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Abstract

Background: Cancer is the term used to describe a group of diseases, which are all
characterised by mutation of normal cells and their uncontrollable growth in different parts of
the body. Cancer also has the ability to metastasise, which makes it highly malignant and allows
it to quickly spread through the body proving quickly fatal. Mechanobiology is a field of
science that studies how differences in the mechanical properties of cells affect cellular
properties and disease. Cellular contractility is the ability of cells to exert contraction and
generate force by cell-matrix interaction. This cell-matrix interaction results in the exertion of
cell traction forces, which is essential for cell migration, maintaining cell homeostasis and cell
structure. Histone deacetylase 6 (HDACG6) is an enzyme in humans and HDAC6 gene
expression correlates with increased carcinogenesis and metastasis of cancer cells.

Aim: To determine the effect of HDAC6 on contractile forces of metastasising human BJ
fibroblasts and the molecular mechanisms that control these contractile forces.

Methods: To measure contractile forces of cells, isogenically matched normal, immortalized,
transformed, and metastatic human BJ fibroblast cells were cultured on polyacrylamide gels
and cells were imaged using Traction force microscopy (TFM). Contractile forces were also
measured after HDAC6 inhibition and HDAC6 siRNA knockdown of metastasising cells.
Confocal microscopy was also performed to image the cell-matrix adhesions and cell spreading
area between the cellular components and extracellular matrix. Cell migration assays were used
to evaluate the effect of HDAC6 inhibition or knockdown on the morphological properties of
metastasising fibroblast cells. The intracellular force of the nucleus was also measured in
metastasising and HDACG6 inhibited cells.

Results: Metastasising cells have increased cellular contractility than normal BJ fibroblasts,
but this contractility is reduced significantly when HDACG6 is inhibited using tubacin in
metastasising cells. However, this trend is significantly reversed in siRNA knockdown of
HDACSG since contractile forces increase when compared to untreated metastasising cells.
Metastasising cells have decreased nuclear forces than normal BJ fibroblasts and this force
decreases further when HDACS is inhibited. Metastasising cells have smaller cell-matrix
adhesions and decreased cell spreading area compared to normal BJ fibroblasts.

Conclusion: Increased cellular contractility in metastasising cells makes them more invasive.
This is dependent on HDACG6 activity via its deacetylase and protein-binding functions.
Understanding the molecular mechanisms that control this contractility will allow for the
development of drugs that can help reduce metastasis of cancer and mortality rates.
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Chapter 1- Introduction

1.0 Introduction

General background

The problem: Each cell in the human body has a specific role which is crucial for normal
function. In normal physiological conditions cells multiply via cell division and any abnormal
cell is usually destroyed by processes such as apoptosis. However, sometimes cell division can
cause a normal cell to mutate leading to cancer. Over time some cancer cells can acquire the
ability to travel from their original primary site (e.g. breast or prostate) to secondary sites (e.g.
lung or bone) in a process known as metastasis. The physical forces that cancer cells use to
metastasise, and their underlying mechanisms are currently not fully understood, or how they
differ to normal cells with regards to mechanical forces for cell motility and invasiveness. An
enzyme that has been studied to be involved in cancer cell metastasis and promoting cell
motility is Histone Deacetylase 6 (HDACG6). The aim of the thesis was to understand the
mechanisms of HDACS6 in controlling cell contractile forces using the isogenic human BJ

fibroblast model to determine if targeting HDACG6 was a potential therapeutic option in cancer.

Current knowledge: Previous work on progression of metastasis and invasive ability of cancer
cells has largely focussed on the effect of various therapeutics and signalling pathways, with
limited knowledge on the mechanical properties (termed mechanobiology) of cancer cells. This
has primarily been due to a lack of modern imaging techniques which are essential for
recording and measuring cell movement. Mechanobiology is a new and emerging field of
science and an attractive alternative to the traditional methods to study cancer cells. Examples
of mechanical properties of cells include contractility, stiffness, viscosity, elasticity and cell
adhesion. Since these mechanical properties play important roles in cell function it is important
to understand the differences in movement between normal and metastatic cells when they are

applied with the same amount of mechanical force.

Contractile forces, also known as cellular contractility, is a mechanical (or physical) property
of cells which allows them to self-contract and exert force on their surrounding environment
but only if they are adhered to a surface. Cellular contractility is measured in terms of cell
displacement (usually in um) between the cell’s initial starting position and its final position
after contraction. Cellular contractility is used by cells to divide, to migrate, to heal wounds,

and to contract muscles. The interaction between the actin cytoskeleton and myosin-I1 results
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in the generation of tension between cells, which then transmits to the extracellular matrix
(ECM) via tension in focal adhesions (FAs) leading to the generation and exertion of cell

traction forces and the migration of the cell on the substrate surface.

Cellular stiffness is the most widely researched mechanical property of cells. This has left a
gap in knowledge with regards to the understanding of cell contractile forces. Due to this the
focus of this thesis was to study cellular contractility instead of cell stiffness. To observe and
measure contractile forces in different types of cells an imaging technique known as traction
force microscopy (TFM) was used. However, the use of TFM to measure cellular contractility
is not exactly correlated with measuring cellular potential for metastasis. There are several
factors that need to be considered which can change the cellular contractility of cells. These
include the force of stiffness that is exerted by the substrate, which the cells attach to and their
surrounding microenvironment. The resultant change to cellular contractility can also affect
their cell movement and overall structure. In addition, other factors can influence cell mobility,
of particular interest in this thesis was HDACG6, an enzyme in humans, which has several
functions in the regulation of transcription and the progress of the cell cycle. Histones are
crucial in regulating transcription, the progress of the cell cycle and can also change the

chromosome structure of DNA via acetylation or deacetylation.

Previous research has shown that HDAC6 overexpression correlates with increased
carcinogenesis and metastasis of cancer cells. HDACG6 also promotes cell motility and is
involved in a-tubulin deacetylation. HDACG6 has several different substrates such as alpha-
tubulin, heat shock protein 90 (Hsp90), and cortactin (Reference). This makes HDAC6, whose
major substrate is alpha tubulin, an important target for developing drugs that can treat cancer.
This thesis aimed to clarify the role and mechanisms of HDAC6 in controlling cellular

contractile forces.

HDACES is very different from other HDACs in terms of its unique structure, location, target
receptors, functionality, biological processes and the pathways it uses. HDAC6 regulates
several important physiological processes and signalling pathways, which are involved in the
various stages of tumour formation and progression including cancer initiation, promotion,
progression and metastasis. These factors along with HDAC6’s role as an important regulator
of several signalling pathways connected to cancer makes HDACG6 a great target for the
development of anti-cancer drugs as well as a target for the development of HDACS inhibitors

to block its function.
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Thesis project: This thesis looked at the effect that HDAC6 had on the cellular contractility
of metastatic cells when compared to normal cells. The concept of measuring differences in
contractile forces between normal and metastatic cells is relatively simple and can be easily
achieved using TFM. However, this alone would not be enough as it does not add sufficient
scientific value to the topic. Previous literature about research conducted in this field clearly
shows that metastatic cells have increased contractile forces when compared to normal cells
when all other factors are constant. These previous studies also give several reasons for the
increase in contractile forces of metastatic cells and potential mechanisms by which these
increase takes place (see section 1.0 for further details). Therefore, this thesis focuses on the
effect of HDACG6 on metastatic cells by blocking its action using two different methods
(HDACS6 inhibition and HDAC6 siRNA knockdown) and comparing them to the results
obtained from normal cells (control). This was done to determine and elucidate the mechanism

by which contractile forces are controlled and changed by HDACS.

There were several reasons for looking at the effect of HDACG6 on contractile forces in this
thesis. Firstly, there is limited research in this area and thus presents an exciting opportunity
for novel research and to add value to this field of study. Secondly, HDAC6 has become an
extremely popular choice recently as a potential target for cancer treatment due to its well-
researched role in cancer where several studies have shown increased HDAC6 expression in
several cancer types. Therefore, making it even more important to understand the mechanisms
by which HDACG6 affects contractile forces in metastatic cancer cells. Thirdly, HDAC6
enzymes are important biomarkers and are intricately linked to tumorigenesis, so by looking
at HDACS levels in metastatic cells, the severity of different tumour types can be identified.
This information could be correlated with the cancer contractile forces for potential early

detection and treatment of metastasis.

Thesis Methods The project is based upon a previously used cell model, which uses 4 different
types of cells that are all isogenically identical. These 4 types of cells include normal BJ human
fibroblasts that were first discovered by the Weinberg scientific team that have gone through
different stages of modification including immortalization, transformation and metastasis
(Hahn et al, 1999). The cell model consists of primary human foreskin fibroblast cells (BJ)
that are immortalized with telomerase reverse transcriptase (BJhTERT), further transformed
with the SV40 large-T antigen (BJhTERT-SV40T-variant), and finally metastasised by the
introduction of an oncogenic allele of the H-ras gene, H-rasvV12 (BJHTERT-SV40T-Ras).
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This model has been successfully used by several different previous studies to replicate the
natural steps of metastatic transformation and also allowed me to ensure the validity of the

results since the cells are isogenically matched.

Immunofluorescence and confocal microscopy were used to image cell-matrix adhesions and
cell spreading area between the cellular components and extracellular matrix, while also
measuring the individual sizes and numbers of focal adhesions of normal and metastatic cells.
To measure the contractile forces of normal and metastatic cells TFM was the main method
used. TFM allowed measurement of contractile forces on an elastic substrate of fixed elasticity
value thereby providing us with quantitative information on the value of the contractile forces
being exerted by a cell. In TFM, cells were cultured on a gel (primarily made of
polyacrylamide) that has fluorescent beads embedded in the gel. First, a cell was allowed to
adhere to the gel, then the gel and fluorescently labelled beads were imaged within the gel
substrate and recorded as the cell’s initial fixed position (U0O). Next, the cell was detached,
relaxing the gel and allowing the beads to be displaced from their initial positions. Bead
displacement was filmed using a microscope (U1). This allowed measurement of cell
movement, since the distance moved by the displaced beads from when the gel contracted to
when the gel relaxed was equivalent to the contractile force exerted by the cell (Contractile
force = U1-U0). Several other techniques were also used in this thesis to obtain results; these

will be discussed in detail in subsequent chapters.

Thesis results: Metastatic cells were shown to have increased cellular contractility compared
to normal BJ fibroblasts, but this contractility was reduced significantly when HDAC6 was
inhibited using tubacin in metastatic cells. This trend was significantly reversed in metastatic
cells treated with siRNA knockdown of HDACS6 as contractile forces increased compared to
untreated cells. Metastatic cells had decreased nuclear forces than normal BJ fibroblasts and
this force decreased further when HDACG6 was inhibited. Metastatic cells had smaller cell-
matrix adhesions and decreased cell spreading area compared to normal BJ fibroblasts. This
could have been due to increased cellular contractility in metastatic cells making them more
invasive; and this was dependent on HDACSG activity via its deacetylase and protein-binding

functions.

19



1.1 Cancer

1.1.1 Hallmarks of Cancer

Cancer is the term used to describe a group of disorders, which are all characterised by the
mutation of normal cells and their uncontrollable growth in different parts of the body. Cancer
is a collection of around three hundred diverse types of cancer diseases and is the 2nd highest
cause of human deaths worldwide today. In men, lung, prostate, and colon cancers are most
prevalent while breast and uterine cancers are most common in women (NCI, Cancer statistics
2024). For children, most cancers occur in the blood and cancers related to the brain (Torre et

al., 2023).

Cancer can be divided into several diverse types, however for the ease of classification the
most widely used division is based on the cell type that the tumour cells originate from. These
include but are not limited to, carcinomas, which originate from epithelial cells, sarcomas,
which originate from connective tissue, lymphoma, which originate from cells of the immune
system and leukaemia, which originate from cells of the blood (Cancer Research UK, 2024).
There are several different cancer types but the most widely spread consist of lung cancer,
prostate cancer, colorectal cancer, breast cancer and stomach cancer respectively (Carbone,
2020). Cancer can be caused due to either genetic mutations, lifestyle or environmental factors.
These include chemicals which form mutations and cancerous cells. Smoking is also a risk
factor due to its carcinogenic ingredients. Environmental factors like radiation and germs like
bacteria can also mutate the cytoplasm and nucleus of cells, and lead to genetic disorders and
cancers. Cancers from genetic mutations are caused by exposure to chemicals, radiation or
heredity factors while other cancers are caused due to diet, obesity, smoking etc (Anand et al.,
2008). Cancer is a very prevalent disease with around 18 million cases annually as of 2019
with around 9 million deaths per year (Carbone, 2020).

Mutated cells have the ability to travel from their primary locations, where they originate to
spread tumours in different parts of the body. This ability of cancer cells is called metastasis
and the fact that cancer can metastasise makes it extremely malignant and allows for tumour to
quickly spread throughout the body. Tumour microenvironment (TME) refers to a collective
mass of different cancer cell populations along with the extracellular matrix proteins. The
tumour microenvironment is also used to describe the cancer cells that are present from the
initial stage to the final stage when the cancer progresses and metastasises (Naser et al., 2022).

Many hallmarks of cancer such as sustaining proliferation, signalling, metastasis, inducing
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angiogenesis are upregulated by the TME (Naser et al., 2022) (Fig.1.1). Cancer progresses via
several distinct stages, which means that there are several genes and pathways involved in its
progress. These abnormal genes are what leads to mutated cell invasion (Wang et al., 2017). In
the past, great progress has been made in cancer research, new studies have tried to understand
and improve upon the original idea of the hallmark capabilities of cancer cells that allows them
to grow and spread, while highlighting the new mechanistic concepts that were not discovered
or discussed in the original study of cancer traits (Hanahan and Weinberg, 2011). Out of all the
hallmarks of cancer listed below, invasion and metastasis are the hallmark that this project
focuses on (Fig.1.1). Also, while other hallmarks can also be applied to benign tumours,
metastasis is a hallmark that is exclusive to malignant tumours (Hanahan and Weinberg, 2011)
(Hanahan, 2022).

Avoiding immune
destruction

Evading growth

0 Enabling replicative
suppression

immortality

Sustaining

proliferative signals Tumoaur-promoting

THE Inflammation

HALLMARKS
OF CANCER

Deregulating Activating Invasion

cellular energetics and Metastasis
Resisting cell ‘ ‘nducing
death T angiogenesis

Genome instability
and mutation

Figure 1.1: Hallmarks of Cancer (Adapted by Azeer Zafar from Hanahan and Weinberg,
2011, Hanahan 2022 and prepared using Microsoft PowerPoint.)

The development of cancer can be divided by the abilities acquired by cancer cells during

the development of the tumour that allows them to continue growing.

In previous years, cancer treatment research was mainly focused on studying gene regulation
and cell signalling pathways (Ferlier & Coulouarn, 2022). However, in recent times, research
has moved towards understanding the role of the mechanical properties exhibited by cancer

cells during cancer cell invasion (Mierke et al., 2008). Hormone therapy is another cancer
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treatment that involves drugs which alter the effect of certain hormones or disrupt their
production. This approach is common with prostate and breast cancers since they deal with
hormones (NCI, 2022). Immunotherapy is a treatment which uses drugs to increase the strength
of the immune system and promote destruction of cancer cells (Davis., 2003). Precision
medicine is a more recent treatment, which tests genes to determine the optimal treatment
options for a person’s cancer type (Arnedos et al., 2015). Stem cell transplantation is an
especially effective treatment for cancer patients with blood-related cancers, such as leukaemia
or lymphoma. It involves replacing cells with stem cells that specialize and grow to become
new cells which do not have cancer mutations (Dwyer et al., 2010). Finally, surgery is the
oldest treatment option for cancer and despite all the latest treatment options currently
available, sometimes surgery is the only option that is viable for treatment of cancer for a
patient (NCI, Surgery for cancer 2024).

The best option that is currently available for cancer treatment is the ability for early detection
and diagnosis. Therefore, by using the latest advances in imaging, genetic testing, scanning,
and computer informatics critical data can be collected and used for early diagnosis and
determining treatment options (Kumar et al., 2024). This data can also be used to determine
the effects of drugs and treatments on cancer patients in real time. Successful application of
these techniques can improve our understanding of the treatments used in cancer (Hassanpour

& Dehghani, 2017).
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1.1.2 Carcinogenesis
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Figure 1.2: Overview of
Carcinogenesis (Adapted
by Azeer Zafar from the
National Cancer Institute
and prepared using
Microsoft PowerPoint).
This figure outlines the
different steps that occur
and lead normal cells to

become cancerous.

Carcinogenesis, also known as tumorigenesis, is the action
which transforms normal cells into cancer cells via mutation
and cell division. Carcinogenesis occurs via mutation of the
cells at their genetic, epigenetic and cellular levels (Majérus,
2022) (Figure 1.2). There are several causes of carcinogenesis
which range from genetic mutations, epigenetic changes like
gene expression, genome instability, DNA damage etc (Baba,
Catoi and Baba, 2007).

DNA mutation and change is accepted as the primary cause of
cancer. Therefore, any damage in the DNA results in the DNA
repair to stop working which in turn would cause more DNA
damage since DNA repair is not taking place and this increases
the risk for cancer (Majérus, 2022). Another main cause of
cancer is genetic defects. An example of this is research has
shown that there are certain genes which when damaged or
impaired increase the risk of cancer, with some genetic defects
even leading to an absolute certain chance of the person
having cancer in his lifetime (Hopkins et al., 2022). Despite
this, most cancers are non-hereditary as they can be caused
spontaneously. Of these non-hereditary cancers, the majority
have no family background while a minority does have some
aspect of family background as a cause. In non-hereditary
cancers, problems in the repair of DNA are either due to
mutations or epigenetic changes that affect genetic expression

(Bernstein R., Nfonsam and Bernstein, 2013).

In cancers there are unstable genes known as a "mutator

phenotype”. Reduction of DNA repair causes damage to

increase at a higher level and this increased synthesis of damaged DNA leads to increased

mutations and epimutations (Loeb, 2010). Even if DNA repair does take place, any mistake or

incomplete repair of the increased damage leads to epimutations and cancer, benefiting cancer

invasiveness (Hsieh and Yamane, 2008). Epigenetics is a field of genetics that involves
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changes to the DNA which might not be strictly genetic in nature. Examples of these include
the methylation of DNA, modification of histones and these changes have also been researched

and play a vital role in cancer. (Dupont et al., 2009).

The Cell paper titled ‘‘Hallmarks of Cancer’’> by Hanahan and Weinberg (Hanahan and
Weinberg, 2011) (Hanahan, 2022) summarizes that a cell can be classified as a malignant
tumour cell when it has the following properties. These include when a cell becomes self-
sufficient in controlling signals that influence growth leading to uncontrolled growth, when a
cell is able to ignore anti-growth signals, again leading to uncontrolled growth, when cells lose
their ability for apoptosis, allowing them to grow even with genetic errors, when the cells lose
their ability for senescence, allowing them to replicate uncontrollably, when cells acquire the
capacity for sustained angiogenesis, when cells are able to invade their surroundings, becoming
an invasive carcinoma and when cells are able to metastasise at different locations (Hanahan
and Weinberg, 2011).

According to Lee and Muller, 2010 cells can only lose control over controlled division if there
is dysregulation in the genes that control cell cycle and cell proliferation. Proto-oncogenes are
genes involved in promoting cell proliferation and replication, while tumour suppressor genes
slow down cell proliferation, or stop cell division in order to perform DNA repair. Typically,
the conversion of a normal cell to a metastasising cancerous cell is only possible with a cascade
of genetic mutations. Uncontrolled division of cells that is a characteristic of cancer is possible

only due to a mutation in metastasis (Lee and Muller, 2010).

Proto-oncogenes are any genes that in normal conditions are responsible for basic cellular
functions like mitosis and cell proliferation however have the capacity to become cancerous
genes, also called oncogenes during genetic mutation and overexpression (Cline, 1987). These
oncogenes are the genes that are detected and active during cancer. Also, the lack of tumour
suppressor genes leads to uncontrolled cell mitosis. Normally, repair genes are proteins and
enzymes with repair capabilities and there are more than 20 types of repair genes that have
been detected (Chae et al., 2016). During the process of cell transformation there is a class of
genes that represents targets for carcinogenic agents known as oncogenes. Oncogenes are parts
of genes that engage in the neoplastic transformation of the cell. These genes change their
structure and ability to divide in response to the actions of mutagenic factors or viruses (Dang,
1989).
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One of the first oncogenes that was discovered in cancer research was the Ras oncogene.
(Tsuchida et al., 2016) The Ras family of proto- oncogenes (consisting of H-Ras, N-Ras and
K-Ras) show a high incidence of mutations ranging from 20% to 30% of all human tumours
(Prior, Lewis and Mattos, 2012). These mutations can be due to several varied reasons such as
induced by UV irradiation for skin tumours, K-Ras mutations due to adduct formation from
carcinogens in cigarette smoke in human lung and colon tumours; and specific mutation at
codon 249 of the p53 gene in human liver tumours (Croce, 2008). Oncogenes can be formed
due to several changes in the genes which range from insertion, deletion, translocation,

amplification, point mutation, among others (Dang, 1989).

One example of these genetic changes according to Quintas-Cardama & Cortes, 2009 is in
blood cancer caused due to chromosomal translocation between chromosomes 9 and 22. This
cancer produces a biomarker called phl, which has been detected in more than 90% of blood
cancer patients and early detection can help with diagnosis and treatment. As mentioned before,
proto-oncogenes are normal genes performing basic cellular functions that have the potential
to become oncogenes and when any mutations take place, the structure, expression, and
function of proto-oncogenes is completely changed becoming oncogenes. These changes in
genes disrupt cellular functions and cell cycles allowing for the unchecked proliferation of
normal cells that now became cancerous and led to uncontrolled mitosis. An initial idea that
was proposed for the treatment of cancer was to remove proto-oncogenes however this idea
was immediately dismissed since these genes serve important roles in the body that are

irreplaceable. (Quintas-Cardama & Cortes, 2009).

Another class of genes are tumour suppressor genes, which inhibit the process of cell division,
mitosis, cell growth and other cancer cell properties (Sherr, 2004). These genes are responsible
for DNA repair as they can inhibit the progress of the cell cycle, which helps stop mutations
and errors from being transferred to new cells. Unfortunately, tumour suppressor genes are
usually impaired by the action of cancer inducing changes (Wang et al., 2018). The p53 protein,
is one of the most well-researched tumour suppressor gene, which can be affected and reacts
to several external factors like ultraviolet radiation and chemicals, among others. Even though
it is believed based on past research that p53 expression is present in almost half of cancers the
pathway by which this occurs is not well understood or explained (Velculescu & El-Deiry,
1996) (Soussi, 2000). Since p53 is involved in transcription and in regulating the cell cycle and

cell division any mutation in the p53 gene leads to abnormalities during the cell cycle. These

25



abnormalities eventually lead to the formation of cancer cells making the p53 gene an important

target for cancer research (Mantovani et al., 2018).

The normal role of p53 gene in the body involves cell division and differentiation and therefore
mutations in p53 occur mostly in the DNA-binding positions (Shaw, 1996). Studies show that
the interaction of p53 with CDK1-P2 and CDC?2 inhibits the proliferation of cancer cells and
prevents them from moving past the G1 and G2 phases of cell cycle (Taylor & Stark, 2001).
This occurs due to p53 binding to the DNA and activating the WAF1 gene after DNA mutation.
The p53 protein uses its anti-cancer cell proliferation ability via 3 distinct ways that include
stimulating the repair proteins, activating apoptosis and blocking the cell cycle at the S phase
(Gasco et al., 2002) (Marei et al., 2021). Sometimes, cell mutations also damage the tumour
suppressor gene itself, or the signal pathway that activates it, "switching it off". This results in
a broken or inhibited DNA repair, which leads to the accumulation of DNA change without
repair, that eventually leads to cancer (Duffy et al., 2017). In some instances, cancer cells can

move from their primary tumour site to other sites in the body in a process known as metastasis.
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1.1.3 Metastasis
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Figure 1.3: Overview of metastasis. (Adapted by Azeer Zafar from De Loso & Yool, 2018
and prepared using Microsoft PowerPoint)
This figure outlines the different stages through which a cancer cell passes before it can be

classified as metastatic and metastasis occurs.

Cancer metastasis, also known as the metastatic cascade, is a complicated disease and is
described as the spread of cancer cells from their primary location, where they originate to a
secondary location in surrounding cells (Klein, 2008). Metastasis is the main cause of mortality
in cancer. The movement of cancerous cells from a primary site to a secondary site in the body
involves several different mechanisms and pathways. Estimates show that metastasis is
responsible for almost 90% of cancer deaths (Chaffer & Weinberg, 2011). Metastasis is
complicated and consists of several different mechanisms and pathways which include the
division of a secondary tumour from the primary tumour, invasion and spread of the tumour
while protecting itself from the immune system and ultimately regulating the environment
around itself (Woodhouse et al., 1997). For metastasis to take place, the epithelial—

mesenchymal transition (EMT) is essential since this allows cancer cells to spread from a
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primary tumour and invade and proliferate in distant organs (Smith & Bhowmick, 2016). The
metastasis process is known as the metastatic cascade and it consists of the following steps:
Cancer cells disseminate from their original tumour location and spread via the bloodstream or
lymph system, to another location in the body. After reaching the next location, cells settle and
grow in their new location (Geiger & Peeper, 2009). These cells also have hallmarks mentioned
above that allows them to avoid and prevent attacks from the body’s immune system. Once
these steps take place it is called a metastatic cancer or a stage 4 cancer (Figure 1.3). Metastasis
is only considered at stage IV once diagnosis of cancer type has been achieved (Seyfried and
Huysentruyt, 2013).

According to Tan, Agarwal and Kaye, 2006, the initial step of metastasis involves the spreading
of cancer cells before forming a cascade due to changes in the chromosome such as errors
caused during mitosis. The steps that are involved in metastasis are regulated by several
different cell types such as endothelial or immune cells. Metastasis proliferates via several
different ways such as the proliferation through the different blood streams in the body (Tan,
Agarwal and Kaye, 20006).

The cells in a metastatic tumour are the same as those in the primary tumour which means that
when a colon cancer metastasises to the thyroid, then the cancer cells in the metastatic colon
cancer will be made up of cancerous colon cells, not thyroid cells (Biller & Schrag, 2021). A
doctor can determine the type of cell, location where the cell was taken from and if it is a
primary or secondary tumour after examining it using a microscope (Huysentruyt and Seyfried,
2010).

Metastasis is a tumour that starts from a cancer cell in a different location of the body. This is
because the cells in a metastatic tumour resemble those in the primary tumour. Treatment is
determined by the location of the cancer, whether it is localized or metastasised. Unfortunately,
the response to a treatment is reduced, and even sometimes just not possible when a cancer has
metastasised and become a stage 1V cancer (Riggi et al., 2018). One mysterious phenomenon
that is unanswered is that some patients lose their cancer tumour after treatment and become
disease free for years. However, due to unexplained factors mutation might be triggered again
causing the patient to be diagnosed with late-stage cancer and this time with exceedingly high
chances of mortality (Mut, 2012). One explanation is that small numbers of cancer cells or
micro tumours remain hidden even after an apparent treatment and become dormant so that

they do not react and are not detected by the immune response of the body. However, any
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trigger in the future causes the tumours to reactivate and continue with their dissemination
(Eccles & Welch, 2007). Studies show that all these tumours had disseminated during the

preliminary stages of metastasis (Neophytou et al., 2019).

According to Fares et al, 2020 and Park et al, 2022, new research shows that metastasis is not
caused by a straight line of steps in linear order but occurs by a mixture of pathways that are
occurring at the same time all leading to a metastasis that is spreading through the body. Using
the latest technologies and techniques such as live cell imaging, scanning and custom bio-
engineered in vitro systems have confirmed that parallel mechanisms run simultaneously for
cancer cells to disseminate from a primary lesion. For example, cancer cells can mould their
structure to fit the space available in their physical microenvironments, however this leads to
breaking the chromosomes, change in the expression of genes, and metastasis (Nguyen &
Massagué, 2007). This means that there is a greater variety of genes at sites where metastasis

has taken place (Fares et al., 2020, Park et al., 2022).

One method of studying metastasis is by creating genetically altered models of animals and
using these models to determine the steps which occur during metastasis. This method has
several positives and negatives, but they discussed elsewhere (Gomez-Cuadrado et al.,
2017; van Marion et al., 2016). Another method of studying metastasis includes the
development of creating custom genes which have allowed for in vivo studies on a massive
scale and understand what promotes cancer growth (Chen et al., 2015; Kalhor et al., 2018).
Computer studies and analysing data with information regarding metastasis could provide

insight into the mechanisms of this disease (Chen et al., 2015).

Metastasis is a target of current treatment strategies. There are several drugs that are being
developed which inhibit the spread of cancer via disrupting the action of certain molecules
which are involved in metastasis (Lu et al., 2013). There are several factors such as the rate of
metastasis, recurrence of cancer, site of metastasis, receptors among others which are targeted
for the treatment of metastasis and this can improve the treatment efficacy and reduce allergic

reactions caused due to chemotherapy- in cancer (Jung et al., 2011) (Kalhor et al., 2018).

Unfortunately, the chance that metastasis can recur is still possible and there are still no global
treatment methods for patients with severe cancers. This means that if anyone is diagnosed
with metastasis, it is considered final and untreatable in most cases. Treatments for this have
not yielded results due to failures in developing plans and clinical trials (Weber, 2013).

