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Abstract: Prostate cancer is a disease that affects hundreds of thousands of men in the United States each year.
In the early stages of advanced prostate cancer, the disease can be suppressed by androgen deprivation therapy
(ADT). Eventually, however, most patients experience resistance to androgen deprivation, and their treatment transitions to alternative targeting of the androgen axis with abiraterone and enzalutamide, as well as taxane-based chemotherapy. Development of advanced castration-resistant prostate cancer (CRPC) is a consequence of lack of an
apoptotic response by the tumor cells to treatment. Understanding the mechanisms contributing to prostate tumor
therapeutic resistance and progression to metastasis requires dissection of the signaling mechanisms navigating
tumor invasion and metastasis as mediated by cell-matrix interactions engaging components of the extracellular
matrix (ECM), to form adhesion complexes. For a tumor call to metastasize from the primary tumor, it requires disruption of cell-cell interactions from the surrounding cells, as well as detachment from the ECM and resistance to
anoikis (apoptosis upon cell detachment from ECM). Attachment, movement and invasion of cancer cells are functionally facilitated by the actin cytoskeleton and tubulin as the structural component of microtubules. Transforming
growth factor (TGF)-β has tumor-inhibitory activity in the early stages of tumorigenesis, but it promotes tumor invasive characteristics in metastatic disease. Recent evidence implicates active (dephosphorylated) cofilin, an F-actin
severing protein required for cytoskeleton reorganization, as an important contributor to switching TGF-β characteristics from a growth suppressor to a promoter of prostate cancer invasion and metastasis. Cancer cells eventually
lose the ability to adhere to adjacent neighboring cells as well as ECM proteins, and via epithelial-mesenchymal
transition (EMT), acquire invasive and metastatic characteristics. Microtubule-targeting chemotherapeutic agents,
taxanes, are used in combination with antiandrogen strategies to increase the survival rate in patients with CRPC.
This review addresses the development of therapeutic platform for targeting the integrity of actin cytoskeleton to
impair prostate cancer progression.
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Introduction
There were 241,740 new cases of prostate cancer diagnosed and approximately, 28,170 men
died from the disease in 2013. Prostate cancer
was ranked first in the number of new cancer
cases diagnosed and number two in the leading cause of cancer related deaths behind lung
cancer [1]. Death from prostate cancer occurs
due to metastasis to pelvic and retroperitoneal
lymph nodes, as well as bone [2]. The cytoskeleton plays a major role in the process which
governs the cellular mechanism by which cells
dissociate with their microenvironment and
become metastatic. This process is known as

epithelial to mesenchymal transition (EMT).
During this transition, cells take on a more fibroblastic appearance and can become more invasive and motile. Decreased focal adhesions
due to downregulation of E-cadherin have been
linked to the ability of the androgen receptor
(AR) to influence the way the cancer cell behaves
by upregulating N-cadherin and β-catenin, and
downregulating E-cadherin [2]. E-cadherin is
necessary for adhesion at the apical surface of
the cell. In tumor cells, loss of E-cadherin
results in the loss of epidermal adherent junctions that allow a cell to adhere to neighboring
cells. The intracellular domain of this membrane protein provides a structural link to actin.
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In 1941, Charles Huggins, made the seminal
discovery that prostate tumors respond to
androgen deprivation establishing this endocrine-targeting approach as the lead therapy
for prostate cancer [3]. Unfortunately, in a
majority of cases, patients relapse because the
tumor will become androgen independent and
reactivate AR signaling pathways consequential to androgen ablation. Overcoming this therapeutic resistance and targeting these prostate tumors is a major clinical challenge and
involves the use of cytotoxic agents targeting
the microtubules as a first line chemotherapy
for advanced disease [4]. These chemotherapeutic agents target the extracellular environment and cytoskeleton remodeling, impacting
cell migration, invasion and metastasis. Cell
motility is an important aspect of the development of the embryo and fetus in utero, as well
as immune response to pathogen and wound
healing [5]. Most migration controlling genes
are turned off after development but through
the course of tumorigenesis these genes can
be turned back on, resulting in EMT [5]. Anoikis
inducing agents can induce stabilization of the
cytoskeleton to restrict movement as well as
halting intracellular processes that are necessary for tumor survival, and have been investigated as potential therapeutics for prostate
cancer [6].
