anatomical regions on day 2-3 post-isolation, with expansion accelerating
from day 4 to produce mature organoid structures containing between 1-6 villus
regions (bulging finger-like areas, Figure 3.6) linked by villus regions (indented or
flattened areas closer to the organoid core) by day 7. After disassociation and passage,
each developed villus region can establish a new organoid. Day 7 onwards the
organoid continued to grow. After this point, the organoid central lumen began filling
with necrotic cells and debris due to reduced nutrition supply to inner tissues, resulting
in gradually increasing risk of organoid rupture and death. Organoids may survive up
to 14 days or longer in culture before death, but typically required passage on day 7-

10.

Villus region

Crypt region
Figure 3.6: Diagram of crypt,

villus and lumen regions of murine intestinal organoids.
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Figure 3.7: Murine intestinal organoid growth Day 1-6 post isolation demonstrate crypt and villus regions similar to in vivo

structures.

Intestinal crypts were isolated, embedded in Matrigel and imaged each day to monitor growth and survival. Day 1-6 organoids gradually
develop crypt and villus regions. Day 6 organoids are large enough to be passaged into further cultures. Organoid growth continued until
day 8+, at which point increasing volume of debris in the lumen eventually causes organoid rupture and death. Scale bar: 25 uym top row
& 75um middle and lower rows

118 |Page



3.1.6. Generation of transgenic mouse intestinal organoids

overexpressing Cas-9 using lentiviral transduction.

In order to utilise the CRISPR F-box plasmid library with less variability among
different and multiple organoid cultures, we were first required to generate Cas-9
expressing murine intestinal organoids. To generate Cas-9 expressing murine
intestinal organoids, 30-40 mature organoids (Day 6+) were removed from Matrigel,
resuspended in cold PBS and disassociated as previously described (Materials and
Methods section 2.2.15.4). Following centrifugation, pelleted organoids were
resuspended in 100 pl concentrated viral media (based on transduction efficiency,
Figure 3.5) with 0.1 pl polybrene for four hours at 37°C and gently agitated every 30-
45 minutes, after which the organoids were reseeded to Matrigel with 1x organoid
growth media. The following day, growth media was replaced with fresh growth media
supplemented by selection agent. Organoids were selected by 200 pg/ pl
G418/Geneticin for two passages (approx. 14 days total) replacing media every 2-3
days. Following complete selection, organoids were expanded, and 80-100 organoids
were lysed for protein using RIPA in the manner previously described (Materials and
Methods section 2.2.15.6). Results indicate that organoids were successfully
transduced to express Cas-9 enzyme. Cas-9 expression in intestinal organoids is

comparable to DLD-1 Cas-9 expressing cells (Figure 3.8).
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Figure 3.8: Validation of Cas-9 protein expression in murine intestinal

organoids using Western Blot Analysis.

Results indicate the organoids were successfully transduced to express Cas-9
enzyme. Colorectal cancer DLD-1 cells expressing Cas-9 were used as a positive
control. Western Blot was performed on 10% gel at 1:1000 antibody concentration
with 24-hour incubation. Image taken in collaboration with Dr Kashfi, who produced

the organoid protein and performed the western blot.

3.1.7. Selected candidates of F-box from organoid screening

Of the 63 murine F-box, we successfully screened 32 (51%) for significant
morphological or growth abnormalities in murine intestinal organoids. We were
unable to complete the remaining screen samples due to unknown contamination that
repeatedly appeared in Cas-9 organoid lines. This contamination reduced organoid
growth rate, presumably by consuming growth media and we were unable to
completely eradicate it. As this contamination was combined with limited laboratory
access during the COVID pandemic in the 3™ year of my PhD period, we determined

to utilise other methods to analyse significant screening candidates further.
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In the first stage of screening, we identified significant morphological or phenotypic
differences in five F-box gRNA expressing (i.e., knockout (KO)) organoid lines:
foxol7, fbxo31, fboxI17, fbxI18 and fbxI5 (Table 3.1). Of these significant results,
FBXL5 was chosen for further investigation due to the limited data published on

FBXLS5 in colorectal cancer (CRC).

Table 3.1: F-box candidates for further functional analysis identified using
Cas-9-expressing transgenic organoid screening through transduction of F-

box gRNA lentiviruses.

F-Box with
F-box family F-box gRNAs screened significant
phenotypes

FBXL2, FBXL4, FBXLS5, FBXL7,
FBXL FBXLS, FBXL13, FBXL14, FBXL17,
FBXL18

FBXW FBXW2, FBXW10

FBXO3, FBX04, FBX09, FBXO10,
FBXO11, FBXO16, FBXO17, FBXO018,
FBX022, FBXO025, FBX028, FBX030, | FBXO017, FBXO31

FBXLS, FBXL17,
FBXL18

FBX0 FBXO031, FBXO33, FBX036, FBXO038,
FBX039, FBX040, FBX043, FBX045,
FBXO047
3.1.8. Loss of intestinal foxI5 in mouse organoids leads to

significant morphological changes

As shown in Figures 3.8 and 3.9, by day 5-7 control GFP organoids grew in a tight,
roughly spherical-like structure with cohesive, well-established crypt and villus
regions surrounding the central lumen. However, organoids transduced with the
FBXL5 gRNA grew in a less organised manner, displaying more lateral rather than
roughly spheroid-like growth as well as less clearly defined crypt and villus regions

that developed apparently at random rather than outwardly from the lumen (Figure
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3.9). This suggests that FBXL5 may significantly affect stem cell and progenitor
growth activities. We were unable to isolate sufficient protein to validate successful
knockout of fbxI5 in organoids, however the significant alterations in both cross-

sectional area and growth rate suggest at least partial knockout of FBXL5.

Figure 3.10 shows surface plot graphs generated from representative GFP control and
foxI5 transduced organoids, indicating that fbxI5 organoids may have less cohesive
growth both horizontally and vertically compared to controls. (Surface Plots generated
using Interactive 3D Surface Plot 2.4 plugin for ImageJ. Grid Size 1024, Smoothing
20.0, Perspective 0, Lighting 0.21, Scale 1.4, z-Scale 0.58, Maximum 100%, Minimum

0% Inverted Enabled).

Organoid growth rate was measured by changes to perimeter, surface area and
estimated 3D volume. Organoid volume was estimated by taking 3-4 measures of each
organoid’s diameter. Half the average of these measures was considered the organoid
radius (r) and volume was estimated using the formula V = 4/3rr3 (Cai et al., 2018;
Nam et al., 2018; Pastuta et al., 2016). Quantification of crypt/lumen regions between
organoid types was considered as an alternative method of comparative analysis, but
difficulty in accurately identifying crypt/lumen regions in 2D brightfield images at
different stages of growth made the method unsuitable. However, as shown in Figure
3.9 and Appendices Figure 8.1, fbxI5 transduced organoids appeared to have fewer

budding regions than Cas-9 murine intestinal organoids.

The full list of analysis measures and statistical significance used is shown in Table
8.2 in Appendices. The total WT organoid images N = 140 and total FBXL5 KO
images N = 86. Please see Appendices Figure 8.1 for additional representative images

of FBXL5 transduced murine intestinal organoids.
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Organoid growth rate and average surface area was analysed for both parental Cas-9
murine intestinal organoids and FBXL5 KO organoids as outlined (Figure 3.11A and
B). Results indicate that FBXL5 KO organoids had significantly increased 2D surface
area on days 1, 3 and 5, however despite their greater horizonal growth and
morphological differences, this trend was reversed on day 7 (Figure 3.11A) (Day 1-
Day 7 p = < 0.001). Organoid estimated growth rate by volume was not significantly
different until day 7, at which point growth rate was reduced in FBXL5 KO organoids
(Figure 3.11B), which may account for the reduced overall surface area in FBXL5 KO

organoids on day 7.
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Scale bar: 75um.

Representative images of Cas-9 expressing murine intestinal organoids transduced with GFP-containing lentiviral construct or fbxI5
CRISPR plasmid. As shown, control GFP organoids grow in a tight, 3-dimensional structure, whereas FBXL5 KO organoids grow
outwards laterally with less cell cohesion. This suggests that foxI5 may affect stem cell growth patterns. Scale bar: 75um. FBXL5 KO

organoid images taken by Dr Kashfi. See Appendix Figure 8.1 for further representative images of FBXL5 KO murine intestinal organoids.
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Day 3 Day § Day 7

Figure 3.10: Surface Plots of control and fbxI5 knockout organoids show incohesive vertical growth in knockout organoids

Surface Plots were generated from 2D fluorescent microscopy images of control and fbxI5 knockout organoids, indicating that control
organoids show broadly cohesive vertical growth, while FBXL5 KO organoids grow in a less consistent manner. Surface plots generated

from Figure 3.9 images via Interactive 3D Surface Plot 2.4 plugin for ImageJ.
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Figure 3.11: FBXL5 KO induced changes to murine intestinal organoid surface

area and growth rate.

(A) Results demonstrate that FBXL5 KO organoid morphology differs substantially
from wild type organoids by dramatically increased 2-dimensional surface area. (B)
Analysis of estimated organoid growth rate by volume found that FBXL5 KO
significantly reduced growth rate between days 5-7 (Organoid volume was estimated
by taking 3-4 measures of each organoid’s diameter. Half the average of these

measures was considered the organoid radius (r). Volume was estimated using the
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formula V = 4/3nr3). Student’'s T-Test was used to determine significance. Total WT

images N = 140, total FBXL5 KO images N = 86. Error bars represent standard

deviation, P < 0.05 (*)’ P <0.01 (**), P < 0.001 (***).

3.2.Discussion

In this chapter, we produced and validated the activity of Noggin-enriched cell media
and R-Spondin 1-enriched cell media to supplement healthy/normal organoid growth
media. We also showed the methods and materials used to generate Cas-9-expressing
murine intestinal organoids, transduce knockout F-box gRNAs expression and
subsequently determine significant effects on organoid growth and morphology by

utilising brightfield microscopy.

As detailed in Introduction section 1.3, several previous studies have generated Cas-
9-mediated genetic mutations in varying organoid types. Primarily, this has been
achieved by simultaneous cellular introduction of both free-floating Cas-9 enzyme and
plasmid, such as by electroporation or PEI-mediated transfection. <1% organoids used
in these experiments survived and was successfully transduced, and therefore this
method impractical for studies requiring large volumes of organoids (Drost et al.,
2015; Fujii et al., 2015; Matano et al., 2015). As our method has both higher initial
efficiency, potential for upscaling and requires no additional equipment beyond
standard cell culture apparatus, we feel that a lentivirus-based approach is more
suitable to wider adoption and screening development. To our knowledge, only one
study has generated Cas-9 expressing murine intestinal organoids using polybrene-
mediated transduction, which was published simultaneously with this project (Takeda

et al., 2019) (Kashfi et al., 2020).
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By generating a Cas-9-expressing murine intestinal organoid line, we have also
reduced variability in organoids caused to repeated isolations and transductions.
Control variability is vital in functional screening based on morphological examination
among cultured organoids, and by generating our experimental organoids from a single

line of Cas-9-expressing murine intestinal organoids, variability has been minimised.

We demonstrated a low cost and high efficiency method for generating Cas-9-
expressing murine intestinal organoids and successfully screened 32 of the 63 possible
murine F-box genes for effects on murine intestinal organoid growth or morphology

and found significant effects in fox017, foxO31, fbxI17, foxI18 and fbxI5.

FBXO17 is found overexpressed in certain lung adenocarcinoma cell lines and lung
cancer samples (Suber et al., 2018), and overexpression may modulate both AKT and
ERK kinase to increase cell proliferation and the Wnt/B-catenin pathway in
hepatocellular carcinoma (Liu et al., 2019b). Additionally, FBXO17 may negatively
regulate Type 1 interferon signalling in innate immunity (Peng et al., 2017a). FBXO31
may target MDM2 for degradation and facilitate p53-mediated cellular activity in
response to cellular stressors (Malonia et al., 2015). FBXL17 binds the oncogene
UAP1 enzyme for ubiquitination, loss of FBXL17 is noted in both breast and prostate

cancer (Itkonen et al., 2015; Mason et al., 2020).

FBXL5 is poorly studied, and the mechanism by which FBXL5 affects organoid
morphology and growth rates is unclear. As elaborated in more detail in Introduction
section 1.5.7: fbxI5 knockout in mouse neural stem progenitor cells resulted in an
increased number of neural stem progenitor cells (NSPCs) and accumulation of
reactive oxygen species by activation of mTOR (YYamauchi et al., 2017). Human

FBXL5 also governs PTEN (Phosphatase and Tensin homolog, deleted on

128 |Page



chromosome 10) expression in the PTEN/PISK/mTOR pathway by unknown means,
which in addition to a central regulator for metabolism and physiology in cells, is
frequently a vehicle for oncogenic and tumour suppressive signalling (Yao et al., 2018)
and may therefore be responsible for the abnormal FBXL5 KO organoid
characteristics. FBXLS5 regulates EMT by ubiquitination of SNAIL (Wu et al., 2015b).
Mesenchymal cells typically possess elongated morphology and increased migration
and invasive properties, all of which may explain the novel FBXL5 KO organoid
phenotype. Organoids have been used as a model for EMT in several studies (Hahn et
al.,, 2017; Zhao et al., 2021a). As FBXL5 has limited available data, further
downstream analysis of FBXL5 may determine novel substrates and interactions that

contribute to organoid morphology.

These results demonstrate both the validity and practicality of our method of utilising
Cas-9 murine intestinal organoids as a method and tool for functional analysis of novel
and unknown genes. However, further investigation of these significant F-box genes
is necessary to determine how translatable these results are to human colorectal cancer.
It must also be noted that murine intestinal stem cells and organoids may not actually
express all F-box or have non-comparable functions or paralogs. Whether a gene of
interest is expressed in murine intestinal organoids must be considered when

evaluating the use of transgenic murine intestinal organoids as a model system.
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Chapter 4: Loss of Functional
Analysis of FBXLS5 cultured

colorectal cancer cells
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4. Brief Introduction

The previous chapter described how the organoid screening project identified several
functionally unknown F-box genes in the intestine, demonstrating potential impacts on
intestinal organoid growth. Of these candidates, FBXL5 was chosen for further
functional analysis in colorectal cancer (CRC) cells. In addition to the effect on
intestinal organoid growth, FBXLS5 was chosen due to the limited published data
available on FBXL5 impact on colorectal cancer (Ruiz and Bruick, 2014), as outlined

in chapter 3.

FBXL5 is a 78kDa F-box E3 ligase of the FBXL family that governs the specificity of
protein substrates for degradation within the UPS. In colorectal cancer, FBXL5 mRNA
expression has been found significantly lower in primary tumour samples compared
to paired tissues at all stages of cancer development (Figure 1.9) (Jiang et al., 2021),
although other studies have shown that FBXL5 protein expression is upregulated in

colorectal cancer (Yao et al., 2018).

Previous studies have demonstrated that FBXL5 impairs epithelial-to-mesenchymal
transition (EMT) by targeting SNAIL protein for ubiquitination (Vifias-Castells et al.,
2014). The PI3K/AKT/mTOR pathway is associated with cell proliferation and
apoptosis and is a frequently dysfunctional pathway in colorectal cancer (Papadatos-
Pastos et al., 2015). FBXLS5 has been found to negatively regulate PTEN (Phosphatase
and Tensin homolog, deleted on chromosome 10) expression in colorectal cancer
tissues by negative regulation of PTEN protein (Yao et al., 2018). Results established
that FBXL5 expression was also significantly increased in colorectal cancer tissues
and greater FBXL5 expression correlated with lower post-surgical survival rates in

colorectal cancer patients (Haifeng, 2017; Yao et al., 2018).
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Additionally, loss of FBXL5 has tumour suppressive properties in cervical, lung and
colorectal tissues by interfacing with PTEN signalling (Cen et al., 2014; Chang et al.,
2020; Tang et al., 2014; Yao et al., 2018). However, there is still limited information
on FBXLS5 roles and mechanisms of action in colorectal cancer which might account
for the morphological and growth alterations observed in the murine intestinal

organoids.

Therefore, this chapter will initially characterise cell behaviour in cultured colorectal
cancer cell lines DLD-1 and SW480 knocked out for FBXL5 gene (hereafter FBXL5
KO), including morphology, growth patterns, cell migration/attachment, cell division
and initial follow-up on potential epithelial-to-mesenchymal related mechanism

mediated phenotypes.

4.1.Results

4.1.1. Generation of DLD-1 and SW480 Cas-9 expressing cells

and FBXL5 KO cell lines using FBXL5- gRNA constructs.

To further characterise FBXL5 function in CRC cell lines, we generated stability
expressing Cas-9 DLD-1 and SW480 cells by transduction of 70% confluent cells with
Cas-9 lentiviral vector as outlined in Materials and Methods section 2.2.7. Transduced
cells with lentivirus expressing Cas-9, were selected using G418/Geneticin 200 pg/ pl
for 2-3 weeks until all control cells were dead. Single cell derived colonies were
carefully picked and amplified for further analysis. Subsequently, the Cas-9 protein
expression was confirmed by western blot analysis (Figure 4.1). Confirmation blots

were repeated twice.
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DLD-1 SW480
Cas9- Cas9+ Cas9- Cas9+

Figure 4.1: DLD-1 and SW480 cell lines expressing constitutively Cas-9

validated using Western Blot.

Expression of Cas-9 enzyme was validated post-transduction in DLD-1 and SW480
cells using Western Blot analysis (Cas-9 antibody 1:1000, in collaboration with Dr
Kashfi who produced the DLD-1 image). 100ug protein lysate was loaded into each

well of 10% SDS-PAGE gel.

The FBXL5 plasmid gRNA sequence was conserved across all human and mouse
genes and therefore should mutate both human and mouse FBXL5 genes
(AAATGGACAGCATTACCTCAGG, please see Appendices Table 8.1 for full list of
F-box gRNA sequences) (Benson et al., 2013; Howe et al., 2021; NCBI, 2018). The
Cas-9-expressing DLD-1 and SW480 cells were subsequently transfected with the 60
ug Polyethylenimine (PEI) and 15 pg FBXL5-gRNA plasmid to generate cell

expressing stable FBXL5 KO (as outlined in Materials and Methods section 2.2.7).

Fluorescent microscopy analysis showed approximately 15-20% transfection
efficiency on both DLD-1 and SW480 cell lines (data not shown). Post-transfected
DLD-1 cells were then selected by treating cell with Puromycin at 20ug/ ml and
SW480 cells required 3ug/ ml Puromycin. Single cell derived/surviving colonies were

isolated into separate wells and expanded for further analysis.
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To validate successful FBXL5 KO in DLD-1 and SW480 cells, cells were lysed using
RIPA buffer and analysed using SDS-PAGE Western Blot assays. 100ug protein was
loaded into 10% SDS-PAGE gels, transferred to PVDF membrane by semi-dry
transfer, blocked with 3% BSA for one hour and probed with the anti-FBXLS5 antibody
at 1:100 concentration for 48 hours at 4°C. Densitometry analysis of results was
normalised to 1 against the control sample. Due to difficulty with the anti-FBXL5

antibody, western blot was not repeated.

As shown in Figure 4.2A (left panel): DLD-1 FBXL5 KO cell line demonstrated a
complete knockout of FBXL5 protein expression compared to the untransfected DLD-
1 cells. However, SW480 Cas-9 expressing FBXL5 KO cells showed an incomplete
FBXLS5 protein knockout by 85.1% protein reduction at their first passage compared

to control, possibly due to only a single allele deletion (Figure 4.2A right panel).

Further validation by RT-gPCR indicates effective knockout was achieved with both
DLD-1 and SW480 Cas-9 expressing FBXL5-gRNA cells displaying significantly
reduced FBXL5 mRNA expression compared to control cells (DLD-1 P = 0.0053,

SW480 P = 0.038, Figure 4.2B).

RT-gPCR oligos for human FBXL5 was generated from the longest identified isoform
(isoform 1, CCDS3415.1, exons 1 and 2) using the NCBI Blast tool and was specific
to the largest possible number of isoforms. As outlined in Introduction section 1.5.7:
the human FBXL5 gene has nine predicted protein-encoding transcript variants (Howe
et al., 2021). However, there is currently no experimental data available on
differentially expressed or cellular differences among FBXLS5 isoforms and splicing

variants, nor whether they are all protein-encoding. Our chosen antibody (Santa Cruz
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sc-376102) could detect all known FBXL5 isoforms, with the epitope near the C-

terminus and is preserved across isoforms.

Figure 4.2: The depletion of FBXL5 expression in FBXL5 KO cell was evaluated
DLD-1 SW480
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(A) Western blot analysis of FBXL5 protein expression in DLD-1 and SW480 cells
showed a complete knockout of FBXL5 expression in DLD-1 KO cells and an 85.1%
reduction in SW480 KO cells compared to control cells. 100ug protein lysate was
loaded into each well of 10% SDS-PAGE gel. (B) mMRNA FBXL5 expression was also
reduced in both DLD-1 and SW480 cells. RT-gPCR assay was performed in triplicate
and repeated twice in total and result normalised to 1 for comparison. Error bars

represent standard deviation. P values = P < 0.05 (*), P < 0.01 (**), P < 0.001 (**).

4.1.2. Studying the loss of FBXL5 in growth, morphology,
migration and EMT activities in DLD-1 and SW480 CRC cell

lines

With the establishment and validation of stable FBXL5 KO DLD-1 and SW480 cells,
we conducted a series of experiments to evaluate the impact of FBXL5 knockout on
common cell behaviours, morphologies and cancerous characteristics: Phalloidin and
DAPI staining determined phenotypical changes. Growth Curve Analysis and
Propidium lodine (PI) Flow Cytometry measured cell growth, cell cycle and division
rate. The cell migration and attachment were examined by Wound Healing/Scratch
Assay. In addition, we investigated the possible impact of FBXL5 KO on epithelial-to-
mesenchymal transition by examining expression of important EMT markers
Vimentin, p-Catenin, E-Cadherin and SNAIL using western blot and RT-gPCR

analysis.
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4.1.2.1. Phalloidin staining shows that FBXL5 knockout causes

cellular elongation defects in DLD-1 and SW480 cells.

Cell morphology is an important indicator of cell phenotype status and biological
activities. For example, normal cells undergoing differential cell cycle phase retain
variable phenotypic characteristics and shapes (Margineantu et al., 2002), and
cancerous cells frequently display morphological changes, which denote potential
oncogenic mutation and behaviours (Shia et al., 2017). Therefore, investigating
phenotypic alterations in FBXL5 KO cell lines is an appropriate initial step for

characterising their biological activities.

Cell lines DLD-1 FBXL5 KO and SW480 FBXL5 KO were seeded to cover slips within
six well plates at 8.5x10° cells/well (Materials and Methods section 2.2.6). The
following day, cells were fixed in 4% paraformaldehyde (PFA), slides extracted from
plates and stained with 0.2% Phalloidin and DAPI and imaged with fluorescent
microscopy. The ImageJ software (ImageJ version 1.5A (Abramoff et al., 2003)) was
used to measure total cell area, perimeter and both long and short cellular axes. As we
could not locate a published method for quantifying cellular elongation from
Phalloidin imaging: cell elongation was determined by the long/short cell axis ratio.
Additional representative DAPI/Phalloidin staining images of DLD-1 and SW480
FBXL5 KO cells may be found in Appendices (Figure 8.2 and Figure 8.3). The total
number of cell images for DLD-1 control was 36 and DLD-1 KO was 102, while

SW480 control was 159 and SW480 KO was 129.

Results indicate that knockout of FBXL5 in both DLD-1 and SW480 cells causes
substantial increase in cellular elongation and demonstration of spindle-like

morphology (Figure 4.3A). Comparison of ratio of long vs short cellular axis found
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significant differences for both DLD-1 (Figure 4.3B, ratio of long/short axis = WT
1.63 vs KO 2.32, P = 0.0026) and SW480 (WT 2.15 vs KO 2.78, P = 0.0003)
comparison (method adapted from (Cai et al., 2018)). Comparison of total cellular area
between WT and KO cells of either cell line did not find significant differences (Figure
4.3C, Total Cell Area DLD-1 WT 50.47um? and KO 46.69um?, SW480 WT 38.43um?
and KO 39.14um?). This assay demonstrates that FBXL5 KO cell lines did not
significantly change the total cellular area. In contrast, FBXL5 KO cells shows altered
phenotype, long/short cell axis ratio and elongation compared to parental DLD-1 and
SW480 cells which possess circular cell morphology typical of in vitro epithelial cell

lines (Figure 4.3A).

In addition, FBXL5 DLD-1 and SW480 cells appeared to grow in a more spread-out,
less cohesive manner with greater distance between the individual cells, although this
was difficult to quantify. This reduced cohesion reflects the abnormal organoid
phenotype found in FBXL5 KO intestinal organoids, which also grew is a less cohesive
manner and demonstrated altered 2D surface area and growth rate compared to

controls (Figure 3.9 and 3.10).

These findings indicate that FBXL5 knockout may alter colorectal cancer cell
phenotype and may enhance cell elongation and attachments. This elongated
phenotype is characteristic of mesenchymal rather than epithelial cells, which supports
previously published data indicating that FBXLS5 ubiquitinates SNAIL for degradation
in the SNU-5 stomach cancer cell line, AGS stomach adenocarcinoma cell lines and
hepatocellular carcinoma (HCC) cell lines (He et al.,, 2018; Wu et al., 2015b).
Interaction between FBXL5 and SNAIL or EMT has not previously been demonstrated
in CRC cell lines. Further analysis of EMT markers may clarify the role of FBXL5 in

EMT in CRC (Results section 4.1.2.5).
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Figure 4.3: Phenotypic analysis of DLD-1 and SW480 FBXL5 KO cells shows

significant morphology alterations.

(A) DLD-1 and SW480 FBXL5 KO cells were fixed and stained using Phalloidin. (B)

The ratio of long vs short axis of stained cells was determined, and FBXL5 KO cell
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morphology was found elongated and had reduced cell-cell cohesion. Total cellular
area was not significantly altered. Error bars represent standard deviation. (C) The
total number of cell images for DLD-1 control was 36 DLD-1 KO was 102, while
SW480 control was 159 and SW480 KO was 129. Scale bar 7.5um. P values = P <

0.05 (*), P < 0.01 (**), P < 0.001 (***).

4.1.2.2. Loss of FBXL5 does not affect the cell population increase

over time in DLD-1 and SW480 cells

Mitotic cell division, migration and invasion are core behaviours of eukaryotic cells.
Chronic cell proliferation/population increase is the quintessential defining
characteristic of cancerous tissues and defining hallmark of cancer (Fouad and Aanei,
2017). Therefore, cell proliferation is an important experimental consideration in
oncogenic studies. To further characterise FBXL5, we determined to investigate
preliminary effects of FBXL5 knockout on cell proliferation/population increase by

Growth Curve Analysis.

DLD-1 and SW480 FBXL5 KO and parental control cell lines were seeded in triplicate
to 24 well plates at 3x10%cells per well. Each day, three wells were washed, trypsinised
and cells counted using the method previously outlined (Materials and Methods,
section 2.2.4). The resulting cell count was analysed using Microsoft Excel and

GraphPad Prism. This experiment was repeated on three occasions.

The growth curve analysis demonstrated that FBXL5 KO growth rate was not
significantly altered from parental cells. As such, FBXLS5 does not significantly affect
cell population increase rate in DLD-1 and SW480 CRC cell lines as shown in Figure

44 A and B. Only one study previously demonstrated that FBXL5 inhibition
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significantly represses cell proliferation in SW480 cells, which is not in line with
results found in this assay (Yao et al., 2018). It is currently unclear precisely why the
results in these studies differ, however this may be caused by genetic drift between
cell lines leading to differing results (Hughes et al., 2007) or use of differing
methodology. This project utilising manual cell counting while the previously
published study employed the CCK-8 chemiluminescence assay, which may produce
different results to manual counting (Yao et al., 2018). Replication of this assay using
both methods in a wider variety of colorectal cancer cell lines in the future may be
beneficial. In addition, the residual FBXL5 protein expression in SW480 cells may

also contribute to the differing results, as discussed further in section 4.2,
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Figure 4.4: FBXL5 knockout does not significantly affect cell

proliferation/population increase in Growth Curve Assay.

Cells were seeded in triplicate at 3x10* cells/well and counted each day for 7-8 days.
Cell counts between control and FBXL5 KO cells do not significantly differ at any point

in either DLD1 (A) or SW480 (B) cell lines, confirming FBXL5’s lack of interaction in
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cell proliferation. Assay was repeated on three occasions. Error bars represent

standard deviation. At no point were differences significant.

4.1.2.3. FBXL5 KO of DLD-1 cell line showed a slight increase in
GO0 and SuperG2 cell population, while FBXL5 KO SW480 cell line

showed no differences in cell cycle

To further clarify the role of FBXLS5 in cell cycle and behaviour, one potential factor
to consider is dysregulation of the cell cycle or the presence of quiescent cells. The
cell cycle consists of four phases in addition to GO/Quiescence/resting phase.
Interphase involves G1/Gapl phase wherein cell size increases in preparation of DNA
synthesis in S/Synthesis phase, after which the cell will enter G2/Gap2 phase in
preparation for division of newly replicated chromosomal during mitosis and cell
division proper during cytokinesis in M/Mitosis phase (Williams and Stoeber, 2012).
SuperG2 indicates polyploidy (i.e., more than four complete sets of chromosomes),
which may be caused by dysfunction in pathways associated with genomic stability
that is common in cancer (Majuelos-Melguizo et al., 2015). After Mitosis phase, cells

will return to GO/Quiescence.

Both cell behaviour within each stage and checkpoint, and progression to further stages
of mitosis are heavily regulated, and dysfunction of cell cycle is a primary
characteristic of many cancers (Otto and Sicinski, 2017). Cell cycle and checkpoint
regulators are promising targets for novel cancer therapeutics (Otto and Sicinski,
2017). Additionally, numerous F-BOX proteins have been linked with timing
regulation of the cell cycle and associated pathologies (Zheng et al., 2016a). Therefore,

to explore how cell cycle may be altered in FBXL5 KO cells, DLD-1 and SW480
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FBXL5 KO cells were subjected to Propidium lodide (PI) staining and Flow Cytometry

analysis.

DLD-1 and SW480 control and FBXL5 knockout cells were treated in triplicate with
Propidium lodide (PI) using manufacturer’s instructions (Davies, 2021) as previously
outlined (Materials and Methods, section 2.2.3), and fluorescence detected using
Beckman Coulter FC500 Flow Cytometer (Abcam Propidium lodide Flow Cytometry
Kit ab139418). Flow Cytometry procedure was kindly performed by Dr David Onion
of the University of Nottingham Flow Cytometry Service. The resulting data was
analysed using WEASEL 3.7.1 and doublets removed from analysis. Assay was

repeated once.

As shown in Figure 45A, DLD-1 FBXL5 KO cells were more significantly
concentrated in G1/growth phase and SuperG2/cell divisional cell cycle phases than
controls. Figure 4.5B show that SW480 cells demonstrated no significant changes to
cell cycle behaviour (DLD-1 P = 0.036, SW480 P = 0.19). Cell-specific differences in
our results may possibly be explained by differing p53 expression between DLD-1 and
SW480 cells, which is a master cell cycle regulator and tumour suppressor (Rochette

et al., 2005) (Ahmed et al., 2013a).