Immunotherapy has increased survival and patient treatments in metastasis. Finally, metastasis
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is a complicated multistep problem that requires several simultaneous treatments for effective
treatment of metastasis. (Neophytou et al., 2019, Fares et al., 2020). Potentially targeting the
mechanical properties of cells may prevent cancer cell movement, therefore the next section

describes these mechanisms in detail.

1.2 Mechanical Properties of Cells

1.2.1 Types of Mechanical Properties

Examples of mechanical properties of cells include contractility, stiffness, viscoelasticity, cell
adhesion, among others. Among them, contractility and stiffness are important for cell
functions. Cells have the ability to change their properties and replicate the structure of their
surrounding environment (Moeendarbary and Harris, 2014). Cell mechanics is defined as the
response of the cell to the physical forces exerted by the cell’s surroundings, including adjacent
cells and the ECM (Kumar and Weaver, 2009). The response can be either active or passive.
The cytoskeleton is primarily responsible for regulating the various mechanical and chemical
properties of cells. This means that any change in the mechanical properties of cells allow us

to observe changes in the cytoskeletal structure (Forgacs et al., 2004).

Contractile forces of cells, also known as cellular contractility, is a mechanical (or physical)
property of cells which allows them to self-contract and exert force on the surrounding
environment but only if they are adhered. Contractile forces in cells are measured by analysing
the um bead displacement, which are presented as a heat map that shows the magnitude of
contraction (Sabass et al, 2008). Cell contractility occurs when the actin filaments combine
with the myosin Il protein and forms two overlapping filaments, which move in opposite
directions, and this leads to generation of cellular traction forces (Feld et al., 2020). An
important part of this process is carried out by phosphorylating the myosin light chain (MLC)
as well as several other important regulators, such as the Rho-associated kinase (ROCK) and
myosin light chain kinase (MLCK) (Verin et al., 2001) (Roda et al., 2024). The kinase action
of ROCK is activated by combining the small GTPases RhoA with ROCK, which in turns
phosphorylates MLC and deactivates the opposite regulator of MLC, which is the myosin light
chain phosphatase (Carey et al., 2012).
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Cellular stiffness is another mechanical property of cells, which is the ability of cells to resist
deformation up to a certain point by exertion of external forces before they lose their structural
integrity and collapse. These mechanical properties of cells control several functions of the
cell, such as cell adhesion, cell mobility, cell migration, differentiation, and polarization
(Nagayama et al., 2004) (Wu et al., 2018). Actomyosin stress fibres play an especially
important role in the activation of cellular stiffness and contractility. Stress fibres can be
divided into three distinct classes on the basis of their position and composition, which include:
ventral, dorsal and transverse fibres (Naumanen et al. 2008). At the subcellular level, stress
fibres are made up of interlinking F-actin filaments (between 12-35 actin filaments) and actin-

binding proteins combined with non-muscle myosin Il (Tojkander et al., 2012).

The physical properties of cells correlate very closely to the physical state of humans since any
significant differences in the mechanical properties lead to the disorganization and degradation
of main functions of the cells. This is why studying the mechanical properties of cells is a newly
developing way to identify, differentiate and determine the conditions of some diseases
(Mierke, 2014). Finally, there is cell viscosity, which is also a mechanical cellular property that
describes the cytoskeletal status of single cells. Viscosity is the friction provided by a liquid
during flow. This means that slow flowing liquids have higher internal friction due to the
increased forces between molecules resulting in these liquids being more viscous and having a

high viscosity (Encyclopaedia Britannica, Viscosity 2025).

Extracellular viscosity is a key physical component that differs in cells between physical
conditions, such as cancer disease. Unfortunately, its impact on cancerous cells invasion and
the process by which cells react to different conditions in viscosity are not well understood.
One study shows that increased mechanical force exerted on the cell induces the action of an
actin protein (ARP2/3)-complex-dependent complex actin network, which elevates viscosity
(Mullins et al., 1998). Exertion of external force promotes the swelling of the cell and also
increases membrane tension. This in turn leads to activating a calcium influx and increases
RhoA-dependent cell contractility (Persson, Ambati and Brandman, 2020). The combined
action of actin remodelling and RhoA-based contractility increases cell motility at higher

viscosities (Bera et al., 2022).

This field of science falls under the category of mechanobiology, which is the study of cells by
looking at their mechanical abilities. Mechanobiology is a new and emerging field of science
that studies how differences in the mechanical properties of cells affect cell properties and
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disease. Mechanobiology is an up-and-coming topic of research in every field, since the
concepts derived from mechanobiology can be applied in several fields such diagnostics,
immunity, and drug treatment (Hao et al., 2020). Normally, treatment of diseases has been done
by focusing on understanding their genetic and biochemical composition. However, research
into mechanobiology has shown that the breakdown of cell mechanics or the structure of the

ECM is a risk factor for diseases like cancer (Kalluri, 2007).

Understanding nuclear mechanics is important for several types of diseases such as cancer and
during cell migration in the experiment, the nucleus deforms when the cell passes through a
tight space. The nucleus plays an important role in mechanobiology due to its connection to
the cytoskeleton (Denais & Lammerding, 2014). Cells react to mechanical signals via a process
known as mechano-transduction; however, the process by which this occurs is not clear (Friedl

etal., 2011).

An important aspect that determines the cytoskeletal mechanical abilities of the cytoskeleton
is the structure and binding of the links between intermediate filaments, the physical properties
of separate polymer fibres and the 3D intermediate filament shape (Fabry et al. 2001; Chen et
al. 2010). The cytoskeleton is made up of a compound 3D network of microtubules, actin
filaments, intermediate filaments and a group of other proteins and molecules that are all bound

together forming links and applying forces (Forgacs et al., 2004).

The earliest example of research done in this field was done by the German surgeon, Dr Julius
Wolff who studied the load bearing capacity of the trabecular bone in the 1800s. Dr Wolff
devised a method to work on bones so that he could examine their patterns, which was useful
since X-rays weren’t discovered yet (Brand, 2010). Since then, with the rise of technological
research, research into this field of study has vastly increased with research showing that
between the period of 1970-2016, over 33,000 studies have been published on mechanobiology
(Wall et al., 2017). Mechanical properties are also especially important since they are being
used as biomarkers for early cancer diagnosis. This is because cancer cells are softer than
adjacent normal cells making them more invasive, and both these properties have an inverse
relationship (D1 Carlo, 2012). Mechanical properties and their application also show immense
potential for drug screening. Even though in the present, there are several challenges that have
yet to be overcome before any progress can be made in terms of clinical applications,
mechanical properties of single cells are an interesting approach for the treatment of cancers

dependent on cellular physical forces (Martinez et al., 2014).
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1.2.2 Mechanotransduction

Mechanotransduction is defined as the mechanisms by which cells react to physical forces and
change them into biological responses (Ingber, 2006). It is particularly important to understand
how mechanotransduction in cells is driven by cellular contractility. Internal
mechanotransduction is generated by the transmission of contractile forces from the substrate
to the internal cellular structures via differential contractility, which is when the contractility
is non-uniform (Wozniak & Chen, 2009). Therefore, it is essential to understand contractile
forces, and the impact they have, especially in metastasising cells in order to help understand
how metastasis can be controlled and managed (Dunlop, 2019).

Mechanotransduction has been studied using Wolf’s Law in the past, which focuses on the
mechanical load in tissues but was eventually expanded in the study of the growth and
development of cells and tissues. Recently, mechanotransduction is being increasingly studied
for its role in several mechanical functions that occur in various processes, which include tissue
repair, wound healing, tumorigenesis, and cancer resistance (Wozniak & Chen, 2009). These
mechanical functions include pressure, tensile force, stretching force, extracellular matrix

(ECM) stiffness, elasticity, viscosity, and cellular contractility.

The above-mentioned mechanical properties affect the movement of messages between the
cell-matrix as well as cell signalling. These mechanical properties engage in several different
biological processes, including cell development, cell cycle, cell division, cell adhesion, cell
migration, cell invasion, and ECM generation (Ingber, 2003). These mechanical properties are
also involved in the development of tissues, their repair and tumour invasion, and metastasis
(Orr et al., 2006).

The mechanical properties associated with the extracellular matrix are crucial to several
biological processes. Stiffness in the extracellular matrix refers to the resistance that is exerted
in response to the deformation of tissues, which in turn leads to an increase in tissue elasticity.
Stiffness is also controlled by the post-translational changes that are made by several ECM
components (Grover et al., 2012). One example of this is when there is a cross-linking of
collagen in the ECM that can in turn increase matrix elasticity (Kong et al., 2021). Cellular
mechanotransduction of ECM stiffness is an overly complex process. In short, this process
occurs via different steps which consist of: Integrins carrying signals from the ECM to different
cells. The pathways which facilitate this movement are the RhoA/ROCK pathway, which

increases collagen concentration, the Talin/FAK pathway, which assembles F-actin and the
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YAP/TAZ pathway, which promotes transcription of genes. These processes in turn leads to
increased cell proliferation, migration and invasion (Khatiwala et al., 2009) (Yemanyi et al.,
2020).

In the past, research on mechanotransduction focused primarily on the effect of external forces
on cell signalling and cell function. However, studies now suggest that contractile forces
produced inside the cell via the action of the actomyosin cytoskeleton are also crucial in
regulating cell activity suggesting a more important role for mechanotransduction in today’s
biology. For example, recent studies show that formation of contractile forces due to the actions
of actomyosin are also involved in cellular signalling (Moujaber & Stochaj, 2020). Mechanical
forces control proliferation primarily via Rho-mediated regulation of cellular contractility.
Blocking this pathway also blocks contractility and stops growth regulation (Sanz-Moreno et
al., 2011). Mechanotransduction and contractility are regulated in both vitro and in vivo.
Therefore, it is important to study the various mechanisms and pathways that engage in the

actions of mechanical forces via mechanotransduction (Di et al., 2023)

Despite there being several studies done on understanding the role of mechanotransduction in
various cell and mechanical mechanisms, new findings continue to be slow since the tools
required to study this are unavailable. An example of this is that although it is well known that
different cell types have different stiffness and contractility values in different substrates, what
is not well known is the mechanisms by which this stiffness and contractility value is
determined. It is not yet clear what factors engage in determining the different values and why
different cells react via different integrins (Freyman et al., 2002). This ignorance is
compounded by the fact that the techniques used to study mechanotransduction such as
migration assays, traction force microscopy, atomic force microscopy among others still hold
a certain degree of unreliability due to them being relatively new and untested. Although
studies have focused on the structure of focal adhesions and their ability to sense force, it is
quite difficult to visualize and to quantify multiple cells at the same time and to understand the
mechanism by which they physically interact with each other and in the cytoplasm (An et al.,
2009). Mechanical forces and mechanotransduction will play a crucial role in the next few
decades in biological studies, especially in the field of life sciences and disease prevention
provided that more effective techniques are designed and utilized that provide accurate results.
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1.2.3 Cellular Contractility and its Importance in cells

Cellular contractility or the contractile forces of cells is the capacity of cells to exert contraction
and generate force via cell and matrix interaction. Cellular contractility is used by cells to
divide, to migrate, to heal wounds, and to contract muscles (Rodrigues et al., 2019).
Intracellular tension is generated via the actions between the actin cytoskeleton and myosin-II.
This intracellular tension is transmitted to the ECM via the action of the focal adhesions (FAS)
which leads to the generation and exertion of cell traction forces. These forces allow for the
migration of the cell to the substrate surface via the focal adhesions (Aguilar-Cuenca et al.,
2013) (Figure 1.4). Cell-matrix interactions result in the exertion of cell traction forces, which

is essential for cell migration, maintaining cell homeostasis and cell structure.

Cell Migration
e

Nucleus
Leading protrusion

ECM Substrate / Focal Adhesions

Cell traction forces (CTFs)

Figure 1.4: Cell Contraction and Generation of Contractile Forces (Adapted by Azeer Zafar
from Gavin, Cytoskeleton methods and protocols 2010 and made using Microsoft PowerPoint).
This figure outlines how a cell attaches to a surface and the contraction of the cell against the surface

via FAs generates a force called cell traction forces and allows for migration.

Traditionally according to Janmey and Miller, 2010 it has been cellular stiffness, which is the
most commonly studied and understood mechanical property. This project however focuses on

only one property specifically, which is cellular contractility or the contractile forces since the
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molecular mechanisms that link contractility are not well understood. This leaves a gap in
knowledge in the study of contractile forces, which are also important in interpreting the

mechanical properties of cells, especially cancerous cells (Janmey and Miller, 2010).

For example, Nagayama et al., 2004showed that cell stiffness was linked to a network of stress
fibres. To understand this link between cell stiffness and contractility, cell stiffness was
measured when contractile forces were controlled by treating with certain reagents. This study
clearly showed the connection between cellular stiffness and contractile forces. Increase in
cellular contractility led to increased cell stiffness while decrease in cellular contractility
decreases cellular stiffness. The variation in stiffness were induced due to the action of
contractile forces and presence of the contractile actin network (Nagayama et al., 2004).

Another study Das, 2013 studied the effect of the extracellular matrix via cellular contractility.
Results showed that there is a correlation between cell stiffness and cancer metastasis. In 2D
cultures, stiffness of cells increases cell proliferation, which directly correlates to cellular
contractility. The study also shows that increased ECM concentration is linked with greater
focal adhesions, increased contractile forces, and an increase in ECM breakdown. This means
that when ECM density is increased there is an increased cellular contractility that is associated
with increased cell spreading in fibroblasts cells. In summary, this study shows a close link
between ECM concentration and cellular contractility in metastasising breast cancer cells (Das,
2013).

1.2.4 Effect of Cellular Contractility in Cancer

Metastasis results in the development of a malignant tumour in cancer cells. Mechanical
properties of the TME act as important regulators during cancer invasiveness. Studies show
that the invasiveness of cancer is associated with increased formation of contractile forces
(Mierke, Rosel, Fabry and Brabek, 2008). Contractile forces are generated and allow cells to
move through dense spaces and also generate activity by myosin Il, and this leads to ECM

changes, which is important in cancer metastasis. (Poincloux et al., 2011).

During metastasis, cancer cells are being acted upon by several different mechanical forces
which causes their morphological shapes to deform while they are proliferating to neighbouring
cells and forming secondary metastasis in different sites (Mierke, 2014). These different

mechanical forces consist of contraction, stiffness, adhesion, and internal fraction among others
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and form great changes to the tissue structure. Cells interact with these mechanical forces using
cell-matrix adhesions with the help of receptors. Metastasis triggers a mixture of biological and
mechanical responses which include activating the signals by increasing the cellular
contractility of cells, increasing the stiffness of cells and the reorganization of the actin
structure, and thereby improving the chances of cell invasion and proliferation. Studies also
show that the epithelial cells have increased stiffness in metastasis and begin the epithelial to
mesenchymal transition (EMT) when they are metastasising (Gkretsi & Stylianopoulos, 2018)
(Wei et al., 2015).

There have been studies conducted that have measured the changes on cells in response to
changes in the ECM. The mechanical properties of the tumour microenvironment are known
as crucial factors of cell invasion, metastasis and proliferation while also greatly increasing the
rate of cancer cell migration and spread. One study Haage and Schneider, 2014 showed that
MMP activity is upregulated in response to increased cellular contractility. However, blocking
cellular contractility results in MMP downregulation in pancreatic cancer cell lines. Results of
the study has shown that a stiffer environment result leads to increased cell migration and
invasion along with increased contractile forces. Also, RhoA, which leads to enhanced
contractility tends to result in more invasive cancer cells (Haage and Schneider, 2014). Also,
in cancer cells measuring the traction forces was a highly effective indicator to distinguish
between cancer cell lines of different levels of invasiveness. Peschetola et al., 2013 showed
that more invasive cancers have increased cellular contractility on soft substrate. Therefore, if
we accept these studies then logic dictates that a decrease in cellular contractility will also

inhibit cancer cell metastasis.

The study by Menhofer et al., 2014 measures this same fact that inhibiting the metastasis of
breast cancer cells by reducing cellular contractility via treatment with Chondramine, which is
an actin targeting compound. The study shows that Chondramine is responsible for inhibiting
the migration of cancer cells in an in vitro model via the action of different signalling pathways
and this affects cell contractile force. Cell migration depends on contractility, which occurs
when new focal adhesions are formed in the direction of migration thus making contractility
especially important in cancer invasion. The study observed that Chondramine inhibited the
contractility of cancer cells, which in turn inhibited the migration and invasion of cancer cells.
This shows that cellular contractility is the primary cause for this condition. Therefore, a
combination of Chondramine with specific targeted therapies can lead to viable treatment to
treat tumour metastasis (Menhofer et al., 2014) (Mierke et al., 2008).
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Another traction force study Koch et al., 2012 compared the contractile forces of several
tumour cell lines by invading a thick collagen 3D matrix network using a 3D collagen assay
to analyse the effect cellular contractility has on cancer cell invasiveness and migration. The
study measured the deformations in the matrix around the cell by locating the exact positions
of the fluorescent beads located within in the gel matrix. The results of the study showed that
high contractility is essential for invasion of cancer through a thick 3D matrix; while
unfortunately some non- invasive tumour cells can also have increased contractile forces but

cannot exert this to migration and invasion (Koch et al., 2012).

Unfortunately, cellular contractility that is measured by TFM technique is not absolutely exact
in measuring the potential for metastasis. There are several factors that need to be considered
as shown by Liu et al., 2020 which can change the cellular contractility of cells such as the
stifftness of the substrate and the microenvironment. The resultant change to cellular
contractility can also affect their cell movement and overall structure (Liu et al., 2020). This
means that it is important to determine the exact range of stiffness where cells can exert
maximum contractility and where no contractility is exerted. (Pasqualini et al., 2018). Although
this is a different cell model than the one being used in my project, the idea might still be useful

in other contractile cells including different cancers.
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1.2.5 Generation of Contractile forces as Biomarkers of Cancer

Metastasis is currently the biggest hurdle in the treatment of cancer so there is a lot of research
that is attempting to find a single or multiple biological markers for metastasis. Although
cellular elasticity, cell mobility and contractility of cancer cells have all been identified as
biomarkers of the invasive ability of cancer cells in different studies with different cell models
(Molter et al., 2022). Unfortunately, there is currently no universal molecular marker to detect

metastasis (Kwon, Yang, Moon and Kim, 2020).

Several studies have been performed that have looked at cellular contractility and mechanical
forces to study cell properties such as the focal adhesion area and size, cell invasiveness and
cell proliferation (Chrzanowska-Wodnicka & Burridge, 1996) (Deshpande et al., 2008). These
contractile forces have the potential to act as biomarkers for testing malignant and metastatic
cells. An example of this is that in several cancers such as breast and lung cancer models
metastasising cells exert increased contractile forces than those exerted in non-metastasising
normal cells (Menhofer et al., 2014). However, further research needs to be done in this field
in order to draw a definitive conclusion whether if anticancer drugs are effective.
Unfortunately, currently when there is a new cancer treatment being tested, the only factors
that are being looked at include cell proliferation, cell invasiveness, apoptosis and cell
migration. Cellular contractility is not a factor that is currently being addressed when testing

cancer treatments (Sleeboom et al., 2024).

A study Kraning-Rush, Califano and Reinhart-King, 2012 quantified the contractile forces of
highly metastatic cancer cell lines and compared them to non-tumorigenic epithelial cell lines.
This was done to measure the traction force that is generated as a biological marker for
metastatic potential. The data from the study suggests that measuring the increase in force
generated in cells having high metastatic potential can serve as a character of metastatic cells
that could possibly act as a biomarker for metastatic cancer. However, this data alone cannot
be used to accept contractile force as a universal marker of metastatic behaviour unless we get
the same result from every potential type of cancer. Also, studying additional proteins which
increase cellular contractility such as RhoA, ROCK, or decrease it such as myosin light chain
phosphatase, might also lead to a biomarker for traction stresses which can directly be used to

clinically diagnose metastasis (Kraning-Rush, Califano and Reinhart-King, 2012).

Rho-associated protein kinase (ROCK) is a kinase that belongs to the AGC family of serine

threonine kinases, and its primary role is in cell movement and shape regulation and its primary
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function is in the cytoplasm (Amin et al., 2013). ROCK is an important factor in several
different biological processes. ROCK has a downstream effect on Rho GTPase, and Rho is an
important regulator of the cytoskeleton. This makes Ras homolog gene family member A,
RhoA-ROCK important in cell migration and promoting cellular contractility (Amano,
Nakayama and Kaibuchi, 2010). ROCK is responsible for increasing the activity of the motor
protein myosin II and this process is done by 2 different mechanisms. The first mechanism is
by phosphorylating the myosin light chain (MLC) which leads to an increase in the myosin II
ATPase activity and cause actin filaments to interact with each other leading to the contraction
of actin fibres (Figure 1.5). The second mechanism is when ROCK inactivates MLC
phosphatase and increases MLC phosphorylation. (Figure 1.5) (Watanabe, Hosoya and
Yonemura, 2007).
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Figure 1.5: Overview of Actin Reorganization (Adapted by Azeer Zafar from Kim et al., 2021 and

prepared using Microsoft PowerPoint).

The figure shows how actin reorganization takes place via the actions of RhoA-ROCK pathway using

focal adhesions and this generates of cellular forces.

In conclusion, the study shows that metastasising cells exert much higher traction forces than
non-metastatic cells in aggressive cancer models (Kraning-Rush, Califano and Reinhart-King,
2012). Therefore, this is a promising avenue to identify a mechanism to therapeutically target

contractile force for inhibiting metastatic progression.
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Protein filaments are necessary to achieve cell migration and force generation. Some of these
filaments include Microtubules, Vimentin, Microfilaments among others and therefore it is
absolutely essential to have a clear understanding of these protein filaments (Leduc & Etienne-

Manneville, 2015). These filaments are actually part of a structure called the Cytoskeleton.

1.3 Cytoskeleton

The cytoskeleton refers to the interconnected network of fibres which are the primary
component of the eukaryotic cells. This network of fibres in eukaryote cells contain several
different protein filaments and proteins that assist with cell movement and migration
(Birchmeier, 1984) (Wickstead & Gull, 2011). The cytoskeleton provides the structural shape
and support to the cell, while also holding all the cell components as well as allowing for cell
migration, cell division and cell signalling pathways (Fletcher & Mullins, 2010). The

cytoskeleton structure is composed of 3 main types of fibres, which include:
» Microfilaments

» Microtubules (MTSs)

» Intermediate Filaments (IFs)

These three main types of fibres are together involved in controlling the shape and structure of
cells (Hardin et al., 2015) (Figure 1.6). All three types of fibres cannot exist singularly and thus
form complexes which are organized into networks. This makes them stronger and allows them
to resist deformation when external force is applied but also allows them to reorganize their
internal structure in response to external forces. They are also involved in maintaining the
integrity of intracellular structures of cells (Hardin et al., 2015). The polymerization and
depolymerization of microfilaments and MTs are involved in generating forces that are directed
in one direction and can drive changes in cell shape. This combined with molecular forces that
move alongside the actomyosin filaments and microtubules allow for the organization of

cellular components (Petrasek & Schwarzerova, 2009).
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Figure 1.6: Overview of External Structures of 3 main Cytoskeleton Fibers: (A)
Microfilaments, (B) Microtubules and (C) Intermediate Filaments (Made by Azeer Zafar

using Microsoft PowerPoint)

This figure shows the structure of all 3 primary cytoskeleton fibres along with how they all link

together to form single structures.

Microfilaments (Fig 1.6A), which are also known as actin filaments as they are formed by the
interlinking of two strands of actin, which is a globular protein. Microfilaments are very thin
protein fibres (2-5 nm in diameter), similar to a string are the smallest components of the

cytoskeleton. They are most common in muscle cells and the protein actin with combination
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of myosin causes the movement and contraction of muscles. Microfilaments also play a role in

cell movement including cytokinesis and contractility (Cooper, 2000) (Gunning et al., 2015).

Microtubules (Fig 1.6B) are made up of a protein called tubulin which is divided into a-tubulin
and B-tubulin. These tubulins combine together to form round, hollow in the core tubes that are
small in size (25 nm in width). Each tube of a microtubule is composed of 13 different tubulins
that link together (Ledbetter & Porter, 1963). Since microtubules are very dynamic structures,
they can rapidly change their structure and orientation allowing them to keep growing or
shrinking in response to local or foreign conditions. Microtubules are primarily involved in
transporting cellular materials through the cell barriers and also chromosome separation during

cell division (Yang et al., 2010).

Studies like Al-Rekabi, Haase and Pelling, 2014 have been done on the role of microtubules in
fibroblast cells during cellular contractility. They have studied the molecular mechanism of
microtubule depolymerization on contractile forces. Previously, it was accepted that a whole
actin cytoskeleton is essential for the increase in traction stress regardless of myosin Il activity
or MT depolymerization. However, Al-Rekabi, et al., 2014 showed that microtubule
depolymerization alone is also responsible for inducing an increase in traction forces (Al-
Rekabi, Haase and Pelling, 2014).

Rape et al., 2011 carried out nocodazole mediated depolymerization of microtubules in
NIH3T3 fibroblast cells followed by treatment of myosin Il with blebbistatin. Next, TFM was
applied to measure the average traction forces for NIH3T3 cells before and after microtubule
depolymerization takes place. Since traction forces are produced via myosin-lI-mediated
contractility, treatment with blebbistatin, a compound that inhibits myosin Il ATPase should
have inhibited traction forces. However, there was a six time increase in traction forces after
nocodazole treatment, which depolymerized microtubules in cells with the myosin 1l
inhibition, suggesting a myosin-1I-independent focal adhesion kinase regulated pathway (Rape,
Guo and Wang, 2011).

Kraning-Rush et al., 2011 treated highly metastatic MDA-MB-231 carcinoma cells with
nocodazole to inhibit microtubules and analysed for differences in cytoskeleton and cellular
contractility in both 2D and 3D. In order to quantify contractile force, TFM was used in both

2D and 3D substrates. Results showed that the contractile forces generated were identical in

43



2D and 3D matrices, and that disruption of microtubules in either microenvironment increased
cellular contractile forces. Therefore, regulating the cytoskeleton of microtubules is essential

to suppress contractile forces in both 2D and 3D matrices (Kraning-Rush et al., 2011).

The Intermediate Filaments (Fig 1.6C) are components of the cytoskeleton that are about 12
nm in diameter and provide tensile strength to the cell structure which allows it to resist external
force and are also important in the formation of keratin. Examples of IFs include intermediate

filaments made of vimentin, keratin, neurofilaments, lamin and desmin (Herrmann et al., 2007).

An important intermediate filament called vimentin is necessary as it allows cells to be able to
transition from their epithelial state to a mesenchymal state via a process known as epithelial-
mesenchymal transition (EMT) and allow them to migrate as single cells. Vimentin also
maintains mechanical integrity in epithelial-mesenchymal transition cancer cells. There are
several molecular mechanisms involving vimentin that control cellular contractility (Kidd et
al., 2014)

Several studies have studied the effects of vimentin knockdown on the contractile forces of
cells. Jiu et al., 2017 used CRISPR and siRNA to knockdown vimentin in human osteosarcoma
cancer cells leading to increased actin stress fibre assembly and cellular contractility, which
was measured using TFM. It also showed that whole vimentin IFs are necessary to cause
changes to the cytoskeleton of actin. Depletion of vimentin led to promotion of activity in
RhoA and the assembly of actin stress fibres (Jiu et al., 2017).

De Pascalis et al., 2018 used siRNA mediated knockdown of vimentin in primary astrocytes,
which resulted in increased traction forces. Vimentin controlled the distribution and strength
of contractile forces as well as collective migration in astrocyte cells. Vimentin intermediate
filaments also contribute to the actomyosin cell contractility (De Pascalis et al., 2018).

Liu et al., 2015 knocked down MDA-MB 231 cancer cells via siRNA knockdown to deplete
vimentin. This results in reduced cell proliferation, loss of directional migration, reorganization
of cytoskeletons and reduction in size of focal adhesions. In turn, this results in reduced
mechanical strength and decreased cellular contractile forces. On the other hand, vimentin
overexpression in MCF7 cells results in an increase in the stiffness, motility and migration of
cells. Therefore, vimentin is crucial in intracellular mechanical properties by maintaining

cytoskeleton shape and traction force in cancer cells (Liu et al., 2015).
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One study Chen et al., 2016 measured the effect of the disruption of vimentin cytoskeleton on
contractile forces. To do this, the study seeded goat articular chondrocytes on a PA gel and
disrupted the vimentin cytoskeleton using acrylamide. TFM was used to measure the changes
to cellular traction forces after applying a transient compression to cells and results showed
that although there was no difference in contractile forces for untreated chondrocytes, there
was a major decrease of contractile forces in vimentin-disrupted chondrocytes (Chen et al.,
2016).

Vimentin controls the resistance of cells to mechanical stress and has a greater ability to resist
stress without breaking in vitro compared with actin or microtubules. To test the effect of
vimentin inhibition on contractile forces, Costigliola et al., 2017 fluorescently labelled
vimentin using TALEN genome editing, which allowed for vimentin structure to be observed
and expressed in non-immortalized human foreskin fibroblasts, ShARNA mediated inhibition of
vimentin leads to an increase in contractile forces, which was measured by TFM (Costigliola
etal., 2017).