The microenvironment and prostate cancer
The ECM plays a vital role as a critical contributor to tumorigenic development, growth and
metastasis of prostate cancer. Access to new
blood supply and nutrients are particularly
important in metastatic disease, in accordance
with the Seed and Soil hypothesis [7]. Prostate
cancer metastasizes to bone in approximately
68% of cases of metastatic cancer [8]. Bones
secrete cytokines that allow for trafficking prostate cancer cells to bone, including but not limited to osteopontin, osteonectin, and stromalderived factor 1 (SDF1) [9]. SDF1 facilitates the
invasion and migration of prostate cancer cells
toward bone secondary tumor metastatic sites
from their primary tumor [9]. Once the cells
penetrate the bone, they adhere to bone marrow derived endothelial cells and begin secondary tumor growth at that site. Attachment to the
bone endothelial cells is mediated by interactions with antigens on their surface and
E-selectin molecules on the endothelial cells
[8].
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The contribution of the tumor microenvironment to metastatic progression is dictated by
diverse cell types. Pathological review of biopsies often find inflammation associated with
prostate cancer [10]. Monocytes have been
found in these biopsies and they are known to
secrete tumor necrosis factor (TNF). Secretion
of TNF into the microenvironment correlates
with prostate cancer progression associated
loss of AR responsiveness and eventually castration resistant prostate cancer (CRPC) [11].
Tumor associated macrophages (TAMs) are
also known to play roles in promoting angiogenesis in hypoxic environments deep within a
tumor. TAMs release several cytokines and
growth factors that stimulate angiogenesis and
migration including VEGF and many types of
matrix metalloproteases. Secretion of these
cytokines empower the blood vessels surrounding the tumor to reorganize themselves towards
penetrating into the center of the tumor,
increasing the blood supply and nourishing tissues [12]. The dynamic signaling interaction
between the tumor and its microenvironment
has long been recognized as a bonafide cellular
target in the treatment of prostate cancer.
Thus, prostate fibroblasts in the context of the
reactive stroma signal effectors that navigate
the ECM cell attachment. They secrete proteins
like collagen and other protein based fibers
such as fibronectin, laminin, and others found
in tissues that serve as basement membranes.
Cancer associated fibroblasts (CAFs) play an
intricate role in initiating invasion into surrounding tissue by responding to TGF-β in the extracellular environment [13]. Recent work from
this laboratory established the functional contribution of CAFs and TGF-β signaling in modulating the structural integrity of the cytoskeleton towards enhanced migration, invasion and
metastasis [14]. Extracellular TGF-β from the
microenvironment in concert with CAFs is capable of inducing intracellular responses correlating with enhanced actin polymerization and
invasion [14].
In response to TGF-β, prostate epithelial cells
activate transcription factors such as Snail and
Twist, functionally responsible for the down
regulation of E-cadherin and upregulation of N-cadherin [15], towards promoting EMT [16].
E-cadherin, a glycoprotein associated with cell
to cell adherence, is often lost during EMT while
N- cadherin is up regulated [16]. Integrins associated with the ECM upon interaction with
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E-cadherin (adherens junctions) can initiate cell
movement and/or attachment. These transmembrane protein interactions between E-cadherin and integrins provide links by which actin
can anchor, and mediate cell to cell adhesion.
When E-cadherin is down regulated during EMT,
resulting in loss of cell to cell contact and anoikis [17]. An intricate dynamic web is thus built
that enables a vital platform for therapeutic targeting of advanced prostate cancer. A working
knowledge of how the intracellular and extracellular proteins, as well as the genes that regulate the cytoskeleton can lead to novel pharmacological platforms for targeting castration
resistant prostate cancer.
Actin
Actin is the most abundant protein within a cell
and responsible for cellular movement within
the microenvironment. Actin is found in all cells
in the body including macrophages, myocytes,
and epithelial cells. Cells rearrange the components of their microfilaments in order to drag
themselves toward or away from stimuli [18].
Filopodia of moving cells contain parallel actin
filaments that reach to an attachment site. The
filaments grow in the direction of the stimuli by
adding ATP-actin monomers, also known as
G-actin, to the growing end. The growing, or (+)
end, gains more ATP-actin than the (-) end. This
facilitates the directional movement of the cell.