As premature GO progression/G1 phase accumulation may be triggered by
environmental factors including oxidative stress and iron metabolism homeostasis,
FBXL5 may be affecting the cell cycle in this manner (Muto et al., 2017). FBXL5
downregulation has previously been shown to promote cell cycle progression from GO
phase in hematopoietic stem cells, these cells may be prematurely progressing from

GO phase or accumulating in G1 phase (Muto et al., 2017). The mechanism by which
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this occurs is currently unknown, however this may be related to FBXLS5’s interactions

with PTEN and AKT/mTOR proliferation pathway (Yao et al., 2018).

SuperG2 refers to a cell population with higher DNA content than G2, such as

polyploidy (more than four complete sets of chromosomes) (Majuelos-Melguizo et al.,

2015). The G2/M checkpoint is highly regulated and F-BOX interactions with this

pathway are poorly understood. FBXW8 down-regulation induced G2/M phase arrest

in uterine cancer (Lin et al., 2011) and FBXW5 may partially regulated the G2/M

transition (Di Fiore and Pines, 2007). Cycle arrest in colorectal cancer at G2/M phase

transition may be caused by DNA damage checkpoint mechanism partially regulated

by p53 and may also be impacted by FBXL5 KO (Taylor and Stark, 2001).
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Figure 4.5: (A) DLD FBXL5 KO cells showed accumulation in G1 and SuperG2

phases. (B) No significant change was detected in SW480 cells

DLD-1 and SW480 control and FBXL5 cells were fixed in 70% ethanol, stained with
propidium iodide and analysed using flow cytometry. Left column panels represent
approximate cell populations divided by cell cycle status as determined by forward vs
side scatter. Middle column panels represent cell cycle status as determined by side
scatter: forward scatter vs Pl fluorescence of cells (excluding side cell populations
such as duplicated and other heterogenic cell populations). Right column panels show
DNA content histogram of selected cells indicating PI stain in different cell cycles.
Results determined that DLD-1 FBXL5 cells accumulated in GO and SuperG2 phases,
whereas no significant change was found in SW480 cells (DLD-1 P = 0.036, SW480

P =0.19). Error bars represent standard deviation, assay was repeated once.

4.1.2.4. Loss of FBXL5 significantly reduced cell migration in

vitro in both DLD-1 and SW480 cells

Controlled cell-cell attachment and migration are required for the correct development
of organisms and tissues, the maintenance and repair of physical damage and cellular
invasion of neighbouring tissues by cancerous cells. Dysfunction within cell-cell
attachment, migration and invasion are important aspects of cell metastasis in cancer,
causing cancerous cells to more readily transition to other tissues and establish
malignancies (Fouad and Aanei, 2017). This attachment and migratory process is
governed by the epithelial-to-mesenchymal/mesenchymal-to-epithelial (EMT/MET)
pathway (Campbell and Casanova, 2016). As FBXL5 has been shown in both

published studies and data from this project to affect EMT (Wu et al., 2015b; Xiong et
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al., 2017) (Figure 4.7A and B), we determined to investigate effects on cell migration

within our DLD-1 and SW480 cell lines.

Cell lines DLD-1 and DLD-1 FBXL5 KO, and SW480 and SW480 FBXL5 KO were
seeded in triplicate to six well plates for 100% confluency and incubated overnight
(Materials and Methods section 2.2.5). The following day, to reduce proliferation
effect, complete growth media (10% FBS) was replaced with low serum (1% FBS)
alternative and incubated a further 24 hours to synchronise cells. Next, a scratch was
made in each well with a P20 tip held perpendicular, wells gently washed with PBS
twice and complete media added to wells. Each well was imaged in three different
areas at 0, 24 and 48 hours post scratch to measure wound healing. The distance
between cell boundaries and overall area were both measured and analysed for
differences using ImageJ [(ImageJ version 1.5A (Abramoff et al., 2003), Materials and

Methods, section 2.2.5)].

Results shown in Figure 4.6 indicate that by 24 hours post-scratch, DLD-1 KO cells
had significantly reduced wound healing. 48 hours post-scratch, FBXL5 KO
significantly reduced wound healing rate in both DLD-1 and SW480 cells (wound
closure 48h DLD WT: 59.5%, KO 39.9%, SW480 WT 17.74%, KO 9.57%) (DLD-1
24h P =0.0039, 48h P = 0.019, SW480 24h P = 0.94, 48h P = 0.0074). These results
suggest that FBXL5 may have a role in modulating cell migration and attachment in

colorectal cancer cells.

p53 has been linked to cell migration and invasion characteristics by modulation of
RhoGTPases (He et al., 2019) loss may lead to an EMT-like phenotype (Muller et al.,
2011). Physical interaction between FBXL5 and PTEN reduces PTEN expression and

leads to corresponding reduced p53 expression (Yao et al., 2018), and loss of function

147 |Page



p53 mutants may encourage cell migration in bladder and colorectal cancer cell lines
(He et al., 2019). Whether p53 downregulation has similar impact to loss of function,
and how PTEN overexpression may affect p53 expression under these circumstances
is also unclear (He et al., 2019). However, FBXL5 KO dysregulation of PTEN and p53

may partially explain these results.

Previous results from this study have suggested that colorectal cancer cell lines with
FBXL5 KO demonstrate a partial mesenchymal phenotype. As EMT is a fundamental
process in cell migration and invasion, FBXL5 interactions with EMT via SNAIL
ubiquitination may account for differences in migratory properties in FBXL5 KO cells,
with SNAIL expression reducing E-Cadherin expression and promoting EMT (Vifias-
Castells et al., 2014; Wu et al., 2015b). SNAIL itself impacts both EMT-related and
EMT-independent cell adhesion and movement (Barrallo-Gimeno and Nieto, 2005),
although the direct impact of SNAIL on cell migration is not clear. Therefore,
overexpression of SNAIL due to FBXL5 KO may contribute to the partial

mesenchymal characteristics of these cells.
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Figure 4.6: FBXL5 knockout significantly reduces wound healing rate in

colorectal cancer cells.

DLD-1 (A) and SW480 (B) FBXL5 KO cells demonstrated reduced cell migration in
starvation state compared to control cells 48 hours post-scratch, suggesting that
FBXL5 KO modulates cell migration. 48h Wound Closure percentage DLD WT:
59.5%, KO 39.9%, SW480 WT 17.74%, KO 9.57%. Error bars represent standard
deviation. P values = P < 0.05 (*), P < 0.01 (**), P £ 0.001 (***), P < 0.0001 (****).

Scale bar 75um, assay was repeated once.
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4.1.2.5. Western Blot and RT-gPCR analysis of FBXL5 KO
DLD-1 and SW480 shows significant deregulation of EMT-related

markers.

Results thus far associate FBXL5 with roles in CRC cell morphology and cell
attachment/migration. Cancer cell morphological alternation may indicate a change in
epithelial-to-mesenchymal activity, including epithelial-to-mesenchymal transition
(EMT), which FBXL5 has previously been associated with via SNAIL ubiquitination
in liver carcinoma cell lines (Wu et al., 2015b). EMT activation upregulates both EMT
transcription factors (e.g. SNAIL) and other mediators (e.g. B-Catenin) and
downregulates E-Cadherin expression (Kalluri and Weinberg, 2009). UPS-mediated
ubiquitination and degradation of SNAIL protein promotes E-Cadherin expression,
thereby inducing epithelial characteristics over mesenchymal (Tanaka et al., 2016).
Activation of the Wnt pathway modular B-Catenin, loss of the epithelial adherent
junction regulator E-Cadherin and acquisition of mesenchymal markers such as the
intermediate filament protein Vimentin and adhesion protein N-Cadherin are the

defining characteristic of EMT (Tanaka et al., 2016).

Thus, to further characterise the role of FBXLS5 in colorectal cancer cells, we explored
the mRNA and protein expression of primary EMT markers N-Cadherin, Vimentin,
E-Cadherin, B-Catenin, and SNAIL in DLD-1 and SW480 FBXL5 knockout cells.

(Figures 4.7 and 4.8)

DLD-1 and SW480 parental and FBXL5 KO cells were lysed for cellular protein and
probed using SDS-PAGE Western Blot analysis for expression of Vimentin (1:1000),
[-catenin (1:1000), E-Cadherin (1:2500) and SNAIL (1:1000). 100ug protein lysate

was loaded into each well of 10% SDS-PAGE gel (Materials and Methods, section
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2.2.12). Densitometry analysis of results was normalised to 1 against the control
sample and blots were repeated at least twice for validity where possible (Figure 4.7B).
Western blot results indicate that both DLD-1 and SW480 KO cells have increased E-
Cadherin precursor/premature transcript form and p-catenin general expression. DLD-
1 cells show no change in Vimentin and may show very slight SNAIL protein
expression increase while these are both decreased in SW480 cells, although these
require further validation (Figure 4.7, DLD-1 KO expression change vs control: (B)
E-Cadherin mature band expression was 1.1x control (no change to precursor protein
band expression, E-Cadherin 80 kDa band was poorly detected with our antibody and
excluded from analysis), (C) Vimentin protein expression was 1.0x control, (D)
SNAIL protein expression was 2.13x control, (E) p-catenin protein expression was
2.61x control, SW480 KO expression change vs control: (B) E-Cadherin protein
expression was 1.71x control, (C) Vimentin protein expression was 0.26x control, (D)
SNAIL protein expression was 0.40x control, (E) p-catenin protein expression was

1.64x control).

Consistent with these results, it has been previously shown that DLD-1 cells express
little to no Vimentin and SNAIL protein (Ahmed et al., 2013a; Tanaka et al., 2016). -
catenin has several possible bands representing multiple phosphorylated states (Gao et
al., 2014). Only B-catenin band 1 (the longest) and band 3 (shortest) have been studied
independently, finding roles in cell motility/mobility and immune function
respectively (Land, 2018; Slorach et al., 2011). No information was available on the

functionality of the different E-Cadherin fragments.

To further characterise the role of FBXL5 and compare previous protein expression
analysis results, we determined to study the mRNA expression of the above genes.

Previous studies have shown that mMRNA expression is an unpredictable indicator of
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protein expression (Gry et al., 2009) (Guo et al., 2008) (Edfors et al., 2016). Given
experimental interference with the UPS via FBXL5 KO, it is reasonable to presume

this contributed to disjointed mRNA/protein expression results.

Results of RT-gPCR analysis indicate E-cadherin (CDH1) mRNA was downregulated
in SW480 cells but not DLD-1 cells (Figure 4.8A), Vimentin (VIM) mRNA expression
was downregulated in DLD-1 but not SW480 cells (Figure 4.8B) and SNAIL (SNAIL)
MRNA was slightly downregulated in both DLD-1 and SW480 cells (Figure 4.8C).
Significant p-catenin (CTNNB1) mRNA downregulation was found in both DLD-1
and SW480 cells constant with mesenchymal rather than epithelial cells (Figure 4.8:
E-Cadherin (DLD-1 P =0.11, SW480 P = < 0.0001), Vimentin (DLD-1 P = <0.0001,
SW480 P = 0.97), SNAIL (DLD-1 P = 0.0099, SW480 P = 0.0001) , p-catenin (DLD-
1 & SW480 P = <0.0001)). Assay was repeated twice, and calculations performed by
Delta-Delta CT method (2*-(AACt method) as outlined in Materials and Methods

section 2.2.13.
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Figure 4.7: DLD-1 and SWA480 cells lines with FBXL5 knockout demonstrated

altered protein expression related to EMT markers.

A Mg protein lysate was loaded into each well o o SDS-PAGE gel. DLD-1
(A) 100 tein | loaded i h well of 10% SDS-PAG I

KO cells had increased E-Cadherin short protein expression (B) and B-Catenin (E),
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while SW480 cells had reduced Vimentin (C) and may have reduced SNAIL (D) while
increased B-catenin and E-Cadherin expression. Densitometry result was normalised
to 1 against the control sample. DLD-1 KO expression change vs control: E-Cadherin
mature band 1.1x, Vim 1.0x, SNAIL 2.13x B-catenin 2.61x, SW480 KO expression
change vs control: E-Cadherin 1.712x, Vim 0.26x, SNAIL 0.40x, B-catenin 1.64x.

Assay repeated twice where antibody was available.
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Figure 4.8: FBXL5 knockout significantly alters mRNA expression of core EMT

markers.

Results of RT-gPCR analysis of EMT markers shows that FBXL5 KO significantly
alters E-Cadherin (A), Vimentin (B), SNAIL (C) and B-Catenin (D) mRNA expression

to varying degrees in different cell lines (Figure 4.8). In contrast to Figure 4.7, RNA
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expression of B -Catenin is constant with mesenchymal rather than epithelial cells,
although E-Cadherin expression implies both, suggesting a partial EMT state caused
by FBXL5 KO. RT-gPCR assay was performed in triplicate and repeated twice in total
and result normalised to 1 for comparison. Error bars represent standard deviation. P
values = P < 0.05 (*), P < 0.01 (**), P = 0.001 (***), P < 0.0001 (****). Assay was

repeated twice.

These results, while initially disparate, imply a partial mesenchymal state caused by
FBXLS5 KO. In addition to “complete” EMT/MET, wherein cells completely transition
between epithelial and mesenchymal states, epithelial cancer cells may simultaneously
demonstrate both mesenchymal and epithelial characteristics, presenting enhanced
invasive properties, resistance to related chemotherapeutics and an inability to either
transition between or effectively regulate EMT/MET (Grigore et al., 2016). This
hybrid epithelial/mesenchymal phenotype is known as “partial EMT” or “incomplete
EMT” and may be caused by dysfunction of EMT transcription factors, wherein cells
co-express epithelial and mesenchymal markers (Grigore et al., 2016; Saitoh, 2018;
Yang et al., 2020). Partial EMT cells continue to express epithelial markers after
migration while complete EMT cells normally lack both RNA and protein components
(Aiello et al., 2018). The loss of epithelial state in tumour and cancerous cells is
achieved post-transcriptionally, rather than transcriptional repression, through protein
relocation and storage of E-Cadherin and other epithelial proteins in endocytic vesicles
in mesenchymal partial EMT cells (Aiello et al., 2018). This leads to cell migration in
clusters, in contrast to the single cell migration found in typical EMT/MET (Aiello et
al., 2018). Dysregulation of Rab family of GTPases, which regulate vesicle and protein

traffic and recycling, may be partially responsible for partial EMT by accumulation of
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E-Cadherin (Aiello et al., 2018; Hutagalung and Novick, 2011). While FBXL5 and
SNAIL protein expression has previously been reported as inversely correlated, with
FBXLS5 ubiquinating SNAIL, this was not entirely supported by our data (Wu et al.,
2015b). This result may be explained by the known lack of SNAIL protein expression
in DLD-1 cells (Tanaka et al., 2016), but also the partial EMT phenotype displayed by
both FBXL5 KO cell lines, which may further dysregulate SNAIL expression and thus

requires further validation.

Given experimental interference with the UPS via FBXL5 KO shown by these results,
it is reasonable to presume that a partial EMT phenotype contributed to disjointed
MRNA/protein expression results. Furthermore, cells with a partial EMT phenotype
show abnormal SNAIL2, ZEB1, E-Cadherin and Vimentin expression and only some
demonstrated spindle-like mesenchymal morphology. (Basu et al., 2018; Harner-
Foreman et al., 2017; Tanaka et al., 2016). Although further research is required to
fully explore the mechanisms of action of FBXL5 in CRC cells, the above studies
might suggest that the EMT/MET process as a gradual and multifaceted mechanism,

of which FBXL5 may only be one regulatory factor.

4.2.Discussion

This chapter focused on the initial characterisation of FBXL5 KO colorectal DLD-1
and SW480 cell lines including morphology, proliferation, cell attachment/migration
and potential role in epithelial-to-mesenchymal activity. FBXL5 KO was found to
generate an elongated spindle-like phenotype within DLD-1 and SW480 cells. As
shown previously, FBXL5 KO organoids display an unusual incohesive phenotype
differing from control organoids but no change to growth rate over seven days (Figure

3.9 and 3.10), while both DLD-1 and SW480 cells also displayed similar abnormal
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morphology and properties without altered growth rates. Taken together, these results
support our previous findings in murine intestinal organoids that FBXL5 modulates
cell morphology. FBXL5 KO also affected cell cycle activity and dysregulates primary
EMT markers at both protein and mRNA level in colorectal cancer cells in a cell-
specific manner. In combination, these factors indicate a partial EMT phenotype in

colorectal cancer cells.

The data discussed in this chapter suggests that the impact of FBXL5 KO may be more
pronounced when specific pathways are activated, particularly in cancer cells. We
speculate that FBXL5 may require further cellular stimuli or environmental factors to
demonstrate a significant effect, such as activation of EMT. This is explored further in
Section 5.1.2 (Autophagy), 5.1.3 (Hypoxia Response), 5.1.4 (Drug Response) and

Chapter 6 (Bioinformatics and RNA-Seq Analysis).

The cell proliferation/population increase data obtained during this project shows that
FBXL5 KO does not affect cell proliferation (Figure 4.4). However, Yao et al (Yao et
al., 2018) found that FBXLS5 silencing using shRNA (Short hairpin RNA) methodology
inhibited cell proliferation and FBXL5 overexpression stimulated cell proliferation in
SW480 and T84 colorectal cancer cells. Both these results may also conflict with the
UALCAN analysis of FBXL5 expression in CRC (Figure 1.9), showing that FBXL5

protein expression is reduced in CRC, implying a potential tumour suppressor role.

It is currently unclear what technical factors may cause contrasting results between
this project and the data published by Yao et al. Possible explanations may include a
different cell culture environment, the methods utilised generating FBXL5 KO cell

lines, the different cell counting methods used and the genetic background of the
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SW480 cell lines used in each set of experiments, some of which were outlined in the

results section.

For example, Yao et al (Yao et al., 2018) utilised ShRNA (short hairpin RNA)
knockdown vectors to repress the transcription and translation of FBXL5. However, it
has previously been suggested ShRNA methodology may lack specificity and produce
off-target effects (Jackson and Linsley, 2010), although Yao et al does not address this
issue. Alternatively, the partial SW480 FBXL5 knockout cell line (Figure 4.2) used in
this project may account for the differences in cell proliferation, as Yao et al produced
a complete SW480 knockout. Our project utilised manual cell counting to determine
cell proliferation over 7-8 days period (Materials and Methods, section 2.2.4), whereas
Yao et al used the CCD-8 chemiluminescence assay to determine cell proliferation at
0, 24, 48, 72 and 96 hours. Yao et al does not specify if this assay was repeated at any
point. It would be beneficial in future studies to utilise both methods to produce more

comprehensive results.

The discrepancy between DLD-1 and SW480 FBXLS5 protein and mRNA expression
in early passage KO cells may indicate that complete FBXL5 KO is lethal in SW480
cells, or that SW480 knockout caused a single allele deletion. This could be determined
by genomic DNA sequencing of the FBXL5 KO samples, which we intend to do in
future continuations of this research project. SW480 has abnormal epigenetic activity
in PIBK/AKT/mTOR related proteins leading to hyperactivity disruptions, which may
indirectly affect FBXL5 expression (Ahmed et al., 2013b), while DLD-1 does not
natively express SNAIL protein, which is ubiquitinated by FBXL5 (Tanaka et al.,
2016). Additionally, recent identification of Consensus Molecular Subtypes in CRC
may imply that DLD-1 and SW480 cells were derived from different subtypes, making

comparison difficult (Guinney et al., 2015), however, this factor has not been
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investigated. A detailed summary of the background of each cell line may be found in

Materials and Methods Table 2.1.

Intriguingly, expression of the protein and mRNA EMT markers p-Catenin, N-
Cadherin, Vimentin, E-Cadherin and SNAIL in FBXL5 KO cells indicates a partial or
incomplete epithelial/mesenchymal state. In wild type DLD-1 cells (which typically
do not express SNAIL protein (Tanaka et al., 2016)), induction of SNAIL expression
has previously been shown to reduce E-Cadherin expression, increase invasion,
migration and trigger morphology changes associated with mesenchymal cells,
demonstrating a partial EMT phenotype as described in above (Results section 4.1.2.5)

(Tanaka et al., 2016).

Epithelial-to-Mesenchymal transition is highly regulated, with SNAIL acting as one
of several factors. Other factors that govern EMT activation and the acquisition of
epithelial and mesenchymal traits include TGF-p signalling such as ZEB1, Twistl and
SNAIL2/Slug, microRNA’s miR-200 and miR-199 and Notch, and Wnt signalling
(Drago-Garcia et al., 2017) (Lin and Wu, 2020). As such, while FBXL5 KO has
significantly dysregulated SNAIL expression at both protein and mRNA level in
colorectal cancer cells, this may only cause a partial mesenchymal phenotype. This is
evidenced by decreased E-Cadherin protein and mRNA expression typical of
mesenchymal cells, but also reduction of SNAIL and Vimentin protein expression
typical of epithelial cells, while E-Cadherin, Vimentin and SNAIL mRNA expression
were dysregulated. FBXL5 KO may cause a partial EMT transition in colorectal cancer

cells independent of normal EMT markers.

These results also support previous findings on the role of FBXL5 in EMT, although

unlike previously published results, FBXL5 KO did not significantly increase SNAIL
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expression in either DLD-1 or SWA480 cells. In fact, mMRNA expression decreased in
both DLD-1 and SW480 cells, further supporting the supposition that alternative
posttranscriptional regulatory mechanisms may modulate EMT in CRC. The differing
levels of EMT marker expression at protein and mRNA level may be explained by
feedback or regulatory mechanisms that rely on but do not strictly require FBXLS5 to
function adequately. Post-transcriptional regulatory mechanisms including
methylation, ubiquitination, miRNA interference, disjointed half-life, alternative
spicing variants and differences in transcription efficiency also may account for
differing protein and mRNA expression. In particular, knock down of DNA
methyltransferases radically dysregulated EMT and increased cell sensitivity to

therapeutic agents (Galle et al., 2020).

Finally, genetic drift between apparently identical cell lines occurs due to the gradual
accumulation of mutations during repeated cell passage (Hughes et al., 2007). As such,
the SW480 cells used in this project may be genetically divergent compared to those
used in Yao et al or vice versa. Alternatively, cell lines may be misidentified entirely.
In future studies, a complete sequencing of the project cell genome may identify novel
mutations compared to commercially available low-passage cells may be

advantageous in identifying differences.

In this chapter, we examined the possible impact of FBXL5 KO on DLD-1 and SW480
CRC cell lines. From these results, we can conclude that FBXL5 knockout has a
significant impact on cell morphology, colony formation efficiency and cell migration
in colorectal DLD-1 and SW480 cells in a cell-specific manner. In addition, FBXL5
KO also affects EMT, generating a partial EMT phenotype in cells. This suggests that

FBXL5 may have a greater role in CRC than previously known. Further exploration
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of the impact of FBXL5 KO on CRC cell lines may identify and expand on novel

associations, such as with iron homeostasis, autophagy, hypoxia and drug response.
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Chapter 5: The role of FBXL5
In the Iron Metabolism,
Autophagy, Hypoxia and Drug

Response in Colorectal Cancer
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5. Brief Introduction

The previous chapter established that FBXL5 partially regulates cell morphology and
migration in CRC cells without affecting cell proliferation and partially modulates
epithelial-to-mesenchymal transition activity, validating our results found in murine
intestinal organoids and previously published data on FBXL5 function in colorectal
cancer cell lines (Vifas-Castells et al., 2014; Wu et al., 2015b). Due to the limited
published data on FBXLS5 in CRC tumour microenvironments, in this chapter we
determined to replicate previously published studies on FBXL5 roles and possible
regulatory mechanisms from other cancerous cell lines on iron metabolism (Moroishi
et al., 2011; Wang et al., 2020a) (Section 5.1.1), hypoxia (Machado-Oliveira et al.,
2015a) (Section 5.1.3) and drug response (Wu et al., 2016) (Section 5.1.4). In addition,
we intend to investigate the possible roles of FBXLS5 in autophagy (Section 5.1.2), as
it is an important consideration in oncogenic activity not previously explored in

FBXLS5 (Ji and Kwon, 2017).

5.1.Results

5.1.1. FBXL5-mediated cellular iron regulation in colorectal

cancer cells

We have initially investigated the significance of FBXL5 in the iron homeostasis
pathway in colorectal cancer by utilising iron measuring assays, examining the protein
and mRNA expression of critical iron homeostasis markers, the effect of FBXL5 KO

on iron-dependent chemotherapeutics and the potential implications of these results.

FBXLS5 is unique among mammalian proteins for possessing a hemerythrin-like
domain for both iron and oxygen binding, which is normally found in marine

invertebrates (Wang et al., 2020a). FBXL5 also stabilises in iron-replete and oxygen-
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replete conditions, being degraded when cellular iron is low (Chollangi et al., 2012).
FBXLS5 ubiquitinates IRP1 and IRP2 (iron regulatory protein 1and 2) when oxidised,
with IRP2 expression increasing in hypoxic conditions while FBXL5 is suppressed
(Moroishi et al., 2011) (Johnson et al., 2017). The precise nature of FBXL5’s role in
iron homeostasis is uncertain and the majority of studies have been performed in
haematopoietic cancer cells rather than CRC (Moroishi et al., 2014). As conventional
FBXL5 KO mice die in-utero due to iron excess which can be ameliorated by the
addition of IRP2, it may be theorised that FBXLS5 is necessary for IRP2 functioning
(Jeong et al., 2011; Kuhn, 2009). Additionally, FBXL5 is associated with HERC2,
which degrades FBXL5 and modulates its expression (Moroishi et al., 2014). HERC2
is also required for NCOA4-mediated ferritin regulation (Nuclear Receptor
Coactivator 4), wherein NCOA4 expression is inversely correlated with ferritin

accumulation (Moroishi et al., 2014).

Iron homeostasis dysregulation contributes to several cancers including colorectal and
hepatic, and to tumour metastasis and angiogenesis (Chen et al., 2019), drug resistance
(Brown et al., 2020) and immune dysregulation and tumour immune response (Costa
da Silva et al., 2017). Dysregulation of iron homeostasis causes oxidative stress and
altered cell cycle progression, with iron being required for G1 cycle progression via
expression of cyclin D1, D2 and D3 in neuroepithelioma and breast cancer cells (Gao

and Richardson, 2001).

Therefore, to analyse the role of FBXL5 in iron homeostasis in colorectal cancer cells,
we examined the levels of protein and mMRNA expression of key markers of iron
homeostasis in FBXL5 KO vs parental control cells. These were iron regulatory
protein 1 and 2 (IRP1 and 2) transferrin receptor (TfR) and Ferritin Light and Heavy

chains (FTL1 and FTH1 respectively) and common downstream iron homeostasis
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markers. Furthermore, we measured the labile iron levels by Calcein AM assay, and
the effect of FBXL5 KO on the iron homeostasis related chemotherapy agent

Salinomycin.

51.1.1. Calcein AM staining shows significant variations in DLD-

1 FBXL5 KO cytosolic labile iron levels compared to controls.

Here, we utilised the Calcein AM (ThermoFisher C1430) method, a widely used assay
to quantify the “labile iron pool” (LIP) (Tenopoulou et al., 2007) and variations caused

by FBXL5 KO and the dysregulation of iron regulatory pathways

Calcein AM is a transient transmembrane fluorescence dye (495-515nm) that reacts
with cytosolic nonspecific esterases. Calcein AM is colourless and non-fluorescent
until hydrolysed within the cell, wherein it is cleaved by nonspecific esterases,
producing the fluorescent Calcein dye, which can remain in cells for many hours, and
the AM ester, which is removed from cells within 15-60 minutes. Calcein fluorescence
is quenched by chelation with redox-active iron (Fe2+) in the labile iron. Therefore,
greater fluorescence in sample may indicate lower labile iron concentration, thereby
providing an estimate of labile iron within the cell cytosol. Calcein itself is membrane
non-permeable and thus retained by the cytosol, but also unable to penetrate
membrane-limited organelle-containing compartments within the cell, and lysosomes
are noted as rich in cellular iron. Estimates suggest that cytosol labile iron represents
<5% of total cellular iron (Kakhlon and Cabantchik, 2002). Therefore, Calcein AM

will only measure cytosolic labile iron rather than total cellular iron.

We adapted the Calcein AM method from the manufacturer’s instructions and dosage
concentrations recommended by the manufacturer: DLD-1 and SW480 parental and

FBXL5 KO cell lines were seeded to a 96 well plate in triplicate at 3x10° cells/well
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and incubated for 24 hours in complete cell media. Solutions of OuM, 2uM, 4uM,
6uM, 8uM and 10uM per well in 200ul were prepared in serum free media and cells
incubated at 37°C for 90 minutes, after which media was replaced with complete
media. Next, the plate was read using a spectrophotometer at 482nm every 15 minutes
for 60 minutes total, while the plate was returned to the incubator between readings.
Data were analysed in Microsoft Excel by conversion to Logl0, normalised and
plotted as standard for cytotoxicity dose-response curve experiments as previously

outlined (Materials and Methods section 2.2.14).

As shown by Figure 5.1A, fluorescence was dramatically increased in DLD-1 FBXL5
KO cells compared to DLD-1 control cells, suggesting a reduction in labile iron
available to quench the fluorescence (DLD-1 WT IC50: 2.235um, KO 4.187um).
However, SW480 cells (Figure 5.1B) did not show a similar difference in fluorescence
(SW480 WT ICso: 4.291um, KO 4.535um), implying that FBXL5 may not have the

same role as in DLD-1 cells.
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Figure 5.1: Fluorescence of Calcein AM staining of DLD-1 and SW480 FBXL5
KO after 90 minutes incubation shows increased labile iron levels in DLD-1 KO

cells

(A) Decreased fluorescence expression in DLD-1 FBXL5 KO cells indicates increased
labile iron compared to control cells, suggesting FBXL5 has a significant influence on
cytosolic labile iron levels in DLD-1 cells. (B) No significant change was found in
SWA480 cells. Dosages per well: 10uM, 8uM, 6uM, 4uM, 2uM and OpM in 200ul serum
free media. Final ICsoin yM: DLD-1 WT ICso: 2.235uM, KO 4.187uM. SW480 WT ICso:
4.291uM, KO 4.535uM. Error bars represent standard deviation. Assay was repeated

once each condition.
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51.1.2. FBXL5 KO causes increased resistance to Salinomycin

treatment in colorectal cancer cells

An alternative method for exploring the role of FBXL5 in iron homeostasis is
examining downstream markers and mechanisms. One such pathway is Reactive
Oxygen Species (ROS) (Galaris et al., 2008), an essential cell-survival mechanism
heavily related to iron homeostasis. Redox active iron (Fe?+) in the labile iron pool
can form reactive oxygen species (ROS) by direct interaction with hydrogen peroxide
within cells and as by-products of mitochondrial function (Galaris et al., 2008).
Antioxidant enzymes usually neutralise ROS. Excess ROS causes cellular oxidative
stress, resulting in abnormal enzyme activity and cytotoxic release of labile iron,
thereby interfering with DNA, protein, iron-related metabolic activity and leading to
cell death (Galaris et al., 2008). A previous study found FBXL5 knockout caused
accumulation of ROS in mouse cerebral tissue, but the precise mechanism was not

clear (Moroishi et al., 2014).

Salinomycin has traditionally been used as an anti-coccidial drug, has recently been
shown to possess anti-cancer and anti-cancer stem cell (CSC) effects including
colorectal, in addition to other antifungal, antiviral and anti-inflammatory properties
(Verdoodt et al., 2012; Wang et al., 2019). Interestingly, Salinomycin may sensitise

cancer cells to other agents including 5-FU and Oxaliplatin (Klose et al., 2019).