Vimentin controls cell motility, cell adhesion and is therefore used to understand the underlying
mechanisms active between cell adhesion and contractile forces. Peschetola et al., 2013 showed
that measuring the traction forces is an effective method to distinguish between different cancer
cell lines invasive potential. In this study, 2 epithelial bladder cancer cell lines, one more
invasive (T24), and a less invasive one (RT112) were tested. Results showed that T24 cells
show bigger focal complexes, thus allowing for a more efficient migration of cancer. RT112
cells developed a less focal complexes on soft gels and move more slowly. This is measured
through the Cell Migration and Mean Displacement (MSD) method and was found that more
invasive cancers have increased cell migration and cellular contractility on soft substrate
(Peschetola et al., 2013). In Ronnlund et al., 2013, the protein distribution patterns in
metastasizing cells were used to compare the spatial distribution of cell adhesion sites and
vimentin filaments using ultrahigh resolution stimulated emission depletion (STED)
microscopy technique. Results found that cancer cells had a significantly higher density of

focal adhesions leading to increased tumour cell metastasis (Rénnlund et al., 2013).
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1.4 Actin, Myosin, and the Myosin Cycle

The actin cytoskeleton has an important role in cell mechanobiology and in cellular
contractile force generation, in both 2D substrates and 3D matrices. This is in addition to its
actions of regulating branching, elongation and crosslinking of actin with contractile
filaments. There are several molecular mechanisms influenced by actin and myosin that

control contractility (Menhofer et al., 2014).
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Figure 1.7: Overview of Traction Force Generation via Actomyosin (Adapted by Azeer Zafar
from Wang & Li, 2009 and prepared using Microsoft PowerPoint).
The figure shows how the interactions of actomyosin with focal adhesions produces cellular forces.

Traction forces are generated through myosin-actin interactions. Actomyosin is the
combination of actin and myosin within the cytoskeleton, which makes it contractile. Myosin
is a protein that generates force by converting chemical energy to mechanical energy and can
pull on actin filaments. In non-muscle cells, this occurs due to the interaction of actin filaments
with the molecular myosin Il and produces contraction, which is how traction forces are
generated. The force produced by actomyosin in the cytoskeleton is responsible for processes
like traction force, cell signalling and cell adhesion (Kollimada et al., 2021) (Wei3enbruch &
Mayor, 2024) (Wang & Li, 2009) (Figure 1.7). Myosin phosphatase is an enzyme that
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dephosphorylates the myosin Il light chain, undoing the contraction force generation process
(Murrell, Oakes, Lenz and Gardel, 2015).

One mechanism mediates the knockdown of Calponin-3 (Cnn3), an actin-binding protein that
is associated with stress fibres. Stress fibres are contractile bundles of actin that are composed
of actin and myosin Il and these fibres are present in non-muscle cells. These stress fibres
promote the assembly and contractility of non-muscle cells. Ciuba et al., 2018 mediated
knockdown of Cnn3 using CRISPR, which resulted in an increase in contractility of stress
fibres. Therefore, Cnn3 is essential for controlling contractile forces within the stress fibre
network. This upregulation of contractility is achieved by Cnn3 restricting the movement of

myosin Il molecules along the actin filament in stress fibres (Ciuba et al., 2018).

The actin cytoskeleton is an essential component of metastasis as it participates in both cancer
cell invasion and migration (Shankar & Nabi, 2015). Another mechanism mediates the
polymerization of actin using Chondramine, which is an actin binding compound that acts as
an anti-metastatic agent. Chondramine treatment inhibits metastasis in lung cancer.
Chondramine mediated polymerization of actin decreases contractile forces of highly invasive
cancer cells and decreases the activity of RhoA Signalling. Thus, Chondramine inhibits the

pro-contractile signalling cascade (Menhofer et al., 2014).

Joo and Yamada, 2014 proposed that there is an equilibrium between contractility and
regulation of myosin Il. This equilibrium, which is the effect on contractility by myosin is
mediated by myosin phosphatase. Therefore, by using blebbistatin to mediate inhibition of
myosin in human foreskin fibroblasts, results showed a decrease of contractile forces as
measured by TFM (Joo and Yamada, 2014). Kraning-Rush et al., 2011 treated highly metastatic
MDA-MB-231 carcinoma cells with blebbistatin to inhibit myosin and analysed for changes in
cellular contractility. In order to quantify contractile force, TFM was used for measurement in
both 2D and 3D substrates. Results showed that the inhibition of myosin in either

microenvironment decreased cellular contractile forces (Kraning-Rush et al., 2011).
Blebbistatin (myosin inhibitor) mediated inhibition of myosin in Ras transformed NRK cancer

cells results in a decrease in contractile forces (Helfman and Pawlak, 2005). Similar results

were observed in another experiment that used ML-7, which is also an inhibitor to mediate
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decrease in activity of actin, which also resulted in decreased contractile forces (Busche et al.,
2008) (Figure 1.8) (Schierbaum et al., 2019).

Y-27632 ] - —

\.—l

Blebbistatin=———] (C_MLC Calyculin A

Actomyosin
contractility

Figure 1.8: Overview of Actomyosin mediated Contractility via MLC (Adapted by Azeer Zafar

from Busche et al., 2008 and prepared using Microsoft PowerPoint).

The figure shows the mechanism of the myosin regulatory light chain mediated (MLC) actomyosin

generated cell contractility and the effect of blebbistatin on this mechanism.

Contractile forces are generated via the phosphorylating action of the MLC. This
phosphorylation leads to actomyosin mediated contractility and myosin activity. Several
signalling pathways react with the phosphorylated MLC and generate the formation and
increase of contractile forces. The primary pathways of MLC phosphorylation are via MLC
kinase and ROCK signalling (Figure 1.8) (Holz, Apel and Hassel, 2020).



1.5 Rho GTPases and Rho-ROCK Pathway

The Rho family of GTPases, is a family of guanine nucleotide-binding proteins involved in the
mechanisms that regulate cell contractility (Boureux et al., 2006) (Figure 1.9). A previous study
has shown that the contractile forces of cells are increased by RhoA and reduced by Racl (Vega
and Ridley, 2008). RhoA positively promotes myosin regulatory light chain (MLC), increasing
actomyosin mediated contractility with the help of F-actin and activity of myosin Il via Rho
kinase (ROCK) activity, while Racl inhibits MLC. This makes the activities of RhoA and Racl
mutually inhibitory (Vega and Ridley, 2008).
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Figure 1.9: Overview of Cell Contraction and Migration via Rho-Rac. (Matsuoka, 2014)
The figure shows how cell migration takes place via the actions of Rho-Rac which generates cell

adhesion.
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Cells use at least two different methods to exert cellular contractility. As explained by Gad et
al., 2012 in the first method, activation of RhoA results in reduced cell spreading, while in the
second method Racl is activated resulting in increased cell spreading. Active mutant variants,
like RhoAV14, RaclL61 and RhoDV26 were used in the experiment to obtain results. These
showed that RhoAV14 produced greater increases in cellular contractility, while Rac1L61 and
RhoDV26 show lesser increases when compared to Rho AV14. Also, a more even spread and
higher density of focal adhesions results in increased contractile forces of cells (Gad et al.,
2012) (Lessey et al., 2012).

Activating the ROCK signalling pathway mechanism in cancer cells is involved in cellular
contractility. McGrail et al, 2014 showed that in Metastatic ovarian cancer, cells are very
malignant due to increased chemoresistance, and cells prefer to adhere to soft
microenvironments. On soft matrices, lysophosphatidic acid (LPA) mediates activation of
ROCK in ovarian cancer cells. treatment with Y27632 (ROCK inhibitor) reduces contractile
forces, which suggests that the ROCK pathway is essential for cell contraction (McGrail, Kieu
and Dawson, 2014).

Another mechanism is the disruption of the cytoskeleton via RhoA-ROCK pathway. Kim et
al., 2019 showed that in oral squamous cell carcinoma (OSCC), cancer-associated fibroblasts
increase carcinogenesis and disrupt the cytoskeleton via RhoA-ROCK pathway. Comparing
the matrix remodelling capacity between YAPS127A and WT of Yes-associated protein in
hTERT-hNOFs cells using a 3D ECM-remodelling assay, showed increased cellular
contractility, tissue stiffness and promoted the migration and invasion of OSCC cells (Kim et
al., 2019).

The primary reason that RhoA activity is so potent in inducing contractile forces in cells is
because it has the ability to induce all the three processes, which are polymerization of actin,
linking of F-actin, and sliding of actin filament due to actomyosin that are known to control
cellular contractile forces (Gad et al., 2012). Actomyosin sliding is the process of driving
contraction in actomyosin. Myosin Il that is regulated by the ROCK pathway is due to the
regulation of contractile forces in fibroblast cells. The Rho-dependent pathway regulates the
contractile force output in a cell (Beningo et al., 2006). In addition to the mechanisms and
factors described above that play a role in mechanical properties of cells, the tissue surrounding

cells also plays a role.
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1.6 Extracellular Matrix

The extracellular matrix (ECM) is a group of molecules released by cells, and which then
surrounds the cells in tissues. Their primary function is to provide structural support for the
cells that they surround while also helping these cells to perform their assigned functions. There
are several components of the ECM which all combine together to form a structurally strong
structure, which then reacts with mechanical properties allowing for cell migration, cell

adhesion, contractility, stiffness among others (Theocharis et al., 2016) (Bonnans et al., 2014)

(Figure 1.10).
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Figure 1.10: Overview of the Extracellular matrix structure (Made by Azeer Zafar using
Microsoft PowerPoint)

This figure shows the cross section of the Extracellular matrix as well as all the levels and

components that make up the ECM, which are also explained below.
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The ECM has two primary components which are (Theocharis et al., 2016):

1. Basement membrane: This refers to the ECM present between the epithelial and

stromal layers of cells.

2. Interstitial matrix: This refers to the layer of ECM that surrounds the cells forming a

porous 3D lattice.

The basement membrane (BM) is a thin layer of extracellular matrix that is present between

the epithelial and endothelial cell layers. It surrounds the muscle, fat, and nerve cells in the

body providing structural support, aiding in migration, cell differentiation and also separates

different cells from each other (Pozzi et al., 2017). There are several different types of proteins

that make up the basement membrane which include:

Table 1.1: Proteins and Cellular Receptors in Basement Membrane (Pozzi et

al., 2017)

Protein Type

Cellular Receptor

Collagen IV Integrins

Collagen XVIII Heparan Sulphate Proteoglycan
Fibulin Integrins

Nidogen Integrins

Laminin Integrin

Perlecan Dystroglycan

ECM is composed of a mixture of three main types, which are (Theocharis et al., 2016):

1. Glycosaminoglycans (GAGs) and proteoglycans, which assist the cell in resisting

compressive forces.

2. Glycoproteins (laminin, fibronectin)

3. Fibrous proteins, which are involved in providing cell with tensile strength (collagens,

elastin)
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1.6.1 Glycosaminoglycans (GAGS)

Glycosaminoglycans (GAGs) are linear polysaccharides. They are signalling molecules that
are involved in several different cellular procedures such as in the production of cytokines, the
recruitment of leukocytes and dealing with an inflammatory response among others that are
crucial for cell survival. Examples of GAGs include sulphates such as chondroitin, keratan,

dermatan, heparan and hyaluronan (Gandhi & Mancera, 2008).

1.6.2 Glycoproteins
These are cell adhesion proteins, which include Fibronectin, which connect cells with collagen
fibres in the ECM, allowing cell movement through the ECM and Laminin proteins, which are

present in the basal laminae and assist in cell adhesion (Spiro, 1973).

1.6.3 Fibrous Proteins

Collagen is an especially important structural component of the ECM. It is the most common
protein that is present in the skin and bone, making up around 30% of their total protein.
Collagen is essential in providing support for laminin, proteoglycans, and cell surface receptors
(Lewin, 2007). There are 28 different types of collagens (1-28) have been studied so far with
further research being done on collagen (Parry et al., 2017). Collagen are divided based on their

structure, which include:

o Fibrillar (1, 2, 3, 5, 11, 24, 27) — Over 90% of collagen in the body is fibrillar in
nature. It is mainly present in the bones, skin, tendons, ligaments, and cartilage. This
type of collagen has a diameter of between 11-30 nm in diameter and fully formed
collagen fibers have a diameter between 400-3000 nm.

o Fibril-associated (9, 12, 14, 16, 19, 20, 21, 22) — These collagens attach themselves to
fibrillar collagen and are believed to assist in helping the collagen fibres to maintain
their structure within the ECM.

o Beaded filament (6)

o Network-forming collagen (4, 8, 10) — These collagens form net-like structures
especially in the basement membrane where they link with anchoring fibres (type 7)
linking the basement membrane, ECM and collagen.

o Collagen (4) — This collagen assembles itself and is crucial in the formation of the

basement membrane.
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Transmembrane collagens (13, 17, 23, 25) — These collagens have important roles in
maintaining structure shape and integrity, cell adhesion, cell differentiation and in

development of tissues. (Parry et al., 2017) (Lewin, 2007)
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1.7 Cell Migration

Cell migration is defined as the specific movement of cells in one or multiple directions
independently by itself or by the actions of an external force or other factor. These factors or
factors can be either mechanical or chemical in nature. The migration of cells through the ECM
is regulated by the interaction between several different forces and frictional forces. Cell
migration is crucial for maintaining the proper structure of multicellular organisms and
allowing them to move (Mak et al., 2016). Cells migrate due to the actions of external signals
like chemical and mechanical signals. It is important to recognize the mechanism by which
cells migrate as this can lead to developing new therapeutic methods such as the control of
invasive tumour (Swaney et al., 2010) (Trepat, Chen and Jacobson, 2012). The migration of
the cells via the tissue matrix is essential for several different body functions such as healing,
division among others but also for the invasiveness and metastasis of cancer cells (Trepat et

al., 2012).

Cell migration on 2D surfaces, like plastic tissue culture dishes, involves several processes
such as polarization, mechanical force at the leading edge of the cell, generation of contractile
forces via the actomyosin, and mechanical forces at the rear edge of the cell. Cell traction forces
are essential for the invasiveness of cells and to cross the barrier of the integrin-mediated
adhesion. The migration of cells through a thick 3D network of ECM proteins requires a much
greater force than migration through a 2D environment and therefore can only occur if the cell
produces sufficiently higher traction forces and are able to cross the barrier of the surroundings
(Pawluchin & Galic, 2022). The speed of migration of cells in a 3D network is proportional to
the maximum traction forces that these cells are able to exert on their surroundings. However,
it is important to note that when the contractility of actomyosin is inhibited, cells lose the ability
through a 3D network (Yamada & Sixt, 2019). This suggests that the metastasising cancer cells
which produce higher traction forces become more invasive and proliferative when compared
to those cells with lower traction forces. Most cells have the ability to adhere and migrate on
both 2D surfaces in the ECM and 3D networks as long as the network is of a suitable stiffness.

(Koch et al., 2012).

Cell traction in 2D surfaces is determined by imaging the movement of fluorescent beads which
have been embedded in a flexible polyacrylamide gel of specific stiffness on which the cells
are cultured. These same beads can also be spread through a 3D network and used to measure

cellular contractility during migration using the same principle as for 2D surfaces (Maskarinec
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et al., 2009). However, migration in 3D networks is more complex than in 2D surfaces since in
order for cells to migrate through a 3D network, cells must overcome both the adhesion forces
like the 2D surface but also the frictional force being exerted in the surrounding matrix of the

3D network. (Wang & Lin, 2007) (Butler et al., 2002).

One study Koch et al., 2012 showed that invasive metastasising cells exerted great forces on
their environment. This study showed that the traction force exerted by MDA-MB-231 breast
carcinoma cells in a soft (118 Pa) 3D polyacrylamide gel was more than 40 times than that
exerted on a cultured on harder (4.8 kPa) polyacrylamide gel. These results were surprising
since most studies like (Kdser et al., 2011) and (Nagayama et al., 2004) among others listed
later on show that most cell types in most cases have increased contractile forces on stiffer
surfaces. One potential explanation for this could be that the structure of the surrounding
matrices might affect the ability of cells to generate tractions which is not very well understood.
However, large contractile forces alone are not enough for cell invasion to take place since
studies also show that several non-invasive carcinoma cells also have the ability to generate
large contractile forces. In order for greater cell invasion to take place, the direction in which
the traction forces are also particularly important and also need to be considered along with the
size of the traction forces. Cell invasion is more effective if traction forces are directed in a

specific direction (Koch et al., 2012).

The cytoskeletal model describes the process of cell migration. This model states that the cell
has a leading edge and a tail. Actin polymerization in the leading protrusion at the front end of
the cell results in the generating traction forces involved in cellular motility and cell migration
generation. However, the tail counteracts the contractile forces that are needed for forward
movement during cell movement. This action results in the formation of cell traction forces
and if the force applied by the leading protrusion is greater, cell migration and cell movement
will take place (Sun & Zaman, 2016) (Fig.1.11). The basic model used to describe cell
migration consists of 3 simple steps: the formation and expansion of a lump at the leading edge
of the cell, the sticking of the leading edge to the substrate via focal adhesions, and the
contraction of the rear edge of the cell against the substrate to generate traction (Maurin et al.,
2008) (Svitkina, 2018). This 3-step cycle was first described by Abercrombie in 1980 and has

remained mostly unchanged in all this time.
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Figure 1.11: Cell Migration (Theveneau and Mayor, 2013)

Figure shows action of the cell traction forces on an ECM substrate surface, allowing for cell
migration. The cell has a leading-edge protrusion and a tail. In the leading protrusion, actin
polymerization generates force that is counteracted by the tail. This friction results in the formation of

cell tractions forces and cell migration if leading force is greater.

Migrating mesenchymal cells express polarity at the front and back edge of the cells. Polarity
is essential to determine the direction of travel for a cell and without polarity a cell would begin
moving in all directions at once or cell spreading, which is what transformed cells are known
to do (Sun & Zaman, 2016). This polarity acts at a molecular level since certain molecules are
restricted from moving to specific regions of the inner cell surface. An example of this is that
the activated Rac and CDC42 are present at the anterior end of the cell, whereas RhoA is found
towards the posterior end of the cell (Ridley, 2003).

It is important to note that the cell migration listed above is mesenchymal migration which is
only one type of cell migration. However, there are also other types of cell migration, which

are described below in the following sections.
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1.7.1 Single Cell Migration

There are 2 different types of migration that involve single cells, which are amoeboid and
mesenchymal migration. In amoeboid migration, similar to an amoeba the cells which use this
type of migration have a blebby constitution and these round or elliptical cells migrate without
the help of any focal adhesions or protrusions such as filopodia (Sadjadi et al., 2022). Without
any assistance, these blebby cells cannot migrate via adhesion or attaching on the substrate but
instead propel themselves. Examples of this type of migration include leukocytes migrating
through ECM (Mak et al., 2016).

Another form of ameboid migration is the pseudopodal ameboid migration. This migration
occurs via the action of filopodia present at the leading edge of the cells and the displacement
of the cells due to weak interactions between the cell and substrate. Examples of this type of

migration include neutrophils and dendritic cells (Sadjadi et al., 2022).

Mesenchymal migration is characterized by migration via the action of numerous focal
adhesions and actomyosin contractility of elongated, spindle-like cells. Examples of this type

of migration is seen in cells such as fibroblasts and sarcoma cells (Bear & Haugh, 2014).

1.7.2 Collective Cell Migration

This type of cell migration is collective in nature since it involves a collective and united
migration of epithelial cells, which are all interacting with each other in order to migrate.
Various types of cell adhesions include junctions like adherens, tight, gap and desmosomes
among others are essential to facilitate this type of migration and they also manage the

movement of cells through the cell barrier (Rerth, 2009).

Examples of collective epithelial cell migration include the angiogenesis of blood vessels via
the formation of blood vessel branches as well as the branches that are formed due to the
formation of mammary glands. Not all the movement in this migration is collective as seen in
Drosophila egg chambers or metastasising groups of invasive cancer cells where epithelial

cells migrate separately instead of collectively. Other examples include the migration of
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epithelial cells via branched strands stretching out of a tissue, which are most commonly seen

in invasive cancers (Ilina & Friedl, 2009).

The most well-known form of collective migration in epithelial cells is 2D sheet migration.
This involves cells migrating on 2D surfaces that are interconnected. Examples of this type of
migration occur during wound healing, both in skin and in other epithelial tissues such as the
intestine and cornea. The primary connected mechanism between all these types of collective
migrations is that they all function by the mechanical connecting of the cells via stable cell-cell
adhesions. These cell adhesions improve cytoskeletal activity and coordination between all the
cells that are involved. Due to this migration, the group of cells involved can develop a
directional polarity at the collective level, similar to the polarity that is required for migration
at the single-cell level (Yamada & Sixt, 2019).
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1.8 Focal Adhesions

Focal adhesions (FAs) are structures made up of several different proteins, and they are responsible
for binding several different types of cells and actin filaments with the ECM surface. This process
of FA linking does not occur in a single step but instead occurs via a series of steps which include
the initiation, grouping, growth, spread and disassembly (Chen et al., 2003). In tissue 2D surfaces,
FAs are located at the bottom of the cell surface and are more popularly known as the “feet of the
cells” due to their positions and also allow for the interaction and exchange of materials between

the cells and the ECM. A study by Zamir & Geiger, 2001 shows that new FAs grow and increase

in size at the leading edge of the cells.
Also, it is important to note that FAs are
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Figure 1.12: Structure of Focal Adhesion | Promote traction at the leading edge of

(Adapted by Azeer Zafar from Van Tam et al., the cells and increase invasiveness of
2012 and made using Microsoft PowerPoint). metastasising cells (Zamir & Geiger,
The figure shows the internal structure of the focal | 2001) (Zaidel-Bar et al., 2004).

adhesion along with all the different components | Ag mentioned before, FAs are very

that allow focal adhesions to function. dynamic in nature since they are

constantly growing and shrinking because of the binding of their component proteins (also called
as “plaque proteins”). This change in size of FAs occurs due to differences in physical properties
such as traction forces, cell adhesion or stiffness. FAs have been observed to move from the edge
of the cell towards moving in the centre while the cell also moves over the FAs (Petit & Thiery,
2000). However, despite this movement FAs are still primarily stationary structures when compared
relative to the underlying substrate and only become dynamic during attachment, disassembly or

sliding based on the nature of the surrounding microenvironment (Besser & Safran, 2006). FAs
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form complexes that consist of multiple proteins and perform several functions which occur
via the contact of the cells and the ECM. Actin is also involved in this process due to its
structure and functionality (Bachir et al., 2017). FAs are always located at the end of stress
fibres and are a crucial part of the cytoskeleton (Figure 1.12). Using their positions, FAs transmit
forces when they bind cells to the ECM and this force is transmitted through the cytoskeleton

network via adhesion receptors.
1.8.1 Focal Adhesion Kinase

Focal adhesion kinase (FAK) is a cytoplasmic tyrosine-based kinase involved in cancer
proliferation. It also combines environmental signals from the ECM and the mechanical forces.
FAK transmits signals which are derived from several different cell functions such as cell
adhesion, cell proliferation and cell migration. Studies show FAK is overexpressed in several
cancerous tumours when measured in vivo (Zhou et al., 2019). Since FAK is a scaffolding
protein, it interacts and regulates the activity of several other signalling kinases which include
p53, IGF-1R, VEGFR-3 and PI3k among others. This regulation then leads to FAK being
controlled by other regulators and is an interesting target for cancer treatment and cure research

(Zamir & Geiger, 2001).

Studies like Zhang et al., 2022 also show that FAK is essential in cancer metastasis due to its
role in the interaction of ECM and integrin. These studies showed that increased expression of
FAK leads to higher cancer progression, invasion and infiltration leading to increased mortality
in most cancers. Increased expression of FAK has also been measured in cancer cells that are
resistant to drugs while inhibiting FAK in these studies has shown to reduce drug resistance in
cancer cells making studying FAK an ideal target for a potential biomarker or for the
development of cancer treating drugs (Schwock et al., 2009) (Madan et al., 2006). Based on
these results, studies have concluded that FAK is involved in making cancer cells drug resistant

via the role of mechanical pathways (Zhang et al., 2022).
1.8.2 Role of Focal Adhesions in Cellular Migration

FAs have important roles in cellular migration and are involved in the retrograde flow of actin.
This retrograde flow is when actin filaments form a protrusion at the leading edge and use the
force that is generated there to flow back towards the centre of the cell structure (Zhao & Guan,
2011). FAs are assembled in a highly compact manner that assists with the retrograde flow of

actin. It is this phenomenon that produces traction forces during cell migration and FAs allow
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cells to attach to the ECM preventing retrograde flow from taking place, which in turn produces
traction forces allowing cell movement to take place. These traction forces can be visualized
via TFM technique, and these forces are essential for the growth, movement and spread of
focal adhesions (Yamashiro & Watanabe, 2014) (Guo & Wang, 2007) (Burridge & Guilluy,
2016).

Another factor of FAs that is crucial in cell migration is the way in which FAs are assembled.
Since FAs are dynamic, their assembly or disassembly during cell migration allows FAs to
change their composition and structure. The way that this occurs is first, FAs are formed at the
cell’s leading edge, but these FAs are small in size. Most FAs are unable to mature and grow
causing them to be disassembled, however the few FAs that actually mange to mature assemble
into a larger FA (Ezratty et al., 2005). At this stage, more proteins get involved as they are
recruited in a straight manner. After all the components come together, FAs fix themselves in
a stationary position and are attached to the ECM. This allows the cell to use the FA as an
anchor and induce cell migration for back-and-forth movement. Once the cell has moved to its
desired location the FA moves to the edge of the cell and is destroyed since its role is complete

and the whole cycle is repeated with another FA (Ezratty et al., 2005) (Wu, 2007).

Studies propose that drug-resistant metastasising cells have highly increased stiffness and
contractility, and this is linked to the reorganization of the actin fibre structure. Therefore, it is
important to research whether these mechanical changes are due to the maturation of FAs, due
to their linking of the cells with the ECM. Large, matured FAs lead to the development of

increased actin fibres and play a part in the increased mechanical reinforcement of cells.

One study Park, 2018 looked at vinculin, which is a protein that works with FAs and is
responsible for the accumulation of integrins. Research shows that if this vinculin is lost, there
is inhibition of cell adhesions, cell migration and cell invasion. The study measured that the
expression of vinculin in breast cancer cells that were resistant to drugs was double when
compared with the normal cells. This could be because of the upregulation of vinculin due to
the function of FA, and this made the drug-resistant breast cancer cells less contractile than the
normal cells. It could be possible that an increased expression of vinculin would participate in
the formation of increased actin stress fibres, and this is what leads to the increased mechanical

stiftness and contractility in resistant breast cancer cells (Park, 2018).
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1.9 Cellular Adhesion

Cell adhesion can be defined as the method by which cells adhere to each other with the help
of different components either directly or indirectly (Alberts et al., 2015). The components
involved in cell adhesion consist of cell-adhesion molecules (CAMs) (Lodish, 2008). Cell
migration is another cell function that is regulated by cell adhesion. Any changes or problems

in cell adhesion disrupts critical bodily functions and can cause diseases like cancer (Alberts

etal., 2015).
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Figure 1.13: Overview of Cell Adhesion Molecules (Adapted by Azeer Zafar from Schnell et

al., 2013 and made using Microsoft PowerPoint).
The figure shows a cross section of the different components that are involved in the process of

cell adhesion along with all their different categories.
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CAMs are divided into 4 separate groups:

1. Integrins
2. Immunoglobulin (Ig) superfamily (IgSF)
3. Cadherins
4

Selectins.

CAMs can be divided into homophilic CAMs, which bind to same kinds on another cell and
include Cadherins and IgSF while the second kind is heterophilic CAMs, which bind to different
kinds and include integrins and selectins. Every adhesion molecule serves a different function
since they bind at different places and any defect in the binding of CAMs or problem in their
expression leads to problems in cell adhesions. Since CAMs have so many functions at

different levels, they are directly related and form part of a single adhesion network (Lodish,

2008).

CAMs have the ability to attach with one another, and this results in the creation of structures
called Cell junctions. These cell junctions are further divided into 4 types based on their

functions:

1. Anchoring junctions (some examples of these junctions include
adherens, desmosomes and hemidesmosomes). These junctions improve contact

between cells and improve adhesion. (Ferreira et al., 2014)

2. Occluding junctions (also known as tight junctions). They form barriers to diffusion via

cell-to-cell adhesion. (Schneeberger & Lynch, 1984)

3. Channel-forming junctions (also known as gap junctions). They form bonds between
adjacent cells in order for transport of molecules to take place. (Sosinsky & Nicholson,

2005)

4. Signal-relaying junctions. These are present in the nervous system (Alberts et al., 2015).
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1.9.1 Cadherins

Cadherins are Ca2+-dependent proteins that are crucial in the development of junctional
adhesions and regulate cell-cell adhesions, balancing cell cohesion, and regulating the structure
of tissues. Cadherin structure is composed of many different domains, along with one signal
sequence, a protein precursor, one transmembrane domain, and five ectodomains. Four
domains bind to Ca2+ ions allowing cell folding and the fifth domain contains an N-terminal
extracellular domain. All proteins that have one or more than one extracellular domains of

cadherin are classified as a member of the cadherin family (Shapiro & Weis, 2009).
1.9.2 Immunoglobulin Superfamily

The immunoglobulin (Ig) superfamily (IgSF) as its name suggests comprises many different
cell adhesion molecules (CAMs), all of which are involved in different functions. IgSF
comprise of one or more immunoglobulin-like domains and bind with adjacent cells using
CA2+ dependent pathway. Examples of IgSF CAMs include, neural CAMs (NCAMs),
immunoglobulin-like CAMs (Ig-CAMs), intercellular CAMs (ICAMs) and vascular
CAMs (VCAMs). The interactions between different types of IgSF CAMs lead to cell-cell
adhesions from the leading edge while the cytoplasmic tail of these CAMs Interactions
between the immunoglobulin CAMs leads to cell adhesion, while the tail end of these proteins

helps with cell attachment (Janiszewska et al., 2020).
1.9.3 Integrins

Integrins are important receptors that transmit cell signals, make up several transmembrane
glycoproteins and mediate cell-ECM adhesions. Integrins are made when the two subunits a
and B join together. Subunits o and  are made up of one ectodomain, one transmembrane
domain and a short tail domain in the cytoplasm. Both a and 3 together determine the binding
regions for different proteins and the effect of the receptors. Integrins link the cytoskeleton of
cells with the ECM microenvironment along with regulating critical cell functions such as
migration and some signalling mechanisms (Garcia et al., 2017). Integrins also contribute to
tumorigenesis and metastasis by making changes to the extracellular surroundings occurring
during tumour proliferation. B1 Integrin and FAK play a critical role in the survival of dormant
cells, and they also allow these dormant cells to switch to a proliferative state (Angulo-Urarte

et al., 2020, Janiszewska et al., 2020).
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1.9.4 Selectins

Selectins are cell adhesion receptors which are primarily present in leukocytes and endothelial
cells and play an important role in metastasis. Selectins are made up of 3 different types, which
include P-selectins, present in platelets, L-selectins in leukocytes and E-selectins in endothelial
cells. Selectins are a family of specialised CAMs involved in transient cell-cell adhesion
occurring in the circulatory system and also requires Ca** ions to function similar to cadherins

(Garcia et al., 2017, Janiszewska et al., 2020).