The ATP is hydrolyzed, leaving ADP-actin monomers behind, which eventually disassociate
from the (-) end resulting in a “treadmilling”
action [19]. The actin subunits sequestered
into the total helical filament that is formed is
called F-actin (filamentous actin). The process
is continuous until the stimulus from the chemo-attractant dissipates [20]. At times, cells
must move more quickly than normal, causing
activation of members of the ADF/ cofilin family
of proteins, as well as other major actin binding
proteins. Cofilin acts to sever the ADP-actin
monomers from (-) end of the actin filament
allowing the formation of a branch point and
subsequent nucleation of a new (+) end filament, facilitating moving the filopodia toward
the chemoattractant more rapidly [21, 22].
Regulation of the actin cytoskeleton is imperative to normal cell function. Cells that move
within the body remodel the cytoskeleton to
facilitate locomotion through tissues. For example, macrophages and other immune cells must
be able to adhere and move within their microenvironment to engulf pathogens and cellular
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debris. Actin filament dynamics are also regulated by phosphoinositides as well as a number
of other actin binding proteins. The phosphoinositides, however, interact directly with
the other binding proteins as well as providing
an intracellular scaffold for proteins such as
the Rho family small GTPases [23]. RhoC and
RhoA play roles in tumor cell migration and EMT
in tumor progression. F-actin is colocalized in
the protrusions of migrating cells [24]. The Rho
family of small GTPases acts in several protein
cascades that ultimately activate actin polymerization and can be linked to metastatic cancer. Actin binding proteins like cofilin, WASP
(Wiskott-Aldrich syndrome protein), and cortactin are involved in the signaling cascade that,
when dysfunctional, leads to overactive filopodium protrusions and enhanced migration and
invasion potential into surrounding tissue [25].
The WASP family of proteins is involved in actin
polymerization and branching through the
action of the Arp2/3 complex, which forms a
new nucleation site stimulating (+) end microfilament polymerization [26]. Under normal
conditions, WASP is auto-inhibited until activation by phosphoinositides and Cdc42, thereby
stimulating actin polymerization [27]. There are
several different mutations in this pathway that
can lead to aberrant activation of WASP, including mutations in the protein itself, overexpression of the protein leading to increased activation of the Arp2/3 complex, mutations or over
activation of effectors upstream of WASP such
as G-proteins or PI3 kinase. Extracellular overstimulation of receptors associated with cell
motility can also lead to an increased activation
of the pathway and ultimately enhanced actin
polymerization [28]. N-WASP is a ubiquitously
expressed protein which binds phosphatiydylinositol (4,5) bisphosphate, Cdc42, and possesses an actin depolymerizing domain similar
to cofilin [29]. Loss of N-WASP expression
reduced the number of invadopodia structures
seen in vivo in mammary glands. Loss of
N-WASP impacts the metastatic ability of cancer cells navigated by the localization of invadopodia, further implicating the WASP proteins in
metastatic disease [29]. Supporting evidence
revealed that WASP-Arp2/3 complex mediated
events lead to invadopodia formation in prostate cancer cells [30].
Cofilin
Cofilin acts as an actin filament severing protein creating a branch point between two filaAm J Clin Exp Urol 2014;2(1):15-26
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ments of F-actin [31]. By creating a cut in the
actin filament, it creates a branch point for
more monomeric actin to bind, increasing the
rate of actin filament polymerization to aid in
cell locomotion, by generating new barbed
ends on the (-) end of the F-actin filament independent of help from capping proteins [31].
This allows for the recycling of actin at the leading edge of the lamellipodia, such as is seen in
prostate epithelial cells that have undergone
EMT [32]. Cofilin protein is often complexed
with Arp2/3 and associated with the leading
edge of actin filaments of cell protrusions [33].
