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Abstract
Castration-resistant prostate cancer (CRPC) often develops in patients that fail to respond to
androgen deprivation therapy (ADT). Patients with CRPC have a low survival rate and understanding its
mode of drug resistance is vital in the development of therapeutic agents to treat CRPC. CRPC also
demonstrates resistance to specific inhibitors such as PI3K inhibitors. The extracellular matrix has been
implicated in promoting drug resistance in various cancers. Prior studies indicate that adhesion to laminin
promoted drug resistance in an androgen receptor (AR) dependent manner. However, due to the copious
amount of collagen found throughout the body, especially in the bone where CRPC metastases are
preferentially localized, I hypothesized that collagen induces drug resistance in prostate cancer.
PC-3 Puro, PC-3 AR1, PC-3 AR2, and C4-2 cells adhered to laminin or collagen were treated with
PI3K inhibitors (LY294002 or PX-866). Resistance to the drug was monitored via cell death assay that
examined cell viability status by trypan blue exclusion. Prostate cancer cells adhered to collagen
demonstrated resistance against LY294002 and PX-866 in an AR independent manner. Immunoblot
analysis indicated a collagen induced upregulation of MRP1 and MCL-1, which was blocked by AR.
Treatment with S63845, an MCL-1 inhibitor, re-sensitized the cells to PX-866 and LY294002. Collectively,
these results indicate collagen induces drug resistance in prostate cancer cells in an AR independent
manner. However, further analysis is required to determine the precise mechanism that upregulates MCL1 and MRP1 in collagen-induced drug resistance.
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1 – Introduction
Globally, prostate cancer is the second most diagnosed cancer among males1 and the fifth leading
cause of cancer-related death2. According to the 2018 American Cancer Society statistics, prostate cancer
is the number one diagnosed cancer and the second most common cause of cancer-related death in the
United States for men3. The tumor often metastasizes to the bone, but it can also metastasize to other
locations such as the lung, liver, and adrenal glands4. Although the five-year survival rate for local prostate
cancer is extremely high with a survival rate of 99%, prostate cancer metastasis to distant locations lowers
the survival rate to 30%3. Therefore, it is essential to diagnose and treat prostate cancer at an early stage
to increase survival.
Prostate cancer, in its most early stages, can go undetected for years, especially in asymptomatic
men. Monitoring prostate-specific antigen (PSA) levels is an early detection diagnostic tool that has been
in place for years5. PSA, a serine protease6, is secreted by the epithelial cells of the prostate gland into the
seminal fluid7. In healthy tissue, it is present in high amount in the prostate tissue, but in low quantity in
the blood. However, in prostate cancer, the serum often tests positive for high PSA levels and as such is
used as an indicator of prostate cancer. PSA levels are not an absolute indicator of prostate cancer as PSA
levels increase due to various reasons such as inflammation of the prostate, benign prostatic hyperplasia
(BPH), and exercise7,8. Furthermore, low levels of serum PSA levels may be detected in certain prostate
cancer. Therefore, physicians complement the PSA testing with a digital rectal exam followed by an
ultrasound, MRI, and or biopsy to confirm the diagnosis. Patients are then offered a variety of treatment
options depending on tumor stage and Gleason grade (a grading system for prostate cancer based on the
tissue’s histology, with a low score given to tissue more similar to normal tissue)9. In the case of suspected
or detectable metastatic disease, Androgen Deprivation Therapy (ADT) is the first line of treatment.
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Due to the initial dependence on androgen, a steroid hormone, for growth and survival, depriving
the prostate tumor of androgen either by medical or surgical castration results in the regression of the
tumor10. In the majority of patients, ADT treatment is initially successful; however, in most cases, the
tumor returns11. The recurrence of prostate cancer that is resistant to ADT is termed castration-resistant
prostate cancer (CRPC). Patients with CRPC often face a poor prognosis and low survival3,11, mainly due to
the tumor progression and metastasis to various sites, especially the bone. About 90% of patients with
CRPC have bone metastasis, and for about 80% of patients, bone is the initial site of tumor metastases12.
Bone metastasis most commonly involves the spine and pelvis. It remodels the bone structure and results
in various types of bone injury, pain, and eventual death. Furthermore, CRPC also develops resistance to
various therapeutic agents creating a challenge in treating CRPC13. Due to the devastating effects of CRPC,
it is critical to have a better understanding of the molecular events that take place that promote cancer
cell survival and drug resistance in CRPC. Improved understanding of these processes can lead to the
identification of either potential diagnostic targets that can aid in identifying patients that may fail ADT or
new treatment agents for improved survival outcomes.