One study showed that during metastasis, tumour cells expressed selectin on platelets,
leukocytes, and on the endothelium. When P-selectin was absent, it prevented platelet-tumour
cell from accumulating, and this increased metastasis. The study also showed that in addition
to P-selectin, platelets also expressed CD40 on their surfaces, which accelerated inflammation
and atherosclerosis (Ldubli & Borsig, 2010). The study also showed that the deficiency of
CD40 in the blood increased lung metastasis expression, which makes CD40 important in
cancer. Studies have also shown that E-selectin promotes the adhesion of tumour cells and the

spread of metastasis (Janiszewska et al., 2020).

1.9.5 Cell Junctions

Anchoring Junctions: The main CAMs in anchoring junctions are cadherins, which are

important for cell migration and cell adhesion (Angulo-Urarte et al., 2020).

Adherens junctions are responsible for maintaining cell shape and ECM interaction through
their domains. Proteins link cadherins to actin filaments, which is important for adherens

junctions to facilitate cell adhesion. (Garcia et al., 2017).

Desmosomes have a similar structure to adherens but made up of different components and
their primary function is to provide resistance against mechanical forces. Some cadherins such
as desmogleins and desmocollins act slightly different in that they link themselves to

IFs instead of filaments of actin (Angulo-Urarte et al., 2020).

Occluding Junctions (Tight junctions): They are located in epithelial and endothelial tissues,
and they control the fluids in these tissues. They are formed by the binding of proteins on
adjacent membranes. Just like anchoring junctions, the intracellular domains of these
junctions’ proteins bind them in clusters and join with actin filaments to maintain the structure

of the occluding junction (Angulo-Urarte et al., 2020).
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Gap Junctions: They are made up of proteins called connexins. Connexins from neighbouring
cells align with each other and form channels. These channels move materials between the
cytoplasm of two adjacent cells and also maintain the structure of cells. apart from holding
cells together and providing structural stability like anchoring junctions or tight junctions.
These junctions only allow the movement of specific materials and manage cell signalling by
controlling the movement of molecules involved in cell signalling (Angulo-Urarte et al.,

2020).

1.9.6 Effect of Cell Migration and Adhesion on Cancer cell Invasion

Tumour cells can invade the neighbouring tissues due to problems in their mechanical
properties. These are controlled by cell surface adhesions and the filament cytoskeleton
(Roénnlund et al., 2013). Cell invasion and movement of tumour cells of different levels of
invasiveness can be studied based on the principles of TFM on soft substrates. The best targets
for development of therapeutic drugs are FAs since they localize upstream however it is also
important to consider the effect of downstream signalling since this might negatively impact

the efficacy of any potential drugs that are developed (Eke & Cordes, 2015).

Remodelling of cell and ECM interaction along with Epithelial-to-Mesenchymal transition
(EMT) results in an increase in motility and cancer invasiveness as well as degradation of ECM
during the early stages of cancer progression (Yilmaz & Christofori, 2009). Several studies like
Gatenby & Gillies, 2007 and Sousa et al., 2019 have shown that glycolysis is involved in the
progress of cancer, with major roles in cancer cell invasion, ECM degradation, motility and
increased invasion. By-products of glycolysis such as methylglyoxal and lactate induce EMT
and increase cancer progression and invasion by activating, yes-associated protein (YAP)
signalling and through the degradation of the ECM respectively (Sousa et al., 2019) (Gatenby
& Gillies, 2007) (Akram, 2013).

During malignant invasiveness cells lose their dependence on interactions with the ECM and
the signalling pathways that result from this. During this, E-cadherin are lost and since they are
essential for cell-cell adhesion it leads to epithelial-mesenchymal transition making
metastasising cells more motile and invasive. EMT in this state makes epithelial cells more
mesenchymal, increasing cellular migration. This process is essential for the development of

organs and healing of injuries, however in cancer, it is essential for metastasis and resistance
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to cancer treatment. In tumours, EMT results in increased inflammation in the TME (Parekh &

Weaver, 2009) (Mukherjee et al., 2022).

An important aspect of EMT is the “cadherin switching” in which E-cadherin decreases and
N-cadherin increases. This results in adhesion to collagen in the ECM, while N-cadherin also
activates the Rho GTPase signalling pathway and the Wnt signalling pathway (Loh et al.,
2019). All of these pathways contribute to the aggressive tumour phenotype with the capacity
to move from the primary tumour location to secondary locations. However, a recent study has
shown that E-cadherin improves the survival factor in metastasis of breast cancer by restricting
apoptosis. This cadherin switching improves cancer cell motility and also promotes cell

proliferation in the blood, improving metastasis formation (Loh et al., 2019).

A study Peschetola et al., 2013 has shown that measuring the traction forces was useful to
separate between various cancer cell lines of different invasive levels. In this study, 2 cancer
cell lines, one more invasive (T24), and one less invasive (RT112) were evaluated. T24 cells
showed larger focal complexes, which led to faster migration of cancer, while RT112 cells
developed smaller focal adhesions on soft gels and migrate slower. This is measured through
Mean Square Displacement (MSD) method and was found that more invasive cancers have
increased cell migration and cellular contractility on soft substrate (Peschetola et al., 2013).
Another study Schierbaum, Rheinlaender and Schéaffer, 2019 combined atomic force
microscopy (AFM) with traction force microscopy (TFM) to measure both elastic properties
(using AFM) and contractile force (using TFM) on single cells. This meant that stiffness,
fluidity, and net contractile movement could be directly measured using the 2 above techniques
and used together give a clearer picture of a cell’s mechanical movement (Schierbaum,
Rheinlaender and Schaffer, 2019). Thus, the degree of invasiveness of cancer cells can be
determined by measuring the mechanical forces of cells. This points to an interesting problem
due to their opposite results related to cell migration and adhesion so warrants further research
into the matter. It is possible that altering adhesion molecules expression might cause cancer
cells to become more metastatic, however, reducing cell motility may prevent metastasis. A

molecule known to promote cell motility is HDAC6, which is discussed in detail below.
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1.10 Role of HDAC6 in Contractile forces of cells

1.10.1 Introduction to HDACG6

Histone deacetylases present in mammals consist of 18 HDAC isoforms that are divided into
4 classes based on their homology to yeast deacetylases. Class 1 includes 4 isoforms (HDAC
I, 11, Il and V111), while Class 2 consists of 6 isoforms and is sub-divided into Class 2A (HDAC
IV, V, VIl and IX) and 2B (HDAC VI and X), while Class 4 has just 1 isoform (HDAC XIl).
Each of the 11 isoforms depend on zinc since they all have a zinc-binding domain at their active
site. (Fig 1.3) (Butler et al., 2010). Histone deacetylase 6 (HDACS) is involved in transcription
and the progress of the cell cycle. HDAC6 overexpression correlates with increased
carcinogenesis and metastasis of cancer cells. HDAC also promotes cell motility and is
involved in a-tubulin deacetylation (Ruijter et al., 2003). Unlike other HDAC isoforms which
are located in the nucleus, HDACG is mainly located in the cytoplasm. HDACG6 was first
studied in 1999 due to its link with the Saccharomyces cerevisiae histone deacetylase, HDACL.
The gene that encodes for HDACSG is found in chromosome Xp11.22-23 in humans. HDAC6
has both a deacetylase activity and a strong affinity to ubiquitin (Grozinger, Hassig and
Schreiber, 1999, Zhang et al., 2014).

Seigneurin-Berny et al., 2001 shows that the human HDACS6 protein consists of 1215 amino
acids with a molecular mass of 131 kDa and contains several functional domains (Fig.1.14).
HDACSG6 has 2 nuclear export signals (NES), which is where the deacetylase activity takes
place. HDACEG also contains a Ser-Glu-containing tetrapeptide (SE14) which prevents HDAC6
from losing their position within the cytoplasm. The N-terminus of HDACG6 also contains a
nuclear localization signal (NLS), which allows for the deacetylase activity to move between
the nucleus and the cytoplasm. HDACSG is different from other HDAC isoforms since it
possesses two homologous catalytic domains (called DD1 and DD2; located at the N-terminus
and at the centre), and both of these domains contribute to the enzymatic activity of HDACS.
However, it is only DD2, which is the domain with a-tubulin deacetylase activity that has been
well-studied (Liang & Fang, 2019). All the HDACG6 inhibitors that have been developed
function by targeting this domain. However, this can sometimes result in discrepancies between
experimental observations, which are made with pharmacological inhibitors and genetic
knockout approaches, because genetic knockdown targets both DD1 and DD2. Finally,
HDACSG6 also has a dynein motor-binding domain (DMB) and at the C-terminus there is a
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unique ubiquitin-binding zinc-finger domain (BUZ), which allows HDACS to perform cellular

functions that are non-enzymatic (Liang & Fang, 2019) (Seigneurin-Berny et al., 2001).

There are also several different substrates of HDACS6 including a-tubulin, heat shock protein
90 (Hsp90) and Cortactin (de Zoeten et al., 2011). Hsp90 is responsible for promoting
transcriptional activation as it structurally facilitates the maturation of hormone receptors and
some kinases (de Zoeten et al., 2011). HDACSG is responsible for the activity of Hsp90 since
knockdown of HDACS results in loss of Hsp90 activity and impaired nuclear translocation
and transcriptional activation. Similarly, Cortactin is an acetylated protein that is
overexpressed in several carcinomas. Knockdown of HDACG leads to increased acetylation
of Cortactin, which prevents its translocation and impairs cell motility (Aldana-Masangkay,
Sakamoto, 2011).
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Figure 1.14: Structure of HDACS6 and its Functional Domains (Made by Azeer Zafar

using Microsoft PowerPoint).

HDACSG6 has two NES (NES1, NES2), a SE14 motif, an NLS at the N-terminal. There are
two catalytic domains (DD1 and DD2) and a dynein motor-binding domain (Li, Shin and
Kwon, 2012)

1.10.2 Importance of studying HDAC6

Histones are regulators of transcription and the progress of the cell cycle. The acetylation or
deacetylation can also change the chromosome structure of the DNA. HDACG6, whose major
substrate is a-tubulin, is an important target for drug development to treat cancer due to its

major role in cancer cells (Kaur et al., 2022). This is why it is especially important to study the
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effects of HDACG6 for cancer and to specifically clarify the role of HDACG6 in controlling

contractile forces in cells along with the mechanism used by HDACG for this control.

Although other HDACSs are responsible for the deacetylation of histones, however HDAC6
also affects nonhistone protein function. Evidence suggests that each HDAC is different from
others in terms of substrates that they target and therefore the molecular and signalling
pathways by which they function and regulate. However, HDAC6 is special among all the
HDAC:s discovered so far, since it has a different structure and function from the other HDAC
types. HDACS6 is quite different from the other HDACs in terms of its unique structure,
localization, target receptors, functionality, its biological processes and the pathways it uses.
HDACS6 regulates several important physiological processes and signalling pathways, which
are involved in the various stages of tumour formation and progression including initiation,
promotion, progression and metastasis (Li et al., 2018). These factors along with HDAC6’s
role as a key regulator of several signal pathways connected to cancer makes HDAC6 makes
a great option for developing anti-cancer drugs as well as an option for developing HDAC6
inhibitors to target HDAC6 (Kaur et al., 2022). HDACSG is an oestrogen-regulated gene and
oestrogen-mediated up-regulation of HDAC6 shows a connection between the levels of
HDACSG6 expression and metastasis of breast cancer, which is important in prognosis of cancer
patients. Increased expression of HDACG6 has been measured in several cancer types and
mouse tumour models. HDAC6 expression was also measured in mouse embryonic fibroblast
(MEF) cells, and results showed that Ras expression in cancer leads to up-regulation of
HDACSG. Therefore, increased expression of HDACS in different kinds of tumours shows the
important role of HDACS in cancer (Li et al., 2018) (Aldana-Masangkay and Sakamoto, 2011).

HDACS® is a regulator in several different signal pathways involved in cellular growth as well
as in cancer such as Ras, ERK, and Wnt signalling pathways among others (Jo et al., 2022). A
study showed that the downstream activation of epidermal growth factor receptor (EGFR) is
essential in cellular proliferation Therefore, cell invasion can be controlled by inhibiting the
EGFR signalling. The action of HDAC6 via its deacetylase activity of a-tubulin results in
EGFR breakdown. Therefore, HDAC6 inhibition, leads to the increased acetylation of a-
tubulin, which leads to the deregulation of microtubule and further increase of EGFR
breakdown, further reducing cellular invasion and making HDAC6’s role important in

reducing cancer proliferation and invasion (Gao et al., 2010).
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In order to understand this role of HDACS, different studies that compared the expression of
HDACS in different types of cancers were looked at. One study Zhang et al., 2019 measured
HDACSG6 expression in colon cancer and analysed the difference in HDACG6 expression levels
between cancer and adjacent healthy cells. The results of this study showed that cancer cells
had higher HDACG6 expression than in the adjacent normal cells. This meant that patients that
had a higher expression of HDAC6 had a worse prognosis. However, knockdown of HDAC6
resulted in decreased cell viability and the invasiveness of colon cancer cells. The study
concluded that HDAC6 knockdown resulted in the reduction of cancer growth and invasion
via the MAPK and vi pathway. (Zhang et al., 2019).

In addition, HDACG6 also regulates several important cellular processes and signalling
pathways critical to homeostasis in normal cells as well as in cancer (Figure 1.15). Studies like
Zhang et al., 2004 and Passaro et al., 2021 show that knockdown or inhibition of the function
of HDAC6 promotes chemotherapy as well as radiation-induced apoptosis, autophagy, and
senescence. Studies like de Zoeten et al., 2011 and Deskin et al., 2020 also show that inhibiting
HDACG6 with tubacin or its silencing with HDAC6 siRNA knockdown induces Notch-1
signalling. Identifying proteins that interact with HDAC6 can help in understanding the role
of HDACSG in the body. These proteins range from Foxp3 in inflammation, GRK2 in cell
signalling, p300 in transcription, Ku70 and PP1 in cell survival, Hsp90 in angiogenesis, tubulin
for cell motility and VCP in protein degradation among others (Zhang et al., 2004) (Passaro et
al., 2021) (Deskin et al., 2020) (de Zoeten et al., 2011).

HDACS6 is involved in cell migration regulating motility via tubulin and cortactin (Zhang et
al., 2007). Microtubules (MTs) are involved in cell motility and are assembled by a-tubulin.
The deacetylation of a-tubulin by HDACG6 affects the structure of MTs and this leads to
microtubule depolymerization. ERK1 also phosphorylates HDAC6, which enhances the
deacetylase activity of tubulin and leading to increased cell migration (Wu et al., 2018).
Furthermore, the regulation of MTs and cellular motility by HDAC6 depends on the interaction
between HDAC6 and GRK2, which is an HDAC6 stimulator. The regulation of a-tubulin by
HDACG6 affects cellular motility since acetylation or deacetylation of HDAC6 affects the
structure of MTs (Hubbert et al., 2002).
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Figure 1.15: Overview of HDAC6 Functions in the Body (Adapted by Azeer Zafar from Li et al.,
2012 and made using Microsoft PowerPoint).

This figure shows all the different essential functions that require HDACS6 to function effectively in

the human body and the proteins that are involved with HDACS to carry out these functions.
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1.10.3 HDAC6 in Cancer

HDACG6 is becoming an extremely popular choice recently as a potential option for the
treatment of cancer due to its well-researched role in cancer and cancer proliferation. Studies
that are referenced in Table 1.2 show increased HDAC6 expression in several cancers including
acute myeloid leukaemia (AML), colon cancer, breast cancer, ovarian cancer and human
embryonic kidney cancer (HEK), among others and this increased expression correlates with
advanced tumour stages and enhanced tumour invasion, increased invasive capacity of tumour
cells and higher mortality rates. HDAC6 is involved in cancer since it performs important roles
such as cellular proliferation, cell growth and invasion. HDAC6 expression is necessary for
oncogenic transformation and tumour growth which are important hallmarks of tumour cells
(Figure 1.16). This is because there is upregulation of HDACS6 in several tumour types and is
required for faster tumour growth. Therefore, HDACSG is an important target for developing
anti-cancer drugs (Lee et al., 2008).
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Figure 1.16: Overview of the role of HDACs in cancer (Adapted by Azeer Zafar from Hontecillas-Prieto

et al., 2020 and made using Microsoft PowerPoint)

This figure shows the involvement of HDACs in different stages of cancer proliferation along with the
different types of HDACs involved in each stage of cancer.
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Increased HDAC6 expression is found in several cancers but its role in gastric and liver cancer
is not very well understood. More research is required to clearly understand the mechanism of
HDAC6 by which it expresses itself in different cancers. Due to the effect of HDAC6
expression in several cancers, HDACG6 is considered as an ideal option for cancer treatment.
Although many HDACG6 inhibitors are currently being researched, there are very few that have
been applied for clinical trials (Zhou et al., 2021).

Expression of oncogenes results in increased deacetylase activity of tubulin via HDAC6 and
changes the spread of acetylated microtubules. The expression of oncogenes also induces
increase in cellular stiffness and promotes cancer cell invasiveness. Finally, HDACS is crucial
for the breakdown of the vimentin matrix leading to increased cell stiffness in cancer cells (Gad
etal., 2012).

1.10.3.1 Esophageal cancer

Esophageal cancer is a very malignant cancer present in the digestive tract. A study showed
that HDAC6 had increased in ESCC cells when compared with normal epithelial cell (Tao et
al. 2018). Another study showed that a lower expression of HDAC6 in lymph cancer mean that
patients had a better overall survival chance (Xie et al. 2018). However, some specific siRNA
and inhibitors such as MiR-601, selective inhibitor ACY 1215 and bortezomib can stop cell
growth and decrease cell migration by downregulating HDAC6 and increasing the acetylation
of a-tubulin and HSP90 (Cao et al. 2018, Tao et al. 2018) which leads to suppression of
proliferation, invasion, and migration Overall, HDAC6 acts as an oncogene in this cancer

(Zhou et al., 2021).
1.10.3.2 Colorectal cancer

Colorectal cancer (CRC) is among the most common malignant tumours worldwide (Benson
et al., 2017). Studies observed that HDAC6 overexpression in CRC cells corresponded with
increased mortality and knockdown of HDAC6 reduces the health and migration of CRC cells.
Also, HDACS6 inhibition is involved in tumour suppression, and this is due to increased levels
of acetylated a-tubulin. The inhibitor ACY-1215 had been widely used in clinical trials to treat
cancer. ACY 1215 also inhibited cell proliferation, migration, and invasion (Zhang et al., 2019).
One study suggested that using both the drugs ACY-1215 and oxaliplatin could potentially

increase their potency rather than either drug being used alone in cancer cells (Lee et al, 2018).
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1.10.3.3 Pancreatic adenocarcinoma

Pancreatic adenocarcinoma is a highly metastatic cancer with a survival rate of less than 5%
(Ryan et al., 2014). A study showed a higher HDAC6 expression in pancreatic cancer cells
than in normal cells. (Li et al. 2014). However, another study showed no difference in the
expression of HDACS6 levels of 7 different pancreatic cancer cells and normal human cells
(Wang et al. 2012a). Another study shows point mutations are activated in K-Ras in pancreatic
cancer, which lead to a poor therapeutic response. This study showed that HDAC6 inhibition
reduced the growth of cancer cells which showed how effective this method was in treating

pancreatic cancer (Li et al., 2021).
1.10.3.4 Gastric cancer

Gastric cancer (GC) is one of the most dangerous types of cancers in the digestive system and
patients with stage 4 gastric cancer have extremely poor prognosis (Bray et al., 2018). A study
showed much higher HDAC6 expression in gastric cancer than in precancerous cells, and that
HDACG6 acts as an oncogene in gastric cancer (Wang et al. 2012). However, another
study reported a higher expression of HDAC6 in normal cells than actual gastric cancer cells
(He et al. 2017). Further studies show that increased expression of HDAC6 was associated
with higher mortality (Wang et al. 2021).

1.10.3.5 Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is among the top 5 most common causes of cancer deaths
(Bray et al., 2018). A study showed an increased expression of HDAC6 in HCC cells than in
primary liver cells while knocking down HDAC6 significantly decreased the movement and
invasion of all HCC cell lines (Kanno et al. 2012). Another study confirmed the same results
in more HCC cell lines (Ding et al. 2013). These two studies described the oncogenic role of
HDAC6. However, another study reported the decrease of HDAC6 in patients with HCC,

which was associated with poor clinical prognosis (Jung et al. 2012).

Overall, inhibiting HDAC6 results in the inactivation of cancer signalling pathways and cancer
progression which then results in a decrease in cell proliferation and tumour growth. As
discussed previously, HDAC6 is important for mediating cancer signalling pathways resulting
in enhanced cell spreading. One of the hallmarks of cancer is metastasis, and HDAC6 is
important for movement of tumour cells during metastasis., HDAC6 is also required for cell

motility due to its substrate’s actin and tubulin. Inhibiting HDAC6 increases a-tubulin
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acetylation, improves microtubule stability and reduces migration of cells. Inhibition of

HDACS6 via tubacin increases acetylation of microtubules (Zhou et al., 2021).

Other HDAC are also involved in deacetylation and are involved in different tumours.
However, my project only focuses on one subtype of HDAC which is HDAC6. But it might
be relevant to further study the effect of other HDACs and their expression in cancer
(Hassanpour & Dehghani, 2017).

There are several epigenetic mechanisms of HDAC6 in cancer, which include histone
modifications, DNA methylation and microRNAs. Methylation a very commonly studied
epigenetic modification in the context of pathogenesis and prognosis of various cancer types
(Fang et al., 2015). These epigenetic mechanisms are not directly related to my project and
cellular contractility. However, they help clarify the effects of epigenetic modifications in
terms of real effects in disease. For example, the DNA methylation epigenetic modification is
linked to the drug resistance of tumour cells, the use of epigenetic modification agents

combined with chemotherapy improves the drug resistance of patients with a dismal prognosis.
1.10.4 Role of HDAC6 as a Cancer Biomarker

HDACG6 expression correlates with a poorer or better survival from cancers depending on
upregulation or downregulation of HDACG6 expression. Since HDAC inhibitors show anti-
cancer effects therefore it is important to identify biomarkers and study the mechanisms by
which HDAC6 expression acts in cancer cells. By definition, a biomarker is any compound
that changes, in response to a therapeutic agent and this change can be measured (U.S. Food
and Drug Administration, 2020). HDAC6 enzymes are important biomarkers and are
intricately linked to tumorigenesis, which means that by measuring HDACG6 levels, the severity

of different tumour types can be identified (Li and Seto, 2016).

An effective biomarker is one that can be quantified in response to a change in caner
progression or a change of cancer drug. One study Fotheringham et al., 2009 conducted a
genome-wide loss-of-function screen using shRNA of over 7000 genes to determine such
biomarkers. The study identified genes that when inhibited in cancer cells prevented the death
of HDAC inhibitors. An example of these genes was HR23B, which is responsible for moving
ubiquitinated proteins to the proteasome as well as regulating the effectiveness of drugs.
Measuring the levels of HR23B allowed for quantification of the response of cancer cells to

HDAC inhibitors. This means that by identifying patients who had high HR23B levels, they
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could be separated into a group that can benefit from HDAC inhibitor therapy (Fotheringham
et al., 2009).

Another study Zhang et al., 2017 investigated the link between HDACG6 expression and renal
cancer. The study used qRT-PCR and immunohistochemistry to measure HDAC6 expression
in cancer and adjacent non-cancerous tissues. The results of the study showed that there was
an increased upregulation in HDAC6 mRNA expression among renal cancers as compared
with non-cancerous tissues. HDAC6 expression correlated with poor survival chances for RCC
patients as those with higher expression had poor survival. Therefore, it was determined that

HDACG6 can serve as a biomarker for RCC progression (Zhang et al., 2017).

Also, since there is increased HDAC6 expression in several cancers, evaluating the type of
cancer that affects the link between HDAC6 expression and prognosis is especially important.
For example, in lung cancer, increased HDAC6 expression correlates with better chance of
survival, which might be because HDACS6 is regulated by oestrogen (Batchu, Brijmohan and
Advani, 2016).

The table below (Table 1.2) has compiled and displayed the expression of HDAC6 in several
different cancer subtypes from various studies. This table shows a clear trend that HDAC6

expression is always higher than normal in cancers.
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Table 1.2: HDAC6 expression in various cancer subtypes.

Cancer

Expression

Reference

Acute Lymphoblastic
Leukaemia (ALL)

Overexpressed- expression

increases in advanced stage

(Bradbury et al., 2005)

Acute Myeloid Leukaemia | Overexpressed (Bradbury et al., 2005)
(AML)
Breast Cancer Overexpressed (Yoshida et al., 2004)

(Zhang, 2004)

Cutaneous T-cell
Lymphoma (CTCL)

Overexpressed- correlates

with longer survival

(Marquard et al., 2008)

Hepatocellular

carcinoma

Overexpressed- expression

increases in advanced stage

(Ding et al., 2013) (Kanno et
al., 2012)

Oral Squamous cell

carcinoma

Overexpressed- expression

increases in advanced stage

(Witt, Deubzer, Milde and
Oehme, 2009)

Ovarian cancer

Overexpressed- expression

increases in advanced stage

(Bazzaro et al., 2008)

Urothelial cancer

Overexpressed

(Rosik et al., 2014)

Chronic Lymphocytic
Leukaemia (CLL)

Overexpressed- correlates

with longer survival

(Van Damme et al., 2012)
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1.10.5 Role of HDAC6 as a Drug Target

HDAC:s are an important target for cancer and currently there are several HDAC inhibitors that
are being studied in trials as potential cancer drugs (Cairns, 2001). Recently, a new therapy
called combination cancer therapy is becoming popular, and this therapy involves developing
treatments that prevent drug resistance for the treatment of metastasis (Figure 1.17). As DNA
methylation is an epigenetic modification of HDACs, there is a close link to the drug resistance
of tumour cells. Combining epigenetic modifications of HDAC6 and microRNAs with
chemotherapy improves a patients’ resistance to cancer (Li et al., 2018). Since overexpression
of HDACS6 correlates with increased metastasis, therefore inhibiting histone deacetylation is
an effective treatment for treatment of cancer. HDACG6 specifically is also a key regulator in
several signalling pathways involved in cancer, this makes HDAC6 important for therapy

(Matthias, Seiser and Yoshida, 2011).

Tumour Immunology

Oncogenic

/ transformation
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HDACG6 Inhibitors

Figure 1.17: Overview of HDACS6 in Cancer and Potential Drug Targets (Adapted by Azeer Zafar
from Peng et al., 2023 and made using Microsoft PowerPoint).

HDACSG is an important target for study as a drug target for treating cancer as seen in the above figure.
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Regulating HDAC deacetylation interferes with the acetylation of histones and allows histones
to establish a balance leading to the inhibition of tumour cells, cellular invasion, and
metastasis. Researching and developing new selective HDAC inhibitors are necessary in
controlling the progress of cancers and for anti-cancer treatment (Sengupta & Seto, 2004). The
HDAC6-specific inhibitor that was first synthesized was Tubacin, but it cannot be used in vivo
since it is very toxic and complex to synthesize. Ricolinostat is the most popular HDAC6
inhibitor in clinical trials since it can inhibit HDAC6 mediated pathway without being toxic
(Lee et al., 2013). Research has found that by combining microRNAs and epigenetic drugs,

patient drug resistance can be significantly improved (Rastgoo et al., 2017).

HDAC:s are widely researched cancer treatment targets and HDAC inhibitors have proven to
be highly effective for treating cancer, but their side effects prevent them from being used
widely. Several studies have been done on the development of HDAC inhibitors along with
their specific substrates but less are available on their use in clinical studies. Among the
different HDAC subtypes, HDAC6 is more important for my project since it is separate from
other HDAC:s based on its different substrates and structure. The special properties of HDAC6
give it more effective functions from other HDACs (Lee et al., 2013). It is for these reasons
that great effort is being made to study the effects of HDAC6-selective inhibitors in various

cancers and to reduce their side-effects (Marks, 2010).

