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Abstract

Prostate cancer (PCa) is the most common cancer in men and the second most common
cause of cancer death in the UK. Most of the prostate cancer-related deaths are due to
metastasis formation, yet there are no efficient anti-metastatic drugs available, as most
chemotherapeutics are directed against cancer proliferation, rather than invasion.
Therefore, understanding the mechanisms underlying the metastatic process of PCa is
crucial to develop novel therapeutics. It is widely believed that degradation of the
extracellular matrix is required to navigate the tumour stroma and can be achieved by
cancer cells via the extension of invadopodia, actin-rich structures that protrude from the
ventral surface and release metalloproteases at the interface with extracellular matrix
(ECM). Invadopodia formation has been observed in-vitro and in-vivo in metastatic cell lines
derived from multiple tumour types, and invadopodia are considered important drivers of
tumour invasion, although there is less evidence in the prostate setting. The p-21 activated
kinases (PAKs) have previously been associated with invadopodia dynamics, and PAK4 was
found to be found to be localized within invadopodia in melanoma where it is thought to
regulate RhoA activity via PDZ-RhoGEF. However, the molecular mechanisms underlying
invadopodia activity in prostate cancer (PCa) remain to be elucidated as the classic PCa cell
lines have not been reported to form invadopodia without external stimulation. This study
aims to identify if prostate cancer cell lines derived from primary adenocarcinoma can be
used to study invadopodia and elucidate the precise mechanism by which PAK4 regulates
invadopodia. Characterisation of invasiveness potential revealed that all PCa cell lines tested
were capable of spontaneous invadopodia formation and produced significant visible
metastasis in Zebrafish dissemination assay. Protein depletion experiments demonstrated
that PAK4 is essential for invadopodia formation and invadopodia-mediated matrix
degradation in PCa cells. Moreover, we found evidence that PAK4 can regulate both
metalloproteases and RhoA activity, possibly via direct phosphorylation of PDZ-RhoGEF.
These findings indicate that PAK4 could play multiple roles in invadopodia lifecycle by
regulating different downstream pathways, and could therefore constitute an interesting

therapeutic target for the prevention of metastasis.
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Chapter 1. Introduction

1.1. The prostate and prostate cancer

1.1.1. Anatomy and physiology of the prostate gland

The prostate is a tubuloalveolar exocrine gland about the size of a walnut, which is part of
the male reproductive system. The prostate is conical in shape and comprises of a base and
a lateral and an apex surface in the upper segment. A normal healthy adult prostate weighs
approximately 20 grams and is located in the pelvis, positioned just below the neck of the
bladder, anterior to the rectum and surrounds the prostatic urethra that exits from the
bladder (Bhavsar and Verma 2014). Prostatic tissue can be sub-divided into four different
zones based on their anatomical position and histological characteristics: the peripheral
zone (PZ), the transition one (TZ), the central zone (CZ), and the anterior fibromuscular zone

(AFM) (Figure 1.1) (McNeal et al. 1991).

The PZ extends posteriorly and laterally from the base to the apex of the gland body and is
the largest of the zones, accounting for approximately 70% of the glandular tissue. The
central zone is a cone-shaped area that surrounds the ejaculatory ducts running from the
seminal vesicles to the urethra, and forms about the 20% of the entire prostate gland. The
transition zone is constituted of two lobes that surround the proximal section of urethra and
lie anterior to the central zone. The transition zone comprises only 5% of the total prostate
volume, however, this structure typically undergoes tissue enlargement as men age, a
condition called benign prostatic hyperplasia (BPH). The anterior fibromuscular zone is
situated on the anterior surface of the gland. This area is devoid of glandular elements and
enriched in fibrous and muscular components, which gradually blend into the bladder neck
at the base, and into the thin layer of the capsule which surrounds the prostate (Hammerich,

Ayala, and Wheeler 2008; Bhavsar and Verma 2014).

The histological architecture of prostatic tissue consists of branched tubulo-alveolar glands
with lumina lined by simple or pseudostratified epithelium, composed of luminal secretory
columnar cells and basal epithelial cells. Luminal cells play an exocrine role, producing and
secreting into the gland lumen important components of the seminal fluid such as human
PSA (prostate-specific antigen), prostatic acid phosphatase (PAP), and human kallikrein-2
(Maitland 2008). Luminal cells express high levels of androgen receptor (AR) as their survival

is androgen-dependent (D. Zhang et al. 2018). The basal layer, consisting of flattened and
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cuboidal cells not expressing AR, separates the luminal epithelium from the basement
membrane (Maitland 2008). A progenitor stem cell population is thought to reside within
the basal compartment, constituting the proliferative compartment which ensures the
renewal of the prostate epithelium (Bonkhoff, Stein, and Remberger 1994). AR-negative
neuroendocrine cells are also present in the basal cell layer (Bonkhoff, Stein, and Remberger
1995).

The human prostate has multiple functions. One of them is the production and secretion of
a fluid that is present in the seminal fluid, consisting of proteolytic enzymes, citrate and zinc.
By controlling the alkaline pH of the seminal liquid, the prostate sustains and protects sperm
for successful fertilization. Moreover, the AFM is important in controlling both voluntary

and involuntary sphincters.

1.1.2. Prostate Cancer epidemiology

Prostate cancer (PCa) is the most commonly diagnosed cancer in males with there being
57,192 new cases in 2018, and it being the 2nd most common cause of cancer death in the
UK. It has been estimated that 1 in 8 men across the UK will be diagnosed with prostate cancer
at some point during their lifetime (Prostate Cancer UK). Prostate cancer incidence rates
have increased overall since 1990, and is projected to rise by 12% before the end of 2035.
The five-year relative survival is higher for patients diagnosed with localized cancer, but the
rate dramatically drops in cases of metastatic cancer, with only 49% of men predicted to
survive 5 years after diagnosis.

The causes of PCa development have not yet been identified, although different heritable
and environmental factors such as age, ethnic origin, obesity, and previous family history of
PCa seem to be associated (Bostwick et al. 2004). Early detection of prostate cancer mostly
relies on the digital rectal exam (DRE) and the detection of the blood PSA. PSA detection
however, often leads to over-diagnosis and over-treatment of diseases that might remain
clinically silent and are not expected to cause any health problems or symptoms. PSA level
can also be high in presence of benign prostatic hyperplasia (BPH), a well-known condition
consisting in a non-malignant enlargement of the prostate organ that is very common in
ageing men. In BPH, proliferation of both epithelial and stromal components of the

transition zone is often due to a hormonal imbalance between testosterone and oestrogen
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levels which in turn increase the production of soluble growth factors (Maitland 2008). The
condition can remain asymptomatic or become clinically relevant when associated to
manifested symptoms, the most common and bothersome being lower urinary tract
symptoms (LUTS). Interestingly, BPH and prostate cancer display many similarities: both
conditions are age-related, androgen dependent, and share analogous genetic alterations
(Schenk et al. 2011). BPH is traditionally not considered to be a risk factor for prostate
cancer, although the two conditions coexist in a high proportion of patients (Chang, Kirby,
and Challacombe 2012). It is not possible to discriminate between BPH and prostate cancer
solely on the base of clinical symptoms, as there is not a specific pattern of LUTS associated
to prostate cancer. Moreover, detection of elevated blood levels of PSA cannot distinguish
between these two pathologies without the aid of additional clinical parameters, such as
PSA threshold, prostate volume, and free vs total PSA ratio (Chang, Kirby, and Challacombe
2012). For these reasons, PSA has not been approved as screening test for prostate cancer
in the UK (Wilt and Ahmed 2013). Therefore, despite extensive efforts have been made in
the last years toward the prevention and early diagnosis of prostate cancer, between 17%
and 34% of prostate cancer patients exhibit metastatic dissemination at the time of
diagnosis (Prostate Cancer UK). Hence, there is an urgent need for more accurate diagnostic
tools and therapeutic strategies for the prevention and treatment of advanced prostate

cancer.
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Prostate zones

a Central zone

b Fibromuscular zone

¢ Transitional zone
d Peripheral zone

Ejaculatory duct— e Periurethral gland region

Transition Central

Peripheral

Benigh prostatic hyperplasia

High-grade PIN

Carcinoma

Figure 1. 1: Zonal occurrence of prostate cancer.

Graphical representation of the anatomical subdivision of the prostate gland in different zones (A). The
table shows the occurrence pattern of benign prostatic hyperplasia, high-grade PIN and prostate
carcinoma based on their zonal predisposition. Red=high prevalence, orange=medium prevalence,
yellow=low prevalence, white=none (B). Image adapted from (De Marzo et al. 2007).
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1.1.3. Prostate carcinogenesis

Prostate cancer is a heterogeneous disease: 95% of prostate cancer cases are
adenocarcinomas, while only 4% are characterised by neuroendocrine or transitional
morphological features (Maitland 2008). Moreover, prostate cancer has a multifocal nature,
with distinctive and individual tumour foci originating the same organ. More than 75% of
prostate cancer cases occur in the peripheral zone, followed by the transition zone (15-20%)
and a minority of cases in the central zone (5-10%) (Maitland 2008) (Figure 1.1).
Inflammation is thought to be one of the determining factors in prostate cancer
development. Indeed, epidemiological studies have shown a positive correlation and a
significant increase in the risk of prostate cancer in men affected by, or with a history of

prostatitis (Nakai and Nonomura 2013).

Pre-malignant focal inflammatory lesions have been found to occur mainly in the peripheral
zone. Prostatic intraepithelial neoplasia (PIN) is a premalignant condition characterised by
the abnormal growth of epithelial cells confined within a pre-existing prostatic acinus or
duct, with no invasion of the surrounding stroma (A. G. Ayala and Ro 2007). PIN can be
classified as low-grade or high-grade, depending on the extent of the tissue disorganisation.
In high-grade PIN (HGPIN), cytological features are very similar to those of invasive prostate
cancer, with most of the epithelial cells exhibiting nuclear enlargement, irregular cell size
and shape, hyperchromasia, multiple nucleoli often surrounded by clearer halos (A. G. Ayala
and Ro 2007). Other similarities include the increased prevalence of HGPIN with age,
alterations of genetic and molecular markers, and the zonal predilection of incidence, as 75-
80% of HGPIN cases are found in the peripheral zone and can be multifocal (A. G. Ayala and
Ro 2007). Moreover, studies conducted on radical prostatectomy specimens showed a
topographical association between HGPIN and prostate carcinoma: frequent morphologic
transition areas were detected in which HGPIN merged with adenocarcinoma lesions
(McNeal et al. 1991; Putzi and De Marzo 2000). Currently, HGPIN is widely recognized as a
prostate cancer initiator, and possibly the intermediate step in the transformation path that
leads to prostate adenocarcinoma (Bostwick, Pacelli, and Lopez-Beltran 1996; De Marzo et
al. 2007). HGPIN is undoubtedly an important risk factor and a predictive marker of prostate

cancer development (A. G. Ayala and Ro 2007).
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1.1.4. Prostate cancer progression

More than 60% of prostate cancer patients in England are diagnosed at early stage with
localised carcinoma, confined within the prostate organ (Prostate Cancer UK). Multiple
options exist for the management of clinically localised prostate cancer, including active
surveillance, radical prostatectomy, cryoablation and radiotherapy (Wilt and Ahmed 2013).
Unfortunately, 20-30% of patients treated primarily with radiotherapy or local surgery
relapse, possibly advancing to a later stage of prostate cancer (Afshar et al. 2015). For
patients with recurring cancers or those presenting with locally invasive or metastatic
disease androgen deprivation therapy (ADT) is the preferred strategy, as these cells require

androgen to proliferate (Lonergan and Tindall 2011).

Androgens, functioning via the Androgen Receptor (AR), are essential for the normal
development and function of the prostate gland, and to regulate the overall male fertility.
AR is variably expressed in prostate cancer tissue, and up to 90% of diagnosed prostate
cancer are androgen-dependant at diagnosis (Heinlein and Chang 2004). In absence of
available androgens, the AR is found primarily in the cytoplasm, associated to heat shock
proteins (HSPs) and other proteins involved in the cytoskeletal regulation (Lonergan and
Tindall 2011). Binding of the AR to androgens lead to a conformational change that results
in the dissociation from HSPs and dimerization of the AR. After associating with co-regulator
proteins, AR translocates to the nucleus of the cell where it binds androgen-response
elements (AREs) in the promoter region of target genes required for survival and
proliferation of prostate cells (Lonergan and Tindall 2011). Hormonal therapies targeting the
AR function via androgen deprivation and/or AR blockade proved to be effective in 80-90%
of patients with metastatic cancer, who experienced remission of the disease and decrease
of PSA levels (Harris et al. 2009). After a median of 2-3 years, however, patients undergoing
ADT eventually experience progression of the disease due to hormone refractory. This type
of cancer is known as castration-resistant prostate cancer (CRPC) (Harris et al. 2009).
Eventually, 90% of patients with CRPC will develop metastasis, preferentially to the bones.
Patients with metastatic CRPC are left with a very poor prognosis and a life-expectancy of
only 16-18 months (Karantanos, Corn, and Thompson 2013). Because the AR is thought to
remain active in CRPC, novel hormonal drugs based on AR inhibition such as abiraterone
acetate can be employed (Karantanos, Corn, and Thompson 2013). These therapies,

however, do not provide an effective cure for metastatic CRPC and produce only modest
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effects, increasing the patient’s survival by approximately 4-5 months, and are therefore
considered to be mainly palliative drugs. The systemic nature of metastasis and their

resistance to therapeutic agents make metastatic CRPC incurable.

1.1.5. Prostate cancer grading and staging

Diagnosis of prostatic carcinoma is based on the histological assessment of prostate tissue
samples obtained via radical prostatectomy or needle biopsy. The H&E stained tissue
specimens are evaluated by a pathologist who subsequently assign a Gleason score
depending on the microscopic cell appearance and tissue architecture. The Gleason
classification was developed in 1966 by Dr Donald Gleason, and remains the preferred and
the most reliable grading system (Peter A. Humphrey 2004). Moreover, it represents a
strong prognostic indicator for prostate cancer progression and clinical outcome. The
Gleason score is based on five different grade patterns that can be identified by observing
the differentiation degree of glandular components and the growth pattern of the tumour
in the prostatic stroma at relatively low magnification (10X-40X) (Peter A. Humphrey 2004)
(Figure 1.2). Gleason pattern 1 is the lowest and it’s characterised by well-differentiated,
closely packed, rounded and uniform acini which resembles the normal prostatic
epithelium. Progression to higher Gleason grades implicates increased variability in cells size
and shape, with presence of angular and more elongated components, possibly infiltrating
in the stroma via thin protrusions. Gleason pattern 5 is the highest grade which typically
includes a central area of necrosis, minimal or no glandular differentiation, and solid
carcinoma sheets infiltrating the surrounding stroma (Peter A. Humphrey 2004).

Given the heterogeneity and multi-focal nature of PCa, two or more different patterns can
be found within the same prostate. Therefore, the two predominant basic patterns are
added together to generate a final histological score ranging from 2 to 10. The primary
pattern represents 50% or more of the tissue architecture, while the secondary pattern
represents less than 50% of the total pattern. If the secondary pattern is less than 5%, it is
ignored and the primary pattern is doubled to give the final score (N. Chen and Zhou 2016).
If a tertiary component of highest grade but less prevalence is identified, it is added to the
final grade replacing the secondary pattern. Following the International Society of Urological

Pathology (ISUP) recommendations made in 2005, Gleason score 1+1=2 is not being
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diagnosed as it is impossible to discern it by needle biopsy, and only Gleason score of 6 or

above should be reported (N. Chen and Zhou 2016).

In addition to the Gleason grading, PCa can be defined using the tumour, node and
metastasis (TNM) staging system, in agreement to the classification of malignant tumour by
the American Joint Committee on Cancer (AJCC) (Cheng et al. 2012). Each category of the
TNM is accompanied by a number representing a sublevel which provide more in-depth
information about the tumour characteristics. The size and extent of the tumour (T) can be
determined prior to treatment by needle biopsy, clinical examination (DRE) or imaging
techniques such as MRI. T1 means the carcinoma is clinically unapparent and can’t be
detected by simple examination of the prostate. T2 tumours are confined within the
prostate gland, possibly involving one or both lobes, while T3 tumours have broken outside
the prostate and it’s therefore considered to be locally advanced. T4 denotes the spreading
of the cancer to the nearby tissues such as seminal vesicles, bladder or pelvic floor (Cheng
et al. 2012). Similarly, NO-N1 is utilised to indicate whether cancer cells have disseminated
into lymph nodes. Lymph nodes involvement is an important prognostic factor for prostate
cancer patients (Cheng et al. 2012). MO0-1 describes whether metastasis are found in other
parts of the body. Two additional annotations can be added before the letters TNM: “c”
indicates whether the tumour has been clinically assessed, while “p” indicates whether the
tumour is confined within the prostate. Both Gleason grading and TNM staging are
important components of the risk stratifications of prostate cancer patients, which is widely

used to determine the appropriate therapeutic approach (Table 1.1).
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Figure 1. 2: Gleason grading of the histological patterns of prostatic carcinoma

Gleason grading depends on the histological architecture of the prostatic tissue examined at low
magnification (10X-40X). Gleason pattern 1 is virtually undistinguishable from non-cancerous tissues. The
Gleason score increases proportionally with the increased level of architectural and structural disruption
of the prostatic epithelium. Gleason 5 represents the most undifferentiated grade, where no glandular
structures are distinguishable. Figure adapted from (Harnden et al. 2007).
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N score M score PSA GRADE STAGE

T score

cTla-c, cT2a NO MO <10 ng/mL 1

pT2 NO MO <10 ng/mL 1

cTla-c, cT2a NO MO 210, <20 ng/mL 1 A
pT2 NO MO 210, <20 ng/mL 1 A
cT2b-c NO MO <20 ng/mL 1 A
T1-2 NO MO <20 ng/mL 2 1B
T1-2 NO MO <20 ng/mL 3 lc
T1-2 NO MO <20 ng/mL 4 lc
T1-2 NO MO =220 ng/mL 1-4 A
T3-4 NO MO Any 1-4 B
Any NO MO Any 5 e
Any N1 MO Any Any IVA
Any Any M1 Any Any IVB

Table 1. 1: Definitions of the American Joint Committee on Cancer TNM criteria for prostate cancer



1.2. Metastasis and cancer invasion

1.2.1. The Metastatic Cascade

Metastatic disease is the spread of cancerous cells from the primary tumour towards
secondary malignant sites in distant parts of the body. More than 90% of cancer-related
deaths are due to metastasis formation, rather than the primary carcinoma. Hence,
metastasis represent the primary life-threatening aspect of cancer (Valastyan and Weinberg
2011). However, available chemotherapeutics are mainly directed against cell proliferation,
rather than invasiveness. To efficiently target disseminating cancer cells, the identification

of migration regulators and their pathways is crucial.

Metastasis formation is a complex multistep process that requires a sequence of biological

events collectively named as “metastatic cascade” (Figure 1.3).

Escape from the
primary tumour

o
o.o.f
@ .F.

invasion in the
surrounding stroma

==

\o

Intravasation Extravasation

Metastatic
growth

Figure 1. 3: Schematic representation of the events occurring in the metastatic cascade

In order to colonise distant sites, cells must detach from the primary tumour and invade through the
extracellular stroma. Subsequently, cells enter the circulation (intravasation) and are transported in
secondary districts of the body, where they exit the vasculature (extravasation) and establish a secondary
tumour.
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Tumour spread starts with the local invasion of adjacent tissues throughout the surrounding
extracellular matrix (ECM) and stromal cell layers. Locally invasive tumour cells subsequently
enter the vasculature and the lymphatic vessel system. Secretion of angiogenic factors by
cancer cells facilitate intravasation by promoting neoangiogensis and new blood vessels
formation. Once inside the local vasculature, disseminating cells can reach distant sites by
traveling in the bloodstream. At a given point, cells lodge in the microvasculature of distant
organs, and breach through the endothelial barrier in a process called extravasation, to

colonise the parenchyma of the secondary organ (Valastyan and Weinberg 2011).

The successful establishment and growth of metastatic colonies is actually a rare event. It
has been estimated that less than 0.01% of circulating tumour cells present in the
vasculature will eventually develop into metastases (Fidler 1970). Cell survival in the
bloodstream and metastatic colonization are the major limiting steps of the metastatic
cascade, as they need to survive in foreign and inhospitable microenvironments. A tight
coordination of molecular pathways involved in cell motility, invasion, proliferation and
adhesion is required in order for cancer cells to efficiently progress throughout all the steps
of the metastatic cascade, offering numerous potential therapeutic targets and valuable

opportunities for pharmacological intervention.

1.2.2. Mechanisms of cell invasion

Cancer cell spreading within surrounding tissues is achieved throughout similar mechanisms
of migration adopted by normal, non-neoplastic cells, during physiological processes such
as immune response, wound healing, tissue morphogenic and homeostasis. The acquisition
of motile behaviour in the cancer cell involves the activation of molecular pathways
regulating cytoskeletal dynamics, cell-cell junctions and cell-matrix adhesion turnover
(Friedl and Alexander 2011). To migrate, the cell body undergoes morphological changes,
becomes more polarised and extend characteristic plasma membrane protrusion at the
leading edge. These protrusions can be large and broad (lamellipodia) or finger-like
(filopodia), and by anchoring the extracellular matrix (ECM) they provide the traction force
necessary for the movement of the cell body (Friedl and Alexander 2011). Dissolution of cell

adhesions at the cell rear allows the cell to detach and continue moving forward.
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Depending on cell type and microenvironment, cancer cells can infiltrate through the ECM
in two major different patterns: individually, referred to as “single cell migration”, or as
multicellular groups, named “collective migration” (Figure 1.4). The two modes of migration
can co-exist in the same tumour (Friedl and Alexander 2011; Sanz-Moreno and Marshall
2010). When migrating individually, cancer cells can utilise two interchangeable
mechanisms: mesenchymal- or amoeboid-like migration (Sanz-Moreno and Marshall 2010;
Krakhmal et al. 2015). Mesenchymal migrating cells are characterised by a fibroblast-like
elongated and polarised morphology and their movement follows the multistep process and
protrusive machinery similar of that of non-tumorigenic cells (Friedl and Alexander 2011).
Differently from normal cells, however, mesenchymal cells rely on the secretion of
proteases to degrade the extracellular matrix and enable invasion. Release of specific
metalloproteases at cell-ECM interface can be achieved by the employment of ventral
dynamic protrusions named invadopodia  (Murphy and Courtneidge 2011). The
mesenchymal type of migration is associated to tumours of the connective tissue, but it can
also originate from epithelial cancers following progressive dedifferentiation and loss of
cellular junctions (Friedl and Alexander 2011). Epithelial cancer cell can lose their
characteristic phenotype in favour of a more mesenchymal morphology through the
epithelial to mesenchymal transition (EMT). EMT encompasses a wide range of molecular
and cellular changes that collectively are thought to facilitate cancer progression and
invasion in multiple cancer types, including breast, ovary, colon, and lung and also prostate
(Nieto and Cano 2012). One of the most recognized markers of EMT is the loss of E-cadherin,
an important mediator of intercellular junctions which has been is associated with prostate
cancer chemoresistance and poor prognosis (Puhr et al. 2012). E-cadherin is replaced by
other markers representative of a mesenchymal phenotype, such as N-cadherin and
vimentin, both involved in promoting cell invasiveness and survival (Nauseef and Henry
2011; Heerboth et al. 2015; Khan et al. 2015). SNAIL, TWIST, TGFB and many other signalling
pathways are important inducers of EMT as they trigger early events and regulates the
expression levels of epithelial and mesenchymal proteins involved in the transition (Khan et
al. 2015).

However, EMT role in cancer and as driver of cell metastasis is still matter of debate, as
recent works indicates that EMT is not a binary switch but rather a series of transitionary
states (Nieto et al. 2016). There is considerable data suggesting EMT is relevant in prostate

cancer, as the expression of EMT related molecules is found to be well correlated with
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aggressive tumours and could potentially hold a prognostic value (Nauseef and Henry 2011;
Khan et al. 2015). Prostate cancer PC3 cells, for example, are known to have lost E-cadherin
expression and increased vimentin expression, and do not form appreciable cellular
junctions when cultured in a 2D monolayer (Christiansen and Rajasekaran 2006). Other
findings indicate that EMT is dispensable for cancer invasion. When embedded in 3D
Matrigel, PC3 cells generate polarized spheroids characterised by expression of prostate-
specific markers, reduced vimentin and prominent cellular junctions (Christiansen and
Rajasekaran 2006). Prostate cancer metastasis are reported to express both epithelial and
mesenchymal markers, consistent with the idea of a partial EMT (Chao et al. 2012;
Armstrong et al. 2011). Different to the mesenchymal migration, amoeboid migrating cells
are characterised by a rounded morphology, lower adhesion force, and increased
actomyosin contractility (Friedl and Alexander 2011). Amoeboid-like cells are able to easily
adapt their shape thanks to rapid deformability, which allows them to “squeeze” throughout
the narrow spaces contained within the ECM in a protease-independent manner. Rapid
expansion and contraction of the cells body leads to the generation of a propulsive force
that drives the cell forward. Additionally, the internal hydrostatic pressure can generate
membranes protrusion named “blebs” that sense the surrounding ECM (Friedl and Wolf
2003; Pandya, Orgaz, and Sanz-Moreno 2017). Amoeboid and mesenchymal cell migration
are interconvertible and cancer cells can transition between the two different motility styles
depending on the properties of the surrounding ECM, such as pore size and fibrillar density.
For example, high network density and/or abolishment of pericellular proteolysis promotes
the shifting to an amoeboid type of tumour-cell movement (Friedl and Wolf 2003; A. G. Clark
and Vignjevic 2015). Prostate carcinoma cell lines PC3 and DU145 have previously been
reported to be capable of both amoeboid and mesenchymal migratory phenotypes (Taddei

et al. 2011; Morley et al. 2014).

Collective cell migration consists of the movement of independent aggregates of cells
retaining their intercellular junctions (mediated by cadherins) and cell-matrix adhesions
(mediated by integrins) (Friedl and Alexander 2011). Collective migration can occur in
different forms, depending on the cell type, the architecture of the invaded tissue, the
number of invading cells that are joined together. Thus, invading cells can organize in sheets,
clusters or streaming (Friedl and Alexander 2011). In most cases, collective migration is

accompanied by a front—rear asymmetry. A “leader” cell at the tip of the group with a
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mesenchymal-like morphology typically extends actin-rich protrusions that sense the
extracellular matrix and generate forward traction. Leading cells are usually polarized and
lack of tight junctions that are present in the rear cells, which, instead, are well-organised
and packed together (Friedl and Alexander 2011). Collective migration is one of the
predominant modes of invasion in epithelial cancers, and it is frequently seen in invasive
carcinomas of prostate both in in-vivo and in-vitro settings (Brandt et al. 1996; Cui and
Yamada 2013; Friedl and Wolf 2003). Clusters were isolated from the peripheral blood of
prostate cancer patients (Brandt et al. 1996), while 3D Matrigel invasion assays experiments
showed that PC3 prostate cancer cells collectively migrate in multicellular clusters, which

are impaired by depletion of N-cadherin (Cui and Yamada 2013).
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Figure 1. 4: Schematic representation of different modes of cell migration.

Cell can migrate as single cells or as a group of cells, termed collective migration. Single cells can navigate
through the stroma by acquiring an elongate, mesenchymal phenotype that relies on the secretion of
metalloproteases, or as more rounded, amoeboid cells, which squeeze through the pores and fibres of
the stroma. Collective migration requires the retention of intercellular adhesions, and cells can migrate
as clusters, streams or sheets.
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1.3. Invadopodia

1.3.1. Invadopodia relevance in cancer

Degradation of ECM is a key step in the metastasis development process (when amoeboid
migration is not used) and it is required for successful penetration into blood or lymphatic
vessels (Valastyan and Weinberg 2011). One way the ECM barrier can be overcome by
cancer cells is through the formation of specialized structures named invadopodia.
Invadopodia consist of actin-rich structures of the plasma membrane that provide a link
between the actin cytoskeleton and the extracellular matrix, facilitating the invasion and
degradation of the ECM through the local release of metalloproteases (Buccione, Caldieri,
and Ayala 2009; Linder, Wiesner, and Himmel 2011). Invadopodia are closely related to
another type of membrane protrusion: the podosome. Together, these two types of
structures are named invadosomes (Linder, Wiesner, and Himmel 2011). Invadopodia and
podosomes display important molecular and structural similarities, thus, there is still
uncertainty as to whether they represent two distinct structures, or they have evolved from
a common ancestor structure. It has been speculated that podosome could be precursor of
invadopodia, hence by extension particularly relevant for cancer studies (Flynn et al. 2008).
One of the main differences between these two types of protrusions, however, is the cell
types in which they are primarily identified. Podosomes are associated with myeloid cells,
such as monocytes, megakaryocytes, osteoclasts, macrophages and dendritic cells that
migrate to exert their physiological functions in response to environmental stimuli.
Additionally, podosomes formation can be induced in endothelial and vascular smooth
muscle cells upon stimulation with growth factors such as platelet derived growth factor
(PDGF), transforming growth factor-beta (TGF-B) and epidermal growth factor (EGF)
(Murphy and Courtneidge 2011). Invadopodia, by contrast, are thought to be restricted to
carcinoma cells and are thought to play a key role in cancer invasion. Moreover, invadosome
structures exhibit other relevant distinctions: invadopodia can have a life-span of several
hours, much longer than podosome, characterised by a turnover of few minutes.
Invadopodia have a diameter of approximately 8 um and extend into the matrix 2-5 um. In
contrast, podosomes are relatively smaller: 1um in diameter and can reach a length up to

0.5 um (Buccione, Caldieri, and Ayala 2009; Flynn et al. 2008). Additionally, invadopodia
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exhibit a higher degradative capacity, consistently with the high invasive and metastatic

potential of cancer cells (Artym et al. 2011; Enderling et al. 2017).

The precise ultrastructural components of the invadopodial architecture are still not fully
elucidated. Invadopodia were first identified by Chen et al. in chicken embryo fibroblasts
that were Src-transformed by Rous sarcoma virus (W. T. Chen 1989). They were described
as circular-shaped clusters (rosette) that exhibited adhesive and degradative capacity (W. T.
Chen 1989). Structurally, invadopodia consists of a F-actin core enriched in actin-nucleator
molecules, such as Arp2/3, Cortactin or WASP, and their upstream regulators, such as Nck1
and Cdc42. Microtubules and intermediate filaments are also thought to engage with the
invadopodia core, which is surrounded by a ring of adhesion and scaffolding proteins, as

signalling molecules and membrane-associated proteases (Figure 1.5) (Linder 2007).

Since their discovery, invadopodia have been detected in in-vitro in several different cell
lines of tumour, such as bladder (Yamamoto et al. 2011), breast (W. T. Chen et al. 1994;
Coopman et al. 1998), melanoma (Aoyama and Chen 1990; Mueller et al. 1999), squamous
carcinoma (Takkunen et al. 2010), colon cancer (Schoumacher et al. 2010). Despite
considerable effort has been made, it is yet not clear whether invadopodia play a
physiological role in prostate cancer. PC3 cells were reported to form unique adhesive and
migratory structures capable of degrading the matrix in an in-vitro matrix degradation assay
(Desai, Ma, and Chellaiah 2008). However, the structures identified in prostate cancer cell
lines have never been confirmed for unique invadopodia markers and they have been
considered to be invadopodia solely on the base of the differential degradation pattern
exhibited by PC3 cells when compared to osteoclasts (Desai, Ma, and Chellaiah 2008). In
comparison to osteoclasts, which are thought to utilise podosome for the physiological bone
resorption (Georgess et al. 2014), the degradative ability exhibited by PC3 cells appeared to
be relatively small and increased only upon stimulation of the osteopontin/avB3 pathway
(Desai, Ma, and Chellaiah 2008). Another study analysed the relationship between clinical
prostate cancer tissues and the expression levels of Cortactin (Ma et al. 2016), an actin
regulator which is localized to invadopodia and is thought to be critical for invadopodia
functions (E. S. Clark et al. 2007). Cortactin expression was found to be increased in tissue
samples derived from more advanced stages of prostate cancer, and was remarkably higher

in lymph node metastasis sample (Ma et al. 2016). These findings indicate that invadopodia
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might play a crucial role in promoting prostate cancer progression, but the lack of efficient
models to study invadopodia and the difficult experimental characterisation of invadopodia
structures have been hindering progresses in invadopodia research in the prostate cancer

setting.