Under normal conditions, cofilin activity is inhibited by phosphorylation of the third serine in
the protein by LIMK or by binding to phosphatidylinositol 4,5-bisphosphate, preventing it from
branching actin filaments and enhancing migratory capacity [34]. Using site directed mutagenesis to perform a serine to alanine mutation at
the third amino acid position (S3A) in prostate
cancer cell line PC3, recent work by Collazo et.
al has shown this S3A mutant cannot be phosphorylated (inactivated) leading to aberrant
constitutive activation of cofilin and increased
invasion and migration [14]. Cofilin and Arp2/3
functionally interact in an intracellular environment with excess monomeric actin to generate
barbed ends. In cancer cells, cofilin initiates the
assembly of actin filaments, localizing them to
the lamellipodia [35]. Overexpression of catalytically active LIMK1 also results in highly metastatic potential in prostate cancer cells as
seen in metastatic lesions from patients [36].
Overexpression of LIMK1 also results from a
chromosomal translocation of the gene, resulting in increased levels LIMK1 gene transcripts
[36].
Early in tumor development TGF-β, functions as
a growth suppressor, but during the late stages
of tumor progression it enhances cell invasion
and metastasis. Different factors in the extracellular fluid as well as binding sites in the ECM
allow prostate cancer cells to proliferate and
thrive. TGF-β and EGF are both stimulators of
aberrant cofilin expression or production [37].
TGF-β has been shown to play a major role in
prostate tumor metastasis and invasion [37].
Once TGF-β ligand is bound, TGFβ receptor
complex I phosphorylates the intracellular
Smad proteins. Activated Smad proteins enter
the nucleus and act as DNA binding proteins
that activate cell cycle inhibitory proteins, protecting the cell from progressing to a tumor
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phenotype [38]. Thus “normal” TGFβ inactivates CDK4 and CDK6 through activation of
a p16INK4B family tumor suppressor gene
p15INK4B [39]. TGFβ can also act upon the Rho/
ROCK pathway, limiting LIMK1 activity and
therefore, cofilin activation [14]. Decreased
LIMK1 activity inhibits filopodia formation and
cytoskeleton remodeling, and thusly limits invasion to secondary sites of tumor formation [14].
In vivo inhibition of TGF-β signaling by expression of a dysfunctional type II TGFβ receptor
significantly inhibited tumor formation and invasiveness [40]. This evidence provided proof of
principle that TGF-β signaling is required for
initiation of the invasive properties towards
metastatic events in tumor progression [40].
More recent studies by Collazo et. al established that cofilin a key signaling effector for
TGF-β is capable of navigating in the context of
actin cystoskeleton remodeling prostate cancer progression to metastasis [14]. Cofilin was
previously identified as a non-canonical effector of TGFβ signaling that has the capacity to
facilitate TGFβ induced invasive properties
towards metastasis [37]. Prostate cancer cells
exposed to TGF-β in vitro, exhibited an increased
filopodia formation, as well as an increased
intracellular localization of cofilin and actin
reorganization [14]. Furthermore the prostate
cancer cells PC-3 S3A cells (harboring the S3A
mutation conferring a constitutively active
cofilin), were more migratory and metastatic
than wild type cofilin expressing cells [14].
Talin
Talin1 is an important focal adhesion regulator.
It acts as an intermediate between integrins
and actin. Interaction between these proteins
facilitates migration of cells in addition to focal
adhesion. Talin1 is a 270 kD protein dimer that
has a structure similar to beads on a string [41].
Talin1 has two domains, one binds to the cytosolic portion of the transmembrane integrin
protein and the other binds actin. When dimerized, the molecule possesses a dumbbell
shape based on thrombin cleavage experiments, where each side of the connecting rod
has a globular head, effectively anchors the
actin cytoskeleton and plasma membrane
together [42]. Talin1 binds to the β1 cytoplasmic
domain of the receptor, activating it, with the
head domains only binding to β1 domain with
high affinity [42]. Talin1 is mechanistically
upregulated and downregulated in invasion and
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anoikis, respectively [43]. Talin1 was detected
in higher levels in secondary metastatic sites
compared to primary sites and benign tumors
of the prostate. However, loss of talin1 expression impairs the cellular ability to adhere to
neighboring cells, where EMT can potentially
facilitate anoikis [43]. Talin1 is involved in the
FAK/AKT signaling pathway and the MAPK
pathway. Talin1 overexpression confers anoikis
resistance in prostate cancer cells. Functional
studies further showed that talin1 is associated with invasion because cells that received
the knockdown treatment did not invade as
readily [44]. Src kinase is an activating substrate for FAK to phosphorylate, allowing mediators of survival and anoikis to be turned on
[45]. Activation of ERK1/2 via phosphylation by
Src kinase leads to EMT migration and resistance to anoikis. The increased activation of
ERK1/2 during early stages of tumor development facilitate tumor growth and proliferation.