HDACG inhibitors represent an effective treatment option for cancer patients (Silva, Kalinsky,
Quayle and Yang, 2017). Based on this idea, one study Silva, Kalinsky, Quayle and Yang,
2017 researched that HDAC6 expression is highly increased in HDAC6-dependent cancer cells
and acts as an important regulator. The study also created an HDAC6-score algorithm in which
they profiled mRNA expression to determine the HDAC6 expression of different tumour
samples. This HDAC6 score was used as a biomarker to easily identify cancers with high
HDACS6 expression and depend on HDAC6 function. The study analysed 2500 primary breast
cancers and found that around 20% of these breast cancers had a positive response to HDAC6
inhibitors. This study then confirmed their results by comparing the HDAC6-score with the
inhibition response of HDAC6 to the HDACG6 inhibitor, Ricolinostat in breast cancer models
in both vitro and in vivo (Silva, Kalinsky, Quayle and Yang, 2017).

Another study Wu et al., 2018 tested a synthesized compound called MPTOB451, which has
an inhibitory effect against HDAC6 and tubulin. Results showed that MPT0B451 significantly
inhibited cancer cells due to HDACG6 activity inhibition. This was done by MPT0B451
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increasing apoptosis in these cancer cells, mitotic arrest and tumour growth inhibition. Thus,

MPTO0B451 can serve as an anticancer drug treatment in human cancers (Wu et al., 2018).

The treatments for many types of cancers include toxic drugs which reduce the effectiveness
of the cancer treatments. Therefore, it is important to develop drugs that can target multiple
pathways and reduce toxicity to make the treatments more viable (Cleeland et al., 2012).
HDACS6 inhibitors regulate metastasis growth inhibition, cell apoptosis, and reduction in
metastasis size making them attractive targets for these multi-target drugs. Studies also show
there is an increase in the efficacy of treatment when HDAC6 inhibitors are combined with
other anti-cancer drugs to form a cocktail of drug treatments. These multi-target drugs also
increase therapeutic effects since they target several different locations and overcome

resistance to drugs (Wu et al., 2018).

Another study Jiang & Ma, 2022 looked at the effect of Canagliflozin as a treatment for gastric
cancer. Canagliflozin occupies the hydrophobic pocket of HDAC6, and canagliflozin binds
directly to HDACH at the cellular level. The study looked at HDAC6 because of its importance
in gastric cancer. The study showed that canagliflozin blocked the process of EMT and the
migration of cells by inactivating HDAC6 in cancer cells. Based on these results, it is worth

looking at canagliflozin to research the discovery of new inhibitors (Jiang & Ma, 2022).

However, not all research that is available about the subject is optimistic about the positive
effects of HDACG6 as a drug target for cancer. One study Depetter et al., 2019 studied the impact
of several HDAC®6 inhibitors, in different cancer models. These inhibitors were used to inhibit
several all the different cancer cell from multiple lesions in both in vitro and in vivo. Although
some inhibitors resulted in a-tubulin acetylation, most failed to show any serious improvement
in cancer treatment. Most of these HDACG6 inhibitors were only effective at high
concentrations and resulted in lesser growth of tumours and invasive capacity of cancer cells
in vitro and in vivo. These results show that these HDAC6 inhibitors are not remarkably
effective when used alone by themselves but might be useful when combined with other anti-
cancer drugs. Therefore, any results obtained regarding this need to be studied very carefully
due to the high concentrations that result in lower selectivity and potential side effects. This is
because HDAC6 has been studied as a therapeutic target in cancer research and a lot of effort
has been made in developing HDAC6 and their use as anti-cancer agents. In conclusion, it is
important that the specificity of HDAC6 be considered when testing HDAC6 inhibitors for
cancer treatment (Wang et al., 2018) (Depetter et al., 2019).
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1.10.6 Effect of HDACG6 on Contractile forces

Increased HDAC6 expression results in the transformation of cancer cells and metastasis
(Medler et al., 2016). Also, since HDACG6 is an essential regulator that modulates smooth
muscle a-actin activity (Li, Shin and Kwon, 2012), which increases cellular contractile forces
and promotes tumour cell morphology and cancer development (Valenzuela-Fernandez,
Cabrero, Serrador and Sanchez-Madrid, 2008). Based on these results, a hypothesis can be

proposed that it is HDAC6 expression which is involved in cellular contractility.

Another study Rathje et al., 2014 measured the HDAC6 expression in cancers and results
showed increased levels of HDACG6 expression in cancer cells as compared to control cells.
Further tests also showed that an increased expression of HDAC6 in normal cells caused the
vimentin intermediate filaments to break down causing the epithelial to mesenchymal
transition of normal cells to cancer cells. To ensure that HDAC6 is necessary for the breakdown
of vimentin, the paper used tubacin, an HDAC6 inhibitor to see if inhibition of HDAC6
prevented the breakdown of vimentin. Treating HDAC6 with tubacin reduced the amount of
vimentin and prevented its breakdown. This confirmed that this breakdown depends on
HDACG6 and on microtubule deacetylation. More importantly, results also showed that HDAC6
increased cellular stiffness and invasiveness capacity of the oncogene-expressing cell system.
This result is particularly important since it can be reasonably assumed that if HDAC6
increases cell stiffness, then it should also increase contractile forces since both properties

increase during increased metastasis (Rathje et al., 2014).

Another study Coleman et al., 2020 measured the effect of increased a-tubulin acetylation on
cytoskeletal stiffness using the HDAC6 inhibitor tubacin. Results showed that when tubacin
inhibited HDAC6 and increased o-tubulin acetylation, the muscles cells showed decreased
rates of cellular contraction and cytoskeletal stiffness. It is again confirmed that HDAC6
inhibition correlates with decreased stiffness, which meant similar results for contractility

(Coleman et al., 2020).

Similarly, an increase in acetylation of microtubules results in decreased contractile force and
vice versa as seen in Joo and Yamada, 2014. This was done by the interaction of myosin
phosphatase with HDAC6, a microtubule deacetylase. This link between contractile forces and
acetylation of microtubules is regulated by myosin phosphatase by activating and deactivating

myosin [T and HDAC6. The study used blebbistatin to increase microtubule acetylation, which
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resulted in a decrease in HDACS6 resulting in increased microtubule acetylation and reduced

cellular contractility (Joo and Yamada, 2014).

Based on the results from the studies mentioned above, which state that there are increased
levels of HDAC6 in cancer cells as compared to control cells, HDACG6 is necessary for the
breakdown of the vimentin intermediate filaments, tubacin inhibits HDAC6 and increases o-
tubulin acetylation, thereby decreasing rates of cellular contraction, we can make a reasonable
assumption that HDAC6 requires further study for its role in the physical properties of cells.
Increasing HDACS6 results in increased mechanical forces while inhibiting HDAC6 results in
decreased mechanical forces (Saito et al., 2013). Since previous studies that have studied the
effects of HDAC6 have deduced that it increases cell stiffness in metastasising cells, therefore
we can claim based on knowledge of cellular contractility that contractile forces should also
increase in metastasising cells since cell stiffness and cellular contractility have a positive
correlation in terms of their effects as they have been shown to increase in other studies that
didn’t study HDAC6 specifically. Although, this link is not exactly clear now since few studies

have been done on the effect of HDACG6 on cellular contractility in cancer cells.

1.11 Molecular Mechanisms affecting Contractile force expression.

The mechanisms that are involved in expressing contractile forces in cancer cells are not well
understood. This is because in the past, research for cancer treatment has primarily focused on
cell signalling pathways instead of mechanical force pathways. Only recently has this focus
shifted to understanding the role played by the mechanical properties in cancer cells during

cancer cell invasion.

1.11.1 Role of Rho GTPases and ROCK pathway in contractile forces in

cancer

The Rho family of GTPases, are guanine nucleotide-binding proteins regulate cell contractility.
A study shows that the contractile forces of cells are increased by RhoA and decreased by Racl
(Vega and Ridley, 2008). RhoA positively promotes myosin regulatory light chain (MLC),
increasing actomyosin contractility with the help of F-actin and myosin 11 by the kinase activity
of ROCK activity, while Racl inhibits MLC. This makes the activities of RhoA and Racl
mutually inhibitory (Vega and Ridley, 2008).
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Cells exert contractile forces by at least two different methods as mentioned in Gad et al., 2012,
The first method includes activating RhoA, which results in reduced cell spreading, while the
second method Racl includes the activation and resultant increased cell spreading. Active
mutant variants, like RhoAV14, Rac1L61 and RhoDV26 were used in the experiment to obtain
results. These showed that RhoAV14 induces greater increases in the cellular contractility of
cells, while Rac1L61 and RhoDV26 show smaller increases when compared to Rho AV14,
Also, cell surfaces show a more even distribution and greater distribution of nanoscale
adhesion particles when contractile forces are higher in cells (Gad et al., 2012).

Activation of the ROCK signalling pathway mechanism in cancer cells is necessary for
increased cellular contractility. McGrail et al, 2014 showed that in ovarian cancer, cells
displayed increased malignancy due to increased cancer cell migration and proliferation. These
cancer cells prefer to adhere to soft microenvironments. On soft matrices, lysophosphatidic
acid (LPA) mediates activation of ROCK in ovarian cancer cells. treatment with Y27632
(ROCK inhibitor) and reduces cellular contractility, which suggests that the ROCK pathway
is essential for cell contraction (McGrail, Kieu and Dawson, 2014).

Another mechanism is the disruption of the cytoskeletal structure via RhoA-ROCK pathway.
Kim et al., 2019 showed that in oral squamous cell carcinoma (OSCC), cancer-associated
fibroblasts increase carcinogenesis and disrupt the cytoskeleton via RhoA-ROCK pathway.
Comparing the matrix remodelling capacity between YAPS127A and WT of Yes-associated
protein in hATERT-hNOFs cells using a 3D ECM-remodelling assay, showed increased cellular
contractility, tissue stiffness and promoted the movement and spread of cancer cells (Kim et
al., 2019).

The primary reason that RhoA activity is so potent in inducing cellular contractility in cells is
because it has the ability to induce all the three processes, which are the polymerization of
actin, the cross linking of F-actin and the movement of actin via actomyosin have been studied
to control contractile forces (Gad et al., 2012). Actomyosin sliding is the process of driving
contraction in actomyosin. The Rho-dependent pathway and Myosin Il that is regulated by
ROCK pathway is responsible for the regulation of contractile forces in fibroblast cells
(Beningo et al., 2006).
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1.11.2 Role of Intermediate Filaments in Contractile forces in cancer

Physical forces move from the cell to the nucleus via the interaction between the intermediate
filaments (IFs) and microtubules (MTs) and this also controls the mechanical properties within

the cytoskeleton (Ndiaye et al., 2022).

Vimentin is a type 3 IF structural protein located in mesenchymal cells. There are several
studies that show that vimentin is important for the generation of contractile forces in cells

(Chen et al., 2016, Liu et al., 2015).

The IF vimentin is necessary for cells to transition from the epithelial state to the mesenchymal
state (EMT) allowing the cells to migrate. Vimentin also maintains mechanical integrity in
epithelial-mesenchymal transition cancer cells. There are several molecular mechanisms

involving vimentin that control cellular contractility.

Several studies have studied the effects of vimentin knockdown on the contractile forces of
cells. Jiuetal., 2017 used CRISPR and siRNA to knockdown vimentin in human osteosarcoma
cancer cells leading to increased formation of actin fibres and contractile forces, which was
measured using TFM. It also showed that intact vimentin intermediate filaments are required
to facilitate the effects on the actin cytoskeleton. Depletion of vimentin led to promotion of
RhoA activity and actin stress fibre assembly (Jiu et al., 2017). De Pascalis et al., 2018 used
siRNA mediated knockdown of vimentin in primary astrocytes, which resulted in increased
traction forces. Vimentin controlled the distribution and strength of contractile forces as well
as collective migration in astrocyte cells. Vimentin IFs are also involved in the organization of
the actin cytoskeleton as well as actomyosin cell contractility (De Pascalis et al., 2018). Liu et
al., 2015 knocked down vimentin via siRNA in MDA-MB 231 cancer cells. This results in
reduced cell proliferation, loss of directional migration, reorganization of cytoskeletons and
reduction in focal adhesions size. In turn, this results in reduced mechanical strength and
decreased cellular contractile forces. On the other hand, vimentin overexpression in MCF7
cells increased the stiffness of cells, their motility and movement. Therefore, vimentin is a
regulator which manages intracellular mechanical properties by maintaining the cytoskeleton
(Liu etal., 2015).

One study Chen et al., 2016 measured the effect of the disruption of vimentin cytoskeleton on
contractile forces. The study seeded chondrocytes on a polyacrylamide gel and used TFM to

measure the contractile forces. Results showed that although there was no difference in
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contractile forces for untreated chondrocytes, there was a major decrease of contractile forces

in vimentin-disrupted chondrocytes (Chen et al., 2016).

Vimentin controls the resistance of cells to mechanical stress and has stronger resistance in
vitro when compared to actin or microtubules. To test the effect of vimentin inhibition on
contractile forces, Costigliolaet al., 2017 fluorescently labelled vimentin was expressed in non-
immortalized human foreskin fibroblasts, SARNA mediated inhibition of vimentin leads to an

increase in contractile forces, which was measured by TFM (Costigliola et al., 2017).

Vimentin controls cell motility, cell adhesion and is therefore used to understand the underlying
mechanisms active between cell adhesion and contractile forces. Peschetola et al., 2013 showed
that measuring the traction stresses was an effective indicator to distinguish between cancer
cell lines of different levels of invasiveness. In this study, two cancer cell lines, one more
invasive (T24), and a less invasive one (RT112) were evaluated. T24 cells showed larger focal
complexes, which led to faster migration of cancer, while RT112 cells developed smaller focal
adhesions on soft gels and migrate slower. This is measured through Mean Square
Displacement (MSD) method and was found that more invasive cancers have increased cell
migration and cellular contractility on soft substrate (Peschetola et al., 2013). In Rénnlund et
al., 2013, the focal adhesion distribution in metastasizing fibroblast cells were compared to the
focal adhesions in normal cells using stimulated emission depletion microscopy (STED)
Results found that metastatic cells had significantly higher focal adhesions numbers and

distribution leading to increased tumour cell metastasis (Ronnlund et al., 2013).

Research shows that vimentin expression inhibits cellular contractility, while the collapse of
the vimentin structure increases cell contractile forces (Jiu et al., 2017, De Pascalis et al., 2018).
However, other studies like (Liu et al., 2015 and Chen et al., 2016), showed a decrease in
contractile forces despite knocking down of vimentin and disruption of vimentin structure
respectively, which does not fit with the expected results. Potential explanations for these
different results might be these studies using different potential methods to knockdown
vimentin, using different methods to measure contractility, action of vimentin via different
pathways or making unsupported assumptions while carrying out experiments. However, none
of these reasons is enough to justify having contradictory results to the established

understanding of the topic.
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1.11.3 Role of Microtubules in Contractile forces in cancer

Studies like Al-Rekabi, Haase and Pelling, 2014 have been done on the role of microtubules in
fibroblast cells during cellular contractility. They have studied the molecular mechanism of
microtubule depolymerization on contractile forces. Previously, it was accepted that an entire
actin cytoskeleton is essential for the increase in traction stress regardless of myosin Il activity
or MT depolymerization. However, Al-Rekabi, et al.,, 2014 showed that microtubule
depolymerization alone is also responsible for inducing an increase in traction forces (Al-
Rekabi, Haase and Pelling, 2014).

Rape et al., 2011 carried out nocodazole mediated depolymerization of microtubules in
NIH3T3 fibroblast cells followed by treatment of myosin Il with blebbistatin. Next, TFM was
used to measure the contractile forces for cells both before and after microtubules
depolymerization. Since traction forces are generated by myosin-lI-mediated contractility,
therefore treatment with blebbistatin, which is a potent inhibitor of myosin Il ATPase will
inhibit traction forces. However, there was a 5-fold increase in traction force after nocodazole
treatment upon microtubule depolymerization in cells with the myosin Il inhibited, suggesting
a myosin-1l independent focal adhesion kinase regulated pathway (Rape, Guo and Wang,
2011). Kraning-Rush et al., 2011 treated highly metastatic MDA-MB-231 carcinoma cells with
nocodazole to inhibit microtubules and analysed for changes in cytoskeletal organization and
cellular contractility in both 2D and 3D. In order to quantify contractile force, TFM was used
in both 2D and 3D substrates. Results showed that the contractile forces generated were
identical in 2D and 3D matrices, and that disruption of microtubules in either
microenvironment increased cellular contractile forces. Therefore, dynamic regulation of the
MT cytoskeleton is essential to suppress contractility in both 2D and 3D matrices (Kraning-
Rush et al., 2011).
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1.12 BJ Fibroblast Cell Model

Primary human foreskin fibroblast cells With telomerase reverse transcriptase

Immortalized

BJhTERT

Transformed

BIhTERT- BIhTERT-
Sv40T-Ras

Sv40T

With SV40T large antigen

Metastasised

With oncogenic allele of H-ras gene (H-ras\V12)

Figure 1.18: Overview of this Project’s Cell Model (Prepared by Azeer Zafar using Microsoft PowerPoint).
This figure shows the cell model that is used in this project along with all the treatments that were performed

to obtain the correct cells for testing in the project.

As explained above, metastasis is not a single step process but one that takes over multiple
steps in which normal cells transform gradually to malignant, tumour cells due to genetic
changes. My project also is based upon such a cell model, which uses 4 different types of cells
that are all isogenically identical. These 4 types of cells include normal BJ human fibroblasts
that were first discovered by the Weinberg scientific team that have gone through different
stages of modification including immortalization, transformation and metastasis. This cell
model uses a cell line, of which the first type is made of primary human foreskin fibroblast
cells (referred to as BJ cells), the second type of cells are formed when the BJ cells are
immortalized with telomerase reverse transcriptase (referred to as BjhTERT cells), the third
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type of cells is when BJhTERT cells are transformed using the SV40 T-antigen (to form
BJhTERT-SV40T-variant) and the fourth type of cells are when the BJjhTERT-SV40T-variant
is artificially metastasized by adding the oncogenic allele of the H-ras gene, H-rasV12
(referred to as the BJHTERT-SV40T-Ras) (Hahn et al., 1999) (Figure 1.18). This model is
effective since several studies have used such models where different genetic components like
cancer genes have been introduced to various cell lines and this has allowed us to artificially
observe the natural steps of the growth of metastasis in humans in a controlled laboratory
setting (MacKenzie et al., 2002).

In terms of morphology, the main BJ cells have a longer clearly defined shape, which breaks
down, becomes irregular and cannot be clearly observed when the cells progress to their next
stages after transformation and metastasis. This change in shape can also be seen in certain
cellular components where some like the microtubules retain their shape all throughout the
different cell conditions but others like the golgi apparatus have their shape changed due to a
change in phenotype in cells that have been transformed. The process of transformation and
metastasis also leads to increased nucleoli in these cells due to their proliferation.

The reason there are large changes in this cell model only at the third stage, which is the large-
T antigen transformation (BJhTERT Large-T) is because large-T antigen transformation
mediates its actions due to the inhibition of the p53 family of tumour suppressors. Large-T
binding reacts with p53, and the transformed cells have inactive p53. This in turn leads to a
situation where up to 856 genes are expressed. This also results in the loss of the morphology
of the fibroblast cells. These factors in addition to fibroblast activation protein (FAP) and o-

smooth-muscle actin (ACTA2) allow for major cellular differentiation after SV40T expression.

Using a 4-stage cell model based on human fibroblasts, we can cover the entire spectrum of
cell types present during cancer allowing us to observe and determine the mechanisms and
pathways involved in cancer spread as well as studying the other hallmarks of cancer. Ideally,
this would be done in vivo however due to practical limitations this model is the best option

to study metastasis.

We can therefore use this cell model in our experiments since the cells are isogenically matched
and that allows us to ensure the validity of the results obtained when normal and metastasising
cells were compared regarding their contractility, cell-matrix adhesions, stiffness and cell

spreading area.
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1.13 Hypothesis and Aims

1.13.1 Project Hypothesis and Aims

The main aim of this project was to determine the effect of HDAC6 on the contractile forces
of oncogenically transformed, isogenically matched, metastasising human BJ fibroblasts and
the molecular mechanisms that control these contractile forces in BJ fibroblasts for future

development of anti-cancer drugs.

We hypothesized that a higher expression of HDAC6 increases contractile forces in

metastasizing BJ fibroblasts. This hypothesis will be tested by the following aims:
Aim 1: Optimize the TFM technique to allow for measurement of contractile forces in cells.

Aim 2: Determine and compare the differences in contractile forces of normal, metastasising

and tubacin treated metastasising cells using the BJ model.

Aim 3: Determine and compare the differences in contractile forces of normal, metastasising

and HDAC6 siRNA knockdown treated metastasising cells using the BJ model.

Aim 4: Determine and compare the effect of HDACG6 inhibition on the morphological
properties and nuclear forces on normal, metastasising and HDAC6 siRNA knockdown treated

metastasising cells using the BJ model.

Aim 5: Determine and compare the effect of HDAC6 inhibition on focal adhesions in
normal, metastasising and treated metastasising cells to measure cell spreading and

invasiveness.
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Chapter 2 — Materials and Methods

2.1 Cell Culture

The project is based upon a previously used cell model, which uses 4 different types of cells
that are all isogenically identical. These 4 types of cells include normal BJ human fibroblasts
that were first discovered by the Weinberg scientific team that have gone through different
stages of modification including immortalization, transformation and metastasis. This cell
model uses a cell line, of which the first type is made of primary human foreskin fibroblast
cells (referred to as BJ cells), the second type of cells are formed when the BJ cells are
immortalized with telomerase reverse transcriptase (referred to as BJhTERT cells), the third
type of cells is when BJhTERT cells are transformed using the SV40 T-antigen (to form
BJhTERT-SV40T-variant) and the fourth type of cells are when the BJhTERT-SV40T-variant
is artificially metastasized by adding the oncogenic allele of the H-ras gene, H-rasV12
(referred to as the BJHTERT-SV40T-Ras) (Hahn et al., 1999). This model is effective since
several studies have used such models where different genetic components like cancer genes
have been introduced to various cell lines and this has allowed us to artificially observe the
natural steps of the growth of metastasis in humans in a controlled laboratory setting
(MacKenzie et al., 2002). Previous studies have also shown that SV40T and H-Ras oncogenes
when introduced to fibroblasts have resulted in cancerous tumours in different organs of the

body.

In terms of morphology, the main BJ cells have a longer clearly defined shape, which breaks
down, becomes irregular and cannot be clearly observed when the cells progress to their next
stages after transformation and metastasis. This change in shape can also be seen in certain
cellular components where some like the microtubules retain their shape all throughout the
different cell conditions but others like the golgi apparatus have their shape changed due to a
change in phenotype in cells that have been transformed. The process of transformation and

metastasis also leads to increased nucleoli in these cells due to their proliferation.

The project used the BjhtertSV40TRasV12 cells (SV40T-RasV12), and the non-transformed,
normal, and immortalized Bjhtert cells as control cells (See Section 1.12 and Figure 1.18).
Cells that were used were cultured in Dulbecco’s modified Eagle’s medium (DMEM solution)
that had been augmented with 10% foetal bovine serum (FBS) and 100 U/mL penicillin and
100 pg/mL streptomycin at 37°C in 5% carbon dioxide. Cells have been processed with DMSO
or 10 uM tubacin.
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2.2 Microscopes

Two microscopes were used primarily for the research project, which included the Zeiss Cell
Discoverer 7 (CD7) Microscope (Figure B) and the Zeiss LSM 980 Microscope (Figure A).

Figure 2.1: Overview of Microscopes Used (Images taken by Azeer Zafar)

A: Zeiss Light Scanning Microscope (LSM 980). This microscope was used primarily for

confocal microscopy.

B: Zeiss Cell Discoverer 7 (CD7). This microscope was used to perform TFM and for live

cell imaging.
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The CD7 is a live-cell imaging microscope that can run the TFM technigue once the technique
had been set up and optimized. This microscope also had access to temperature control and a
CO2 pump that allowed for cells to stay alive while experiments are being performed. The
other microscope that was used was the Zeiss Light Scanning Microscope (LSM 980), which
is a confocal microscope that allowed the comparison between cells with regards to their cell-
matrix focal adhesions and cell spreading area in super resolution without compromising on
picture resolution. The LSM 980 also had an incubation system, which made it suitable for
working with live cells. This equipment incorporated the Airyscan 2 and Elyra 7 super-

resolution systems.

2.3 siRNA Transfection

The knockdown of the HDACG6 protein in the metastasising BjhTERT-SV40T Ras cells was
done using siRNA according to the instructions provided by the manufacturer. According to
the experimental design that was planned, cells were seeded at 40,000 cells/well in a P12 well
plate that were sourced from STARLAB International, Germany and are the CC7682-7512
model. . These cells were incubated for 24 h in DMEM media augmented with 10% FBS and
100 U/mL penicillin and 100 pg/mL streptomycin.

The actual process of transfection was performed on BjhTERTSV40TRas cells using the
Hiperfect Reagent (model 301704). This transfection reagent used both the Hs HDAC6 type5
and the Hs HDAC6_type6 FlexiTube siRNA (model 1027417) for transfection along with the
negative control siRNA (model 1022076). These transfection reagents were used at a
concentration of 25 nM after 96 hrs of incubation. All the transfection reagents were sourced

from Quiagen, Germany.

Initially, the plan was to treat the cells for 24 hours but when the cells were lysed and the
amount of HDAC6 proteins was detected via western blotting, it was determined that treatment
times had to be increased since HDAC6 had not been knocked down. This was followed by
treatment for 48 hrs and 72 hrs before finally choosing 96 hrs because that is when HDAC6
knockdown finally took place by the siRNA and was confirmed by western blot. At the end,
the cells that had been successfully transfected were incubated for at least two passages and

then knockdown was reconfirmed using western blot analysis.
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2.4 Western Blotting

All the cellular proteins (25ug/lane) were separated using Stain free precast polyacrylamide
gels (4%-20%) (4568094, Bio-Rad Laboratories Ltd.), and western blot procedures were
performed as described previously (Evans et al., 2022).

The list of antibodies which were used are listed as follows:

anti-mouse-acetylated-a-tubulin (T6793, Sigma Aldrich)

anti-rabbit-a-tubulin (ab176560, Abcam)

anti-mouse-GAPDH (60004, Proteintech)

anti-rabbit-HDAC6 (NB100-56343, Novis Biologicals)

HRP-conjugated goat anti-mouse/rabbit

Secondary antibodies (GtxRb-004-DHRPX/GtxRb-003-DHRPX, Immunoreagents).

YV V. V V V V

The bands obtained from the western blots were quantified using the ChemiDoc Imaging
System (Type: 12003154) and Image Lab Touch 2.4, version 1709691 software. In addition,
to determine the ration between the acetylated-a-tubulin/a-tubulin, the western blots were
stripped using a Stripping buffer (Cat: 21059, Thermo Scientific) before they were re-probed.
GAPDH has a molecular weight of 36 kD while HDACG6 has a molecular weight of 150-160
kD.

Gel electrophoresis was performed using Stain Free precast polyacrylamide gels (5%—-22%)
from BioRad. Gels obtained were then treated in an electrophoresis tank that had
electrophoresis running buffer (BioRad) that had been diluted by 10 using distilled water. Cell
solutions (50-80pug, maximum 50ul) were treated with 6x sample loading buffer and heated to
110°C for 10 minutes and cooled at room temperature. Precision Plus Protein Dual Colour
Standards (BioRad) were used to identify the proteins on the bands based on their molecular
weights. This was done by running the gels at a constant voltage of 200V for 45-60 minutes

depending on the level that each protein needed to be separated for.
2.5 Measurement of Contractile Forces: Traction Force Microscopy

There are several techniques that can be used to measure the contractile forces of cells. These
include Traction force microscopy (TFM), microfabricated post array detectors (mPADS),
collagen gel contraction assay to name a few. Each technique works on different principles,

has different advantages, and disadvantages which needed to be considered before using these
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techniques. However, this project used only TFM because it was the most relevant and widely

used technique compatible with this project.

Traction force microscopy (TFM) allows us to measure traction forces on an elastic substrate
thereby providing us quantitative information on the value of the contractile forces being
exerted by a cell. TFM is a very commonly used technique to measure contractile forces in
cells. This is because it can be easily performed on a simple laser-scanning confocal

microscope (Sabass et al., 2008).

In TFM, cells are seeded on a polyacrylamide gel substrate containing fluorescent beads and is
coated with a layer of collagen. First, the cell adheres to the gel and contracts the gel. This cell
that is adhered to the gel, exerts force and is in a strained position. Then, the gel is imaged and
the position of the fluorescently labelled red beads within the gel substrate are recorded as they
are in a fixed position (Figure 2.2A). Next, trypsin is added to detach the cell from the gel
which relaxes the gel and allows the beads to be displaced from their initial positions. This
displacement of the beads is filmed using a microscope. This allows us to measure the
movement of the cells since the distance moved by the displaced beads from when gel is
contracted to when the gel relaxes is equivalent to the contractile force exerted by the cell
(Figure 2.2B). TFM allows for the quantification in terms of increase or decrease of contractile
forces exerted by the cells on gel substrate displacement under contraction. Therefore,
measuring bead displacement shows the magnitude of contraction (Plotnikov, Sabass, Schwarz
and Waterman, 2014).