Salinomycin’s primary mechanism is not fully known, and might act on cell
proliferation via p38, AKT/mTOR and apoptosis via LRP6/Wnt, p53 and angiogenesis
via VEGFR2a (Klose et al., 2019) (Dewangan et al., 2017), Salinomycin also inhibits
mitochondrial respiratory chain complex 2, resulting in mitochondrial dysfunction and

rapid accumulation of ROS leading to cell death and blocks p-catenin/TCF4E complex
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formation in colorectal cancer cells (Wang et al., 2019). Salinomycin has also been
reported to contribute to ROS formation as one possible mechanism of action
(Verdoodt et al., 2012). Therefore, we aimed to examine the possible FBXL5
interaction with ROS to modulate colorectal cancer cell response to Salinomycin

treatment.

DLD-1 and SW480 control and FBXL5 KO cells were seeded to 96 well plates at
3x10%/well in 200 pl complete growth media in triplicate and incubated for 48 hours
at 37°C (Materials and Methods sections 2.2.14). Cell media was then replaced with
complete media supplemented with 0, 0.5 uM, 1 uM, 1.5 uM, 2 uM, 3 uM, 4 uM, 5
UM, 6 UM or 10 uM of Salinomycin (Wang et al., 2019). Salinomycin treatment and
control cells were fixed, stained, and measured using the Sulforhodamine B (SRB)

drug toxicity assay method outlined in Materials and Methods section 2.2.14.

Figure 5.2 shows that FBXL5 knockout increased Salinomycin resistance in both
DLD-1 (Figure 5.2A) at 48 hour and SW480 (Figure 5.2B) cells at 24-hour treatment.
However, DLD-1 cells showed no significant results at 24-hour treatment duration,
and 72-hour treatment caused complete cell death irrespective of treatment dosage. 48-
hour treatment duration produced optimal results, with WT vs KO ICs, values of

1.691uM/L0g10 0.2281 vs 1.924uM/Log10 0.2842 respectively.

In SW480 cells, treatment with Salinomycin caused complete cell death by 48-hours,
therefore further optimisation of cell-specific treatment dosage may benefit future
studies. 24-hour treatment results show WT vs KO ICso values of 2.021uM/Log10

0.3055 and 2.373uM/Log10 0.3753 respectively.
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From these results, we can conclude that FBXL5 may influence Salinomycin
resistance, supporting prior research demonstrated Salinomycin antitumor properties

in CRC and SW480 cells in particular (Klose et al., 2019).

The greater resistance of DLD-1 cells to Salinomycin implies that some aspect of
DLD-1 or SW480 genome may affect response. As previously noted, Salinomycin has
multiple possible interactions including p53, ROS and iron homeostasis (Verdoodt et
al., 2012; Wang et al., 2019). Both DLD-1 and SW480 have different p53 mutations:
DLD-1 at p.S241F and SW480 from R273H;P309S (Rochette et al., 2005). DLD-1
p53 functionality is unclear, and p53 functionality in SW480 is severely limited, and
therefore R273H;P309S mutations may be more vulnerable to p53-mediating drug
treatments (Rochette et al., 2005) such as Salinomycin. Alternatively, as our following
experiments have demonstrated: DLD-1 and SW480 have differing protein and mRNA
expression of iron homeostasis markers. These cell lines may also have an
undocumented mutation in an iron homeostasis-related pathway that accounts for these

results.
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Figure 5.2: FBXL5 knockout increased resistance of DLD-1 and SW480 cell lines
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to Salinomycin treatment.

Cells were seeded at 3x10%/well in 96 well plates, incubated for 48 hours and treated
for 24, 48 and 72 hours. Complete cell death occurred at 72 hours in DLD-1 and 48
hours in SW480 cells. (A) DLD-1 48-hour WT vs KO IC50 in pm: 0.2281uM vs

0.2842uM (B) SW480 WT vs KO IC50: 0.3055uM and 0.3753uM respectively at 0-
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10puM Salinomycin per ml. Error bars represent standard deviation. Assay was

repeated twice.

5.1.1.3. FBXL5 KO DLD-1 and SW480 cells shows altered

expression of iron-homeostasis related markers.

To further analyse the mechanism and role of FBXL5 in CRC cells, we aimed to
analyse the expression of primary iron homeostasis markers Iron Regulatory Proteins
1 and 2 (IRP1 and 2), Transferrin Receptor (TfR) and Ferritin Light and Heavy chain
forms (FTL1 and FTH1 respectively) in both mRNA and protein expression. While
FBXL5 has been shown to ubiquitinate IRP1 and IRP2 (Moroishi et al., 2011)
(Johnson et al., 2017), it is currently unclear precisely how FBXL5 more broadly
influences iron homeostasis in CRC, nor how IRP1 and IRP2 coregulate themselves
and downstream targets. We can hypothesise that FBXL5 KO will significantly affect
either IRP1 and/or 2 protein expression, and also affect subsequent downstream iron

homeostasis markers TfR and Ferritin.

DLD-1 and SW480 parental and FBXL5 KO cells were lysed for cellular protein and
probed using SDS-PAGE Western Blot analysis for expression of IRP1, TfR and
Ferritin and incubated overnight (Materials and Methods sections 2.2.12 and 2.2.13).
100ug protein lysate was loaded into each well of a 10% SDS-PAGE gel. Figures 5.3
and 5.4 outline the results of protein and mRNA analysis of iron homeostasis markers.
Densitometry analysis of results was normalised to 1 against the control sample and
blots were repeated at twice where possible. Ferritin repeated once due to limited

antibody supply. The IRP1 antibody produced a second non-specific band beneath the
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expected IRP1 protein size in DLD-1 cells that may represent alternative isoforms and

was excluded from densitometry analysis.

IRP1 protein expression was reduced in both DLD-1 and SW480 FBXL5 KO (Figure
5.3 A and B). We were unable to probe IRP2 protein expression due to lack of
antibody. TfR protein expression was slightly reduced in DLD-1 FBXL5 KO cells
while increased in SW480 FBXL5 KO cells (Figure 5.3C). Ferritin protein expression
was slightly reduced in both cell lines (Figure 5.3D) (DLD-1 KO expression change
vs control: IRP1 0.54x, TfR 0.77x, Ferritin 0.68x. SW480 KO expression change vs
control: IRP1 0.24x, TfR 1.53x, Ferritin 0.87x). As both TFR and Ferritin expression
changes were so slight, they require further validation to account for experimental

variance.
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Figure 5.3: FBXL5 knockout significant affects iron homeostasis marker protein

expression in DLD1 and SW480 cells.

IRP1 (B) and Ferritin (D) protein expression may be reduced in both cell lines, but TfR
(C) may be reduced in DLD-1 cells and increased in SW480 cells, implying cell-
specific FBXL5 activity. IRP1 (1:1000), TfR (1:250) and Ferritin (1:1000) with
overnight incubation. 100ug protein lysate was loaded into each well of 10% SDS-
PAGE gel and repeated. Densitometry analysis of results was normalised to 1 against
the control sample from two repeated WB where antibody was available. Error bars

represent standard deviation.
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IRP1 mRNA expression was downregulated in SW480 (Figure 5.4A) but unaffected
in DLD-1 cells (DLD-1 P = 0.72, SW480 P = 0.0079). IRP2 mRNA was
downregulated in DLD-1 FBXL5 KO cells (Figure 5.4B) (DLD-1 P = 0.012, SW480
P =0.9). TIR mRNA expression was significantly increased in SW480 FBXL5 KO
cells (Figure 5.4C, DLD-1 P =>0.99, SW480 P = 0.0135). Ferritin Light and Heavy
chain mRNA expression were significantly downregulated and upregulated
respectively in both cell lines (Figure 5.4D and E, Ferritin L (DLD-1 P = <0.0001,

SW480 P = <0.0001) and Ferritin H (DLD-1 P = <0.0001, SW480 P = <0.0001)).

The reduction in overall Ferritin protein expression but alternate dysregulation of Light
and Heavy chain mRNA expression in both cell lines also implies dysregulation of
labile iron pool activity that may affect redox-active iron (Fe?+) levels within FBXL5
KO cells, as demonstrated by Calcein AM staining results (Figure 5.1) which indirectly
measured dysregulation of cellular iron. This reduction of labile iron may have
downstream effects on other pathways and processes affected by FBXL5 KO. These
results further imply that FBXL5 has a regulatory role in IRP1 and IRP2 mRNA and
protein expression, possibly in a cell-specific manner, thereby affecting immediate
downstream targets TfR and Ferritin in a cell, however as the difference in protein

expression was very small, it requires further validation.

Cell-specific differences in results may be explained by differing p53 expression
between DLD-1 and SW480 cells (Materials and Methods section 2.1.1). p53 is
associated with dysregulation of iron homeostasis by modulation of HAMP (Hepcidin
Antimicrobial Peptide) (Weizer-Stern et al., 2007), ISCU (Ilron Sulphur Cluster
Assembly Enzyme) (Funauchi et al., 2015) and Ferritin and TfR expression in a cell-
specific manner and may therefore be affected by FBXL5 KO via PTEN-p53

expression (Phosphatase and Tensin homolog, deleted on chromosome 10) (Zhang et
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al., 2008) (Faniello et al., 2008)
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Figure 5.4: FBXL5 knockout significant affects iron homeostasis marker mRNA

expression in DLD1 and SW480 cells.

IRP1 (A), IRP2 (B), TfR (C) and Ferritin Light & Heavy (D and E) mRNA expression
was significantly dysregulated in FBXL5 KO cells in a cell-specific manner. This
supports previous suggestions that FBXL5 is required for IRP2 functioning and an

inverse correlation between IRP1 and IRP2 expression but does not support previous
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data that FBXL5 ubiquitinates both IRP1 and IRP2. Assay was performed in triplicate
and results normalised to 1 against the control sample. Error bars represent standard
deviation P values = P < 0.05 (*), P<0.01 (**), P <0.001 (***), P £0.0001 (****). IRP1
(DLD-1 P =0.72, SW480 P = 0.0079), IRP2 (DLD-1 P =0.012, SW480 P =0.9), TFR
(DLD-1 P = >0.99, SW480 P = 0.0135) Ferritin L (DLD-1 P = <0.0001, SW480 P =

<0.0001) and Ferritin H (DLD-1 P = <0.0001, SW480 P = <0.0001).

51.14. FBXL5 KO has significant impact on IRP downstream

gene expression

As our previous results from this project demonstrated that FBXL5 significantly
affects primary iron homeostasis markers, we postulated that other downstream IRP1
or IRP2 targets might be similarly affected by FBXL5 KO. As such, we selected six
downstream genes, which were likely to have interactions with either iron
homeostasis, IRP1, IRP2 or FBXL5 regulators. Targets were chosen by a literature
review of published research or predicted interactions using the STRING protein
interaction database (Szklarczyk et al., 2019). STRING analysis was performed as
described in Results section 6.1.1, with the highest confidence interaction (0.9) and
including 10 closest direct or indirect interaction nodes. We used RT-gPCR and
western blot analysis when possible, for downstream genes: ALDH3B1, APP, RBCK1,

VHL, GLRX5 and YBX-1.

ALDH3BL1 (Aldehyde Dehydrogenase 3 member B1) is a detoxification isozyme that
may assist with alcohol metabolism, is associated with schizophrenia (Marchitti et al.,
2007) and may be a novel CRC biomarker (Matsumoto et al., 2017). APP (Amyloid
precursor protein) is the pre-metabolised form B-amyloid peptide found in Alzheimer’s

Disease patients, stabilises the iron export protein ferroportin (FPN) and is regulated
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by IRP1 and 2 (O'Brien and Wong, 2011). RBCK1 (RanBP-type C3HCA4-type zinc
finger containing protein 1) is an E3 ligase that interacts with oxidised IRP2
(Yamanaka et al., 2003) in addition to TAB2/IRF3 (Toll-like receptor 3 and Interferon
regulatory transcription factor 3), both important transcription regulators in innate
immunity, and Wnt signalling via OTULIN complex (Yamanaka et al., 2003). RBCK1
also contributes to chemoresistance and stemness in CRC (Liu et al., 2019d). VHL
(Von Hippel-Lindau tumour suppressor) is a noted tumour suppressor and
synonymous with the cancer VVon Hippel-Lindau Syndrome, partially induces HIF-/a
expression, recruits E3 ligases to several HIF proteins and reduces labile iron
concentration in renal cancer (Zhang et al., 2014) (Alberghini et al., 2005). GLRX5
(Glutaredoxin 5) is related to the formation of iron sulphur clusters and some types of
anaemia and encephalopathy (Baker et al., 2013). YBX-1 (Y-Box binding protein 1) is
an oncogene related to PISBK/AKT signalling but has no known interactions with

FBXLS5 or iron homeostasis (Sinnberg et al., 2012).

100pg protein lysate was loaded into each well of 10% SDS-PAGE gel and
densitometry analysis of results was normalised to 1 against the control sample
(Materials and Methods sections 2.2.12 and 2.2.13) (RBCK 1:1000, VHL 1:1000).
Due to the limited quantity of antibody available in the lab, RBCK1 and VHL blots

were repeated once.

Figures 5.5 and 5.6 show that interestingly, FBXL5 KO has a notable regulatory effect
on all six chosen targets in one or both CRC cell lines analysed. RBCK1 protein
expression was slightly elevated in both cell lines (Figure 5.5A and B, DLD-1 KO
expression change vs control: RBCK1 1.65x, VHL 0.83x, SW480 KO expression

change vs control: RBCK1 1.24x, VHL 1.3x). VHL protein expression (Figure 5.5A
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and C) may be slightly downregulated in both cell lines, however this difference was

difficult to detect and requires further confirmation.
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Figure 5.5: FBXL5 knockout significant dysregulates downstream iron

homeostasis marker protein expression.

DLD-1 and SW480 cells were analysed for RBCK1 and VHL protein and RT-qPCR
expression (A) RBCKL1 protein expression (B) was upregulated and VHL protein (C)
may be downregulated in both cell lines. 100ug protein lysate was loaded into each
well of 10% SDS-PAGE gel and densitometry analysis of results was normalised to 1

against the control sample. Western blot was repeated once due to limited antibody.

180|Page



Furthermore, RBCK1 mRNA expression was significantly downregulated in DLD-1
FBXL5 KO cells (Figure 5.6A) (RBCK1 mRNA expression DLD-1 P = 0.0003,
SW480 P = 0.9444). The VHL gene expression was upregulated in DLD-1 KO cells
but not in SW480 KO (Figure 5.6B, VHL mRNA expression DLD-1 P = 0.0094,
SW480 P =0.9166)). The ALDH3B1 mRNA was significantly reduced in SW480 KO
cells (Figure 5.6C DLD-1 P = 0.358, SW480 P = <0.0001). The APP mRNA
downregulated in DLD-1 but upregulated in SW480 cells (Figure 5.6D, DLD-1 P =
<0.0001, SW480 P = <0.0001), GLRX5 mRNA downregulated in DLD-1 (Figure
5.6E, DLD-1 P = <0.0001, SW480 P = <0.974), and YBX-1 mRNA downregulated in

both cell lines (Figure 5.6F, DLD-1 P = 0.033, SW480 P = <0.0001).

The precise mechanism by which FBXL5 regulates these downstream genes is
unknown, although several have ties that suggest a role in iron homeostasis and
signalling. For examples, RBCK1’s role as E3 ligase interactor with IRP2 (Yamanaka
et al., 2003), VHL’s correlation with reduced labile iron pool in renal cancer cells
(Alberghini et al., 2005), GLRX5’s potential role in iron sulphur cluster formation
(Baker et al., 2013) and YBX-1’s interactions with PI3K/AKT signalling may all
explain dysregulation due to FBXL5 KO (Sinnberg et al., 2012). However, ALDH3B1
interactions with either iron homeostasis or any FBXL5 substrate are unknown
(Marchitti et al., 2007) and therefore alterations in mRNA expression due to FBXL5

KO require further investigation.
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DLD-1 and SW480 cells were analysed for mRNA expression of IRE downstream
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KO. Error bars represent standard deviation. RT-qPCR assay was performed in
triplicate and result normalised to control for comparison. Error bars represent
standard deviation P values = P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), RT-qPCR

assay was repeated twice.

5.1.2. The role of FBXLS5 in regulation of Autophagy

Autophagy regulates protein and cellular homeostasis by degradation of both long-
lived and larger proteins in addition to dysfunctional, excess, or damaged cellular
organelles (Galluzzi et al., 2015). Autophagy initially suppresses tumour growth by
regulating cell homeostasis. However, autophagy also encourages cell survival under
conditions typically found in tumours such as hypoxia, necrosis and nutrient
deficiency, therefore acts simultaneously as a tumour suppressive and oncogenic
process (Galluzzi et al., 2015). Autophagy functions by engulfing targeted debris in a
phagosomal membrane and degrading the encapsulated detritus by the lysosome
(Wirawan et al., 2012). The initiation, elongation and maturation of the phagosomal
membrane is partially regulated by the ATG5 (Autophagy Related Gene 5), LC3B
(Microtubule-associated protein 1A/1B light chain 3B) and Beclinl genes (Nishida et
al., 2009) (Ji and Kwon, 2017). These three markers were selected to evaluate the

possible impact of FBXL5 on autophagy in colorectal cancer cells.

There are over 40 ATG genes, with ATG5 being critical to developing the phagophore
membrane and LC3 pathway activation, although ATG5-independent autophagy has
recently been demonstrated (Nishida et al., 2009). Depletion of ATG5 protein

produces cancer-cell behaviour, with ATG5 negative mice developing benign tumours
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and the suppression of autophagy, but overexpression of ATG5 increasing mouse

lifespan (Nishida et al., 2009).

The precise role of LC3B is unclear in autophagy, with LC3B-negative mice
developing normally (Bai et al., 2012). It is suggested that LC3B is the master
regulator of the LC3 family in autophagy, having a role in post-transcriptional
modification (Runwal et al., 2019). LC3B is required for ATG5/7 dependent

autophagy (Runwal et al., 2019).

Beclinl regulates and forms complexes with VPS-34 to induce autophagy and is
required for both ATG5/7 dependent and independent autophagy (Galluzzi et al.,
2015). Beclinl dysregulation is found reduced in breast, prostate and ovarian cancer,
as well as schizophrenia (Galluzzi et al., 2015), making Beclinl a likely tumour
suppressor (Galluzzi et al., 2015). Knockout of Beclinl completely disables autophagy
and is embryonically lethal to mice (Parzych and Klionsky, 2014). However, Beclinl
heterozygous mice develop lymphomas and liver and lung carcinoma (Galluzzi et al.,

2015).

While FBXL5 currently has no published role in autophagy, autophagy and the UPS
have multiple known interactions (Brown and Kaganovich, 2016). Autophagy is
associated with several F-box proteins, for example including FBXWS5 and UDR131C
(Jeong et al., 2018; Shoket et al., 2020) and wider UPS interconnectivity (Ji and Kwon,
2017). Several FBXL5 substrates have indirect interactions with autophagy
mechanisms, including Ferritin via NCO14 (nuclear receptor coactivator 4) and mTOR
(Santana-Codina and Mancias, 2018; Yao et al., 2018). The UPS and autophagy have
numerous interactions (Ji and Kwon, 2017), therefore FBXL5 as an E3 ligase may also

have a role.
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5.1.2.1. Western Blot and RT-gPCR analysis of FBXL5 KO
DLD-1 and SW480 cells finds significant dysregulation of

autophagy markers.

DLD-1 and SW480 cells were lysed for cellular protein and probed using SDS-PAGE
Western Blot analysis for expression of ATG5 (1:500), LC3B (1:500) and Beclinl
(1:500) and incubated overnight. Western blots were repeated twice with 100ug
protein lysate loaded into each well of 10% SDS-PAGE gel and densitometry analysis
of results was normalised to 1 against the control sample (Materials and Methods
sections 2.2.12 and 2.2.13). The ATG5 antibody identified both full-length and cleaved
ATGS5 forms and both were included in densitometry analysis (Besirli et al., 2011).
The full-length ATGS is critical for autophagosome formation (Besirli et al., 2011)

and cleaved form may be associated with apoptosis (Yousefi et al., 2006).

Results shown in Figure 5.7 and Figure 5.8 indicate that loss of FBXL5 may have
different impacts with ATG5, LC3B, and Beclinl in both protein (Figure 5.7) and
mRNA (Figure 5.8). Both full-length and cleaved ATG5 protein are upregulated in
DLD-1 FBXL5 KO but downregulated in SW480 (Figure 5.7A). LC3B protein is
slightly upregulated in DLD-1 FBXL5 KO and downregulated in SW480 KO, but this
does not appear to be a substantial difference and requires further validation (Figure
5.7B). Finally, Beclinl protein expression may be downregulated in both DLD-1 and
SW480 FBXL5 KO (Figure 5.7C). (Figure 5.7A-C, DLD-1 KO expression change vs
control: ATG5 1.34x, LC3B 1.12x, Beclinl 0.95x, SW480 KO fold change from

control ATG5 0.57x, LC3B 0.96x, Beclinl 0.74x)
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Figure 5.7: Western Blot and Densitometry of ATG5, LC3B and Beclinl

expression in DLD-1 and SW480 cells.

(A) Western Blot and densitometry results of ATG5 (B), LC3B (C) and Beclinl (D)
probing. 100ug protein lysate was loaded into each well of 10% SDS-PAGE gel and
densitometry analysis of results was normalised to 1 against the control sample. Blots

were repeated twice.

ATG5 mRNA expression was downregulated in DLD-1 KO and SW480 KO cells
(Figure 5.8A). However, LC3B mRNA expression is significantly downregulated in
DLD-1 FBXL5 KO cells and unaffected in SW480 KO (Figure 5.8B). Finally, Beclinl

MRNA expression is downregulated in DLD-1 FBXL5 KO but upregulated in SW480

186 |Page



(Figure 5.8C), (ATG5 (DLD-1 P = 0.002, SW480 P = 0.013), LC3B (DLD-1 P = <

0.0001, SW480 P = 0.510), Beclinl (DLD-1 P = 0.0007, SW480 P = 0.0036)

These differences in expression suggest that FBXL5 has multiple regulatory roles in
ATGb5-dependent autophagy, although further studies are required to explore FBXL5
knockout significance in ATG5-mediated autophagy. As ATG5, LC3B and Beclinl
activate different pathways of phagophore development and form complexes in
ATGb5-dependent autophagy (Galluzzi et al., 2015; Nishida et al., 2009), FBXL5 may
ubiquitinate these substrates at different rates or in tandem with other pathways or
ligases, potentially regulating each substrate interpedently. Loss of FBXL5 expression

therefore may dysregulate autophagy in a phase or pathway-specific manner.
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Figure 5.8: RT-gPCR analysis of ATG5, LC3B and Beclinl expression in DLD-1

and SW480 cells.

ATG5 (A) mRNA expression were significantly dysregulated in FBXL5 KO, while
LC3B (B) and Beclinl (C) mRNA expression were dysregulated in a cell-specific
manner, suggesting divergent roles for FBXL5 in different autophagy pathways. RT-

gPCR assay was performed in triplicate and result normalised to 1 for comparison. P
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values = P < 0.05 (*), P = 0.01 (**), P = 0.001 (***), P < 0.0001 (*™**). Assay was

repeated once

5.1.3. The role of FBXL5 in Hypoxia

Hypoxia in late stage tumour growth is common, with tumour mass outgrowing
vascularisation, thereby limiting blood flow and oxygen availability to cancerous
tissues (Wouters and Koritzinsky, 2008). Hypoxic conditions alter cell metabolism and
behaviour, typically reducing cell proliferation/population increase and inducing
quiescence, limiting the effect of many chemotherapeutic methods reliant on cell

cycle-mediated interaction (Muz et al., 2015).

FBXLS expression is inversely correlated to CITED2, a HIF-1a inhibitor (Machado-
Oliveira et al., 2015a). Increased CITED?2 levels cause decreased HIF-1a expression,
thereby reducing hypoxic response in cells (Yin et al., 2002). According to the only
published study on this interaction: downregulation of FBXL5 expression may cause
upregulation in CITEDZ2, in turn downregulating HIF-1o and suppressing hypoxic
factors such as VEGF (vascular endothelial growth factor 1), GLUT1 and PGK1

(phosphoglycerate kinase 1) (Machado-Oliveira et al., 2015a).

Other F-box associated with hypoxia include FBXL14, which is potentially
downregulated by hypoxia in mouse cell lines (Vifas-Castells et al., 2010) and both
FBXW?7 and FBX011 partially regulate HIF-1a (Ju et al., 2015) (Cassavaugh et al.,
2011). Despite FBXLS5’s real-time oxygen sensing hemerythrin-like domain and
instability during low iron and low oxygen environments, FBXL5’s precise role in

hypoxia requires further investigation (Shu et al., 2012) (Wang et al., 2020a).
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To determine whether FBXL5 has any role in colorectal cancer cell growth under
either normoxic or hypoxic conditions, we utilised the clonogenic assay. In addition,
we intend to explore the role of FBXLS5 in hypoxia in colorectal cancer by quantifying
RNA expression of hypoxia/vascularisation markers HIF-/a, VEGF, CA9 and

ANGPTL4 in both normoxic and hypoxic cells.

5.1.3.1. Colony Formation Efficiency assay shows significant

Impact of FBXL5 KO under normoxic and hypoxic conditions

DLD-1 and SW480 WT and FBXL5 KO cells were seeded to T75 flasks in triplicate
at 500 cells/flask with 15 ml complete growth media and incubated at 37°C for 4 hours,
after which hypoxia flasks were transferred to 1% oxygen conditions to trigger a
hypoxic state (Materials and Methods sections 2.2.2). Normoxia flasks were incubated
under standard culture conditions for 14 days. Hypoxia flasks remained at 1% oxygen
conditions for 72 hours, after which they were returned to standard normoxia
conditions for a further 11 days (14 days total incubation). After 14 days, media was
carefully removed, and flasks washed with PBS. Flasks were subsequently fixed with
4% PFA and stained with Crystal Violet as outlined in Materials and Methods section
2.2.2. The colonies were counted and analysed using Microsoft Excel and Graphpad
PRISM. The normoxia assay was repeated twice for accuracy, but due COVID

lockdown we were unable to repeat the hypoxia assay.

As shown in Figure 5.9, in DLD-1, there was no significant difference in number of
colonies between control and FBXL5 KO cells in normoxia, however there was a
significant difference in control vs KO, normoxia control vs hypoxia control and
hypoxia control vs hypoxia KO. In contrast, SW480 FBXLS5 cells showed a significant

reduction in number of colonies in both normoxia and hypoxia, with similar significant
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reductions to DLD-1 cells. (Figure 5.9, average number of colonies DLD-1 WT-Nor:
194, WT-Hyp: 74.3, KO-Nor 206.6, KO-Hyp 11.3, SW480 WT-Nor 53.6, WT-Hyp
6.3, KO-Nor 18.6, KO-Hyp 0.3). (DLD-1 (+/+ Nor vs -/- Nor P = 0.49, +/+ Nor vs -/-
Hyp P = 0.0008, +/+ Nor vs +/+ Hyp P = 0.0008, -/- Nor vs -/- Hyp P = <0.0001)
(SW480 (+/+ Nor vs -/- Nor P = 0.0005, +/+ Nor vs -/- Hyp P = 0.0002, +/+ Nor vs

+/+ Hyp P = <0.0001, -/- Nor vs -/- Hyp P = <0.0005).

DLD-1 control and FBXL5 knockout colony size was significantly reduced in hypoxia
(Figure 5.10A, average colony diameter DLD-1 WTN 1.18mm, WTH 0.7mm, KON
1.26mm, KOH 0.53mm) (DLD-1 ( +/+ Nor vs +/+ Hyp P = <0.0001, -/- Nor vs -/-
Hyp P =<0.0001). No significance difference in colony size was found in SW480 cells
(Figure 5.10B, average colony diameter SW480 WTN 0.93mm, WTH 0.55mm, KON
0.9mm, KOH N/A). Due to the complete lack of visible colonies in SW480 FBXL5
KO cells under hypoxic conditions, we can conclude that cell survival of seeded single

cells are most significantly affected by hypoxic conditions.

This result supports previous findings that FBXL5 expression may be destabilised in
oxygen-depleted environments (Chollangi et al., 2012) and provides new evidence that
FBXL5 may affect colony formation efficiency at both normoxic and hypoxia
conditions in a cell-specific manner. FBXL5 interactions with EMT, mTOR and
PI3K/AKT signalling may explain the reduction in colony number efficiency (Fokas
et al., 2012; Kong et al., 2010). EMT, mTOR and PI3K/AKT are also affected by
hypoxic conditions, with hypoxia-induced EMT and hypoxia-activated PI3K/AKT
found in human cancer cells (Hapke and Haake, 2020) (Liu et al., 2019a). mTOR also
has oxygen sensitive signalling pathways (Wouters and Koritzinsky, 2008). SNAIL
dysregulation in DLD-1 cells may also cause cell-specific differences found in this

assay (Wu et al., 2015b). FBXLS5 inverse correlation with CITED2 which in turn
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negatively regulates HIF-1a may also contribute to hypoxia results (Machado-Oliveira

et al., 2015a).

As shown in Figure 5.11, FBXL5 KO reduced HIF-1a expression in normoxia in both
DLD-1 and SW480 cells, although this downregulation was reversed in DLD-1 FBXL5
KO cells at hypoxic conditions. Additionally, multiple other hypoxia regulators and

markers were dysregulated by FBXL5 KO, likely contributing to these results.
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Figure 5.9: Colony Formation Efficacy Assay of DLD-1 and SW480 FBXL5 KO

cells shows significantly reduced colony number in SW480 cells at hormoxia

but in both cell lines at hypoxia.

Cells were seeded to T75 flasks in triplicate and incubated at 1% oxygen for 72 hours
and standard cell culture conditions for a further 11 days (14 days total). Flasks were
fixed with 4% PFA, stained with 0.4% crystal violet and colonies counted. (A) DLD-1

colony numbers were not significantly different between control and KO flasks at
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normoxia, but both control and KO numbers were reduced in hypoxic conditions. (B)
FBXL5 KO affected SW480 colony numbers at both normoxia and hypoxic conditions.
Average number of colonies DLD-1 WT-Nor: 194, WT-Hyp: 74.3, KO-Nor 206.6, KO-
Hyp 11.3, SW480 WT-Nor 53.6, WT-Hyp 6.3, KO-Nor 18.6, KO-Hyp 0.3. Error bars
represent standard deviation. P values = P < 0.05 (*), P < 0.01 (**), P < 0.001 (***).

Normoxia flasks were repeated three times, hypoxia flasks were repeated once.
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Figure 5.10: Colony size in Colony Formation Assay of DLD-1 and SW480 FBXL5

KO cells shows significant changes to DLD-1 cell colonies.

Colony size analysis shows that DLD-1 control and FBXL5 KO colony size was
reduced by hypoxia, but more greatly reduced in FBXL5 KO cells, whereas no effect
was observed in SW480 cells. SW480 FBXL5 KO sample had no colonies. Average

colony diameter DLD-1 WTN 1.18mm, WTH 0.7mm, KON 1.26mm, KOH 0.53mm,
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SW480 WTN 0.93mm, WTH 0.55mm, KON 0.9mm, KOH N/A. Error bars represent
standard deviation (P values = P < 0.05 (*), P < 0.01 (**), P < 0.001 (***). Average
number of colonies DLD-1 WT-Nor: 194, WT-Hyp: 74.3, KO-Nor 206.6, KO-Hyp 11.3,

SW480 WT-Nor 53.6, WT-Hyp 6.3, KO-Nor 18.6, KO-Hyp 0.3.