ERK translocates to the nucleus and phosphorylates members of the ternary complex, leading
to the transcription of genes for growth proteins. Later in tumor progression, activation of
ERK1/2 results in increased survival and inactivation of cell death machinery [45]. Src kinase
transfers a phosphate to PI3K/AKT, which activates NF-κβ pathways associated with anoikis
resistance as well as blocking cell death
machinery BAD, Bcl-xL and mitochondrial cytochrome C release and caspase 9 activation
[45].
Tubulin
Tubulin is a dynamic part of the cytoskeleton
that plays an essential role in cell movement,
cellular cargo transport and chromosomal segregation during cell division [46]. It is composed
of α and β tubulin protein monomers that form
heterodimers; both components have a nucleotide binding site for GTP, called the N-site and
E-site, for α and β tubulin, respectively. The GTP
bound form of the heterodimer binds to the
macrostructure of tubulin, causing the hydrolysis of GTP to GDP. At both the (+) and (-) ends of
the structure, there is a GTP cap, that when
hydrolyzed, causes the structure to destabilize
and dissociate [46].
Tubulin plays an important role in facilitating
translocation of cellular cargo. Motor proteins
walk along the microtubule structure toward
their cellular destination. Kinesin and dynein
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are ATP driven motor protein families that carry
the molecular cargo [47]. In prostate cancer,
microtubules are involved in translocating the
androgen receptor (AR) from the cytoplasm into
the nucleus upon association with its cognate
ligand, dihydrotestosterone (DHT). There are
two proposed mechanisms of kinesin walking
[48]. The first called the hand over hand mechanism states that kinesin is an ATP driven protein that moves along the microtubule in eight
nanometer steps. It is composed of two head
portions with neck linker domains connected to
a coiled coil attached to the intracellular cargo.
ATP binds to one of the neck-linker domains of
the head region of the kinesin molecule and is
hydrolyzed, causing a conformational change.
Upon hydrolysis, the other head swings forward
[48]. The second is the inch worm model. This
mechanism describes the same ATP binding
and then hydrolysis, but rather than swinging
the head that has just changed forward, past
the stationary one, it swings to a position equal
to it on the microtubule [49]. The kinesin-13
family of proteins is ATP dependent microtubule catastrophe inducing proteins that also
sequester tubulin subunits, ensuring that
shrinking of the structure occurs [50]. MCAK, a
member of the kinesin-13 family, binds to the
ends of the microtubules, more specifically at
the kinetochore and spindle poles of mitotic
chromosomes, and cause their breakdown during mitosis [51]. In experiments investigating
kif2a, loss of this microtubule disassembly protein results in morphological problems with the
cell resulting from microtubule overextension
[52]. Other microtubule disassembly proteins
exist in a cell beyond the kinesin-13 family. The
kinesin-8 family of proteins also participates in
length dependent depolymerization of microtubules by binding to the growing end and accumulating there [50]. These particular microtubule binding proteins are imperative to
alignment of chromosomes at the equator of
the cell during mitosis. Knocking down Kif18A,
the protein specifically responsible for this phenomenon, resulted in the failure of alignment of
chromosomes in a cell ready to undergo division [53]. Dynein has a similar cellular function
as kinesin, however, it is responsible for the
transport of AR into the nucleus, an extremely
integral event in prostate cancer. When a mutation in a subunit of dynein, dyactin, is overexpressed in cells, it results in a complete collapse of the dynein motor protein complex [54].
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When a mutant form of the dynein protein is
introduced, there is a significant decrease in
nuclear AR translocation [53].