Invadopodia can be visualized in a 2D environment by seeding the cells on a planar surface
coated with a layer of ECM proteins, which can be native proteins such as fibronectin, or
denatured collagen proteins forming gelatin. Active invadopodia forming on the ventral
surface of the cells will degrade the underneath matrix, which is fluorescently labelled. Thus,
digestion of matrix by invadopodia activity results in dark areas lacking fluorescent signal
colocalizing with dot-like accumulation of F-actin, and is easily detected by fluorescence
microscopy (Artym, Yamada, and Mueller 2009). Invadopodia have been reported also in a
three-dimensional (3D) setting. Human melanoma, fibrosarcoma and breast cancer cells
surrounded by a dense gel-based matrix, which allows the formation of integrin-ECM site of
contacts along the entire cell surface, have been reported to extend invadopodia-like
structures with degrading activity (Hotary et al. 2000; Tolde et al. 2010; Wolf and Fried|
2009; Schoumacher et al. 2010).

The characterisation of invadopodia in-vivo is notably challenging, as current technologies
do not allow an adequate visualization of the cell:matrix interface during cell migration in
vertebrate models. The invasive process, furthermore, is highly dynamic and difficult to
predict. Nevertheless, considerable efforts have been dedicated to the identification of
invadopodia structures and their importance within the in-vivo setting. Intravital imaging
experiments and mammary adenocarcinoma xenograft tumours in rats identified cortactin-
positive protrusions characterised by proteolytic activities required for tumour cell
intravasation. The knockdown of neural Wiskott—Aldrich syndrome protein (N-WASP),
which regulates reorganization of the actin cytoskeleton, led to an impaired ability of
mammary adenocarcinoma cells to form invadopodia, resulting in suppression of cell
invasion, intravasation and lung metastasis (Gligorijevic et al. 2012). High resolution time-
lapse intravital microscopy was also utilised for visualisation of human tumour growth and
migration in ex-ovo chicken embryo models. Here, the silencing of cortactin, SH3-domain-
rich proteins Tks4 and Tks5, that are a known structural and functional requirement of

invadopodia, reduced the metastatic efficiency, and provided clear evidence supporting
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requirement of invadopodia for the early phase of cancer cell extravasation (Leong et al.
2014). Experiments in zebrafish and C. Elegans confirmed the existence of invadopodia
breaching through the basement membrane barrier and their Src- and Tsk5-dependent

formation in-vivo (Seiler et al. 2012; Hagedorn et al. 2013).

Taken together, these studies led to the identification of approximately 100 different
proteins that have been associated with different stages of assembling and activity, and
suggested that invadopodia might play a key role in cell invasion in-vivo. Therefore,
therapeutic agents targeting the mechanisms involved in invadopodia development and
activity may represent a novel strategy to inhibit or prevent tumour dissemination and

metastasis.
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Figure 1. 5; Schematic representation of podosomes and invadopodia.

The architectural structure of podosomes and invadopodia consists of a core of actin filaments that
protrude from the ventral surface of the cell and secrete metalloproteases to degrade the ECM. WASP
and Arp2/3 complex promoted actin nucleation and thus filaments elongation downstream of Cdc42,
allowing the podosome elongation. A network of scaffold proteins and adhesion complexes link the
podosome core to the extracellular matrix (A). Invadopodia elongates longer into the surrounding ECM
compared to podosome. WASP and Arp2/3 complex are localised at the base of the invadopodia core,
which contains also microtubules. Formins drive the linear elongation of actin filaments (B). Image taken
from (Spuul et al. 2014).
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1.3.2. Invadopodia lifecycle

Invadopodia lifecycle is a very dynamic and complex process that encompasses different
successive stages, each of them associated with a wide range of structural proteins and
specific molecular regulators. These phases have been defined as invadopodium initiation,
invadopodium precursor stabilization, and invadopodium maturation (Figure 1.6) (Beaty

and Condeelis 2014).

Formation of invadopodia is triggered by extracellular signals which bind to plasma
membranes receptors and elicit intracellular signalling cascades involved with invadopodia
dynamics (Hoshino, Branch, and Weaver 2013). These stimuli can be of different natures:
growth factors, integrins, cytokines, ECM components, reactive oxygen species (ROS), and
micro RNAs, calcium (Murphy and Courtneidge 2011). EGF, Met, PDGF and TGFp receptors
have been reported to promote invadopodia formation in different cancer cell types (Diaz
et al. 2013; Eckert et al. 2011; Pignatelli et al. 2012; Rajadurai et al. 2012; Yamaguchi et al.
2005a). These receptors act as serine/threonine or tyrosine kinases, and their stimulation
activates a set of kinases, such as Src, ERK and PAK, which, in turn, phosphorylates several
downstream effectors involved in cytoskeletal regulation (Foxall et al. 2016). An initial
complex of actin and cortactin is formed, where cortactin binds and inhibit the actin-binding
protein cofilin, which normally promotes the generation of free actin barbed ends used for
actin polymerization (E T Bowden et al. 1999). The actin-related protein (Arp2/3) complex,
formins and N-WASP are recruited around the initial core (Beaty and Condeelis 2014). It has
been suggested that phosphorylation of cortactin releases cofilin from inhibition, activating
formins and the Arp2/3 complex to drive linear and branched actin polymerization, resulting
in the elongation of actin barbed ends the formation of the precursor (Oser et al. 2009). The
precursor is further stabilised via the formation of tightly packed bundles of actin filaments
which are anchored to the plasma membrane via the adaptor protein Tks5 (Beaty and
Condeelis 2014). Other actin bundle proteins, such as Fascin and Filamin-A have been
reported to stabilize the protrusion (Takkunen et al. 2010; A. Li et al. 2010).

Maturation of the invadopodium involves inactivation of cofilin activity upon de-
phosphorylation of cortactin, which is therefore able to bind and sequester cofilin again (Oser
et al. 2009). A microtubule network and vimentin filaments extend at the base of the

structure, possibly participating in the elongation of invadopodium and in the transport of
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several proteases towards the tip (Schoumacher et al. 2010). The predominant proteolytic
enzymes utilised by mature invadopodia to degrade the surrounding ECM are
metalloproteases (MMPs), amongst there, membrane type 1 MMP (MT1-MMP), MMP2 and
MMP9 have been reported to be particularly enriched to invadopodia (Jacob and Prekeris
2015). MT1-MMP is a transmembrane protein that directly cleaves many different
components of ECM, including collagen type I, Il and lll, gelatin, fibronectin, vitronectin and
fibrin (Poincloux, Lizarraga, and Chavrier 2009). MMP2 and MMP9 are soluble proteins that
recognise collagen type IV, one of the most abundant components of basement
membranes, and denatured collagen (gelatin). MMP2 and MMP9 are secreted into the
extracellular space as proenzymes, which can be activated via proteolytic cleavage by the
transmembrane MT1-MMP (Poincloux, Lizarraga, and Chavrier 2009). MT1-MMP is thought
to play a crucial role in invadopodia function, as inhibition or depletion of this protease
significantly impairs invadopodia formation and matrix degradation (E. S. Clark et al. 2007;
Sakurai-Yageta et al. 2008). MT1-MMP is normally present in the cells in an inactive state,
sequestered within intracellular storage compartments. Activation of the Rho-GTPases
RhoA and Cdc42 triggers the association between the exocyst complex and the IQ motif
containing GTPase activating protein 1 (IQGAP1). This interaction results in the fusion of the
vesicle containing MT1-MMP to the target site on the plasma membrane of the
invadopodium, with subsequent release of MT1-MMP (Jacob and Prekeris 2015). Studies
conducted by Clark et al. indicate that MT1-MMP trafficking and surface expression is
regulated by cortactin, which can positively influence also MMP2 and MMP9 secretion (E.

S. Clark et al. 2007).
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Figure 1. 6: Different phases of invadopodia lifecycle

An extracellular signal (i.e. growth factors, cytokines, ECM proteins, micro RNAs) induces invadopodia
formation (1). Subsequently, short cells protrusions invade the basement membrane (2) and further
elongate across the ECM (3). Mature invadopodia are characterised by adhesion proteins connected to a
ring structure of scaffold proteins and other regulatory factors, which surround the actin core. Mature
invadopodia degrade the ECM through secretion of metalloproteases (4).
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1.4. Rho GTPases in cell migration and invasion

1.4.1. Rho-GTPases are important regulators of cell motility

Multiple processes involved in cell migration are coordinated by the members of the Rho
family GTPases. More than 20 distinct Rho-GTPases have been identified, involved in the
regulation of a wide range of cellular functions including cell protrusions, cell adhesion, cell
polarization and transduction of several receptor signalling pathways (Guan et al. 2020; Hall
2012). Rho-GTPases can act as molecular switches by cycling between an active GTP-bound
state and an inactive GDP-bound state. In their active GTP-bound state, Rho-GTPases can
interact with over 50 different downstream effectors, including serine/threonine kinases,
lipid kinases, scaffold proteins, oxidases and lipases (Phuyal and Farhan 2019). The transition
between GTP- and GDP-bound conformations is regulated via the alternate activity of Rho
guanine nucleotide exchange factors (RhoGEFs) and Rho GTPase activating proteins
(RhoGAPs). RhoGEFs promote the activation of Rho-GTPases by catalysing the exchange of
GTP to GDP. It has been shown that the same Rho-GTPase can be activated by multiple
RhoGEFs, which act downstream of extracellular signals and allows a dynamic regulation of
Rho-GTPases depending on the tissue and molecular context. The RhoGEFs family comprises
more than 70 proteins, mainly belonging to the Dbl family (Cook, Rossman, and Der 2014).
These GEFs share a catalytic Dbl-homology domain (DH), which engage with the Rho-GTPase
and promote the nucleotide exchange and it's adjacent to a regulatory C-terminal pleckstrin
homology (PH) domain (Cook, Rossman, and Der 2014). Other GEFs have been identified
belonging to the DOCK family, where the catalytic domain is represented by a conserved
Dock-homology region-2 (DHR) (Goicoechea, Awadia, and Garcia-Mata 2014). RhoGAPs, on
the contrary, facilitate the hydrolysis of GTP to GDP, causing the inactivation of Rho-GTPases
(Bos, Rehmann, and Wittinghofer 2007). A third mechanism of regulation involve the
binding of the Rho guanine-nucleotide-dissociation inhibitors (GDIs) to the GDP-bound form
of Rho GTPase protein, blocking the protein and impeding its interaction with its regulatory

factors and downstream effectors (Leonard et al. 1992) (Figure 1.7).
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Figure 1. 7: Schematic representation of the mechanisms of Rho-GTPases regulation

GDI binds to Rho-GTPases, preventing its activation and thus it’s downstream signaling. Inactive GDP-
bound Rho-GTPases is activated by RhoGEF that promotes the exchange of GDP to GTP. Active Rho-
GTPase is inactivated by Rho-GAPs that promote the hydrolysis of GTP to GDP.

The most studied Rho GTPases proteins involved in the regulation of actin dynamics are Ras
homolog gene family member A (RhoA), Ras-related C3 botulinum toxin substrate 1 (Racl)
and cell division control protein 42 (Cdc42). The activation of these Rho-GTPases has been
associated with the formation of distinctive actin-based structures responsible for cell
motility. Racl protein intervenes in the initial step of the migration process by promoting
the formation of lamellipodia protrusions at the leading edge of the cell. Racl interaction
with the members of the WASP-family verprolin homologue (WAVE) family lead to the
activation of the actin-related proteins 2/3 (Arp2/3) complex, which initiates the formation
of a new branched actin filaments network (Miki, Suetsugu, and Takenawa 1998; Machesky
and Insall 1998). Another mechanism by which Racl promotes the polymerization of actin
filaments is via the removal of capping proteins that prevents actin nucleation at barbed
ends (+) in resting cells. Racl binding to phosphatidylinositol-4-phosphate 5-kinase (PIP 5-
kinase) triggers the synthesis of phosphatidylinositol-4,5-bisphosphate (PIP2), which then
inhibits capping proteins activity (Tolias et al. 2000). Racl has also been implicated in
formation of focal adhesion, which can be found mainly in lamellipodia in migrating cells
and mediates the cell-substrate attachments necessary to generate the traction force for
cell movement (Nobes and Hall 1995; Ridley and Hall 1992). Activation of Racl promotes
the acquisition of an elongate shape and drives mesenchymal invasion via the adaptor
protein NEDD9 or through the exchange factor DOCK3 (Sanz-Moreno et al. 2008). Moreover,
reduction of Racl levels significantly decreased cell invasion (Chan et al. 2005).

Cdc42 is responsible for the maintainment of cell polarity and for the initiation of filopodium

extension through activation of Arp2/3. However, differently from Racl, activation of the
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Arp2/3 complex is achieved via interaction with the Wiskott-Aldrich syndrome protein
(WASP) family. Importantly, filopodia protrusions can provide guidance during cell migration
by acting as chemosensors of the surrounding environment which detect and transmit
extracellular signals (Ridley 2001; Mattila and Lappalainen 2008).

RhoA is a well-known inducer of actin stress fibres formation through the activation of the
downstream effectors mDia and ROCK (Le Clainche and Carlier 2008). Activation of ROCK
also results in the regulation myosin Il activity via inhibition of the myosin light chain (MLC)
phosphatase. This leads to enhanced phosphorylation of MLC, which results in the
formation cross-link of actin filaments and enhanced cellular contractility (Nobes and Hall
1995). It has been shown that increased RhoA/ROCK activity is a key driver of amoeboid
invasion in cancer cells (Sahai and Marshall 2003; Sanz-Moreno et al. 2008). A different
study has suggested that active RhoA is present at the leading edge where it plays a role in
the formation of membrane ruffles (Pertz et al. 2006). Importantly, RhoA is implicated in the
maturation and disassembly of focal adhesion at the rear of the cells, an essential process
for ensuring an efficient cell invasion (Rottner, Hall, and Small 1999; Huttenlocher and
Horwitz 2011).

The regulation of the many processes that are controlled by Rho-GTPases activity is
complex, and the resulting effect is dependent on the tight control of Rho-GTPases
activation and localisation. A significant cross-talk amongst Rho-GTPases can contribute to
the maintainment of this balance. For example, RhoA and Racl have been reported to be
mutually antagonists, as increase in one of them results in the inhibition of the other (Sander

et al. 1999).

1.4.2. Rho-GTPases in invadopodia

The activity of Rho-GTPases to regulate the architectural dynamics of cytoskeletal structures
is also required in invadopodia, and different Rho-GTPases might function in different
phases of invadopodia lifecycle. Cdc42 is crucial to initiate the assembly of invadopodia
precursors by promoting the actin polymerization via N-WASP. Both N-WASP and Arp2/3
have both been localised at invadopodia, with N-WASP found predominantly at the base of
the protrusion (Lorenz et al. 2004; Yamaguchi et al. 2005a). Reduction of Cdc42 activity by

siRNA or dominant-negative Cdc42 in rat mammary carcinoma cells resulted in decreased
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invadopodia formation (Yamaguchi et al. 2005a). Similarly, in pancreatic cancer Cdc42
activity was necessary for the assembly of the actin core precursor (Razidlo et al. 2014).
Additional experiments have shown that Cdc42 associates with the scaffold protein CIP4
(Cdc42-interacting protein 4), which is localized to invadopodia where it is thought to
generate the plasma membrane curvature of invadopodia (Pichot et al. 2010). Cdc42,
together with RhoA, has also been reported to participate in the final phases of invadopodia
maturation by stimulating MMPs delivery to the invadopodial membrane that is necessary
for the ECM degradation (Sakurai-Yageta et al. 2008). The activity of Cdc42 in promoting
invadopodia formation is tightly regulated by a number of Rho GEFs, such as Fgd1 (l. Ayala
et al. 2009), B-PIX, induced under hypoxic conditions (Md Hashim et al. 2013) and Vavl,
which is activated downstream of the Src kinase (Razidlo et al. 2014).

The exact role of Racl in invadopodia is much less understood, as studies on Racl have
generated conflicting results. Constitutive activation of Racl in melanoma cells via active
mutants enhanced matrix degradation (Nakahara et al. 2003), while Racl knockdown of
expression dramatically decreased invadopodia formation and matrix degradation in glioma
cells (Chuang et al. 2004). Oppositely, more recent studies employing Racl biosensor in
breast cancer have reported that Racl is inactivated in invadopodia precursors, but it’s
transiently activated during invadopodia disassembly (Moshfegh et al. 2014). These findings
suggest that Racl mainly functions in the dissolution and turnover of invadopodia rather
than during the formation and maturation phases (Moshfegh et al. 2014).

The role of RhoA in invadopodia is controversial. Activation of RhoA by the Rho-GTPase
Arghef5 was required for Src-induced invadosome formation and maturation (Kuroiwa et al.
2011), while depletion of RhoA decreased invadopodia activity (Bravo-Cordero et al. 2011)
Moreover, RhoA participates in the delivery of MT1-MMP by regulating the interaction of
IQGAP with the exocyst complex, and depletion of RhoA significantly inhibited matrix
degradation (Sakurai-Yageta et al. 2008). Other studies have shown that expression of
dominant-active or dominant-negative mutants of RhoA did not affect invadopodia-
mediated degradation (Nakahara et al. 2003), and blocking RhoA signalling increased
formation of invadopodia (Sedgwick et al. 2015). Bravo-Cordero and colleagues reported
that in breast cancer cell lines RhoA is not required for invadopodia formation, but rather it
intervenes in invadopodia maturation (Bravo-Cordero et al. 2011). By using a FRET-based
RhoA biosensor, they have showed that RhoA is active both inside and outside the

invadopodial core, with no evident differences in the pattern of RhoA activation. RhoC, in
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contrast, exhibited a more defined spatial restriction, with RhoC-GTP accumulating to a ring
area surrounding the invadopodium core. The differential activation of RhoC in the
invadopodial structures is governed by the localisation of p190-RhoGEF, which is confined
outside the invadopodia where it promotes the exchange of GDP to GTP, and p190-RhoGAP,
which is enriched within the core where it inactivates RhoC (Bravo-Cordero et al. 2011). As
a result, outside the invadopodia RhoC -GTP activates LIMK, which, in turn, phosphorylates
and inactivates the actin-binding protein Cofilin. Cofilin remains active inside the
invadopodia core, where it stimulates actin polymerization and invadopodial extension
(Bravo-Cordero et al. 2011). Thus, it seems that RhoA and RhoC plays differential roles in
the invadopodia lifecycle. However, more recent studies conducted on melanoma
suggested that RhoA might function earlier in the invadosome lifecycle, and it’s inhibited
later during matrix degradation, possibly via different spatiotemporal mechanisms (Nicholas
et al. 2016). These observations further highlight the highly complex regulation of Rho-

GTPases activity and their different roles in invadopodia dynamics.
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1.5. P-21 activated kinases (PAKSs)

The importance of kinases in driving invadopodia activity has been clear since their
discovery, as these structures were first characterised as Src-enriched protrusion. Amongst
these kinases are the members of p2l-activated kinases (PAKs) family. PAKs are
Serine/Threonine kinases that act as downstream effectors of Rho GTPases Rac and Cdc42
to elicit a wide range of biological functions, including regulation of cell proliferation, cell
survival, motility and cytoskeletal dynamics, gene transcription (King, Nicholas, and Wells
2014). PAKs proteins are highly conserved in several organisms, including Drosophila and C.
Elegans (Bokoch 2003). In mammals, there are six members of the family that can be
classified into two subgroups based on their chemical and structural properties: group |
includes PAK1-PAK3, while group Il PAKs includes PAK4-PAK6 (King, Nicholas, and Wells
2014) (Figure 1.8).

Normal tissue distribution of individual PAKs vary according to the isoform considered, most
likely because of different substrates recognition. All group | PAKs are widely expressed in
neuronal tissues, with PAK3 being the predominant isoform expressed in the brain (Arias-
Romero and Chernoff 2008). Accordingly, PAK3-null mice displayed defective learning,
memory and synaptic plasticity (Kelly and Chernoff 2012). PAK2 is ubiquitously expressed,
and PAK2 gene is required for embryonic development, as loss of this gene is lethal for mice
embryos (Kelly and Chernoff 2012). PAK1 is highly present in brain, muscle and spleen, and
although PAK1 knockout mice are viable and fertile, they display defective glucose
homeostasis and immune deficiencies of bone marrow-derived immune cells (Kelly and
Chernoff 2012). PAK4 was the first PAK isoform identified in group Il, and the most studied.
PAK4 is ubiquitously expressed, with notably highly levels in prostate, testis and colon (Arias-
Romero and Chernoff 2008). PAK4 activity has been reported to be particularly important in
development. Mice lacking PAK4 gene display embryonic lethality at 11 days post
fertilization, possibly due to genetic disorders affecting blood vessel formation and neuronal
development (Jian Qu et al. 2003; Kelly and Chernoff 2012). The expression of both PAK5
and PAKG6 increases later in development. Similarly to PAK3, PAKS5 is highly expressed in the
brain, while PAK6 can be found in the testis, prostate, brain, kidney and placenta. Mice null
for either one or both PAK5 and PAK6 are healthy and do not display visible defects (Kelly
and Chernoff 2012).
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Figure 1. 8: Structures of the p21-activated kinase family members.

PAK family members are divided into two subgroups: group | (PAK1-3) and group Il (PAK4-6), according to
their structural and sequence homology. All PAKs possess a N-terminal p21-GTPase binding domain (GBD)
and a catalytic C-terminal kinase domain. Figure adapted from (King, Nicholas, and Wells 2014).
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1.5.1. Structure and regulation

All PAK isoforms exhibit a N-terminal GTPase binding domain (GBD), and a C-terminal kinase
domain (Arias-Romero and Chernoff 2008). Group | PAKs share a high degree of sequence
identity and structural similarities. The GBD domain recruits important regulators such as
Cdc42 and Rac, and it overlaps with an auto inhibitory domain (AID). Additionally, the
regulatory domain includes several proline-rich sites characterised by SH3 (Src homology 3)-
binding motifs (Arias-Romero and Chernoff 2008). Group | PAKs are maintained in an
inactive state by forming homodimers in a trans-inhibitory mechanism via AID. AID binds to
the kinase domain of another PAK acting as pseudosubstrate to block protein activation (Lei
et al. 2000; Parrini et al. 2002). Even in an inhibitory state, group | PAKs are characterised by
low basal kinase activity, which is enhanced upon binding to GTPases. Binding of the GTP-

bound Cdc42 or Rac determines a conformational change that release the pseudosubstrate
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from its binding site, allowing the activating autophosphorylation at Thr-423, Thr-402 and
Thr-421 for PAK1, PAK2 and PAK3 respectively (F T Zenke et al. 1999; Arias-Romero and
Chernoff 2008). Other proteins can indirectly lead to PAK activation by modulating PAK’s
localisation: binding of the adaptor protein Nck to the N-terminal of PAK1 results in PAK1
shuttling from the cytoplasm to the plasma membrane where it can be activated by Rho-
GTPases (Wange Lu and Mayer 1999). Alternative Cdc42/Rac independent mechanisms of
activation have been described for group | PAKs, including phosphorylation by upstream
kinases, proteolytic cleavage, binding of sphingosine or SH3-containing proteins (Knapp
2013). Interestingly, different isoforms of PAK3 display dissimilarities in the GIB/AID domain,
which result in constitutive kinase activity in one of the four variants. Moreover, another
spliced variant has been reported to form heterodimers with PAK1 (Kreis et al. 2008;

Combeau et al. 2012).

The structure of group Il PAKs also comprises an N-terminal GBD and C-terminal kinase
domain, but they lack several structural motifs found within PAK1-3, thus, they can be
considered as a distinct set of kinases. One notably difference is that the basal catalytic
activity of group Il proteins is higher compared to PAK1-3, but it does not appreciably
increase upon binding to Rho-GTPases (Abo et al. 1998). Moreover, the level of structural
and sequence similarity amongst proteins of group Il PAKs is significantly lower compared
to that of group | (Arias-Romero and Chernoff 2008). A specific feature to PAK4, which has
never been reported in other PAKs, is the presence of a GEF-H1/Gab1-interacting domain
(GID), which binds to the RhoGEF PDZ-RhoGEF (Barac et al. 2004), and a binding site for av5
integrin in the C-terminal region (H. Zhang et al. 2002). The mechanisms by which group I
PAKs activity is regulated is still a subject of debate, and findings on this matter mainly
focused on PAK4, the most studied isoform of the family (King, Nicholas, and Wells 2014).
Following initial evidence that PAK4 binding with Cdc42 and Rac did not have a significant
impact on PAK4 activity (Abo et al. 1998), different regulatory routes for Group Il PAKs have
been suggested that varies from that of Group | PAKs. It has been suggested that activation
of PAK4 was dependent on phosphorylation of activation loop Ser 474, however this site
was found to be constitutively phosphorylated (Baskaran et al. 2012; Ha et al. 2012). More
recently, new data has uncovered evidence that Cdc42 could participate to PAK4 activation,
and two possible mechanisms that might be able to turn PAK4 activity on or off have been

proposed. The first study hints that PAK4 is held in an inactive state due to the presence of
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an autoinhibitory domain in the N-terminal region similar to that identified in group | PAK.
Binding of GTP-Cdc42 results in a conformational change that can revert this autoinhibited
state (Baskaran et al. 2012). The second mechanism identified a pseudosubstrate containing
a key proline residue in the N-terminal motif (R49PKPLV) that, following the binding of
kinase domain, would lead to constitutive autoinhibition. PAK4 is then activated upon
binding with a protein having a SH3 domain which release the inhibition (Ha et al. 2012).
Subsequent evidence from nuclear magnetic resonance (NMR) studies identified the
presence of an autoinhibitory pseudosubstrate motif occupying the entire cleft region
between the two kinase lobes (W. Wang et al. 2013). It has been demonstrated that group
Il PAKs can additionally be activated via the PI3K signalling pathway (Wells, Abo, and Ridley
2002). Stimulation with hepatocyte growth factor (HGF), which is independent from Cdc42,
resulted in PAK4 autophosphorylation and increased PAK4 kinase activity in MDCK cells
downstream of the PI3K signalling, triggering cytoskeletal reorganization and cell rounding
(Wells, Abo, and Ridley 2002). Interestingly, the addition of specific PI3K inhibitors
prevented morphological changes in presence of the whole PAK4, but it did not seem to
affect cellular response when the isolated C-terminal kinase domain of PAK4 was utilised.
These findings suggest that the N-terminal region of PAK4 might negatively regulate PAK4
(Wells, Abo, and Ridley 2002).

1.5.2. The importance of PAKs in cancer

Accumulating evidence link PAKs aberrant expression or activation to tumour growth,
survival and motility (King, Nicholas, and Wells 2014). Amongst group |, PAK1 kinase
represents the most frequently overexpressed in a wide variety of cancers, such as breast
(Holm et al. 2006; Ong et al. 2011), liver (Ching et al. 2007) lung (Ong et al. 2011), colorectal
(Carter et al. 2004) and also in a subset of melanoma (Ong et al. 2013). PAK1
phosphorylation of B-catenin at Ser675 results in increased proliferation of colon cancer
cells (Xiang Li et al. 2011). Works on transgenic mouse models demonstrated that
constitutive activation of PAK1 drives the development of mammary gland tumours
alongside a variety of breast lesions (R.-A. Wang et al. 2006). Phosphorylated form of PAK1
stimulates MAPK and MET signalling, facilitating the formation of anchorage-independent
colonies from breast cancer cells (Vadlamudi et al. 2000). Additionally, PAK1 as well as PAKS5,

are thought to stimulate cellular proliferation through an upregulation of various cell cycle
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regulators including CDK2, CDC25A, and cyclin (Jun et al. 2012; Balasenthil et al. 2004).
Hyperactivation of PAK4 results in the activation of the proliferative MEK1/2 and p38-MAPK
signalling pathways (R.-A. Wang et al. 2006). PAKs play also a role in inhibition and resistance
to apoptosis via regulation of the BAD/Bcl-2 pathway. PAK1 and PAKS5 phosphorylation of
Rafl at Ser-338 stimulates its translocation to the mitochondria, where Rafl binds the
proto-oncogene Bcl-2 and phosphorylates the protein BAD, preventing the formation of the
proapoptotic BAD-Bcl-2 complex (Jin et al. 2005; Wu et al. 2008; Cotteret et al. 2003).
Similarly, PAK2 phosphorylation of caspase 7 can inhibit the apoptosis by in breast cancer
cells (Xiang Li et al. 2011). Because many of PAK substrates control different aspects of
cytoskeletal organisation and morphology, they are likely to promote the invasiveness and
metastasis formation. For example, PAK5 promotes breast cancer cell migration and
invasion via the PAK5-MMP2 signalling pathway (X.-X. Wang et al. 2013), while PAK1 can

induce lamellipodia and filopodia formation (Sells et al. 1997).

1.5.3. PAK4 plays different roles in cancer

PAK4 was found to be overexpressed at either mRNA or protein levels in several types of
cancers, such as breast (Callow et al. 2001; Yingying Liu et al. 2008; Y Liu et al. 2010), ovarian
(Siu et al. 2010), prostate (Ahmed et al. 2008; Wells et al. 2010; Whale et al. 2013), gastric
(Ahn et al. 2011; J. Zhang et al. 2012) and gallbladder cancer (Kim et al. 2008). Alteration of
PAK4 level through genomic amplification of the PAK4 gene, which is located on
chromosome 19 (19913.2), has been detected in in ovarian (Davis et al. 2013), pancreatic
(S. Chen et al. 2008; Mahlamaki et al. 2004), colon (Parsons et al. 2005), breast (W. Yu et al.
2009) and squamous cell carcinoma (Begum et al. 2009). High PAK4 activity has been often
associated with poor prognosis, and several studies investigating the clinical significance of
PAK4 overexpression in cancer suggested that PAK4 might represent an independent
prognostic factor in some cancer (Siu et al. 2010; He et al. 2017). For example, in patients
with breast carcinoma and ovarian cancer high PAK4 expression has been linked to more
advanced stage and poor survival (Siu et al. 2010; He et al. 2017). Similarly, metastatic
gastric tumours exhibited higher PAK4 expression when compared to primary tumours (Guo
et al., 2014), and increased levels of PAK4 in gastric cancer patients was associated to a

poorer survival (Ahn et al. 2011).
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Cancer Type Alteration References
Protein overexpression Ca.IIow et al., 2001; Liu et al., 2008; 2010;
Breast , e Minden 2012; Rafn et al., 2012; Yu et al.,
Genomic Amplification
2009
Gallbladder Protein overexpression Kim et al., 2008
Gastric Protein overexpression Ahn et al., 2011; Zhang et al., 2012
Glioma Protein overexpression Kesanakurti et al., 2012
Lung Protein overexpression Callow et al., 2002
Protein overexpression . )
. . e i Siu et al., 2010b; Davis et al., 2013
Ovarian Genomic amplification
. . cpe . Chen et al 2008; Kimmelman et al., 2008;
Pancreatic Genomic amplification Mahlamaki et al., 2004
Prostate Protein overexpression Ahmed et al., 2008; Park et al., 2012; Wells

Squamous cell
carcinoma (SCS)

Genomic amplification

et al., 2010; Whale et al., 2013

Begum et al., 2009 ; Zanivan et al., 2013

Table 1. 2: PAKA4 alteration in different types of cancer.
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PAK4 is involved in controlling different crucial processes participating in oncogenesis.
Notably, expression of a constitutively active PAK4 mutant in fibroblast was sufficient to
acquire a transformed morphology and induced tumorigenesis (J Qu et al. 2001; Callow et
al. 2001). Another study conducted on breast cancer cell line growth in a 3D culture system
revealed that PAK4 depletion was able to revert the transformant tissue to a normal acinar
architecture, similar to that of normal breast epithelium (Wong et al. 2013). These findings
indicate that PAK4 might play a key role in promoting tumorigenesis. Moreover, increased
PAK4 expression or PAK4 phosphorylation has been reported to induce resistance to anoikis
in glioma, whereas PAK4 depletion led to increase cell death (Kesanakurti et al. 2012).
Constitutive activation of PAK4 conferred protection against several proapoptotic stimuli
such as tumour necrosis factor o stimulation, UV irradiation, and serum starvation
(Gnesutta, Qu, and Minden 2001). It has been suggested that PAK4 promotes cell survival
and protects from apoptosis throughout two different mechanisms. PAK4 either
phosphorylates the Bcl-2 antagonist of cell death (BAD), preventing its interaction with Bcl
family members and the consequential release of cytochrome C from mitochondria
(Gnesutta, Qu, and Minden 2001; Gnesutta and Minden 2003). Alternatively, PAK4 can act
by inhibiting the binding of caspase-8t death domain receptors in a kinase-independent
mechanism (Gnesutta and Minden 2003). In addition to apoptosis, PAK4 has been reported
to play a key role in the regulation of proliferation and cell-cycle progression through
downregulation of the cell cycle regulatory protein p21 (CDKN1A), thus preventing
recruitment of cyclin D1 to the CDK4 complex (Tanya and Audrey 2011). Additionally, PAK4
directly regulates the expression of cyclin D1 and CDC25A at both mRNA and protein levels
in ovarian cancer cells. Here, PAK4 constitutive expression significantly enhanced cellular
proliferation, whereas PAK4 depletion impaired cell growth (Siu et al. 2010). Similarly,
choriocarcinoma cell lines with depleted PAK4 expression displayed a lower proliferation
rate accompanied by downregulation of CDK6 when compared to control cells and PAK4

overexpressing cells (H.-J. Zhang et al. 2011).