1.1 – Structure and Function of the Prostate Gland
The prostate gland is the largest accessory gland in the male reproductive system6. As part of its
primary function, it secretes a clear fluid that contributes to the formation of the seminal fluid. The
prostate gland is located right below the bladder, and the urethra passes right through the prostate gland.
The gland consists of fibromuscular and glandular components. The ducts from these glands, converge
and secrete into the prostatic urethra. The prostate can be divided into four zones: the periurethral,
transition, central, and the peripheral zone. The periurethral zone surrounds a part of the urethra and
contains the mucosal and submucosal glands. Surrounding the periurethral zone and the urethra is the
transitional zone, consisting of 5% of the prostatic glandular tissue and mucosal glands. The cells in this
region can undergo hyperplasia resulting in the formation of nodular masses. As a result of its proximity
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to the urethra, it can compress the urethra and obstruct the passage and thus result in benign prostatic
hyperplasia (BPH). Next is the central zone consisting of 25% of glandular tissue and surrounding the
ejaculatory ducts. It is morphologically distinct from the other regions of the prostate and is observed to
be resistant to inflammation and carcinoma. Lastly, the peripheral zone comprises 70% of the glandular
tissue of the prostate and surrounds the central zone. In most cases, prostate cancer originates from the
peripheral zone of the gland. The epithelial cells form acini that are two cell layers thick, one layer
consisting of the differentiated luminal cells and the other the basal cells that adhere to the basal lamina
surrounding each acinus14. In cancer, this organized architecture quickly become disorganized in prostate
ductal adenocarcinoma as the cancer cells proliferate to form disorganized glands made of multiple layers
of cells that invade into the nearby stroma.
The glandular epithelial cells of the prostate and the cancer cells are both influenced by
androgen6,10. In normal prostate, testosterone, one of the main circulating androgens, converts to
dihydrotestosterone (DHT) when it enters the glandular epithelium. DHT binds to the androgen receptor
(AR), which then translocates to the nucleus and acts as a transcription factor to upregulate or
downregulate the transcription of its downstream targets. AR’s primary role is to suppress proliferation
and induce differentiation and secretion of the luminal cells14. In normal prostate, AR activity and function
differentiates the basal and the luminal cells in the prostate acini. The epithelial adult stem cells are
located among the basal cell layer in the acini and are AR-negative cells that undergo proliferation and
self-renewal. The AR expressing stromal cells release androgen regulated stromal cell-derived factors
(andromedins) into the stroma that act in a paracrine manner to travel from the stroma and bind to basal
cells to promote their proliferation and maturation. These cells then begin to express increasing levels of
AR protein in response to stromal paracrine signaling, thus suppressing self-renewal and proliferation and
activating differentiation. Ligand-bound AR translocates to the nucleus and binds to one of its targets, the
enhancer region of c-Myc. AR bound to the c-Myc enhancer region prevents c-Myc transcription and
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induces growth arrest, allowing cells to differentiate into AR-positive luminal cells. In prostate cancer, AR
function shifts from growth suppression to stimulation of prostate cancer growth as cells become
dependent on the AR signaling14. Consequently, AR dysfunction may also result in the loss of inhibition of
specific proliferation inducing genes such as c-Myc, thus stimulating epithelial growth and proliferation.