5.1.3.2. RT-gPCR analysis of FBXL5 KO DLD-1 and SwW480

Cas-9 expressing cells shows significant effects on hypoxia markers.

To further elaborate on hypoxia pathways in CRC impacted by FBXL5 KO, expression
of common hypoxia markers HIF-/a, HIF2a, CA9, VEGFR2 and ANGPTL4 in DLD-
1 and SW480 FBXL5 KO cells was examined using RT-gPCR analysis (Materials and

Methods sections 2.2.13).

HIF-1a and HIF2a are master regulators of the hypoxia response in tissues and
involved in numerous pathways in cancer, particularly tumorigenesis and angiogenesis
under hypoxic conditions functions (Morris et al., 2009) (Kubaichuk and Kietzmann,
2019). Both bind to hypoxia responsive elements (HRE’s). However, their effects on
some genes is varied, with a highly complex inter-relationship between the two in
hypoxia pathway response (Loboda et al., 2010). CA9 (Carbonic anhydrase 9)
enzymes catalyse CO2/H20 reaction to CO2 transport and is overexpressed in
cancerous cells to compensate for abnormal vasculature and increased metabolic
activity (Olive et al., 2001). CA9 expression is induced under hypoxic conditions and
primarily regulated by HIF-1a (Pastorekova and Gillies, 2019). VEGFR2 (Vascular
Endothelial Growth Factor 2) is a primary angiogenesis regulator that is overexpressed
in both hypoxic and tumour conditions and may competitively regulate HIF-1a (Li et

al., 2019a). ANGPTL4 (Angiopoietin-like 4) is induced at hypoxia and modulates
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vascularisation among other processes and may be regulated by HIF-1a in some cancer

cell lines (Kubo et al., 2016) (Zhang et al., 2011).

To quantify changes to mRNA expression in FBXL5 KO cells in normoxia and
hypoxia, cells were seeded to 10cm dishes for mRNA extraction and lysed with TRIzol
buffer while incubated at either normal cell culture conditions or at 1% oxygen to
preserve the hypoxic condition of cells. Once lysed, RNA isolation and reverse
transcription were continued at normoxic conditions as previously outlined (Materials

and Methods section 2.2.13).

RT-gPCR analysis of hypoxia markers confirms the initial hypothesis that FBXL5 KO
dysregulates HIF-7a expression in CRC in a cell-specific manner, with DLD-1 HIF-
1o and HIF 2o, expression significantly upregulated in KO hypoxia more than either
KO normoxic or WT hypoxic conditions (Figure 5.11 A and C). HIF-1a and HIF2a
were both downregulated in SW480 KO cells at normoxia and hypoxia (Figure 5.11 B
and D). CA9 is normally upregulated in hypoxic conditions, however CA9 mRNA
expression was downregulated in DLD-1 and SW480 FBXL5 KO normoxia and
hypoxia cells (Figure 5.11 E and F). VEGFR2 was also upregulated in DLD-1 and
SW480 KO normoxic and hypoxic cells (Figure 5.11 G and H). ANGPTL4 expression
was significantly upregulated in both cell lines at normoxia and hypoxia (Figure 5.11
I and J). HIF-1a: (DLD-1 +/+ Nor vs -/- Nor P = < 0.0001, -/- Nor vs -/- Hyp P =
<0.0001), (SW480 +/+ Nor vs -/- Nor P = <0.0001, +/+ Hyp vs -/- Hyp P = <0.0001),
HIF2a: (DLD-1 +/+ Hyp vs -/- Hyp P = <0.0001, -/- Nor vs -/- Hyp P = <0.0001),
(+/+ Hyp vs -/- Hyp P = <0.0055, -/- Nor vs -/- Hyp P = 0.041, CA9: (DLD-1 +/+ Nor
vs -/- Nor P = <0.0001, +/+ Hyp vs -/- Hyp P = <0.0001, -/- Nor vs -/- Hyp P =
<0.0001) (SW480 (+/+ Nor vs -/- Nor P = <0.0001, +/+ Hyp vs -/- Hyp P = <0.0001),
-/- Nor vs -/- Hyp P = <0.0001), VEGFR2: (DLD-1 +/+ Nor vs -/- Nor P = <0.0001,
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+/+ Hyp vs -/- Hyp P = <0.0001, -/- Nor vs -/- Hyp P = 0.0217), (SW480 +/+ Nor vs
-/- Nor P = <0.0001, +/+ Hyp vs -/- Hyp P = <0.0001), ANGPTL4: (DLD-1 +/+ Nor
vs -/- Nor P = <0.0001, +/+ Hyp vs -/- Hyp P = <0.0001), (SW480 +/+ Nor vs -/- Nor

P =<0.0001, +/+ Hyp vs -/- Hyp P = <0.0001, -/- Nor vs -/- Hyp P = 0.0105)

The inverse correlation between FBXL5 and CITED2 leading to HIF-/a upregulation
was evident in DLD-1 cells but not SW480 cell mMRNA expression (5.11 A and B).
Transcriptional activity of CA9 is primarily induced by HIF-/a and HIF-1f and
expression correlated with HIF-7a in SW480 cells as expected (Figure 5.11 B and F),
but only in DLD-1 normoxia cells rather than hypoxic (Figure 5.11 A and E).
Therefore, disruption of HIF-/a activity by FBXL5 KO likely caused downstream
disruption to CA9 (Kaluz et al., 2009). VEGFR2 expression was significantly
upregulated in both normoxia and hypoxia KO DLD-1 and SW480 cells (Figure 5.11
G and H). VEGFR2 and ANGPTL4 are typically upregulated in hypoxia, but the
corresponding increase at normoxia in FBXL5 KO cells was unexpected and suggests
that FBXL5 may have an important regulatory role in VEGFR2 and ANGPTL4 mRNA
expression, although ANGPTL4 mRNA expression varies greatly between CRC cancer
lines (Kubo et al., 2016). ANGPTL4 expression is regulated by HIF-/a, however

expression is not found to correlate in either DLD-1 or SW480 cells (Figure 5.11 I and

J).
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Figure 5.11: FBXL5 KO significantly affects hypoxia marker RNA expression in

colorectal cancer cells in both normoxia and hypoxia conditions.

RT-gPCR expression of common hypoxia markers is significantly affected by FBXL5
KO across CRC cell lines. Significance was greater under hypoxic than normoxia
conditions, further supporting previous evidence that FBXL5 activity is affected by
oxygen state. RT-qPCR analysis was performed in triplicate and result normalised to
1 for comparison. Error bars represent standard deviation P values = P < 0.05 (*), P

<0.01 (**), P=<0.001 (**), P = 0.0001 (***), assays were repeated twice.

5.1.4. The role of FBXL5 in Drug Response

Drug resistance is a central characteristic of cancerous tissues (Fouad and Aanei,
2017). Chemotherapeutic compounds can interact with cells by varying mechanisms,
suppressing proliferation, enzyme activity, genetic activity, or stimulating necrosis or
apoptosis dependent on their function (Riddell, 2018). Abnormal cytotoxic response
is typical in cancerous cells due to dysregulation of cell mechanisms, therefore
investigation of cytotoxic response in potential oncogenic or tumour suppressive genes
is important. In this study, we investigated the role of FBXL5 in drug response to

Oxaliplatin, Cisplatin, 5-FU, and Etoposide by cytotoxicity assay.

The UPS and other F-box ligases have previously been associated with drug resistance
(Yan et al., 2020). Therefore, the potential impact of FBXL5 on drug reactivity in
cancer is an important consideration. Our group recently demonstrated that FBXL5 KO
stimulated sensitivity in CRC stem cells to AM404 (aka Acetaminophen), an
anandamide uptake inhibitor and common antipyretic and antibacterial drug (Ctrl 1Cso:

15.3uM vs FBXL5 KO ICsp: 11.5uM) (Ahmed et al., 2019). AM404 was additionally
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found to significantly reduce cell migration of DLD-1 cells, while FBXL5 mRNA
expression was significantly increased in AM404-treated colorectal cancer cells.
FBXLS expression was also lower in normal/healthy tissues adjacent to CRC tumours

than in the tumour itself (Ahmed et al., 2019).

To further examine the role of FBXL5 colorectal cancer cell drug resistance, DLD-1
and SW480 FBXL5 KO cells were treated separately with Oxaliplatin, Cisplatin, 5-FU
and Etoposide. Oxaliplatin and Cisplatin are platinum-based chemotherapeutics that
cause DNA crosslinking between non-adjacent nucleotides, inhibiting DNA repair and
synthesis resulting in cell death (Riddell, 2018). Several mechanisms of action have
been proposed for platinum-based chemotherapeutics (“platins™), including inhibition
of DNA synthesis by interfering with translesion-synthesis polymerases, and
transcription inhibition by arresting the cell cycle at G2/M, preventing continuation to
mitosis (Riddell, 2018). Cisplatin-induced cell death is linked to p53 activity via PTEN

overexpression (Wu et al., 2016; Xiong et al., 2017).

FBXLS depletion has previously been linked to RhoGDI2 (Rho GDP dissociation
inhibitor 2)-induced Cisplatin resistance in gastric cancer cells but does not target
RhoGDI2 for ubiquitination (Wu et al., 2016). RhoGDI2 is associated with colorectal
tumour progresses and metastasis (Moon et al., 2010) and overexpression may cause
depletion of FBXL5 and increased Cisplatin (Wu et al., 2016) and 5-FU (Zheng et al.,
2013) resistance in stomach cancer cells. RhoGDI2 expression resulted in reduced
FBXLS5 expression during Cisplatin treatment, but absence of RhoGDI2 expression did
not cause similar upregulation of FBXL5 in Cisplatin treatment, therefore RhoGDI2
may directly downregulate FBXL5 expression (Wu et al., 2016; Xiong et al., 2017).
As Cisplatin and Oxaliplatin share some mechanical interactions and pathways,

FBXL5 may have similar effects on both.
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Fluoropyridines such as 5-Flurorouracil (5-FU) are anti-metabolite drugs that both
inhibit DNA and RNA synthesis while also binding to DNA and RNA to impede their
function (Longley et al., 2003). 5-FU is eventually metabolised to either fluorouridine
triphosphate, which is incorporated into RNA and disrupts normal functioning, or into
fluorodeoxyuridine diphosphate, which acts in the same manner on DNA (Longley et
al., 2003). As with Oxaliplatin and Cisplatin: 5-FU sensitivity is highly dependent on
p53 activity, with p53 downregulation causing 5-FU resistance, as the p53-mediated
apoptosis caused by accumulated 5-FU DNA damage is prevented (Liang et al., 2002).
Interestingly, several clinical studies have found p53 overexpression caused similar
resistance to 5-FU, although these finding may be explained by how p53
overexpression not necessarily correlating with TP53 mutation (Liang et al., 2002).
p38 MAPK inhibition increases resistance to carboplatin in the same manner as

Oxaliplatin and Cisplatin (Han et al., 2018).

Etoposide is a topoisomerase inhibitor chemotherapy agent, binding with
topoisomerase Il enzyme and preventing action to regulate DNA coiling, thereby
inhibiting DNA synthesis and RNA transcription, leading to strand breaks and
apoptosis (Montecucco et al., 2015). At high concentrations of Etoposide, cells are
lysed upon entering mitoses, while at low concentrations cells are inhibited from
entering prophase (Azarova et al., 2007; Zhou et al., 2001). Etoposide has noted
interactions with both p53-mediated apoptosis and autophagy-mediated ATP
production, with the nemo-like serine/threonine kinase (NLK) being required for p53
activation only after Etoposide treatment (Fan et al., 2008). Suppression of NLK may
increase sensitivity to Etoposide, although it is unclear whether this process modulates
cell death or cell survival, or how FBXL5 may contribute (Dey et al., 2010; Fan et al.,

2008).
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5.1.4.1. FBXL5 KO increases resistance to platinum-based
chemotherapeutics in DLD-1 cells but reduced resistance in SW480

cells.

All ICsg assays were performed as outlined in Materials and Methods section 2.2.14.
In brief: 3,000 cells per well were seeded in triplicate on a 96 well plate in 200ul
complete growth media. Plates were incubated under normal culture conditions for
two days for attachment and resumption of proliferation. Complete growth media was
replaced with media supplemented with drug dosage and incubated for a further 24-72
hours depending on experimental requirements. Media was then removed, wells
washed and fixed with 15% trichloroacetic acid (TCA) for 60 minutes at 4°C. Wells
were then washed with 200ul tap water, air dried for 1-2 hours at room temperature
and cells stained with 0.4% Sulforhodamine B solution in 1% acetic acid for 20
minutes. Excess staining was removed by washing repeatedly with 1% acetic acid and
the plate was air dried overnight at room temperature. The following day 200 pl 10mM
Tris in dH20 was added to each well and plate read at 492nM using a

spectrophotometer.

Oxaliplatin treatment dosages: 0, 2, 4, 6, 8, 10, 12, 15, 20, 30uM/ ml, 72-hour
treatment (Yang et al., 2016), Cisplatin treatment dosages: 0, 0.1, 1, 5, 10, 15, 20, 25,
30, 100uM/ ml, 72-hour treatment (Sun et al., 2018b), 5-FU treatment dosages: O,

0.001,0.1,1, 2, 4,5, 6, 10, 100uM/ ml, 72-hour treatment. (Choi et al., 2012).

As shown in Figure 5.12, results indicate that DLD-1 FBXL5 KO cells were
significantly more resistant to Oxaliplatin (A) treatment compared to controls (WT
ICs0: 0.5183uM, KO 0.7135uM), while SW480 were less resistant (WT ICso:

0.5068uM, KO: 0.4113uM). Interestingly, similar results were found for Cisplatin (B),

200|Page



(DLD-1 WT ICso: 0.2276pM, KO 0.3104pM, SW480 WT ICso: 0.1556pM, KO
0.04076M), and 5-FU (C) (DLD-1 WT ICso: 0.4764pM, KO 1.073puM, SW480 WT
ICs0: 0.6766uM, KO 0.6399uM). The consistent and cell-specific response of DLD-1
and SW480 FBXL5 KO cells to Platin treatment suggests that the Platin mechanisms
of action are significantly affected by both the genetic background of the cells and

subsequent interaction with FBXL5.

Two possible factors that may account for these cell-specific responses are differing
p53, or ROS and p38 expression within the two cell lines. FBXL5 may downregulate
p53 expression by negatively regulating PTEN (Yao et al., 2018). As p53 expression
is increased in SW480 cells, platin suppression of p53 may not be fully active in
SW480 cells or FBXL5 KO may affect each cell line differently as a result (Ahmed et
al., 2013a). Alternatively, platin interactions with reactive oxygen species (ROS) and
p38-mediated SNAIL activation may be reduced in DLD-1 cells due to lack of SNAIL
protein expression, leading to these cell-specific results (Cao et al., 2019; Jiao et al.,
2016). However, there is currently no direct evidence available of this interaction.
These results expand on previously limited understanding of FBXLS5’s relationship
with drug response and suggest that FBXL5 has a significant effect on platin resistance
in colorectal cancer cells by one of several possible mechanisms. Further mechanism-
of-action studies are required to explore the mechanisms mediated by platinum-based

chemotherapeutics and differential drug responses
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Figure 5.12: Effect of Oxaliplatin, Cisplatin and 5-FU treatment on DLD-1 and

SW480 FBXL5 KO cells shows significant alterations in drug resistance.

3,000 cells per well were seeded to 96 well plate, incubated for 48 hours and treated
for 72 hours before being fixed with 15% TCA and analysed. DLD-1 FBXL5 KO cells
showed greater resistance to all three Platins while SW480 FBXL5 KO resistance was
decreased. This may be accounted for by differing p53, p38 or SNAIL expression
between cell lines. (A) ICsoin pym. DLD WT ICsp: 0.5183uM, KO 0.7135pM, SW480
WT ICso: 0.5068uM, KO: 0.4113uM. (B) ICso in um. DLD-1 ICso: 0.2276uM, KO

0.3104pM, SW480 WT ICso: 0.1556pM, KO 0.04076pM. (C) ICsoin um. DLD-1 WT
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ICs0: 0.4764uM, KO 1.073uM, SW480 WT ICsp: 0.6766uM, KO 0.6399uM. Error bars

represent standard deviation. Assays were repeated once.

514.2. FBXL5 KO significantly alters Etoposide resistance in

colorectal cancer cells

The ICso assay was prepared as previously outlined (Materials and Methods section
2.2.14). In brief: Cells were seeded at 3,000 cells/well in 96 well plates, incubated for
48 hours and treated with Etoposide for 24, 48 and 72 hours (Etoposide treatment
dosages as recommended by manufacturer: 0, 0.5, 1, 5, 10, 20, 50, 100, 200, 500uM/
ml), after which the plates were washed, fixed with 15% TCA, excess staining
removed using 1% acetic acid and plates dried overnight. The following day 200 pl
10mM Tris in dH20 was added to each well and plate read at 492nM using a

spectrophotometer.

The Etoposide cytotoxicity assay results (Figure 5.13) demonstrate that at 24 hours,
FBXL5 KO reduces resistance to Etoposide in DLD-1 and SW480 cells. However, at
both 48h and 72h FBXL5 KO increases resistance to Etoposide treatment. As
Etoposide primarily triggers apoptosis by interference with DNA synthesis and RNA
transcription, full drug activity may take more than 24 hours. As with other
chemotherapeutics investigated in this project: differing response between DLD-1 and
SW480 cells may potentially be explained by the divergent genome, particularly in
p53 pathways. However, further investigation of Etoposide mechanism of action may
more accurately identify important molecular factors (Final I1Cso: 24h: DLD-1 WT ICsq:
2.085uM, KO 1.847uM, SW480 WT ICso: 23.31uM, KO 2.241pM. ICso: 48h: DLD-1

WT ICs0: 2.949uM, KO 6.989uM, SW480 WT ICso: 4.326pM, KO 11.82uM. ICso:
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72h: DLD-1 WT ICso: 0.1533uM, KO 0.1934pM, SW480 WT ICsp: 0.1632uM, KO

0.5592M).

These results suggest that FBXL5 not only affects DLD-1 and SW480 cells in a cell-
specific manner but may also independently affect several etoposide-affected
pathways, such as topoisomerase activity, p53-mediated apoptosis and autophagy-
mediated ATP production. There is currently no evidence linking FBXL5 with
topoisomerase activity, although p53 be downregulated by topoisomerase Il inhibitors.
This interaction is poorly understood and the potential involvement of FBXL5 requires

further investigation (Valkov and Sullivan, 2003).
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Figure 5.13: FBXL5 KO significantly increases Etoposide resistance in both DLD-1 and SW480 cells after 48-hour treatment.

3,000 cells per well were seeded to 96 well plates, incubated for 48 hours and treated for 24, 48 and 72 hours before being fixed with
15% TCA and analysed. By the 24-hour mark both FBXL5 KO cell lines showed reduced resistance to Etoposide, however by 48 and
72-hour timepoints FBXL5 KO caused increased resistance in both DLD-1 (A) and SW480 (B) cells. 72 hours. Final ICso. 24h: DLD-1 WT
ICs0: 2.085uM, KO 1.847uM, SW480 WT ICsp: 23.31puM, KO 2.241uM. ICso. 48h: DLD-1 WT ICsp: 2.949uM, KO 6.989uM, SW480 WT

ICso: 4.326uM, KO 11.82uM. ICsp. 72h: DLD-1 WT ICso: 0.1533uM, KO 0.1934uM, SW480 WT ICsp: 0.1632uM, KO 0.5592uM. Error bars

represent standard deviation, assay was repeated twice.
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5.2.Discussion

The initial focus of this chapter was characterising the role of FBXLS in iron
homeostasis in DLD-1 and SW480 Cas-9 expressing cells, including effects on Iron
Regulatory Proteins and both their immediate and tangential downstream targets, the
possible effects of FBXL5 on labile iron pool regulation by Calcein AM staining and
reactive-oxygen species activity by treatment with Salinomycin. The growing role of
iron homeostasis in cancer biology and metastasis makes modulation of iron an
attractive therapeutic target, either by depleting intracellular iron to prevent cellular
metabolism, or causing excessive iron accumulation leading to cell death (Brown et
al., 2020; Costa da Silva et al., 2017). Further understanding of the role of FBXLS5 in
iron homeostasis may present a suitable target for future clinical investigation, either
in colorectal or another metastasis. In particular: a future examination of FBXL5 KO
role in iron homeostasis in patient derived organoids or tissue samples may more
clearly define precisely how it affects IRP and whether this interaction may be utilised

in the future.

Results demonstrated that FBXL5 has significant, wide-reaching effects on iron
homeostasis in colorectal cancer cells by regulation of iron regulatory proteins at both
protein and mRNA stage, confirming and expanding on existing understanding (Jeong
etal., 2011). That FBXL5 KO in colorectal cancer cell lines also has significant effects
on several downstream targets with limited direct association to either iron
homeostasis or the UPS implies that FBXL5 has broader regulatory roles than
previously believed, either by direct ubiquitination of protein substrates, or by indirect
regulation. Downregulation of IRP2 mMRNA in our FBXL5 KO cells and dysregulation
of other primary and downstream iron regulatory markers undeniably expands the

potential role of FBXL5 in both molecular biology and as a possible therapeutic target,
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although any direct interactions between FBXL5 and other downstream IRP1 and
IRP2 substrates such as RBCK1 and VHL is currently unknown. The cell-specific
response to FBXL5 KO in both Calcein AM staining and Salinomycin is also evident,
even if the mechanisms and interactions with iron homeostasis require elaboration.
Further investigation using patient-derived organoids or alternative models may
uncover on how FBXLS5 interacts with iron homeostasis and the possible influence on

labile iron and Salinomycin response in patient care.

While the results of the Calcein AM staining assay demonstrated a significant
dysregulation in labile iron concentration in DLD-1, Calcein is membrane non-
permeable and may not accurately measure complete cellular iron levels (Tenopoulou
et al., 2007). As such, future studies may benefit from more comprehensive and
powerful methods of quantifying total cellular and labile iron. Several studies have
quantified cellular iron using Mass Spectrometry (Amor et al., 2020; Ren and
Walczyk, 2014; Tchaikovsky et al., 2020). Alternatively, the novel u-ferene
colorimetric may be valuable for quantifying cellular and labile iron without the use

of mass spectrometry (Abbasi et al., 2021).

From the results in this chapter, it can also be concluded that FBXL5 KO significantly
dysregulates ATG5-mediated autophagy markers in colorectal cancer cell lines in a
cell-specific manner. The disparate changes in ATG5, LC3B and Beclinl expression
further imply that FBXLS5 regulates these substrates and their associated aspects of
autophagosome development independently. The connection between ATG5-
independent autophagy and ATG5, LC3B, Beclinl and FBXL5 also requires
investigation, as it is currently unclear precisely how these factors may interact and

how FBXL5 may modulate this process in colorectal cancer.
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The source of cell-specific alterations to autophagy marker expression also requires
further examination. ATGS5 is strongly regulated by p53 transcription factors which
are abnormally expressed in SW480 and may be affected by FBXL5 via PTEN (Yao
etal., 2018). LC3B has a highly complex regulatory network that may be dysregulated
in either cell line (Jia and Bonifacino, 2020). Beclinl is ubiquitinated by
FBXL1/SKP2, which stimulates EMT activity in breast cancer, and FBXL5 has
existing interactions with EMT in CRC cell lines and SNAIL/EMT abnormalities in
DLD-1 (Gassen et al., 2019; Wu et al., 2015b). These factors make cell-specific
differences in autophagy markers expression difficult to identify. FBXLS5 also interacts
with the mTOR pathway, which has a regulatory role in autophagy (Yamauchi et al.,
2017; Yao et al., 2018). Ferritin is associated with autophagy via NCOA4 (nuclear
receptor coactivator 4) and data from this project found Ferritin dysregulated by
FBXL5 KO in colorectal cancer cells (Results section 5.1.1.3) (Santana-Codina and

Mancias, 2018) (Yao et al., 2018).

Therefore, while these results support the hypothesis that FBXL5 may partially
influence both ATG5-dependent and independent autophagy, the precise mechanism
of action is currently uncertain. Further studies on direct protein-protein and substrate
interactions or a broader study of ubiquitin associations with autophagy markers in
patient derived organoids or tissue samples may provide further evidence of these
connections. Additionally, assays that more directly quantify the autophagy process
itself may be effective for future work. Such methods include quantification of LC3
activity in a cell sample via immunofluorescent microscopy, quantification and
staining of autophagosomal membrane activity or the use of autophagy or lysosomal

inhibitors (Orhon and Reggiori, 2017). This result also further supports our previous
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supposition that FBXL5 KO may be most significant after the activation of specific

cellular or environmental pathways.

To determine the role of FBXL5 in colorectal cancer cell response to hypoxia, we
utilised the colony formation efficiency assay, and assessed mMRNA expression of
several important hypoxia regulators using RT-gPCR. The results indicate that FBXL5
may have a role in hypoxia response in colorectal cancer cells, more significantly
affecting colony formation efficiency in hypoxic than normoxic conditions, and
dysregulating mRNA expression of HIF-/a, HIF2a, CA9, VEGFR2 and ANGPTL4 in

a cell-specific manner.

Surprisingly, SW480 FBXL5 KO cells consistently demonstrated downregulation of
hypoxia markers HIF-/a and HIF 2o which should be induced by hypoxic conditions.
However, DLD-1 mutations in PI3K may affect Reactive Oxygen Species (ROS)
regulation, which has been linked to oxidative stress response, in addition to
potentially regulating HIF-/a expression, possibly accounting for the cell-specific

results (Liu et al., 2019a) (Zhang et al., 2018).

FBXLS5 is degraded at oxygen-depleted conditions, and via CITED2-mediated protein
degradation (Cbp/P300 Interacting Transactivator with Glu/Asp Rich Carboxy-
Terminal Domain 2) is one tangential aspect of the HIF-1o regulatory network
(Machado-Oliveira et al., 2015a). While HIF-1a is typically induced under hypoxic
conditions: downregulation or knockout of FBXL5 may cause overexpression of
CITEDZ, in turn downregulating HIF-1a under hypoxic conditions (Machado-Oliveira
et al., 2015b). RT-qPCR results from this project largely support conclusion: with
DLD-1 and SW480 FBXL5 KO cells displaying atypical downregulated HIF-/« in

normoxia and SW480 KO cells in both normoxia and hypoxia. HIF-2a has a diverse
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regulatory network of transcription factors that only partially overlaps with HIF-/a,
therefore the precise interaction with FBXLS5 is difficult to ascertain (Loboda et al.,

2010).

As CA9 expression is primarily induced by HIF-/a, it is reasonable to presume that
dysregulation and cell-specific differences in CA9 expression may be caused by
upstream HIF-7/a dysregulation (Kaluz et al., 2009; Kubo et al., 2016). VEGFR?2 is
also expressed in a tissue and cell-specific manner and has a highly complex regulatory
network (Simons et al., 2016) (Barratt et al., 2018). VEGFR2 is upregulated in some
colorectal cancer cell lines under hypoxic conditions (Liu et al., 2017), and both DLD-
1 and SW480 results from this project reflected this, although the corresponding
upregulation in VEGFR2 and ANGPTL4 expression at normoxia in FBXL5 KO cells
suggests that FBXL5 may also modulate their expression in normoxia, whereas that
modulation by FBXL5 is prevented in hypoxia where FBXL5 is normally unstable and

degraded.

Few studies have explored the role or changes to UPS activity in hypoxia, however
one mouse study identified 198 peptides with significantly altered ubiquitination
profiles under hypoxic conditions (Wade et al., 2017). Multiple E3 ligases are involved
in hypoxic cell reactions, of which FBXL5’s precise role is yet to be determined
(Kubaichuk and Kietzmann, 2019; Wade et al., 2017). Further studies using multiple
cancer cell types and assessment of hypoxia markers using both RT-qPCR and western

blotting would greatly expand current understanding of FBXL5’s role in hypoxia.

Finally, results in this chapter also demonstrate that FBXL5 has a significant effect on
drug resistance in human colorectal cancer cell lines in a cell-specific manner. The

platinum-based therapeutics (Oxaliplatin, Cisplatin and 5-FU) all produced similar
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results, with DLD-1 FBXL5 KO cells having increased resistance while SW480

FBXL5 KO cells having reduced resistance.

As all three platinum-based agents share mechanisms related to inhibition of DNA
synthesis, transcription inhibition and cell cycle modulation via p53 suppression and
immune modulation, (Focaccetti et al., 2015; Longley et al., 2003; Riddell, 2018)
FBXLS5 likely has a role in one or several of these pathways. One possible clue is the
differing reactions between DLD-1 and SW480 cells. SW480 cells have high p53
expression, therefore the p53-suppression action of platinum-based agents may not be
fully active in SW480 cells, nor may FBXL5’s tangential interactions with p53 via the
oncogenic gene IASPP (Yao et al.,, 2018) (Xiong et al., 2017). Alternatively:
Oxaliplatin, Cisplatin and 5-FU also interact with reactive oxygen species (ROS) and
p38 MAPK signalling pathways, which lead to EMT activation via SNAIL (Cao et al.,
2019; Focaccetti et al., 2015; Jiao et al., 2016). Downregulation of SNAIL mRNA
expression in turn reverses ROS-mediated EMT activity, suggesting another possible
interaction with FBXL5 (Jiao et al., 2016). The mechanisms of platinum-based
chemotherapy agents are still being investigated; however, these results indicate at
least one interaction pathway that may provide a valuable target for future studies into
colorectal cancers with abnormal FBXL5 expression. This also reinforces our previous
hypothesis that FBXL5 KO is most keenly demonstrated when specific situational
cellular and environmental pathways are activated, rather than more directly affecting

normal cell homeostasis.

FBXLS5 depletion has previously been shown to increase Cisplatin resistance via
depletion of RhoGDI2 by activation of MARPK pathway ERK and p38, with FBXL5
downregulated in RhoGDI2-overexpressing cells post-Cisplatin treatment (Wu et al.,

2016). This implies a negative feedback loop between RhoGDI2 and FBXLS5, and
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FBXL5 KO potentially causing RhoGDI2 upregulation. RhoGDI2 also positively
correlates with 5-FU resistance in several human gastric cancer lines, although the
exact mechanism is unclear. (Zheng et al., 2013). As such, RhoGDI2 may be a master
regulator of platinum-based chemotherapeutic resistance, with FBXL5 potentially
acting as RhoGDI2 post-transcriptional regulator. Intriguingly, FBXL5 does not
directly target RhoGDI2 for ubiquitination (Wu et al., 2016), therefore FBXL5 may
have an indirect effect on RhoGDI2 and presents a novel therapeutic target for
RhoGDI2-mediated drug resistance. RhoGDI2 itself has been tentatively identified as
a metastasis suppressor in bladder cancer but oncogene in breast cancer (Moon et al.,
2010) (Zhang and Zhang, 2006). Examination of RhoGDI2 and other MARPK
pathway markers may further elaborate on the role of FBXL5 in RhoGDI2-mediated
drug resistance. These results also expand on previously limited understanding of
FBXLS5’s role in drug resistance and chemotherapeutic response in colorectal cancer,
particularly expanding the interaction between FBXL5, RhoGDI2 and platinum-based

therapeutics.