Microtubule associated binding proteins (MAP’s) regulate the assembly of tubulin subunits
in several ways. MAP2, MAP4, tau protein, and
DCX are all microtubule binding proteins that
act to suppress events called catastrophes,
which is a rapid switch from growing to shortening [55, 56]. By binding to the microtubule macrostructure, Tau and MAP-2 increase the rate of
polymerization by affecting the dissociating
rate for the α-tubulin/β-tubulin from the major
filament [55, 56]. MAP4 is found in other tissues and perform the same roles as MAP2 and
tau, as they are mostly found in neurons. MAPs
play a role in microtubule dynamics during
metaphase [57]. Microtubule disassembly proteins act to cause catastrophe events in a cell
by inhibiting polymerization and causing disassembly of the structure. Moreover, centrosomes are made up of microtubules attached
to kinetochores of chromosomes and subsequently pulling the chromosomes to opposite
sides of the cell during anaphase. In prostate
tumors with Gleason grades ranging from two
to five, structural anomalies were detected in
centrosomes [58]. In metastatic tumor cells,
abnormalities in the centrosomes are severe
and associated with chromosomal instability,
as well as metastasis in high Gleason grade
cancers [58]. Loss or gain of chromosomes
results in severe deregulation of gene expression, contributing to tumor cell survival and disease progression [58]. Diverse post-translational modifications of the tubulin subunits are
associated with prostate cancer, resulting in
prostate tumor progression from androgen
dependent to androgen independent disease
[59]. For example, α-tubulin that has been detyrosinated or polyglutamylated is increased in
prostate cancer [59]. Both post-translational
modifications play important roles in proliferation and interaction with MAPs and in centriole
stability [59]. Once ligand-bound, AR uses the
microtubule network in prostate cancer cells to
translocate into the nucleus [60, 61]. Acetylation of the α-tubulin subunits normally plays a
role in intracellular trafficking of proteins by
increasing dynein binding affinity for it, enabling
AR nuclear translocation [59]. During prostate
tumorigenesis tubulin acetylation increases
cancer cell motility and invasion [62].
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The AR and its interaction with the cytoskeleton
The sensitivity of prostate tumors to castrationinduced androgen deprivation was established
by the seminal findings by Huggins and Hodges,
who established the role of male steroid hormones in prostate cancer cell proliferation and
that their withdrawal diminished prostate tumor
growth [3]. In the absence of androgen, AR is
sequestered in the cytoplasm associated with
the Heat Shock Protein 90 (Hsp90) super complex and Filamin A awaiting its cognate ligand,
DHT [63, 64]. Prior to binding DHT, the bipartite
nuclear localization signal (NLS) of the AR is
held in a structural conformation that does not
allow its nuclear translocation [64]. Upon binding to DHT, AR proteins dimerize, undergo activating phosphorylation by Protein Kinase A
(PKA) and translocate to the nucleus via dynein
motor proteins that walk via ATP dependent
mechanism along microtubule component of
the cytoskeleton. The binding of DHT and
dimerization of AR facilitate a conformational
change that ensures cooperation between different domains of the protein by revealing the
NLS and allowing nuclear translocation and
subsequent binding of the activate AR dimers
to androgen responsive elements (ARE) of the
DNA, towards eliciting cellular responses such
as proliferation, apoptosis resistance, and EMT
[64]. Androgen deprivation therapy (ADT) is a
cornerstone of the clinical treatment paradigm
in the management of patients with metastatic
prostate cancer that can be achieved by a variety of surgical and/or pharmacological methods. ADT ultimately fails however to cure prostate cancer patients due to recurrence and
progression to castration resistant disease.
Understanding the pathways via which prostate
cancer cells become resistant by bypassing or
inappropriately activating the AR signaling is an
ongoing pursuit. In the hypersensitivity pathway, AR upregulation in prostate epithelial cells,
sensitizes them to very low levels of circulating
androgen [63]. Amplified sensitivity leads to
prostate tumor aberrant growth due to augmented stability of the androgen/AR complex
being able to bind to AREs on DNA [65].
Androgen responsive prostate cancer xenografts in castrated mice resulted in a switch to
an androgen independent, CRPC phenotype
[66]. This results in activation of AR independently of DHT bound to it, and induced gene
expression leading to tumor development [66].