One of the most studied PAK4 functions is the regulation of actin dynamics and cytoskeletal
organisation in cancerous and non-cancerous cells. PAK4 has been reported to induce
localized actin polymerization and filopodia formation downstream of Cdc42 (Abo et al.
1998). In fibroblasts and MDCK cells, activation of PAK4 led to dissolution of actin stress

fibres and inhibition of new stress fibres formation via activation of the phosphoinositide 3-

54



kinase (PI3K) pathway (Wells, Abo, and Ridley 2002; Callow et al. 2005; J Qu et al. 2001).
PAK4 can phosphorylate the serine/threonine kinase LIMK1, which, in turns phosphorylates
and inactivates cofilin (Dan et al. 2001; Ahmed et al. 2008). In myoblast, phosphorylation of
LIMK by PAK4 enhanced its inhibitory effect on cofilin, impairing cofilin’s ability to bind and
depolymerize actin filaments and thus suppressing actin disassembly (Dan et al. 2001).
Alternatively, PAK4 negatively regulates cofilin activity via a different mechanism involving
the formation of a multiprotein complex comprising LIMK1, Sling-Shot phosphatase (SSH-
1L) and the scaffold protein 14-3-3C (Soosairajah et al. 2005). A more recent work identified
PAK4 as downstream target of the protein kinase D (PKD), a serine-threonine kinase that
phosphorylates PAK4 in the autophosphorylation site Ser-474, which results in the increased
activation of LIMK (Spratley et al. 2011). Moreover, in human gastric cancer cells PAK4
directly binds the DiGeorge critical region 6 (DGCR6) protein via its C-terminal domain
(Xiaodong Li et al. 2010). This interaction induced an upregulation of the phosphorylation
level of LIMK1 and increased the migratory potential of cancer cells (Xiaodong Li et al. 2010).
Thus, PAK4 orchestrates cofilin activity via multiple mechanisms that involve several
different molecules and regulatory pathways. PAK4 is also known to regulate the ability of
cells to adhere to their substrate, by influencing focal adhesions turnover, another aspect
of the cystoskeletal dynamics that intervenes in cell migration and cancer invasion. Stable
expression of activated PAK4 resulted in reduction in focal adhesions and promoted
anchorage-independent growth (J Qu et al. 2001; Wells, Abo, and Ridley 2002). PAK4-
mediated turnover of focal adhesion is thought to be achieved through phosphorylation of
B5 integrin 5 cytoplasmic domain at Ser-759 and Ser-762 (Z. Li et al. 2010). Additionally,
PAK4 was found involved in promoting focal adhesion turnover via phosphorylation of
paxillin Ser-272 (Wells et al. 2010), which in breast cancer might be achieved downstream
of a PAK4—RhoU complex (Dart et al. 2015). Indeed, breast cancer cell lines overexpressing
PAK4 showed increased cell motility, which was impaired when a 35 integrin mutated in the
PAK4 target residues was used (Z. Li et al. 2010; H. Zhang et al. 2002).

Considering the important role of PAK4 in regulating cell proliferation, cytoskeleton
reorganisation and cell:substrate adhesion, it is not surprising that PAK4 can influence
tumour cell invasion and metastasis. Therefore, PAK4 and its downstream substrates
constitute potential targets for development of novel therapeutic opportunities to target

metastasis in several tumours.
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1.5.4. Linking PAK4 to prostate cancer

Several works demonstrated that PAK4 is a key regulator of prostate cancer cell migration
and invasion. Immunohistochemistry analysis of prostate cancer tissues revealed that the
levels of phosphorylated PAK4, mostly found in the nucleus, strongly correlated with high-
risk prostate cancer having a Gleason score of 8 or more (J.-J. Park et al. 2018). In the same
study, PAK4 depletion reduced EMT, invasion, and in-vivo metastasis of prostate cancer cells
(J.-). Park et al. 2018). Activation of PAK4 downstream of the HGF/c-Met signalling has been
reported to be required for efficient prostate cancer cell scattering and migration (Ahmed
et al. 2008; Whale et al. 2013). Here, HGF stimulation of PC3 cells was sufficient to increase
PAK4 interaction with LIMK1, and the subsequent phosphorylation levels of LIMK1 and
cofilin, resulting in increased migratory speed (Ahmed et al. 2008). Likewise, PAK4 depletion
in DU145 human prostate cancer cells negatively affected cell migration in response to HGF
(Wells et al. 2010). Moreover, in DU145 cells PAK4 was found to be localised at focal
adhesion involved in the regulation of cellular adhesion turnover via paxillin
phosphorylation at Ser-272 (Wells et al. 2010).

It has been suggested that PAK4 regulation of F-actin structures is driven by the interaction
between PAK4 and GEF-H1, a microtubule-associated Rho GEF that activates Rho GTPases
(Wells, Abo, and Ridley 2002; Callow et al. 2005). PAK4 has been reported to phosphorylate
GEF-H1 at Ser-885 in-vitro (Callow et al., 2005), and experiments in PCa showed that PAK4-
depleted cells exhibited a reduction in cell invasiveness, but increased RhoA levels (Wells et
al. 2010). Thus, in prostate cancer cell lines, the GEF-H1:PAK4 interaction resulted in
inhibition of the GEF-H1 exchange activity and consequent decrease in RhoA activation level

(Wells et al. 2010).

1.5.5. PAK4 ininvadopodia

Initial studies investigating the involvement of PAK4 in invadosome have shown that PAK4
localises in podosome in primary human macrophages (Gringel et al. 2006; Wells and Jones
2010). Gringel et al. demonstrated that in this cell type PAK4 is a physiological regulator of
podosome and is specifically required for podosome formation, possibly in cooperation with
its regulator aPIX (PAK-interacting exchange factor). Indeed, PAK4 depletion or mutation

reduced the number and the size of podosome (Gringel et al. 2006). These observations
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were further confirmed in macrophages, where high resolution imaging experiments

identified PAK4 localized to the podosome ring, rather than the core (Foxall et al. 2019).

PAK4 has been reported to localize also to invadopodia in melanoma cell lines (Nicholas et
al. 2016). Interestingly, PDZ-RhoGEF, a regulator of RhoA that coordinate actin stress fibres
and focal adhesions formation, was found to be co-localised with PAK4 to invadopodia in
melanoma cells (Nicholas et al. 2016). PDZ-RhoGEF binds and activates RhoA, and it is
negatively regulated by PAK4, which prevents the accumulation of Rho-GTP (Barac et al.
2004). While RhoA inactivation seems to be required to successfully reach the invadopodia
maturation, other data suggest RhoA may play a role in other phases of invadopodia
lifecycle, and that its expression levels are subjected to a fine special-temporal regulation
(Berdeaux et al. 2004). This hypothesis aligns with the observation that PAK1, associated
with the early phase of invadopodia formation, rather than maturation, do not bind PDZ-
RhoGEF, and PAK1 depleted cells don’t increase levels of RhoA (Nicholas et al. 2017). These
studies suggest that different isoforms of PAKs might intervene in regulation of different
phases of invadopodia lifecycle, and a balance between RhoA activity and inhibition is
important for their formation and functions.

However, despite the recent advancements in understanding molecular pathways involved
in invadopodia dynamics, PAK4 role and the precise mechanism by which the

PAK4:PDZRhoGEF:RhoA pathway regulates invadopodia remains unclear.

57



1.6. Project aims

This PhD project seeks to investigate whether PAK4 mediates invadopodia formation and
function in prostate cancer, and identify its molecular regulators/interactors that could

represent potential therapeutic targets, paying special attention to RhoA signalling.

More specifically, the research questions aimed to:

¢ Investigate the invasive potential of CT-1532, -1535, -1542 cell lines and evaluate whether
they represent a valid model system for normal vs cancer comparative studies or a valid

model as cancer cells alone.

¢ Investigate whether PAK4 is required for efficient invadopodia formation in prostate

cancer cells.

¢ Understand if PAK4 acts as a regulator of RhoA activity in prostate cancer and explore the

spatial/temporal regulation of RhoA, paying special attention to its role within invadopodia.
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Chapter 2. Materials and methods

2.1. Materials

2.1.1. General Reagents

Materials

Company

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT)

Sigma-Aldrich, UK

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)

A&E scientific

4',6-diamidino-2-phenylindole (DAPI)

Sigma-Aldrich, UK

Acetic acid Sigma-Aldrich, UK
Acrylamide (30%) Severn Biotech Ltd, UK
Agarose Invitrogen, UK
Ammonium persulfate (APS) Sigma-Aldrich, UK
Aprotinin Sigma-Aldrich, UK

Beta (B)- mercaptoethanol

Sigma-Aldrich, UK

Bovine pituitary extract (BPE)

ThermoFisher Scientific,
USA

Bovine serum albumin (BSA)

VWR International, UK

Bromophenol blue

Bio-Rad

Calcium phosphate transfection kit

Invitrogen, UK

Cell dissociation buffer

Sigma-Aldrich, UK

Coverslips 13mm

Scientific Laboratories
Supplies

Dimethyl sulfoxide (DMSOQ)

Sigma-Aldrich, UK

Dithiothreitol (DTT)

Sigma-Aldrich, UK

DMEM

Sigma-Aldrich, UK

Dulbecco's phosphate-buffered saline without calcium and
magnesium (DMEM)

Gibco, Invitrogen, UK

Ethanol

BDH Laboratory Supplies,
UK

Ethyl 3-aminobenzoate methanesulfonate (MS222)

Sigma-Aldrich, UK

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, UK

FluorSave™ Reagent

Calbiochem, UK

Foetal bovine serum (FBS)

Gibco, Invitrogen, UK

Gel Cassettes

Invitrogen, UK

GFP-TRAP ChromoTek, Germany
Glycerol Sigma-Aldrich, UK
Glycine Sigma-Aldrich, UK
Hydrochloric acid (HCl) VWR International, UK
Kanamycin Invitrogen, UK

Keratinocyte Serum-free (KSFM)

ThermoFisher Scientific,
USA

Leupeptin

Sigma-Aldrich, UK
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Lipofectamine 3000

Invitrogen, UK

Low melting point agarose

Invitrogen, UK

Luria-Bertani (LB) Agar

Sigma-Aldrich, UK

Luria-Bertani (LB) broth tablets

Sigma-Aldrich, UK

Magnesium acetate

Sigma-Aldrich, UK

Magnesium chloride (MgCly)

Sigma-Aldrich, UK

Methanol

VWR International, UK

Methylene blue

ThermoFisher Scientific,
USA

Milk powder

Marvel, UK

NEB®-10 beta competent E.coli cells (high efficiency)

New England Biolabs, UK

Nitrocellulose membrane

PerkinElmer, UK

Nonidet P-40

Sigma-Aldrich, UK

N-Phenylthiourea (PTU)

Sigma-Aldrich, UK

Oleoyl-L-a-lysophosphatidic acid sodium salt (LPA)

Sigma-Aldrich, UK

OptiMEM Invitrogen, UK
P3000 Invitrogen, UK
PAK4 Kinase Abcam, UK

Paraformaldehyde (PFA)

Sigma-Aldrich, UK

Penicillin-streptomycin

Sigma-Aldrich, UK

PepSpots™ Peptides on Cellulose

JPT Peptide Technologies

Phenylmethylsulfonyl fluoride (PMSF)

Sigma-Aldrich, UK

Phosphate buffered solution (PBS) tablets

Oxoid Limited, UK

Pierce™ ECL Western blotting substrate

ThermoFisher Scientific,
USA

Polyvinylpyrrolidone solution (PVP)

Sigma-Aldrich, UK

Precision Plus Protein™ dual color standards

Bio-Rad, UK

Protein A Agarose beads

Invitrogen, UK

PureLink® HiPure plasmid maxiprep kit

Invitrogen, UK

Puromycin

Sigma-Aldrich, UK

QCM™ Gelatin Invadopodia Assay

Merck, USA

Rhotekin-RBD beads

Cytoskeleton, Inc., USA

Roswell Park Memorial Institute (RPMI)-1640 medium

Sigma-Aldrich, UK

Sodium Chloride (NaCl)

Sigma-Aldrich, UK

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich, UK

Sodium fluoride (NaF)

Alfa Aesar, UK

Sodium Hydroxide (NaOH)

Sigma-Aldrich, UK

Sodium orthovanadate (Na3VOa4)

New England Biolabs, UK

Tris-base Sigma-Aldrich, UK
Triton X-100 VWR International, UK
Trypsin Gibco, Invitrogen, UK
Tween® 20 VWR International, UK

ViaFect™ transfection reagent

Promega, UK

Virkon Powder Disinfectant

DuPont, USA

X-ray film

Scientific Laboratories
Supplies

Table 2. 1. General Materials.
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2.1.2. Buffers

Buffer/solution Composition

Blocking solution 5% w/v milk powder or 5% w/m BSA in tris buffered
saline (TBS)-tween (TBST)

ColP lysis buffer 0.5% NP-40, 10mM Tris-HCl pH7.6, 150mM NaCl,

0.5mM EDTA, 1mM DTT, 10ug/ml leupeptin, 1pg/ml
Qprotinin, 10mM PMSF, 10mM NaF, 1mM NA3zVO4

ColP dilution/wash buffer 10mM Tris-HCl pH7.6, 150mM NaCl, 0.5mM EDTA,
1mM DTT, 10ug/ml leupeptin, 1ug/ml aprotinin,
10mM PMSF, 10mM NaF, 1ImM NA3VOa4

Rho-GTP pulldown washing buffer 250mM Tris-HCl pH7.6, 40mM NaCl, 30mM MgCl,,
1mM DTT, 10ug/ml leupeptin, 1ug/ml aprotinin,
10mM PMSF, 10mM NaF, 1mM NA3VOa4

Gel sample buffer (6x) 375mM Tris-HCl pH 6.8, 10% w/v SDS, 30% v/v
glycerol, 6% B-mercaptoethanol, 0.2% w/v
bromophenol blue

Stripping buffer 25mM Glycine pH2, 1% w/v SDS

Protease inhibitor cocktail: 50mM NaF, 1ImM Na3v04, 1ImM PMSF, 10ug/ml
leupeptin, 1pug/ml aprotinin and 1mM DTT

SDS-PAGE running buffer (10x) 250mM tris-base, 1.92M glycine, 1% w/v SDS

SDS-PAGE transfer buffer (10x) 250mM tris-base. 1.92M glycine

TBST 25mM tris-HCl pH7.6, 50mM NacCl, 0.1% v/v tween 20
E3 Media 5mM NaCl, 0.17mM KCl, 0.44mM CaCl2, 0.68mM
MgS04 in H20

Phospho-array stripping buffer A [1% SDS, 8M urea, 0.5% beta-mercaptoethanol

Phospho-array stripping buffer B [50% ethanol, 10% glacial acetic acid

Kinase cocktail solution 2.5 mM Hepes pH 7.4, 50 mM magnesium acetate, 0.5
mM ATP

Kinase assay reaction buffer (5x) |40 mM MOPs pH 7, 1 mM EDTA

Table 2. 2. Buffers and solutions.

2.1.3. Primers

Primer Sequence
PAK4 shRNA rescue | GTTCACGGGGTACCTCGACAATTTCATTAAGATTGGCGAGGGC
deltaPxxP-FW
PAK4 shRNA rescue | GCCCTCGCCAATCTTAATGAAATTGTCGAGGTACCCCGTGAAC
deltaPxxP-REV

Table 2. 3. Primers used.
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2.1.4. Plasmids

Plasmid Resistance
PEGFP-RhoA Biosensor Kanamycin
Myc-PDZ-RhoGEF Ampicillin
Myc-PAK4 Ampicillin
Myc-PAK4 iRNA rescue Ampicillin
Myc-PAK4 iRNA rescue - H19,22L Ampicillin
Myc-PAK4 iRNA rescue - K350,351M Ampicillin
Myc-PAK4 iRNA rescue -deltaPxxP7 Ampicillin
Myc-RhoC Ampicillin
FLAG-RhoA Ampicillin
pDEST-myc Ampicillin
PENTRY-PAK4 rescue Gentamicin
PENTRY-PAK4 rescue H19,22L Gentamicin
PENTRY-PAK4 rescue K350,351M Gentamicin

Table 2. 4: Plasmids used

2.1.5. Antibodies

Antibody [Species Company WB dilution| IF dilution
C-Met Mouse Santa Cruz Biotechnology 1:1000
C-Myc Mouse Bio Legend 1:1000 1:100
Cortactin | Mouse Merck 1:50
E-cadherin | Mouse Abcam 1:1000 1:50
EGFR Rabbit Cell Signalling Technology 1:1000
Primary FLAG Mouse Merck 1:1000
GAPDH Mouse Santa Cruz Biotechnology 1:2000
GFP Mouse Roche 1:2000
HA Rabbit Santa Cruz Biotechnology 1:1000
HSP90 Mouse Santa Cruz Biotechnology 1:2000
MT1-MMP | Mouse Merck 1:1000 1:50
N-cadherin | Mouse BD Bioscience 1:1000
PAK1 Rabbit Cell Signalling Technology 1:1000
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PAK4 Rabbit In-house 1:1000
PAK6 Rabbit Genetex 1:1000
PDZ-RhoGEF | Mouse Santa Cruz Biotechnology 1:500
RhoA Rabbit Cell Signalling Technology 1:1000
RhoC Rabbit Cell Signalling Technology 1:500
IgG Rabbit Santa Cruz Biotechnology
CD45 Alexa | Mouse Biolegend 1:200
Fluor647
Table 2. 5. Primary antibodies used.
Antibody (Species Company WB dilution (IF dilution
Anti-rabbit Goat DAKO 1:2000
IgG-HRP
Anti-mouse | Goat DAKO 1:2000
IgG-HRP
Secondary| Anti-mouse | Goat Invitrogen 1:200
Alexa Fluor
488
Anti-mouse Goat Invitrogen 1:200
Alexa Fluor
647
Table 2. 6. Secondary antibodies used.
Brand IF Dilution
Alexa Fluor Invitrogen 1:400
Phalloidin Rhodamin
Alexa Fluor 488 Invitrogen 1:400
Alexa Fluor 647 Invitrogen 1:500

Table 2. 7: Type of fluorescently labelled phalloidin used.

2.2. Met

2.2.1. Cell lines culture

hods

The primary human prostate matched pairs NP/CT-1532, -1535, -1542 (obtained from John

Master, University College London) cell lines and normal prostate cell line RWPE-1 (obtained

from Charlotte Bevan, Hammersmith Hospital, London) were cultured in Keratinocyte

serum-free medium (KSFM) supplemented with 10% heat-inactivated fetal bovine serum

(HI-FBS), 1 mM penicillin-streptomycin, 25 pg/ml bovine pituitary extract (BPE), 5 ng/ml

human EGF. Human pancreatic tumour cells AsPC-1 and prostate cancer cells PC3 (obtained
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from Claire Wells, King’s College London) were cultured in Roswell Park Memorial Institute-
1640 (RPMI-1640) media supplemented with 10% v/v HI-FBS and 1 mM penicillin-
streptomycin. Human embryonic kidney HEK-293 cells and mouse fibroblast NIH/3T3 cells
(obtained from Claire Wells, King’s College London) were cultured in Dulbecco’s modified
Eagle’s media (DMEM) supplemented with 10% HI-FBS and 1 mM penicillin-streptomycin.
All cell lines were passaged at 70-80% confluency by washing the flask with 1x phosphate
buffered saline (PBS) followed by the addition of appropriate volume of trypsin/EDTA or
non-enzymatic dissociation buffer. The flasks were incubated until detachment at 37°C and
5% CO2. Media was added to neutralise the trypsin and cells were centrifuged for 4 minutes
at 600xg. The supernatant was discarded and pellet was resuspended in the appropriate

volume of media.

2.2.2. Cell lysis

Cells were seeded at appropriate density in 6-well plates and let adhere for 24 hours. Wells
were washed twice with PBS before adding 100 ul of 2x gel sample buffer to each well. Cells
were immediately scraped and transferred into Eppendorf tubes. Eppendorf tubes were

boiled for 4 minutes at 95°C and lysates were stored at -20°C until use.

2.2.3. Cell treatment with C3-transferase

Cells were seeded at appropriate density in 6-well plates and let adhere for 24 hours in 1 ml
of media without FBS. On the following day 0.5 pug/ml of either C3 or DMSO was added to
the each well, according to the manufacturer’s protocol. Cells were incubated for 4 hours,
then washed three times with PBS and detached via dissociation buffer. Dissociated cells
were plated onto coverslips in 1 ml of complete media and incubated 24 hours before being

fixed for immunostaining.

2.2.4. Cell treatment with Compound C31

Cells were seeded at appropriate density in a 6-well plate on glass coverslips and let adhere

for 24 hours in 1 ml of media. On the following day either 1 pl of DMSO or 1 ul Compound
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C31 was taken from the 1mM stock and added to the wells in order to achieve 1 pM/ml

concentration. Cells were incubated 24 hours, then fixed and stained.

2.2.5. Cell treatment with lysophosphatidic acid (LPA)

LPA sodium salt was dissolved in the appropriate volume of PBS to achieve 10mM stock,
which was stored at 4°C. The day prior the experiment cells were seeded at appropriate
density in 6-well plates on glass coverslips and let adhere for 24 hours in 1 ml of media
without FBS. 10 pl/ml of LPA were then added to each well and the plate was transferred
back into the incubator. After 1 hour incubation, coverslips were washed three times with

PBS and the fixed and stained.

2.2.6. Transient transfection with the Calcium Phosphate kit

HEK293 cells were transfected with the calcium phosphate transfection kit. Cells were
plated at a density of 1x10° in a 6-wells plate and incubated overnight at 37°C. On the
following day, media was replaced 3-4 hours prior transfection. The reaction mix was

prepared according to the following conditions:

2 cm culture dish (2ml) 10 cm culture dish (10ml)
6l of 2.5M CaClz 30ul of 2.5M CaCl2
Tube A 4ug DNA 20ug DNA
Make up to 60pl with sterile water Make up to 300yl with sterile water
Tube B 60 pl 2x Hepes buffered saline 300ul 2x Hepes buffered saline

Table 2. 8. Calcium phosphate kit transfection mix.

Mixture A was slowly added to mixture B in presence of aeration and incubated for 30
minutes at room temperature. The transfection mix was added to the plate dropwise and
cells were incubated overnight at 37°C. On the following day, fresh media was replenished,

and cells were incubated for additional 24 hours before lysis.
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2.2.7. Transient transfection with the Lipofectamine 3000

For simple immunostaining experiments, cells were seeded at appropriate density on glass
coverslips in a 6-wells plate in 1 ml of complete media. On the following day, media was
changed with fresh media without antibiotics. The reaction mixture was prepared as follow:
3 ul of Lipofectamine 3000, 3 pl of P3000 and 250 pl optiMEM were incubated for 30
minutes at RT as per manufacturer’s protocol, and then were added drop wise to the cells.
After 24 hours of incubation, coverslips were washed three times in PBS, subsequently fixed

and stained.

For the shPAK4 rescue experiments, the reaction performed was a reverse transfection: the
reaction mixture was incubated in a 6-wells plate together with gelatin-coated coverslips for
30 minutes at RT. Meanwhile, cells were detached from flasks using the appropriate volume
of cell dissociation buffer and centrifuged at 2.500xg for four minutes. The resulting pellet
was resuspended in complete media and 1x10° cells were seeded onto the coverslips in 2
ml of media without antibiotics. The following day media was replenished, and coverslips

were incubated for additional 24 hours before being fixed and stained.

2.2.8. RNA interfering (RNAI)

Transient silencing of PAK4 and RhoA was achieved via siRNA using RNAIMAX transfection
reagent. CT-1532 and CT-1535 cells were seeded to a density of 1x10°/ml in 6-well plates
one day before transfection. On the day of transfection, media was aspirated and replaced
with 2 ml/well of P/S free media. The transfection mixture containing 60nM of either control
siRNA (Santa Cruz Biotechnology, sc-44230) or working siRNA (30nM/ml), 7.5 pul of RNAIMAX
and 90 pl optiMEM was incubated for 30 minutes at RT before being added drop wise to the
cells. Cells were then incubated for 72 hours at 37°C before cells were lysed or used for

further experiments.

Stable knockdown expression of PAK4 was achieved via shRNA using Lipofectamine 3000
transfection reagent. CT-1532 cells were seeded in a T25 flask in media without antibiotics.
On the day of transfection cells were at 80% confluency, media was aspirated and replaced
with 5ml of KSFM without P/S. The transfection mixture containing 8 ug of either control

shRNA or working shRNA, 12 pl of Lipofectamine 3000, 12 ul of Lipofectamine 3000, 12 ul
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of P3000 and 500 pl optiMEM was incubated for 30 minutes at RT before being added drop
wise to the cells. 48 hours post transfection cells were washed three times with PBS and
detached with the appropriate volume of dissociation buffers. Dissociated cells were sent
to the Flow Cytometry Facility at King’s College for FACS sorting of GFP-expressing cells, in
order to obtain a population of cells actively expressing the transfected GFP-tagged vector.
Isolated cells were then transferred in a T25 with fresh media. Puromycin selection
antibiotic, at a concentration of 0.5 pg/ml, was added to the media 3 days post-sorting and
kept over the duration of two cell passaging with the intent of removing all non-transfected

cells that had been accidentally eluted alongside the target cells.

Oligo Name Oligo Sequence (5’-3’) Company
PAK4 siRNA #3 GGATAATGGTGATTGGAT Ambion
PAK4 siRNA #5 GGGTGAAGCTGTCAGACTT Dharmacon
RhoA siRNA #1 AUGGAAAGCAGGUAGAGUU Dharmacon
RhoA siRNA #2 GAACUAUGUGGCAGAUAUC Dharmacon
PAK4 shRNA #1 (pGIPz) CTGGACAACTTCATCAAGA Open Biosystems
Control shRNA (pGlIPz) CTCTCGCTTGGGCGAGAGTAAG  |Open Biosystems

Table 2. 9. iRNA oligos used.

2.2.9. Immunostaining

Fixed cells on coverslips were permeabilised in 0,2% Triton X-100 for 5 minutes at RT and
incubated 30 minutes with PBS 5% BSA to prevent non-specific binding. Coverslips were
then incubated with primary antibodies against the target protein in PBS 5% BSA for 1 hour
at RT and subsequently incubated with secondary antibody for 1 hour at RT. DAPI (1:5000)
and TRITC-phalloidin or 488-phalloidin (1:400) were added to allow visualization of nucleus
and F-actin, respectively. Finally, coverslips were washed twice with PBS and once with
water and mounted onto glass slides with FluorSave solution. Cells were visualized at 40X
objective magnification with an Olympus IX71 inverted microscope. Images of at least 90

cells/coverslip from three different experiments were taken.
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2.2.10. Analysis of cell morphology

Analysis of cell morphology was conducted using Imagel) software. F-actin—stained
fluorescence images were inverted into binary (black and white) images and the threshold
adjusted to fully highlight one cell. Using the Wand Tool, the cell form was selected and the
cell area and roundness was measured. 90 cells from at least three different experiments
were analysed. The roundness is calculated as 4A/(rt major axis?) where A = area. Values
equal to 1 are closer to the representation of a perfect circle, whereas values tending to 0

are more elongated.

2.2.11. MTT proliferation assay

The cell viability was assessed by evaluating the [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide] (MTT) reduction to formazan. Cells were seeded in triplicate in four
96-well plates at a density of 6x10° per well. On the day of the experiment, the media was
removed and cells were incubated 4 hours in presence of 50 ul of MTT solution (2mg/ml).
The MTT was subsequently removed and formazan crystals dissolved by adding 50 ul of
DMSO to each well, then absorbance was measured at 570 nm and subtracted for the blank,
consisting in media only. The assay was repeated for 4 consecutive days to evaluate
differences in the metabolic rate throughout the time. The growth rate for each cell line was

calculated through a non-linear regression curve analysis.

2.2.12. Invadopodia assay

Coverslips were coated with a thin layer of 488- or Cy3- conjugated gelatin (EMD Millipore’s
QCM Gelatin) according to the manufacturer protocol. Briefly, each coverslip was first
covered with poly-L-lysine diluted in deionized water for 20 minutes at room temperature (RT).
Coverslips were then rinsed three times in PBS and incubated 15 minutes with diluted
glutaraldehyde to stimulate the poly-L-lysine surface for further gelatin attachment. Each
coverslips was again washed three times and finally coated with a 1:5 ratio of fluorescently-
labeled:unlabeled gelatin. Meanwhile, cells were detached from the culture flask using
dissociation buffer, and 2x10* cells were seeded onto each coverslip in 1ml of complete

medium. After 24 hours, cells were fixed in 4% paraformaldehyde (PFA) for 20 minutes at room
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temperature and stored at 4°C until staining. The ratio between total degradation area
underneath cells surface and total cell area (n=90 from at least three independent
experiments) was calculated by using Imagel. For invadopodia diameter analysis, a line was
drawn in ImagelJ from two opposite points at the periphery of the biggest active invadopodia
per cell, and the distance between the two edges of the line was measured. Moreover, to
minimise differences in staining intensity, cell images were taken from the central area of

the coverslip using the same exposure time

2.2.13. Gel electrophoresis and immunoblotting

Cell lysates were loaded into 7.5%, 10% or 12% acrylamide gels and proteins were separated
by electrophoresis at 125 V. The proteins were then transferred onto a nitrocellulose
membrane for 1 hour at 100V in Transfer Buffer. Membranes were then blocked 30 minutes
in TBST 5% milk or TBST 5% BSA, followed by overnight incubation at 4°C with the primary
antibody in the same solution as used for blocking. On the following day, the membrane
was washed three times in TBST and incubated 1 hour at RT with the respective HRP-
conjugated secondary antibody diluted in the same dilution buffer utilised for the primary
antibody. The membranes were then washed three times in TBST. Proteins were visualised

using Pierce enhance chemiluminescence (ECL) Western blotting substrate.

2.2.14. Densitometry analysis

Protein expression was quantified by densitometric analysis using Imagel software. A mean
grey value was assigned to each protein band of interest based on its density. Resulting
values were normalised to the background noise and to the loading control utilised for the
experiment, detected on the same membrane as the target protein. Where appropriate,

values were made relative to the control condition.

2.2.15. Construction of myc-PAK4 shRNA resistant constructs

In order to generate myc-tagged PAK4 shRNA resistant expression constructs, the Gateway

LR Technology system was employed. The PAK4 shRNA resistant entry clones of interest

70



were already available in the Wells lab. Each clone was transferred into the pDEST-Myc
vector containing the attR sites via LR reaction, according to the manufacturer’s instructions.
Briefly, each purified entry clone was incubated at 25°C for 1h with the destination vector
in TE buffer in presence of 2 ul of LR Clonase enzyme |l mixture. The reaction was then
incubated with 1 pl of Proteinase K at 37°C for 10 min to terminate the reaction. The reaction
mixtures were used to transform chemically competent E. coli. Each expression clone was
selected according to its antibiotic resistance and the plasmid DNA was purified. The
resulting products were subsequently sent for sanger sequencing to Source BioScience prior
to any further use. This procedure led to the generation of Myc-PAK4 shRNA-rescue; Myc-
PAK4 shRNA-rescue H19,22L; Myc-PAK4 shRNA-rescue K350,351M.

2.2.16. Site directed mutagenesis

To produce myc-tagged PAK4-APxxP shRNA resistant plasmid, point mutations were
introduced into the original myc-PAK4-APxxP construct via site-directed mutagenesis using
QuikChange Il XL kit from Agilent. Primers for PAK4 shRNA resistance were designed
according to the manufacturer’s instructions and are listed in table 2.4. The PCR reaction

was set up as follows:

Segment Cycles Temperature Time

1 1 95°C | 1 minute

95°C| 50 seconds
2 18 60°C | 50 seconds

68°C| 1 minute/kb of plasmid length

3 1 68°C | 7 minutes

Table 2. 10: Cycling Parameters for the QuikChange XL Method

The nonmutated, methylated parental DNA template was digested by adding 1 pl of the Dpn
| restriction enzyme (10U/ul) to the reaction product, allowing for the select for mutation-
containing synthesized DNA. The resulting DNA was subsequently sent for sanger
sequencing to Source BioScience to assess the effectiveness of the mutagenesis and the

presence of the desired mutations.
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2.2.17. Transformation of E.Coli cells

Ultracompetent NEB-10 beta E.coli bacteria cells were gently thaw on ice and transformed
with 2 pl of DNA. The reaction mix was incubated on ice for 30 minutes, followed by a heat-
shock in a 42°C water bath for 30 seconds. The tube was immediately transferred back on
ice for 2 minutes. A 500 ul volume of L-broth was then added to the transformed bacteria
and incubated at 37°C for 1 hour with shaking. The transformed bacteria were then spread
onto pre-warmed agar plates enriched with the appropriate antibiotic for plasmid selection

and incubated at 37°C overnight.