Etoposide triggers both p53-mediated apoptosis, with which FBXL5 has previously
been associated (Xiong et al., 2017), and autophagy, which as shown in Results section
5.1.2 FBXL5 may interact with. Therefore, these different cellular pathways may act
independently during etoposide treatment: FBXL5 interactions with earlier activated
pathways may reduce resistance, but interactions with later activated pathways
increasing resistance. However, the limited understanding of FBXL5 prevents more
detailed characterisation of these interactions. FBXL5 also ubiquitinates non-
phosphorylated hssB1 (human single-strand DNA binding protein), which participates
in DNA damage response (Chen et al., 2014). Further investigation may identify other

FBXL5 substrates within similar roles.
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These findings also raise considerations on the future role of FBXL5 in clinical
practice and patient care. There is currently no data on the impact of FBXLS5 mutations
on chemotherapeutic response, although FBXLS5 is implicated in patient post-surgical
survival rate (Haifeng, 2017), with increased FBXL5 expression correlating with
increased patient mortality, therefore FBXL5 may present a novel therapeutic target
for RhoGDI2 resistance in cancer (Yao et al.,, 2018). The effect of FBXL5 on
Etoposide may also present similar clinical opportunities, however further studies on
Etoposide mechanics of action are required to more accurately characterise

interactions with FBXLS5.

Taken together, these results further characterise the role of FBXL5 in drug resistance
and drug response in colorectal cancer cells. Future studies using model systems such
as primary tissue samples, patient-derived organoids or alternative cell lines may
further develop current understanding and translate to patient care. Alternatively, due
to the limited information available on FBXL5, bioinformatic and proteomic and
transcriptomic sequencing of FBXL5 KO samples may identify novel associations
with FBXL5 that may be more difficult to identify with in vitro methodology, which

will be the focus of the following chapter.
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Chapter 6: Bioinformatics and
RNA-Seq analysis of FBXL5
KO cells identified novel

substrates and pathways
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6. Brief Introduction

This project has thus far attempted to validate and expand previous understanding of
the impact of FBXLS5 in colorectal cancer using in vitro colorectal cancer cell models
and assays that identify specific pathways and downstream target genes and proteins.
However, the methods used such as western blotting and RT-gPCR are limited when
attempting to categorise completely novel pathways and interactions that have not
been previously considered. For example: our Results in section 5.1.2 demonstrated
the role of FBXL5 KO in autophagy regulation in colorectal cancer cells despite the

lack of or limited previous experimental evidence.

Next Generation Sequencing (NGS) refers to high-throughput quantification analysis
of genomic and transcriptomic data, thereby potentially identifying novel interactions
and pathways (Stark et al., 2019). The Cancer Genome Atlas (TCGA, (Weinstein et
al., 2013)) for example, has profiled and sequenced thousands of human tumours for
DNA, RNA, protein and epigenetic abnormalities, which provide a comprehensive
molecular background on human tumour types. Therefore, in this chapter, we analyse
publicly available cancer tissue NGS sequencing databases to potentially identify
FBXLS5 protein and genetic correlations and associations in cancer. We also investigate
and discuss the results obtained from NGS RNA-Seq analysis of DLD-1 FBXL5 KO
cell lines generated during this project and how these results impact on current

understanding of FBXL5.
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6.1.Results

6.1.1. Analysis of public NGS databases to predict novel FBXL5

associations.

Next generation sequencing (NGS) has recently developed to enable large scale,
quantitative analysis of biological samples, and the public sharing of that data in a
manner that is amenable to further analysis by researchers with limited bioinformatics
background. There are several publicly accessible collaborative datasets available that
can predict genetic and proteomic associations by drawing information from sources
including published experimental data, NGS datasets and predictive algorithms
(Chandrashekar et al., 2017; Szklarczyk et al., 2019; Tang et al., 2017). Interrogation
of these combined databases can provide scientists with an alternative approach that
can advance their research, particularly in less well understood genetic or proteomic
topics. However, any novel associations predicted by these methods must be validated
in vitro. To attempt to predict novel FBXL5 associations and substrates, three publicly
available bioinformatics databases: STRING, GEPIA and UALCAN were selected

and interrogated. All these databases were accessed during Nov-Dec 2020.

Firstly; STRING (Search Tool for the Retrieval of Interacting Genes/Proteins, String-
DB.org) (Szklarczyk et al., 2019) is a database of known and predicted proteomic
interactions determined by physical and functional associations. Each potential
association is scored between 0-1 on the strength of available evidence including
published experimental data and research articles, co-expression and homology of
proteins, text mining and proteomic association datasets made available for analysis.

Proteomic associations which are well understood will score more highly in STRING
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than novel associations only identified as correlations in high-throughput proteomics

analysis.

Secondly, GEPIA (Gene Expression Profiling Interactive Analysis, gepia.cancer-
pku.cn) (Tang et al., 2017) interrogates mRNA sequencing data from paired tumour
and healthy tissue samples from the TCGA (The Cancer Genome Atlas Program,
(Weinstein et al., 2013)) and GTEx (Genotype-Tissue Expression project,
(Consortium, 2013)) databases, determining linear mMRNA expression correlation
between genes of interest. The TCGA database contains genomic, epigenomic,
transcriptomic and proteomic data from 20,000 primary tissue samples across 33
different cancers, while GTEX is a collaborative database containing similar data from

individual researchers and projects (Consortium, 2013; Weinstein et al., 2013).

Finally UALCAN (University of Alabama at Birmingham Cancer Database,
ualcan.path.uab.edu) (Chandrashekar et al., 2017) also provides cancer genomic,
transcriptomic and proteomic data analysis from TCGA, MET500 (Metastatic 500
(Robinson et al.,, 2017)) and CPTAC (Clinical Proteomic Tumour Analysis
Consortium, (Whiteaker et al., 2014)) databases comparing tumour and healthy tissues
with data categorised by cancer type, stage and TP53 mutation status. Unlike TCGA,
MET500 data is primarily generated from metastatic cancer samples, providing more
focused data on advanced stages of cancers, while CPTAC specialises in colorectal,
breast and ovarian cancer proteasome-genomic data associated with toxicity and

resistance in clinical trials.
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6.1.1.1. STRING analysis of predicted FBXL5 protein

associations identified potential novel protein interactors.

STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) (Szklarczyk et
al., 2019) analysis of potential FBXL5 associations was performed using the online
STRING interface (STRING-DB.org, (Szklarczyk et al., 2019)) at the highest
confidence interaction (0.9) and expanded to 20 closest direct or indirect interaction
nodes. Confidence interaction lower than 0.9 produced an exponential number of
potential associations that was impractical to investigate thoroughly. Data was
subsequently exported and examined in Microsoft Excel and the STRING-db online
node visualiser. Co-occurrence, gene fusion and predictive neighbourhood options
produced no data and were disabled to facilitate analysis. Permanent link

(https://version-11-0b.string-db.org/cqi/network?networkld=bFXGaA52lfnr)

Examination of closest 20 nodes identified nine high probability associations with
FBXL5 (average confidence scores 0.945) including components of the ubiquitin-
proteasome regulation, SCF binding and other F-box E3 ligases (Figure 6.1). Of these
nodes, only IREB/IRP2 was identified as a potential FBXL5 association not directly
related to the ubiquitin-proteasome system. FBXL5 KO impact on IRP2 has been
discussed in detail in Chapter 1 and 5 (Terzi et al.,, 2021). Therefore, analysis
tolerances were expanded from closest 20 to closest 100 direct and indirect
associations. Other search parameters were unchanged. This search identified 44 total
potential associations with FBXLS5 with >0.9 confidence score (see Table 6.1). Of
these potential associations; 16 were other F-box E3 ligases, 23 were ubiquitin
modifying enzymes, SCF structural proteins or UPS regulating proteins. In addition to
IREB/IRP2, this analysis identified VHL as a potential novel FBXL5 interactor
outside UPS. As established in Results Section 5.1.1.4: VHL is a HIF-1a regulator and
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downstream target of iron homeostasis (Foxler et al., 2012) and VHL mRNA is shown
to be significantly upregulated in FBXL5 KO DLD-1 colorectal cancer cells in this
project (Figure 5.6). STRING associations and confidence scores are determined by
published experimental data, publicly available proteomic databases, co-expression
and homology. Despite the limited available information on FBXL5, this was still
sufficient for STRING to identify other potential novel associations. Further
development of both the STRING system and access to additional proteomic databases

may identify other associations in the future.

Figure 6.1: STRING analysis of FBXL5 showing 20 nodes of highest confidence

(average confidence: 0.971).

Results identified varying E3 ligases, SCF components and UPS regulators, only

IREB2 (aka IRP2) was identified as an FBXL5 association outside UPS. Coloured
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lines represent evidence type including text mining, experimental evidence, database
analysis and co-expression. Co-occurrence, gene fusion and neighbourhood options

produced no data points and were disabled (Permanent link: https://version-11-

Ob.string-db.org/cgi/network?networkld=bFXGaA52lfnr).
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Table 6.1: Potential FBXLS5 associations identified using STRING Database

Node/interactor Known roles Experimental | Coexpression | Homology | Textmining | Database Cosr: :':ad
FBXL7 0 0 0.555 0.166 0.9 0.905
FBXO11 0 0.064 0 0.475 0.9 0.946
FBXO17 0 0 0 0.155 0.9 0.911
FBX0O18 0 0 0 0.17 0.9 0.913
FBXO2 0 0 0 0.288 0.9 0.925
FBXO027 0 0 0 0.428 0.9 0.94
FBXO4 0 0 0 0.367 0.9 0.934
FBX0O44 F-box E3 Ligase 0 0 0 0.277 0.9 0.924
FBXO6 0 0 0 0.275 0.9 0.924
FBXO7 0 0 0 0.177 0.9 0.914
FBXO9 0 0 0 0.169 0.9 0.913
FBXW11 0 0.052 0 0.427 0.9 0.94
FBXW?2 0 0.058 0 0.103 0.9 0.908
FBXW7 0 0.055 0 0.292 0.9 0.927
FBXWS8 0 0 0 0.575 0.9 0.955
FBXW9 0 0 0 0.43 0.9 0.94
FZR1 APC/C E3 ligase adapter 0 0 0 0 0.9 0.9
GLMN SKP-Cullin-F-box-like complex 0 0.062 0 0 0.9 0.902
GPS1 COP9 UPS regulating complex 0 0 0 0 0.9 0.9
HERC2 E3 ligase 0.305 0 0 0.348 0.9 0.95
IREB2 Iron Regulatory Protein 2 0.305 0.062 0 0.897 0.9 0.992
KEAP1 Component of RBX1/CUL E3 ligase. 0 0 0 0.089 0.9 0.905
LRR1 Leucine-rich-repeat protein 1. 0 0 0 0 0.9 0.9
NAE1 NEDDS activating E1 subunit 0 0 0 0 0.9 0.9
NEDDS8 NEDD E3 ligase activator 0 0 0 0.116 0.9 0.907
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RBX1 E3 ligase 0.313 0 0 0.501 0.9 0.962
RNF7 RING-box protein 2 0 0 0 0.106 0.9 0.906
SKP1 SKP protein of SCF complex 0.379 0.077 0 0.604 0.9 0.974
SKP2 SKP protein of SCF complex 0 0 0 0.401 0.9 0.937
TCEB1 Elongin C. RNA Polymerase Il 0 0 0 0.065 0.9 0.902
TCEB2 Elongin B. RNA Polymerase |l 0 0 0 0.071 0.9 0.903
UBA1 0 0.055 0 0 0.9 0.901
UBA3 0 0.095 0 0 0.9 0.905
UBE2B 0 0 0 0 0.9 0.9
UBE2D1 0 0.064 0 0 0.9 0.902
UBE2D2 o . o 0 0.061 0 0 0.9 0.902
UBE2D3 Ubiquitin-like modifier-activating 0 0.108 0 0.122 09 0914
UBE2F enzyme 0 0 0 0.047 0.9 0.9
UBE2G1 0 0.064 0 0 0.9 0.902
UBE2K 0 0 0 0.138 0.9 0.91
UBE2M 0 0 0 0.08 0.9 0.904
UBE2R2 0 0.061 0 0 0.9 0.902
UBE2S 0 0 0 0.384 0.9 0.935
VHL HIF-1a regulator and IRP substrate 0 0 0 0.137 0.9 0.91

222 |Page




6.1.1.2. GEPIA and UALCAN analysis of RNA expression
databases identifies several novel potential FBXL5 associated

genes.

To identify additional novel FBXL5 gene correlations and potential associations, the
GEPIA and UALCAN RNA-omics databases were interrogated. GEPIA (Gene
Expression Profiling Interactive Analysis, gepia.cancer-pku.cn) (Tang et al., 2017)
analyses RNA transcriptomic data extracted from cancerous and healthy tissues in the
TCGA (The Cancer Genome Atlas Program) and GTEX (Genome-Tissue Expression
project (Consortium, 2013)) databases for possible genetic correlations with a gene of
interest. The UALCAN system (University of Alabama at Birmingham Cancer
Database, ualcan.path.uab.edu) (Chandrashekar et al., 2017) analyses cancer RNA-
omics data obtained from the TCGA, MET500 and CPTAC databases (Robinson et
al., 2017), with the MET500 database categorising RNA transcriptomic samples by
cancer stage and TP53 mutation status in addition to cancer type, allowing
categorisation of gene expression and correlations during cancer progression, and

CPTAC focusing on associations with clinical drug resistance and toxicity.

Analysis of RNA-omics data for gene expression correlation with FBXL5 was
conducted using the GEPIA and UALCAN online interfaces using COAD (Colon
adenocarcinoma) Tumour and COAD Normal tissue datasets and significance detected
by Pearson’s Correlation Coefficient (PCC) of >0.7, logfold change cut off: 1.0. Both
GEPIA and UALCAN systems were examined with the same parameters. (GEPIA

analysis link: http://gepia.cancer-pku.cn/detail.php?gene=FBXL5, UALCAN analysis

link: http://ualcan.path.uab.edu/cqi-

bin/TCGAEXxCorrel.pl?genenam=FBXL5&cancer=COAD )
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Expression correlation analysis identified four genes within COAD datasets with PCC
score of >0.7. Expanding PCC score tolerances identified a further 93 genes with PCC
between 0.6-0.5 and a further 637 with PCC between 0.59-0.5. Table 6.2 lists genes
with PCC of 0.65 or greater when compared with FBXL5 expression in colorectal
adenocarcinoma. Figure 6.2 A and B and Figure 6.3 show heatmap and chromosomal
distribution of the same data (Figure 6.2 A shows genes positively correlated; Figure
6.2 B are genes negatively correlated). Importantly; simultaneous analysis across all
available cancer datasets rather than COAD alone did not identify any genes of PCC
>0.7, implying FBXL5 oncogenic or tumour suppressive activity may be tissue and
cancer specific. Highest PCC score across all cancer datasets was WDFY3 at 0.58, an
autophagy regulator that may be linked to neurological disability and an autism risk

gene (Napoli et al., 2018).

Other novel FBXL5 correlations identified by significant PCC score include several
RAS oncogenes, two Herpes Simplex viral interactors and other immune response
regulators, and several genes associated with membrane integrity and ion channel
activity (Table 6.2). FBXL5 has not previously been associated with ion exchange or
ion channel activity, and although engineered E3 ligases have been used to selectively
manipulate ion channels, there is limited information available on F-box protein
associations with ion channels (Kanner et al., 2017). Nor does FBXL5 have published
associations with RAP1 signalling, HCFC2 or Herpes Simplex viral interactions.
However, as RNF11 is part of the UPS, encoding RNG-H2 finger motif, association
or interaction between itself and FBXL5 are reasonable to presume (Mattioni et al.,
2020). EID1 is implicated in transcription, differentiation, DNA repair and
chromosomal maintenance and is targeted by FBXO21 for ubiquitination (Zhang et

al., 2015), but currently no direct associations with FBXL5 are known.
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While GEPIA and UALCAN only performs expression correlation analysis and cannot
experimentally validate results, this analysis was able to identify several novel genes
with potential FBXL5 associations. In vitro testing is required validate these findings.
Therefore, we quantified expression of those top associated genes with PCC >0.7
(RAP1A, HCFC2, RNF11 and EID1) in DLD-1 and SW480 FBXL5 KO cells using

RT-gPCR in triplicate as previously outlined (Materials and Methods section 2.2.13).

As shown in Figure 6.4: DLD-1 KO cells showed significant downregulation of all
four target genes, while SW480 showed downregulation RAP1A (Figure 6.4 A), EID1
(Figure 6.4 C), and RNF11 (Figure 6.4 D), but not HCFC2 (Figure 6.4 B), confirming
the results obtained from GEPIA and UALCAN analysis RAP1A (DLD-1 P = <
0.0001, SW480 P =< 0.0001) HCFC2 (DLD-1 P =<0.0009, SW480 P = 0.466) EID1
(DLD-1 P =<0.0001, SW480 P =< 0.0001) RNF11 (DLD-1 P =< 0.0001, SW480 P
= < 0.0001). Differences in RAP1A expression may be attributed to DLD-1 KRAS
G13B mutation or SW480 K, H or N Ras mutations (Ahmed et al., 2013a). Although,
the precise mechanism is difficult to determine. RAP1 may act as a Ras suppressor,

although this is currently unclear (Nussinov et al., 2020).
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Table 6.2: Genes expression correlated with FBXL5 with PCC >0.7 identified
using GEPIA and UALCAN databases
PCC PCC

Gene R | General Known Roles
RAP1A 0.72 <0.45 RAS suppressor, EKR signalling, GTP binding
<0.45 Host Cell Factor C2, Herpes Simplex viral
HCFC2 0.71 interaction
RNF11 0.7 <0.45 Ring Finger Protein 11 in UPS complex
EID1 0.7 <0.45 Transcription corepressor, cell differentiation
CGRRF1 0.69 <0.45 Cell growth regulator, cell differentiation
SNX6 0.68 <0.45 Sorting Nexin 6,
RAP1B 0.68 <0.45 RAS oncogene family, GTP binding
0.48 Glucocorticoid receptor, inflammation, cell
NR3C1 0.67 proliferation and differentiation
0.50 | Ubiquitin ligase, inflammation, ubiquitinates cAMP
PJA2 0.66 dependent protein kinases |, Il o/
GLIPR2 0.66 <0.45 Protein homodimerization
<0.45 Muscle-blind Like Splicing Regulator 1, modulates
alternative splicing of pre-mRNA’s, muscle tissue
MBNL1 0.66 development
<0.45 Interleukin 6 Signal Transducer, cytokine signal
IL6ST 0.66 transducer.
SLC9A9 0.65 <0.45 lon homeostasis and exchange
<0.45 Zinc Finger Protein 25, Herpes Simplex Viral
ZNF25 0.65 Infection
<0.45 Regulates NF-Kappa-B signalling in innate
immunity, telomerase reverse transcription
TCEAL7 0.65 expression
STOM 0.65 <0.45 | Integral membrane protein, ion channels, anaemia
<0.45 Cannabinoid receptor 1 in neurotransmitter
CNRIP1 0.65 release and activity, deafness,
RAB18 0.65 <0.45 RAS oncogene family, eye and brain development
<0.45 | Tumour necrosis factor, apoptosis regulation along
TNFSF12 0.65 multiple pathways, angiogenesis
0.53 GTPase immunity-associated proteins family, cell
GIMAP6 0.65 survival, lymphoma and lung cancer.
HACD4 0.65 <0.45 Fatty acid metabolism, Spinocerebellar Ataxia 34,
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Figure 6.2: GEPIA and UALCAN analysis showing 25 genes with most
significantly altered gene expression correlated with FBXL5 in colorectal

adenocarcinoma:

Correlational analysis of RNA-Seq data identified numerous genes differentially
expressed compared with FBXL5 in TCGA, GTEX, MET500 and CPTAC genomic
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and proteogenomic databases. The most significant genes from this analysis were
selected for in vitro validation. (A) 25 most significantly positively correlated genes
with FBXL5 expression. (B) 25 most significantly negatively correlated genes with

FBXL5 expression. Permanent link: (http://ualcan.path.uab.edu/cqi-

bin/TCGAEXxCorrel.pl?cancer=COAD&genenam=FBXL5)

The Differentially Expressed Genes On Chromosomes

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y

__ Over-expressed Genes
_ Under-expressed Genes

The gene positions are based on GRCh38.p2(NCBI). 5337 Genes.

Figure 6.3: Chromosome mapping of GEPIA and UALCAN analysis of genes

most significantly altered expression correlated with FBXL5.

Chromosomal mapping of differentially expressed genes correlated with FBXL5 in
colorectal cancer using TCGA, GTEX, MET500 and CPTAC genomic and
proteogenomic databases. 5,337 genes total were identified as differentially

expressed in this analysis (GEPIA analysis link: http://gepia.cancer-

pku.cn/detail.php?gene=FBXL5).
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Figure 6.4: RT-gPCR analysis of genes identified by GEPIA and UALCAN

analysis shows significant alterations in FBXL5 KO DLD-1 and SW480 cells.

Analysis of GEPIA and UALCAN colon adenocarcinoma databases identified RAP1A
(A), HCFC2 (B), RNF11 (C) and EID1 (D) as potential FBXL5 interactors. RT-qgPCR
analysis found significantly downregulation in FBXL5 KO DLD-1 and SW480 cells for
the majority of these targets as predicted. RT-gPCR assay was performed in triplicate
and result normalised to 1 for comparison. Error bars represent standard deviation. P

<0.05 (*), P <0.01 (**), P < 0.001 (***), P <0.0001 (****),
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This RT-qPCR data validates the analysis of GEPIA and UALCAN databases as a
possible method of identifying novel gene associations and suggests several novel
FBXLS5 associated genes. Further examination of the novel associations identified by
interrogation of the GEPIA and UALCAN databases would greatly expand current
understanding of FBXL5 and suggest research goals for future projects. Additionally,
corroboration of GEPIA and UALCAN database predicted gene associations using in
vitro assays also validates their use as a preliminary step when investigating poorly
understood genes such as FBXL5 and other F-box E3 ligases. A comprehensive
analysis of these databases for other novel F-box associations may be beneficial for

future studies.

6.1.2. RNA-Seq analysis of DLD-1 FBXL5 KO cells identifies

novel, differentially expressed genes.

RNA-Sequencing is a form of high-throughput RNA analysis that simultaneously
quantifies the expression of different RNA sequences within a sample, including
alternative splicing variants, SNP strand mutations and post-transcriptional
modifications (Stark et al., 2019). As such, it is more efficient than the RT-qPCR array
and similar methods when conducting exploratory research into novel aspects of

functional genetics.

RNA Sequencing utilises either cDNA or fragmented RNA as a sample library for
interrogation (Kukurba and Montgomery, 2015). Artificial fluorescent sequence
adaptors unique to each nucleic sequence are ligated to both ends of the fragment or
cDNA, which can be read and quantified by their unique fluorescent signature (Wolf,

2013). These sequences or “short sequence reads” are identified by high throughput
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reading of the attached adapters, and subsequently quantified and mapped to the
reference genome, also identifying isoforms and mutations within a transcriptome
(Wolf, 2013). RNA-Seq experiments are dependent on “coverage” and “depth”,
coverage referring to the total area of the reference genome read using fluorescent
adaptors, and depth being the number of reads of each area of the reference genome
across all adaptors to ensure accuracy (Wolf, 2013). Typical RNA-Seq projects have
>90% coverage of a reference genome depending on experimental requirements, and
between 1-500 million reads across the entire transcriptome (Kukurba and

Montgomery, 2015).

RNA-Seq is superior to RT-gPCR arrays for high throughput RNA expression analysis
due to its high coverage and number of reads. RNA-Seq may be unable to identify
isoforms with high similarity (Stark et al., 2019). In addition, the sequencing depth of
individual RNA-Seq experiments, possible transcript loss depending on library
preparation and confounding technical noise caused by different technologies may
make comparisons between RNA-Seq methodologies difficult {Chen, 2018 #1201}.
Novel statistical methodologies such as normalisation via Fragments Per Kilobase
Million (FPKM, discussed below) address these biases by giving greater statistical
weight to areas of higher read depth and additional quality control to minimise

variance caused by different methods (Zhao et al., 2021b).

Finally, as NGS sequencing is a continually evolving field with both new technologies,
analysis methods and algorithms constantly developed, the appropriate methods must
be selected, and their individual biases be considered. Any significant results obtained
by these methods must be validated by RT-gPCR to ensure accuracy on targets of

particular interest (Ozsolak and Milos, 2011; Stark et al., 2019). RNA-Seq is therefore
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most suited for initially identifying novel biomarkers and functional genomic

associations and pathways where comprehensive adaptor libraries exist.

6.1.2.1. RNA-Seq analysis of DLD-1 FBXL5 KO cells and post

validation analysis using RT-gPCR on selected targets.

Due to the limited information available on FBXL5 associations, we elected to submit
samples of DLD-1 parental and FBXL5 knockout cells for RNA-Seq analysis. As
FBXLS is unstable at low oxygen environments and has shown evidence of hypoxia
associations (Machado-Oliveira et al., 2015a) (Results section 5.1.3), we submitted
samples extracted under both normoxia and hypoxic culture conditions to determine
how associations and correlations may change. SW480 cells were not submitted at this
time due to cost constraints. mMRNA was isolated as previously discussed (Materials
and Methods section 2.2.13) and concentration measured by Nanodrop. Duplicate
samples of total RNA (2 pg per sample tube) were submitted to Novogene
(Cambridge, UK) for RNA sequencing. RNA was quality tested by Novogene using
RNA integrity number (RIN) and samples processed for library preparation and RNA
sequencing. Library preparation was performed by Novogene using either NEBNext®
Multiplex Small RNA Library Prep Set for Illumina for sSRNA-Seq or Illumina TruSeq
RNA Library Prep kit for RNA-Seg. A minimum of 35 million paired end reads

(fragments read from both ends) were generated for each sample from each library.

Processing of raw sequencing data obtained from Novogene and generation of
LogFold data up to pathway mapping analysis as outlined below was kindly performed
by Prof. Nigel Mongan (School of Veterinary Medicine and Sciences, University of
Nottingham). The detailed pathway for the processing and analysis of RNA-Seq data

is as follows:
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As summarised in Figure 6.5: Raw sequencing data from Novogene was stored as
FASTQ format files. This file format contains nucleotide sequences combined with a
PHRED quality control score for each sequence, quantifying probability that the base
was incorrectly identified (Cock et al., 2010). To more accurately align sequencing
data to the reference genome, fluorescent/luminescent adapter sequences are removed
(“trimmed”) using Trimgalore (Martin, 2011). This process is combined with quality
control on the data contained in the original FASTQ file, with PHRED reads of >30
(i.e., 1:1000 chance of incorrect base read, 99.9% accuracy) being retained and others

excluded from further analysis.

Once adaptors were trimmed, the resulting reads were aligned to a human reference
genome to match the raw nucleotide information to known genetic sequences. Quality
processing FASTQ reads were aligned to the Ensembl annotated reference genome
(GRCh 38.83 human) using the STAR aligner (Spliced transcripts alignment to a
reference) alignment tool 2.7.8a (Dobin et al., 2013). The resulting mapped data was
stored as a .BAM file and gene expression was quantified using FeatureCounts (Liao
et al., 2014). Once quantified, the differential expression of the RNA-Seq data was
analysed using DESeq2 version 3.12 (Anders and Huber, 2010), determining
differential significance with g value <0.05 and +1 log2 fold change considered
significant. Q value referring to the statistical significance of differential expression
adjusted for False Discovery Rate (FDR), which is necessary when analysing multiple
variables from the same dataset in sequence to prevent accumulation of false positive
results. Transcriptome analysis of RNA-Seq data was quantified using Kallisto
(version 0.46.1) (Bray et al., 2016). Alternative splicing variants were identified and
quantified using rMATS tool version 4.1.1 and expressed as percent slice in (PSI)

values (Shen et al., 2014). Comparison between two PSI values is a deltaPSI value
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(Shen et al., 2014), with transcripts possessing FDR significant differential splicing
with <5% dPSI selected for further analysis. Finally, the identified genes were mapped
to associated overrepresented pathways using the WebGestalt online tool and the
KEGG pathway database (Liao et al., 2019). Final data was converted to log2
foldchange and significance determined by adjusted P value to compensate for

multiple comparisons.
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Figure 6.5: Diagram of RNA-Seq analysis workflow from pre-read library

preparation to final data analysis.

FASTQC was performed using TrimGalore, mapping by STAR Aligner,
FeatureCounts using Ensemble GRCh 38.83 and quantification and statistical
analysis performed using DESeq2 and rMAT. Diagram adapted from ((HBC), 2021)

(https://hbctraining.qgithub.io/Intro-to-rnaseqg-hpc-

orchestra/lessons/07 rnaseq workflow.html)
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RNA-Seq analysis of DLD-1 parental and FBXL5 KO cells at normoxic and hypoxic
conditions identified several thousand differentially expressed genes in either
normoxia, hypoxia or both (Figure 6.6-6.8). The greatest overlap (1,213 genes) was
between WT Normoxia vs WT Hypoxia, and KO Hypoxia and KO Normoxia, showing
genes unaffected by both FBXL5 KO and hypoxic conditions. As outlined in Figure
6.6-6.8, the majority of significantly differentially expressed genes were only
significant under hypoxic conditions. FBXLS5’s hemerythrin-like domain, unique
among mammalian proteins for both oxygen and iron binding, and reduced expression
at hypoxic conditions offer further evidence that FBXL5 may have a greater role in
colorectal cancer hypoxia response than previously expected (Chollangi et al., 2012;

Wang et al., 2020a).

Several genes previously investigated in this project were identified as significant in
the RNA-Seq library results, including Ferritin Light and Heavy (Figure 5.3 and 5.4),
APP, RBCK1 and VHL (Figure 5.6), ATG5 (Figure 5.7 and 5.8), EID1 (Figure 6.4),
and HIF-/o and VEGF2a (Figure 5.11). The results were broadly similar between RT-
gPCR and RNA-Seq, with variability in significance explained by the differing
methodology of each technique, such different reference/housekeeping genes and
methods used to normalise data. Both qPCR and RNA-Seq utilise different methods
for scaling data. RT-gPCR is expressed as either relative fold change or Log2/Log10
scaling of relative fold change, while RNA-Seq analysis in this project exclusively

utilised Log?2 fold change.

For normalisation, RT-qPCR assays in this project utilised [B-Actin as
reference/housekeeping gene, however the RNA-Seq analysis utilised Fragments Per
Kilobase Million (FPKM) (Zhao et al., 2021b). The sequenced transcripts were

quantified, divided by 1,000,000 and normalised against read depth to produce Reads
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Per Million (RPM). As larger genes will have more cDNA fragments and therefore
will have more reads during sequencing, RPM is divided by the size of the gene in
kilobases to normalise and produce Reads Per Kilobase Million (RPKM). RPKM was
established for single-end RNA-Seq methodology, whereas some RNA-Seq
techniques utilises paired-end techniques wherein a fragment may be read from either
end. Fragment Per Kilobase Million (FPKM) accounts for this by quantifying
fragments rather than pure reads (Zhao et al., 2021b). As these methods of
normalisation radically differ between RT-gPCR and RNA-Seq, they may produce

disparate results.