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AR mutations become increasingly common
after androgen ablation therapy, as samples
collected before and after show different levels
of mutation in the receptor. The first mutations
were identified in LNCaP cancer cells, which
express a mutant AR [67]. Mutations in this cell
line included a missense mutation that lead to
increase non-specific binding to the receptor
and therefore random activation of growth
associated genes [63, 67]. This promiscuous
activation of the AR is not unique to only one
mutation. The bypass pathway involves activating genes associated with growth and proliferation for example, the BCL-2 proteins and associated pathway has been implicated in apoptosis
evasion in prostate cancer [63, 68]. BCL-2 over
activation or overexpression results in blocking
the p53 activated pathway that causes the
release of cytochrome C from the mitochondria, resulting cell survival [68]. The lurker cell
hypothesis implicates a small population of
cells pre-existing in the initial tumor in an androgen independent state, until androgen deprivation therapy (ADT) kills the androgen-dependent cells [69]. Furthermore, over twenty splice
variants of the AR, some lacking ligand binding
domain, either in total or functionally, and
therefore constitutively active have been identified [70-74].
The AR is involved in several pathways associated with EMT and metastasis, including cadherin switching, Wnt signaling, TGFβ signaling,
and Notch signaling events [64]. During EMT,
E-cadherin expression is lost resulting in the
subsequent loss of interaction with neighboring
cells by downregulation of proteins involved in
tight junctions [2]. Loss of E-cadherin also
causing an increase of N-cadherin expression,
further promoting a metastatic phenotype [2,
64, 75]. Expression of E-cadherin is repressed
by Snail (SNAI1) binding to the E-box of the
E-cadherin promoter as well as activating
expression of proteins involved in invasiveness
[64]. Notch1 activates Snail1, leading to the
repression of E-cadherin. Notch signaling is
another classical component of EMT that normally functions in cell to cell communications.
Notch1 signaling is functionally linked to prostate cancer recurrence and tumor progression
[64, 76].
Work from this laboratory provided support that
modulating androgen exposure to androgen
independent prostate cancer cells, leads to
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EMT-MET cycling, actin cytoskeleton remodeling and microtubule rearrangement [61, 77].
Furthermore, an augmented EMT phenotype is
detected in response to increasing concentrations of androgens [77]. These changes also
correlated with the level of AR. Loss of
E-cadherin and alterations in cytoskeleton
structure may facilitate metastasis to secondary sites in the body as well as invasion [77].
The Wnt signaling pathway can also play a role
in metastasis by preventing the degradation of
β-catenin [64]. Ordinarily, β-catenin must be
phosphorylated by GSK3β to interact with
phosphorylated Axin, a signaling scaffolding
protein [64]. In tumor cells Axin is dephosphorylated and unable to facilitate the interaction of
β-catenin with GSK3β. This allows β-catenin to
accumulate in the cytosol and eventually
undergo nuclear translocation. Once in the
nucleus, β-catenin can interact with T-cell factor (TCF), resulting in activation of oncogenes
including c-MYC, c-Jun, fra-1, and the AR gene
[64].
Targeting the cytoskeleton integrity in prostate
cancer
Microtubule-targeting agents, the taxane family
of chemotherapeutics cause stabilization of
the components of the cytoskeleton, and have
become the first line chemotherapy for metastatic CRPC. Because the main cytoskeletal
components, actin and microtubules, play such
vital roles in mitosis, cell motility, and movement of cargo into, out of, and around the cell,
they are relevant targets for cancer chemotherapy [60, 61, 78-81]. Taxol, (paclitaxel), was the
first taxane drug discovered in the 1970’s as a
molecule derived from the Pacific Yew tree [82].
Paclitaxel binds to microtubules with very high
affinity [82], thus stabilizing the entire structure, and impeding the cells from undergoing
mitosis, ultimately resulting in a mitotic block
and apoptosis in rapidly dividing cells [78, 82].
Paclitaxel also induces cell cycle arrest at two
different points in the cell cycle G1 and M phase.
During growth arrest, a p53 dependent pathway induces cell death, while if in prophase, a
p53 independent pathway is activated [81].
Paclitaxel binds to the (+) end of the microtubule structure, specifically on the β subunit of
tubulin when it heterodimerizes with the
α-tubulin subunit [80]. This action explains the
stabilization of the structure, since the β tubulin subunit must bind to a specific site on the
Am J Clin Exp Urol 2014;2(1):15-26
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α-tubulin subunit towards structure elongation
[80].
Recent paradigm-shifting evidence supports a
new effect of microtubule-targeting chemotherapy on AR cellular localization and activity in
prostate cancer cells [61], that provides novel
mechanistic insights into cross-resistance
between antiandrogens and taxanes in prostate cancer patients. Taxol inhibited PSA
expression in prostate cancer cells and PSA
protein expression in human clinical prostate
specimens after docetaxel treatment [61].