The images obtained were analysed using ImageJ/MATLAB software via the following
process. First, the gel is deformed by the action of the forces exerted by the cells on the elastic
gels. This causes the displacement of fluorescent beads that are embedded in the gel. Then the
images of bead positions are created, aligned, and cropped. Next, using the ImageJ plug-in
Particle Image Velocitometry (P1V), displacement of beads is measured. Finally, the traction
force is measured using the Fourier Transform Traction Cytometry (FTTC) method plug-in,
exerted by the cell based on four parameters, which are the Image Pixel Size, Poisson Rate
(normally 0.5), Gel Stiffness (the project used 12 kPA gels) and Regularization Factor Plugin
(Fig 2.3).

The experiment used pre-prepared 12 kPa Matrigen SoftTrac™ hydrogels that were coated
with collagen and were embedded with 0.2 um green/yellow fluorescent beads sourced from

Cell Guidance in Cambridge. Attached cells seeded at 2500 cells/cm2 and fluorescent

97



embedded beads were imaged on the plates at a 40x magnification using a Zeiss Cell
Discoverer 7 Fluorescent Microscope (Figure 2.1B) that was purchased from Carl Zeiss

Microscopy.

The images obtained of the fluorescent beads present in a gel at relaxed position were taken
after treating the gel for 5 minutes with a solution of 0.5% (w/v) Triton-X-100 and 20 mM
NH4O0H PBS to remove any other cells present on the gel. Displacement of beads before and
after the removal of cells was tracked by PIV followed by FTTC using a modified Imagel
macro that was shared by Dr. S. Lee (Lee and Kumar, 2020) from a previously described
method (Martiel et al., 2015). This allowed me to determine the size of the corresponding cell
traction force field generated by the cell. Also, the total traction forces (in N) were quantified
by adding traction forces over the area occupied by the cell. The elastic energy (in J) stored in
the gel to allow it to exert the observed deformation was calculated by summing the products

of displacement with the force over the cell area.
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Figure 2.2: Overview of TFM Force Measurement using Microscope. (Made by Azeer

Zafar using Microsoft PowerPoint)
This figure shows (A) a cell attached to a polyacrylamide gel by exerting contraction on the
gel and holding the fluorescent beads in place while (B) shows the cell detached from the gel

causing the beads to relax and spread proportional to the contractile force exerted by that cell.

This movement of beads is measured by a CD7 microscope and analysed using FIJI/ImageJ

software.
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The project involved preparing and designing a custom protocol for TFM since this was the
first time TFM was being performed in my research lab. I worked extensively to design the
protocol below, which was then successfully applied in my lab and was successful in giving us
the data and results for the measurement of contractile forces for the cells that were being tested

in my project.
Custom Designed TFM Protocol:

1. Preparing the sample- The desired cell line was cultured in the right medium under
the correct environmental conditions. The live-cell imaging medium was prepared by
adding FBS and L-glutamine to DMEM, which lacks phenol red. On the day of TFM,
incubate polyacrylamide gels for 30 min at 37°C with live-cell imaging media before
the experiment. Use trypsinization to harvest the transfected cells, suspend in live-cell

imaging medium, and plate on TFM substrates for desired time (Plotnikov et al, 2014).

2. Setting up the microscope chamber for TFM in order to acquire TFM images-
Assemble the perfusion chamber inside the microscope according to the Zeiss CD7,
ZEN 2.1 (blue edition) manual from page 17, First steps subtitle. Focus the lens on the
yellow-green, fluorescent beads in the gel. Cells can be imaged by locating the yellow-
green, fluorescent beads marker under the cell. Take a phase contrast image of the cell,
in order to show that there are cells present. Take time-lapse TFM images or films by
parallel filming of fluorescently labelled beads or microspheres. Cells were detached
from the TFM substrate by perfusing the cells with 5 mL 0.5% trypsin and incubating
them on the stage for three minutes to detach the cells. Another phase contrast image
of the cell was taken to confirm that the cells have detached. Save the images and films

taken in both the czi. format and .tiff format for future analysis (Sabass et al, 2008).

3. Calculating traction forces with Fourier-transform Traction Cytometry (Fig 2.3)-
Before calculating the traction forces, the images were first adjusted for brightness and
improved quality of bead recognition. For calculation with FTTC, the images are
interpolated on to a rectangular grid that covers the whole image. The bead
displacement is measured by the change of the bead’s position between the initial
reference (seen as black dots) and in presence of contractile force (seen as coloured
dots), in a process called Particle Image Velocitometry (P1V). Bead Displacement is

then calculated by equations of linear elasticity via 2 functions, the force exerted by the
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cell and the gel mechanical characteristics (like the Young’s modulus and Poisson
Ratio). The plug-in FTTC is used to measure the contractile force, which is exerted by

the cell and results in gel deformation and bead displacement (Gad et al., 2012).

4. Presenting TFM Data- Finally, the contractile forces of the cells obtained from
measuring the cells displacement were taken from imaging the fluorescent beads
embedded inside the hydrogel. After considering the different experimental conditions,
high resolution images were taken, and a map of the displacement field was generated.
the Contractile force was determined by calculating the force exerted (J), which is the
total amount of energy transferred from the contracting cell to the substrate (gel) on
which it adheres. The data sets were represented as maps of bead displacements and

their corresponding tractions. (Sabass et al, 2008).

This detailed protocol allows for quick and easy application of the TFM technique to measure
contractile forces between different cells as well to be able to analyse the results obtained. This
is important as being able to set up and run the TFM technique is crucial to the project since
this is the main technique which is used to measure the contractile forces of cells and is the

main focus of the project.

During TFM analysis, the computational analysis assumes that the polyacrylamide gel on
which the cells are cultured, and the experiment is performed is a homogenous, static gel of
fixed structure. This means that it is important for the gel to remain constant in order to get
accurate results and any changes from these factors will bias the force result that is obtained.
There are several factors that determine a part in the quality of the gel that is used and its
reproducibility, and these factors include the formulation of the gel, the time taken for gel
preparation and the conditions in which the gel is stored. Hydrogels need to be carefully stored
since they have a high chance of suffering from drying or aging (Martiel et al., 2015).
Nowadays, nearly all the gels that are used for TFM including the ones used in my project are
made of polyacrylamide due to its unique properties which include limited stiffening and
immediate strain recovery (Dembo and Wang, 1999). Unfortunately, in some cases if the
deformation is too high it can cause the polyacrylamide hydrogel to stiffen (Boudou et al.,

2009).
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Traction force microscopy
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Figure 2.3: TFM Images Analysis Method Overview: (Taken from Paluch, Biophysical

(A) Forces exerted on the cells plated on elastic gels deform the gel and cause the
displacement of fluorescent beads present in the gel. (B) Images are created, aligned, and
cropped. (C) Using the ImageJ plug-in PIV, displacement of beads is measured. (D) The
plug-in FTTC is used to measure the traction force, exerted by the cell based on four
parameters, which are a) Image Pixel Size b) Poisson Rate (normally 0.5) ¢) Gel Stiffness

Depending on the formula that is used to prepare the polyacrylamide gel, there can be

variations in the structure of the hydrogels that can cause changes and stiffen the gel over a

period of time or due to a change in temperature during storage (Denisin and Pruitt, 2016).
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Since the magnitude of traction forces that are being generated are extremely sensitive to
changes in substrate stiffness and contractility (Plotnikov et al., 2012; Elosegui-Artola et al.,
2016), any changes in the stiffness of the gel’s stiffness can affect the range of traction force
measurements being recorded. Embedding the gels with fluorescent beads to track contractile
forces is another source of variability that needs to be addressed (Lee et al., 2015). In addition,
the type of surface coating that is used on the polyacrylamide surface also affects the contractile
force generated despite their being no significant change in cell shape (Pompe ef al., 2011).
Therefore, it is important to consider all variabilities while calculating the contractile forces

during TFM.

As mentioned previously, the stiffness of the gels used during TFM is crucial in determining
an accurate result for the contractile force of different cells. There are several experiments that
require hydrogels to measure the effect of physical forces on cells including cell proliferation,
migration, differentiation. However, despite great strides in the field of mechanobiology,
preparing hydrogels with specific stiffness consistently remains a particularly challenging
issue, which in turn leads to inaccurate results during experiments that cannot be reproduced.
Most techniques that are popular today for measuring gel stiffness are expensive and
sophisticated making it difficult for more people to adopt these mechanobiology techniques
(Gandin et al., 2021). These gel measurement techniques include various kinds of Rheometric

Analysis, which measure the change in shape of different materials when they are under stress:

1. Atomic Force Microscopy (AFM): A technique which produces indentations
using a cantilever with a spherical tip on the gel surface. The deformation
caused by the cantilever is proportional to the stiffness of the substrate, in this

case the hydrogel (Whitehead et al., 2021).

2. Uniaxial Compression: A technique in which a continuous force is applied on
the gels at variable speeds until the integrity of the gel fails and this point of gel

failure is proportional to the stiffness potential of the hydrogel used.

Since these techniques are expensive, difficult to set-up and perform and usually give variable
results most experiments including mine use commercially prepared hydrogels of pre-defined

stiffness.

103



2.6 Live Cell Imaging

Live-cell imaging is the technique by which time-lapse microscopy is used to study living cells
and is used to better understand biological functions of cells. Most experiments use a

combination of fluorescence microscopy with live cell imaging.

Live cell imaging is not a very simple or easy technique and can be a challenge to perform.
There are certain factors that need to be considered before performing this technique such as
ensuring that the cells are healthy and moving normally when placed under a microscope. The
conditions under which cells are maintained are especially important as these conditions are
responsible for the whether the experiment is going to be a success or not. These conditions
usually include keeping the cells at the correct temperature as well as the right carbon dioxide

concentration.

Live cell imaging has several potential benefits in research, which include:

« Allowing for the visualization of transient events while monitoring live cells over time.

e Regulation of external factors ensures that the cells being studied are in their native

state.

e This technique prevents the formation of background items which can disturb the

quality of images obtained.

e Results obtained from live cell imaging cannot be obtained from any other technique.

It is for these reasons that my project used live cell imaging based on the instructions provided
in the paper (Evans et.al 2022).

According to this paper, BInTERT SV40T Ras cells were seeded at 103 cells/well in 10 well
slide chambers that had glass bottoms sourced from Greiner, model 543079. These cells were
then allowed to attach and proliferate for 48 hours. Next, the cells were treated with DMSO or
tubacin for 3 hrs, along with 0.05 pg/ml Hoechst nuclear stain to stain the nuclei of the cells.
Once the staining was complete, the cells were live cell imaged, with images being taken every
45 min for 18-24 h, using a 10x magnification Cell Discoverer 7 Fluorescent Microscope from
Carl Zeiss.
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In order to live cell image, the siRNA transfected cells, the cells were incubated for 72 hrs after
the siRNA transfection took place as this allowed for optimal knockdown efficiency to be
reached before the imaging. Analysis of 15 films were performed for both the control and the
tubacin inhibited HDACSG cells for both live cell imaging experiments.

2.7 Immunofluorescence Staining and Confocal Microscopy

Immunofluorescence (IF) microscopy is a commonly used technique of immunostaining and
is a type of immunohistochemistry that uses fluorophores to observe and locate the bound
antibodies.

IF microscopy can be divided into primary (direct) and secondary (indirect). The primary
technique involves using a single antibody that is bound directly to a fluorescent dye, which
then binds to the target molecule. Next, immunofluorescence microscopy is used to detect the
conjugated fluorescent dye that is bound to the target molecule thereby locating the target. This
technique is quicker due to fewer steps during staining and avoiding antibody cross-reactivity
or non-specificity which can affect the result due to increased background signal. The
secondary technique involves two different antibodies: a primary antibody, which only binds
to the target molecule, and a secondary antibody that is bound to the fluorescent dye, which
then binds to the primary antibody once it is attached to the target molecule. Although this
method is longer than the direct method with more steps, it is used since it is more flexible with
regard to experimental design, which results in better detection of the target through
amplification of signals and is simpler since the secondary antibody conjugates are widely

commercially available.

Confocal microscopy, or confocal laser scanning microscopy (CLSM) or laser confocal
scanning microscopy (LCSM) is a technique that uses light to image objects and provides
vastly improved resolutions. In confocal microscopy, light from an external source is shone
directly through the object and an image is formed. There are a several factors that must be
taken into account when using confocal microscopy in experiments such as the magnification
used, the size of the sample, the speed with which imaging will take place, the fluorescence

being used and the process by which the sample is prepared.

My experiment was carried out by first using cells that had been fixed and permeabilized in a

PBS solution that was made up of 3.7% formaldehyde, 0.1% glutaraldehyde and 0.2% Triton-
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X100. The actual immunofluorescent staining process was performed exactly as described in a

previous paper (Gad et.al 2012). The antibodies used were as follows:

anti-mouse-vimentin, clone V9 (V6389, Sigma Aldrich)
anti-rat-vimentin (MAB2105, R&D systems)
anti-mouse-p-Tyr (sc-7020, Santa Cruz)
anti-rabbit-B-tubulin (ab6046, Abcam)

Alexa-Fluor-488 phalloidin (Invitrogen)

Goat anti-mouse-Alexa-Fluor 555 (Invitrogen)

Goat anti-rabbit Alexa-Fluor 647 (Invitrogen)

YV V V V V V V V

Goat-anti-rat-Alexa-Fluor 647 (Invitrogen)

After treatment, the cells were imaged using the ZEISS LSM 980.
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2.8 Cell Shape Analysis
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Figure 2.4: Overview of Cell Shape Analysis (Made by Azeer Zafar using FIJI (ImageJ)
software)

This figure shows the software interface and the parameters that are selected in order to
automatically analyse the shape of the cell and quantify the results.

Cell shape is the large-scale expression of several organized biological processes which are
controlled by cytoskeletal interaction, the membrane bound proteins and the ECM. It is
especially important that we have the ability to analyse cell morphology now that microscopy
becomes more quantitative and higher throughput. It is important that we develop
computational tools which have the ability to extract, a quantitative and statistically significant
result from lots of data for the analysis of cell shape. Shape factors are used in image

analysis and microscopy that numerically describe the shape of a particle, independent of its
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size. Shape factors are calculated from measured dimensions, such as diameter, circularity,

aspect ratio, area, perimeter, etc.

In my experiment, the shape of the cells was quantified using the ImageJ software. This was
done by taking the images of the cells obtained and using a scale bar that allowed me to
calibrate the shapes of the cells at different points of time (2 hrs, 8 hrs, 12 hrs and 18 hrs). The
calibration allowed for drawing a clear manual border around the imaged cells in all the frames,
which then allowed me to measure the area and other physical features of the cell such as its
circularity and aspect ratio. During the analysis of the cell shape, the number of cells (shown
as treated/control) were as follows, 2 h (220/285), 8 h (196/286), 12 h (177/258) and 18 h
(177/224).

2.9 Migration Assay

Cell Migration is an essential property of live cells that is required for the normal growth of
cells, their immune response, and in disease progression such as cancer. The migration assay
is the most popular technique to measure cell migration, which is essential for biomedical
research such as cancer biology, among others. The principle of migration assay method is
quite straightforward. It involves a cell culture wound assay in which a tear is made on the top
layer of the cell monolayer. Next, the speed with which the wound closes and cell migration
takes place is quantified by imaging the wound with a microscope at several time intervals.
Studying cell migration is particularly important for cancer as the main cause of mortality in
cancer patients is because of metastatic progression. There are also other techniques which can
be used to measure migration, including transwell migration assays and invasion assays which

are the most widely used today.

Migration assay provides excellent results for cell migration. This technique can also be used
to investigate cell invasion by adding a coating of ECM on top of the membrane in order to
replicate the process by which the invasion of the ECM takes place. Additionally, results
obtained after the migration through the assay, staining of the proteins along with fluorescent
microscopy is invaluable for the morphological study of cells during 3D migration and

invasion.

In my experiment, the cells were seeded at 1000 cells/well in slide chambers, which were

sourced from Greiner, model 543079 and incubated for 24 hrs. 1 hr before the live cell imaging
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takes place, the solution was replaced with a fresh solution that had 0.05 g/mL Hoechst nuclear
stain, sourced from Invitrogen, type H3570. This was followed by 17 h live-cell imaging on

Cell Discoverer 7 (Zeiss, Germany), with images taken every 20 minutes.

2.10 Image Analysis

F1J1/Imaged, which is an open-source freely available image processing software was used to
calculate the morphology of a cell with a defined boundary. FIJI was also used to analyse the

contractile forces of cells obtained from TFM images (Schindelin et al., 2012) (Figure 2.5).
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Figure 2.5: Overview of FIJI (ImageJ) Software. (Made by Azeer Zafar)

This figure shows the software interface of the software that is used to detect, measure,

analyse and quantify the physical forces of cells along with cell boundaries.

In order to count the cells, the contrast of the image is first increased. This is done using the
Brightness-Contrast command but only works when the image is in the 8bit format. Next, the
Image-Adjust-Threshold function is used to divide the image into features that are being
measured, and the rest go to the background. Objects that are either too small, large or have
weird features are removed and then the particles are analysed using the required functions.
First, the scale on the image is set either manually or it will be automatically calculated using
pre-programmed parameters. The Analyse/Set Measurements are then used to calculate the
required information. FIJI also displays a list of measurements criteria that can be used for
measurement and analysis. For this task, Area is selected, and the Analyse Particles command

are then used as above (Figure 2.6).
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Figure 2.6: Overview of Image Analysis Function (Made by Azeer Zafar using FIJI
(ImageJ) software)
This figure shows the software interface and the parameters that are available in order to
automatically adjust the image settings in order to quantify image analysis.

F1J1 can also be used to measure the area of the nuclei of the cell. Image is adjusted for contrast,
followed by a limit being applied. Select the area of the cell which includes the region of
interest or even multiple regions of interests. Once all the regions of interests are selected, FIJI
automatically calculates the area of the desired cell as long as the scale bar has been accurately

set.

In my project, the videos obtained from live cell imaging were processed and the mean cell
migration speed and persistence of these cells is recorded using the Track Mate plugin present
in FLJI. For my cell shape analysis results, the images obtained after 9 hrs were used, and the
individual cells were selected manually and then followed by quantification by shape

descriptors by FI1JI version 1.53.
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Calculating the traction force of a single cell is normally based on measuring the deformation
of the cell-culture substrate in response to the force generated by the cell traction force
microscopy (TFM; Dembo and Wang, 1999), Different types of readings have been used to

determine the mechanical movement of the cells, which include

The force per cell adhesion (Plotnikov et al., 2012)

The force produced at cell ends (Rape et al., 2011b)

The average traction force of the cell (Rape et al., 2011a)
The integrated absolute forces (Reinhart-King et al., 2005)

V V V VYV VY

The contractile energy (Butler et al., 2002)

The last is the one which I believe best characterizes the mechanical effort generated by the
cell. However, for all of these readouts, the average values of all the individual cells are

normally used to represent cell traction forces.
2.11 Nuclear Force Analysis

The project measured the force that was necessary to exert the nuclear deformation that is seen
between the attached and detached states of the cells according to a previously described
method in another paper (Estabrook et al., 2021). The algorithm that was used in this paper
was modified to allow us to analyse the nuclear stained Hoechst nucleus images obtained from
the cells when they were imaged during TFM experiments. Briefly, cells were incubated with
Hoechst 33342 dilution (0.05pg/mL) for 30 min at 37°C prior to TFM imagining and nuclear
shape images were taken of the attached and detached cell states as described. The total force
that was obtained was calculated using a custom R script using the data obtained by combining

the total of the force vectors divided by the perimeter of the cells.

2.12 Statistical Analysis

The statistical analysis for the TFM measurements was performed using the data quantification
software GraphPad Prism software version 9.3.1. Ordinary 1-way ANOVA and t-tests were
used to compare between the different experimental conditions for energy, total force and max

force. Data was presented as mean.
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The statistical analysis for the focal adhesion sizes was performed using unpaired t-tests in the
data quantification software GraphPad Prism software version 9.3.1. The sizes and frequencies

of the focal adhesion that were obtained were used to make a histogram (bin size, 1 um?2).

The statistical analysis of western blots was performed using GraphPad Prism software version

9.3.1 and the data was displayed as mean * standard deviation or mean with SEM.

Also, the differences in results seen between groups were analysed using the Anova and
Student’s t-test, where p < 0.05 was taken as statistically significant. The mean values of the
aspect ratio, cell migration speed and persistence, cells from which debris is detached and left
behind during migration, filament distribution were analysed using the data quantification

software GraphPad Prism v.9.3.1.

Finally, for the migration analysis, the statistical analysis was also performed using the data
quantification software GraphPad Prism version 9.3.1. Ordinary 1-way ANOVA and t-tests
were used to compare between the different experimental conditions for mean speed, linearity

and cell shape. Identification of outliers was performed using the ROUT method (Q=1%).
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Chapter THREE — EXPERIMENTAL
RESULTS
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Chapter 3 — Experimental Results

3.1 TFM Optimization

The primary component of the project was to measure the effect of HDACG6 on the contractile
forces of metastasising human fibroblasts and compare them to normal fibroblast cells using
TFM as the main technique. Therefore, it was important to ensure that the TFM was properly
set up and ready to use to get clear and accurate results, especially as TFM was not established
in our research lab. | initially wrote a detailed and well researched protocol (Section 2.5), then
tested this extensively with multiple experiments to ensure it measured contractile forces of

cells.

To optimise TFM technique, metastasising Ras cells were first stained with the Hoechst nuclear
stain. The nuclei movement of these cells was filmed over 16 hours using different
concentrations of Hoechst stain under the CD7 microscope and with different seeding cell
numbers. Filming over 16 hours also allowed me to measure and determine the exact time
required for cells to adhere to the polyacrylamide gel surface that contained the fluorescent
beads used for TFM (Fig 3.1). Staining with Hoechst was done since the TFM technique was
not yet set up and filming for Hoechst stain in cells would help ensure that the metastasising
cells were attaching and seeding successfully with the polyacrylamide gel before the actual

experiment could begin.

Figure 3.1: Failed Hoechst Staining Images. (Images taken by Azeer Zafar)
Cells were imaged under different conditions and concentrations of Hoechst stain. However,
images obtained were not clear and there were several problems. Each experiment gave

different image results as can be seen in the two images above.
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Next, to optimise TFM and to confirm that the protocol could be used to measure the contractile
forces of BJ fibroblast cells on 2D gels, a Pilot experiment without any cells to ensure all the
components were working in sync was performed. Fluorescent beads that are necessary to view
and measure the movement of the cells were viable at this stage and the filming process,

confirming the microscope was effective and could be used to run TFM.

After this a complete pilot TFM experiment with actual cells was then run, this was to check
if the movement of the cells could be filmed and the contractile movement of these cells
could be measured, since this was the primary purpose of the microscopy technique as well as

a crucial aspect of the project.

Once the TFM method was optimised an experiment was set up using the BjnTERT-SV40T-
Ras cells, then cells were filmed overnight. This should have been followed by analysing the
film obtained to measure the bead displacement and the traction force (contractile force) of
the cells used, but unfortunately, several problems were encountered (see Table 3.1 for

specific details).

Further troubleshooting and analysis of the procedure determined that the errors that that
were being received along with the failure of TFM techniques were due to the cells dying
during the trypsinization process because of using a high concentration of trypsin to detach
the cells during filming. To resolve this, a Pilot trypsinization experiment was planned that
would answer if cells could be trypsinized in a 35 mm dish (which is what we use to seed the
cells and film them) for TFM technique (Fig 3.2, Fig 3.3).

Table 3.1: Troubleshooting TFM Process. List of problems faced (left) during set up and
running of TFM and the steps taken to resolve the problems (right).

Problems Faced Troubleshooting Steps

Cells dying while staining with Hoechst. Initial cell incubation time

Filming cell movement using the microscope | Cell numbers seeded in polyacrylamide gel
plate.

Difficulty with focusing on the cells in the | Changing the concentration of the Hoechst

microscope stain used to stain cells.
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Problems with adjusting the settings on the

microscope.

Changing the default magnification settings

on the microscope in order to focus better

Death of the cells being filmed (although
they were kept in optimum conditions, 37°C
and 5% CO2) probably due to the

trypsinization process.

Reducing the length of time for which cells
were filmed since extended exposure to

trypsin can destroy the cell membrane.

Inability to focus on the cells during filming

at the required magnification.

Changing the concentration of trypsin being

used for detachment of cells

Inadequate growth of the cells despite
seeding them under the right conditions and

for the required incubation period

Changing the temperature and CO2
concentration in which cells were kept.

Figure 3.2: Pilot TFM Experiment. (Images taken by Azeer Zafar)

(Left) The 35 mm polyacrylamide gel plate (hydrogel) that contains the yellow-green,

fluorescent beads. (Right) Filmed the gel plate at 60x and the experiment was a success since

the fluorescent beads (green) that are necessary to determine the contractile forces of the cells

were viable and the filming process also ran smoothly.
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Figure 3.3: Failed Pilot TFM Experiment (Images taken by Azeer Zafar).

(Left) 20x Brightfield Alexa 488 with no significant cells seen. It is unclear what has
happened to the cells since they were clearly present during seeding. (Right) 20x Yellow
Green fluorescent channel where fluorescent beads are not clearly seen and do not seem

viable. Field is also hazy which might be due to changes in the microscope settings.

In this troubleshooting experiment, three different concentrations for trypsin were used and the
correct trypsin concentration (1%) was determined, which could be used to detach the cells
without killing them. The problem of trypsinizing the cells once they were inside the CD7
microscope was also resolved since this is a closed microscope with only a small inlet at the
top from which I had to manually pipette the trypsin into the 35 mm plate. The reason for this
is that once the plate is inside the microscope and the initial position of the cells has been filmed
and recorded, the next stage is trypsinization in order to detach the cells so that their final
position can also be recorded. However, this must be done in the same frame where the single
cell is present. If the plate is removed in order to add trypsin, then the frame and position of
the single cell is lost, and the traction force cannot be measured any more. Therefore, the trypsin
must be added to make from the inlet in the top and because the lid of the 35 mm plate is closed,

the lid had to be removed before placing the plate in the microscope to add the trypsin.

Once all the issues had been resolved, the entire TFM experiment was re-run which gave

results that could be analysed.
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3.2 Focal Adhesions Quantification Analysis Optimization

In addition to measuring contractile forces of cells using TFM, | also measured the cell-matrix
focal adhesions and cell spreading area of normal fibroblast and metastasising Ras cells with
HDACSG6 being inhibited using Tubacin or knocked down with HDAC6 siRNA. To perform
these experiments, | designed an experiment that allowed me to fix cells and stain the cells with
different antibodies for focal adhesions, vimentin, and actin. | then used the LSM 980 confocal
microscope to image these fixed stained cells which were then later quantified using
ImageJ/F1J1. This then required focusing further on troubleshooting, which mostly involved
repeating the experiment several times but changing certain properties or settings each time
(Table 3.2).

Table 3.2: Troubleshooting Focal adhesion quantification analysis. List of problems
faced (left) during set up and running of measuring focal adhesions and the steps taken to

resolve the problems (right).

Problems Faced

Troubleshooting Steps

Cells dying after seeding them.

Changing initial cell incubation time.

Difficulty with focusing on the cells in the

microscope.

Changing the focus settings of the

microscope to get better images.

Problems with adjusting the settings on the

microscope.

Changing the default magnification and
zoom settings on the microscope in order to

focus better.

Inability to focus on the cells during filming
at the required magnification.

Changing the type of primary and secondary
antibodies that I used to stain the cells in

order to get better signals.

Breakdown of the microscope while

operating it during imaging.

Changing the concentrations and volumes of
primary and secondary antibodies that I used
to stain the cells in order to get better signals.

Cracking of coverslips on the slides during

imaging.

Taking regular break intervals in between
imaging to prevent the microscope from
overheating and shutting down and stopping

the experiment.
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3.3 Comparing the difference in contractile forces of normal, metastasising

and tubacin treated metastasising cells.

Result: Inhibiting HDACS via tubacin leads to a decrease in the maximum traction force

exerted by metastasising cells.

Previous studies have shown that metastasising cells have increased contractility than normal
non-metastasising cells and it is this factor that makes metastasising cells more invasive in
cancer. Previous studies have shown that there is a direct correlation between the force exerted
by cells on their environment and their ability to invade their surroundings (Kraning-Rush et
al., 2012). | therefore aimed to determine if oncogene-expressing, invasive and metastasising
fibroblasts show increased cellular contractile force, as compared to normal control, and if so,
if this is mediated by an HDACG6- dependent molecular mechanism. Studies show that this
increased contractility can be attributed to HDACG6, and it is important to test this fact.
Therefore, an experiment was planned and designed to test the difference in contractile forces
between normal and metastasising BjhTERT cell lines. This was further expanded on by
inhibiting the HDAC6 in metastasising BJhTERT cells using tubacin to compare how the
contractile forces change. The experimental design, designed by me was used to test the

conditions is shown below (Fig 3.4).

Before evaluating the contractile forces of the cells, a western blot was performed with the
assistance of Dr Ana Lopez, my technical supervisor to measure the expression of HDACG in
normal BjhTERT and metastasising BjhTERTSv40TRas cells (Fig 3.5A) and the results clearly
show an increase of HDACG6 expression in the metastasising cells when compared to normal
control cells. These results confirm previous studies (Rathje et al., 2014, Lea Feld, 2020) that
claim that HDACG6 expression is overexpressed in metastasising cells when compared to

normal cells.