RNA-Seq and RT-gPCR result may differ on between 15-20% of genes, particularly
on short sequence or low expression genes (Coenye, 2021). To validate RNA-Seq
findings, nine genes with the most significant expression difference for RT-gPCR
validation in triplicate (see Figure 6.9 A-1): RhoGDI2, FBX045, TPI, DDIT3, IER3,

SCL2A, PER1, FOSL2 and LDLR.

RhoGDI2 is associated with acquired Cisplatin (Wu et al., 2016) and 5-FU resistance
(Zheng et al., 2013) in gastric cancer cells, and may downregulate FBXLS5 (Moon et
al., 2010), although absence of FBXL5 does not cause a corresponding upregulation
of RhoGDI2 (Wu et al., 2016). Upregulation of RhoGDI2 in response of FBXL5 KO
in hypoxia further supports previous suggestions of a feedback loop between these two
genes, although this effect was not evident at normoxia, with RhoGDI2 downregulated
in FBXL5 KO cells (Wu et al., 2016; Xiong et al., 2017). The two studies on this
interaction between RHOGDI2 and FBXL5 focused on the protein-protein
interactions, while our results were on mRNA expression, possibly explaining the

discrepancy.
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Additionally: FBX045 binds FBXW?7 for ubiquitination (Richter et al., 2020) and may
be an important therapeutic target for chemotherapy (Lin et al., 2020a). TPI
(triosephosphate isomerase 1) deficiency causes anaemia, reduces immune response
and pulmonary and cardiac deterioration (Rodriguez-Almazén et al., 2008). DDIT3
(DNA damage-inducible transcript 3) is an apoptosis regulator (Rozpedek et al., 2016).
IER3 (Immediate Early Response 3) is associated with cellular stress response,
inflammation and tumorigenesis (Arlt and Schéfer, 2011). SCL2A (Solute Carrier
Family 2, member 2) is a glucose binding transmembrane protein (Mueckler and
Thorens, 2013). PER1 (Period Circadian Regulator 1) is a circadian rhythm regulator
and may be an oncogene (Gery et al., 2006). FOSL2 (Fos-like antigen 2) interact with
the JUN family of proteins to form AP-1 transcription factor complexes associated
with cell proliferation and differentiation and promotes metastasis in colon cancer (Li
et al., 2018). LDLR (Low density lipoprotein receptor) binds the cholesterol carrying
low-density lipoproteins and is associated with cholesterol-related diseases (Galicia-

Garcia et al., 2020).
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Figure 6.6: VENN diagram of RNA-Seq analysis results of DLD-1 FBXL5 KO normoxia and hypoxia samples.

Analysis of RNA-Seq data identified numerous differentially expressed genes between DLD-1 control and FBXL5 KO cells in both
normoxia and hypoxia conditions. Greatest overlap was genes differentially expressed in both WT Hypoxia vs WT Normoxia and KO
Hypoxia vs KO Normoxia comparisons, identifying those genes differentially expressed irrespective of oxygen condition. Little to no
overlap was found normoxia and hypoxic condition data suggesting that the greatest differential gene expression occurred under hypoxic

conditions only.
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Figure 6.7: Volcano plots representing RNA-Seq results from DLD-1 FBXL5 cells

Volcano plots of RNA-Seq data of log2 fold change in (A) normoxia and (B) hypoxia conditions.
Results demonstrate that hypoxia samples had much greater significantly differentially
expressed genes than normoxia samples, implying that FBXLS’s oxygen-mediated stability

may be more influential than previously believed.
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Figure 6.8: Heat map representing RNA-Seq results from DLD-1 FBXL5 cells

Heat Map identifying genes in RNA-Seq data significantly affected by either normoxia and
hypoxia conditions, showing how normoxia vs hypoxia and control vs FBXL5 KO RNA-Seq

expression data compare. Genes are shown P<0.05 and log2 fold change (logFC).
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Figure 6.9: Validation of RNA-Seq data using RT-gPCR of most significantly differentiated genes.

matched results found by RNA-Seq. PER1 expression difference between RT-gPCR and RNA-Seq may be
due to primer differences not accounting for alternative splicing variants. RT-gPCR assay performed in

triplicate and result normalised to 1 for comparison. Error bars represent standard deviation. P < 0.05 (*), P <



RT-gPCR analysis of chosen genes largely validated results obtained by RNA-Seq
analysis, however PER1 RT-gPCR analysis (Figure 6.9 G) did not match RNA-Seq
findings. Further RT-qPCR primer optimisation may be required to account for the 19
PERL1 alternative splicing variants (Howe et al., 2021). RhoGDI2: (DLD-1: +/+ Nor vs
-/- Nor P =<0.0001, -/- Nor vs -/- Hyp P = <0.0001), FBXO45: (DLD-1: +/+ Nor vs -
/- Nor P = 0.0419, +/+ Hyp vs -/- Hyp P = <0.0001, -/- Nor vs -/- Hyp P = <0.0001),
TPI: (DLD-1: +/+ Hyp vs -/- Hyp P = <0.0001, -/- Nor vs -/- Hyp P = <0.0001),
DDIT3: (DLD-1: +/+ Nor vs -/- Nor P = <0.0001, +/+ Hyp vs -/- Hyp P = <0.0001),
IER3: (DLD-1: +/+ Nor vs -/- Nor P = 0.0093, -/- Nor vs -/- Hyp P = 0.0001, +/+ Hyp
vs -/- Hyp P = <0.0001), SCL2A: (DLD-1: +/+ Nor vs -/- Nor P = <0.0001, +/+ Hyp
vs -/- Hyp P = <0.0001, +/+ Nor vs +/+ Hyp P = <0.0001), PER1: (DLD-1: +/+ Hyp
vs -/- Hyp P = 0.003), FOSL2: (DLD-1: +/+ Hyp vs -/- Hyp P = 0.0003, -/- Nor vs -/-
Hyp P = 0.0154), LDLR: (DLD-1 +/+ Nor vs -/- Nor P = 0.0011, +/+ Hyp vs -/- Hyp

P =0.0001)

From this initial analysis of RNA-Seq data and RT-qPCR confirmation, we can
conclude that FBXL5 KO significantly dysregulates numerous genes at both normoxia
and hypoxia. Interestingly, FBXL5 KO had much greater impact on gene expression
under hypoxic than normoxia condition. This further supports previous supposition
that due to FBXL5’s unique hemerythrin-like domain and oxygen sensitivity, its
activity as an E3 ubiquitinating ligase may be related to enviornmental and extra-

cellular factors such as iron depletion and oxygen saturation.
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6.1.2.2. Pathway mapping of RNA-Seq data from DLD-1 FBXL5
KO cell lines identifies novel pathways affected by FBXL5

knockout.

RNA-Seq analysis of DLD-1 FBXL5 KO cell lines successfully identified numerous
novel genes correlated with FBXL5 expression. However, assessing the individual
impact of each novel gene is beyond the scope of this project, although further in vitro
analysis of this data will be invaluable to future investigations of FBXL5 in colorectal
cancer. To more effectively analyse this data, we utilised the WebGestalt online system
(WEB-based Gene SeT AnaLysis Toolkit) (Liao et al., 2019) to map significantly
differentially expressed genes to pathways via the KEGG Pathway Database
(Kanehisa et al., 2021), thereby more clearly elucidating the function of FBXL5 in
colorectal cancer. Webgestalt is a functional enrichment analysis tool used to map
large quantities of genetic data to associated pathways using the KEGG Pathway
database (Kyoto Encyclopaedia of Genes and Genomes (Kanehisa et al., 2021)). The
KEGG Pathway database in a collection of manually drawn pathway maps that include
molecular interaction, reaction and relationship networks for metabolism, genetic
information and environmental information processing, cellular processes, human

disease and drug development and interaction (Kanehisa et al., 2021).

In brief: Genes with greater than 2-fold differential expression and P value <0.05 were
uploaded to WebGestalt (Version 12-09-2019) and analysed via Over-Representation
Analysis (ORA) using the KEGG Pathway database and genome reference set
(normoxia 470 genes total, hypoxia 1,527 genes total). Data was sorted by False
Discovery Rate (FDR) significance level using Hommel multiple test adjustment.
Results of WebGestalt mapping to KEGG pathways is shown in Figures 6.10-13. Not

all genes were successfully mapped to pathways. Summary tables of significantly
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differentially expressed genes in normoxia and hypoxia as mapped to KEGG pathways

can be found in the appendices (Appendices Tables 8.3 and 8.4).

While DLD-1 FBXL5 knockout altered transcriptome activity under normoxic
conditions, these were not significantly associated with any specific pathway at
Log2Fold expression (Figure 6.10 and 6.11). However, results obtained from hypoxic
sample were much more significantly differentially expressed genes (Figure 6.12 and
6.13). These genes were mapped to several pathways including Epstein-Barr virus
infection (0.003 FDR), Colorectal Cancer (0.003 FDR), central carbon metabolism in
cancer (0.008 FDR), pancreatic cancer (0.01 FDR), viral carcinogenesis (0.015 FDR),
Kaposi sarcoma-associated herpesvirus infection (0.018 FDR), IL-17 signalling (0.025
FDR), Herpes simplex infection (0.027 FDR), endocytosis (0.027 FDR), spliceosome
activity (0.035 FDR), HIF-1a signalling (0.037 FDR), epithelial cell signalling in

helicobacter pylori infection (0.042 FDR) and antifolate resistance (0.023 FDR).

While investigating every differentially expressed gene identified in this analysis is
beyond the scope of this project, several are of notable interest and have not previously
been associated with FBXL5. /IKBKB/IKKf (Inhibitor of nuclear factor kappa-B) is a
master regulator of NF-kB in immune response and inflammation and is associated
with cancer related processes including cell proliferation, migration and apoptosis and
immune dysregulation (Dolcet et al., 2005; Slattery et al., 2018). IRF3 (interferon
regulatory factor 3) is an interferon regulatory factor, regulating innate immunity and
viral infection responses and is activated by MAVS (mitochondrial antiviral signalling
protein), which was also found significantly differentiated in this analysis (Peng et al.,
2017b). Both HLA-A and HLA-F (human leukocyte antigen A and F), responsible for
short peptide immune response and regulation were significantly differentially

expressed under hypoxic conditions (Lin and Yan, 2019). CYLD (CYLD lysine 63
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deubiquitinase) is a tumour suppressor and deubiquitinating enzyme highly conserved
among multiple species and associated with Brooke-Spiegler Syndrome and familial
trichoepithelioma that may regulate NF-xB activation (Sun, 2010). Furthermore,
STAT?2 (signal transducer and activator of transcription 2) may be a downstream target
of interferon and have an essential role in inflammatory response and metastasis (Lee
et al., 2020). Taken together, this suggests a previously unknown regulatory role for

FBXLS5 in innate immunity, potentially targeting IKK and IRF3 for ubiquitination.

Additionally: several MAP kinases including MAPK11, MAP3K7 and MAPKS8 were
dysregulated in knockout cells under hypoxic conditions. FBXL5 induces
phosphorylation of ERK and p38 members of the MAP kinase family (Zhong et al.,
2014), however results obtained from RNA-Seq analysis suggests a larger role for
FBXL5 in MAPK regulation than previously understood. This analysis also further
determined that FBXL5 KO has dramatically greater impact on DLD-1 cells under
hypoxic rather than normoxia conditions. FBXL5’s hemerythrin-like domain is unique
among mammalian proteins for requiring iron binding during synthesis for stability
and interacting with oxygen in a real-time fashion (Chollangi et al., 2012). Deletion of
this domain disables FBXL5’s iron-dependent regulation but when oxygenised will
bind IRP2 (Wang et al., 2020a). The impact of FBXL5 KO on colorectal cancer cells
hypoxic conditions has been of interest during this project, and the combination of data
outlined in Section 5.1.3 and this RNA-Seq analysis has expanded understanding of
FBXL5 impact on DLD-1 cells under normoxic and hypoxic conditions. Future
analysis of these significantly differentially expressed genes and pathways in
additional FBXL5 KO colorectal cancer and patient-derived models would greatly

develop our understanding of FBXLS5.
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Figure 6.10: WebGestalt pathway mapping analysis of RNA-Seq normoxia data

of DLD-1 and DLD-1 FBXL5 KO cells.

Volcano plot of log2 enrichment ratio vs Log10 FDR. Significant categories coloured
by gradient based on FDR (False Discovery Rate). This graph demonstrates that no
pathway was significantly associated with FBXL5 KO at normoxia in our RNA-Seq

data, implying multiple smaller associations rather than major regulatory roles.
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Figure 6.11: WebGestalt pathway mapping analysis of RNA-Seq normoxia data

of DLD-1 and DLD-1 FBXL5 KO cells.

(A) Summary bar graph of pathways significantly associated with FBXL5 KO in
normoxia. No pathways were found significantly associated with FBXL5 at normoxia
with Log2fold change, suggesting that FBXL5 has small associations with numerous
pathways but not significant effects on any. (B) Summary of significant genes

categorised by biological process, cellular compartment and molecular function
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Figure 6.12: WebGestalt pathway mapping analysis of RNA-Seq hypoxia data of

DLD-1 and DLD-1 FBXL5 KO cells.

(A) Volcano plot of log2 enrichment ratio vs Logl0 FDR. Significant categories

coloured by gradient based on FDR. Unlike Normoxia data, FBXL5 KO in hypoxia is

significantly associated with

several pathways including central carbon metabolism,

colorectal and pancreatic cancers, hypoxia and immune response.
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Figure 6.13: WebGestalt pathway mapping analysis of RNA-Seq hypoxia data of

DLD-1 and DLD-1 FBXL5 KO cells.

(A) Summary bar graph of pathways significantly associated with FBXL5 KO in
normoxia. Numerous pathways were found significantly associated with FBXL5 KO at
hypoxia, further supporting previous findings that FBXL5 may have a greater role at
hypoxic conditions. (B) Summary of significant genes categorised by biological

process, cellular compartment and molecular function.

6.2.Discussion

The advent of accessible and effective bioinformatics tools and databases for
bioscientific analysis have greatly facilitated the search for novel genetic,
transcriptomic and proteogenomic associations and pathways, as broader and more
accurate data can be obtained without requiring extensive technical expertise.
However, data obtained from analysis of publicly accessible databases should also be
validated in vitro. Analysis of the STRING database during this project was able to
identify novel FBXL5 proteomic associations, despite the limited available
information on FBXLS5 itself (Figure 6.1, Table 6.1). Additionally, analysis using the
GEPIA and UALCAN systems also identified a variety of genes correlated with
FBXL5 expression in colorectal cancer (Table 6.2, Figures 6.2 and 6.3). Several of
these genes (RAP1, HCFC2, RNF11 and EID1) were validated via RT-qPCR and
found to be significantly downregulated by FBXL5 KO in both DLD-1 and SW480
cells, except for HCFC2 that was only downregulated in DLD-1 (Figure 6.4). These
results not only validate the analysis of GEPIA and UALCAN databases, but also
encourages use of these databases for future studies that investigate poorly understood

genes and proteins of interest.
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The results obtained via RNA-Seq analysis of DLD-1 FBXL5 knockout cells and
subsequent pathway mapping via the Webgestalt and KEGG Pathway systems
demonstrates that FBXL5 may have a substantially greater role in colorectal cancer
cell and molecular dysfunction than previously suspected. The role of FBXLS5 in
immune functionality is of particular interest, potentially underlining its impact on
both development of, and immune response to cancer (Figures 6.12 and 6.13). Further
analysis of this data, for example by reducing threshold LogFold values from Log?2 to
Logl may identify additional novel substrates and pathways associated with FBXL5
activity. However, more thorough analysis of this RNA-Seq data is beyond the scope
of this project. Future work would also benefit from inclusion of alternative
immortalised and primary cell lines to improve data validity. This initial analysis has
demonstrated the significance of FBXL5 in colorectal cancer cell lines and identified

numerous novel pathways and substrates for FBXL5.

Among other notable genes identified in this RNA-Seq: mTOR was significantly
upregulated in knockout cells and c-MYC was downregulated, both critical oncogenes
and cell cycle regulators highly associated with cancer. FBXL5 upregulates mTOR
expression via PTEN degradation, and while mTOR is normally inhibited under
hypoxic conditions, these results suggest that despite FBXL5 dysfunction at hypoxia,
it still functions to downregulate mTOR (Brugarolas et al., 2004). FBXLS5 is not
associated with c-MYC, however several F-box including FBXW?7 and FBXL16 are
(Morel et al., 2020). FN1/fibronectin was dramatically upregulated in DLD-1 KO cell
lines under hypoxic conditions, and is a significant contributor to physical cell
structure and behaviour including adhesion, growth, migration and differentiation, as

well as having both tumour suppressive functionality by preventing cellular
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transformation, but also an oncogenic role by facilitating late stage metastasis via

epithelial-mesenchymal dysregulation (Lin et al., 2020D).

SRSF2 (Serine and arginine rich splicing factor 2) is upregulated in knockout cells and
is a primary spliceosome regulator, inhibition of which leads to decreased leukaemia
in mice (Aujla et al., 2018). BAK1 (BCL-2 homologous antagonist killer), a member
of the BCL-2 (B-cell lymphoma 2) family, is an apoptosis inducer, interacting with
p53 in response to cellular stress (Westphal et al., 2014). TSC2 (Tuberous sclerosis 2)
prevents ubiquitination of TSC1, both acting in conjunction as cell growth,
proliferation and upstream oncogene regulators (Dibble and Manning, 2010). CDK1
(Cyclin-dependent kinase 1) is an important cell cycle regulator by forming complexes
with other cyclins and phosphorylating substrates (Enserink and Kolodner, 2010).
Finally, E2F3 (E2F transcription factor 3) is a tumour suppressor regulator in bladder
cancer and may interact with DNA tumour viruses, although further research is

required to identify the precise mechanism involved (Feber et al., 2004).

Most interestingly, analysis of the RNA-Seq data demonstrated that FBXL5 KO has a
substantially greater effect in DLD-1 cell under hypoxic than normoxia conditions.
Pathway mapping of RNA-Seq data found greater significance in hypoxia sample data
than normoxia, identifying numerous novel pathways affected by FBXL5 KO that have
not been previously studied, including several cancer, viral infection and cell
signalling associated pathways. FBXL5 has a unique hemerythrin-like domain that
requires iron binding during protein synthesis, but acts as a real-time oxygen sensor,
however the impact of this has not been extensively studied, only noting that deletion
of this domain disables FBXL5’s iron-dependent regulation (Chollangi et al., 2012;
Wang et al., 2020a). Several other F-BOX have previously been associated with

hypoxia: FBXL14 is potentially downregulated by hypoxia in mouse cell lines (Vifas-
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Castells et al., 2010) and both FBXW?7 and FBXO011 partially regulate HIF-1a (Ju et
al.,, 2015) (Cassavaugh et al., 2011). These results substantially expand our
understanding of FBXL5’s role in both normoxia and hypoxia and provide numerous
novel targets for further research. Additionally, the pathway mapping results and
RNA-Seq data findings again support previous supposition that FBXL5 KO more
significantly affects pathways and mechanisms activated due to extra-cellular stimuli

and environmental factors such as immune response, EMT and hypoxia.
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Chapter 7: General Discussion
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7. Overview

One of the fundamental limitations of current bioscience research is the lack of in vitro
models that accurately encapsulate in vivo responses. Less than 8% of in vivo clinical
trials of cancer treatments translate to human clinical trials, making animal models
inefficient, expensive and ethically contentious (Mak et al., 2014). While current in
vitro immortalised cell line models are comparatively inexpensive and accessible, their
usefulness is limited by their monocellular, 2-dimensional culture and genetic drift,
cross-contamination and sample misidentification issues as well as a general lack of

translatability (Hughes et al., 2007).

Recently, organoids have emerged as a 3D (3-dimensional), tissue-specific, stem cell
derived, multicellular in vitro model system that accurately encapsulates the genetic
and phenotypic characteristics of the original tissue, while being compatible with many
standard in vitro laboratory protocols (Boretto et al., 2019). Organoids are cultured by
the isolation of stem cells from the tissue of interest and incubated with appropriate
growth factors and stem cell niche factors, leading to an “organ in a dish” that can be
passaged and expanded almost indefinitely in the same manner as immortalised cell
lines (Sato et al., 2011). These organoids are more translatable than immortalised cell
models and compatible with standard laboratory protocols (Aboulkheyr Es et al.,

2018).

Organoids have begun to provide a viable alternative to immortalised cell lines and in
vivo models for drug discovery and screening and organoid patient biobanking
(Perrone and Zilbauer, 2021), genetic-disease and cancer modelling (Crespo et al.,
2017; Di Donato et al., 2019; Geurts et al., 2020; Sun et al., 2019), immune infection

reactivity (Heo et al., 2018) tumour immune microenvironment (Neal et al., 2018),
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proteomics (Lindoso et al., 2019), and functional genetic studies via CRISPR/Cas-9
genomic editing (Kashfi et al., 2020). Patient derived organoids cultured from paired
healthy and tumour tissue also present the unique opportunity to investigate patient-
specific changes to cellular mechanisms (Kashfi et al., 2018). Organoids represent a
significant step forward in the methods utilised for a wide variety of scientific studies.
In particular, organoids can replace the use of animals in biosciences research by acting
as a middle ground or triage/filtering method between in vitro immortalised cell lines
and animal models, thereby improving the quality of data obtained and preventing

animal wastage.

The Ubiquitin-Proteasome System (UPS) maintains protein homeostasis by targeting
unnecessary proteins for degradation by proteasomes. The F-box protein family
function as receptor subunits of E3 ligases and play a vital role in the specificity of the
UPS activity of downstream substrates degradation. There is currently minimal
information on the biological role of many F-box proteins in homeostasis, diseases,
and cancer in particular (Table 1.2). Therefore, the initial aim of this project was to
explore the impact of the loss of F-box genes on murine intestinal organoid
development using F-box gRNAs and the Cas-9-mediated genome editing system.
Five knockout murine intestinal organoid lines were identified as possessing
significantly altered growth or morphology: foxI17, fbx031, foxI117, foxI18 and fbxI5
(Figure 3.9). One of the candidate F-box of particular growth patterns and morphology
impact on organoids, called FBXL5, was further investigated using knockout

colorectal cancer cell lines.
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FBXL5 KO organoids demonstrated less cohesive growth patterns than organoids,
expanding laterally rather than vertically and lacking clearly defined crypt and villus
regions on the outer surfaces (Figures 3.7-3.9). FBXL5 KO organoids had significantly
increased two-dimensional surface area between Days 1-5 of growth but only
displayed a significantly decreased growth rate by Day 7 (Figure 3.11). Surface plot
graphs of organoid images also suggest that fbxI5 organoids may have reduced vertical
growth compared to control organoids, however this requires more detailed study
(Figure 3.10). Therefore, fbxI5 may significantly affect murine intestinal stem cell

growth and tissue homeostasis and requires further research to fully explore.

Previous research has also associated FBXL5 with, among others: iron homeostasis
(Jiao et al., 2019), epithelial-to-mesenchymal transition (Wu et al., 2015b) HIF-1a and
hypoxia (Machado-Oliveira et al., 2015a), PI3K/AKT/mTOR pathway modulation
(Yamauchi etal., 2017; Yao et al., 2018), Cisplatin resistance in colorectal cancer (Wu

etal., 2016).

In Chapter 4, we initially characterise the cell behaviour of colorectal cancer cells
knocked out for FBXL5 including morphology, growth patterns, cell
migration/attachment, cell division and initial follow-up on potential EMT related
phenotypes. DLD-1 and SW480 FBXL5 KO cells presented phenotypical and
morphological characteristics with reduced cell-cell cohesion, spindle-like
morphology and cellular elongation typical of mesenchymal cells (Figure 4.3). The
flow cytometry cell-cycle analysis of FBXL5 KO cells showed G1 and SuperG2 phase
accumulation of DLD-1 cells but not SW480 cells (Figure 4.5). This accumulation in
the G1 phase may be caused by environmental factors including oxidative stress and
iron metabolism, which FBXL5 may be associated with (Chollangi et al., 2012; Ruiz

and Bruick, 2014).
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Wound healing assay determined that by 48 hours post-scratch, FBXL5 KO reduced
wound healing rate in both DLD-1 and SW480 cells (Figure 4.6). This result may
potentially be explained by previously understood FBXL5 interactions with EMT via
SNAIL, which may impact on migratory properties of FBXL5 KO cells (Wu et al.,
2015b). Alternatively, p53 is linked to cell migration and invasion characteristics,
which FBXLS5 is tangentially associated with via PTEN (Yao et al., 2018) (He et al.,

2019).

Western blot and RT-gPCR analysis of FBXL5 KO cells showed significant
upregulation and downregulation of EMT markers Vimentin, p-Catenin, E-Cadherin
and SNAIL at both protein and mRNA stage in a cell-specific manner (Figures 4.7 and
4.8). These results imply that FBXLS5 causes a “partial” mesenchymal state rather than
“Complete” EMT transition (Saitoh, 2018), when cells present characteristics of both
epithelial and mesenchymal states. FBXL5 has been previously shown to ubiquitinate
SNAIL in liver cancer cells (Tanaka et al., 2016). Therefore, FBXL5 KO may be only

one of many factors regulating EMT/MET.

Growth curve analysis did not identify a significant difference between control and
FBXL5 KO cells in either cell line (Figure 4.4), despite previously published data
showing that FBXL5 KO reduced cell proliferation (Yao et al., 2018). It is unclear what
technical factors may contribute to these disparate results. This project generated an
incomplete FBXL5 KO SW480 cell line using CRISPR/Cas-9, while Yao et al
generated a complete KD cell line using shRNA methodology, which may have greater
off-target effects (Jackson and Linsley, 2010). Our project utilised manual cell
counting over 8 days, while Yao et al only used a CCD-8 chemiluminescence assay. It
would be beneficial to future projects to utilise multiple methods for determining

effects on cell proliferation and fully sequenced cell lines to determine possible
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mutations. Future studies utilising patient-derived or murine tumour intestinal
organoids that lack FBXL5 expression would further expand on the results presented

here.

In Chapter 5, to further evaluate the effect of FBXL5 KO in the colorectal cancer cell,
we determined to replicate in colorectal cancer cells published studies on FBXL5 from
other cancers, including FBXL5 impact on iron homeostasis, autophagy, hypoxia and

drug response.

Calcein AM staining shows that after 90 minutes incubation, Calcein AM fluorescence
was dramatically increased in DLD-1 FBXL5 KO cells compared to controls.
However, no difference was found in SW480 cells (Figure 5.1), as estimates suggest
that cytosolic labile iron represents <5% of total cellular iron (Kakhlon and
Cabantchik, 2002), further studies using methods such as Mass Spectrometry may

further advance understanding of the association between FBXL5 and labile iron.

Results of treating FBXLS5 KO cells with Salinomycin show that DLD-1 and SW480
FBXL5 KO cells demonstrated resistance to Salinomycin. SW480 control cells were
less resistant than DLD-1, with SW480 cells demonstrating complete cell death after

48 hours, but DLD-1 after 72 hours. (Results Figure 5.2).

Autophagy regulates protein and cellular homeostasis by degradation of long-lived or
larger proteins in addition to cellular organelles (Cui et al., 2016). Due to the cross
interactions between UPS and autophagy, it was deemed a prospective FBXL5
interactor. We examined the effects of FBXL5 KO on mRNA and protein expression
of autophagy factors ATG5, LC3B and Beclinl (Figures 5.7 and 5.8), finding
expression of all three factors were either upregulated or downregulated a cell-specific

manner. ATG5 protein expression increased in DLD-1 cells but decreased in SW480
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cells and Beclinl protein expression may be reduced in both cell lines. However, ATG5
MRNA expression was decreased in both cell lines, and both LC3B and Beclinl mRNA
expression downregulated in DLD-1 knockout cells and increased in SW480 knockout

cells respectively.

In late stage tumour growth, hypoxia causes altered cell metabolism and resistance to
many chemotherapeutic methods reliant on cell cycle-mediated interaction (Muz et al.,
2015). Expression of CITED2 (Cbp/P300 Interacting Transactivator With Glu/Asp
Rich Carboxy-Terminal Domain 2) protein, an important HIF-/a regulator, is
inversely correlated with FBXL5 expression under hypoxic conditions (Machado-
Oliveiraetal., 2015a). Despite FBXL5’s unique hemerythrin-like domain and oxygen-
dependent stability, its role in cellular hypoxia response is unclear (Chollangi et al.,
2012). To initially assess the effect of FBXL5 on hypoxia, the clonogenic assay was
utilised (Figures 5.9 and 5.10). We found that DLD-1 control and FBXL5 KO colony
numbers were unaffected at normoxia but FBXL5 knockout significantly reduced
colony numbers under hypoxic conditions (Figure 5.9). Similar results were found in
SW480 cells, although significance was slightly greater between control and knockout
cells in hypoxia than normoxia. Subsequently, five important hypoxia regulators were
selected for RT-qPCR quantification: HIF-/a and HIF-2a, CA9, VEGFR2 and
ANGPTL4 (Figure 5.11), finding that all five markers were upregulated or

downregulated in a cell-specific manner in FBXL5 KO cells.

Our group recently demonstrated that FBXL5 KO induces sensitivity to AM404 (aka
Acetaminophen) in CRC cells (Ahmed et al., 2019). Therefore, to further explore the
possible role of FBXLS5 in drug resistance, we treated DLD-1 and SW480 FBXL5 KO
cells with the platinum-based therapeutics (“platins”) Oxaliplatin, Cisplatin and 5-

Fluorouracil (5-FU) and the topoisomerase inhibitor Etoposide (Riddell, 2018)
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(Montecucco et al., 2015). Consistently across all three platins, FBXL5 KO
substantially increased resistance in DLD-1 while cell resistance was decreased in
SW480 cells (Figure 5.12). Treatment of cells with Etoposide found that at 24-hours,
FBXL5 KO decreased resistance in both cell lines. However, this was reversed at 48
and 72-hours, whereby FBXL5 KO cells demonstrated increased resistance to
Etoposide treatment (Figure 5.13). These results further elaborate on the role of

FBXLS in drug resistance and activity.

Recent advances have made next generation sequencing (NGS) more widely available,
rapidly quantifying the entire genome and transcriptome within a sample. We utilised
publicly available genomic and transcriptomics databases to identify potentially novel
FBXL5 associations in colorectal cancer patient samples, selecting the STRING
protein and gene interaction database, and the GEPIA and UALCAN transcriptomic
analysis systems for interrogation (Chandrashekar et al., 2017; Szklarczyk et al., 2019;
Tang et al., 2017). STRING analysis was able to identify several high probability
interactions with FBXL5 almost exclusively associated with the UPS regulation, as
expected for an E3 ligase such as FBXLS5 (Figure 6.1). GEPIA and UALCAN analysis
identified over 5,000 differentially expressed genes correlated with FBXL5 (Results

Figure 6.2 and 6.3).

Additionally, to more comprehensively identify the effects of FBXL5 on colorectal
cancer cells, we submitted DLD-1 control and FBXL5 KO lines for RNA-Seq analysis
Due to growing evidence of FBXLS5’s role in hypoxic response and real-time
sensitivity to cellular oxygen, samples isolated at both normoxic and hypoxic
conditions were submitted. Analysis of the resulting data identified several thousand
significantly differentially expressed genes between control and knockout genes at

normoxia and hypoxia, with various numbers overlapping between these conditions

264 |Page



(Figures 6.6-6.8). Furthermore, data obtained from RNA-Seq was mapped to
significantly associated pathways using Webgestalt and KEGG Pathway database,
identifying novel roles for FBXLS5 in viral infection, carbon metabolism, IL-17
signalling and others (Figures 6.10-6.13). Results obtained from hypoxic samples were
of greater significance than at normoxia, demonstrating a much larger role for FBXL5

in cellular activity in hypoxia than previously suspected.