1.2 – Significance of Androgen Receptor Signaling
AR is a steroid hormone receptor and a ligand-dependent nuclear transcription factor6,10,11. It
consists of three domains: the N-terminal domain, DNA binding domain, and the ligand binding domain11.
AR has been observed to have a ligand-dependent function that may work in a DNA binding-dependent
or independent manner. The role of AR in ligand-dependent DNA binding is the most well-known function.
In the absence of androgen, AR is cytoplasmically located and is bound in a complex with heat-shock
protein in a specific conformation that keeps it cytoplasmically localized and prevents its binding to the
DNA6,10,11. As a result of DHT binding to the AR, the AR undergoes a conformational change, dissociates
from the heat-shock protein complex. It translocates to the nucleus, dimerizes, and binds to androgen
response elements (AREs) in the promoter region of specific target genes. Activated AR then proceeds to
modulate gene transcription of those specific genes, thus regulating cell growth and survival in prostate
tumors.
AR has also been observed to function in a ligand-dependent but non-DNA binding role, where it
may activate various signaling pathways such as the MAPK and Akt pathways within the cytoplasm after
binding to androgen11,15. The binding between androgen and AR can stimulate second messenger signaling
which then stimulates the MAPK, ERK, and AKT pathway16. Due to the AR’s ability to interact with several
major signaling pathways that promote cell survival, AR has a significant role in promoting growth and
survival of tumorigenic prostate cells. Additionally, growth factors such as cytokines can also stimulate
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ligand-independent activation of AR that can stimulate major signaling pathways. AR signaling has been
observed to be a key driver of prostate cancer.

1.3 – Androgen Receptor Signaling and Prostate Cancer
In prostate cancer, aberrant activation of AR signaling is commonly observed16. Due to its
significance in normal prostate growth, ADT is a standard treatment for prostate cancer6,10,11. However,
patients develop CRPC where tumor growth occurs independent of the AR signaling pathway or by
aberrant activation or reactivation of the AR signaling pathway, even in the absence of androgen17.
Various changes in AR signaling can result in ADT resistance such as AR loss, AR overexpression, gene
mutations, splice variants, and AR co-regulatory alterations. AR overexpression may be caused by AR gene
amplification or by transcriptional upregulation. Typically, during increased androgen binding to the AR,
the AR inhibits its transcription by binding to the AR second intron region; while low androgen
concentration releases this inhibition and reactivates AR transcription18. Therefore, low concentrations
of androgen in CRPC can reactivate AR transcription and increase its expression. Additionally, increased
demand for AR activity in ADT-treated prostate cancer often leads to the development of AR splice
variants17. The truncated splice variants activate AR in a ligand-independent manner. Studies have shown
the presence of these AR variants in CRPC and CRPC bone metastasis. ADT resistance can also be a
consequence of alterations in AR co-regulators within the nucleus. In certain CRPC, there is an increase in
the activity of AR co-activators and inhibition or loss of AR co-repressors. One of the co-activators that
play a vital role in the aberrant activation of AR signaling is steroid receptor co-activator (SRC).
Upregulation of SRC along with an increase in AR signaling has been observed in CRPC.
Dependence on AR in prostate cancer progression following ADT resistance has made it a critical
therapeutic target17. Initial antagonists target androgen binding to the AR19. Although the treatment is
initially successful, cancer becomes resistant to the treatment. Mutation and formation of AR splice
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variants create challenges in the development of AR inhibitors. Additionally, ligand-bound AR undergoes
ubiquitination and de-ubiquitination during its transcriptional function, creating an additional complexity
in targeting AR17. Besides inhibiting androgen and the AR binding, most therapeutic targets also focus on
the nuclear transcriptional activity of the AR19. AR also has a cytosolic signaling function that can occur
rapidly. AR can activate various signaling molecules such as Src family kinases, Ras, MAPK, and AKT in a
non-genomic fashion19. These pathways have a significant influence in prostate cancer survival, growth,
and proliferation.
Enzalutamide and Abiraterone are two hormonal therapies that target and inhibit AR signaling20.
Enzalutamide is an AR inhibitor that prevents androgen binding, AR nuclear translocation, and DNA
binding. While, abiraterone irreversibly inhibits a specific microsomal enzyme, CYP17A1, required for
testosterone biosynthesis in the adrenal glands. Despite their initial success, especially observed in two
phase III clinical trials where the hormonal therapies in combination with docetaxel improved the overall
survival of CRPC patients, patients with CRPC develop drug resistance against these treatments.
Resistance against these drugs can be due to various reasons such as AR amplification/ overexpression,
AR mutations, and splice variants that aid the CRPC to reactivate AR and thus overcome the inhibition
placed on AR signaling. Additionally, targeting androgen synthesis by abiraterone is also not sufficient as
AR activation can be caused by steroid precursors upstream of CYP17A1 or by use of alternative synthesis
pathways that use other enzymes such as AKR1C3. Due to the continued role that AR plays in drug
resistance and survival, it is important to continue to target AR and develop new methods by which it is
inhibited, perhaps by preventing its transcription or by inhibiting its downstream targets.