Next, the contractile forces were measured by me, and the results obtained give both
guantitative measurements of contractile forces as well as qualitative traction maps that show
the contractile force that is being exerted on representative images (Fig 3.5B & Fig 3.6).
Traction force heat maps for both cell conditions, as well as metastasising cells that has HDAC6
inhibited with tubacin, were assessed (Fig 3.5B). The yellow lines show the traction force
boundaries of all the cells in the images below. The results from these images show a clear
increase in traction force in metastasising cells (middle image) when compared to normal cell

(left image), which is in line with the results that show increased HDAC6 expression in
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metastasising cell. However, when the metastasising cell is inhibited using HDACG6 inhibitor
tubacin (Fig 3.5B), the traction force decreases (right image) and becomes closer to the force

in normal cells (left image).

Traction forces were then quantified and used to measure cellular contractility in the form of
three separate aspects (Fig 3.6). These include the energy that is present in the cell and is
required to produce the required contraction of the cell in picojoules (pJ) known as elastic
energy (left), the ratio of the force exerted by the cell proportionally divided by the area covered
by the gel on the polyacrylamide gel, known as total force in piconewtons (pN) (middle) and
finally the highest value of the force (max force) that is exerted by the cell on the gel in pascals
(Pa) known as maximum force (right). The measured traction force in metastasising cells
(BJhTERTSV40TRas + C) was similar to the traction force as measured in control cells
(BJhTERT), however there was an increase in the levels of maximum contractile force (P <
0.01). However, treating the metastasising cells with HDACG6 inhibitor Tubacin led to a
decrease in the elastic energy, the total force, and the maximum force of metastasising cells
significantly when compared to untreated metastasising cells and brough contractile forces
closer to normal (P < 0.01). Looking at these results show us that the ability of cells to exert
contractile forces on their surrounding environment increases in metastasising fibroblasts, and

this is controlled by higher levels and/or activity of HDACG.
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Experimental Design
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1. Take Image with cell phone to record cell density.
Day 2: 2. Focus the Cell Discoverer 7 microscope on one cell and take a Brightfield image at 20x magnification.

3. Next, focus and film (for 15 min) the movement of the beads at 50x with the Micrascope in the Alexa Fluor 488 nm
channel based on the information from the protocol®

4. After 2 minutes; Dropwise, add 0.3ml of 10X trypsin to the cells through the hole at top of hydrogel dish without
maving the dish.

5. Continue filming for anather 5 mins for a total of 20 mins.

6.  After stop of film, take a final Brightfield image of the edge of the cell to locate their final positions.

Day 3: l
Y Y

Open Image] software and open following plugins for analysis:
1. Particle Image Velocitometry, PIV plugin for bead displacement

2. Fourier Transform Traction Cytometry, FTTC plugin to measure traction force,

Figure 3.4: Experimental Design of TFM with HDACSG inhibition. (Made by Azeer Zafar using
Microsoft PowerPoint)

The experimental design compares between the differences in contractile forces in all 3 cell conditions
(normal BJhTERT, metastasising BJhTERTSv40TRas and tubacin treated metastasising
BJhTERTSv40TRas cells.
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Figure 3.5: TFM Western Blot and Traction Maps with HDACS6 inhibition. Metastasising cells show

an increase in the maximum force, which again decreases back to normal levels after treating the

metastasising cell with Tubacin to inhibit HDACS6. (Taken from Azeer Zafar’s Paper Lopez-Guajardo et

al., 2023)

(A) Western Blot shows the amount of HDAC6 protein and GAPDH loading control present in normal

BJhTERT cells, metastasising BInTERTSv40TRas cells and tubacin treated metastasising cells. (B)

Representative maps of traction force visible in normal control cell, metastasising control cell and tubacin
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treated metastasising cell, with coloured scale key that shows the magnitude of traction force, in Pascals.

Scale bar: 20 um. Maximum traction force: 3796 Pascals.
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Figure 3.6: Cellular Contractility Quantification with HDACSG inhibition. Results show a
significant increase in max force which is then significantly reduced back and is comparable to
max force levels of normal cells after tubacin induced inhibition of HDACS6. (Made by Azeer

Zafar using FIJl/ImageJ software and taken from Azeer Zafar’s Paper Lopez-Guajardo et al., 2023)

The corresponding quantification on the left side shows the traction force spread by a cell over the cell
area, known as total traction force, the middle shows the total elastic strain energy, and the right side
shows the maximum force exerted by cells. This data has been obtained from at minimum three
biological repeats, represented as mean + SD. *p < 0.05, **p < 0.01. 55 individual cells were checked,

measured and analysed in order to obtain the data for this figure.
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3.4 Comparing the difference in contractile forces of normal, metastasising
and siRNA HDAC6 knockdown treated metastasising cells.
Result: Knocking down HDACSG via leads to an increase in the traction force exerted by

metastasising cells.

Since this project involved testing the effect of removing HDACG6 from a metastasising cell
model on contractile forces and metastasis, it was not enough to merely enough to observe the
effect of HDACG6 removal by inhibiting HDACG6 using Tubacin. Therefore, the project was
continued by further determining if whether it was only the activity of HDACG6 or also HDAC6
levels that were seen in metastasising cells that were responsible for the increase in contractile
forces in metastasising cells. Therefore, another experiment was planned and designed by me
to test the difference in contractile forces between normal and metastasising BjhTERT cell
lines. This was further expanded on by knocking down HDAC6 with siRNA and analysing the
contractile forces in metastasising cells with or without HDAC6 and compared to normal

BJhTERT cells. The experimental design used to test the conditions is shown below (Fig 3.7).

Before testing the contractile forces of the cells, another western blot was performed by me
and Dr Ana Lopez to measure the expression of HDACG6 in normal BjhTERT and metastasising
BJhTERTSv40TRas cells (Fig 3.8 A) and the results clearly show an increase of HDAC6
expression in the metastasising cells when compared to normal control cells. These results
confirm previous studies (Rathje et al., 2014, Lea Feld, 2020) that claim that HDACG6

expression is overexpressed in metastasising cells when compared to normal cells.

Next, the contractile forces were measured by me, and the results obtained give both
quantitative measurements of contractile forces as well as qualitative traction maps that show
the contractile force that is being exerted on representative images (Fig 3.8 B & Fig 3.9). The
next figure shows these representative traction force heat maps for both cell conditions as well
as metastasising cells that have HDACG6 siRNA knockdown. The yellow lines show the traction
force boundaries of all the cells in the images below. The results from these images show a
clear decrease in traction force in metastasising HDAC6 siRNA control cells (middle image)
when compared to normal BJhTERT cells (left image) but this trend is reversed and there is
again an increase in traction forces in treated metastasising cells with HDAC6 siRNA
knockdown (right image) (Fig 3.8 B).

Next, the traction forces were quantified by me using FIJI/ImageJ software and used to

measure cellular contractility in the form of three separate aspects (Fig 3.9).
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These include the energy that is present in the cell and is required to produce the required
contraction of the cell in picojoules (pJ) known as elastic energy (left), the ratio of the force
exerted by the cell proportionally divided by the area covered by the gel on the
polyacrylamide gel, known as total force in piconewtons (pN) (middle) and finally the
highest value of the force (max force) that is exerted by the cell on the gel in pascals (Pa)
known as maximum force (right). The metastasising siRNA negative control cells
(BJhTERTSV40TRas + C siRNA) showed significantly decreased levels of total strain
energy, total traction force and max force when compared to normal control cells (BJhTERT).
However, this effect is reversed in treated HDAC6 siRNA metastasising cells
(BJhTERTSV40TRas + HDACG6 siRNA) and there is a significant increase in levels of total
strain energy, total traction force and max force when compared to negative control cells
(BjhTERTSv40TRas + C siRNA) and also normal cells (BjhTERT) (P < 0.01). Looking at
these results show us that the contractile forces of cells can be controlled and supressed via
the HDACS protein levels.
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Experimental Design
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Figure 3.7: Experimental Design of TFM with siRNA HDAC6 knockdown. (Made by Azeer Zafar

using Microsoft PowerPoint)

The experimental design compares between the contractile forces in all 3 cell conditions (normal
BJhTERT, negative HDACG6 siRNA control metastasising BJnTERTSv40TRas and treated HDACG6
SiRNA metastasising BJh TERTSv40TRas cells.
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BJhTERTSv40TRas BIhnTERTSv40TRas
+ C siRNA + HDAC6 siRNA

Figure 3.8: TFM Western Blot and Traction Maps with sSiRNA HDAC6 knockdown. Knockdown of
HDACSG6 via siRNA leads to an increase in the contractile forces of metastasising cells (Taken from
Azeer Zafar’s Paper Lopez-Guajardo et al., 2023)

(A) Western Blot shows the amount of HDAC6 protein and GAPDH loading control present in
metastasising cells transfected with control SIRNA or HDACG6 siRNA (B) Representative maps of traction
forces, visible in metastasising cells with control siRNA and metastasising cells with HDACG6 siRNA with

the coloured scale key that shows the magnitude of traction force in Pascals. Scale bar 20 um. Maximum

traction force: 2282 Pascals.
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Figure 3.9: Cellular Contractility Quantification with SiRNA HDACG6 knockdown. Results show
that knocking down HDACSG via siRNA leads to an increase in the contractile forces of
metastasising cells- (Made by Azeer Zafar using FIJI/ImageJ software and taken from Azeer Zafar’s
Paper Lopez-Guajardo et al., 2023)

The corresponding graphs on the left side shows the traction force spread by a cell over the cell area,
known as total traction, force the middle shows the total elastic strain energy and the right side shows
the maximum force exerted by cells. This data has been obtained from at minimum three biological
repeats. Data presented as mean **p < 0.01. + SD. *p < 0.05. 52 individual cells were checked,

measured and analysed in order to obtain the data for this figure.
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3.5 Observing how inhibiting HDAC6 affects the intracellular forces of the
nucleus and physical properties of normal, metastasising and tubacin
treated metastasising cells.

Result: There is a strong correlation between metastasising cells and a reduction in the
intracellular force that is being exerted on the nucleus, with a link to HDACG6 inhibition

via tubacin.

The project also measured if there was a change in the intracellular forces that are exerted by
cells on their nucleus especially in metastasising cells when treated with HDAC6. Emerging
studies show that the cell nucleus has several mechanical properties that are linked to the
cytoskeleton and cancer metastasis. During cell migrations, cells change the position of the
nucleus, and this maintains polarity and deforms the nucleus allowing cells to pass through
small spaces (Wolf et al., 2013). This change in position and shape of the nucleus is normally
not possible because of their bigger size and the way they resist deformation. This deformation
is overcome by spreading forces that are generated by the polymerization and contraction of
cells and transmitted via the cytoskeleton to the nucleus. Previous studies have shown that
metastasising cells have a less polymerized and stable cytoskeleton when compared to normal
cells, which led to the conclusion that metastasising cells have reduced contractile forces being
exerted on their nucleus. The nuclear force is the force that is exerted on the nucleus during
cell contraction while nuclear deformation can be described as the change in the shape or size
of the nucleus because of any force that acts upon it.

Traction force heat maps for all 3 cell conditions, normal, metastasising and metastasising cells
treated with tubacin were assessed by me, Khairat Al Hennawi and Ana Lopez (Fig 3.10). This
figure shows the detached and attached images of the cell along with the traction force being
exerted on the cell for all 3 conditions. The TFM heat maps allow us to observe where
maximum force is being exerted on the cell. The TFM image in the middle has metastasising
cells with a higher traction force being exerted than normal cells (top TFM image) and also
tubacin treated metastasising cells (bottom TFM image). The TFM images also show that in
all 3 cases, the least amount of intracellular force is being exerted on the nuclei of all 3 cells
when comparing the position of the nuclei with their positions in the heat maps. This shows
that the cells with the lowest intracellular traction force correlates with a higher extracellular
traction force.
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Next, the qualitative measurement of the deformation and nuclear force for all 3 cell conditions
was assessed (Fig 3.11). The top row shows the deformation of the nucleus that occurs during
cellular contractility in all 3 cell conditions, normal BJhTERT (left), untreated metastasising
BJhTERTSv40T Ras (middle) and tubacin treated metastasising BJh TERTSv40T Ras cells
(right) while the bottom row shows the corresponding nuclear force that was exerted during
cellular contractility in all 3 cell conditions. These results clearly show that normal BJ cells
exert the greatest nuclear force when compared to treated and untreated metastasising cells for
a similar nuclear deformation of the nucleus when compared to the other 2 cell conditions.
These figures (Figure 3.11) were prepared primarily by Ana Lopez using a custom script
provided by Dr Rhoda J. Hawkins and were not directly prepared by me however they were

prepared using data obtained from my previous TFM experiments that were performed by me.

Next, the results of the previous images (Fig 3.10) were quantified by me, Khairat Al Hennawi
and Ana Lopez showing a graph of the forces that deformed the nuclear shape were reduced in
metastasising cells, as compared to control, with no additional change by Tubacin (Fig 3.12)
(Chiotaki et al., 2014). Earlier studies have shown that there is a broken and perinuclear
localization of vimentin filaments along with smaller F-actin fibres induced due to the
expression of oncogenes (Rathje et al., 2014, Ronnlund et al., 2013). It is hypothesised that the
intracellular and extracellular contractile forces of cells were less coordinated and correlated
in metastasising cells. It was also observed in previous studies that an increased negative
correlation between the forces of the nuclei and the total forces exerted on the environment in
the metastasising cells, as compared to control. Upon Tubacin-treatment in this study, the
correlation between low nuclear and high total cellular forces was reduced to a negligible level.
Taken together, these observations indicate that the molecular mechanisms that generate the
contractile forces are altered in metastasising cells, which results in that less force is applied to
the nucleus when more force is applied on the extracellular environment, and that HDAC6

activity is required for this phenotype.
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BIhTERT
Detached Attached
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BIhTERTSv40TRas + C
Detached Attached TFM

580

C l1594

BIhTERTSv40TRas + Tub
Detached Attached TFM

680

Figure 3.10: TFM images and Traction maps with HDACS6 inhibition. Metastasising cells show reduced
intracellular forces exerted on the nuclei which correlates to increased total cellular force in a HDACG6-
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dependent manner. (Made by Azeer Zafar, Khairat Al Hennawi and Ana Lopez using ImageJ (FIJI) image
analysis software)

Representative images of normal and metastasising cells treated with or without Tubacin (Tub), as seen from
top, and left to right: phase contrast (grey) and Hoechst (blue) images of attached (left) and detached (middle)

cells, and the corresponding traction forces (right). Scale bars 20 um. Maximum Force: 1694 pascals.
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Figure 3.11. Nuclear deformation and nuclear force with HDACS6 inhibition. Metastasising cells
exert reduced intracellular forces on the nuclei which correlates to increased total cellular force
via HDACSG reaction. (Prepared by Ana Lopez and Rhoda J Hawkins and taken from Azeer Zafar’s
Paper Lopez-Guajardo et al., 2023)

The corresponding images of the same cell, shows in the top panel the deformation of the nucleus, with
the deformed state of the cell in magenta, the incomplete deformed state in green and complete
deformation in blue. while the bottom panel shows the nuclear force in the same colours and conditions
Normal BJhTERT (left), untreated metastasising BJhTERT Ras (middle) and tubacin treated
metastasising BJnTERT Ras cells (right). Scale bars 20 um. 35 individual cells were checked, measured

and analysed in order to obtain the data for this figure.

Figure 3.12. Quantification of
* %%k nuclear force with HDAC6

| inhibition. Metastasising cells show

4000 — * ns reduced intracellular forces exerted

I on the nuclei which correlates to
increased total cellular force in a
HDACG6-dependent manner.

w
o
o
o
l

(Prepared by Azeer Zafar and Ana
2000 Lopez and taken from Azeer Zafar’s

Paper Lopez-Guajardo et al., 2023)

1000 =

Total nuclear force (Pa)

Graph of the total nuclear force. This

data has been derived from a minimum

of three biological repeats and

presented as mean + SD. *p <0.05, **p

& 4\@@" 5 < 0.01. 35 individual cells were
f@a 4@ checked, measured and analysed in
45:?' nd order to obtain the data for this figure.
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3.6 Knocking down of HDAC6 and its effect on the morphological properties
of normal, metastasising and siRNA HDAC6 knockdown treated cells.

Result: Metastasising cells become larger and more elongated after HDAC6 knockdown
via siRNA making them resemble more like normal cells without there being any effect

on cells speed and cell direction.

The project also wanted to determine the effect of oncogene-induced changes on the
morphology of cells and whether if this change requires the HDACS6 protein. To this end, the
project measured the area covered by the spreading of the cell, circularity, the shape of the cell,
the cells persistence and the mean speed exerted by the cell during migration of metastasising
cells when HDACG6 is knocked down via siRNA and migration assay technique. The
experimental design used to test the conditions is shown below (Fig 3.13) and was primarily
designed by my colleague Valentina Rossi but was later modified by me based on my
requirements. This technique was also primarily performed by my colleagues Dr Ana Lopez
and Valentina Rossi, who ran the migration assay to determine the cell’s morphological
properties. However, [ was involved in the seeding and preparation of the cells that were used
as well as in the analysis of the data obtained that allowed us to quantify the properties of the

cells that were used.

There are several morphological characteristics that are affected in metastatic cells and
studying the morphology of these cells when HDACS6 is knockdown using siRNA gives
important information about the effect of HDAC6 on the morphology of a cell. Cell spreading
is defined when suspended rounded cells that are in a suspension flatten and spread over a flat
2D solid substrate like glass, gels etc. Cell circularity is the measure of the roundness of a cell
and is important since metastasising or damaged cells lose their membrane structure affecting
their circularity. Cell persistence is the ability of cells to continue moving in one single
direction with regards to their migration and polarity. Cell Mean speed is the average speed of

the cell with which it travels from one point to another.

Next, the morphological changes in treated and untreated metastasising cells (BJhTERTSv40T
Ras) when compared to normal cells (BjhTERT) were quantified by me, Valentina Rossi and
Ana Lopez (Fig 3.14). The results observed that the untreated control metastasising cells cover
a smaller area as they spread less (Fig 3.14A) along with a more circular shape and less
elongation (Fig 3.14B) (Fig 3.14B), when compared to normal cells. Knocking down of
HDACSG via siRNA in the metastasising cells led to a reversal of the above phenotypes when
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compared to that of the normal cells. The persistent nature of the migration of the cell is also
decreased in metastasising cells (Fig 3.14D), however this does not affect the speed of the cell
migration (Fig 3.14E). The results also showed that there was an inverse correlation between
the speed of the cell and its persistence (Fig 3.14F). As mentioned previously, the speed and
persistence of normal cells remained the same after HDAC6 knockdown but there was a clear
reversal of speed and persistence in metastasising cells. Looking at these results, shows that
there is a connection of normal cells metastasising to a reduced capacity of cells to expand and
elongate allowing for decoupling the speed of cell from its direction and that HDACG6 plays a

very important role in this control.

Day I Seed 4x 10° cells in a 12 well plate (1 well x condition) (tot V 1mL DMEM) ‘
2h Bjhtert BlthertSvA0TRas
Day 2: | Cells transfection® |

Negative control siRNA HDACE sifMA

96h

‘ Negative contral ‘ Biological control Gene silencing

| | |

Day 6:

Before seeding, pre-Incubate slide chamber with serum and incubate at 37°C for 3 hours (totV 125 ul)

Trypsinize cells and seed 1,000 cells in a slide chamber (3 wells x condition) {totV 125 ul)

frh H 2
0.N.live cell filming by Cell Discoverer 7 microscope, with images taken every 20 minutes.
(filter used: Hoechst;Oblique) ***

" i e

Store images in my Raw data folder
Use the O.N. timelapses of calls and on FUJI measure cell shape and extract with Trackmaster Plugin Maan Speed
(um/min) and linearity values

24h
it th "
Remove media, wash with PBS, add 0.05ug/ml Hoechst** diluted in DMEM, incubate at 37°C for 1 hour (tot V 200 uL)
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Figure 3.13: Experimental Design of Migration Assay with sSiRNA HDAC6 knockdown. (Prepared
by Valentina Rossi and modified by Azeer Zafar using Microsoft PowerPoint)

The experimental design tests the morphological changes in all 3 cell conditions (normal BJhTERT,
negative HDACG6 siRNA control metastasising BJhTERTSv40TRas and treated HDAC6 SiRNA
metastasising BjnTERTSv40TRas cells.
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Figure 3.14: Cell Morphology Quantification with siRNA HDAC6 knockdown. HDAC6
knockdown via siRNA reversed the smaller area spread, and the circular shape of metastasising
cell back to elongated shape without effecting speed and persistence during cell migration-.
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(Prepared by Valentina Rossi, Azeer Zafar, Ana Lopez and taken from Azeer Zafar’s Paper Lopez-
Guajardo et al., 2023)

The (A) cell spreading area, (B) cell circularity, (C) aspect ratio, (D) persistence, (E) mean speed, and
(F) Pearson’s correlation between mean speed and persistence of fibroblast treated with siRNA or
controls, as indicated. Data from three. *, p <0.05; **, p <0.01; *** p<0.001; **** p <0.0001 (One
way ANOVA tests). 42 individual cells were checked, measured and analysed in order to obtain the

data for this figure.

3.7 Inhibition of HDACS6 and its effect on focal adhesions in normal,
metastasising and tubacin treated metastasising cells.
Result: Metastasising cells have a smaller size and more numbers of focal adhesions, and

these factors are further increased when HDACSG activity is inhibited using tubacin.

Cell traction contractile forces are primarily exerted through the interaction of focal adhesions
with the substrate they are bound to (Bershadsky et al., 2006). Focal adhesions facilitate the
interaction between the cells and the ECM and this link between the ECM and cytoskeleton
play an important role as focal adhesions control the shape of the cell in terms of their structure
and function. This control allows for cell survival, proliferation, contraction, motility and
differentiation. Since HDAC6 is responsible for increased contractility in cells and this
contractility affects the cell-matrix adhesions and cell spreading area between cellular
components and extracellular matrix. Therefore, inhibition of HDAC6 should affect and
decrease the cell-matrix adhesions and cell spreading area between cells and the
ECM. Therefore, by staining the focal adhesions, actin and vimentin with immunofluorescent
antibodies and taking images of their cell-matrix adhesions before and after HDACG6 is
inhibited with tubacin the change in cellular contractility between normal, metastasising and
metastasising cells treated with tubacin should be able to be quantified. To understand the effect
of HDACG6 on metastasising cells contractile forces, this project compared between the size
and numbers of focal adhesions in the metastasising cells to normal control, and after tubacin-
mediated inhibition of HDAC6 or HDAC6 knockdown in the metastasising cells. This was
done by first fixing and staining the cells for focal adhesions (using phosphotyrosine), for F-
actin and vimentin. The stained cells were then imaged using a confocal microscope to

determine the structures of the cells including the size and number of the focal adhesions. The
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experimental design used to test the conditions is shown below (Fig 3.15) and was designed by

me.

Next, cells were stained with phosphotyrosine (first row), actin (second row) or vimentin (third
row), as well the merged confocal images (fourth row) for all 3 cell conditions, normal
BJjhTERT (left), untreated BjhTERTSv40TRas metastasising (middle) and tubacin treated
BJhTERTSv40TRas cells metastasising cells (right) with the assistance of Ana Lopez (Fig
3.16). The number and area of focal adhesions for all 3 cell conditions after inhibition of
HDACS6 activity using tubacin were quantified (Fig 3.17). There was a significant decrease in
the size of focal adhesions for both untreated and treated metastasising BfhTERTSv40T Ras
cells when compared to normal BjhTERT cells. Also, the frequency (Fig 3.17C) showed there
was a significantly higher number of focal adhesions with a smaller size (0-1 pm?), while the
number of focal adhesions decreases significantly as the size of focal adhesions increased (>1
um?). However, there was no significant change or difference in the total number of focal

adhesions for all 3 cell conditions.
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Experimental Design

Dayl: ® |  ghlet | | BjhTertSV40TRasV1:

‘ BjhTertsV40TRasV12 BjhTertSV40TRasV12+Tubacin

v Y

Add Tubacin 1:1000* (10um)

Add DMSO 11000 (10 um) Add DMSO 11000 (10 um)
and incubate at 37C

in 1% PBSA at 4C overnight.

L Y Y

Stain the cells on the slides by following Points 8-18 from the Immunofluorescence Staining Protocol®* and incubate the

Day 3:
W slides in the dark at 37C overnight.

Y

Analyse mounted coverslips with Zeiss 980 microscope. Use 63x objective to detect focal adhesions, actin and vimentin
under 488, 555 and 647 fluorescent channels respactively and take pictures.

Day 2:
and incubate at 37C and incubate at 37C
' ' '
After 5 hrs, fix the cells by following Points 1-7 from the Immunofluorascence Staining Protocol®* and incubate the calls

Day 4:

Analyse the pictures obtained using Imagel Software™** to determina the size and frequency of the Focal Adhesions (FAs)

Day 5:
Y for the cells in all 3 conditions and compare the results using Prism Software.

Figure 3.15: Experimental Design of Focal adhesion measurement with HDACSG inhibition. (Made by Azeer

Zafar using Microsoft PowerPoint)

The experimental design stained and imaged the stained cell samples using confocal microscopy for all 3 cell

conditions (normal BJhTERT, untreated BjhTERTSv40TRas metastasising cells and tubacin treated
BJhTERTSv40TRas cells metastasising cells).
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Figure 3.16: Stained Focal adhesion images with HDACG6 inhibition. Metastasising cells treated with tubacin
are smaller in size and have a larger number of focal adhesions upon HDACSG inhibition. (Captured with CD7
microscope by Azeer Zafar and Ana Lopez and Taken from Azeer Zafar’s Paper Lopez-Guajardo et al., 2023)

Representative images of normal, control or metastasising cells treated with Tubacin (Tub) or DMSO control.

showing phosphotyrosine (pY), F-actin, Vimentin, and merged images, as indicated. Scale bars 20 um.
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Figure 3.17: Quantification of focal adhesions with HDACS6 inhibition. Metastasising cells show reduced
sizes and a larger number of focal adhesions, which became even smaller and more in number when HDAC6
was inhibited or knocked down (Prepared by Azeer Zafar using FlJI/ImageJ software and Taken from Azeer
Zafar’s Paper Lopez-Guajardo et al., 2023)

Quantification of the results for FAs, FA area/cell (top left) of the average size of focal adhesions area in each
cell. Total area occupied by FAs for each cell condition (top right). Frequency distribution of focal adhesions
numbers based on their sizes (lower left). Total number of FAs/cells in each cell condition (lower right). Data is
collected and combined from three independent experiments. *, p < 0.05; **, p <0.01; *** p <0.001; **** p <
0.0001 (One way ANOVA tests). 60 individual cells were checked, measured and analysed in order to obtain the
data for this figure.

3.8 Effect of HDAC6 knockdown on focal adhesions in normal, metastasising

and siRNA HDAC6 knockdown treated metastasising cells.

Result: Metastasising cells have smaller sizes and larger number of focal adhesions, and

these features are further increased upon HDACG6 knockdown.

The previous experiment (Section 3.7) was repeated with the assistance of Dr Ana Lopez, by
staining the focal adhesions, actin and vimentin with immunofluorescent antibodies and taking
images of their cell-matrix adhesions before and after HDAC6 siRNA knockdown allowing
the change in cellular contractility between normal, siRNA control metastasising and HDAC6
siRNA knockdown treated metastasising cells to be able to be quantified. The experimental

design used to test the conditions is shown below (Fig 3.18) and was designed by me.

Cells were stained with phosphotyrosine (first row), actin (second row) and vimentin (third
row), as well the merged confocal images (fourth row) for all 3 cell conditions, normal
BJhTERT (left), negative control BIJhTERTSv40TRas + C siRNA metastasising (middle) and
HDACG6 siRNA knockdown treated BJhTERTSv40TRas + HDAC6 siRNA metastasising cells
(right) (Fig 3.19). The number and area of focal adhesions for all 3 cell conditions after
knockdown of HDACG6 using siRNA were then quantified by me (Fig 3.20). There was a
significant decrease in the size of focal adhesions for both untreated and treated metastasising
BjhTERTSv40T Ras cells when compared to normal BjhTERT cells (Fig 3.20A). There was

also a significant decrease in the total area occupied by the focal adhesions in negative control
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and treated HDAC6 siRNA knockdown metastasising cells when compared to normal

BJjhTERT cells (Fig 3.20B). Also, the frequency (Fig 3.20C) showed that there was a

significantly higher number of focal adhesions with a smaller size (0-1 pm?), while the number

of focal adhesions decreased significantly as the size of focal adhesions increase (>1 um?).

However, there was no significant change or difference in the total number of focal adhesions

for all 3 cell conditions (Fig 3.20D).

Day 2:

Day 3:

Day 4:

Day 3:

Day 1. |

BITertSV40TRasV12 +HDACG SIRNA Negative Control* BjhTertSVA0TRasV12 +HDACS siRNA®

\\\\\\\\\\

Place 19 mm sized glass coverslip in 1 well each in 3 12 well plate and seed 20,000 cells in the wells (20% confluency). Incubate for 24hrs at 37C

aaaaaaaaa

! '

After 5 hrs, fix and permeabilize the cells by following Paints 1-7 from the Immunofluarascence Staining Protocol** and
incubate the cells in 1% PBSA at 4C overnight.