7.1.Future Directions and Project Limitations

While this project successfully met its initial goals, several possible future directions

would expand on project successes, impacts and address limitations.

In this project we were successful in both establishing Cas-9-expressing murine
intestinal organoids and utilising them to screen F-box for possible effects on intestinal
stem cell activity. However, due to unknown contamination in vitro and unanticipated
time constraints caused by both laboratory relocation and COVID, we were unable to
fully screen the entire library of murine F-box gRNA, nor utilise patient-derived
organoids with F-box knockouts. One possible future direction would be to complete
this screening to more fully explore the possible effects of F-box proteins on intestinal

stem cell activity, using either murine intestinal or patient-derived organoids.

Furthermore, while organoids are 3D models, we utilised 2D microscopy imaging to
gather and evaluate phenotypical and growth data. As a result, more subtle
complexities of organoid growth may have been lost, particularly in identifying F-box
knockout lines that may present stemness or tumour growth alterations that may be
difficult to identify in 2D imaging (Lukonin et al., 2020) (Serra et al., 2019). It is
possible, for example, that some F-box knockouts may cause alterations to the 3D

growth pattern of organoids or resulted in growth rate alterations that are not visible
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or easily identified by 2D surface area analysis. Regrettably, our laboratory did not
have access to real-time 3D in vitro imaging technologies for this project, which would
have generated much more accurate and comprehensive data on the 3D growth and
morphology of organoids by taking real-time images while in culture, rather than at
specific timepoints. Future projects utilising transgenic organoids would greatly

benefit from using this technology.

In addition, whole genome sequencing of FBXL5 KO organoids would greatly benefit
future studies. Generating a greater number of FBXL5 KO immortalised cell lines and
more organoid lines using alternative gRNAs would also have provided additional data
from the project experiments and more effectively met the project aims. Also: the
inclusion of a healthy rather than cancerous colorectal cell line and healthy patient-
derived organoids could also demonstrate the impact of FBXL5 KO on non-cancerous
cells and tissue. The generation of FBXL5 overexpression cell lines would have been
highly beneficial for gain-of-function and biochemical functional analysis.
Unfortunately, this project was unable to acquire healthy/non-cancerous colorectal
epithelial cell lines prior to laboratory relocation in November 2019 and COVID

pandemic.

The results obtained from RNA-Seq analysis of DLD-1 FBXL5 KO cells at normoxia
and hypoxia demonstrate that FBXL5 KO has a significantly greater impact on DLD-
1 cell transcriptomic activity at hypoxia. This suggests that future studies on FBXL5
KO organoids may benefit from conducting studies under both hypoxic and normoxic
conditions. Thus far, very few studies have utilised organoids in hypoxia research due
to the practical difficulties of handling organoids, which are extremely sensitive to
culture and environmental conditions. However, several protocols and studies have

been published using both pseudo-hypoxic and “true” hypoxic conditions (Okkelman
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etal., 2017) (Kip et al., 2021), which could be applied to future studies. Furthermore,
to examine the potential biomarker and impact on colorectal cancer development and
clinical relevance of FBXL5 and the expression of its downstream genes to CRC,
future studies could utilize tissue microarrays (TMA). TMAs consist of hundreds of
patient colorectal cancer tissue histology samples (available in collaboration with our
pathologists' colleagues in QMC, Nottingham), which can be analysed for mMRNA
using in-situ hybridization (ISH), and protein expression simultaneously using

immunohistochemistry (IHC) methods.

Further research could be carried out to explore the tumorigenic and chemotherapeutic
properties of FBXL5 knockout cells using human colorectal cancer cell-derived
xenograft (CDX) and or patient-derived organoid xenograft (PDX) models.
Generating conventional and conditional fbxI5-knockout mouse has been reported in
several groups (Moroishi et al., 2011; Muto et al., 2017; Yamauchi et al., 2017).
Therefore, in the near future, we aim to apply an intestinal conditional knockout animal
and investigate the role of fbxI5 in intestinal tissue homeostasis and cancer. Intestinal
conditional knockout and xenograft models would further elaborate on the effect of
FBXL5 in a more translatable manner compared to immortalised cell and organoid
models and allow for the more accurate assessment of FBXL5 impact on factors such

as tumour microenvironment and chemotherapeutic impact in vivo.
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7.2.Conclusions

The results obtained from this project greatly expand the current understanding of
FBXLS5 in human colorectal cancer cells, suggesting numerous possible pathways and
mechanisms by which FBXL5 may contribute to colorectal cancer development and
progression. Future studies using patient samples, patient-derived organoids or in vivo
models may further expand on the translatability of these results. We have identified
several novel FBXL5 interactions in EMT, colony formation efficiency, hypoxia,
autophagy and drug resistance, all of which are critical for cancer development,
metastasis and treatment. In particular, the impact of FBXL5 on response to platinum-
based chemotherapeutics may facilitate more effective patient treatment in tumours
displaying FBXL5 dysregulation. As such, these results provide important insight into
the possible impact of FBXLS5 dysregulation in human cancer and makes it a potential
target biomarker for both tumour sequencing and personalised medicine. Similarly,
chemotherapeutics causing ATG5-mediated autophagy may have unanticipated

effects.

In addition, further investigation of RNA-Seq data obtained in this study may uncover
novel insights that can be applied to the clinical relevance of FBXLS5’s potential
associations with immune response, viral oncogenes and other pathways directly

influencing patient care with colorectal cancer.

The development of a robust, high-throughput method for generating Cas-9-
expressing and transgenic “knock-in” and “knockout” organoids will facilitate the use
of organoids as a model system for functional genetic and disease modelling (Kashfi
et al., 2020). This also includes the use of transgenic patient-derived organoids as a

model system to replace or supplement immortalised cell lines. Previously, transgenic
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organoid methodology was resource intensive, with electroporation of murine
intestinal organoids being extremely inefficient, with <1% success rate (Schwank and
Clevers, 2016). Other methods have utilised direct transduction using adeno-
associated virus to generate transgenic overexpressing organoids, and while this has
been more successful, it also isn’t suitable for high-throughput functional studies
wherein multiple genes are examined (Quinn et al., 2018). The methods developed in
this project for generating Cas-9 expressing and knockout organoids with lentivirus
make murine intestinal organoids a more flexible and viable model system while also
being applicable to patient-derived organoids [(Kashfi et al., 2020) and unpublished
data from Dr. Nateri’s lab)]. Current methods of high-throughput functional gene
analysis typically rely on transgenic immortalised cell lines and patient derived cell
lines, which have poor translatability and are highly resource intensive respectively.
By both establishing and validating this method, it will enable other researchers to
utilise organoids alongside other model systems, both improving translatability of

further expanding our understanding of organoids.

Animal use in drug development for both functional genomic analysis and cytotoxicity
studies is substantial, with one million procedures performed per year in the UK alone
(generally with one mouse per procedure) (UKHO, 2019) Approximately 33% of these
procedures were conducted by the pharmaceutical industry, but failed to produce
proportionately impactful results (Hepple, 2005). Less than 8% of pharmaceutical and
clinical trials translate effectively between in vitro methods to either in vivo or human
studies (Mak et al., 2014). Therefore, developing more representative and translatable
modelling methods is critically important to both the continued development of
bioscientific research and the replacement and reduction of animals in such studies.

Organoids potentially offer that alternative; being more accurate and representative
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than other in vitro assays and more practical, cost effective and ethical than in vivo

models (Moffat et al., 2017).

This project has demonstrated that transgenic murine intestinal organoids are a suitable
method for replacing and reducing the number of animals used in biosciences research
while also improving translatability of results to clinical practice (Francies et al.,
2019). Transgenic organoid modelling significantly reduces the overall number of
animals required for future experimental projects, while being both more accessible to
researchers and a fraction of the cost of in vivo models, facilitating the 3Rs aims of the

project to replace and reduce the number of animals used in research.
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Figure 8.1: Additional representative image of FBXL5 KO murine

intestinal organoids on Days 1, 3 and 7 of growth. Scale bar 75um
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Figure 8.2: Additional representative DAPI/Phalloidin staining images of

DLD-1 control and FBXL5 KO cells
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Figure 8.3: Additional representative DAPI/Phalloidin staining images

of SW480 control and FBXL5 KO cells
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Figures 8.4: Original Western Blot Images

Figure 3.2: Noggin (1:1000)

Control Noggin-Secreted
medium Medium

Figure 4.1: DLD-1 and SW480 cell lines expressing constitutively Cas-9 validated

using Western Blot (1:1000)

DLD-1

Cas9- Cas9+
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Figure 4.2: The depletion of FBXLS5 expression in FBXL5 KO cell was evaluated by

Western Blot (FBXL5 1:100)

DLD-1 SW480
FBXLSWT FBXLS KO

FBXL5 WT FBXLS KO
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Figure 4.7: EMT markers. Vimentin (1:1000), p-catenin (1:1000), E-Cadherin

(1:2500) and SNAIL (1:1000)

DLD-1 SWas0

DLD-1 Sw4s0
FBXLS WTFBXLS KO FBXLS WTFBXLS KO

FBXLEWT  FBXLSKO  FBXLSWT FBXLS KO
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Figure 5.3: FBXL5 knockout significant affects iron homeostasis marker protein
expression in DLD1 and SW480 cells. IRP1 (1:1000), TfR (1:250) and Ferritin

(1:1000)

IRP TFR/CD71

DLD-1 SW4s0 DID:L SWas0

FBXLSWT FBXLSKO FBXLSWT FBXL5KO FBXLSWT FBXLSKO FBXLSWT FBXLSKO
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FBXLSWT FBXL5KO FBXLSWT FBXL5KO

Figure 5.5: FBXL5 knockout significant dysregulates downstream iron homeostasis

marker protein (RBCK 1:1000, VHL 1:1000).

RBCKI VHL
DLD-1 SW480

FBXL5WT FBXL5 KO FBXL5WT FBXL5 KO DLD-1 Sw480

FBXL5SWT FBXL5 KO FBXLS WT FBXL5 KO
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Figure 5.7: Western Blot and RT-gPCR Analysis of ATG5, LC3B and Beclinl
expression in DLD-1 and SW480 cells ATG5 (1:500), LC3B (1:500) and Beclinl

(1:500)

ATGS LC3B

DLD-1 SW480 DLD-1 swago
FBXL5WT FBXL5KO FBXLSWT FBXL5KO FBXLSWT FBXL5KO FBXLSWT FBXL5 KO

DLD-1 SW480
FBXLS WT FBXL5 KO FBXLS WT FBXL5 KO

Beclin1
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Table 8.1: F-box gRNA data sheets

repeat protein 13

DRC6

ARG Approved Name PIEUIOUE Synonyms Chromosome AEETBYEe gRNA LV gRNA Sequence
Symbol Symbols Symbol pair
mFBXL2 | F-boxand leucine rich FBL2, FBL3 3p22.3 FBXL2 1stgRNA | TCCAGGGCTAAGATGTTCCAGG
- repeat protein 2
2nd GGCAGCAACTGGCAACGGGTGG
gRNA
mFBXL3 F-box and leucine rich | FBXL3A FBL3, FBL3A 13g22.3 FBXL3 1st gRNA CGGACTTATCTCGACTGCCCGG
- repeat protein 3
2nd AGATCCATAAAGCTTGGCCGGG
gRNA
MEBXL4 | F-box and leucine rich FBL4, FBL5 6016.1-q16.2 FBXL4 IstgRNA |  GTTGTGCTGCATGGTACGAAGG
repeat protein 4
2nd ATTGACTTCCAGTCGTATGAGG
gRNA
mFBXL5 F-box and leucine rich FBL4, FBLS5, 4p15.32 FBXL5 1st gRNA ATATCTTTAAGCTCCTCGTAGG
repeat protein 5 FLR1
2nd AAATGGACAGCATTACCTCAGG
gRNA
MEBXL6 | F-boxand leucine rich FBL6 8024.3 FBXL6 1stgRNA |  GCTGGCAAGGGCAACCTTAAGG
- repeat protein 6
2ndgRNA | CAGCCACAGTTTACGCATTCGGG
MEBXL7 | F-boxand leucine rich FBL7, FBL6 5p15.1 FBXL7 1stgRNA | TCTGTGCTTGAACTCACGTCGG
- repeat protein 7
2nd CCTGAAAGTACTGACCCGCAGG
gRNA
AEETDED Approved Name FLIGEEE Synonyms Chromosome ARDTDNE gRI\_IA LV gRNA Sequence
Symbol Symbols Symbol pair
mFEBXLS8 F-box and leucine rich Fblg 16022.1 FBXLS 1stgRNA | GGAAGCACGAGCATCTTCGGGG
- repeat protein 8
2nd CTTGAGCGTATAGCTGCGCAGG
gRNA
mEBXL13 | F-box and leucine rich MGC21636, Fhl13, | 7q22.1 FBXL13 1stgRNA | GCTATCATTAAAAGAGGTCTGG
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http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13598
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13599
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13601
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13602
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13603
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13604
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=17875

2nd

ATGCTTTTATCATCAACTCTGG

LILINA,
DKFZP434M1735,

gRNA
mFBXL14 | F-boxand leucine rich MGC40195, Fbl14 | 12p13.33 FBXL14 1st gRNA CTTCTGCACCTGTCGCACATGG
— | repeatprotein 14
2nd GGGAACAGGCACGAGATGTGGG
gRNA
mFBXL15 | F-boxand leucine rich FBXO37 MGC11279, Fbl15 10924.32 FBXL15 1st gRNA GCGCGTCAGTCGCGCCTTCCGG
- repeat protein 15
2nd AGCTGAACGAGCGCCCGGAAGG
gRNA
MEBXL16 | F-boxand leucine rich Cl60rf22 MGC33974, Fbl16 16p13.3 FBXL16 IstgRNA | TGCCCTCGGATCACCGATATGG
repeat protein 16
2nd TGCCATATCGGTGATCCGAGGG
gRNA
mMEBXL 17 | F-boxand leucine rich FBXO13 DKFZP434C1715, 5021.3 FBXL17 1stgRNA | ACCCATGAAGCCAACATACTGG
- repeat protein 17 Fbx13, Fbl17
2nd GTTGTTCAGTTACTTCCAAAGG
gRNA
Approved Previous Synonyms Chromosome PRI gRI\_IA LV gRNA Sequence
Approved Name Symbol pair
Symbol Symbols
MEBXL 18 | F-box and leucine rich FLJ11467, Fbl18 7p22.1 FBXL18 1stgRNA | CACTCTTCACGCCGTCCTACGG
— | repeatprotein 18
2nd TTGGCAAGAAGGTGCGCATTGG
gRNA
mFBXL19 F-box and leucine rich DKFZp434K0410, 16p11.2 FBXL19 1st gRNA GGGCTGACAATGGTGAGGAAGG
- repeat protein 19 Fbl19, JHDM1C,
CXXC11
2nd GTGAGGAAGGCGCTAACCTAGG
gRNA
mFBXL20 F-box and leucine rich MGC15482, Fbl2, 17912 FBXL20 1st gRNA ACCCTGTGTCGCTGTGCTCAGG
- repeat protein 20 Fbl20
2nd AGCTCTGGATGGCAGTAACTGG
gRNA
mFBXL22 F-box and leucine rich Fbl22, FLJ39626 15022.31 FBXL22 1st gRNA TCAGCTTTCTCGGCTGCACCGG
- repeat protein 22
2nd AGCGTGACGGACGTCAGGTTGG
gRNA
MmMKDM2A | lysine demethylase 2A | FBXL11 KIAA1004, FBL11, | 11g13.2 KDM2A 1st gRNA TCTTCATAGCGACGACGCATGG
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http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=28624
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=28155
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=14150
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13615
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=21874
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=25300
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=24679
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=27537
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13606

2nd

ATGTAGAGTATATCCAGCGGGG

gRNA
Approved Previous Approved RNA
S[,))?mbol Approved Name Symbols Synonyms Chromosome Sp;)mbol gpair LV gRNA Sequence
mKDM2B lysine demethylase 2B FBXL10 PCCX2, CXXC2, 12g24.31 KDM2B 1st gRNA GCTCCTGCTGTTGTTCGGTTGG
- Fbl10, JHDM1B
2nd gRNA CTCTCCACACTCCGTCCGCAGG
mSKP2 S-phase kinase FBXL1, FBL1, p45 | 5p13.2 SKP2 1st gRNA CTGGTCCGGAATCTCCTGAAGG
— associated protein 2
2nd TGACGTTGCCACTCTGGTCCGG
gRNA
mBTRC beta-transducin repeat bTrCP, betaTrCP, 10924.32 BTRC 1st gRNA CTGAGAGTTTCCGCTGCTTGGG
- containing E3 ligase FBXWI1A, Fwdl,
bTrCP1
2nd CATGATTGTGCCCAAGCAGCGG
gRNA
mFBXW2 F-box and WD repeat FBW2, Md6, Fwd2 9g33.2 FBXW?2 1st gRNA ATGCCCAGTGAGTGTATTCAGG
- domain containing 2
2nd ACTCACTGGGCATACTGAATGG
gRNA
MmEBXWS5 | F-box and WD repeat DKFZP434B205, 9g34.3 FBXW5 1st gRNA GCAAACTGGTACCCCGAGTGGG
domain containing 5 MGC20962, Fbw5
2nd CCTCAGCTTCTCCCACTCGGGG
gRNA
mFBXW7 F-box and WD repeat AGO, FLJ11071, 4931.3 FBXW7 1st gRNA ACCCACAGGCCTTCAAGAGTGG
domain containing 7 SEL-10, FBX30,
CDC4, FBXW6
2nd CATCTGTCCAACCACCCACAGG
gRNA
Previous Approved RNA
Approved | Approved Name Synonyms Chromosome bp gri LV gRNA Sequence
Symbol Symbols Symbol pair
mFBXWS8 F-box and WD repeat FBX029 FBX29, FBWS, 12q24.22 FBXW8 1st gRNA GTCCGTCTGCCTTACGAACTGG
— | domain containing 8 FBW8
mFBXW9 F-box and WD repeat MGC10870, Fbw9 19p13.13 FBXW9 1st gRNA AGCAGCAACACCGCATCAATGG

domain containing 9
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http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13610
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=10901
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=1144
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13608
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13613
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=16712
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13597
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=28136

2nd

CCAGCCGCCTGCATTGAGCTGG

gRNA
MEBXW210 | F-box and WD repeat | C17orf1, SM2SH2, HREP, 17p11.2 FBXW10 1stgRNA |  AAAAAGTACAGCGGTACACAGG
domain containing 10 Cl7orflA Fbw10
2nd TCCCAATGTCCAAACATTTAGG
gRNA
mEBXW11 | F-boxand WD repeat | FBXW1B KIAA0696, Fbwlb, | 535.1 FBXW11 1stgRNA |  AGTTGGGAGGGCCATCTGTAGG
— | domain containing 11 BTRCP2, BTRC2,
Hos, Fbw11
2nd TTAAAAACAGACCTACAGATGG
gRNA
MCCNF cyclin F FBX1, FBXO1 16p13.3 CCNF 1st gRNA TTTTGATTCTTCGTTTAGTAGG
2nd TCAAGATGGTTAAGTTTCTGGG
gRNA
Approved Previous
bp Approved Name Approved | gRNA
Symbol Symbols | Synonyms Chromosome . LV gRNA Sequence
Symbol pair
mMECT2L epithelial cell Cé6orfal ARHGEF32, 6024.1 ECT2L 1st gRNA AATTCCCGCCGTTGCTTGTTGG
) transforming 2 like FBX0O49, LFDH
2nd CTGGACCAACAAGCAACGGCGG
gRNA
mFBX0O2 F-box protein 2 OCP1 FBX2, Nfb42, Fbsl, | 1p36.22 FBXO2 1st gRNA TCCTCTGGGCTCGCTTCTTCGG
- Fbgl
1p36.22 FBXO2 2nd CACTTGAGCAGCCACAGTGGGG
gRNA
mFBXO03 F-box protein 3 FBX3, FBA 11p13 FBXO3 1st gRNA TACCTCCCCACGTCTGAGTAGG
2nd CTTTTTAATGGCGGCGTAATGG
gRNA
mFBX04 F-box protein 4 FBX4 5p13.1 FBXO4 1st gRNA CCAGCTGGCACAGATCGTGGGG
2nd TTCTTGGTCTTCGGTTGATTGG
gRNA
mFBXO5 F-box protein 5 FBXS5, Fbxo31, 6025.2 FBXO5 1st gRNA TGCAGTCTAAAGTTCCCGCTGG
- EMI1
2nd GGCTTCACCACTTCAAGCTCGG
gRNA
MmFBXO6 F-box protein 6 FBX6, FBG2, 1p36.22 FBXO6 1st gRNA CGGATAGACTCCAACGGAGGGG
- FBS2, Fbx6b
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http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=1211
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13607
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=1591
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=21118
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13581
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13582
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13583
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13584
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13585

2nd

GGCGGATAGACTCCAACGGAGG

gRNA
Approved .
Approved Name | Previous Chromosome Approved | gRNA LV gRNA Sequence
Symbol Synonyms .
Symbols Symbol pair
MEBXO7 | F-box protein 7 Ei)é;,lsz, 2212.3 FBXO7 | 1stgRNA | ATTCAGGATGCCATGAGTATGG
2nd AGTGATGCCTTGATAGTGCTGG
gRNA
mMEBXO8 | F-box protein 8 FBX8, FBS 49341 FBXO8 | IstgRNA | AAAAGAAAATCCTAAAGGTGGG
2nd
gRNA TCCTCTGGGTTGGCATTAAAGG
MFEBXOY | F-boxprotein 9 FBX9, NY-REN-57 | 6pi2.1 FBXO9 | 1stgRNA | CTGACAGAGTAGGCGATGAAGG
2nd
gRNA GCCAGTTCCTGTCGTCCTTTGG
mMFBXO10 | F-boxprotein 10 FBX10 9p13.2 FBXO10 | 1stgRNA | CCAGTTCTTATCCGCCGACGGG
2nd
gRNA | GAAGAGGCACTTGCGGATAAGG
mMEBX011 | F-boxprotein 11 P LD sy FBXO11 | 1stgRNA | TTTTTCTGCGAAGTTGGTATGG
2nd
gRNA TAGGACACGCTGTTCTTTTTGG
MFBXO15 | F-boxprotein 15 MGC39671, FBX15 | 18922.3 FBXO15 | 1stgRNA | TCGCTGTGCTGGTTTCGCCAGG
2nd
gRNA TCCATCAGTTCTATATCCCTGG
Approved Previous Chromosome | Approved | gRNA
Approved Name Synonyms .
Symbol Symbols symbol Pair LV gRNA Sequence
MFBXO16 | F-boxprotein 16 FBX16 8p21.1 FBXO16 | 1stgRNA | TGCACAACGGCAAAGACTCCGG
2nd
gRNA | CAGGGAACAGCGCTCTAGTAGG
MEBXO17 | F-box protein 17 FBXO26 FBG4, FLI25205, | 19q13.2
— MGC9379,
FLJ11798, Fbx17 FBXO17 | 1stgRNA | AAGTGGAGCACGGCGGAAATGG
2nd
GRNA | GTGGAAAAGAATTTGACGCTGG
MFBX018 | F-box protein, helicase, FBH1, FLJ14590, 10p15.1
— |8 Fbx18 FBXO18 | 1stgRNA | CTCTCAGGGTCAACACTTGGGG
2nd
gRNA | GGAGGCTGAGGCGTGCATGCGG
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http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13586
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13587
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13588
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13589
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13590
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13617
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13618
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=18754
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13620

MFBX02]1 | F-box protein 21 FBX2L, KIAAQSTS | 12924.22 FBXO2L | 1stgRNA | CCCCACCGACTACGTCAATTGG
2nd
gRNA | CCAATTGACGTAGTCGGTGGGG
MFEBX022 | F-box protein 22 FBX22,FISTC1 | 15024.2 FBXO22 | 1stgRNA | GATTGCTACCTGATCCCATTGG
2nd
gRNA | AGTGCTGACTACCCGATGCAGG
MFBX024 | F-boxprotein 24 FBX24 79221 FBX024 | 1stgRNA | AGGAGCAGTAGGGCCCGCTGGG
2nd
gRNA | TCACAGGCGCGGCTACCGGTGG
Approved Previous Chromosome | Approved | gRNA
Approved Name Synonyms .
Symbol Symbols symbol Pair LV gRNA Sequence
MFEBXO25 | F-boxprotein 25 FBX25 8p23.3 FBXO25 | 1stgRNA | AAATGGATCTACGTCCATAAGG
2nd
gRNA | GAGAAGTCTAGCCGGTTGAAGG
MFEBXO27 | F-boxprotein 27 FbgS, Fbx27 19q13.2 FBXO27 | 1stgRNA | GCCAGATCCCATTGAACAGTGG
2nd
gRNA GAACTTATCTATGACGTTCTGG
mFBX028 | F-box protein 28 FLJ10766, 1g942.11
— KIAA0483, Fbx28, FBXO28 | 1stgRNA | TCAGAGAATGTTGAATCAGGGG
2nd
gRNA | TGTCAGAGAATGTTGAATCAGG
mFEBXQO30 | F-box protein 30 MGC21674, Fbx30 | 6024.3 FBXO30 | 1stgRNA | GGCTAATGAGGGACGTTTGTGG
2nd
gRNA | GACCAGGACCACCTTGATGAGG
MmFBX0O31 | F-box protein 31 FBX14, FBX014, 16024.2
S Fbx31, MGC15419 FBXO31 | 1stgRNA | TGTGAGAACCTGCGGAAGCTGG
2nd
gRNA TGTGATCTCCAGCTTCCGCAGG
mFBX032 | F-box protein 32 MAFbX, 8024.13
— ATROGINL, Fbx32 FBXO32 | 1stgRNA | GGCTGCGACGTCGTAGTTCAGG
2nd
gRNA | GTTCACAAAGGAAGTACGAAGG
Approved Previous Chromosome | Approved | gRNA
bp Approved Name Synonyms bp g
Symbol Symbols symbol Pair LV gRNA Sequence
mEBXQ33 | F-boxprotein 33 AR e FBXO33 | 1stgRNA | GCTGGACAAACTTCCTTGCTGG
2nd
gRNA | GTCCAGCACGTACCTCAGCAGG
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http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13592
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13593
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13595
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=13596
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=18753
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=29046
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=15600
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=16510
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=16731
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=19833

MEBXO36 | F-box protein 36 AnGE, FLETERE ) 256 FBXO36 | 1stgRNA | ATGTCTTCAACCTGTGCGAAGG
2nd
gRNA GTCAAATTTACCTTCGCACAGG
MFBX038 | F-box protein 38 MOKA, SP329, 5032
— FLJ13962, Fbx38 FBXO38 | 1stgRNA | TGCCTCTCTCGGAAGCTAAAGG
2nd
gRNA | TCGCCTCTCGAGGTATCTAGGG
MmFBX039 | F-box protein 39 MGC35179, Fbx39, | 17p13.1
S CT144 FBXO39 | 1stgRNA | CTCCACAAACTTAACGTCCAGG
2nd
gRNA TTCCTGGACGTTAAGTTTGTGG
mFEBXQ40 | F-box protein 40 KIAAL195, Fbx40 | 3q13.33 FBXO40 | 1stgRNA | TCTCCTTGGGCGTACAAGCAGG
2nd
gRNA | TTGTTTGCCGGCAACCAGTAGG
MEBXO41 | F-box protein 41 SRR (RS || e FBXO41 | 1stgRNA | CCGAGCTGCCGTCTCCTTCAGG
2nd
gRNA | AGGTGGGGGCAGTGCCTCGGGG
Approved Previous Chromosome | Approved | gRNA
Approved Name Synonyms .
Symbol Symbols symbol Pair LV gRNA Sequence
EBX042 | F-box protein 42 KIAA1332, Fox4Z | 1p36.13 FBX042 | 1stgRNA | GATAGGGGTTCCCGGATAAGGG
2nd
gRNA | GCTGAGTGATAGGGGTTCCCGG
FBXO43 | F-boxprotein 43 AYE 8q22.2 FBXO43 | 1stgRNA | TAAGGCCAAGCGACTCAGAAGG
2nd
gRNA | GTCAGAACATCCCCCCAAGGGG
FBX044 F-box protein 44 FBX30, FBGS3, 1p36.22
— MGC14140,
Fhxo6a, Fbx44 FBXO44 | 1stgRNA | AGCACAAGGGTTGTGAAGGAGG
2nd
gRNA | CTGCTGCTGCGCTGCCGACCGG
FBXO45 | F-boxprotein 45 i 3429 FBXO45 | 1stgRNA | GAAGTGACGACCAGAGCTGGGG
2nd
gRNA | CCATCAGTGCTCTGAGCGATGG
EBXQO47 | F-box protein 47 17q12 FBXO47 | 1stgRNA | GATATTGGCATGTTAAGTATGG
2nd
gRNA ATTATATCTCAACATCATCTGG
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http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=27020
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=28844
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=28565
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=29816
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=29409
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=29249
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=28521
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=24847
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=29148
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=31969

hFEBXL.18 | F-boxand leucine rich FLJ11467, Fbl18 7p22.1
- repeat protein 18
FBXL18 gRNA CGGATGGCGGGCTCGTTGCGGGG
hEFBXQO17 | F-box protein 17 FBG4, FBXO26, 19
- FLJ11798, Fbx17 FBXO17 gRNA AAGATGAGATTGCGGCCGAAGGG
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Table 8.2: Statistical analysis of organoid growth

Day

Value measures

Statistical significance

Day 1

Surface area vs surface area raw

* % %

Surface area vs surface area log

* % %

Perimeter vs perimeter

* k%

Perimeter vs perimeter log

* k%

Surface area vs Perimeter

* % %

Surface area vs Perimeter Log10

* k%

Growth rate Current vs D1

NA

Day 3

Surface area vs surface area raw

* k¥

Surface area vs surface area log

* k%

Perimeter vs perimeter

* k¥

Perimeter vs perimeter log

* k¥

Surface area vs Perimeter

* k%

Surface area vs Perimeter Log10

* k%

Growth rate D3 vs D1

NS

Day 5

Surface area vs surface area raw

* %k

Surface area vs surface area log

* k¥

Perimeter vs perimeter

* k¥

Perimeter vs perimeter log

* %k

Surface area vs Perimeter

% %k %k

Surface area vs Perimeter Log10

% %k %k

Growth rate D5 vs D1

NS

Day 7

Surface area vs surface area raw

%k

Surface area vs surface area log

%k

Perimeter vs perimeter

NS

Perimeter vs perimeter log

NS

Surface area vs Perimeter

% %k %k

Surface area vs Perimeter Log10

* % %
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Growth rate D7 vs D1

* k%

vs controls under normoxia conditions as mapped to KEGG pathways.