1.4 – PI3K/AKT Signaling Pathway
The phosphatidylinositol 3-kinase (PI3K) pathway is a significant pathway implicated in prostate
cancer. Constitutive activation of the downstream targets as a result PI3K dysregulation is often observed
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in various types of cancers, including prostate cancer. PI3Ks are lipid kinases 21 that convert extracellular
signals such as growth factors, cytokines, and other environmental cues to intracellular signals that
modulate various signaling pathways within a cell22. These signaling pathways regulate diverse cellular
processes such as cell survival, proliferation, growth, metabolism, and motility.
PI3K can be divided into four classes (class I, II, III, IV) with three classes of PI3K that primarily
phosphorylate lipids while the IV class primarily phosphorylates proteins21,22. The lipid PI3Ks
phosphorylate phosphatidylinositol (4,5) bisphosphate (PIP2), at the hydroxyl group at position 3, and
convert PIP2 to phosphatidylinositol (3,4,5) trisphosphate (PIP3), which functions as a lipid second
messenger.

1.4.1 – Class I PI3K
The most well studied is the class I PI3Ks, which form heterodimers consisting of a catalytic
subunit and a regulatory subunit21. The class I PI3Ks can be further divided into two subclasses: Ia and Ib.
Ia is formed by a combination of a catalytic subunit (p110α, β, δ) and a regulatory subunit (p85, p65, p55);
while Ib is formed by the p110γ catalytic subunit and the p101 regulatory subunit. Extracellular signaling,
such as growth factor binding to receptor tyrosine kinase or G-protein coupled receptors, recruits PI3K via
its regulatory subunit and stimulates its catalytic activity. Following PI3K activation, the catalytic subunit
targets and phosphorylates PIP2 and converts it to PIP3 at the membrane. Membrane-bound PIP3 binds
to the C-terminal pleckstrin homology (PH) domain of the Phosphoinositide-Dependent Protein Kinase-1
(PDK1), a serine-threonine kinase targeting it to the plasma membrane23.
AKT, a serine-threonine kinase, is also recruited from the cytosol to the plasma membrane by
PIP324. Akt consists of an N-terminal PH domain, a kinase domain, and a C-terminal regulatory domain.
Interaction with the membrane creates a change in AKT conformation as it unfolds its PH and regulatory
domains from the kinase domain, exposing Threonine 308 (T308) at the kinase domain and Serine 473
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(S473) at the regulatory domain. The T308 position is first phosphorylated by PDK1, followed by the
phosphorylation at S473 by various kinases, such as mammalian target of rapamycin complex 2
(mTORC2)21,24. Active Akt dissociates from the plasma membrane and proceeds to phosphorylate its
downstream targets in the cytoplasm and nucleus; thus, promoting cell survival, migration, invasion,
growth, and proliferation (Fig. 1)25.
Figure 1: Cellular Survival
Pathways
A model depicting a portion of the cellular
signaling occurring within the prostate
epithelial cells. PI3K activates AKT and is
negatively
regulated
by
PTEN.
AKT
phosphorylates TSC and inhibits its activation.
Active TSC inhibits mTORC1 activation. Active
mTORC1 activates S6K. S6K can inhibit mTORC2
activity. mTORC2 phosphorylates and activates
AKT. PI3K and androgen receptor (AR) crosstalk
is depicted with dotted lines. PI3K activation
leads to the inhibition of AR and AR activation
inhibits PI3K pathway. Active AR also
upregulates mTORC2 and integrin α6
expression. Increased α6β1 levels, upregulates
NF-κB activation. NF-κB then upregulates Bcl-xL
which promotes cell survival when the cells are
adhered to laminin. AKT phosphorylates BH3 only protein, Bad, and inhibits its activity to promote survival. Adhesion to collagen
via integrin α2β1 upregulates MAPK which also activates MRP1 and MCL-1. MRP1 can also be induced by STAT3. MCL-1 activity
can also be upregulated by active AKT, MAPK, STAT5, and STAT3. MCL-1 expression leads to inhibition of apoptosis and promotion
of cell survival.