1 1 Y

Stain the cells on the slides by following Points 8-18 from the Immunofluorescence Staining Protocol®* and incubate the
slides in the dark at 37C overnight.

\

Analyse mounted coverslips with Zeiss 980 microscope. Use 63x objective to detact focal adhesions, actin and vimantin
under 488, 555 and 647 fluorescent channels respectively and take pictures.

Analyse the pictures obtained using Image) Software™** to determine the size and frequency of the Focal Adhesions (Fas)
for the cells in all 3 conditions and compare the results using Prism Software.

Figure 3.18: Experimental Design of Focal adhesions with siRNA HDAC6 knockdown. (Made by
Azeer Zafar using Microsoft PowerPoint)

The experimental design stained and imaged the stained cell samples using confocal microscopy for all
3 cell conditions (normal BJhTERT, negative control BJ Ras metastasising cells and HDAC6 siRNA

knockdown treated BJ Ras cells metastasising cells.
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BIhTERTSv40TRas BJhTERTSv40TRas
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Figure 3.19: Stained Focal adhesion images with siRNA HDAC6 knockdown. Metastasising cells show smaller
sizes and a larger number of focal adhesions when HDACS6 is knocked down. (Captured with CD7 microscope
by Azeer Zafar and Ana Lopez and Taken from Azeer Zafar’s Paper Lopez-Guajardo et al., 2023)

Representative images of normal, metastasising sSiRNA control or metastasising SiRNA HDAC6 knockdown cells.

showing phosphotyrosine (pY), F-actin, Vimentin, and merged images, as indicated. Scale bars 20 um.
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Figure 3.20: Quantification of focal adhesion with siRNA HDAC6 knockdown. Metastasising cells are
smaller in size with larger numbers of focal adhesions, which become even smaller and more in number when
HDACSG is knockdown. (Prepared by Azeer Zafar using FIJI/ImageJ software and taken from Azeer Zafar’s Paper
Lopez-Guajardo et al., 2023)

Quantification of the results for FAs, FA area/cell (top left) of the average size of focal adhesions area in each cell.
Total area occupied by FAs for each cell condition (top right). Frequency distribution of number of focal adhesions
based on their sizes (lower left). Total number of FAs/cells in each cell condition (lower right). Data is obtained
from three independent experiments. *, p <0.05; **, p <0.01; *** p <0.001; **** p <0.0001 (One way ANOVA

tests). 56 individual cells were checked, measured and analysed in order to obtain the data for this figure.

3.9 Looking at the effect of deacetylase activity of HDACG6 on the a-tubulin
acetylation and comparing the difference before and after treatment with
HDACS6 inhibition and HDACG6 siRNA knockdown.

Result: Inhibited and Knockdown metastasising cells both show increased acetylation of

a-tubulin.

HDACG6 overexpression correlates with increased carcinogenesis and metastasis of cancer
cells. HDAC also promotes cell motility and is involved in a-tubulin deacetylation. HDAC6
has both a deacetylase activity and a strong affinity to ubiquitin. The deacetylation of a-tubulin
via HDAC6 treatment causes microtubule depolymerization. Overexpressing HDAC6 causes
hypoacetylation leading to increased migration while HDACG6 inhibition causes microtubule
stabilization. This means that acetylation of a-tubulin affects cell migration. Increased
expression of oncogenes results in the upregulation of the tubulin deacetylase HDACS6 activity
and alters the distribution of acetylated microtubules. The expression of oncogenes also induces
increase in cellular contractility and promotes cancer cell invasiveness. Therefore, theoretically
inhibition of HDACS6 activity using tubacin or HDAC6 siRNA knockdown should stop the
deacetylase activity of HDAC6 and increase acetylation of a-tubulin which in turn should

decrease the migration and invasiveness of metastasising cells.

To test this, it involved conducting two experiments and in both a western blot was performed.
The first experiment involved running a western blot for the three cell conditions, normal
(BJhTERT), untreated metastasising (BjhnTERTSv40TRas) and tubacin treated metastasising
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cells (BJhTERTSv40TRas + Tub). These cell conditions were treated with anti-mouse-
acetylated-a-tubulin, anti-rabbit-a-tubulin and anti-mouse-GAPDH antibodies to determine if
there is an increase in acetylation of a-tubulin once the activity of HDACSG is inhibited using
tubacin. The experimental design used to test the conditions is shown below and was designed

by me with the assistance of Dr Ana Lopez (Fig 3.21).

The second experiment involved a similar experiment that is running a western blot for the
three cell conditions, except this time the activity of HDAC6 was removed using an siRNA
HDACG6 knockdown (Fig 3.22). The three cell conditions were normal (BJhTERT), negative
control siRNA metastasising (BJhTERTSv40TRas) and HDAC6 siRNA knockdown treated
metastasising cells (BJhTERTSv40TRas + HDACG6 siRNA). These cell conditions were treated
with  anti-mouse-acetylated-a-tubulin, anti-rabbit-a-tubulin  and  anti-mouse-GAPDH
antibodies to determine if there is an increase in acetylation of a-tubulin once the activity of
HDACS is inhibited using tubacin. The experimental design used to test the conditions is shown

below (Fig 3.22) which was again designed by me with the assistance of Dr Ana Lopez.

Experimental Design

Bjhtert BlhtertSV40Ras Blhtert5V40Ras

1 well (6 x well 1 well (6 x well 1 well (6 x well
plate) plate) plate)
DMSO 10uM Tubacin

(5hrs) (5hrs)

{ l l

Extract protein and run western blot (Western blot protocol, Sarah Macfarlane June 2021)
Cut the blot between 50 — 37 marker
Blot top half first with Mouse acetylated alpha-tubulin
Blot bottom half with GAPDH

(!

Strip Restore buffer 37C shaker 1h 15 min
Incubate with appropriate 2ary
CehmiDoc ECL develop

[l

Block and Re-probe with Rabbit alpha tubulin
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Figure 3.21: Experimental Design to observe HDAC6 Deacetylase Activity under Tubacin
mediated HDACSG inhibition. (Made by Azeer Zafar and Ana Lopez using Microsoft PowerPoint)
The experimental design to perform a western blot after inhibiting HDACS6 activity using tubacin for 3
cell conditions (normal BjhTERT, untreated BjhTERTSv40TRas metastasising cells and tubacin treated
BJhTERTSv40TRas cells metastasising cells).

Experimental Design

Day L: Seed 1x 10 ° BjhtertSV40TRasV12 per well 6 well plate (1 well x condition] (tot V 3mL DMEM)
24 l Bjhtert BithertSv40TRas
" "
Day 2: ‘ Cells transfection® ‘
| Negative cantral siRNA HDACE siRMA
8Eh Negative control Biological control Gene silencing
N 1 f
] ) + ¢ Y
Day 6:
Extract protein and run western blot **
Cut the blot between 50 - 37 marker
Blot top half first with Rabbit o-Tubulin
Blot bottom half with GAPDH
24h
= " " "
Strip with Restore Buffer 37C shaker 15min
Incubate with appropriate 2ary
ChemiDoc ECL develop
Day 7: Repeat if necessary

" " i

Re-blaot top half first with Ms Acetylated a-Tubulin
Incubate with appropriate 2ary
ChemiDoc ECL develop

Figure 3.22: Experimental Design of HDAC6 Deacetylase activity Western Blot with siRNA
mediated HDAC6 knockdown. (Made by Azeer Zafar and Ana Lopez using Microsoft PowerPoint)

The experimental design to perform a western blot after inhibiting HDACS6 activity using tubacin for 3
cell conditions (normal BJhTERT, negative control BJ Ras metastasising cells and HDAC6 siRNA

knockdown treated BJ Ras cells metastasising cells).
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The result of this experiment clearly shows that in both cases, when HDAC6 activity is either
inhibited or removed completely there is a clear overexpression of acetylation of a-tubulin
when compared to normal a-tubulin in the third column of both western blots (Fig 3.23). This
proves that inhibition of HDACG6 activity leads to loss of deacetylase activity and increase in
acetylation. This in turn will lead to reduced contraction and migration of metastasising cells.
Taking the results together, the growth and stability of mature focal adhesions depends on the

actions of oncogenes along with the acetylation of tubulin dependent on HDAC6.
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Figure 3.23: Western Blots of HDAC6 Acetylation with HDACS6 inhibition and siRNA HDAC6
knockdown. HDACSG inhibition and knockdown lead to increased acetylation in metastasising
fibroblasts. (Captured by Azeer Zafar and Ana Lopez and taken from Azeer Zafar’s Paper Lopez-
Guajardo et al., 2023)

Normal and metastasising cells treated without or with Tubacin (A), or HDAC6 siRNA (B), as

indicated, showing levels of total acetylated tubulin and GAPDH loading control.
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Chapter FOUR — DISCUSSION AND
CONCLUSION
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Chapter 4 — Discussion and Conclusion

4.1 Discussion
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Figure 4.1: Overview of the Projects main results. (Made by Azeer Zafar using Microsoft PowerPoint)

This figure summarizes the primary results of the main conditions that were tested (Contractile forces, Focal
adhesion area, Number of focal adhesions) in terms of increase, decrease or no change in (A) HDACG inhibition
via Tubacin or (B) HDACG6 knockdown via siRNA.

A summary of the main results of the experiments is shown in (Fig 4.1) while the figure
below (Figure 4.2) shows the graphs of the actual results obtained after performing these

experiments under both conditions to measure the contractile forces and focal adhesions.

The physical forces that cancer cells use to metastasise, and their underlying mechanisms are
currently not fully understood, or how they differ to normal cells with regards to mechanical
forces for cell motility and invasiveness. HDACS is an enzyme, which is being studied for its
role in cancer cell metastasis and promotion of cell motility. Therefore, the main aim of this
thesis was to understand the mechanisms by which HDACG6 controls cell contractile forces
using the isogenic human BJ fibroblast model and to determine if targeting HDAC6 was a

potential therapeutic option in cancer.
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Figure 4.2: Schematic figure of the project’s main findings. (Made by Azeer Zafar using Microsoft

PowerPoint)

A summary of the projects primary results obtained using 2 different techniques (TFM and Confocal
Microscopy). (A) compares the contractile forces of BInTERTSV40TRas cells via HDAC6 action under 2
different conditions (inhibition and knockdown) and (B) compares the number and area of focal adhesions after
treating HDACG6 under 2 different conditions (inhibition and knockdown).

Overall, the results obtained after conducting all the experiments described in this thesis
showed that the metastasising cells exerted increased contractile forces on their surroundings
as compared to normal control BJ cells, while at the same time the forces exerted by these
metastasising cells on their nuclei were decreased. There was an inverse correlation in the
results which was consistent throughout all the cells but was more strongly observed in
metastasising rather than in normal cells. One potential reason for this could be that the forces
being exerted in metastasising cells are less structured than normal BJ cells, which could be
due to the fact that oncogenic genes result in a weaker cellular environment. These results
match results seen in previously conducted experiments and show that cancer cells that are
metastasising exert greater forces on their surrounding environment when compared to normal
cells. (Kraning-Rush et al., 2012). On the other hand, this exertion of traction forces by cells
on their surrounding environment cannot be used as a standalone biomarker for determining
cell transformation and metastasis (Mierke et al., 2008). This is because different types of cells
have unique compositions and physical structures with regards to their cytoskeletal and cell-
matrix adhesions, due to cell-specific cytoskeletal and adhesion differences. This could mean
that the results that were recorded are unique to cells that originate from a mesenchymal cell
line like those that were used for the project such as fibroblasts. The reduction in the force on
the nucleus points to a loss of cellular adhesion, which matches with the well-established idea
that cells can only exert force on their surroundings when the cytoskeleton is attached to the
extracellular matrix, and this occurs by cell matrix adhesions. This project clearly compares
and correlates the difference between the contractile traction forces exerted by cells on their
environment compared to the forces that are applied to the cell’s nucleus. The results suggest
that oncogenes increase the extracellular contractile force and decrease the intracellular force
of cells, via HDAC6-mediated deacetylation of microtubules. However, it is not yet clear the
exact mechanism by which this HDAC6-mediated deacetylation takes place.
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Results also showed that the metastasising cells have increased levels of the HDAC6 enzyme
as seen from the Western blots performed and specifically inhibiting HDACS6 activity via the
action of the HDACS inhibitor Tubacin in these cells undid the increase in force back closer to
the force seen in normal cells. This is consistent with results obtained from a previous paper
that shows a decrease and reversal of cell shape, cell spreading and cell migration due to
tubacin-mediated loss of HDACSG action in these specific cells (Evans et al., 2022). The results
from this project show that the knockdown of HDACS6 via siRNA action give similar or even
same results when compared to results seen in earlier experiments, which were that the effect
of various oncogenes such as SV40T or c-Myc in normal fibroblast cells results in increased
extent of HDACSG protein. which in turn causes HDAC6-dependent cytoskeletal reorganisation
and stiffness of cells (Rathje et al., 2014). However, even though there was clear increase in
the acetylation of a-tubulin, increased cell spreading and larger focal adhesions after both the
selective inhibition of HDACS6 activity with Tubacin and knockdown by HDACS6 the results
on contractile forces were completely opposite. A potential reason for this discrepancy could
be that when acetylase-activity of HDACS6 increases the potential protein-binding capacity of
HDACG6 decreases which in turn affects the contractility exerted by the cells on their
environment. This explanation can be further supported by a similar study which also showed
a difference between the results of HDACS6 inhibition and HDAC6 knockdown, especially in
terms of the actions of microtubules since the growth and reduction of microtubules only
occurred during the inhibition of tubacin but not due to the action of HDACG6 knockdown via
siRNA activity. However, on the other hand both processes increased the acetylation levels of
tubulin (Zilberman et al., 2009). This study clearly shows that HDACG6 action is crucial for
proteins associated with microtubules and that the deacetylation of HDACG controls the actions
of microtubules. When deacetylation of HDACS is inhibited with tubacin, HDAC6 cannot be
removed from microtubules, and this prevents the tips of microtubules from growing and in

turn blocks the polymerization of microtubules. (Zilberman et al., 2009, Asthana et al., 2013).

Just like my results showed that the increased acetylation of tubulin is accompanied by reduced
total contractile force of cells, another study found increased traction forces upon microtubule
deacetylation (Seetharaman et al., 2022). There is also evidence that HDACG6 action controls
actomyosin mediated contractile forces via substrates like HSP90 and cortactin but not tubulin,
(Zhang et al., 2007, Martin and Leibovich, 2005). For example, cortactin is responsible for
increasing the polymerization of F-actin, which results in an increase in the movement of the

lamellipodia, particularly at the cell leading edges, resulting in increased cancer invasiveness
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(Kirkbride et al., 2011), and the production of traction forces in cells (Gad et al., 2012). Hence,
a possible reason for the opposite effect of the contractile forces that | observed by inhibiting
or knocking down HDACG6 might be that the mechanisms for contractile force are precisely
controlled via HDAC6-mediated acetylation but on the other hand the ability of HDACG6 to
bind microtubules leads to an imprecise and indirect effect on contractile forces and their

generation.

Results also show that the inhibiting HDAC6 activity or knocking it down both reversed the
reduced spreading area of cells, less elongated cell shape and defective cell migration of
metastasising cells to normal, while showing different results for contractile forces. This could
suggest that while the deacetylase activity of HDAC6 controls cell spreading, shape and
migration, the tubulin-binding function of HDAC6 controls cell-matrix adhesions and the
capacity of these adhesions to transmit forces to the environment (Elosegui-Artola et al., 2016).
My results clearly show that the action of oncogenes and HDACG6 exerted on the cytoskeleton
and cell-matrix are distinct and can even be counteracting. There are other potential reasons
that could account for the discrepancies in the results of the contractile forces obtained via
HDACS inhibition or sSiRNA mediated HDAC6 knockdown.

An interesting paper (Chen et al., 2019), which looked at the role of the enzyme endothelial
nitric oxide synthase (eNOS) expression and its activity in cardiovascular diseases also treated
HUVEC cells with tubacin, which is known as an HDAC6 inhibitor. In line with expectations,
tubacin mediated inhibition also inhibited deacetylase activity in the cells and this was seen by
relatively increased tubulin acetylation levels. The experiment also exposed HUVEC cells to
several other HDAC6 inhibitors, which included tubastatin A, ACY-1215 and SAHA. The
experiment also treated HUVEC cells to niltubacin, which is a compound that is similar in
structure to tubacin but has not shown any HDACG6-inhibitory activity. The experiment
discovered that all the HDAC6 inhibitors except tubacin had a negligible effect on the
expression of eNOS in the cells, even though all the inhibitors were united in inhibiting
deacetylase activity, as seen by the significant increase in the quantity of tubulin acetylation.
The study hypothesized that tubacin action in eNOS might be through HDAC6-independent
mechanisms. In order to evaluate this hypothesis, the experiment studied the effect of knocking
down HDAC6 via siRNA action on the expression of eNOS cells. Proving the hypothesis, there
was a significant reduction in the expression of protein and mRNA in the cells after HDAC6
knockdown via siRNA Furthermore, the study determined that the mRNA and protein levels
of eNOS cells were also increased via the action of tubacin in HDAC6 inhibited eNOS cells.,
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which supported the idea that it is the action of tubacin which increases eNOS cell expression
via mechanisms that are independent of HDAC6. One possible HDAC6-independent
mechanism could be due to increased levels of transcription of genes. The study discovered
that tubacin does not carry out its actions by inhibiting the levels of HDACG6 but instead this
action is performed by mediating an increase in the levels of mRNA. While it cannot be
concluded that this is the reason for the discrepancy found in my results between the contractile
forces of cells treated with tubacin and siRNA knockdown, greater study and understanding of

tubacin’s mechanism of action can paint a clearer picture.

Another study (Zilberman et al., 2009), studied the role of HDAC6 in controlling the action
of microtubules. After treating cells with tubacin, there was a significant increase in
acetylation of microtubules and a significant decrease in the growth of microtubules. On the
other hand, treating cells by knocking down HDAC6 with siRNA also led to an increase in
the acetylation of microtubules but, surprisingly, did not affect microtubule growth. Also,
knockdown of HDAC6 via siRNA removed the effect of tubacin on the growth of
microtubules, showing that microtubules growth is affected by tubacin only via HDAC6
inhibition. Therefore, it can be assumed that it is only the presence of an impaired HDAC6
with no catalytic activity, instead of any action by the acetylation of tubulin that led to the
increased growth of microtubules in HDAC6 inhibited cells. To support this hypothesis,
HDAC6 mutant cells, which have had specific mutations in either one of their two catalytic
domains that inactivated them replicated the HDAC6 inhibitors actions on the growth of
microtubules. Also, HDAC6 was discovered to be attached with EB1, which is a protein that
tracks microtubules and Arpl, which is an important part of dynactin. Both of these proteins
are present at the ends of growing microtubules. Therefore, it is hypothesized that the growth
of microtubules can be controlled by inhibiting the activity of HDAC6 via tubulin or other
proteins involved in microtubules actions. Although, these results do not show that the effects
of the tubacin was non-specific. however, the results show that treating cells with tubacin
especially at higher amounts doesn’t lead to any significant effect on the growth of

microtubules, especially in the cells that lack HDAC6, thus proving that tubacin is specific.

Results also show that even without increases in focal adhesions such as their size or number,
metastasising cells still show increased contractile forces when compared to normal. Thus, it
is possible that focal adhesions could be used as potential markers for measuring contractile

forces. However, a previous study has suggested that the increased density of focal adhesions
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and actin-fibres is a more important biomarker than looking at the size or number of focal
adhesions, (Gad et al.,, 2012). This makes it important to evaluate if the assembly or
disassembly of focal adhesions is what regulates contractile forces. The stiffness of the
underlying substrate also affects the cell-matrix adhesions and contractile forces of the cells.
Previous research in HDACG6 mediated contractility and migration has consisted of cells being
cultured on glass or plastic. Therefore, this project has also carried out all analysis on glass or

plastic, except for the TFM measurements which were performed on 12 kPa gels.

Although metastasis is a very dynamic process, metastatic cells at the epigenetic and genetic
levels are plastic. The neoplastic cells, which undergo epithelial-mesenchymal transition
(EMT) keep interacting with the host environment at all stages of metastasis and at different
rates. Therefore, by inhibiting a target that is important in every stage of metastasis, metastatic
inhibition can be significantly increased which will reduce resistance to drugs and result in a
higher survival rate for the patient. It is this concept that has led to the idea that the most
effective approaches towards drug development have been in developing inhibitors of histone
deacetylases, especially HDACG6 inhibitors. HDAC6 regulates the levels of acetylation in
different non-histone compounds, such as certain proteins that suppress tumour and different
oncogenes. Therefore, inhibitors that deacetylate histones (HDIs) are highly effective anti-
proliferation agents which target histone deacetylases. HDAC inhibitors can be divided into
three main categories, which include broad-spectrum inhibitors, class-specific inhibitors, or

isoform-specific inhibitors (Karagiannis and EI-Osta, 2006).

HDACSG inhibitors are different from other histone deacetylases inhibitors as they exclusively
deacetylate cytoplasmic proteins. HDACSG is unique since it is the only histone deacetylase that
has its own isoform-specific inhibitors synthesized. One isoform-specific HDACG6 inhibitor,
Ricolinostat (ACY-1215), is currently being experimented on to treat patients with relapsed
multiple myeloma and lymphoid malignancies. Since all HDACG6 inhibitors that have been
developed to date target the DD2 domain, it results in different results being obtained between
different experiments that use inhibitors with gene knockout methods, since gene knockout
targets both domains (DD1 and DD2) (Kawaguchi et al., 2003).

HDACS6 inhibitors are very effective in different cancers and tumours. They can induce toxic
effects on cancer cells and also improve the host anticancer immune response. Several cases
have been recorded where cancer treatment was improved by combining with an HDAC6

inhibitor, and studies show that treating with an HDAC6 inhibitor before cancer treatment

159



begins is highly effective. Combining HDAC6 inhibitors with immune therapy is an effective
therapy of several different cancers (Biersack et al., 2022).

Another effective strategy that is being used is changing the purpose of drugs that are already
being used for non-cancerous medical conditions to identify new HDACG6 inhibitors. An
example of this is the drug carbamazepine, which is an anti-epileptic drug that works via the
Her2-targeting mAb drug Trastuzumab (Biersack et al., 2022). During cancer trials that worked
with advanced or drug-resistant multiple myeloma patients, the HDACG6 inhibitors Ricolinostat
showed effective results that highlighted the potential of selective HDAC®6 inhibitors for future
anticancer treatments (Vogl et al., 2017). This strategy includes designing individual therapies
for cancer patients who have higher HDAC6 levels which leads to decreased side-effects and
better prognosis for treated patients. Similarly, looking at the effects of selective HDAC6
inhibitors on CD20, combined with Rituximab, which is currently used for the treatment of
non-Hodgkin lymphoma (NHL), give encouraging results for leukaemia and lymphoma

patients. (Kaur et al., 2022).

Since the action of cancer is not well understood, it has hindered the research of newer
medicines and earlier tumour detection methods that can identify the cancer before the spread
of metastasis. Therefore, it is especially important to better understand cancer if we want to
reduce the mortality levels associated with cancer. Much more research about the role of
mechanotransduction and the effect of contractility in cancer needs to be performed, as there
are very few experiments currently available to draw conclusions from. The main challenges
facing cancer research in relation to metastasis and mechanical forces are the inability of
existing methods for early detection of cancer and the lack of available markers for mechanical

forces in cancer cells (Bregenzer et al., 2019).

This inability of early detection methods for cancer limits both the treatment options as well as
our understanding of cancer progression. Research studying the invasiveness of the disease has
mostly been studied in vitro and results are usually determined from computer models and
tumour measurements. In order to make progress in understanding the effect of
mechanobiology in cancer it is important to develop in vitro three-dimensional models that can
replicate the mechanical forces being exerted in cancer in vivo. Also, as three-dimensional in
vitro models are developed and become more accurate, these models will require us to add
more cell populations from different groups of people along with the various conditions that

they suffer from since the TME change can alter the effect of the cancer on the body. This
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affects the results that we obtain in several studies significantly and makes making connections

and comparison very difficult (Bregenzer et al., 2019).

More research is now being done on the mechanical properties and the microenvironment of a
cancerous cell. As research progresses and understanding of molecular mechanisms increases,
better drugs and therapies can be developed to specifically target cancer cells and improve the
efficacy of treatments. The results obtained from experiments done for this project, will help
in planning a future course of action regarding further research into the topic. In the future, this
will allow us to examine and define the exact molecular mechanisms controlling cellular
contractility, improve our knowledge, understand the significance and the part played by
various components such as vimentin, HDAC6, Rho GTPases, ECM, actin, myosin,
microtubules among others in both normal and cancer cells to develop effective treatments

against cancer.

4.2 Future Plans

Initially, the project also involved measuring and comparing the contractile forces of normal
fibroblasts and metastasising Ras cell lines on 3D dextran fibres in addition to the 2D
polyacrylamide gels that were used in the project above. Previous scientific literature has
shown that different types of cells have different contractile forces when cultured on 3D fibres
when compared with 2D gels, even when the other conditions are all kept constant. Therefore,
before drawing any conclusions based on the results of my experiments, it would have been
beneficial to compare and ensure that the contractile forces obtained are consistent in both the

2D gels and the 3D fibres microenvironment.

However, due to the Covid-19 pandemic lockdown there was a huge loss of time, and the
timeline of the project had to be modified. After the lockdown, once the labs reopened there
was insufficient time to work on the 3D fibres and instead priority was given to measuring
contractile forces on the 2D polyacrylamide gels. Also, creating 3D fibres (of specific lengths
and thickness) is an exceedingly long and complex work that requires extensive experience and
is very time consuming, which | did not have. Instead, since | had to continue with my project,
| decided to change this aspect of my project and instead focus more on the intracellular forces
that are exerted on the nuclei of normal and metastasising cells as well as studying the physical

features of these cells such as cell circularity, persistence, migration, spreading area, aspect
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ratio etc on 2D gels. | decided to use only pre-prepared commercially available gels which had

a stiffness of 12 kPa for all my experiments.

Despite these setbacks, future research on measuring and comparing the contractile forces of
normal fibroblasts and metastasising Ras cell lines on 3D dextran fibres is essential since the
results obtained from this research will be more relevant to in vivo cell models. The current
results obtained from the work on 2D gels are more relevant to in vitro cell models and in vivo

cell models would be more effective in human studies.

Another part of the project that had been planned initially was that once the role that HDAC6
plays in controlling contractile forces was established, the next step was to determine the
mechanism by which HDACS6 increases contractility. This would have been done by first
expressing an HDACG6 variant that lacks deacetylase activity in normal cells. This was
supposed to have been done by transiently transfecting normal cells with HDACG6 constructs
of either the wild type of protein or the HDACS6 ubiquitin binding region in normal cells and
analysing if this would induce a more metastasising adhesive and contractile phenotype.
However, owing to a lack of time and technical supervision, it was decided to just knock down
the HDACS6 protein from the metastasising cell using an HDACG6 siRNA. This allowed for the
comparison between the contractile forces of normal, metastasising, and normal cells
expressing HDACSG variant that lack the deacetylase activity using TFM as well as comparing
between these cells with regards to their cell-matrix focal adhesions and spreading area using
confocal microscopy. This change would give the same result that was required since knocking
down HDACS6 from the cells would also completely remove its effect and therefore would

allow for testing the contractile forces of cells without the effect of HDACS6 in the equation.

However, it is still relevant to repeat the experiments to determine the mechanism by which
HDACSG increases contractility but this time by first expressing an HDACG6 variant that lacks
deacetylase activity in normal cells. This is done by transiently transfecting normal cells with
HDACS6 constructs of either the wild type of protein or the HDACG6 ubiquitin binding region
in normal cells and analysing if this would induce a more metastasising adhesive and

contractile phenotype.

There was also a plan to repeat these particular experiments with different surfaces and stiffness
of gels to compare the results and confirm that the results remain consistent despite the change

in substrate conditions, which normally are important factors in mechanobiology.
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Another future plan that would be interesting would be to prepare a public database of different
kinds of cells along with their measured contractile forces using TFM. All the cells will be
cultured on gels of different materials and stiffness. This would be a long-term project that
would help future researchers in the field of mechanobiology as it would save time and
resources. The researchers who would work on cellular contractility and mechanobiology
would be able to save time and resources by just looking up the contractile forces of different
types of cells at their desired gel stiffness, instead of having to spend time and resources
repeating TFM for each cell that they plan to test for their respective experiments. This publicly
available database could then be potentially expanded to include data on other mechanical

properties such as cellular stiffness, among others.
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4.3 Conclusion

The results of this project show that the physical contractile forces which are exerted by the
cells on their surrounding environment are increased, while the intracellular cytoplasmic force
on the cell nuclei is decreased in metastasising fibroblasts when compared to normal BJ cells,
and that this is dependent on HDACSG activity. The results show that oncogenes regulate the
cytoskeleton and focal adhesions, via 2 distinct pathways, which include the deacetylase
dependent pathway and via the cell binding capacity of HDACS6, which is responsible for
changing the cell shape, movement, area covered by the cell and the force exerted by external
physical factors that lead to increased invasion of metastatic cells. The results obtained also
match the hypothesis by way that that increased expression of HDAC6 make metastasising
cells more contractile and invasive. Thus, research that targets HDACG6 expression such as
HDACSG inhibitor drugs are particularly important for future treatment of cancer and this project
helps with finding the mechanism that HDACG uses to increase invasiveness.
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