2.2.18. DNA plasmid purification

One single colony per plate was picked and plasmid DNA was purified using the Purelink®
HiPure Plasmid Filter Maxi-prep kit, according to the manufacturer’s protocol. Resulting
DNA was resuspended in TE buffer and the DNA concentration was measured in ng/ul using

a nano-drop.

2.2.19. Endogenous immunoprecipitation

On the day before the experiment, 1.2 x 10°cells were seeded on a 10-cm dish in 10 ml of
complete media and let adhere overnight. On the following day, dishes were placed on ice,
cells were washed three times with ice-cold PBS and 1 ml of cold lysis buffer was added.
After 10 minutes of incubation, cells were scraped off the dish and centrifuged at 13.000 x
g for 10 min at 4°C. The supernatant was transferred to fresh tubes while the cell pellet was
discarded. Approximately 50 ul of supernatant was saved for immunoblot analysis of the
inputs and stored at -20°C, while the remaining sample was incubated overnight on a
rotating wheel at 4°C with 3 pl of antibody. On the following day, 30 pul of Protein A beads
was added to each tube, and samples were further incubated for 2 additional hours. Protein
A beads were washed three times with ice-cold dilution buffer (2.500x g for 2 min at 4°C).
After the final wash, the supernatant was removed and the beads were resuspended in 25

ul of 2x gel sample buffer, boiled for 3 mins 95°C and stored at -20°C until use.
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2.2.20. Immunoprecipitation with GFP-TRAP

Transfected HEK293 cells were scraped off the dish and washed three times at 500x g for 3
minutes at 4°C. Cell pellet was then resuspended in co-IP lysis buffer completed with the
protease inhibitors and kept in ice for 30 minutes. Cell lysate was then centrifuged at
20.000x g for 10 min at 4°C, the supernatant was transferred to a pre-cooled tube and
diluted with co-IP dilution buffer. Approximately 50 pl of supernatant was saved for
immunoblot analysis of protein expression before proceeding with the GFP beads. To
equilibrate GFP trap beads, they were washed three times with ice-cold dilution buffer
(2.500x g for 2 min at +4°C). Diluted lysate was added to the trap beads and incubated on
the rotor for 1h at 4°C. The beads were washed 3 times with the dilution buffer. Finally,
pellet was resuspended with 100 pul of 2x gel sample buffer and the sample was boiled at

95°C for 10 min.

2.2.21. Immunoprecipitation of Rho-GTP

Rhotekin-RBD beads were reconstitute in 600ul of distilled water to have a 3.3 mg/ml
solution, which was aliquoted and stored at -80°C until use. 1.5x10° CT-1532 cells were
seeded on a 10 cm dish the day before the experiment and let adhere overnight. On the day
of the experiment, cells were washed twice in cold PBS and lysed in 1ml cold lysis buffer.
Cell lysates were transferred into 1.5ml tubes and centrifuged at 13.000xg for 10 mins at
4°C. Approximately 50 ul of supernatant was saved for input immunoblot analysis, while 16
ul Rhotekin-RBD beads were added to the remaining lysates beads and incubated on the
rotor for 1h at 4°C. Rhotekin-RBD beads were washed three times with ice-cold wash buffer
(2.500x g for 2 min at 4°C). After the final wash, the supernatant was removed and the beads
were resuspended in 25 pul of 2x gel sample buffer, boiled for 3 mins 95°C and stored at -

20°C until use.

2.2.22. Peptide array

For the preparation of the protein array, the oligopeptides were designed based on the
amino acidic sequence corresponding to the C-terminal domain of PDZ-RhoGEF protein.

Each peptide sequence includes at least one Serine on the central region and has a length
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of at least 10 amino acids, according to the manufacturer’s instructions. Oligopeptides were
immobilized by JPT Peptides on a PDVF membrane supports by their C-terminus and have
an acetylated N-terminus which confers a higher resistance to degradation and is more
representative of the native protein. Prior the experiment start, the membrane was
activated by 5 minutes wash in Ethanol, and then washed three times in TBST for 3 minutes
at RT. The membrane was then incubated mix at 30°C for 30 minutes in 2.5 ml of the reaction
mix composed by 750 pl of the kinase cocktail solution, 740 pl of 5x reaction buffer, 10 pg
of purified PAK4 kinase and 25 uCi/mL of [y32P]ATP. After four washes in the phospho-array
stripping buffer A, the membrane was additionally washed three times in stripping buffer B,
followed by three final wash in ethanol. The membrane was let to dry at room temperature
for 15 minutes. The membrane was then exposed to a phosphor-screen and kept one week

in the dark, inside a film cassette appropriately labelled for radioactive substances.

2.2.23. Circulating tumour cells (CTCs) isolation

Blood samples for circulating tumour cells (CTC) isolation were drawn from 17 patients
diagnosed with prostate cancer with a Gleason score equal to 7 or more. For each patient,
7.5 ml of blood was collected in a 10 ml vacutainer EDTA tube, maintained at room
temperature and processed within 4 hours of collection. The study was conducted upon the
obtainment of written informed consent and under the King's Health Partners' Prostate
Cancer Biobank (KHP PCaBB) blinding protocols for the protection of patients’ identities and
sensitive data. The isolation of CTCs was achieved through Parsortix Cell Separation System,
which separates CTCs from hematopoietic cells normally present in blood based on their
different size and deformability. Eluted CTCs were suspended in 200 pl of cold PBS. The
isolated CTCs were immediately plated on Cy3-gelatin overnight in 1 ml of KSFM media. On
the following day, coverslips were washed three times with PBS and incubated with anti-
human CD45 Alexa Fluor647 Antibody in PBS 5% BSA for 30 minutes at RT before proceeding
to normal staining with DAPI and Phalloidin-488.
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2.2.24. Zebrafish embryo maintenance

Zebrafish experiments were conducted under the UK Home Office project licence PPL
70/7912 and had been approved by the King’s College Ethical Review Committee prior the
experiment start. Zebrafish embryos were collected from the King’s College Fish Facility and
separated into multiple 10cm dishes at the appropriate density. Zebrafish embryos were
maintained into 1X E3 media with 0.0002% methylene blue at 28°C. At 1 day post-
fertilization (dpf), the chorions (acellular envelopes that encloses the embryos) were
opened and removed using a pair of handheld tweezers in order to prevent curling of the
fish body during development. Dechorionated embryos were subsequently placed in new
dishes at 28°C in fresh E3 medium and exposed to 3.5mM of Ethyl 3-aminobenzoate
methanesulfonate (MS222) and 1% penicillin-streptomycin. At the completion of the
experiment or at maximum 5 days post fertilisation all embryos were humanely killed via

exposure to an anaesthetic overdose of 15mM MS222.

2.2.25. Zebrafish yolk-sac injection and imaging

Injection needles were prepared by pulling a borosilicate glass capillary at both ends away
from a central heating element until the glass has stretched out to create two fine needs. Cells
for injection were dissociated from a T75 flask using the appropriate volume of dissociation
buffer. Detached cells were collected and. The resulting cell pellet was then resuspended in
1 ml of PBS-/- and incubated with 0.5 pl of Green CMFDA Dye CellTracker for 30 minutes at
RT in order to fluorescently label the cells. Cells were subsequently centrifuged for four
minutes at 2.500xg and resuspended at a final density of 2 x 10%cells/ul in 50 pl of media.
On the day of injection (1.5 dpf), zebrafish were placed in E3 media containing 3.5mM of
MS222 and 1% penicillin-streptomycin. Approximately 500 GFP-tagged PCa cells or AsPC-1
cells were injected into the yolk sac using a Nikon SMZ-U zoom 1:10 Picospritzer Il
microinjection station. Injected embryos were placed in fresh E3 media and incubated 1
hour at 28°Cin order to recover, then transferred to 33°C for the remains of the experiment.
12 hours after injection embryos were screened for the presence of a GFP-positive tumour
mass in the yolk sac. All embryos exhibiting lack of a defined xenograft or diffuse

dissemination in other regions of the body were excluded from further analysis and
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humanely killed using 15mM MS222. The percentage of embryos with cancer cell tail

invasion was calculated 3 days post-injection.

2.2.26. Statistical analysis

Statistical analysis was performed using Graphpad Prism software on datasets obtained by
at least three independent experiments. When possible, One-way Anova with Multiple
Comparison test was performed. Alternatively, Student t-test was used. A P value of <0.05
(95% confidence interval), <0.01 (99% confidence interval) and <0.001 (99.9% confidence

interval) are indicated by *, ** and *** respectively. The error bars show Mean * SEM.
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Chapter 3. Characterisation of Prostate Cancer cell lines

3.1. Introduction

Previous work has identified a role for PAK4 in melanoma cell invasion via invadopodia
activity and in-vivo dissemination (Nicholas et al. 2016). This project aims to understand if
PAK4 plays a similar role in prostate cancer invasion. To test this, it was hoped to use two
different techniques that reproduce the ability of cancer cells to degrade and navigate
through the ECM to metastasize: in-vitro invadopodia assay and in-vivo Zebrafish yolk
invasion assay (Teng et al. 2013; Yamaguchi 2012), in the prostate setting. However, there
is little data in the literature establishing the use of invadopodia during prostate cancer

|II

progression. The “classical” PCa cell lines, although obtained directly by metastasis, are not
reported to efficiently form invadopodia in-vitro. PC3 cells have been reported to form some
actin-enriched invadopodia-like structures with a degraded area underneath the cells,
however there remains limited evidence demonstrating the presence of specific
invadopodia markers. Moreover, to reach a detectable degradative activity, PC3 cells
required hyperactivated osteopontin/avB3 signalling (Desai, Ma, and Chellaiah 2008). This
necessity is not reflective of the prostate cancer tumour environment, but rather the bone
tissue they were isolated from. Thus, a PCa cell line that can be routinely used to study
invadopodia has not been established. Moreover, conventional PCa cell lines (PC3, DU-145
and LNCaP) have been derived from advanced metastatic lesions and are poorly

differentiated; therefore, they do not constitute an ideal model for studying the early phases

of prostate adenocarcinoma progression and metastasis.

A promising tool comes from cell lines generated through viral-mediated immortalization of
primary human tumour prostate epithelium. Three different benign (NP-) and malignant
(CT-) matched pair sets of cells, designated as 1532, 1535 and 1542 were isolated from
radical prostatectomy specimens obtained from patients with intermediate risk T2 stage
prostate cancer and subjected to microscopic inspection (Bright et al. 1997). Tumour
specimens containing a mixture of benign and malignant cells were subsequently divided
into smaller tissue fragments until at least 95% of neoplastic cells were present in a single
specimen. Cell lines derived from these specimens were cultured in 1-2% FBS and/or cholera

toxin to selectively eliminate fibroblasts contamination, and transformed with a
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recombinant retrovirus encoding E6 and E7 proteins of human papillomavirus 16 (HPV-16)
to induce long-term proliferation (Bright et al. 1997). All cell lines obtained were tested for
the presence of prostatic markers (PSA, PAP), and high and low molecular weight
cytokeratin proteins, confirming their epithelial origin. Interestingly, the different benign or
malignant nature of the resulting cells was not apparent on simple morphological ground,
and therefore the characterization of the freshly established cultures was done based on
the pattern of loss of heterozygosity on chromosome 8p, a feature associated with prostate
cancer (Bright et al. 1997; Emmert-Buck et al. 1995). While normal epithelium did not
exhibited evidence of LOH, tumour samples were positive for LOH on chromosome 8p
(Bright et al. 1997).

Given their origin, these cell lines might constitute a valid experimental model to enhance
our understanding of the early phase of PCa development and metastatic progression
arising from primary localized adenocarcinoma. Promisingly, CT-1542 cell line was shown to
express c-Met and have a migratory response to HGF (De Piano et al. 2020), a well-known
inductor of cancer cell proliferation and invasion (P A Humphrey et al. 1995; Kasai et al.
1996). However, these cell lines have yet to be characterised, and little data are available

regarding their potential as in-vitro model for invadopodia research.

The aim of the work presented in this chapter is to characterise the matched pairs
proliferative and invasive capability, whilst also determining if any of the cancer cell lines
efficiently make invadopodia. Based on the results gathered from this initial
characterisation, two cell lines were chosen as the most suitable for use through the course

of this project.
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3.2. Results

3.2.1. No significant difference in growth curves were observed for any of the cell lines

Characterisation of the matched pairs was two-fold in aim. It was designed to test if the
“normal” cell lines and “cancer” cell lines could be used for comparative studies whilst also

screening the cancer cells invasive behaviour.

One of the essential hallmarks of cancer is the ability to sustain chronic proliferation, as
defined by Hanahan and Weinberg (Hanahan and Weinberg 2011). Abnormal growth of
cancer cells can be achieved in a number of ways, mainly by deregulation of production and
release of proliferating factors that remain tightly controlled in normal cells (Hanahan and

Weinberg 2011).

Therefore, phenotypical differences in cell proliferation in all the matched pairs were
evaluated. Differences in growth ability between normal and malignant cells across all the
cell lines were assessed by evaluating the ability of the cells to reduce MTT to formazan, a
well-established measure of cell proliferation by measuring the number of viable cells in a
population over time (Stockert et al. 2018). Initially, the same number of cells were seeded
on day 0 and the optical density (OD) was measured up to day 4. From this measurement
the following observations were made: in 1532 cell line there was no significant difference
in the absorbance reading between cancer and normal cells. Both absorbance increased
over the time, showing a comparable proliferating ability (Figure 3.1A). In the 1535 cell line
there was a divergence in the absorbance reading between cancer and normal cells, with a
significant decrease in proliferation of CT-1535 compared to the normal counterpart (Figure
3.1B). Inthe 1542 cell line there was a divergence in the absorbance reading between cancer
and normal cells starting from day 1, suggesting that the observed difference could be due
to a proliferation gap reached within the first 24 hours of incubation, when no measurement

is performed (Figure 3.1C).

After observing such abnormalities, the growth rate for each cell line was calculated and
compared to an established cell line representative of the normal prostate epithelium:
RWPE-1.Thus, the experiment was repeated for the evaluation of RWPE-1 proliferation
(Figure 3.2).

80



Each curve was modelled according to the typical growth curve for cultured cells that follows
a sigmoid pattern of proliferation, characterised by an initial Lag Phase during which cells
do not divide, followed by a Logarithmic Growth Phase, characterised by an active
proliferation that lasts until the Stationary Phase is reached. At the starting time of
observation, cells are most likely entering in the log phase, which terminates after few days,
probably due to lack of nutrients and full confluency that inhibits further proliferation. For
the calculation of growth rate, only the OD values between day 1 and day 3 in which cells
were visibly in log phase were considered.

No significant differences in growth rates between normal and malignant cells were
observed in any of the matched pairs assessed, as well as when compared to the non-

malignant prostate cells RWPE-1 (Table 3.1).
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Figure 3. 1: Cell proliferation analysis reveals differences in cell growth curves between normal and

cancer cells.
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Cell growth curve analysis for each matched pair obtained through MTT assay repeated over four
consecutive days. Data are presented as mean + SEM, over 3 independent experiments. Statistical
significance between normal and cancer cells for each matched pair was calculated with Two-way Anova
followed by Sidak’s multiple comparison test.
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Figure 3. 2: Cell proliferation analysis of RWPE-1 cell line.
Cell growth curve for RWPE-1 cell line. The curve was obtained through MTT assay repeated over four
consecutive days. Data are presented as mean + SEM, over 3 independent experiments.

Growth Doubling time p-value p-value vs
Cell line
rate (days) NP vs CT RWPE-1

NP-1532 0.36 1.93 ns ns
CT-1532 0.26 2.65 ns ns
NP-1535 0.45 1.55 ns ns
CT-1535 0.24 2.88 ns ns
NP-1542 0.27 2.53 ns ns
CT-1542 0.49 1.43 ns ns
RWPE-1 0.23 3.00 na na

Table 3. 1: No differences between the growth rates of matched pairs and RWPE-1

Analysis of the cell viability through MTT assay repeated over four consecutive days. Data for each dataset
is derived from three independent experiments (n=3). Growth rate and doubling time for each cell line
was calculated through the best-fit exponential growth curve between day 1 and 3. Statistical significance
was calculated to the RWPE-1 cell line (One-way Anova) or between normal and cancer all cell lines
(student t-test). No significant differences were observed between different growth rates.
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3.2.2. 1532 and 1535 cancer cells exhibit decreased intracellular E-cadherin expression

Proliferation studies did not distinguish between cancer cell lines and the normal prostate
epithelium cell line. Cancer progression can also be characterised by a progressive loss of
epithelial phenotype and the acquisition of mesenchymal traits, termed epithelial to
mesenchymal transition (EMT). During classical EMT cancer cells transition from E-cadherin
to N-cadherin expression, often referred to as “cadherins switch” (Hazan et al. 2004).
However, EMT and its reverse process MET have been reported more recently not to be
binary events, with cells exhibiting a hybrid epithelial/mesenchymal phenotype (Jolly et al.
2015). There is considerable data suggesting the existence of EMT in PCa, indicating its
possible role in PCa progression and metastasis (Nauseef and Henry 2011). For these
reasons, the matched pairs were further characterised for the presence of EMT markers that
are known to contribute to metastatic dissemination. To evaluate the epithelial
characteristics of the matched pairs cell lines, intracellular expression of E-cadherin was
assessed. Western blot analysis demonstrated that in 1532 and 1535 cell lines the level of
E-cadherin was consistently lower in cancer cells compared to normal cells (Figure 3.3A-D),
suggesting a shift towards a more mesenchymal phenotype. Thus, matched pairs cell lines
were also tested for N-cadherin expression levels (Figure 3.4). Interestingly, reduction of E-
cadherin expression was not followed by gain of N-cadherin in CT-1532 (Figure 3.4A-B) and
CT-1535 (Figure 3.4C-D). Instead, N-cadherin expression was lower in CT-1535 when
compared to NP-1535 (Figure 3.4C-D). No differences were observed in N-cadherin
expression between CT-1542 and NP-1542 cell lines (Figure 3.4E-F).
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Figure 3. 3: CT-1532 and CT-1535 show downregulation of E-cadherin by Western blot.

Western blot analysis of the expression levels of E-cadherin in 1532 cells (A-B), 1535 cells (C-D) and 1542
cells (E-F). Intensity of bands related to the protein of interest were corrected for the loading control
(GAPDH) and plotted as relative ratio mean = SEM. Experiment was repeated with three independent cell
lysates (n=3). Statistical significance was calculated with unpaired student’s t-test, *p<0.05, ***p<0.001.
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Figure 3. 4: N-cadherin expression is downregulated in CT-1535 cells.
Western blot analysis of the expression levels of N-cadherin in 1532 cells (A-B), 1535 cells (C-D) and 1542
cells (E-F). Intensity of bands related to the protein of interest were corrected for the loading control
(GAPDH) and plotted as relative ratio mean * SEM. Experiment was repeated with three independent cell
lysates (n=3). Statistical significance was calculated with unpaired student’s t-test, *p<0.05.
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Western blot analysis suggested that CT-1532 and CT-1535 cells express reduced level of E-
cadherin (Figure 3.3). However, reduced E-cadherin expression does not necessarily
correlate with a decrease in cell junction formation. To assess whether the drop in total E-
cadherin levels observed by Western blot (figure 3.3) correlates with decreased protein
expression specifically at cellular junctions, cells were seeded on coverslips and stained for
E-cadherin. All cell lines were able express E-cadherin, which was more concentrated at cell-
cell junctions (Figure 3.5A).

To further explore possible phenotypic differences between cell lines, each cell line was
scored for the level of colony formation. Cells forming adhesions with at least two other
neighbouring cells were considered as colony-forming cells and further scored for their
absence or presence of E-cadherin at the junction sites. On the contrary, single cells and
those establishing contact with only one adjacent cell were excluded from the analysis.
Unexpectedly, quantification of cells expressing E-cadherin at junctions did not show any
significant difference between normal and malignant cells for all the matched pairs
assessed, as a comparable number of cancer and normal cells exhibited E-cadherin at their
adhesion sites (Figure 3.6A-C). This suggests a down-regulation of E-cadherin in CT-1532 and

CT-1535 cells, which is restricted to the intracellular compartment.
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Figure 3. 5: Representative images of E-cadherin staining in matched pair cell lines.

Representative images of matched pair cell lines subjected to immunofluorescent staining to observe the
expression of E-cadherin (green), in combination with actin (red). All cell lines tested appear to express E-
cadherin at cell to cell junctions. Scale bar = 10um
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Figure 3. 6: Quantification of the percentage of cells expressing E-cadherin at junctional sites across
matched pairs.

The percentage of cells was forming colonies and exhibiting E-cadherin signal at cell:cell junctions was
quantified, revealing no differences between normal and cancer cells for 1532 (A), 1535 (B) and 1542 cell
line (C). Graphs shown are representative of 3 independent experiments. Statistical significance was
calculated with unpaired student’s t-test.
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3.2.3. EGFR and c-Met are expressed in all matched pairs cell lines.

CT-1542 cells have been previously reported to have upregulated surface EGFR expression
(Hastie et al. 2005), while CT-1532 and CT-1535 have not been tested. EGFR has been
reported to activate the Arp2/3 complex with Cdc42 being an upstream regulator of N-
WASP, leading to invadopodia formation in rat mammary adenocarcinoma cells (Yamaguchi
et al. 2005b). Indeed, EGFR is a potent mitogen in several types of solid tumours and has
been found expressed in both primary and metastatic prostate cancer specimens (Schlomm
et al. 2007; Guérin et al. 2010). Therefore, matched pairs cell lines were tested for EGFR
expression. All cell lines expressed endogenous EGFR with no significant differences
between normal and cancer cells in 1532 and 1535 cell lines (Figure 3.7A-D). CT-1542
exhibited an increase in EGFR levels, suggesting a hyper-activation of the EGFR pathway that
may lead to increased stromal invasion ability (Figure 3.7E-F), consistent with previous

studies.

Similarly to EGFR, Changes in c-Met activity and/or expression are implicated in invadopodia
regulation and prostate cancer progression (Rajadurai et al. 2012; Knudsen et al. 2002). HGF
was found able to stimulate PAK4 through PI3K, determining changes in actin organisation
and cell migration ability (Wells, Abo, and Ridley 2002). Interestingly, CT-1542 cells were
reported to express c-Met and have a migratory response to HGF (De Piano et al. 2020).
Western blot analysis revealed that total c-Met expression levels were unchanged in 1532
and 1542 cell lines, whilst appeared to be decreased in the CT-1535 cell line compared to

the normal counterpart (Figure 3.8).
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Figure 3. 7: EGF receptor expression is upregulated in CT-1542 cell line.

Western blot analysis of the expression levels of EGFR in 1532 cells (A-B), 1535 cells (C-D) and 1542 cells
(E-F). Intensity of bands related to the protein of interest were corrected for the loading control (GAPDH)
and plotted as relative ratio mean + SEM. Experiment was repeated with three independent cell lysates
(n=3). Statistical significance was calculated with unpaired student’s t-test, *p<0.05.
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Figure 3. 8: C-Met expression is downregulated in CT-1553 cell line

Western blot analysis of the expression levels of EGFR in c-Met in 1532 cells (A-B), 1535 cells (C-D) and
1542 cells (E-F). Intensity of bands related to the protein of interest were corrected for the loading control
(GAPDH) and plotted as relative ratio mean + SEM. Experiment was repeated with three independent cell
lysates (n=3). Statistical significance was calculated with unpaired student’s t-test, *p<0.05.
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3.2.4. All matched pairs cell lines are able to form invadopodia

Characterisation of the matched pairs had not consistently identified the cancer cell from
the normal counterpart. One defining feature often seen in cancer cells is the ability to
degrade matrix using invadopodia. The ability of cells to form invadopodia and degrade the
matrix is thought to correlate with their invasive and metastatic capacity in-vitro and in-vivo
(Yamaguchi 2012). Whilst many of the cell lines that are widely used in cancer research for
a variety of tumour models display invadopodia-like structures and are able to degrade the
extracellular matrix, this is not true in the case of prostate cancer. There is currently no
strong evidence in the literature of prostate cancer cell lines that spontaneously and
efficiently make invadopodia, hampering the study of early cancer progression and invasion
in prostate cancer.

For the purpose of this study, it was therefore crucial to establish whether our cancer cell
lines were able to form invadopodia. Cells were incubated for 24 hours on glass coverslips
coated with a thin layer of Cy3-labelled gelatin, and subsequently stained with Phalloidin-
488. Invadopodia were visualized as actin-enriched puncta colocalizing with dark spots on
the matrix, corresponding to degraded area of the matrix devoid of fluorescent signal
(Figure 3.9). To confirm that the observed structures were truly invadopodia, cells were
additionally stained for cortactin, a well-known component and a specific marker of
invadopodia that colocalizes with F-actin (E. S. Clark et al. 2007). PC3 cell lines, established
from bone metastasis, was used as a negative control due to its lack of remarkable

degradative activity without prior stimulation (Desai, Ma, and Chellaiah 2008).

All the cancer cell lines screened but PC3 showed a degree of invadopodia formation and
activity (Figure 3.9A). The colocalization of F-actin enriched puncta with matrix degradation
and cortactin signal was further confirmed by fluorescence intensity plot measured along
an arbitrary line crossing throughout an invadopodia structure (Figure 3.9B).

On the contrary, in this study PC3 cells did not exhibit invadopodia making capacity: even
though some sparse matrix degradation spots were observed. On closer inspection, they
were rarely confined within the cell boundary, and no colocalization of cortactin with actin

puncta was detected (Figure 3.9A).
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Figure 3. 9: Level of invadopodia activity in PCa cell lines.
Invadopodia assay images of malignant cell lines representative of three independent experiments. Cells
were seeded on Cy3-conjugated gelatin for 24 hrs and stained for F-actin and Cortactin. All cell lines tested
but PC3 are able to make invadopodia. Arrows indicate invadopodia and the area of degradation on the
gelatin underneath cells’ surface (A). Representative co-localization analysis for each cell line.
Representative fluorescence intensity plot for each cell line showing co-localisation of cortactin, F-actin
and gelatin degradation. Fluorescence intensity for F-Actin, Cortactin and Cy3-gelatin was measured an
arbitrary line crossing through an invadopodia structure and the plot profile was calculated though Image)
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Surprisingly, some low level of invadopodia activity was also observed in the normal cell
lines using the same criteria (Fig. 3.10A). Furthermore, RWPE-1 cells (routinely used as a
normal control (Bello et al. 1997)) also exhibited some low level of invadopodia activity
(Figure 3.10A-B). The structures detected in normal cells were also positive for cortactin

staining, which coincided with the peak in F-actin signal and a reduction in gelatin intensity

(Figure 3.108B).
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Figure 3. 10: Levels of invadopodia activity in normal prostate cell lines.

Invadopodia assay images of normal cell lines representative of three independent experiments. Cells
were seeded on Cy3-conjugated gelatin for 24 hrs and stained for F-actin and Cortactin. All cell lines tested
are able to make invadopodia. Arrows indicate invadopodia and the area of degradation on the gelatin
underneath cells’ surface (A). Representative co-localization analysis for each cell line. Representative
fluorescence intensity plot for each cell line showing co-localisation of cortactin, F-actin and gelatin
degradation. Fluorescence intensity for F-Actin, Cortactin and Cy3-gelatin was measured an arbitrary line
crossing through an invadopodia structure and the plot profile was calculated though ImageJ (B). Scale
bars = 10um
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3.2.5. Matched pair cell lines show different degradative ability

Although invadopodia activity was detected across all cell lines, there appeared to be a large
differential in the extent of matrix degradation. Thus, a comparative analysis of the
degradative ability was performed. There are multiple ways to quantify invadopodia, such
as scoring the percentage of cells showing active invadopodia or quantify the average
number of active invadopodia per cell (Eckert et al. 2011). However, it was noted that CT-
1542 cells tended to form tight clusters and to adhere together when seeded on gelatin,
making it difficult to distinguish the exact individual cell margins within a cluster. Moreover,
CT-1542 cells exhibit a high level of heterogeneity in puncta size and a high concentration
of puncta in actin dense regions that would affect the ability to determine the number of
invadopodia precisely. Therefore, the method of analysis chosen suitable for all cell lines
screened, was to quantify the percent degradation area underneath total cells area (Figure
3.11).

Results from the degradation analysis clearly identified significant differences in
invadopodia activity across the cell lines. The 1532 and 1535 cancer cell lines were
characterised by robust invadopodia activity (Figure 3.12). Only the 1535 matched pair
exhibited a significant difference between normal and cancer cells, while no significant
differences were observed between cancer and normal cells for both 1532 and 1542 paired
cell lines (Figure 3.12). As expected, RWPE-1 cells exhibited an extremely low level of activity
(Figure 3.12). All prostate cancer cell lines but CT-1542 were characterised by an increased
invadopodia activity when compared to normal RWPE-1 cell line. NP-1535 cell line, was
characterised by the lowest level of degradation of gelatin and comparable to RWPE-1,
becoming the most promising candidate as possible representative of normal prostate
epithelium cell line (Figure 3.12).

Previous data in the Wells lab suggested a positive correlation between cells spread area
and invadopodia activity in breast cancer cells, with invadopodia competent cells exhibiting
greater cell area than cells which did not form invadopodia (unpublished data). Thus, the
average cell spread was examined to ascertain if differences in cell area correlates with
differences in degradative ability in prostate cancer. In contrast to that observed with
matrix degradation, no significant differences were observed in the average cell spread

across all cell lines tested, with only CT-1542 cell line showing an increased cell area when
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compared to RWPE-1 (Figure 3.13). This result suggests that invadopodia activity in prostate

cancer is not influenced by cell spread area.
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Figure 3. 11: Representative images of matrix degradation in invadopodia assay.

Images of gelatin degradation reflecting the different extent of degradative ability of each cell line tested.
Cells were seeded on TRITC- conjugated gelatin for 24 hrs and stained for F-actin and DAPI. Images are
representative of three independent experiments. Degradative ability was calculated as percentage of
degraded area of the gelatin underneath total cells surface area corresponding to 90 cells over 3
independent experiments (n=3). Scale bars = 10um
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Figure 3. 12: Quantitative analysis of the matrix degradation in invadopodia assay.

Measurement of the degraded area underneath cells surface revealed CT-1535 cells to be the most
invasive amongst all cell lines and exhibited a remarkable increase in cell degradative activity when
compared to either its normal counterpart (NP-1535) or normal prostate RWPE-1 cells. Significance was
calculated with One-way Anova followed by Tukey’s test, **p<0.005, ****p<0.0001. Data are presented
as mean values + S.E.M.
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Figure 3. 13: Degradative ability was not influenced by cell area.

The cell area was calculated for 90 cells, over 3 independent experiments and found to not correlate with
the different degradative ability. Significance was calculated with One-way Anova followed by Tukey’s
test, ***p<0.001. Data are presented as mean values + S.E.M
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3.2.6. All cancer cell lines are able to disseminate in-vivo

Having evaluated the ability of our prostate cancer cell lines to degrade in-vitro, their
invasive potential in-vivo was assessed through using the Zebrafish yolk invasion assay,
which constitutes a second robust and validated assay to evaluate the metastatic ability of

cancer cells (Teng et al. 2013).

AsPC-1 cell line, derived from pancreatic adenocarcinoma, is well known for being
characterized by an aggressive and metastatic phenotype (Deer et al. 2010), and it has been
reported to function particularly well in this assay (Teng et al. 2013). Hence, AsPC-1 cells
were used as positive control. On the contrary, the non-tumorigenic mouse fibroblast
NIH/3T3 cell line served as negative control. Fluorescently labelled cells were injected into
the distal half of Zebrafish yolk sac to avoid direct injection within the cardiovascular system.
After 16-20 hours embryos were screened for the presence of a compact and spherical
deposit of cells resembling a tumour mass in the yolk sac, while embryos exhibiting

scattered and non-specific fluorescence were excluded from the experiment (Figure 3.14A).