1.4.2 – PI3K Class II, III, and IV
In comparison to the other classes, class II PI3K (PI3KC2) is the least investigated class of PI3Ks.
Three enzymes are part of the PI3KC2s: PI3KC2α, PI3KC2β, and PI3KC2γ26. Generation of PI3KC2α knockout mice resulted in embryonic lethality26,27, suggesting a role in embryo development. Additionally, it has
a role in angiogenesis, endothelial cells, vascular barrier function and platelet function26. PI3KC2γ is
involved in glucose homeostasis while, increased PI3KC2β expression was identified in various cancers like
acute lymphocytic leukemia, acute myeloid leukemia, and prostate cancer26. In prostate cancer, PI3KC2β
was found to be necessary for migration and invasion, but not proliferation, and it promoted invasion by
regulating the activation of mitogen-activation protein kinase kinase (MEK1/2) and extracellular signalPage 15 of 76

regulated kinase (ERK1/2) activation. Additionally, PI3KC2β promoted tumor migration by regulating
transcription factor Slug expression in a MEK/ERK-independent manner.
Class III PI3K (PI3KC3) function is mostly implicated in autophagy28. Autophagy is an essential
cellular process involving the degradation and recycling of cellular components and foreign material,
allowing the cell to maintain homeostasis in diverse circumstances. It is a highly regulated process during
which an autophagosome, a double-membraned organelle, encapsulates cellular components for
degradation. PI3KC3 molecules are recruited to the endoplasmic reticulum, where they convert PIP2 to
PIP3, which in turn are responsible for recruitment of the downstream autophagy-regulating proteins.
There are two types of tetrameric PI3KC3 complexes, PI3KC3-C1 and PI3KC3-C2. PI3KC3-C1 is involved in
autophagosome formation while PI3KC3-C2 is involved in autophagosome and endosome maturation.
VPS34 (PI3KC3) is the PI3K catalytic unit in the PI3KC3-C1 complex and is necessary for the conversion of
PIP2 and the recruitment of autophagy proteins. Similar to PI3K class I, PI3KC3 has also been observed to
have a diverse role in various illness such as cancer and neurodegenerative disease. Autophagy itself may
be seen to have either a tumor suppressor role or an oncogenic role in cancer progression based on cancer
stage29. In prostate cancer, induction of autophagy by using anti-apoptotic inhibitors resulted in
autophagy-induced cell death in androgen-independent prostate cancer30. Additionally, androgen
increased the transcription of several core autophagy genes such as ULK1, ULK2, ATG4B, and ATG4D in
prostate cancer29. These proteins were necessary for androgen-mediated autophagy and cell
proliferation. Furthermore, increased expression of these 4 genes correlated with poor patient prognosis.
ULK1 induces autophagy by activating VPS3431, and as such VPS34 may also have a role in promoting
prostate cancer via autophagy.
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Class IV mainly phosphorylates proteins and consists of the following serine/threonine kinases:
Ataxia telangiectasia mutated (ATM), Ataxia telangiectasia and Rad3 related (ATR), mammalian target of
rapamycin (mTOR), and DNA-dependent protein kinase (DNA-PK)32.