Immunoprecipitation analysis of deletion
mutants of AR revealed that the N terminal
domain of the AR is associated with the
α-tubulin subunit of the microtubule. Moreover,
prostate tumors after docetaxel treatment
showed significant translocation of AR from the
nucleus to cytoplasmic fraction, where in
untreated patients, AR was primarily localized
to the nucleus [61]. By targeting the microtubule network of tumor cells, it is possible to prevent the translocation of AR into the nucleus
and associated downstream transcriptional
activation of AR target genes [60, 61].
Cabazitaxel is a second generation taxane,
based on the rational design of the α-tubulin
crystal structure [79]. It possesses a unique
structural characteristic that confers a very low
affinity for the P-gp (P-glycoprotein) efflux pump.
Cabazitaxel is not recognized by this pump,
thus enabling a rationale for its therapeutic use
in taxane resistant cancer [79]. This rationally
designed, new taxane drug, has extra methyl
groups indirectly attached to ring structures,
allowing the drug to pass the blood brain barrier, with major consequences for tumors metastasizing to the brain [79].
Epothilones are another class of antitumor
drugs that targets the stabilization of microtubule structure in a similar way as taxanes [83].
They share the same binding sites on tubulin as
paclitaxel, however, they also have some key
differences that lead to their differential uses
in clinical settings. Cancer cells exhibiting taxane resistance have over expression of P-glycoprotein efflux pumps. Epothilones and its
derivatives are not affected by these pumps,
similarly to cabazitaxel, therefore retaining their
cytotoxicity [78, 83]. Mutations in β tubulin usually involve an alanine to threonine substitution
that decreases the cytotoxicity of taxanes.
However, expression of other isotypes of β
tubulin can confer resistance to epothilones
[83].
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Pharmacological exploitation of the α1-adrenoreceptor antagonist doxazosin® has led to
the generation of novel quinazoline-based compounds, with the lead agent, DZ-50, having
potent anoikis-inducing effects against prostate cancer cells [84, 85]. DZ-50 suppresses
growth of human castration resistant prostate
cancer xenografts and abrogates their metastatic potential in vivo by impairing angiogenesis, migration and invasion through targeting
focal adhesions [86]. Recently conducted
genome-wide analysis identified critical effectors of focal adhesion and tight junction interactions to be key molecular targets of the novel
quinazoline agent. Significantly, DZ-50 elicits
cancer cell anoikis by targeting talin and fibronectin in focal adhesion complexes [86]. In
renal cancer cells functional loss of talin completely blocked focal adhesion complex formation by the lead compound [44]. DZ-50 also had
downstream targeting effects, blocking AKT
survival signaling pathway and enabling anoikis
induction among tumor cells [86]. Ongoing
studies focus on translating the antitumor
action of DZ-50 to Phase I clinical trials for
patients with metastatic CRPC.
Conclusions
The actin cytoskeleton provides a dynamic control of normal cell functions facilitating motility
and intracellular trafficking. Dysregulation of
protein effectors involved in actin polymerization and microtubule integrity plays a critical
role in tumor progression, invasion and metastasis. Mutational activation of the TGF-β signaling network and its downstream effectors such
as cofilin, during tumorigenesis induce EMT,
facilitate aberrant actin polymerization and filopodia formation at the cell membrane, ultimately disrupting ECM interactions and promoting migration, invasion and metastatic
spread. The focal adhesion effector, talin confers resistance to anoikis and activation of survival pathways towards metastasis. Microtubule-targeting chemotherapeutc agents, taxanes, have recently been shown to have additional action in mediating the nuclear translocation/cellular distribution of the AR in both
androgen-sensitive and castration-resistant
prostate tumors. Rapidly growing evidence
implicates EMT as a cellular mechanism conferring resistance to docetaxel, development of
metastases, and contributing to mortality. Since the androgen signaling has been closely
Am J Clin Exp Urol 2014;2(1):15-26
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associated with EMT activation, one could argue that microtubule-targeting treatment (docetaxel) prior to androgen deprivation may result
in improved therapeutic outcomes in patients
with advanced prostate cancer.
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