All cancer cell lines tested were able to form a compact xenograft in the yolk-sac space of
Zebrafish embryos (Figure 3.14B). NIH/3T3 cells failed to form a compact and well-defined
mass (Figure 3.14B), confirming that the ability to form a xenograft is associated to the
tumorgenicity of the cell lines tested as it is impaired in a non-invasive cell line. As a result
of the lack of tumour formation into injected fish, NIH/3T3 cell line was excluded from
further analysis. Three days post injection, embryos with fluorescent deposit in the tail
(Figure 3.15A), were recorded as positive for metastasis. All cancer cell lines exhibited
metastatic deposits in the distal tail compartment, demonstrating their ability to navigate
the tissue architecture, disseminating distantly possibly utilising the vascular network
(Figure 3.15B). All the PCa cell lines were able to disseminate to the tail; with CT-1542 cell
line exhibiting significantly increased incidence of dissemination compared to the AsPC-1
cell line (Figure 3.16). Taken together, these findings indicate a potentially metastatic

behaviour in all cell lines tested.
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Figure 3. 14: Representative images of xenograft formation in zebrafish yolk-sac invasion assay.
GFP-labelled cancer cell lines were injected into 1dpf zebrafish embryos and screened for the presence of
tumour mass into the yolk-sac. Embryos with aspecific and disperse signals were excluded from the
analysis (A). All cancer cell lines were able to form a compact xenograft, whilst non-metastatic NIH/3T3
fibroblast failed to produce a defined mass (B)
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Figure 3. 15: Representative images of cancer cell lines tail disseminating in zebrafish invasion assay.
Representative image of the optical transparent and pigment free tail compartment of an uninjected
embryo at 4dpf (A). Representative phase contrast and fluorescent images of a zebrafish tail (lateral view)
and 4 days post injection with cancer cells (B). All prostate cancer cell lines were able to disseminate and
lodge in the tail of zebrafish embryos. Scale bar = 200um.
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Figure 3. 16: Incidence of tail dissemination in zebrafish invasion assay.

Graphical representation of the percentage of embryos with dissemination. Data are representative of
three independent experiment, with at least 15 embryos screened for metastasis at the end of each
experiment. Significance was calculated with One-way Anova followed by Tukey’s test, *p<0.05. Data are
presented as mean values + S.E.M.
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3.2.7. Circulating prostate tumour cells exhibit degradative ability in 2D

Following the discovery that prostate cancer cell lines isolated from primary tumour were
able to form invadopodia in-vitro and disseminate in-vivo, it was decided to extend our study

and investigate whether these findings would apply in a more clinical setting.

Circulating tumour cells (CTCs) represent an intermediate stage of the metastatic process
and are considered to be a prognostic marker and an indicator of the clinical outcome in
many types of metastatic cancers, including prostate (de Bono et al. 2008). Despite
extensive studies conducted on CTCs in prostate cancer (Pantel, Hille, and Scher 2019), little
progresses have been made regarding their molecular characterisation, and there is no

evidence linking prostate CTCs to invadopodia formation.

CTCs were isolated from the peripheral blood of 17 prostate cancer patients (Table 3.1)
using the Parsortix Cell Separation System, which separates CTCs from haematopoietic cells
normally present in blood based on their different size and deformability. Isolated CTCs
were immediately plated onto Cy3-conjugated gelatin overnight and subsequently fixed and
stained for F-Actin and CD45. CD45 is a lineage-restricted glycoprotein that is expressed on
all haematopoietic cells except for erythrocytes and exclude white blood cells from the
analysis. One coverslip per each patient was obtained through this methodology.
Coverslips were manually screened for CD45-negative cells. Out of a total of 17 samples, it
was possible to successfully identify F-Actin-positive and CD45-negative CTCs seeded on
fluorescent coverslips in 16 samples (figure 3.17A), indicating the experimental protocol was
able to deliver viable cells. The CTCs count greatly varied across the patients, with patient
15 exhibiting the largest number of CT cells detected (Figure 3.17B).

All CD45-negative cells were screened for the presence of actin puncta and gelatin
degradation that might be a sign of invadopodia activity (Figure 3.18A). Over 60% of the cells
exhibited actin puncta, whilst approximately 20% of cells showed puncta being colocalised
with matrix degradation spots (figure 3.18B). Almost 40% of CTCs displayed actin puncta and
general matrix degradation underneath cell’s surface, possibly indicating invadopodia
formation and degradative activity that was not in place at the time of fixation due to the
rapid turnover of the process. Furthermore, cortactin-positive puncta co-localised with actin
dots were observed in cells isolated from patient 17, which was additionally stained for
Cortactin (figure 3.18B). Overall, almost 80% of patient samples displayed clear evidence of

matrix degradation, while 40% were positive for invadopodia activity (figure 3.18C), thus
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strongly suggesting human prostate cancer cells could utilise invadopodia in-vivo during

dissemination.
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Figure 3. 17: Representative image of prostate CTC cells isolated from blood samples.

Representative images of circulating tumour cells (top) and hematopoietic cells (bottom) isolated via
Parsortix System from PCa blood samples and stained for the surface antigen CD45 (A). Graphical
representation of the number of CD45-negative cells that were isolated from each sample and manually
screened following invadopodia assay (B).
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Figure 3. 18: Prostate CTCs ehibit localised gelating degradative ability and puncta formation.
Representative images of prostate CTCs subjected to invadopodia assay and stained for F-Actin and
Cortactin after 24 hours incubation. Cells exhibited localised matrix degradation overlapping with actin
puncta (blue arrow) and cortactin puncta co-localising with actin-rich dots (white arrow) (A). Graphical
representations of the percentage of CD45-negative cells displaying puncta and/or degradation (B), and
the overall percentage of the blood samples that showed evidences of matrix degradation and
invadopodia when subjected to invadopodia assay (C). Scale bar=10pum.
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Table 3. 2: Gleason score and invadopodia assay data of human blood samples analysed.
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3.3. Discussion

Given the high heterogeneity of PCa, obtaining a single model that successfully recapitulates
all the malignant features of the disease is hard to achieve. Primary tumour derived cell lines
constitute a valid experimental model to enhance our understanding of PCa development
and metastatic progression, but there are no in-vivo models that spontaneously develop this
type of cancer, and establishing long-term cell cultures is difficult. In this study, we aim to
characterise the human prostate autologous matched pairs 1532, 1535 and 1542 cell lines,
focusing on their invasiveness potentiality, to understand whether they can be used as valid
models for normal versus cancer comparative studies and the cancer cells can be utilised for

invadopodia studies.

Results described here suggest that the matched pairs cell lines are characterised by an

elevated degree of heterogeneity in terms of behaviour and protein expression.

While no significant differences were observed for 1532 and 1542 cell lines, CT-1535 cell
line proliferation appeared to be strongly delayed compared to its normal counterpart,
producing a lower and flattener growth curve (Figure 3.1). The impaired growth of CT-1535
cells might be explained by a higher sensitivity of this cell line to the lack of nutrient and
growth factors present in the plate after 5 days of continuous growth without media change.
However, the same slower growth was observed upon standard culturing and cell line
maintenance, when media is routinely replaced.

These data align with emerging observations that challenge the long-held belief of cancer
cells dividing more rapidly than normal cells. Despite the hyper-proliferative nature of many
tumours, in fact, the link between malignancy and growth speed is still unclear and filled
with contradictory data. The escape of cancer from molecular pathways regulating cell
proliferation does not necessarily translate in an increase in the cell division rate, as most
people believe, but rather in a continuous growth, regardless of the speed. Several studies,
in fact, reported that tumour cells from primary cultures grow slower than their normal
counterparts in-vitro (Buehring and Williams 1976), highlighting the relevance of tumour
individuality. Studies on prostate cancer growth kinetics found that prostate cancer cells
within the prostate are characterised by a remarkably slow growth that is comparable to

that of early stage high-grade PIN, considered as precursor of prostatic cancer (Berges et al.
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1995; Schmid, McNeal, and Stamey 1993). Reduced expression of a multi-gene proliferation
signature was found associated with enhanced invasiveness in two independent cohorts of
colon cancer patients (Anjomshoaa et al. 2008). Several works have already highlighted the
existence of this unusual relationship in different types of cancer, both in-vivo and in-vitro,
hinting that invasion occurs mainly during the G1/GO0 phase of the cell cycle, when cells are
in a quiescent state (Kohrman and Matus 2017). Thus, a switch from a proliferative to a

more invasive status may be occurring in the CT-1535 cell line.

Analysis of E-cadherin and N-cadherin expression suggests an incomplete cadherin switch
occurring in 1532 and 1535 cancer cells, in which downregulation of E-cadherin is not
followed by upregulation of N-cadherin (Figure 3.3, 3.4). Cadherin switching is one aspect
of EMT, and the shift from different isoforms of the cadherin transmembrane proteins is
thought to be associated to an increased aggressive behaviour (Hazan et al. 2004). However,
E-cadherin is found to be differently regulated in many types of cancer independently of
EMT, and it has been reported to often be replaced by alternative cadherins different from
N-cadherins. For example, high grade prostate cancer cells showed a de novo expression
of cadherin-11 in comparison with normal prostate (Tomita et al. 2000; Bussemakers et
al. 2000). Analysis of these alternative cadherins status might provide important
information about the correlation between mesenchymal phenotype expression and
invadopodia in prostate cancer. Moreover, E-cadherin expression was found necessary for
metastasis in multiple models of breast cancer (Padmanaban et al. 2019). In case of prostate
cancer, loss of E-cadherin led to the development of neoplastic lesions in prostatic
epithelium but prevented cells to progress to tumour cells by inducing apoptosis and
disruption of epithelial structures (Olson et al. 2019). Recent studies established a crucial
significance for the co-expression of epithelial and mesenchymal markers and partial EMT
in cancer metastasis (Jolly et al. 2015). Thus, the maintenance of epithelial integrity to some
extent by E-cadherin expression seems to be required during the course of tumour
progression.

The E-cadherin loss observed by Western blot was not confirmed by E-cadherin
immunostaining (Figure 3.5, 3.6). This may suggest a downregulation of E-cadherin
restricted to the intracellular compartment only, where it regulates other important cell

signallings, rather than at cell:cell junctions (Klezovitch and Vasioukhin 2015).
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All the primary adenocarcinoma cell lines were found to have invadopodia present, and
efficiently degraded the matrix (Figure 3.9). Invadopodia formation is not a common feature
of the other classic metastatic prostate cancer cell lines. In fact, although more than 200
prostate cancer cell lines and sublines are currently used in prostate cancer research, there
are consistent difficulties in achieving a reliable prostate cancer cell line that efficiently
invades in-vitro spontaneously, without prior stimulation. Nicholas et al. noticed that the
melanoma cell lines best at generating degradative invasions were derived from a primary
tumour (Nicholas et al. 2016).

This may suggest that primary tumour cells are expressing proteins associated with invasion
while cells derived from a metastatic site have already down regulated such proteins. This
might explain why previous attempts to identify invadopodia in prostate cancer cells have
been limited in success as they relied on cell lines taken from distant sites.

Indeed, it has been reported that tumour cells deposited at metastatic sites seem to
undergo phenotypic changes, possibly due to deprivation of appropriate adhesive and
signalling interactions, or in response to inhibitory signals originating in the parenchyma of
target organs (Giancotti 2013). It has been proposed a reversible EMT metastasis model in
which primary epithelial tumour cells activate EMT to invade and disseminate throughout
the body, while, upon arriving at distant sites, disseminated tumour cells undergo a
reversion process, or MET, to form epithelial metastases (Thiery 2002). Thus, perhaps
invadopodia formation and activity in prostate cancer is subjected to a similar
temporal/spatial regulation.

The different extent of degradative ability exhibited by the cancer cell lines tested might be
reflective of the complexity and individuality of the primary tumour specimens they were
isolated from. This could be translated in differential genetic regulation of those factors
involved in invadopodia activity. CT-1542 showed increased invasion compared to NP-1542
(Figure 3.11, 3.12), possibly due to upregulation of the surface receptor EGFR (Figure 3.7).
On the contrary, the 1532 and 1535 cell lines are most likely relying on other molecular
pathways unrelated to EGFR and c-Met expression, such as TGF-B (Mandal, Johnson, and
Wheelock 2008). It is interesting to note that amongst all cancer cell lines, CT-1535 cell line
exhibited the highest degradative ability and at the same time the slowest proliferation rate
(Figure 3.1), suggesting an inverse relation between invasiveness potential and proliferative

activity (Kohrman and Matus 2017).
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Unexpectedly, normal cells, including the RWPE-1, were found positive for the presence of
invadopodia and matrix degradation, although conventional descriptions of invadopodia
restrict this activity to cancerous cells (Paz, Pathak, and Yang 2014). However, the extent of
matrix degradation for normal cells was considerably lower compared to cancer cells. This
acquisition of malignant features in normal cells may be the result of a genomic instability
occurring during the immortalization process (Kang and Park 2001). HPV-16 E6 and E7
proteins expression results in inactivation of the p53 protein, destabilization of the Rb
protein and activation of telomerase (Huibregtse and Beaudenon 1996; Jones, Thompson,
and Munger 1997; Steenbergen et al. 1996). Even though these viral oncogenes are not
sufficient for a conversion to a fully tumorigenic cell population, their combined effect might
lead to acquisition of some malignant features (Kang and Park 2001). Taken together, these
results suggest the matched pairs cannot be confidently used for comparative studies, thus,

I”

the “normal” cell lines were not employed any further in this project.

The invasiveness ability of 1532, 1535 and 1542 cancer cell lines was further tested in-vivo
through Zebrafish yolk-sack invasion assay. All cancer cell lines performed optimally, causing
visible metastatic dissemination in tail in 40% of the fish or above (Figure 3.15, 3.16).
Interestingly, CT-1542 cell lines, which was the least invasive as measured by the
invadopodia assay, performed equally well to the other cell lines tested in Zebrafish. It is
possible that migration of CT-1542 tumour cells in Zebrafish is governed by an invadopodia-
independent pathway, which does not rely on matrix degradation, such as the rounded-
amoeboid migration (Pandya, Orgaz, and Sanz-Moreno 2017). This hypothesis is additionally
supported by the observation that CT-1542 cells lack of actin puncta formation in-vitro,
suggesting that these cells are deficient of invadopodia precursor and therefore it’s unlikely
they utilise invadopodia degradation for dissemination in-vivo. Moreover, the prostate
cancer PC-3 cells, which do not efficiently form invadopodia, have been reported to lodge
and proliferate in the caudal hematopoietic tissue of the zebrafish tail following injection
into the duct of Cuvier (Hill et al. 2018). Therefore, it is highly possible that non invadopodia-
competent cells employ a different molecular process to invade in-vivo.

Alternatively, Wisdom et al. suggested an additional function of invadopodia that consists
in the deformation of the surrounding ECM through the application of a protrusive and

contractile force that is independent of degradation (Wisdom et al. 2018). This could explain
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why the high invasive ability of CT-1542 cell line in-vivo did not correlate with the observed

degradative ability in-vitro.

This study highlighted the importance of invadopodia in prostate cancer not only in-vitro,
but also in a more clinical setting, by employing circulating tumour cells isolated from whole
blood samples of prostate cancer patients. Circulating tumour cells represents the closest
portrait of a cancer cell that has escaped the primary tumour and is circulating in the
bloodstream, potentially offering a true “snapshot” of the molecular changes that lead to
the acquisition of an invasive phenotype. As the majority of cancer related deaths is due to
metastasis formation, their value as preclinical models for the characterisation of molecular
profiles associated with cancer invasion and for future therapeutic developments is
undisputed. Given both the induction of gelatin degradation and the formation of punctate
structures with co-localized invadopodia markers (Figure 3.18), it was demonstrated here
for the first time a novel link between invadopodia and prostate cancer CTCs. The discovery
that CTCs present invadopodia-like structures and are capable of degrading the matrix
provides interesting new insights into the relevance of invadopodia in prostate cancer
progression, paving the way for a new series of studies that could corroborate and extend
these findings. We speculate that prostate cancer cells detaching from the primary tumour
could potentially employ invadopodia in order to degrade the extracellular matrix and reach

the vasculature, where they intravasate.

The number of CTCs detected differ greatly across the analysed samples (Figure 3.17). This
difference is most likely attributed to the variability in nature and disease progression of the
patients that were selected for this study. Moreover, CTCs are indeed extremely rare
population in the blood of cancer patients, especially considering that that 7.5 ml of blood
per patient was provided. CTCs counts was significantly elevated in one sample, which
exceed by far the overall mean CTC enumeration. It must be kept in mind, however, that the
experimental model presented here exhibits some limitations, as circulating fibroblasts
might be involuntarily eluted together with CTCs. Therefore, it would be ideal to perform
additional immunostaining for prostate specific antigen, such as PSA expressed by prostate
cells, or fibroblasts markers, such as vimentin or fibroblast surface protein (SFP), which is
expressed by fibroblasts and macrophages but not epithelial cells (Singer et al. 1989).

Even though no correlation was observed between the number of CTCs isolated and number

of invadopodia-forming cells from a single blood sample, it would be interesting to see
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whether the samples presenting the highest rate of invadopodia are associated with a poor
clinical outcome. Monitoring the disease progression in a wider and more heterogeneous
population which includes multiple stages of prostate cancer the long-term could lead to
inferring a prognostic value to invadopodia detection, although at present it’s still too early
to test the patients’ survival outcome. In summary, these data undoubtedly demonstrate

that invadopodia are physiologically relevant in prostate cancer.

The findings presented in this chapter reveal that the prostate cancer cell lines here
characterised could offer a robust and valid model for studying the early phase of prostate
cancer progression and invasion, on the basis of: being isolated from primary
adenocarcinoma they are more representative of the tumour of origin; the invasive
potential was confirmed both in-vitro and in-vivo; all cancer cell lines efficiently form
invadopodia in-vitro.

The highest invasive ability was detected in CT-1532 and CT-1535 cells, combined with an
efficient dissemination in-vivo this led to the selection of these cell lines for the rest of the

project.

116



3.4. Future work

The work presented here established prostate cancer cell lines that can be utilised for
invasion studies. It would be interesting to assess cells migration ability in 2D and 3D, such
as wound healing assay and Boyden chamber assay. Additional in-vivo experiments to assess
the tumorigenicity of these cell lines could be performed in animal models different from
Zebrafish, i.e. mice. It could be noteworthy to assess the genetic traits that are
conventionally associated with prostate cancer. Gene profiling and expression analysis
using microarrays could be employed in these cell lines to uncover the early molecular
changes that occur in localised adenocarcinoma and potentially trigger a transformation
towards a more invasive phenotype.

Expression of alternative cadherin isoforms, such as R-cadherin, cadherin 11, T-cadherin
and P-cadherin could be tested (Hazan et al. 2000; De Wever et al. 2004; Nieman et al.
1999).

The so-called "normal" cells were found able to form invadopodia, and there is
uncertainty whether the expression of this malignant feature is due to viral-mediated
immortalization. To better elucidate this finding, invadopodia assay could be performed
with cells isolated from healthy prostate tissue retaining its original genetic and
molecular characteristics. Fresh prostate tissue samples could be obtained from patents
undergoing cystoprostatectomy surgery, which involves surgical removal of the urinary
bladder and as part of the procedure the prostate gland is also removed.

Finally, an extraordinary amount of work could be done employing human prostate CTCs
to better understand invadopodia dynamics in prostate cancer. First, in a long term
prospective study, invadopodia ability could be correlated to high Gleason score,
tumour stage, relapse and treatment response. Cells isolated form samples with the
highest number of invadopodia-making CTCs could be also characterised by their
androgen receptor status, PSA expression, and expression of invadopodia markers such
as Tsk5 and Cortactin. Indeed, one main challenge would be the achievement of a
greater number of CTCs necessary to conduct such of experiments and obtain
statistically relevant data, which would require continuous blood drawn from each
patient. Obtaining a molecular signature associated with invadopodia in a clinical setting

that complements cell culture experiments would provide validated targets for novel
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therapeutics directed against cell invasion, and invadopodia could be employed as

biomarkers for better tailored anticancer treatments for individual patients.
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Chapter 4
The role of PAK4 in invadopodia
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Chapter 4. The role of PAK4 in invadopodia.

4.1. Introduction

Cancer invasion is a dynamic and adaptive process involving rearrangements of the cell actin
cytoskeleton, which can be coordinated by the Rho GTPase signalling pathway (Spuul et al.
2014). Rho GTPases cycle between a GTP-bound active form and a GDP-bound inactive form,
controlling signal transduction pathways by binding multiple effector molecules (Vega and
Ridley 2008). Amongst the Rho GTPases effectors are members of the p21-activated kinases
(PAKs) family. There are six members of the family that can be classified into two subgroups
based on their chemical and structural properties: group | (PAK1-PAK3) and group Il PAKs
(PAK4-PAK6) (Arias-Romero and Chernoff 2008). Several studies have linked aberrant PAK
expression or activation to tumour growth, survival and motility (King, Nicholas, and Wells

2014).

PAK4, the most studied member of Group Il PAKs, contains a catalytic Serine/Threonine
kinase domain in the C-terminal region, a p21-GTPase-binding domain (PBD) in the N-
terminal, and eight proline-rich PxxP domains in the central region. PAK4 was found to be
overexpressed or genetically amplified in several types of cancer lines, such as breast,
prostate, colon and pancreatic, where it influences tumour proliferation, survival and
progression (King, Nicholas, and Wells 2014). Considering the important role of PAKs in cell
morphology and motility, it is not surprising that PAK4 can influence tumour cell invasion.
PAK4 kinase activity promoted ovarian cancer cell proliferation and invasion, which was
reduced in PAK4 depleted cells (Siu et al. 2010). PAK4 has been shown to localise to
invadopodia in melanoma cell lines (Nicholas et al. 2016). Studies conducted in melanoma
suggest that different isoforms of PAKs might influence the regulation of different phases of
invadopodia dynamics, and that PAK4 activity might be focussed in later stages of the
invadopodia lifecycle (Nicholas et al. 2017). PAK4 has been shown to localise in podosome,
specialised actin-rich protrusions belonging to haematopoietic cells that coordinate ECM
degradation in normal physiology (Murphy and Courtneidge 2011). PAK4 localisation into
podosome was found in human macrophages (Gringel et al. 2006) and bone-marrow-
derived mouse dendritic cells (Wells and Jones 2010). PAK4 can regulate cofilin activity,

which is known to promote lamellipodia protrusion formation and actin filament
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disassembly (Dan et al. 2001; Ahmed et al. 2008). Inhibition of cofilin activity by PAK4 leads
to inhibition of actin disassembly and formation of plasma membrane protrusions in
myoblast (Dan et al. 2001). Constitutive activation of PAK4 in pancreatic ductal cells
increased cell migration and invasion(Kimmelman et al. 2008), possibly acting as
downstream effector of the c-Met:HGF axis to regulate cancer cells motility (King et al.
2017). Indeed, HGF-stimulated MDCK cells led to PAK4 activation through PI3K, and resulted
in reorganisation of cellular adhesions, which are essential for efficient migration (Wells,

Abo, and Ridley 2002).

In prostate cancer, work has focused on prostate cancer cell proliferation and migration,
rather than invasion. PAK4 involvement in PCa invasion remains unclear, and very little is
known about PAK4 in invadopodia, especially in the prostate cancer setting. A study
conducted on PC3 and DU145 cells identified PAK4 as substrate of PKA, able to promote
tumorigenesis in athymic mice, possibly through the PAK4 CREB domain (M.-H. Park et al.
2013). In PC3 cells, PAK4 phosphorylates LIMK and is required for HGF-induced cancer cell
migration (Ahmed et al. 2008). Activation of PAK4 downstream of HGF was also reported in
DU145 cells (Wells et al. 2010). Here, PAK4 phosphorylation of the RhoGEF GEF-H1
promoted cell motility (Wells et al. 2010). Moreover, PAK4 depleted PC3 cells exhibited

decreased LIMK1-driven cell migration in response to HGF (Whale et al. 2013)

Results obtained in Chapter 3 provide for the first time the opportunity to study the role of
PAK4 in prostate cancer invadopodia activity. Therefore, in this chapter we aim to explore
whether melanoma findings of PAK4 functionality in invadopodia (Nicholas et al. 2016,
2017) translate to the prostate setting. Moreover, these primary adenocarcinoma cells
performed optimally in Zebrafish yolk sac invasion assay, thus allowing new in-vivo studies

regarding PAK4 functions in prostate cancer dissemination.
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4.2. Results

4.2.1. All matched pair cell lines express PAK4

PAK4 is reportedly overexpressed or genetically amplified in several types of cancer lines,
including prostate (Callow et al. 2001; King, Nicholas, and Wells 2014). In order to
investigate whether PAK4 levels correlate with the different invasive ability as reported in
the previous chapter of this thesis (Figure 3.11), all primary adenocarcinoma cell lines were

tested for PAK4 expression.

PAK4 was ubiquitously expressed by all cell lines tested by Western blot analysis (Figure
4.1A). Quantification of protein expression revealed that PAK4 expression was significantly

higher in CT-1542 cell line compared to CT-1535 cell line (Figure 4.1B).
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Figure 4. 1: PAK4 expression analysis in primary adenocarcinoma cell lines.

Western blot analysis of the expression levels of PAK4 PCa cell lines (A). Protein levels were analysed by
densitometric analysis. Intensity of bands related to the protein of interest were corrected for the loading
control (GAPDH) and plotted as relative ratio mean + SEM (B). Experiments were repeated with three
independent cell lysates (n=3). Statistical significance was calculated between each cell line with One-way

Anova followed by Tukey’s multiple comparison test, *p<0.05.
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4.2.2. Transient PAK4 depletion reduces invadopodia formation and matrix degradation

PAK4 depletion has been shown to inhibit prostate cancer cells migration and to negatively
regulate focal adhesion turnover (Ahmed et al. 2008; Wells et al. 2010). However, the role
of PAK4 signalling in prostate cancer invasion, had not been previously evaluated. Thus,
having confirmed PAK4 expression in all the prostate cancer cell lines tested, the effect of
PAK4 reduction on invadopodia was tested. The CT-1532 cell line was selected as the most
suitable for knockdown of expression experiments based on its efficient growth in-vitro and
its high ability to form invadopodia, hence alterations in invadopodia activity be easily

detected.

PAK4 knockdown was achieved via siRNA with two different oligos targeting the PAK4 RNA
sequence alongside a non-targeting scramble siRNA that was used as a control. After 72
hours of incubation with siRNA, cells were detached and re-seeded for 24 hours in order to
test whether PAK4 knockdown effects would be maintained for the entire time frame
required for an invadopodia assay. Cells were subsequently lysed and probed for PAK4
expression. Western blot analysis of PAK4 levels confirmed that PAK4 expression was
significantly reduced for both the oligos tested when compared to siRNA control cells, with
a knockdown level of approximately 70% for oligo 3 and 85% for oligo 5. As expected, no
difference in PAK4 expression was observed between untransfected cells and siControl cells
(Figure 4.2).

CT-1532 cells with reduced PAK4 expression were then subjected to invadopodia assay
(Figure 4.3A). These cells exhibited a significant decrease in the percentage of cells forming
invadopodia (Figure 4.3B), which was reflected in a reduction of the degraded area
underneath cells (Figure 4.3C).

In order to validate the effects of PAK4 depletion, it was decided to repeat the experiment
in a second cell line. CT-1535 was chosen to corroborate PAK4 knockdown due to its high
degradative ability. In CT-1535 cells, PAK4 expression was successfully reduced with both
siRNA oligos (Figure 4.4).

Depletion of PAK4 expression in CT-1535 cells led to a significant reduction in the percentage
of cells forming invadopodia, as well as in the amount of matrix degraded area (Figure 4.5),

in agreement with that observed for CT-1532 cells (Figure 4.3).
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Figure 4. 2: Transient reduction of PAK4 expression in CT-1532 cell line by siRNA.

CT-1532 cells were transfected using two different PAK4 siRNA ooligonucleotides and RNAIMAX
transfection reagent. Control cells were transfected with a control siRNA (siControl) or treated with
transfection reagents in absence of oligos (Mock). PAK4 expression levels were analysed by Western blot
72 hours post-transfection (A). Protein levels were analysed by densitometric analysis. Intensity of bands
related to the protein of interest were corrected for the loading control (GAPDH) and plotted as relative
ratio mean*SEM (B). Experiment was repeated with three independent cell lysates (n=3). Statistical
significance was calculated against the siControl with One-way Anova followed by Tukey’s multiple
cmparison test, ***p<0.001.
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Figure 4. 3: Invadopodia assay of CT-1532 siPAK4 cells.

Representative invadopodia assay images of siPAK4 CT-1532 cell line. Cells were seeded on Cy3-
conjugated gelatin for 24 hrs and stained for F-actin (A). Graphical representation of percentage of cells
forming invadopodia (B). Measurement of the degraded area underneath cells surface (C). Significance
was calculated against the siControl population with One-way Anova followed by Tukey’s test. *p<0.05,
**p<0.01, ***p<0.001. Data are presented as mean values + S.E.M. Scale bar = 10um.
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Figure 4. 4: Transient reduction of PAK4 expression in CT-1535 cell line by siRNA

CT-1535 cells were transfected using two different PAK4 siRNA oligonucleotides and RNAIMAX
transfection reagent. Control cells were transfected with a control siRNA (siControl) or treated with
transfection reagents in absence of oligos (Mock). PAK4 expression levels were analysed by Western blot
72 hours post-transfection (A). Protein levels were analysed by densitometric analysis. Intensity of bands
related to the protein of interest were corrected for the loading control (GAPDH) and plotted as relative
ratio meantSEM (B). Experiment was repeated with three independent cell lysates (n=3). Statistical
significance was calculated against the siControl with One-way Anova followed by Tukey’s multiple

comparison test, *p<0.05.
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Figure 4. 5: Invadopodia assay of CT-1535 siPAK4 cell line.

Representative invadopodia assay images of siPAK4 CT-1535 cell line. Cells were seeded on Cy3-
conjugated gelatin for 24 hrs and stained for F-actin (A). Graphical representation of percentage of cells
forming invadopodia (B). Measurement of the degraded area underneath cells surface (C). Significance
was calculated against the siControl population with One-way Anova followed by Tukey’s test. *p<0.05,
**p<0.01. Data are presented as mean values + S.E.M. Scale bar = 10um
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4.2.3. Establishment and validation of the PAK4 stable knockdown in CT-1532 cell line

The siRNA experiments indicate that PAK4 might be relevant in invadopodia in prostate
cancer, as transient reduction of PAK4 decreased invadopodia formation. However, protein
depletion via siRNA technology could lead to variable transfection efficiency across different
experiments, and experimental data reliability and reproducibility might be negatively
affected by the involuntary selection of untransfected cells, which retain their native protein
expression. Moreover, in-vivo Zebrafish injections require a much higher number of
fluorescently labelled cells than those achieved by simple siRNA transfections. It was
therefore decided to move to the shRNA technology to develop a stable cell line with
reduced PAK4 expression, using a shPAK4 vector that has been already established in the
lab (Figure4.6A) (Whale et al. 2013). The CT-1532 cells were successfully transfected with a
GFP-tagged PAK4 targeting RNA or with a non-specific RNA to use as a control. The resulting
pool of GFP-expressing were further selected by antibiotic resistance and PAK4 levels were
analysed by Western blot. PAK4 levels were reduced by approximately 80% in shPAK4 cells

when compared to wildtype and control shRNA cells (Figure 4.6B and C).

ShRNA experiments confirmed a successful achievement of stable PAK4 protein reduction.
However, a poor transfection efficiency resulting from the shRNA control plasmid was
noted, which might lead to the inadvertent selection of a subclonal population that is not
representative of the wildtype CT-1532 cell line. Therefore, morphological properties of the
shControl cells and those carrying the scramble shRNA were evaluated by analysing cell
shape descriptors, which are indicators of possible changes in the major pathways involved
in cytoskeletal organization following shRNA transfection. No differences were observed in
the average cell area (Figure 4.7B). Similarly, there was no significant change in the cell
elongation parameters, evaluated as average cell roundness (Figure 4.7C) and aspect ratio
(ratio between major and minor axis, Figure 4.7D). Additionally, no obvious changes in the
rate of growth between shControl and parental CT-1532 cells were observed upon in-vitro
culturing.

It was concluded that shControl cells behaviour did not significantly deviate from the
behaviour of wildtype cells, therefore all subsequent assays were performed using shRNA
transfected cell populations only, and PAK4 depletion effects were compared against

shControl.
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Figure 4. 6: stable reduction of PAK4 expression in CT-1532 cell line by shRNA.