1.5 – PI3K and its Role in Cancer
A tumor suppressor called Phosphatase and Tensin Homolog (PTEN)21 negatively regulates the
PI3K pathway (Fig 1). PTEN is a lipid and a protein phosphatase that dephosphorylates PIP3 back to the
PIP2 form and thus inhibits the PI3K pathway. PTEN function is very commonly lost in prostate cancer and
most often due to PTEN gene deletion33. PTEN gene deletion is one of the main markers for poor outcome
in prostate cancer34. However, PTEN loss can also be due to other reasons such as mutation, epigenetic
silencing, or microRNA expression33. Loss of PTEN results in constitutive activation of the PI3K/AKT
pathway. A recent study observed accelerated disease progression in mice with combined PTEN loss and
PI3KCA (P110α) mutation indicating that the PI3KCA mutation and PTEN loss may not create a redundant
effect but a synergistic effect35.
Loss of PTEN upregulates the activation of the PI3K/AKT pathway and its downstream targets, and
thus promotes cell proliferation, invasion, metastasis, and survival25,33. The PI3K/AKT pathway can inhibit
apoptosis and induce pro-survival signaling36. One mechanism by which AKT activation prevents apoptosis
is by inhibiting the activation of pro-apoptotic molecules such as the Forkhead box O-3a (FOXO3a)
transcription factor. Nuclear phosphorylation of FOXO3a by AKT translocates FOXO3a from the nucleus to
the cytoplasm. Inhibition of AKT activates FOXO3a, subsequently inducing the transcription of proapoptosis response-4 (Par-4) protein, a tumor suppressor protein. Par-4 then activates the apoptotic
pathways in CRPC. Therefore, by FOXO3a inhibition, unregulated activation of AKT inhibits apoptosis and
promotes tumor cell survival
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A major downstream target of AKT is the mammalian target of rapamycin (mTOR). AKT negatively
phosphorylates several cytoplasmic proteins (such as tuberous sclerosis complex (TSC) and glycogen
synthase kinase 3 (GSK3)) that have a role in cell proliferation, survival, metabolism, cell cycle progression,
protein synthesis, and cell growth37. mTOR is a serine-threonine kinase and is the catalytic subunit of the
two complexes, mTORC1 and mTORC237. TSC negatively regulates mTORC1 activation (Fig. 1). AKT
mediated phosphorylation inhibits TSC resulting in mTORC1 activation. mTORC1 then phosphorylates S6K
and the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) promoting the growth of the cell. Unlike
mTORC1, mTORC2 works independently of mTORC1 and is one of the proteins that is capable of
phosphorylating AKT. Besides AKT, it can also phosphorylate other proteins such the serine/threonineprotein kinases SGK and Protein Kinase C; thus, regulating cell proliferation and survival. Interestingly, it
has been observed that mTORC1 mediated phosphorylation of S6K leads to inhibitory phosphorylation of
mTORC2. Thus the mTOR pathway has its own negative feedback mechanism that can be used to regulate
AKT activity. However, in prostate cancer, due to the aberrant activation of the PI3K pathway, the mTOR
pathway is one of the pathways that are continuously activated. Additionally, it has been observed that
AR activation can cause an increase in mTORC2 mediated phosphorylation of AKT38.
In prostate cancer, PI3K/AKT pathway activation has also been observed to be one of the cellular
pathways by which Nuclear Factor Kappa-Light Chain-Enhancer of activated B cells (NF-κB) pathway is
activated39,40. NF-κB activation increases the expression of gelatinases, such as matrix metalloproteinase9 (MMP-9) or MMP-2, which degrade specific extracellular matrices such as collagen, fibronectin, and
elastin. Degradation of the ECM is a necessary process that cancer cells go through to invade and
metastasis. Due to the influence of AKT and its downstream targets (such as mTOR) on prostate cancer
progression, AKT and mTOR have also been used as therapeutic targets. Currently, there are AKT
(AZD5363) and mTOR (Everolimus) inhibitors in phase II clinical trial for prostate cancer41. However,
inhibition of these pathways may not be sufficient in inhibiting alternative survival pathways such as the
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NF-κB that can also be activated by other signaling pathways42. Additionally crosstalk between androgen
receptor and the NF-κB also promotes its expression43.
Besides PI3K class I, the other PI3K class proteins also have a role in promoting prostate cancer.
As observed above, PI3K class II regulation of downstream targets such as MEK/ERK and Slug has a role in
prostate cancer migration and invasion26. Inhibition of this enzyme reduced metastasis in mice with
ovarian cancer, indicating its potential role as a therapeutic target in reducing cancer metastasis 44.
Additionally, PI3K class III proteins role in autophagy indicates that it may have a role in prostate cancer
progression28,29,31. Although the PI3K/AKT pathway is one of the major pathways that is commonly
dysregulated in prostate cancer, downstream effects of the other classes of PI3K can also lead to prostate
cancer progression. Therefore, it may be essential to therapeutically target all classes of PI3K rather than
just a few downstream targets.