Table 8.3: Significant Differentially expressed genes in DLD-1 FBXL5 knockout cells

Gene ID Gene Name Log?2 Adj P
expression | value
change

N-Glycan Biosynthesis

ALG1 ALG1, chitobiosyldiphosphodolichol  beta- | -8.54689 5.40E-05

mannosyltransferase

ALGS ALGS, alpha-1,3-glucosyltransferase -7.36061 0.008314

GANAB glucosidase 1l alpha subunit 7.944773 | 0.007143

STT3A STT3A, catalytic subunit of the | 5.91923 0.022017

oligosaccharyltransferase complex

Cytosolic DNA-sensing pathway

IKBKB inhibitor of nuclear factor kappa B kinase subunit | 6.839722 | 0.011444

beta

IKBKE inhibitor of nuclear factor kappa B kinase subunit | -6.95123 0.015972

epsilon

IRF3 interferon regulatory factor 3 3.756292 | 0.006528

MAVS mitochondrial antiviral signalling protein -1.59384 0.034073

POLR3C RNA polymerase 111 subunit C -6.70142 0.010186
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Spliceosome

CCDC12 coiled-coil domain containing 12 7.843184 | 0.003282
CRNKL1 crooked neck pre-mRNA splicing factor 1 6.147229 | 0.024543
DDX39B DEXxD-box helicase 39B -1.27287 0.034162
PRPF19 pre-mRNA processing factor 19 -9.42391 3.23E-05
SNRNP200 | small nuclear ribonucleoprotein U5 subunit 200 | 1.819099 | 0.024409
SRSF2 serine and arginine rich splicing factor 2 1.77737 0.044515
SRSF7 serine and arginine rich splicing factor 7 -8.0569 0.023632
THOC1 THO complex 1 6.450271 | 0.048955
THOC?2 THO complex 2 -1.10561 0.013837
U2AF1L4 U2 small nuclear RNA auxiliary factor 1 like 4 | -6.6243 0.010671
RIG-I-like receptor signalling pathway

CYLD CYLD lysine 63 deubiquitinase -2.05551 | 0.024654
IKBKB inhibitor of nuclear factor kappa B kinase subunit | 6.839722 | 0.011444

beta
IKBKE inhibitor of nuclear factor kappa B kinase subunit | -6.95123 0.015972
epsilon

IRF3 interferon regulatory factor 3 3.756292 | 0.006528
MAVS mitochondrial antiviral signalling protein -1.59384 0.034073
Protein processing in endoplasmic reticulum

BAK1 BCL2 antagonist/killer 1 7.156815 | 0.003659
CAPN1 calpain 1 -1.35438 0.000527
EIF2AK4 eukaryotic translation initiation factor 2 alpha | -8.05148 0.010862

kinase 4
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GANAB glucosidase 1l alpha subunit 7.944773 | 0.007143

SEC23A Sec23 homolog A, coat complex Il component | -6.69756 0.015975

SEC23B Sec23 homolog B, coat complex 1l component | -2.32381 0.025794

SEC31A SEC31 homolog A, COPIlI coat complex | -3.93153 | 0.000303
component

SSR3 signal sequence receptor subunit 3 7.722529 | 0.004476

SIL1 SIL1 nucleotide exchange factor -6.06962 0.030504

STT3A STT3A, catalytic subunit of the | 5.91923 0.022017
oligosaccharyltransferase complex

Insulin signalling pathway

ACACB acetyl-CoA carboxylase beta 6.038617 | 0.008743

CAL ML4 | calmodulin like 4 -7.01944 0.009988

PYGL glycogen phosphorylase L 1.09764 0.00027

IKBKB inhibitor of nuclear factor kappa B kinase subunit | 6.839722 | 0.011444
beta

PRKAR1A | protein kinase CcAMP-dependent type | |-7.75187 0.015935
regulatory subunit alpha

PRKAR1B | protein kinase CcAMP-dependent type | |-8.52551 7.61E-05
regulatory subunit beta

SREBF1 sterol regulatory element binding transcription | -1.5399 5.33E-12
factor 1

TSC2 TSC complex subunit 2 7.60003 0.000332

Herpes simplex infection

CDK1 cyclin dependent kinase 1 6.407113 | 0.042218
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EIF2AK4 eukaryotic translation initiation factor 2 alpha | -8.05148 0.010862
Kinase 4
IKBKB inhibitor of nuclear factor kappa B kinase subunit | 6.839722 | 0.011444
beta
IKBKE inhibitor of nuclear factor kappa B kinase subunit | -6.95123 0.015972
epsilon
IRF3 interferon regulatory factor 3 3.756292 | 0.006528
MCRS1 microspherule protein 1 6.205375 | 0.046537
MAVS mitochondrial antiviral signalling protein -1.59384 | 0.034073
PER1 period circadian regulator 1 6.688929 | 0.001684
SRSF2 serine and arginine rich splicing factor 2 1.77737 0.044515
SRSF7 serine and arginine rich splicing factor 7 -8.0569 0.023632
RNA Transport
DDX39B DExD-box helicase 39B -1.27287 0.034162
EIF1 eukaryotic translation initiation factor 1 1.056396 | 0.008537
NUP37 nucleoporin 37 7.378472 | 0.010088
NUP58 nucleoporin 58 3.230283 | 0.040903
PABPC4 poly(A) binding protein cytoplasmic 4 -1.63366 0.026117
PAIP1 poly(A) binding protein interacting protein 1 5.667774 | 0.02368
RNPS1 RNA binding protein with serine rich domain 1 | 7.214119 | 0.049065
THOC1 THO complex 1 6.450271 | 0.048955
THOC2 THO complex 2 -1.10561 0.013837
Human papillomavirus infection
ATP6V1B2 | ATPase H+ transporting V1 subunit B2 -7.16291 0.027448
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ATP6V1D | ATPase H+ transporting V1 subunit D 6.710427 | 0.008822

BAK1 BCL2 antagonist/killer 1 7.156815 | 0.003659

CSNK1A1 | casein kinase 1 alpha 1 -6.88714 | 0.044728

DLG1 discs large MAGUK scaffold protein 1 -7.52986 0.001318

FN1 fibronectin 1 7.295479 | 0.008311

IKBKB inhibitor of nuclear factor kappa B kinase subunit | 6.839722 | 0.011444
beta

IKBKE inhibitor of nuclear factor kappa B kinase subunit | -6.95123 0.015972
epsilon

IRF3 interferon regulatory factor 3 3.756292 | 0.006528

LAMA3 laminin subunit alpha 3 9.742968 | 8.43E-08

LLGL1 LLGL scribble cell polarity complex component | -6.61469 0.01685
1

PKM pyruvate kinase M1/2 -5.95389 0.028159

PPP2R2A protein phosphatase 2 regulatory subunit Balpha | -1.29241 0.02627

RBPJ recombination signal binding protein for | -6.07968 0.045993
immunoglobulin kappa J region

TCF7L2 transcription factor 7 like 2 1.023286 | 0.048934

TSC2 TSC complex subunit 2 7.60003 0.000332

VEGFA vascular endothelial growth factor A -8.63449 0.000489

Endocytosis

ACAP2 ArfGAP with coiled-coil, ankyrin repeat and PH | 6.6719 0.013232
domains 2

AGAP1 ArfGAP with GTPase domain, ankyrin repeat | 23.39617 | 0.000306

and PH domain 1
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ARFGAP2 | ADP ribosylation factor GTPase activating | -7.15378 | 0.002039
protein 2

CHMP7 charged multivesicular body protein 7 -2.42236 0.012812
CYTH1 cytohesin 1 -6.85131 0.007934
EHD1 EH domain containing 1 -7.41588 0.005523
EPN2 epsin 2 -8.0809 0.010088
GIT1 GIT ArfGAP 1 -8.00306 0.001152
GIT2 GIT ArfGAP 2 3.192236 | 0.002923
RAB11FIP3 | RAB11 family interacting protein 3 -7.24642 0.00944

SNX3 sorting nexin 3 -7.32324 | 0.001741
SNX5 sorting nexin 5 1.183351 | 0.001984
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vs controls under hypoxic conditions as mapped to KEGG pathways

Table 8.4: Significant Differentially expressed genes in DLD-1 FBXL5 knockout cells

phosphatase

User ID Gene name Log2 Adj P
expression | value
change

Antifolate Resistance

EGFR epidermal growth factor receptor 1.269627 | 5.14E-07

FGFR2 fibroblast growth factor receptor 2 754772 0.00143

GLS glutaminase 1.293412 | 0.011013

GLS2 glutaminase 2 5.612453 | 0.036661

HIF1A hypoxia inducible factor 1 subunit alpha 1.483213 | 0.000351

MET MET proto-oncogene, receptor tyrosine kinase | 2.848111 | 0.000136

MTOR mechanistic target of rapamycin kinase 3.535796 | 0.014

MYC MYC proto-oncogene, bHLH transcription | -1.792742 | 0.034515

factor

PDHA1 pyruvate dehydrogenase E1 alpha 1 subunit 7.280988 | 0.011761

PFKL phosphofructokinase, liver type 6.981576 | 0.024527

PFKP phosphofructokinase, platelet 1.334828 | 0.04284

PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase | -1.668148 | 0.004965

catalytic subunit beta

PKM pyruvate kinase M1/2 -8.50021 2.24E-05

SLC2A1 solute carrier family 2-member 1 1.353087 | 0.034577

TIGAR TP53 induced glycolysis regulatory | -1.273778 | 3.56E-06
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Central carbon metabolism in cancer

EGFR epidermal growth factor receptor 1.269627 | 5.14E-07
FGFR2 fibroblast growth factor receptor 2 754772 0.00143
GLS glutaminase 1.293412 | 0.011013
GLS2 glutaminase 2 5.612453 | 0.036661
HIF1A hypoxia inducible factor 1 subunit alpha 1.483213 | 0.000351
MET MET proto-oncogene, receptor tyrosine kinase | 2.848111 | 0.000136
MTOR mechanistic target of rapamycin kinase 3.535796 | 0.014
MYC MYC proto-oncogene, bHLH transcription | -1.792742 | 0.034515
factor
PDHA1 pyruvate dehydrogenase E1 alpha 1 subunit 7.280988 | 0.011761
PFKL phosphofructokinase, liver type 6.981576 | 0.024527
PFKP phosphofructokinase, platelet 1.334828 | 0.04284
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase | -1.668148 | 0.004965
catalytic subunit beta
PKM pyruvate kinase M1/2 -8.50021 2.24E-05
SLC2A1 solute carrier family 2-member 1 1.353087 | 0.034577
TIGAR TP53 induced glycolysis regulatory | -1.273778 | 3.56E-06
phosphatase
Colorectal Cancer
AXIN1 axin 1 1.313185 | 0.002336
AXIN2 axin 2 -5.23401 0.000314
BAK1 BCL2 antagonist/killer 1 7.931068 | 0.000576
BCL2L11 BCL2 like 11 0.001694 | BCL2L11
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EGFR epidermal growth factor receptor 1.269627 | 5.14E-07
GADDA45A growth arrest and DNA damage inducible alpha | -4.605363 | 0.003069
MAPKS mitogen-activated protein kinase 8 -5.906137 | 0.039295
MAPK9 mitogen-activated protein kinase 9 -1.149868 | 3.43E-15
MLH1 mutL homolog 1 -6.800559 | 0.047523
MSH2 mutS homolog 2 -5.694686 | 0.048605
MSHG6 mutS homolog 6 -8.31627 6.90E-06
MTOR mechanistic target of rapamycin kinase 3.535796 | 0.014
MYC MYC proto-oncogene, bHLH transcription | -1.792742 | 0.034515
factor
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase | -1.668148 | 0.004965
catalytic subunit beta
POLK DNA polymerase kappa 1.261384 | 0.031771
RAC3 Rac family small GTPase 3 -5.613678 | 0.030199
RALGDS ral guanine nucleotide dissociation stimulator | 7.191862 | 0.001692
RHOA ras homolog family member A 2.298296 | 0.017536
SOS1 SOS Ras/Rac guanine nucleotide exchange | -1.17328 0.000222
factor 1
Pancreatic Cancer
BAK1 BCL2 antagonist/killer 1 7.931068 | 0.000576
E2F3 E2F transcription factor 3 -1.127102 | 0.020112
EGFR epidermal growth factor receptor 1.269627 | 5.14E-07
GADD45A growth arrest and DNA damage inducible alpha | -4.605363 | 0.003069
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IKBKB inhibitor of nuclear factor kappa B kinase | 1.353824 | 0.012718
subunit beta
IKBKG inhibitor of nuclear factor kappa B Kkinase | -7.690661 | 0.022415
subunit gamma
MAPKS mitogen-activated protein kinase 8 -5.906137 | 0.039295
MAPK9 mitogen-activated protein kinase 9 -1.149868 | 3.43E-15
MTOR mechanistic target of rapamycin kinase 3.535796 | 0.014
NFKB1 nuclear factor kappa B subunit 1 7.054995 | 0.019088
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase | -1.668148 | 0.004965
catalytic subunit beta
POLK DNA polymerase kappa 1.261384 | 0.031771
RAC3 Rac family small GTPase 3 -5.613678 | 0.030199
RALBP1 ralA binding protein 1 -1.49283 0.000131
RALGDS ral guanine nucleotide dissociation stimulator | 7.191862 | 0.001692
VEGFA vascular endothelial growth factor A 1.276677 | 0.017583
Epithelial cell signalling in Helicobacter pylori infection
ATP6VOB ATPase H+ transporting VO subunit b -7.117031 | 0.040701
ATP6VOE1 ATPase H+ transporting VO subunit el -6.763489 | 0.005587
ATP6VOE2 ATPase H+ transporting VO subunit e2 3.504939 | 0.035393
ATP6V1E1 ATPase H+ transporting V1 subunit E1 6.442384 | 0.008465
EGFR epidermal growth factor receptor 1.269627 | 5.14E-07
F11R F11 receptor 7.689177 | 0.000265
IKBKB inhibitor of nuclear factor kappa B kinase | 1.353824 | 0.012718

subunit beta
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IKBKG inhibitor of nuclear factor kappa B Kkinase | -7.690661 | 0.022415
subunit gamma
MAPK11 mitogen-activated protein kinase 11 7.393051 | 0.006809
MAPKS mitogen-activated protein kinase 8 -5.906137 | 0.039295
MAPK9 mitogen-activated protein kinase 9 -1.149868 | 3.43E-15
MET MET proto-oncogene, receptor tyrosine kinase | 2.848111 | 0.000136
NFKB1 nuclear factor kappa B subunit 1 7.054995 | 0.019088
IL-17 signalling pathway
CASP8 caspase 8 -3.350445 | 0.030083
CSF2 colony stimulating factor 2 1.76942 1.45E-05
ELAVL1 ELAV like RNA binding protein 1 -1.095518 | 0.000493
FOSL1 FOS like 1, AP-1 transcription factor subunit 1.404717 | 4.42E-11
HSP90AA1 heat shock protein 90 alpha family class A | 4.055725 | 0.01771
member 1
HSP90B1 heat shock protein 90 beta family member 1 1.633665 | 0.001246
IKBKB inhibitor of nuclear factor kappa B kinase | 1.353824 | 0.012718
subunit beta
IKBKG inhibitor of nuclear factor kappa B kinase | -7.690661 | 0.022415
subunit gamma
IL17RA interleukin 17 receptor A -1.532294 | 0.006849
IL17RC interleukin 17 receptor C 6.193595 | 0.015723
MAP3K7 mitogen-activated protein kinase 7 -8.317256 | 1.53E-05
MAPK11 mitogen-activated protein kinase 11 7.393051 | 0.006809
MAPKS mitogen-activated protein kinase 8 -5.906137 | 0.039295
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MAPK9 mitogen-activated protein kinase 9 -1.149868 | 3.43E-15
NFKB1 nuclear factor kappa B subunit 1 7.054995 | 0.019088
SRSF1 serine and arginine rich splicing factor 1 -3.024418 | 6.21E-47
TRAF3 TNF receptor associated factor 3 -1.021403 | 0.048655
HIF-1a signalling pathway
ALDOA aldolase, fructose-bisphosphate A 1.28343 1.57E-07
CAMK2D calcium/calmodulin dependent protein kinase Il | -7.274884 | 0.000336
delta
EGFR epidermal growth factor receptor 1.269627 | 5.14E-07
EGLN3 egl-9 family hypoxia inducible factor 3 1.294153 | 9.68E-05
EIFAE2 eukaryotic translation initiation factor 4E family | -1.802666 | 0.004824
member 2
ENO1 enolase 1 1.252703 | 1.01E-05
HIF1A hypoxia inducible factor 1 subunit alpha 1.483213 | 0.000351
MKNK?2 MAP kinase interacting serine/threonine kinase | -1.859024 | 0.014704
2
MTOR mechanistic target of rapamycin kinase 3.535796 | 0.014
NFKB1 nuclear factor kappa B subunit 1 7.054995 | 0.019088
PDHA1 pyruvate dehydrogenase E1 alpha 1 subunit 7.280988 | 0.011761
PFKL phosphofructokinase, liver type 6.981576 | 0.024527
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase | -1.668148 | 0.004965
catalytic subunit beta
SERPINE1 serpin family E member 1 1.39568 0.002123
SLC2A1 solute carrier family 2-member 1 1.353087 | 0.034577
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TfRC transferrin receptor -1.416988 | 0.000159
VEGFA vascular endothelial growth factor A 1.276677 | 0.017583
Epstein-Barr virus infection

B2M beta-2-microglobulin -1.200379 | 1.67E-07
BAK1 BCL2 antagonist/killer 1 7.931068 | 0.000576
BCL2L11 BCL2 like 11 0.001694 | BCL2L11
CASP8 caspase 8 -3.350445 | 0.030083
CCNE1 cyclin E1 -5.026565 | 0.049168
CD44 CD44 molecule (Indian blood group) 7.224646 | 0.000876
CR2 complement C3d receptor 2 1.149471 | 0.005902
E2F3 E2F transcription factor 3 -1.127102 | 0.020112
GADDA45A growth arrest and DNA damage inducible alpha | -4.605363 | 0.003069
HLA-A major histocompatibility complex, class I, A 6.834822 | 0.042176
HLA-F major histocompatibility complex, class I, F 2.976219 | 0.008183
IKBKB inhibitor of nuclear factor kappa B kinase | 1.353824 | 0.012718

subunit beta
IKBKG inhibitor of nuclear factor kappa B Kkinase | -7.690661 | 0.022415
subunit gamma

IRAK4 interleukin 1 receptor associated kinase 4 6.569757 | 0.002885
MAP2K7 mitogen-activated protein kinase 7 1.690924 | 0.000193
MAP3K7 mitogen-activated protein kinase 7 -8.317256 | 1.53E-05
MAPK11 mitogen-activated protein kinase 11 7.393051 | 0.006809
MAPKS mitogen-activated protein kinase 8 -5.906137 | 0.039295
MAPKS9 mitogen-activated protein kinase 9 -1.149868 | 3.43E-15
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MDM2 MDMZ2 proto-oncogene 7.024809 | 0.002142
MYC MYC proto-oncogene, bHLH transcription | -1.792742 | 0.034515
factor
NCOR2 nuclear receptor corepressor 2 4.22736 0.046848
NFKB1 nuclear factor kappa B subunit 1 7.054995 | 0.019088
NFKBIE NFKB inhibitor epsilon 2.193969 | 0.027908
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase | -1.668148 | 0.004965
catalytic subunit beta
POLK DNA polymerase kappa 1.261384 | 0.031771
PSMC1 proteasome 26S subunit, ATPase 1 -7.985115 | 2.40E-05
RBPJ recombination signal binding protein for | 7.418208 | 0.007961
immunoglobulin kappa J region
RIPK1 receptor interacting serine/threonine kinase 1 -1.192276 | 2.41E-07
SNW1 SNW domain containing 1 7.087868 | 0.004021
STAT2 signal transducer and activator of transcription | -7.111485 | 0.001231
2
TRAF3 TNF receptor associated factor 3 -1.021403 | 0.048655
USP7 ubiquitin specific peptidase 7 2.076468 | 0.014631
Spliceosome
BCAS2 BCAS2, pre-mRNA processing factor 5.833044 | 0.032104
CCDC12 coiled-coil domain containing 12 7.458333 | 0.017436
CTNNBL1 catenin beta like 1 6.646677 | 0.019192
DDX5 DEAD-box helicase 5 -1.034688 | 2.10E-52
DHX15 DEAH-box helicase 15 2.167212 | 2.60E-05
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HNRNPC heterogeneous nuclear ribonucleoprotein C | -10.94406 | 6.42E-12
(C1/C2)
HNRNPM heterogeneous nuclear ribonucleoprotein M -1.190214 | 1.46E-10
HSPAS heat shock protein family A (Hsp70) member 8 | 2.069245 | 6.46E-05
LSM4 LSM4 homolog, U6 small nuclear RNA and | -2.463491 | 3.87E-05
MRNA degradation associated

PQBP1 polyglutamine binding protein 1 -4.276436 | 0.002306
PRPF19 pre-mRNA processing factor 19 -6.725819 | 0.002268
RBM17 RNA binding motif protein 17 -1.541196 | 0.015892
RBM22 RNA binding motif protein 22 -7.377144 | 0.002141
SF3B3 splicing factor 3b subunit 3 7.552567 | 0.02665
SNW1 SNW domain containing 1 7.087868 | 0.004021
SRSF1 serine and arginine rich splicing factor 1 -3.024418 | 6.21E-47
SRSF2 serine and arginine rich splicing factor 2 -1.178875 | 0.010057
SRSF5 serine and arginine rich splicing factor 5 -1.536168 | 1.65E-12
SRSF7 serine and arginine rich splicing factor 7 -1.040633 | 0.000551
THOC1 THO complex 1 5.965501 | 0.017876
THOC2 THO complex 2 7.116499 | 0.002266
Kaposi sarcoma-associated herpesvirus infection

BAK1 BCL2 antagonist/killer 1 7.931068 | 0.000576
BECN1 Beclin 1 -6.832933 | 0.005935
CASPS8 caspase 8 -3.350445 | 0.030083
CSF2 colony stimulating factor 2 1.76942 1.45E-05
E2F3 E2F transcription factor 3 -1.127102 | 0.020112
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GABARAPLL1 | GABA type A receptor associated protein like 1 | 1.190694 | 0.041532
GNB5 G protein subunit beta 5 -5.905131 | 0.024553
HIF1A hypoxia inducible factor 1 subunit alpha 1.483213 | 0.000351
HLA-A major histocompatibility complex, class I, A 6.834822 | 0.042176
HLA-F major histocompatibility complex, class I, F 2.976219 | 0.008183
IKBKB inhibitor of nuclear factor kappa B kinase | 1.353824 | 0.012718
subunit beta
IKBKG inhibitor of nuclear factor kappa B kinase | -7.690661 | 0.022415
subunit gamma
ITPR1 inositol 1,4,5-trisphosphate receptor type 1 -7.14317 0.016638
MAP2K7 mitogen-activated protein Kinase 7 1.690924 | 0.000193
MAPK11 mitogen-activated protein kinase 11 7.393051 | 0.006809
MAPKS8 mitogen-activated protein Kinase 8 -5.906137 | 0.039295
MAPK9 mitogen-activated protein kinase 9 -1.149868 | 3.43E-15
MTOR mechanistic target of rapamycin kinase 3.535796 | 0.014
MYC MYC proto-oncogene, bHLH transcription | -1.792742 | 0.034515
factor
NFATC3 nuclear factor of activated T cells 3 -1.005846 | 0.001141
NFATC4 nuclear factor of activated T cells 4 -7.250014 | 0.007007
NFKB1 nuclear factor kappa B subunit 1 7.054995 | 0.019088
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase | -1.668148 | 0.004965
catalytic subunit beta
RCAN1 regulator of calcineurin 1 -1.370609 | 0.005066
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STAT?2 signal transducer and activator of transcription | -7.111485 | 0.001231
2
TRAF3 TNF receptor associated factor 3 -1.021403 | 0.048655
UBB ubiquitin B 2.178554 | 0.001924
VEGFA vascular endothelial growth factor A 1.276677 | 0.017583
Viral carcinogenesis
BAK1 BCL2 antagonist/killer 1 7.931068 | 0.000576
CASP8 caspase 8 -3.350445 | 0.030083
CCNE1 cyclin E1 -5.026565 | 0.049168
DDX3X DEAD-box helicase 3 X-linked 1.672127 | 0.025054
DLG1 discs large MAGUK scaffold protein 1 -2.319638 | 0.000334
DNAJA3 Dnal heat shock protein family (Hsp40) | -7.22464 | 0.000255
member A3
GTF2H1 general transcription factor 11H subunit 1 -8.24029 9.89E-05
GTF2H2 general transcription factor 11H subunit 2 -6.693275 | 0.001434
GTF2H3 general transcription factor 11H subunit 3 -7.20075 | 0.000527
HDAC7 histone deacetylase 7 8.701889 | 3.44E-05
HLA-A major histocompatibility complex, class I, A 6.834822 | 0.042176
HLA-F major histocompatibility complex, class I, F 2.976219 | 0.008183
IKBKG inhibitor of nuclear factor kappa B kinase | -7.690661 | 0.022415
subunit gamma
MDM2 MDM2 proto-oncogene 7.024809 | 0.002142
MRPS18B mitochondrial ribosomal protein S18B 1.189542 | 0.029193
NFKB1 nuclear factor kappa B subunit 1 7.054995 | 0.019088
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PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase | -1.668148 | 0.004965
catalytic subunit beta

PKM pyruvate kinase M1/2 -8.50021 2.24E-05

PSMC1 proteasome 26S subunit, ATPase 1 -7.985115 | 2.40E-05

RANBP1 RAN binding protein 1 -1.439007 | 0.031263

RBPJ recombination signal binding protein for | 7.418208 | 0.007961
immunoglobulin kappa J region

RHOA ras homolog family member A 2.298296 | 0.017536

SND1 staphylococcal nuclease and tudor domain | 1.700698 | 0.025686
containing 1

SNW1 SNW domain containing 1 7.087868 | 0.004021

TBP TATA-box binding protein 7.688234 | 9.61E-05

TRAF3 TNF receptor associated factor 3 -1.021403 | 0.048655

USP7 ubiquitin specific peptidase 7 2.076468 | 0.014631

YWHAB tyrosine  3-monooxygenase/tryptophan  5- | 1.88929 4.07E-07
monooxygenase activation protein beta

YWHAE tyrosine  3-monooxygenase/tryptophan  5- | 1.256017 | 0.016223
monooxygenase activation protein epsilon

YWHAQ tyrosine  3-monooxygenase/tryptophan  5- | -2.730168 | 0.019489
monooxygenase activation protein theta

Herpes simplex infection

ARNTL aryl hydrocarbon receptor nuclear translocator | -1.952218 | 0.006749
like

CASP8 caspase 8 -3.350445 | 0.030083

CLOCK clock circadian regulator -3.027147 | 0.021566
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CSNK2A1 casein kinase 2 alpha 1 -1.768859 | 0.022791
EEF1D eukaryotic translation elongation factor 1 delta | -1.500453 | 0.01471
EIF2S1 eukaryotic translation initiation factor 2 subunit | -1.088501 | 0.000323
alpha
HLA-A major histocompatibility complex, class I, A 6.834822 | 0.042176
HLA-F major histocompatibility complex, class I, F 2.976219 | 0.008183
IKBKB inhibitor of nuclear factor kappa B kinase | 1.353824 | 0.012718
subunit beta
IKBKG inhibitor of nuclear factor kappa B Kkinase | -7.690661 | 0.022415
subunit gamma
MAP3K7 mitogen-activated protein Kinase 7 -8.317256 | 1.53E-05
MAPKS8 mitogen-activated protein Kinase 8 -5.906137 | 0.039295
MAPK9 mitogen-activated protein Kinase 9 -1.149868 | 3.43E-15
MCRS1 microspherule protein 1 -7.278068 | 0.046806
NFKB1 nuclear factor kappa B subunit 1 7.054995 | 0.019088
NOP53 NOP53 ribosome biogenesis factor 1.33543 0.049653
PER1 period circadian regulator 1 1.16661 0.022601
P ML promyelocytic leukaemia 1.177514 | 0.041574
SRSF1 serine and arginine rich splicing factor 1 -3.024418 | 6.21E-47
SRSF2 serine and arginine rich splicing factor 2 -7.088547 | 0.000306
SRSF5 serine and arginine rich splicing factor 5 -1.536168 | 1.65E-12
SRSF7 serine and arginine rich splicing factor 7 -1.040633 | 0.000551
STAT?2 signal transducer and activator of transcription | -7.111485 | 0.001231

2
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substrate 15 like 1

TAF4B TATA-box binding protein associated factor 4b | -3.134879 | 0.022117

TBP TATA-box binding protein 7.688234 | 9.61E-05

TRAF3 TNF receptor associated factor 3 -1.021403 | 0.048655

USP7 ubiquitin specific peptidase 7 2.076468 | 0.014631

Endocytosis

ACAP2 ArfGAP with coiled-coil, ankyrin repeat and PH | -7.818155 | 0.000893
domains 2

AGAP1 ArfGAP with GTPase domain, ankyrin repeat | -23.47221 | 4.20E-05
and PH domain 1

AGAP3 ArfGAP with GTPase domain, ankyrin repeat | -2.140892 | 0.018189
and PH domain 3

AP2M1 adaptor related protein complex 2 subunit mu 1 | 2.489099 | 0.023252

AP2S1 adaptor related protein complex 2 subunit sigma | 1.166453 | 0.017593
1

ARAP1 ArfGAP with RhoGAP domain, ankyrin repeat | 7.649327 | 0.000209
and PH domain 1

ARF1 ADP ribosylation factor 1 6.961168 | 0.002208

ARPC5 actin related protein 2/3 complex subunit 5 -1.049495 | 7.14E-06

CHMP3 charged multivesicular body protein 3 -6.399991 | 0.005904

CLTC clathrin heavy chain 1.485279 | 0.001995

CYTH1 cytohesin 1 8.196351 | 2.19E-05

DAB?2 DAB?2, clathrin adaptor protein -7.033669 | 0.005455

EGFR epidermal growth factor receptor 1.269627 | 5.14E-07

EPS15L1 epidermal growth factor receptor pathway | 6.966383 | 0.000692
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FGFR2 fibroblast growth factor receptor 2 7.54772 0.0014-3
GIT2 GIT ArfGAP 2 -2.247987 | 0.027084
HLA-A major histocompatibility complex, class I, A 6.834822 | 0.042176
HLA-F major histocompatibility complex, class I, F 2.976219 | 0.008183
HSPAS8 heat shock protein family A (Hsp70) member 8 | 2.069245 | 6.46E-05
LDLR low density lipoprotein receptor 1.31399 0.003787
MDM2 MDM2 proto-oncogene 7.024809 | 0.002142
NEDD4L neural precursor cell expressed, | -1.569832 | 0.003523
developmentally down-regulated 4-like, E3
ubiquitin protein ligase

P ML promyelocytic leukaemia 1.177514 | 0.041574
RAB11FIP3 RAB11 family interacting protein 3 6.648466 | 0.00254

RHOA ras homolog family member A 2.298296 | 0.017536
SNX5 sorting nexin 5 -2.232802 | 0.001408
TfRC transferrin receptor -1.416988 | 0.000159
UBB ubiquitin B 2.178554 | 0.001924
VPS28 VPS28, ESCRT-I subunit 1.117927 | 2.26E-05
VPS37A VPS37A, ESCRT-I subunit -6.937517 | 0.032345
VPS37D VPS37D, ESCRT-I subunit 1.157064 | 2.14E-06
WASHC4 WASH complex subunit 4 9.715745 | 1.12E-07
ZFYVE9 zinc finger FYVE-type containing 9 -8.013985 | 1.92E-05
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