Graphical representation of the bicistronic shRNA construct utilised to reduce PAK4 expression. Human
cytomegalovirus promoter drives expression of the GFP reporter, puromycin resistance and the shRNA
for gene knockdown. Image taken from Horizon Discovery (A). Western blot analysis of the expression
levels of PAK4 in CT-1532 following stable transfection with PAK4 shRNA (B). Protein levels were analysed
by densitometric analysis. Intensity of bands related to the protein of interest were corrected for the
loading control (GAPDH) and plotted as relative ratio mean+SEM (C). Experiment was repeated with three
independent cell lysates (n=3). Statistical significance was calculated against the shControl cell lines with
One-way Anova followed by Tukey’s multiple cmparison test, **p<0.01.
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Figure 4. 7: Morphology analysis of parental CT-1532 cell lines and CT-1532 stably transfected with a
OFF target shRNA.

Representative images of wild-type CT-1532 and shControl cell lines subjected to immunoflourescent F-
actin staining to observe morphological differences (A). Graphical representation indicating the verage
cell spread (B), roundness (C) and axis ratio (D). Morphological analysis was performed using Imagel
software. Graphs shown are representative of 3 independent experiments, at least 30 cells per
experiment were scored. Statistical significance was calculated with unpaired student’s t-test. Scale bar =
10pum.
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4.2.4. PAK4 depletion does not affect protein expression of PAK1 and PAK6 in CT-1532

cells.

To ensure that the PAK4 depletion effects from subsequent shRNA experiments do not
depend on the compensatory overexpression of other PAK isoforms, the expression levels
of PAK family members that have been reported to play a role in cancer cells invasion and
dissemination were assessed. PAK1 (the best characterised PAK isoform of group I),
overexpression has been detected in highly invasive prostate cancer cells and is required for
transendothelial migration in-vitro (Goc et al. 2013). Moreover, previous experiments in the
Wells lab conducted in Zebrafish demonstrated that PAK1 is required for in-vivo cell
migration of melanoma cancer cells (Nicholas et al. 2016). Accordingly, PAK6 (belonging to
group |l) was also found to be overexpressed in prostatic carcinoma tissues and linked to
prostate cancer cell dissemination (Wen et al. 2009; Fram et al. 2014).

Western blot analysis of CT-1532 PAK4 depleted cells showed that the protein levels of both
PAK1 and PAK6 were comparable between shControl and shPAK4 cell lines (Figure 4.8),

excluding a possible compensatory effect in this cell line.

132



Q
<& *
(90 Q‘gb
DN DN Bl
[ )
§ 60 o = =
PaK1 68 KDa 2 ° .
- R
T
GAPDH ey W 35 KDa & 2
0 T T
&
2
& Qg: 80-
DS DS
c ) o
.% 60
 —— o
PAKG | s 75 KDa £ o .§ ;
: o
g 204
GAPDH wswie s  35KD;
0 T 3
o> >
& &
[

Figure 4. 8: PAK4 depletion does not affect PAK1 and PAK6 expression levels.

Western blot analysis of the expression levels of PAK1 (A-B) and PAK6 (C-D) in shPAK4 cell line compared
to shControl cell line. Intensity of bands related to the protein of interest were corrected for the loading
control (GAPDH) and plotted as relative ratio meanzSEM. Experiment was repeated with three
independent cell lysates (n=3). Statistical significance was calculated with unpaired student’s t-test,

*p<0.05.
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4.2.5. Stable PAK4 depletion reduces invadopodia formation and matrix degradation in

CT-1532 cell line

The invasiveness ability of shPAK4 cells was tested in-vitro via the invadopodia assay.
ShControl and shPAK4 cell lines were seeded on fluorescent gelatin and incubated for 24

hours before staining and screening for degradation.

Quantification of the gelatin degraded confirmed a reduction in the degradative capability
of PAK4 depleted cells. Moreover, the number of invadopodia-forming cells in shPAK4 cell
line significantly decreased when compared to the shControl cell line (Figure 4.9). These
data are in agreement with the invadopodia phenotype exhibited after transient PAK4

silencing by siRNA, confirming that PAK4 plays a role in prostate cancer invadopodia.
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Figure 4. 9: Invadopodia assay of CT-1532 shPAK4 cells.

Representative invadopodia assay images of GFP-tagged shPAKA4 cell line compared to shControl cell line.
Cells were seeded on Cy3-conjugated gelatin for 24 hrs and stained for F-actin (A). Graphical
representation of percentage of cells making invadopodia (B) Measurement of the degraded area
underneath cells surface (C). Significance was calculated with student’s t-test. **p<0.01. Data are
presented as mean values = S.E.M. Scale bar = 10um.
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4.2.6. PAKA4 depletion decreases the percentage of cells with actin puncta

The data presented so far indicate that PAK4 might drive invadopodia activity in prostate
cancer, corroborating previous observation in melanoma (Nicholas et al. 2016). Reduction
of PAK4 in melanoma significantly decreased matrix degradation, but, interestingly, did not
affect the formation of actin puncta, which are thought to represent invadopodia precursors
(Nicholas et al. 2017). The retention of actin puncta in melanoma may suggest a late role for
PAK4 in the invadopodia lifecycle, where PAK4 activity coordinates invadopodia-mediated
degradation, rather than invadopodia formation.

However, in contrast to the melanoma studies, stable depletion of PAK4 expression in this
prostate cancer cell line reduced the formation of actin puncta (Figure 4.10). Only 50% of
PAK4 depleted cells exhibited actin puncta presence, as opposed to 80% of cells forming
actin puncta in the shControl population (Figure 4.10).

To further validate this observation, the percentage of cells with actin puncta when plated
on gelatin was calculated in CT-1532 subjected to transient PAK4 depletion via siRNA (Figure
4.11). Reduction of PAK4 with either oligo 3 or oligo 5 led to a significant in decrease in cells

with actin puncta when compared to the siControl cells (Figure 4.11).

136



shControl shPAK4

CT-1532

*k

£ g0, | I

3]

c

g— 80

= <

©

© 704

o)

£

E 60 s

o

L=

@ 50- I

7]

o

°\° 40 T ;

& N

o"{& Qv'
¢ &

Figure 4. 10: Analysis of actin puncta formation in CT-1532 shPAK4 cell line.

Representative images of CT-1532 cell lines with reduced PAK4 expression via shRNA. Cells were seeded
on Cy3-conjugated gelatin for 24 hrs and stained for F-actin. Actin puncta are indicated by red arrows (A).
Graphical representation of percentage of cells forming prominent actin puncta in CT-1532 shPAK4 cell
line (B). Significance was calculated with Student’s t-test, **p<0.01. Data are presented as mean values *
S.E.M. Scale bar=10um
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Figure 4. 11: Analysis of actin puncta formation in CT-1532 siPAK4 cell line.

Representative images of CT-1532 cell line with reduced PAK4 expression via siRNA. Cells were seeded on
Cy3-conjugated gelatin for 24 hrs and stained for F-actin. Actin puncta are indicated by red arrows (A).
Graphical representation of percentage of cells forming prominent actin puncta in CT-1532 siPAK4 cell
line (B). Significance was calculated against the siControl population with One-way Anova followed by
Tukey’s test, **p<0.01. Data are presented as mean values + S.E.M. Scale bar=10um
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4.2.7. PAKA4 depletion does not affect xenograft formation and invasiveness in-vivo

PAK4 depletion in melanoma cells reduced metastatic dissemination in-vivo in zebrafish
(Nicholas et al. 2016). However, the in-vivo migratory ability of primary prostate cancer cells
in response to modulation of PAK4 expression has not been previously reported. Using the
control and PAK4 stable knockdown CT-1532 cells, the impact of PAK4 depletion in prostate
cancer invasion was investigated in-vivo using the Zebrafish yolk sac invasion assay. This
represents a distinct assay for evaluation of the metastatic potential and had already proved

to be successful with our cancer cell lines, as outlined in Chapter 3 (Figure 3.15).

CT-1532 shControl and shPAK4 cells were injected into the yolk-sac of Zebrafish embryos at
1dpf, and tail dissemination was evaluated 4dpf. Both cell lines tested were able to form a
compact mass in the yolk-sac (Figure 4.12). No significant differences were observed in the
percentage of fish exhibiting fluorescent deposits in the tail (Figure 4.13A-B). To better
explore any differences in the extent of metastatic capability between the injected cell
populations, the average number of metastasis throughout the tail of the fish was also
counted. No significant differences were detected in the number of disseminated cells

between shControl and shPAK4 fish (Figure 4.13C-D).

Therefore, reducing PAK4 expression did not inhibit the invasion of prostate cancer cells

in-vivo, compared to the work performed in-vitro.
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Figure 4. 12: Representative images of shPAK4 xenograft formation in Zebrafish yolk-sac invasion

assay.
GFP-labelled shControl and shPAK4 CT-1532 cancer cell lines were injected into 1dpf zebrafish embryos
and screened for the presence of tumour mass into the yolk-sac. Embryos with aspecific and disperse
signals were excluded from the analysis. Both cell lines were able to form a compact xenograft. Scale bar

200um

140



Brightfield Fuorescence

shControl

shPAK4

w
N
O

g 607 ®  25- 8 65
O (72} i =
= o 8 c glg 54
c 22 2.0 e
Eol I & 80 g
404 Q 0 [} Q_4_'
: T & :
® _é_ « 8 1.57 o2
3 6o _l_ 62 3
= = c =
£ 2 © 1.0- o2
S 204 EE € € 27
'
5 2 & 05 £ E
4= g) @ ©
X ol . < g0l : Q o T T
\ ™ N * \ ™
O O O
& & & & &
<° N < N ° N
9‘\ ) é(\ ) § )

Figure 4. 13: Representative images of shControland shPAK4 cell lines disseminating in tail in zebrafish
invasion assay.

Representative phase contrast and fluorescent images of a Zebrafish tail (lateral view) 4 days post
injection with cancer cells. Both shPAK4 and shControl cell lines were able to disseminate and lodge in the
tail of Zebrafish embryos (A). Graphical representation of the percentage of embryos with dissemination
(B) and the average number of metastasis detected in the tail per fish. Fish without any apparent
metastasis were excluded from this analysis (C). Graphical representation of the distribution of the
number of metastasis per fish, showing the majority of fish exhibiting one deposit in the tail (D). Data are
representative of three independent experiment, with at least 15 embryos screened for metastasis at the
end of each experiment. Significance was calculated with student’s t-test. Data are presented as mean
values = S.E.M. Scale bar = 200um.
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4.2.8. PAKA4 depletion reduces invadopodia puncta size

Whilst it was not possible to detect any impact of PAK4depletion in-vivo, results presented
here clearly demonstrate a role for PAK4 in prostate cancer invadopodia formation. As we
have already demonstrated the potential clinical relevance of invadopodia in prostate
cancer dissemination, attention was focussed on gaining a better understanding of the
activity of PAK4 across the invadopodia lifecycle. In contrast to melanoma cells, loss of PAK4
in prostate cancer cells appeared to impact on actin puncta formation. It was noted that not
only did less cells in the prostate cancer population have actin puncta but that those present
were smaller in size.

In order to confirm the effect of PAK4 depletion on invadopodia size, the number of
invadopodia-forming cells exhibiting at least one mature invadopodia (associated with
matrix degradation) reaching a diameter of 0.5 um or more was quantified. This arbitrary
threshold for minimum invadopodia width was chosen according to the literature (Murphy
and Courtneidge 2011). PAK4 knock-down led to a significant drop in invadopodia size, as
only 20% of invadopodia competent cells exhibited at least one invadopodia equal or larger
than 0.5 um in diameter (Figure 4.14). These data suggest that PAK4 might be involved in

regulation of actin puncta dynamics in prostate cancer.
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Figure 4. 14: Analysis of invadopodia maturation in CT-1532 shPAK4 cell line.

Representative invadopodia assay images of shPAK4 and shControl cell lines. Cells were seeded on Cy3-
conjugated gelatin for 24 hrs and stained for F-actin. ShPAK4 cells with active invadopodia showed
consistently smaller puncta when compared to shControl cells (A). Graphical representation of the
percentage of cells forming at least one mature invadopodia, defined as one actin puncta of a diameter
equal or superior to 0.5um, overlapping with matrix degradation. The diameter of the actin puncta was
measured via a line crossing through an invadopodia structure and analysed with ImageJ software. Only
invadopodia-competent cells were considered for the analysis (B). Significance was calculated with
Student’s t-test, **p<0.01. Data are presented as mean values + S.E.M. Scale bar=10um.

143



4.2.9. Kinase dead PAK4 cannot rescue invadopodia formation and matrix degradation

in CT-1532 cells with depleted PAK4

Reduced expression of PAK4 disrupted invadopodia activity and matrix degradation in CT-
1532 cells. To confirm the phenotype observed upon knockdown was actually due to the
specific PAK4 depletion and thus to exclude any off-target effect, CT-1532 shPAK4 cells were
transfected with a Myc-PAK4 rescue construct. Transfection of Myc-PAK4 construct in
shPAK4 cells was able to rescue PAK4 protein expression, as detected by Western blot
analysis (Figure 4.15). Transfected cells were subsequently subjected to invadopodia assay,
and only myc-positive cells were analysed (Figure 4.16). Expression of the whole length PAK4
rescue construct in shPAK4 cells was able to restore both the percentage of cells forming
invadopodia and degraded matrix to levels comparable to the shControl population (Figure

4.17), further confirming the role of PAK4 in prostate cancer cells.

Having established that the loss of invadopodia activity was specific to PAK4 depletion, the
functionality of PAK4 was explored in more detail. Myc-tagged PAK4 mutated rescue
constructs were tested alongside the wild type PAK4. To investigate the relevance of PAK4
interaction to the Rho-GTPase Cdc42, PAK4 depleted cells were transfected with a PAK4
rescue plasmid mutated in conserved histidine residues within the N-terminal Cdc42
interactive binding (CRIB) region (H19,22L) (Whale et al. 2013). Analogous to that observed
for PAK4 native, PAK4-H19,22L mutant rescued the invadopodia phenotype to levels
comparable to the shControl cells (Figure 4.16 and 4.17). Expression of PAK4 rescue
construct depleted in the amino acid motifs Pro-x-x-Pro enriched sequence, a region that
includes both GEF-H1/Gab-1 and PI3K interaction domain (deltaPxxP) (Whale et al. 2013),
was also able to rescue the invadopodia phenotype in shPAK4 cells (Figure 4.16 and 4.17).
Finally, a kinase-inactive PAK4 rescue (K350,351M) (Callow et al. 2001; Whale et al. 2013)
was employed to evaluate the role of PAK4-mediated phosphorylation on invadopodia
(Figure 4.15). Interestingly, kinase dead PAK4-K350,351M failed to restore the number of
cells forming invadopodia as well as the percentage of degraded matrix underneath cells
(Figure 4.16 and 4.17). This finding indicates that while CRIB and PxxP domains are
dispensable for invadopodia activity, the kinase domain might play a crucial role in PAK4-

mediated invadopodia formation and gelatin degradation.
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Figure 4. 15: Expression of myc-PAK4-shRNA resistant constructs in CT-1532 shPAK4 cell line.

Graphical representation of PAK4 domain structure and myc-PAK4-shRNA resistant constructs. CRIB:
Cdc42 and Rac interactive binding motif; PxxP: Pro-x-x-Pro amino acid sequence motifs. Dotted line
indicates a depleted region. The green pin indicates somatic mutations inactivating the CRIB domain
(H19,22L), blue pin indicates somatic mutations inactivating the kinase domain (K350,351M) (A).
Expression of the shRNA resistant constructs in shPAK4 cell by Western blot. Lysates were probed for Myc
and HSP90 (B).
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Figure 4. 16: Invadopodia assay of CT-1532 shPAK4 cells expressing myc-PAK4-shRNA resistant

constructs.

Representative invadopodia assay images of shPAK4 cell line expressing myc-PAK4-shRNA resistant
constructs. Cells were reversely transfected onto GFP-conjugated gelatin, after 24 hours media was
replenished and cells were incubated additional 24 hours, then stained for F-actin. Only myc-positive cells

were considered for the analysis. Scale bar = 10pum.
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Figure 4. 17: Levels of invadopodia activity in CT-1532 shPAK4 cell line expressing myc-PAK4-shRNA

resistant constructs.

Graphical representation of the relative degraded matrix (A) and the percentage of cells making
invadopodia (B) Only myc-positive cells were considered for the analysis. At least 3 replicates per each
condition were analysed over 4 independent experiments. Significance was calculated with One-way
Anova against shPAK4 cell line followed by Dunnet’s multiple comparison test. **p<0.01, ***p<0.001,
****p<0.0001. Data are presented as mean values + S.E.M.
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4.2.10. PAK4 regulates MMP2 and MT1-MMP levels in CT-1532 cells

Our PAK4 knockdown and rescue experiments, alongside the melanoma results (Nicholas et
al. 2016), point to a potential role for PAK4 in matrix degradation stage. Degradation of the
ECM by invadopodia is thought to be achieved via matrix metalloproteinases (MMPs). The
soluble MMP2 and MMP9 and transmembrane MT1-MMP (also known as MMP14) are
considered to be key regulators of invadopodia function (Jacob and Prekeris 2015). Different
PAK isoforms has been shown to influence the expression and secretion of
metalloproteases. PAK1 inhibition in prostate cancer PC3 cells led to reduction of MMP9
expression (Goc et al. 2013). Rider et al. showed that PAK1 can down-regulate the secretion
of MMP2 in three-dimensional collagen IV in breast cancer, while induces MMP1 and MMP3
(Rider, Oladimeji, and Diakonova 2013). PAK4 depletion led to reduced activation and
expression of MMP2 in ovarian and glioblastoma cancer cell lines (Franovic et al. 2015; Siu
et al. 2010), and to a decreased detection of MT1-MMP delivery to invadopodia in
melanoma cell line (Nicholas et al. 2016). Moreover, PAK4 and MMP2 has been reported to
directly interact to regulate invasion of glioma (Kesanakurti et al. 2012). PAK4 influence on
MMP2 was investigated using Compound 31 (C31), a potent PAK4 pharmacological inhibitor

which has been shown to reduce MMP2 expression in lung cancer cells (Hao et al. 2018).

Thus, the expression level of MMPs were examined in PAK4 depleted cells. Unfortunately,
immunoblotting of endogenous MMP9 and MMP2 failed to produce reliable data, as protein
expression for these two MMPs seemed to be inconsistent across the different lysate sets
analysed. However, it was possible to test the impact of Compound 31 in the prostate cancer
cells. CT-1532 cells were incubated with 1uM of DMSO or C31 for 24 hours and then protein
lysates were analysed by Western blot. MMP2 protein levels were reduced by
approximately 20% following C31 treatment (Figure 4.18), in agreement with previous

studies (Hao et al. 2018).
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Figure 4. 18. Inhibition of PAK4 activity reduces total level of MMP2 expression in CT-1532 cell line.
Western blot analysis of the expression levels of MMP2 in CT-1532 cells. Cells were treated with 1pum/ml
of C31 for 24 hours prior lysis in 2x GSB (A). Protein levels were analysed by densitometric analysis.
Intensity of bands related to the protein of interest were corrected for the loading control (GAPDH) and
plotted as mean+SEM. (B) Experiment was repeated with three independent cell lysates (n=3). Statistical
significance was calculated with unpaired student’s t-test, *p<0.05.
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4.2.11. PAK4 depletion leads to intracellular MT1-MMP accumulation

Having confirmed a link between PAK4 activity and MMP2 expression, we sought to examine
the impact of PAK4 depletion on MT1-MMP expression. Interestingly and unexpectedly,
Western blot analysis of shPAK4 cell lysates revealed a significant increase in the MT1-MMP
levels when compared to shControl cells (Figure 4.19).

This finding was particularly surprising as MT1-MMP participates in invadopodia-dependent
matrix degradation and invadopodia activity is heavily affected in shPAK4 cells. MT1-MMP
is initially synthesized as a 64 KDa proenzyme that is activated by proteolytic cleavage in the
trans-Golgi network (TGN) and subsequently delivered to the plasma membrane (Yana and
Weiss 2000). MT1-MMP proteolytic activity at the cell surface is regulated by a balance
between exocytosis and caveola/clathrin-mediated endocytosis, which also controls the
levels of intracellular MT1-MMP (Remacle, Murphy, and Roghi 2003). It is possible that PAK4
depletion influences intracellular levels of MT1-MMP by affecting its molecular trafficking
on the cell surface. To further investigate if PAK4 plays a role in the regulation of MT1-MMP
intracellular trafficking, shPAK4 cells were seeded onto coverslips and stained for MT1-
MMP.

ShControl showed no evident pattern of MT1-MMP expression, with the protein being
sparsely diffused within the cytoplasm of the cell (Figure 4.20A). Interestingly, PAK4
depleted cells exhibited a localised accumulation of MT1-MMP in the perinuclear region of
the cell (Figure 4.19A). 53% shPAK4 were characterised by this MT1-MMP deposit compared
to 27% shControl cells (Figure 4.20B).

150



MT1-MMP 60 KDa

35 KDa

GAPDH

150- ' sk .
= I 1
o
i
(7]
£ 100 =
o
%
(]
o
Z s0-
=
=
c T T
N N
O
& qu{.
23 M

Figure 4. 19: PAK4 depletion increases total level of MT1-MMP expression in CT-1532 cell line.

Western blot analysis of the expression levels of MT1-MMP in CT-1532 shPAK4 cells (A). Protein levels
were analysed by densitometric analysis. Intensity of bands related to the protein of interest were
corrected for the loading control (GAPDH) and plotted as mean+SEM (B). Experiment was repeated with
three independent cell lysates (n=3). Statistical significance was calculated with unpaired student’s t-test,

*p<0.05.
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Figure 4. 20: MT1-MMP immunostaining assay in CT-1532 shPAK4 cell line.

Representative images of CT-1532 shPAK4 cell line subjected to immunofluorescent staining to observe
the expression of MT1-MMP (red), in combination with actin (green). PAK4 depletion leads to perinuclear
accumulation of MT1-MMP, while MT1-MMP is diffused in the cytoplasm in shControl cells (A). Graphical
representation indicating the percentage of cells exhibiting perinuclear accumulation of MT1-MMP.
Analysis was performed on 90 cells per condition over three independent experiments. Data are
presented as mean+SEM. Statistical significance was calculated with unpaired student’s t-test, *p<0.05.
Scale bar = 10um.
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4.3. Discussion

This chapter investigated the role of PAK4 in prostate cancer invasion. Previous studies have
demonstrated overexpression of PAK4 in many type of malignancies including prostate
(Callow et al. 2001), and that PAK4 upregulation enhances cancer cell migration (Siu et al.
2010; Whale et al. 2013). PAK4 depletion inhibited cell migration and invasion in non-small
cell lung cancer (Cai et al. 2015), choriocarcinoma (H.-J. Zhang et al. 2011) and endometrial
cancer (W Lu et al. 2013) in Matrigel transwell invasion assays. To date, however, there have
been no studies in primary prostate cancer cell lines regarding their invasive potential in
response to PAK4 depletion, and invadopodia development in the context of PAK4 in PCa
remains unexplored. To elucidate the role of PAK4 in prostate cancer invasion, PAK4
expression was reduced via siRNA technology in CT-1532 and CT-1535 cell lines, and the
effect on cell invasiveness was evaluated by invadopodia assay. Reduction of PAK4
expression by either siRNA or shRNA resulted in a significantly decreased cell invasion in 2D
invadopodia assay, confirming that reported in melanoma studies (Nicholas et al. 2016) and
highlighting the importance of PAK4 in invadopodia in prostate cancer. Although the same
oligos were utilised for the PAK4 transient depletion, the extent of the RNA silencing varied
across the cell lines tested. This difference can be explained by the fact that knockdown
efficiency is largely dependent on the cell lines used, and it is possible that RNA oligos are
subject to a faster degradation in CT-1535 cells than CT-1532 cells. Interestingly, the ability
of cells to form invadopodia and degrade the matrix appeared to correlate with the level of
PAK4 reduction, as the cells lines characterised by the highest knockdown efficiency
exhibited the lowest level of invadopodia activity. Thus, PAK4 is required for invadopodia
activity and PAK4 depletion potentially affects invadopodia activity in a dose-dependent

manner.

Although siRNA-mediated PAK4 depletion had already been established in the Wells lab and
proved to be satisfactory for the time frame required by invadopodia experiment, this
technique presents some important limitations. SIRNA molecules often requires high
concentrations to achieve an effective knockdown of protein expression due to their rapid
degradation and turnover, and thus increasing the possibility of off-target effects (Rao et al.

2009). Moreover, the lack of a reporter gene does not allow discrimination between
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transfected and untransfected cells. Conversely, shRNA effects are longer as the shRNA oligo
is continuously synthesized in the nucleus of the host cell, and its expression can be tracked
by fluorescent tags. Therefore, although siRNA is a convenient way to study the global
impact of transient suppression of gene expression, an enriched GFP-tagged shRNA cell
population was employed to perform more durable and sensitive studies based on single-

cell evaluations of PAK4 depletion.

GFP-tagged shControl and shPAK4 cells were injected in the yolk sac of zebrafish embryos
using the same protocol that proved to be successful with primary adenocarcinoma cell
lines. Despite the decreased invadopodia activity in-vitro, it was found that zebrafish
injected with PAK4 knockdown cells did not show any reduction in tumour cell invasion
(Figure 4.5). This finding is in contrast with previous studies on melanoma cells employing
the same technique (Nicholas et al. 2016), possibly due to cell-type specific differences. It is
possible that in prostate cancer PAK4 plays a crucial role in invadopodia regulation but might
be dispensable for navigating the tissue architecture in the zebrafish model of invasion.
Compared to zebrafish model of invasion, the invadopodia assay allows the visual
determination of the cell ability to make invadopodia, whereas the mode of migration
employed by metastatic cells in zebrafish cannot be established by simple embryos imaging.
Moreover, invadopodia assay represents a more sensitive measurement of the cell activity,
qualitatively and quantitatively (Emma T Bowden, Coopman, and Mueller 2001). Hence,
they represent two distinct models for studying cells invasive potential. Our findings indicate
that It is possible that dissemination in-vivo can be achieved by an alternative PAK4-
independent pathway, which does not rely on metalloproteases activity. Prostate carcinoma
cells are reported to be capable of amoeboid cell migration activity (Morley et al. 2014;
Taddei et al. 2011). In amoeboid migration the physical matrix resistance is bypassed by
squeezing of the cell body through the ECM preformed gaps, finding a path of invasion by
the adoption of an amoeboid shape with no obvious polarity rather than generating one by
proteolysis (Wolf et al. 2003). This mode of migration is characterised by increased
contractility induced by the Rho-pathway (Sanz-Moreno et al. 2008), and previous reports
indicates that PAK4 inhibition enhances RhoA activity (Callow et al. 2005; Wells et al. 2010;
Nicholas et al. 2016). If this is the case, PAK4 depletion might lead to a hyperactivation of
the RhoA pathway in our prostate cancer cells that could infer a selective advantage to
shPAK4 cells, again inducing an amoeboid pattern of invasion. The relationship between

PAK4 and RhoA will be explored further in Chapter 5 of this thesis.
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It is thought that these two distinguished modes of tumour cell migration are
interconvertible and are influenced by the microenvironments of nearby tissues (A. G. Clark
and Vignjevic 2015). In particular, it has been shown that variation in the parameters of the
ECM such as density and stiffness can trigger the transition between the amoeboid and
mesenchymal migration modes (Friedl and Alexander 2011; Taddei et al. 2013). Therefore,
it is likely that differences in the properties of the zebrafish yolk sac, which is composed in
large part by lipids (Fraher et al. 2016), and gelatin, which is mainly constituted by denatured
collagen |, favours an adaptation response towards the amoeboid phenotype that facilitates
tumour invasion even in shPAK4 cells. Moreover, additional studies demonstrated that
inhibition of proteases in mesenchymal HT-1080 fibrosarcoma and MDA-MB-231 carcinoma
cell lines resulted in amoeboid conversion (Wolf et al. 2003; Carragher et al. 2006).
Therefore, altering the PAK4 intracellular molecular pathways that are involved in
proteolytic-dependant invasion might have led to the adoption of the amoeboid type of
invasion independently of the characteristics of the surrounding environment. Indeed it was
noted that 1542 cells which have a low level of invadopodia activity perform equally well in

the zebrafish invasion assay.

Nevertheless, results presented here reveal that PAK4 is important in invadopodia activity
in prostate cancer cells, and the specific requirements of PAK4 was validated in the rescue
experiments (Figure 4.17). Given the complexity of the experiment, it is not surprising that
a complete rescue to control population level of invadopodia was not seen. Perhaps a better
way of proceeding would be the establishment of a stable re-expression of rescue PAK4, to
limit the manipulation stress the cells would be subjected to and improve their experimental
performance, which was not possible due to the time constraints of the project. To dissect
the potential role that each PAK4 functional domain plays in invadopodia regulation, three
additional rescue constructs carrying inactivating mutations in different domains were
tested alongside the wild-type PAK4. PAK4-H19,22L mirrored the rescue phenotype
exhibited by the whole length PAK4, indicating that the N-terminal CRIB domain necessary
for the Cdc42/Rac (Abo et al. 1998) was not a key effector for invadopodia regulation. It is
already established that PAK4 binding with Cdc42 may not impact on PAK4 kinase activity,
suggesting a different regulatory route for Goup Il PAKs that varies from that of Group | (Abo
et al. 1998). Similarly, depletion of the proline-rich sequences region in PAK4, rescued

invadopodia formation and gelatin degradation in invadopodia assay. This sequence has
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been reported to interact with the PI3K regulatory subunit p85a (King et al. 2017) but while
PAK4 can be activated through PI3K downstream of HGF signalling in epithelial cells (Wells,
Abo, and Ridley 2002) recent evidences indicate that in prostate PI3K does not seem to
induce PAK4 activation (M.-H. Park et al. 2013). Moreover, PAK4-deltaPxxP comprises the
depletion of the GEF interacting domain (GID), which resides in position 298-323, and
mediates the inactivating phosphorylation of GEF-H1 (Wells et al. 2010) We can therefore
speculate that neither Cdc42, nor PI3K or GID interactions are key mediators of PAK4 activity
in invadopodia. In contrast, kinase dead PAK4-K350,351M failed to rescue PAK4 depletion,
as these cells did not display a significant increase in invadopodia activity (Figure 4.14). Thus,
in our study, PAK4 promotes invadopodia activity via a kinase-dependent mechanism that
does not require Cdc42 interaction. Recent findings have demonstrated a direct interaction
between the PAK4 GBD domain and RhoU, which is retained even in PAK4-H19,22L mutant
protein and cooperates with PAK4 in regulating adhesion turnover (Dart et al. 2015). RhoU,
also known as Wrchl, has been implicated in migration and invasion in prostate cancer
(Alinezhad et al. 2016). In osteoclasts and c-Src-expressing cells, RhoU localises to podosome
and regulates cells motility (Ory, Brazier, and Blangy 2007). Given the close structural and
functional association between podosome and invadopodia, it is possible that RhoU plays a
role in promoting invadopodia activity. We speculate that RhoU might be involved in PAK4
activation and could participate in the modulation of invadopodia activity by PAK4 in
prostate cancer. However, there are currently no reports in the literature that associate

RhoU specifically to invadopodia.

Reduction of PAK4 did not reduce the percentage of cells with actin puncta in melanoma,
suggesting that PAK4 acts in later stages of invadopodia lifecycle, operating predominantly
on matrix degradation (Nicholas et al. 2017). In our study, in contrast, reduction of PAK4
levels also affected puncta formation (Figure 4.10 and 4.11) and invadopodia size (Figure
4.14). These findings could lead to two hypothesis. Either PAK4 only mediates puncta
formation, with a loss of formation in prostate cancer cells resulting in reduced matrix
degradation. Alternatively, in prostate cells PAK4 functions separately both at the formation
stage and at the matrix degradation stage, potentially joining with two different regulatory

pathways.
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If PAK4 has a specific function in matrix degradation, it might be speculated that PAK4
depletion affects the expression or activity of metalloproteases. Invadopodia ultimately rely
on the secretion of metalloproteases (MMPs) to degrade the extracellular matrix, and
several PAKs isoforms have been implicated in the regulation of MMPs activity. PAK1
phosphorylation in the invasive breast cancer TMX2-28 cell line stimulates the expression
of MMP1 and MMP3 (Rider, Oladimeji, and Diakonova 2013). In contrast, PAK1 activation
down-regulated MMP-2 (Rider, Oladimeji, and Diakonova 2013). Pharmacological inhibition
of PAK4 using the Compound 31 (C31), led to reduction of MMP2 expression (Figure 4.17),
in line with previous report (Hao et al. 2018) and consistent with PAK4 knockdown studies
in ovarian cancer (Siu et al. 2010). Soluble MMP2 activity is tightly regulated at both
transcriptional and protein level (Yan and Boyd 2007; Sawicki 2013), but the machinery
governing MMP2 production and its specific delivery to the invadopodia front remains
unclear. MMP2 has been reported to be functionally associated with PAK4 in glioma, where
MMP2 is thought to directly interacts with PAK4 through PAK4 kinase domain (Kesanakurti
et al. 2012), which might explain why the use of kinase-dead PAK4 mutant was not able to
rescue the invadopodia phenotype to the levels of the control population (Figure 4.17).
Nevertheless, transmembrane MT1-MMP is known to cleave and activate pro-MMP2
(Strongin et al. 1995). Therefore, it is likely that PAK4 regulation of MMP2 could be achieved
via MT1-MMP. Analysis of MT1-MMP level and immunostaining experiments suggest an
intracellular accumulation of MT1-MMP in the perinuclear region of PAK4 depleted cells
(Figure 4.19). For invadopodia functioning it is essential that MT1-MMP is continuously
internalized from the plasma membrane to the endocytic compartment via clathrin and/or
caveolar mediated pathways (Remacle, Murphy, and Roghi 2003). Internalized MT1-MMP
can be recycled back to the plasma membrane of newly-formed invadopodia through late
endosome/lysosomes (Castro-Castro et al. 2016; Remacle, Murphy, and Roghi 2003).
Inhibition of MT1-MMP recycling and sequestering of MT1-MMP within intracellular
endosomal negatively affects the ability of cells to invade the matrix (Williams and
Coppolino 2011; Linklater, Jewett, and Prekeris 2018). The localized accumulation of MT1-
MMP observed by immunostaining in shPAK4 cells might be preventing the delivery of the
active enzyme at the invadopodium surface, limiting the degradative ability of PAK4
depleted cells. It is possible that PAK4 is involved in the trafficking of the intracellular

vesicles containing MMPs for matrix degradation at invadopodia.
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The data presented in this chapter indicate that PAK4 drives invadopodia in prostate cancer.
Moreover, it was shown that PAK4 regulation of invadopodia dynamics might occur during
the early phases of invadopodia lifecycle, by controlling the localized actin polymerisation.
Therefore, PAK4 function in invadopodia could be restricted to a specific phase of
invadopodia dynamics, or it could play a dual role, by also enhancing matrix degradation via

general regulation of metalloproteases activity.
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4.4. Future work

This chapter identified PAK4 as a potential invadopodia driver in prostate cancer. Moreover,
data suggests that a different mode of invasion could be employed by the primary prostate
adenocarcinoma cell lines tested according to the environmental conditions. The
contribution of PAK4 to invasion could be further investigated by employing alternative
assays such as 3D-spheroids invasion assay, which allows the study of cell invasion in a more
physiological, 3D environment compared to 2D studies (Rodrigues et al. 2018). The study of
multicellular organoids such as spheroids would permit the acquisition of important sets of
data through the analysis of parameters such as spheroids size, compactness, distance of
invasion in response to PAK4 pharmacological inhibition or PAK4 depletion. Unfortunately,
our attempt to induce spheroids formation in CT-1532 shControl and shPAK4 cell line was
unsuccessful, possibly due to an inadequate response of the cells towards the collagen
concentration and/or acidic environment. Due to the time constraints of this project, it was
not possible to optimize the protocol available in the Wells lab to adapt it to the cell line of
interest. It might be noteworthy to assess whether molecular pathways involved in
amoeboid migration are overexpressed and compensating for the lack of PAK4 activity in
zebrafish invasion assay, by performing knock-down experiments on the ROCK signalling.
Additionally, shPAK4 cell behaviour could be further explored in zebrafish using live imaging
techniques in this organism, which would allow more detailed comparative studies with
melanoma PAK4 depleted cells to be performed. For example, fluorescent transgenic
zebrafish lines in which the reporter transgene is specifically expressed in the vascular
endothelial cells could be exploited to evaluate the impact of PAK4 depletion on cellular
intravasation and extravasation abilities. A thorough investigation into the actin puncta
downsizing as a consequence of PAK4 depletion could be carried out through high resolution

confocal imaging, which would allow to assess the real puncta size.
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Chapter 5
Exploring the PAK4:PDZ-RhoGEF:RhoA interaction
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Chapter 5. Exploring the PAK4:DZ-RhoGEF:RhoA interaction.

5.1. Introduction

Previous chapters have demonstrated for the first time that PAK4 is required for
invadopodia activity in prostate cancer cell lines. PAK4 has been localised to podosome,
degrading protrusions belonging to the cells of the monocytic lineage (Gringel et al. 2006;
Wells and Jones 2010; Foxall et al. 2019) and invadopodia in melanoma cells (Nicholas et al.
2016). PAK4 was reported to regulate podosome number and size in primary human
macrophage, by altering the cellular actin dynamics (Gringel et al. 2006). Moreover,
pharmacological inhibition of PAK4 resulted in a reduction of podosome formation, which
was recovered following removal of the inhibitor (Foxall et al. 2019). Also PAK1, a different
member of the PAK family and belonging to group | of PAKs (Arias-Romero and Chernoff
2008), has been involved in invadopodia dynamics. In rat mammary adenocarcinoma cells
MTLn3 cells PAK1 was localised at mature invadopodia protrusions, together with Cortactin
(Moshfegh et al. 2014). Recent studies have pinpointed PAK1 and PAK4 functioning during
specific stages of invadopodia lifecycle, highlighting how protein kinases activities in
invadopodia can be spatiotemporally restricted to defined phase (Foxall et al. 2016). In A-
375M2 melanoma cell line, PAK4 activity was reported to be restricted to the later
maturation stages. PAK4 reduction led to decreased matrix degradation but no change was
observed in the ability to initiate actin puncta, indicators of nascent invadopodia (Nicholas
et al. 2016). In the same study, PAK1 was required for invadopodia formation, rather than
maturation, as PAK1 depleted cells were not able to form actin puncta (Nicholas et al. 2016).
However, this study has found PAK4 depletion leads to a loss of actin puncta. Differential
results across PAK studies have previously been reported. PAK1 phosphorylation of
Cortactin at Serine 113, led to contradictory results depending on the cell type tested. In
A375MM melanoma cell line cortactin phosphorylation on Ser113 by PAK1 enhanced
invadopodia formation (I. Ayala et al. 2008). Oppositely, a more recent study conducted in
MTLn3and MDA-MB-231 breast cancer cell lines indicated that PAK1-mediated
phosphorylation of Cortactin downstream of Racl induces invadopodia disassembly and
turnover (Moshfegh et al. 2014). Given the therapeutic interest of developing PAK
pharmacological inhibitors, a better understanding of the cell-specificity of PAK activity and

the downstream effectors which regulate invadopodia dynamic is crucial.
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A designated GEF Interacting Domain (GID) has been identified in group Il PAKs, which is
highly conserved between PAK4, PAKS and PAK6 (Callow et al. 2005). Through this domain,
PAKA4 is reported to interact with GEF-H1 to control localisation and function. (Callow et al.
2005). It has been suggested that PAK4-mediated phosphorylation on Ser-885 of GEF-H1
inhibits its GEF activity, resulting in reduced Rho activation (Callow et al. 2005). In prostate
cancer PAK4 has been previously reported to inhibit RhoA exchange activity via GEF-H1
(Wells et al. 2010). Additionally, PAK4 is also reported to interact with another RhoA GEF;
PDZ-RhoGEF (Barac et al. 2004). This interaction is thought to drive invadopodia maturation
in melanoma cells via inhibiting RhoA activity, as PAK4 depletion led to a remarkable

increase in prominent actin stress fibres (Nicholas et al. 2016, 2017).

Studies focusing on the role of RhoA in tumour cell invasion have led to opposite results,
with RhoA expression associated with either increased or decreased tumour invasion,
depending on the cell type investigated and the experimental technique. RhoA has been
shown to enhance cell invasion by promoting invadopodia, amoeboid migration, and
influencing tumour cells plasticity and migratory properties (Struckhoff, Rana, and
Worthylake 2011).

Overexpression of RhoA increased peritoneal dissemination in rat MM1 hepatoma cells
(Yoshioka, Nakamori, and Itoh 1999), and leptin-induced activation of the RhoA/ROCK
pathway in OVCAR3 and SKOV3 ovarian cancer cells resulted in enhanced Matrigel invasion
(Ghasemi et al. 2017). Knockdown of RhoA expression via siRNA in MDA-MB-231 breast
cancer cells inhibited cell proliferation and invasion through Matrigel, and negatively
affected tumour growth and angiogenesis in-vivo (Pillé et al. 2005). These studies support
the hypothesis of a pro-invasive role for RhoA. Conversely, MDA-MB-231 cells depleted of
RhoA expression exhibited elongated cellular protrusions enriched in Cortactin and
efficiently invaded in a 3D invasion assay in Matrigel (Vega et al. 2011). Similar results were
observed in PC3 prostate cancer cell line (Vega et al. 2011) and SUM-159 and MCF-7 breast
cancer cell lines (Simpson, Dugan, and Mercurio 2004). Moreover, mice implanted with
breast cancer 4T1 cells depleted of RhoA expression exhibited enhanced metastatic
dissemination in the lung (Kalpana et al. 2019).

The mechanisms by which RhoA can have opposite effects on cancer cell invasion are not
clear. It is possible that different RhoA substrates and downstream effectors are activted

according to the experimental assay and the length or level of RhoA depletion.
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This chapter investigates the involvement of RhoA in invadopodia in prostate cancer as
potential downstream effector of PAK4, and examine whether the PAK4 regulates RhoA

activity by acting on specific RhoA GEFs.
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5.2. Results

5.2.1. CT-1532 cells do not exhibit an increase in stress fibre formation in response to
RhoA activation or PAK4 depletion

Actin stress fibres are contractile actomyosin bundles involved in cell adhesion and
morphogenesis, and their assembly has been correlated to increased cell rigidity and
reduced cell motility (Friedl and Wolf 2003). Stress fibres formation is predominantly
induced by the small GTPases RhoA via its effectors: Rho-associated protein kinase (ROCK)
and the formin mDial (Ridley and Hall 1992; Leung et al. 1996; Watanabe et al. 1997).
Recent studies suggested a correlation between PAK4 activity and actin stress fibres
formation: in epithelial cells, activated PAK4 causes a decrease in stress fibres (Wells, Abo,
and Ridley 2002), whereas in prostate cancer DU-145 cells PAK4 knockdown induced an
increase in RhoA activity which, in turn, increased the number of prominent stress fibres
(Wells et al. 2010). This induction of actin stress fibres formation was also observed in
melanoma cells depleted of PAK4 expression concomitant with increased levels of active
RhoA (Nicholas et al. 2016). It was therefore hypothesised that PAK4 depletion in prostate
CT-1532 cells would increase stress fibres formation in response to hyper-activation of
RhoA. However, analysis of cell phenotype on glass and gelatin revealed that shPAK4 cells
do not have prominent actin stress fibres, and no apparent changes were observed between
shControl and shPAK4 cell lines (Figure 5.1).

The highly metastatic prostate cancer cell line PC3 has been reported to have very few stress
fibres under basal growth conditions, and filaments assembly was not detected following
reduced PAK4 expression (Ahmed et al. 2008). It is therefore possible that the lack of stress
fibres observed in shPAK4 cells is due to the inability of CT-1532 cell line to undergo
significant stress fibres formation following RhoA activation. To test this hypothesis,
parental CT-1532 cells were stimulated with Lysophosphatidic acid (LPA) to induce RhoA
activation (Kranenburg et al. 1999). 10uM of LPA for 1 hour was established as an optimal
concentration and duration of treatment based on the literature (Guo et al. 2006) and
previous experiments conducted in the Wells lab. The non tumorigenic mouse fibroblast
NIH/3T3 cell line served as positive control (Kuo et al. 2003).

NIH/3T3 cells treated with LPA showed numerous well-organized actin stress fibres, which

increased by 78% compared to untreated cells (Figure 5.2). In contrast, LPA stimulated CT-
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1532 cells were indistinguishable from the control, and both cell populations had only 7%

of cells exhibiting prominent actin stress fibres (Figure 5.2)
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shControl shPAK4

Gelatin

Figure 5. 1: Representative images of PAK4 depleted CT-1532 cells seeded on glass and gelatin.
Cells were seeded on Cy3-conjugated gelatin or glass coverslips for 24 hrs and stained for F-actin to
visualize the presence of actin stress fibres in PAK4 depleted cells compared to control. Scale bar = 10um
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Figure 5. 2: Analysis of actin stress fibres formation in PAK4 depleted cells an NIH/3T3 cells after LPA
treatment.

Representative images of CT-1532 and NIH/3T3 cells after treatment with 10uM of LPA. After 1 hour
incubation, cells were fixed and stained or F-actin in order to allow the visualization of actin stress fibres
formation (A). Graphical representation of the percentage of cells exhibiting prominent stress fibres in
LPA treated cells compared to control cells (B). Significance was calculated with student’s t-test across the
single cell lines. *p<0.05. Data are presented as mean values + S.E.M. Scale bar = 10um.
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5.2.2. CT-1532 cells increase cell roundness in response to RhoA activation or PAK4

depletion

Analysis of cytoskeletal actin fibres conducted in this study found that no assembly of
prominent stress fibres existed in prostate CT-1532 cells, not even in case of direct RhoA
activation by LPA treatment. Therefore, it was not possible to understand whether PAK4
depletion in prostate cancer cells is able to induce the activation of RhoA solely on the base
of actin filaments assembly in our shPAK4 cells. Following these observations, cell shape was
examined to check for alternative morphological phenotypes that have been linked to RhoA
activation. Activation of RhoA is known to promote a more rounded cell shape with less
processes (Ridley and Hall 1992; Kranenburg et al. 1999; Tseliou et al. 2016), whereas RhoA

inhibition by siRNA or C3 transferase induced cell elongation in PC3 cells (Vega et al. 2011).

Hence, the cell roundness was measured in CT-1532 cells in which RhoA was activated by
LPA treatment to identify any morphological change that might indicate an activation of
RhoA signalling. Morphological analysis revealed a significant rounding of the cell body in
response to LPA in CT-1532 cells compared to unstimulated cells (Figure 5.3), in agreement
with previous studies (Kranenburg et al. 1999). Likewise, PAK4 depleted cells were
significantly rounder compared to control cells (Figure 5.4). These findings suggest that the
rounder cell morphology in shPAK4 is indicative of an activation of the RhoA-GTP signalling

pathway in the absence of stress fibres induction.
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Figure 5. 3: Cell shape analysis of CT-1532 cells after LPA treatment.

Representative images of CT-1532 cells after treatment with 10uM of LPA. After 1 hour incubation, cells
were fixed and stained or F-actin (A). Graphical representation of the average cell roundness in LPA
treated cells compared to control cells (B). Significance was calculated with student’s t-test. *p<0.05. Data
are presented as mean values £ S.E.M. Scale bar = 10um.
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Figure 5. 4: Cell shape analysis of PAK4 depleted CT-1532 cells.

Representative images of PAK4 depleted CT-1532 cells fixed and stained or F-actin for the analysis of cell
morphology (A). Graphical representation of the average cell roundness in PAK4 depleted cells compared
to control cells (B). Significance was calculated with student’s t-test. *p<0.05. Data are presented as mean
values = S.E.M. Scale bar = 10um
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5.2.3. PAK4 depletion increases RhoA-GTP levels

To directly determine whether PAK4 depletion impacts on RhoA activation, RhoA-GTP levels
were evaluated via a pull down assay using GST-Rhotekin-RBD beads. The Rho binding
domain (RBD) of the human Rhotekin protein specifically recognises and binds to GTP-
bound and not GDP-bound, Rho proteins. Consistent with our hypothesis, and with studies
conducted on melanoma (Nicholas et al. 2016), PAK4 knockdown significantly increased the
amount of RhoA-GTP levels by approximately 75% compared to the control population

(Figure 5.5).

RhoC, another member of the Rho-GTPases family has been linked to invadopodia activity.
Despite the sequence similarity between RhoA and RhoC, these two proteins are thought to
play differential roles in cancer invasion (Vega et al. 2011). RhoC knockdown significantly
decreased invasion and led to shorter and less efficient invadopodial protrusion (Bravo-
Cordero et al. 2011). Bravo-Cordero et al. demonstrated that RhoC activation is subjected
to a fine spatiotemporal regulation during invadopodium formation and RhoC-GTP is
confined to a ring-shaped area around the invadopodium actin core (Bravo-Cordero et al.
2011). To test whether the invadopodia phenotype observed in shPAK4 cells could be
associated to altered levels of RhoC-GTP, shPAK4 cell lysates subjected to Rho pulldown
were additionally probed for RhoC. No differences were detected in RhoC-GTP levels in
shPAK4 cells compared to the shControl cells (Figure 5.6), suggesting that PAK4 specifically

regulates RhoA activity.
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Figure 5. 5: Analysis of RhoA-GTP levels in PAK4 depleted CT-1532 cells.

Western blot analysis of the levels of active RhoA in PAK4 depleted CT-1532 cells. Cells lysates were
incubated with Rhotekin-RBD beads and Rho-conjugated beads were precipitated by centrifugation and
probed for RhoA, PAK4 and GAPDH (A). Protein levels were analysed by densitometric analysis. Intensity
of bands related to RhoA-GTP were corrected for the expression level of total RhoA and plotted as
meanSEM (B). Experiment was repeated with three independent cell lysates (n=3). Statistical significance
was calculated between shControl and and shPAK4 cancer cell with Student’s t-test, *p<0.05.
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Figure 5. 6: Analysis of RhoC-GTP levels in PAK4 depleted CT-1532 cells

Western blot analysis of the levels of active RhoC in PAK4 depleted CT-1532 cells. Cells lysates were
incubated with Rhotekin-RBD beads and Rho-conjugated beads were precipitated by centrifugation and
probed for RhoC, PAK4 and GAPDH (A). Protein levels were analysed by densitometric analysis. Intensity
of bands related to RhoC-GTP were corrected for the expression level of total RhoC and plotted as
meanSEM (B). Experiment was repeated with three independent cell lysates (n=3). Statistical significance
was calculated between shControl and and shPAK4 cancer cell with Student’s t-test.
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5.2.4. Inhibition of RhoA activity by C3 transferase reduces matrix degradation

The findings presented so far indicate a link between PAK4 and RhoA activity in prostate
cancer cells. RhoA is a well-known orchestrator of invadosome dynamics (Spuul et al. 2014),
but there are contradictory data regarding its precise role in invadopodium function.
Mounting evidence indicates that RhoA might be specifically important for invadopodium
maturation, as RhoA reduction led to a drastic reduction of matrix degradation (Sakurai-
Yageta et al. 2008; Bravo-Cordero et al. 2011). Moreover, constitutive activation of the RhoA
signalling pathway resulted in increased formation of invadopodia, facilitating tumour
intravasation (Roh-Johnson et al. 2014). Having observed that the PAK4 reduction
significantly induces RhoA-GTP activity in prostate cancer cells in concomitance with
decrease of invadopodia formation and activity, we sought to determine the specific effect

of RhoA inhibition on invadopodia function in prostate cancer cells.

RhoA activity was pharmacologically inhibited via C3 Transferase, a bacterial enzyme that
blocks RhoA function by ADP ribosylation on Asparagine 41, rendering the protein
biologically inactive (Wilde and Aktories 2001). C3 Transferase is known to exert its major
influence on RhoA activity, while having little effect on the other members of the Rho family
RhoB and RhoC (Wilde and Aktories 2001). C3 treatment of Src-transformed NIH/3T3 cells
has been reported to disrupt both invadosome structure and the associated ECM degrading
activity(Berdeaux et al. 2004). CT-1532 cells treated with 0.5 pg/ml of C3 Transferase
exhibited a remarkable decrease of matrix degradation when compared to the control
population (Figure 5.7A-B) (Berdeaux et al. 2004). A similar trend towards a lower number
of cells forming invadopodia, positive for overlapping of actin puncta and matrix
degradation, was observed upon C3 treatment, although not statistically significant (Figure

5.7C).
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Figure 5. 7: Invadopodia assay of CT-1532 after C3 Transferase treatment.
Representative invadopodia assay images of CT-1532 cell line treated with 0.5 pug/ml of C3 Transferase to
inhibit Rho activity. Cells were seeded on Cy3-conjugated gelatin for 24 hrs and stained for F-actin (A).
Graphical representation of the percentage of degraded area underneath cells surface (B) and the
percentage of cells making invadopodia (C). Significance was calculated with student’s t-test. ***p<0.001.

Data are presented as mean values + S.E.M. Scale bar = 10um.
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5.2.5. Transient RhoA depletion reduces matrix degradation and invadopodia formation

in CT-1532 cell line

The C3 Transferase experiment indicate a role for Rho family proteins in invadopodia in
prostate cancer. To ensure that the invadopodia phenotype observed was specific to RhoA
inhibition, RhoA expression was depleted in CT-1532 cells via siRNA technology prior to the
invadopodia assay. Transient RhoA knockdown in CT-1532 cell line was achieved using two
different siRhoA oligos. RhoA expression was successfully reduced by 65% in case of oligo 1
(Figure 5.8A-B), and 70% in case of oligo 2 compared to the siControl population (Figure
5.8C-D) at 96 hours (4 days) post transfection, which corresponds to the time frame required

for performing knockdown experiment and the subsequent invadopodia assay.

Having established two siRNA sequences that can effectively diminish RhoA expression, the
effect of RhoA depletion on the ability of CT-1532 cells to form invadopodia was examined.
RhoA knockdown using oligo 1 dramatically decreased matrix degradation, as well as the
number of invadopodia-forming cells (Figure 5.9), in agreement with previous reports
(Bravo-Cordero et al. 2011). These data were validated by the use of a second oligo, which
impaired ECM degradation, but did not show a significant effect on the number of cells
forming invadopodia (Figure 5.10). These findings further validate the importance of RhoA

in matrix degradation.
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Figure 5. 8: Transient reduction of RhoA expression in CT-1532 cell line by siRNA.

Western blot analysis of the expression levels of RhoA in CT-1532 following transient transfection with
two different PAK4 siRNA ooligonucleotides and RNAIMAX transfection reagent. Control cells were
transfected with a control siRNA (siControl) or treated with transfection reagents in absence of oligos
(Mock). RhoA expression levels were analysed by Western blot 72 hours post-transfection with siRhoA
oligo 1 (A). Protein levels were analysed by densitometric analysis. Intensity of bands related to the
protein of interest were corrected for the loading control (GAPDH) and plotted as relative ratio mean+SEM
for oligo 1 (B). Western blot analysis of the expression levels of RhoA in CT-1532 following transient
transfection with siRhoA oligo 2 (C) and the protein levels analysed by densitometric analysis for SiRhoA
oligo 2 (D). Experiment was repeated with three independent cell lysates (n=3). Statistical significance was
calculated against the siControl cell lines with One-way Anova followed by Tukey’s multiple cmparison
test, *p<0.05.
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Figure 5. 9: Invadopodia assay of CT-1532 siRhoA oligo 1 cells.

Representative invadopodia assay images of RhoA depleted CT-1532 cells with siRhoA oligo 1. Cells were
seeded on Cy3-conjugated gelatin for 24 hrs and stained for F-actin (A). Graphical representation of the
measurement of the degraded area underneath cells surface (B) and the percentage of cells forming
invadopodia (C). Significance was calculated against the siControl population with Student’s t-test.
*p<0.05. Data are presented as mean values + S.E.M. Scale bar = 10um.
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Figure 5. 10: Invadopodia assay of CT-1532 siRhoA oligo 2 cells.

Representative invadopodia assay images of RhoA depleted CT-1532 cells with siRhoA oligo 2. Cells were
seeded on Cy3-conjugated gelatin for 24 hrs and stained for F-actin (A). Graphical representation of the
measurement of the degraded area underneath cells surface (B) and the percentage of cells forming
invadopodia (C). Significance was calculated against the siControl population with Student’s t-test.
*p<0.05. Data are presented as mean values + S.E.M. Scale bar = 10um.
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5.2.6. RhoA inhibition does not affect actin puncta formation

Results presented in Chapter 3 revealed that PAK4 depletion negatively affects actin puncta
formation, which are considered to be invadopodia precursors. Interestingly, while RhoA
has been reported to be essential for invadopodia degradation in rat mammary
adenocarcinoma, it was dispensable for invadopodia precursor formation (Bravo-Cordero
et al. 2011).

To investigate if RhoA functions in invadopodium precursor core initiation or stabilization in
prostate cancer cells, the percentage of cells with actin puncta when plated on gelatin was
calculated in siRhoA and C3 treated cells. RhoA reduction with either siRNA oligo #1 or #2 had
no effect on the percentage of cells with actin puncta when compared to the control population
(Figure 5.11). Similarly, no significant differences were observed in cells following treatment
with C3 Transferase (Figure 5.12). These findings suggest that RhoA activation is likely
required at later stage during the maturation of the protrusion rather than formation, and

possibly RhoA is inactive during the early phase of precursor formation.
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Figure 5. 11: Analysis of actin puncta formation in CT-1532 siRhoA cell lines.

Representative images of CT-1532 cells with reduced RhoA expression via siRNA oligo 1 or oligo 2. Cells
were seeded on Cy3-conjugated gelatin for 24 hrs and stained for F-actin (A). Graphical representation of
percentage of cells forming prominent actin puncta in CT-1532 siRhoA cells (B). Significance was calculated
against the respective siControl population with Student’s t-test. Data are presented as mean values +

S.E.M. Scale bar=10um
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Figure 5. 12: Analysis of actin puncta formation in CT-1532 after treatment with C3 Transferase.
Representative images of CT-1532 cells treated with 0.5 pg/ml of C3 Transferase to inhibit Rho activity.
Cells were seeded on Cy3-conjugated gelatin for 24 hrs and stained for F-actin (A). Graphical
representation of percentage of cells forming prominent actin puncta in CT-1532 cells upon C3
Transferase treatment (B). Significance was calculated against the respective siControl population with
Student’s t-test. Data are presented as mean values *+ S.E.M. Scale bar=10um
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5.2.7. C3 treatment in shPAK4 cells restores puncta formation but not matrix

degradation

PAK4 depleted cells exhibited increased levels of RhoA-GTP (Figure 5.5), indicating a
negative regulation of RhoA activity by PAK4. Additionally, cells with reduced level of RhoA
were not able to degrade the matrix while still forming actin puncta. If PAK4 negatively
regulates RhoA during invadopodia formation, inhibition of RhoA activity in PAK4 depleted
cells, which lack of both puncta assembly and matrix degradation, may restore formation
the of invadopodia precursor.

Thus, PAK4 depleted cell lines were subjected to C3 Transferase treatment followed by
invadopodia assay (Figure 5.13A). Interestingly, the number of cells forming actin puncta
increased in the shPAK4 cells upon C3 Transferase treatment to a level similar to the control
population, and remarkably increased when compared to the untreated shPAK4 cells (Figure
5.13C). Therefore, inactivation of RhoA by C3 Transferase in PAK4 depleted cells was able to

rescue the actin puncta formation, indicators of nascent invadopodia.
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Figure 5. 13: Invadopodia assay of PAK4 depleted cells CT-1532 after C3 Transferase treatment.
Representative invadopodia assay images of shPAK4 CT-1532 cell line treated with 0.5 pg/ml of C3
Transferase to inhibit Rho activity. Cells were seeded on Cy3-conjugated gelatin for 24 hrs and stained for
F-actin (A). Graphical representation of the percentage of degraded area underneath cells surface (B), the
percentage of cells making invadopodia (C) and the percentage of cells with prominent actin puncta (D).
Significance was calculated with One-way Anova followed by Tukey’s multiple comparison test against the
shControl population or the shPAK4 cell line, *p<0.05, **p<0.01. Data are presented as mean values +
S.E.M. Scale bar = 10um.
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5.2.8. RhoA-GTP biosensor localises around invadopodia

Bravo-Cordero et al. previously identified a spatiotemporal patterns of RhoC activation
around invadopodia using an inducible RhoC FLARE biosensor, which was expressed in rat
mammary adenocarcinoma cell lines (Bravo-Cordero et al. 2011). The same methodology
applied to RhoA did not reveal a well-defined patterns of RhoA activity during invadopodia
development, but rather a casual fluctuation in between the core and the outside region of
invadopodia structure (Bravo-Cordero et al. 2011). However, stable expression of RhoA
biosensor might results in saturation of RhoA signal. Therefore, expression of exogenous
RhoA might not properly mirror the endogenous pattern of RhoA activation and might not
allow to discriminate between small variation of RhoA activation within subcellular
structures such as invadopodia. Indeed, RhoA function and regulation in invadopodia is
likely highly complex and probably dependant on the cell-type and experimental technique
adopted (Spuul et al. 2014). Having established a specific significance for RhoA in
invadopodia in prostate cancer, we sought to determine the distribution of endogenous
RhoA-GTP in the invadopodia context. The AHPH-GFP RhoA biosensor developed by Piekny
and Glotzer (Piekny and Glotzer 2008) was chosen to directly visualized active RhoA-GTP.
The biosensor was derived from the C-terminal domain of Anillin, which is composed of AHD
and PH (Pleckstrin homology) domains and it’s structurally related to the RhoA binding
protein Rhotekin (Piekny and Glotzer 2008). Several studies have proven the validity of
using GFP-AHPH to track RhoA-GTP expression (Priya et al. 2015; H. H. Yu et al. 2016; Liang
et al. 2017), although there are no reports regarding the use of this biosensor in the

invadopodia context.

Crystalization and biochemical studies has demonstrated the direct binding of the AH
domain of anillin contained in the GFP-AHPH biosensor with RhoA (Piekny and Glotzer 2008;
Sun et al. 2015). However, there are no reports in the literature specifically analysing the
ability of GFP-AHPH biosensor to bind other members of the Rho family. Therefore, before
proceeding with immunostaining analysis, the selective binding of the biosensor to RhoA
and not RhoC was tested by co-immunoprecipitation in HEK293 cells. Cells were co-
transfected with AHPH-GFP and Myc-RhoC, or AHPH-GFP and FLAG-RhoA before GFP

pulldown. Western blot analysis of the pulldown lysates revealed that FLAG-RhoA, but not
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Myc-RhoC, precipitated together with GFP-AHPH (Figure 5.14), confirming the specific

binding of the biosensor to RhoA protein.

Following AHPH-GFP binding validation, CT-1532 cells were transfected with the RhoA-GTP
biosensor and seeded onto gelatin-coated coverslips. Interestingly, a distinctive localisation
of RhoA-GTP surrounding the invadopodial structure was repeatedly observed (Figure 5.1A).
Analysis of the fluorescence intensity along the invadopodia surface area and along an
arbitrary line crossing the invadopodial structure identified a GFP-positive ring extending
around the actin core and not overlapping with the actin puncta nor matrix degradation
(Figure 5.15B-C), similarly to what has been reported for RhoC by FRET biosensor (Bravo-
Cordero et al. 2011). Encouragingly, quantification of the AHPH-positive cells forming
invadopodia revealed that more than 10% of the cells exhibited at least one invadopodia
characterised by this RhoA-GTP expression pattern (Figure 5.15D). Occasionally the GFP
signal colocalised with actin puncta. These findings possibly indicate a spatial organization

of RhoA-GTP activity that influences invadopodia dynamics.
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Figure 5. 14: Co-immunoprecipitation of AHPH with RhoA in HEK293 cells.
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AHPH-GFP was transfected in HEK293 cells with or without FLAG-RhoA and Myc-RhoC. Cells were lysed
and samples were subjected to the GFP-trap immunoprecipitation assay followed by Western blot analysis
of the precipitated complexes. AHPH-GFP overexpressing cells were used as technical positive control
while untrasfected cells were used as negative control. FLAG-RhoA, but not Myc-RhoC, was found to
immunoprecipitated with GFP-AHPH.
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Figure 5. 15. Analysis of RhoA-GTP localisation by immunofluorescence.

Representative images of a CT-1532 cell plated on cy3-conjugated gelatin and stained for F-actin,
expressing GFP-labelled RhoA-GTP biosensor around the invadopodial core (A). Representative 3D surface
intensity plot showing local variation of fluorescence intensity for Actin, Cy3-gelatin and AHPH-GFP
measured from the selected area in A (B). Representative line scan plot showing local variation of
fluorescence intensity for Actin, Cy3-gelatin and AHPH-GFP measured by drawing an arbitrary line crossing
through the invadopodia structure (C). Graphical representation of the percentage of invadopodia-
forming cells expressing GFP-AHPH in which RhoA-GTP activity was detected around the invadopodia
structure. A total of 45 cells over three independent experiments were analysed (D). Data are presented
as mean values * S.E.M. Scale bar = 10um.
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5.2.9. PAK4 co-immunoprecipitates with PDZ-RhoGEF in CT-1532 cell line

Taken together, these results suggest that PAK4 may signals in invadopodia via modulating
RhoA activity. Positive regulation of RhoA is primarily achieved via multiple GEFs, that promotes
dissociation of GDP and binding of GTP, which activates RhoA (Schmidt and Hall 2002). PDZ-
RhoGEF is known to almost exclusively activate RhoA, with preferential binding over RhoB
and RhoC, and no activity towards the other Rho family members, such as Racl and Cdc42
(Jaiswal et al. 2011). Interestingly, studies on yeast and HEK293 cells revealed that
exogenous PDZ-RhoGEF interacts with PAK4, and PDZ-RhoGEF ability to mediate RhoA-GTP
accumulation is abolished upon binding to PAK4 (Barac et al. 2004; Rosenfeldt et al. 2006).
Moreover, exogenous PDZ-RhoGEF was found to co-localise with PAK4 to invadopodia in
melanoma (Nicholas et al. 2016), and it has been suggested that PAK4 inhibits PDZ-RhoGEF
to drive invadopodia maturation (Nicholas et al. 2016). Therefore, it was hypothesized that
PAK4 signalling to RhoA could occur via PDZ-RhoGEF in prostate cancer. To investigate a
potential interaction between PDZ-RhoGEF and PAK4, immunoprecipitation experiments
were carried out in the CT-1532 cell line. Endogenous PAK4 was pulled down and samples
were subjected to Western blotting and probed for PDZ-RhoGEF to assess the presence of
PAK4:PDZ-RhoGEF complexes. The results of the immunoprecipitation experiments
confirmed the binding between endogenous PAK4 and endogenous PDZ-RhoGEF, the first

time this endogenous interaction has been observed (Figure 5.17).
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Figure 5. 16: Endogenous co-immunoprecipitation of PAK4 with PDZ-RhoGEF.

Direct interaction between PAK4 and PDZ-RhoGEF was evaluated by endogenous co-immunoprecipitation
in CT-1532 cells. Protein complexes were resolved by Western blot for detection of PAK4 and PDZ-RhoGEF
and compared to whole cell lysates (input). Results clearly highlights the existence of a complex between
PAK4 and PDZ-RhoGEF, as a clear band appears uniquely in the lane corresponding to PAK4 pulldown.

190



5.2.10. Identification of PDZ-RhoGEF residues phosphorylated by PAK4

The establishment of the endogenous binding between PAK4 and PDZ-RhoGEF prompted
the question of what structural domains are involved in this protein interaction. Barac et al.
showed that PAK4 can bind specifically to the C-terminus of PDZ-RhoGEF, constituted by the
last 451 residues outside the PH domain (Barac et al. 2004). Moreover, both the C-terminal
portion and the full length of PDZ-RhoGEF were characterized by a strong increase in serine-
threonine phosphorylation upon incubation with active PAK4 (Barac et al. 2004). These
results indicate that the C-terminal domain of PDZ-RhoGEF is a direct target for PAK4 and it

serves as phosphorylation substrate.

To further validate the C-terminal region of PDZ-RhoGEF as substrate for PAK4 kinase
activity, and to map more precisely the putative PAK4 phosphorylation sites, a peptide array
covering the amino acidic sequence of C-terminal PDZ-RhoGEF was designed. A total of 33
immobilized peptides were analysed, each harbouring serine residues. Three peptides on
the array contained sequences that are reported to be phosphorylated by PAK4 and served
as positive control: B-5 integrin on Ser-759 and Ser-762 (peptide #34), Paxillin on Ser-272
(peptide #35) and B-catenin on Ser-675 (peptide #36) (Dart and Wells 2013). A peptide
containing only Alanine residues served as negative control (peptide #37). The array was
incubated with purified, recombinant PAK4 and [y*?P]ATP, in an in-vivo kinase assay
followed by autoradiography. Amongst the peptides analysed, three PDZ-RhoGEF peptides
showed a strong signal positive for in-vitro phosphorylation by PAK4, corresponding to
peptide #12 (Ser-1295), peptide #18 (Ser-1364 and Ser-1367), peptide #31 (Ser-1505)
(Figure5.18). Notably, Ser-1364 was identified as candidate PAK4 phosphorylation site also
by the phosphorylation site prediction software GSP 5.0, which utilises specific protein
kinases consensus motifs (C. Wang et al. 2020). Two of the positive controls were verified
as PAK4 phosphorylation targets, however, Paxillin Ser-272 exhibited lack of signal. This is
possibly due to a lower affinity for phosphorylation compared to the adjacent sequences,
which might be preferentially targeted by PAK4, or due to the absence of PAK4 downstream
targets that drives PAK4-mediated phosphorylation on paxillin S272 (Dart et al. 2015) .

191



01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20
- = »

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

1 QGPTPSRVELD 20  TDHSEAPM

2 VELDDSDVFHG 21 EAPMSPPQPD
3 PGGTGSQQRVQ 22 PPQPDSLPAG

4 PEQEGSAEEEE 23 PRRPSRSPPSL
5 VLPCPSTSLDGEN 24 RSPPSLALRD

6 EGLADSALEDV 25 PPSLALRDVG
7 HLILWSLLPGH 26 RELLKSLGGE

8 LTPTPSVISVT 27 LGGESSGGTT

9 VISVTSHPWD 28  WTDGSLSPPAK
10 WDPGSPGQAP 29 EPLASDSRN

11 DMGLCSLEHLP 30 DSRNSHELGPC
12 PRTRNSGIWE 31 CPEDGSDAPLE
13 GIWESPELDR 32 PLEDSTADAA
14 LAEDASSTEAA 33  TADAAASPGP
15 EVAGSKVVPA 34  AKFQSERSRARY
16 PALPESGQSEP 35 DELMASLSDFK
17 ESGQSEPGPPEV 36 KKRLSVELTS

18 NCFYVSMPSGP 37  AAAAAAAAA

19  GPPDSSTDHS

Figure 5. 17: Analysis of candidate PAK4-mediated phosphorylation targets on the C-terminal domain
of PDZ-RhoGEF.

Analysis of the 33 peptides representing all serine residues in the C-terminal sequence of PDZ-RhoGEF
immobilized on a membrane and incubated with PAK4 kinase and y-32P-ATP. Incorporation of ATP was
detected by autoradiography. Peptides in blue represents PDZ-RhoGEF residues phosphorylated by PAK4,
peptides in green represents known PAK4 substrates serving as positive control, peptide in red serves as
negative control.
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5.3. Discussion

This chapter focused on the identification of potential mechanisms and protein interactors
by which PAK4 might be regulating invadopodia dynamics in prostate cancer. Previous
research conducted on melanoma has demonstrated a link between PAK4 activity and RhoA
in invadopodia, where reduction of PAK4 expression led to decreased matrix degradation
together with the formation of prominent stress fibres (Nicholas et al. 2016, 2017),
important phenotypic markers of RhoA activation (Ridley and Hall 1992). However, analysis
of the morphological phenotype in CT-1532 PAK4 depleted cells revealed that these cells do
not form stress fibres even when RhoA activity is exogenously induced by treatment with
LPA. In order to mediated intracellular events, LPA binds and activate surface six different
G-Protein Coupled Receptors (GPCRs), named LPA;6, which subsequently initiate a variety
of downstream signalling pathways involved in several biological functions (Lin, Huang, and
Lee 2015). LPA receptors are differently expressed in prostate cancer cell lines, with levels
that vary depending on the receptor type and cell line considered. There is a great body of
evidence demonstrating the relevance of LPA receptors in the prostate setting, and notably,
LPA receptors activation has been associated with increased Matrigel invasion via RhoA and
cell rounding in PC3 cell line (Lin, Huang, and Lee 2015). Consistently with these reports,
increase in RhoA activity in CT-1532 cells by LPA manifested in a more rounded cell shape,
which was mirrored by CT-1532 shPAK4 cells, indicating an hyperactivation of the RhoA
pathway in these cells. This observation represents a further deviation from melanoma cells
that were reported to exhibit an unchanged elongation degree upon PAK4 reduction
(personal communication by N. Nicholas). The phenotypic differences observed between
prostate and melanoma arising in response to the same molecular event could be due to
the different tissue type of origin, and highlights how, although RhoA has similar role in
regulating cytoskeletal dynamics globally, RhoA may have differential functions in
morphology and invadopodia according to the cell line considered. Indeed, similar
discrepancies have been observed even across prostate cancer cell lines, where stable PAK4
knockdown led to an increased prominence of actin fibres in DU-145 but not in PC-3 cells

(Wells et al. 2010; Ahmed et al. 2008).
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Nevertheless, the ability of PAK4 to influence levels of active RhoA was confirmed by RhoA-
GTP pulldown in PAK4 depleted cells, confirming previous reports that indicate PAK4 as
negative regulator of RhoA (Callow et al. 2005; Wells et al. 2010; Nicholas et al. 2016).

The importance of RhoA in invadopodia has been largely described, but its precise role is
yet not fully understood, and studies focused on RhoA function within invadosome have
yielded conflicting results. Previous data in the literature showed that decreased expression
of RhoA in human breast cancer MDA-MB-231 and rat mammary carcinoma MTLn3 cells
dramatically reduced matrix degradation as well as the number of invadopodia per cell
(Sakurai-Yageta et al. 2008; Bravo-Cordero et al. 2011). Breast cancer cells expressing a
constitutively active RhoA mutant formed more invadopodia than WT (Roh-Johnson et al.
2014). With regards to prostate cancer, increased RhoA activity stimulates ECM degradation
and invadopodia formation in PC3 cells, and was severely impaired in cells expressing
dominant-negative RhoA mutant or C3 Transferase (Hwang et al. 2016). Conversely,
expression of a dominant negative RhoA in RPMI7951 human melanoma cells did not affect
the matrix degradation by invadopodia (Nakahara et al. 2003). Interestingly, Berdeaux et al.
showed that both expression of constitutively active RhoA and dominant negative RhoA
diminished Src-induced podosome and gelatin degradation (Berdeaux et al. 2004). Later
studies confirmed that activation of RhoA via LPA or via expression of a constitutively active
RhoA mutant inhibited podosome formation and function (Schramp et al. 2008; C. Yu et al.
2013). These findings denote a complex role for RhoA in cell invasion, which may differ

according to the cell type and the assay employed.

The siRNA experiments presented in this chapter are partially aligned with such findings, as
reduction of RhoA levels resulted in a remarkable decrease of invadopodia-mediated matrix
degradation in our primary prostate adenocarcinoma cell line (Figure 5.9 and 5.10).
However, in this study, increased RhoA activation resulting from lack of the negative
regulation by PAK4 did not enhance invadopodia formation and matrix degradation in
shPAK4 cells, but rather supressed it. Thus, our data suggest that constitutive activation of
RhoA in prostate cancer might hinder invadopodia activity, possibly by favouring alternative
modes of cell invasion.

It is possible that high RhoA signalling in prostate cancer cells leads to a predominant

activation of downstream pathways associated with utilization of amoeboid motility, which
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perhaps exerts a negative feedback on other invadopodia regulators. Indeed tumour cells
are able to switch between the mesenchymal mode of migration, accompanied by
invadopodia formation, and amoeboid invasion, which is degradation-independent and its
catalysed by activation of the RhoA-ROCK-MLC2 pathway (Sanz-Moreno et al. 2008). Given
that these two mechanisms of invasion are distinguished and interconvertible (A. G. Clark
and Vignjevic 2015), it is reasonable to hypothesise the existence of an inhibitory cross-talk
between these two signalling pathways. For example, it has been reported that inhibition of
ROCK can enhance invadopodia formation (Sedgwick et al. 2015), and activation of the
RhoA-ROCK axis via stimulation with Prostaglandin E in dendritic cells caused the dissolution
of podosomes (van Helden et al. 2008). This hypothesis might explain why PAK4 depleted
cells lacked invadopodia but were still able to disseminate in-vivo in Zebrafis, as outlined in
chapter 4. Likewise, activation of RhoA in PC3 cells stimulated tumorigenesis and bone
dissemination in-vivo (Hwang et al. 2016). The opposite observation was made in melanoma
cells (Nicholas et al. 2016). It is possible that here constitutive activation of RhoA following
PAK4 depletion is not inducing an amoeboid-related signalling and RhoA functions
differently in this cell type (Nicholas et al. 2016). Indeed, it has already been established that
the same signalling modulated by Rho- GTPases can elicit different cell type-specific effects

(L. Wang and Zheng 2007).

If constitutive RhoA activation promotes amoeboid-like mode of invasion, a finer control of
RhoA activity may be, instead, important for invadosome function. It has been suggested
that a coordinated cycling of RhoA between the active, GTP-bound and the inactive, GDP-
bound states, plays an essential role in regulating many aspects of podosome dynamics
(Spuul et al. 2014). Melanoma studies suggest that RhoA activation is likely required at early
stages during invadopodia lifecycle, while it needs to be suppressed later on in order to
allow invadopodia maturation (Nicholas et al. 2017). Interestingly, CT-1532 with reduced
expression or activation of RhoA were unable to degrade the matrix but retained their ability
to form actin puncta (Figure 5.11 and 5.12). This finding suggests that in these cells RhoA
function might be crucial for the later phases of invadopodia lifecycle, consisting in the
protrusion maturation and matrix degradation, but it's dispensable for invadopodia
precursor, in agreement with previous reports (Bravo-Cordero et al. 2011). According to our
data, RhoA is negatively regulated by PAK4, but differently from RhoA, reduction of PAK4

expression decreased both nascent invadopodia and gelatin degradation. Thus, we
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speculate that RhoA is maintained inactive by PAK4 during the early phase in the lifecycle of
invadopodia, when the stabilization and elongation of the actin precursor occur, and it’s
subsequently released from inhibition in order to allow efficient invadopodia maturation
and gelatin degradation. This hypothesis is further supported by the fact that limiting RhoA
activation in shPAK4 cells by C3 Transferase restores puncta (nascent invadopodia)
formation but does not rescue the degradation phenotype to the control levels (Figure
5.13). Consistent with this finding, RhoA was reported to cooperate with Cdc42 to promote
the delivery of MT1-MMP to invadopodia (Sakurai-Yageta et al. 2008). RhoA stimulates the
association of the exocyst complex with the IQ-GTPase activating protein 1 (IQGAP1), aiding
the fusion of the vesicle at the invadopodial plasma membrane and therefore inducing local

matrix degradation (Sakurai-Yageta et al. 2008).

Additional information on the spatiotemporal regulation of Rho-GTPases can be provided
throughout using specific biosensors, which offer useful insights into the activity kinetic of
these molecules intracellularly. FRET-based biosensors showed low RhoA activity outside
and inside the core of invadopodia structures (Bravo-Cordero et al. 2011). On the contrary,
RhoC activity was restricted to the area surrounding the protrusion, thanks to a tight
regulation operated by localised variation in p190RhoGEF and p190RhoGAP activity (Bravo-
Cordero et al. 2011). Excitingly, the reported RhoC distribution pattern resembles what we
have observed with the fluorescent AHPH-based biosensor for RhoA-GTP (Figure 5.15),
hinting that RhoA could be subjected to a similar spatiotemporal coordination. The
discrepancy between our finding and the diffuse distribution of RhoA-GTP reported by
Bravo-Cordero et al. might be explained by the different nature of the biosensors employed.
Stable integration of FRET-based biosensors which incorporates the target protein can cause
over-expression artifacts (Haugh 2012). Amplification or saturation of the signal could
amplify or negatively interfere with endogenous processes which are especially deleterious
for proteins that are subjected to fine tuning of activity and/or localization, such as RhoA.
Moreover, the subcellular localization is often influenced by multiple factors, such as
interactions with other proteins or lipids, and the protein molecular recognition could be
negatively affected by the biosensor construct (Haugh 2012). Hence, it is possible that the
small nature of the AHPH-GFP biosensor, and the fact that it binds directly to endogenous
RhoA without competing for common substrates, made it more suitable for subcellular

studies that cannot be reproduced by the FRET biosensor. Of note, PAK4 was found to be
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localized in a ring structure around the podosome core, and immunoprecipitated with other
ring proteins such as paxillin and vinculin which are also present in invadopodia (Foxall et al.

2019). These data further support a role for PAK4 as RhoA regulator in invadopodia.

The localization pattern exhibited by RhoA around invadopodia suggests that RhoA-
mediated fusion of the exocyst complex may occur at the membrane fraction that surrounds
the protrusion core, where it participates in delivering MT1-MMP to the invadopodial
membrane. Indeed, RhoA is known to interact and bind to lipid rafts, cholesterol-enriched
lipidic domains that floats within the bilayer of plasma membranes, contributing to increase
the membrane fluidity and protein trafficking (Moissoglu and Schwartz 2014). MT1-MMP
was found to localise at lipid rafts, which represents key elements for the correct assembly
and function of invadopodia (Yamaguchi et al. 2009). Perhaps MT1-MMP is incorporated to
the lipidic bilayer through its transmembrane domain and subsequently mobilised towards
the invadopodium edge via lipid rafts. Notably, RhoA-GTP was occasionally spotted to
colocalise with the actin core of invadopodia structures, and invadopodia negative for RhoA-
GTP signals were also detected. These findings suggest an even more complex and dynamic
role for RhoA-GTP in invadopodia in prostate cancer, tightly regulated in a spatiotemporal

manner.

A coordinated interplay between guanine exchange factors (GEFs) and GTPase activating
proteins (GAPs) is required to achieve the strict spatiotemporal regulation of Rho GTPase
activation at invadopodia. PAK4 has been reported to inhibit the activation of RhoA via
phosphorylation of GEF-H1 in prostate cancer cells (Wells et al. 2010). However, in
melanoma cells phosphorylation levels of GEF-H1 protein were not affected by PAK4
depletion (Nicholas et al. 2016). Rather, PDZ-RhoGEF, another RhoGEF which selectively
binds and activates RhoA (Oleksy et al. 2006), was found to colocalise with PAK4 to
invadopodia (Nicholas et al. 2016) and identified as PAK4 interactor (Barac et al. 2004). PAK4
is thought to bind and inhibit PDZ-RhoGEF by binding to its 341 amino acids C-terminus
domain (Barac et al. 2004). Interestingly, this interaction was not detected in PAK1 and
PAK2, possibly indicating a unique regulatory pathway for PAK4 (Barac et al. 2004;
Rosenfeldt et al. 2006). Despite recent progresses, however, the role of the PAK4:PDZ-
RhoGEF complex has not been extensively studied, and the molecular mechanisms at the

base of this interaction remain to be elucidated. Our data confirm for the first time the
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existence of a complex between PAK4 and PDZ-RhoGEF endogenously. Similarly, it’s the first

time that such interaction is described in the prostate cancer setting (Figure 5.17).

Phosphorylation levels of both C-terminus and whole length of PDZ-RhoGEF increased
following incubation with constitutively active PAK4 (Barac et al. 2004). Additional
experiments highlighted the requirement of an intact C-terminal region of PDZ-RhoGEF for
binding to PAK4, as the interaction was abolished was abolished in case of deletion of the
C-terminal portion of PDZ-RhoGEF (Barac et al. 2004). Studies into the regulatory
mechanisms that control RhoGEFs activity indicate that phosphorylation could promote
both activation or inhibition of the GEF function. Tyrosine phosphorylation of PDZ-RhoGEF
and LARG, both RhoA regulators, on their C-terminal domain by FAK in HEK293T cells serves
as positive modulator, enhancing their GEF activity (Chikumi, Fukuhara, and Gutkind 2002).
GEF-H1 is reported to be positively regulated by threonine phosphorylation by extracellular
signal-regulated kinase (ERK) on Thr-678 (Fujishiro et al. 2008), located on the PH domain
Intriguingly, GEF-H1 can be inhibited by phosphorylation on the C-terminal residues Ser-959
and Ser-885 by ERK and PAK1, respectively (von Thun et al. 2013; Frank T Zenke et al. 2004).
Another RhoA interactor, Netl, is phosphorylated by PAK1 on Ser-152, down-regulating
Netl GEF activity (Alberts et al. 2005). These studies provide important evidences that
RhoGEF regulation by phosphorylation can have diverging effects on the protein
functionality. The downstream mechanism by which phosphorylation controls RhoGEFs
activity also vary: phosphorylation could directly regulate GEFs function, or mediate the
recruitment of other RhoGEF binding interactors which act themselves as GEFs modulators.
Alternatively, phosphorylation promotes a conformational change that allows or prevents
GEF activity or access to secondary regulatory events. All these mechanisms have been
reported in different RhoGEFs which participate to modulation of RhoA (Patel and Karginov
2014), and allow a defined tuning of of RhoA activation at specific subcellular locations.
Interestingly, there are currently no direct evidence of phosphorylation occurring on the

catalytic domain DH of RhoGEFs (Patel and Karginov 2014).

The details of PDZ-RhoGEF regulation mechanism by phosphorylation have not been
identified yet. Current reports indicate that C-terminal domain of PDZ-RhoGEF is necessary
and sufficient to mediate the protein homo- and hetero-dimerization leading to inhibitory

effect (Chikumi et al. 2004). We speculate that PAK4 phosphorylation on the C-terminal
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region of PDZ-RhoGEF could promote the formation of an autoinhibitory conformation on
PDZ-RhoGEF, holding the protein in its inactive state. However, PAK4 target residues on PDZ-
RhoGEF have not been mapped yet. In this study, four different serines residing on the C-
terminal domain of PDZ-RhoGEF have been identified as potential candidates for PAK4
phosphorylation: Ser-1295, Ser-1364, Ser-1367 and Ser-1505. There is no reference yet in
the literature as to whether these sites modulate PDZ-RhoGEF activity. Interestingly, Ser-
1364, as also predicted as putative PAK4 substrate by GPS software, a computational
predicting tool for the identification of kinase specific phosphorylation sites. Moreover, a
protein sequence alignment analysis was conducted with BLAST Software to assess the
potential homology of the C-Terminal region of PDZ-RhoGEF to other known RhoGEFs,
which may provide some new insights into the relevance of these residues in PDZ-RhoGEF
regulation. Unfortunately, protein alignment did not reveal any significant homology within

the RhoGEFs family members for the sequence considered.

The data presented in this chapter identify RhoA as a signalling molecule in invadopodia in
prostate cancer. Moreover, RhoA activity seems to be spatiotemporally regulated in
invadopodia, possibly as downstream effector of a specific PAK4:PDZ-RhoGEF signalling
pathway. PAK4 regulation of PDZ-RhoGEF is thought to be mediated by PAK4
phosphorylation activity, which further validates the importance of PAK4 kinase domain in

invadopodia.

199



5.4. Future works

This chapter sought to identify the molecular pathway by which PAK4 elicits its functional
response in invadopodia dynamics in prostate cancer. The use of more advanced ultra-
resolution microscopy techniques, would allow to better dissect the spatial organization of
RhoA-GTP within invadopodia structures. Moreover, stable expression of fluorescent actin
combined with fluorescent biosensor in live cells would permit the tracking of live cells on
gelatin, elucidating whether RhoA activity is specifically required during certain phases of
invadopodia lifecycle. Analysis of metalloproteases secretion and activation by ELISA of
conditioned media or gelatin zymography in siRhoA cells might provide some useful
information about RhoA function in promoting matrix degradation, clarifying whether RhoA
in prostate cancer invadopodia works mainly by acting on the regulation of actin dynamics
or secretion of MMPs. In the latter case, it would be interesting to evaluate potential RhoA
binding partners that are known to be associated with the exocyst complex, such as IQGAP1.
Moreover, specific antibodies raised to the phosphorylated residues identified by our
peptide array experiments could be utilised to better understand when PDZ-RhoGEF is

phosphorylated at these sites during cell migration and in invadopodia assays.
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Chapter 6. Concluding Remarks

Advanced prostate cancer (PCa) presenting with metastatic spread to distant lymph nodes
or to other sites of the body is associated with an overall poor prognosis and survival rate.
The first line of treatment for this type of disease is androgen deprivation therapy, which
deprives the tumour cells of androgens necessary for cellular proliferation in the early
phases of tumour development. However, many tumours eventually relapse and become
castrate-resistant. In most of the cases, the tumour progress to more advanced stage
characterised by metastatic dissemination leaving patients with a life expectancy of only
few months, mainly due to the lack of efficient anti-metastatic drugs available on the market
(Karantanos, Corn, and Thompson 2013). Therefore, understanding the molecular
mechanisms underlying prostate cancer invasion is particularly important in order to

develop novel therapeutic strategies.

One particular area of interest is the targeting of invadopodia. Invadopodia are plasma
membrane protrusions that extend from the ventral surface of cancer cells and can degrade
the extracellular matrix through the local secretion of metalloproteases, aiding cancer cell
invasion through the surrounding tissues. Invadopodia have been observed in-vitro and in-
vivo in a number of invasive cancer types (Yamaguchi 2012) and they have been directly
linked to metastasis in rodent models (Eckert et al. 2011; Gligorijevic et al. 2012; Gligorijevic,
Bergman, and Condeelis 2014) and ex-ovo chicken embryos models (Leong et al. 2014).
Moreover, high-resolution multiphoton microscopy allowed the detection of invadopodia-
like structures in primary breast carcinoma in mice (Gligorijevic, Bergman, and Condeelis
2014). Currently, there are not strong evidence associating invadopodia with prostate
cancer progression in the literature, as the most studied cell lines (obtained from metastatic
lesions) have not been reported to efficiently form invadopodia. Therefore, a key question
posed was if evidence of invadopodia activity in prostate cancer could be established using
alternative prostate cancer cell lines derived from primary adenocarcinoma could be
employed for invadopodia and prostate cancer invasion studies. The cell lines examined
were isolated from radical prostatectomy specimens and transformed with a recombinant
retrovirus encoding E6 and E7 proteins of human papillomavirus 16 (HPV-16) (Bright et al.
1997), but they have never been extensively investigated. Therefore, it was first sought to

establish whether these cell lines might constitute valid study models for prostate cancer,
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paying particular attention to their proliferative ability and the expression of epithelial and

cancer associated markers.

Interestingly, analysis of the cadherins markers associate with the epithelial to
mesenchymal switch highlighted a partial loss of the epithelial phenotype and the
acquisition of a hybrid EMT state which has been associated with increased metastatic
potential and poorer survival outcome (George et al. 2017; Liao and Yang 2020) (Figure 3.3,
3.4 and 3.5). Excitedly, when subjected to in-vitro invadopodia assay, all prostate cancer cell
lines tested efficiently formed invadopodia without any prior stimulation, as confirmed by
positive cortactin staining (Figure 3.9). Moreover, they also performed optimally in Zebrafish
invasion assay, where all cell lines were able to disseminate from the site of injection to the
tail, suggesting that these cells lines hold a notable invasive potential (Figure 3.15). Thus,
primary tumour-derived prostate cell lines might serve as a valid experimental tool to study
invadopodia dynamics, and to expand our knowledge regarding the early phase of
metastatic progression initiating from primary localized adenocarcinoma. The relevance of
invadopodia in prostate cancer invasion was further highlighted by the discovery that
circulating tumour cells (CTCs) isolated from the peripheral blood of 17 prostate cancer
patients can spontaneously generate invadopodia-like protrusion in culture. These patient-
derived cells were able to degrade the matrix and were positive for invadopodia-marker
cortactin (Figure 3.18). Currently, there are no other reports linking invadopodia to prostate
cancer CTCs, hence this study provides new important insights into the physiological
relevance of invadopodia in a clinical setting, suggesting that these cells might utilise

invadopodia protrusion to disseminate when inside the human body.

Having validated invadopodia as a potential mechanism of metastatic spread in the prostate
setting, attention turned to the molecular mechanisms involved in invadopodia dynamics.
P-21 activated kinases have been previously reported to be involved in driving invadopodia
activity (I. Ayala et al. 2008; Moshfegh et al. 2014). Of the six PAKs family members, PAK4 is
the most studied, and PAK4 has been reported to localise in podosomes (structures related
to invadopodia) as well as in invadopodia in melanoma cell lines (Gringel et al. 2006;
Nicholas et al. 2016; Foxall et al. 2019). PAK4 has also been implicated in promoting prostate
cancer cell scattering and migration (Ahmed et al. 2008; Whale et al. 2013), and to drive
prostate cancer adhesion turnover (Wells et al. 2010). However, the precise role of PAK4 in
invadopodia is still unclear, and the relationship between PAK4 activity and invadopodia has

never been investigated in prostate cancer. Depletion of PAK4 severely impaired the ability
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of primary prostate cancer cells to form invadopodia and degrade the matrix, hence
demonstrating that PAK4 is necessary for invadopodia activity (Figure 4.9). PAK4 capacity to
regulate invadopodia was attributed to its kinase domain based on the observation that,
differently from other PAK4 rescue mutants, kinase dead PAK4 was unable to restore
invadopodia formation and invadopodia-mediated degradation in PAK4 depleted cells
(Figure 4.17). Inactivating mutations in PAK4 domains responsible for the interaction
between PAK4 and its established upstream regulators did not seem to affect the ability of

PAK4 to rescue invadopodia.

In melanoma, the activity of PAK4 was focussed in later stages of invadopodia maturation,
with PAK4 mainly affecting the ability of cells to degrade the extracellular matrix (Nicholas
et al. 2016). However, in this study reduction of PAK4 expression led to a significant decrease
of nascent invadopodia formation, pointing at an early role for PAK4 in prostate cancer
(Figure 4.10 and 4.11). Indeed, the few active invadopodia detected in knockdown cells
appeared to be reduced in size (Figure 4.14). These findings suggest two possibilities (Figure
6.1): either PAK4 acts solely as regulator of invadopodia formation through regulation of
RhoA activity or PAK4 acts both at the invadopodia formation stage and the matruation
stage. In this model, PAK4 inhibits RhoA during invadopodia formation, by directly
interacting with PDZ-RhoGEF (Figure 5.16), a specific Rho activator which has not binding
affinity for other Rho-GTPases such as Cdc42 or Racl, and preferentially activates RhoA over
the other Rho isoforms (Jaiswal et al. 2011). PAK4 phosphorylates PDZ-RhoGEF on its
terminal domain (additional evidence of the importance of PAK4 kinase domain in

invadopodia), negatively affecting its catalytic activity towards RhoA (Figure 5.17).

Alternatively, PAK4 could function later during invadopodia lifecycle at degradation level. In
the latter case, RhoA activity is required for degradation and PAK4 inhibition of RhoA is
prevented by the spatial confinement of PDZ-RhoGEF and RhoA around the invadopodial
core. According to the model presented here, successful invadopodia function requires a
regulated balance between RhoA activation and inactivation. A similar mechanism of
transient activation has been observed in a different Rho-GTPase involved in invadopodia:
Racl has been reported to be transitorily activated during invadopodia disassembly, while
it remains inactive during invadopodia formation (Moshfegh et al. 2014). PAK4 could also
promote matrix degradation via regulation of metalloproteases activity. Nevertheless, in

this study, pharmacological inhibition of PAK4 decreased MMP2 levels (Figure 4.18),
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complementing previous studies in which PAK4 was reported to enhance MMP2 expression

(Siu et al. 2010; Kesanakurti et al. 2012).

However, based on the findings presented here it is not possible to rule out the possibility
that PAK4 might play a dual role, being equally important in both invadopodia formation
and degradation. This is not the first time an invadopodia regulator has been shown to be
important in multiple phases of invadopodia lifecycle: Cdc42 has been reported to
participate in both invadopodia precursor assembly (Razidlo et al. 2014) and MMPs delivery
(Sakurai-Yageta et al. 2008). Moreover, the dual role of PAK4 could be facilitated by PAK4-
mediated regulation of multiple pathways at a transcriptional level. For example, PAK4 has
been shown to promote B-catenin stabilization and enhance its transcriptional activity (Dart
and Wells 2013). Indeed, further studies are needed to elucidate the precise mechanisms
by which this regulation might take place.

In conclusion, this thesis demonstrated for the first time that invadopodia might play a
physiological role in prostate cancer invasion, highlighting their importance as therapeutic
target for preventing metastatic dissemination. Moreover, it clearly illustrated the critical
role played by PAK4 in regulating invadopodia dynamics, and proposed a potential

downstream pathway that could as well hold interesting therapeutic potential.
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Figure 6. 1: Schematic diagram of the proposed model of PAK4 signalling pathway in invadopodia in
prostate cancer.

PAK4 might play multiple roles in invadopodia in prostate cancer. During invadopodia formation (early
phase) the inhibitory phosphorylation of PDZ-RhoGEF by PAK4 prevents the accumulation of RhoA-GTP,
inhibiting RhoA-mediated cellular contractility and inducing PAK4-mediated invadopodia. During
invadopodia maturation (later phase), RhoA-GTP localises around the invadopodia core in a ring-shaped
area, where it might participate to the delivery of metalloproteases to the invadopodial membrane.
PAK4 inhibitory effect on PDZ-RhoGEF ceases, possibly due to different subcellular localisation. PAK4 still
contributes to promoting matrix degradation by stimulating the expression of metalloproteases.
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