1.6 – Inhibition of PI3K Pathway
PI3K’s role in cancer and its vast influence on a variety of cellular pathways continues to make it
an ideal therapeutic target. Targeting the PI3K downstream targets, such as AKT and mTOR, is not
sufficient to increase survival of CRPC patients. Dysregulation in PI3K cannot be completely inhibited by
the use of AKT and mTOR inhibitors as any other signaling pathways induced by PI3K will still be active.
A significant amount of research and effort has been placed on developing drugs to target PI3K;
many of which are still undergoing clinical trials. Some drugs display a pan effect and can inhibit all classes
of PI3K; however, some inhibit only certain classes45,46. Use of these drugs in clinical trials has seen limited
success due to complications such as toxicity and innate drug resistance. Therefore, it is essential to
understand the drug resistance and survival mechanisms to improve treatment for patients. There are
two major types of pan inhibitors, reversible and irreversible.
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1.6.1 – LY294002
2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4one45, also known as LY294002, (Fig. 2) is one of the first
reversible pan-class I inhibitors of PI3K. It is selective for PI3K
and was not found to inhibit other molecules such as PI4K, csrc, EGF tyrosine kinase receptor, MAP kinase, protein kinase
A, protein kinase C, and ATPases45. The catalytic domain of

Figure 2: Structure of LY294002
PI3K inhibitor
Adapted from Ward et al., 2003 with
permission

PI3K consists of two lobes, the N-terminal and the C-terminal
lobe with the PI3K active site located in between these two lobes47. PI3K binds with ATP at the active site
along with the substrate and obtains the donor phosphate from the ATP. LY294002 competitively binds
to the ATP binding pocket of PI3K and thus inhibits its activity45,48. However, it was found to be toxic in
animal studies and did not progress in clinical trials49.
The toxicological properties of LY294002 led to the development of SF1126, a less toxic derivative
of LY29400250. SF1126 is an Arginine-Glycine-Aspartic acid-Serine (RGDS) conjugated prodrug that has
increased solubility and targets tumors via binding to specific integrins in the tumor microenvironment
such as integrin αvβ3, αvβ5, and α5β1. SF1126 is currently being investigated in phase I clinical trials for
neuroblastoma and advanced hepatocellular carcinoma41. In the phase I clinical trial for advanced solid
tumors and B-cell malignancies, it was observed to be well tolerated51.
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1.6.2 – PX-866
Wortmannin is one of the first PI3K inhibitors
developed that bind to PI3K irreversibly and is more potent
than LY294002, but less stable46,49. PX-866 is a semisynthetic
structural analog of wortmannin and also an irreversible
inhibitor of PI3K (Fig. 3). It was formed by opening the furan

Figure 3: Structure of PI3K PX866

ring and thus creating a derivative of Wortmannin47. Unlike

PI3K inhibitor
Adapted from Ihle et al., 2004 with permission

Wortmannin, it is more biologically active and stable52.
Wortmannin inhibits all isoforms of PI3K; however, PX-866 selectively inhibits only PI3K class I isoforms.
PX-866 binds covalently to Lysine 802 on the catalytic subunit of p110α more potently than Wortmannin.
Additionally, it covalently binds to p110γ. However, PX-866 is a weak inhibitor of PI3K p110β compared
to the other drug inhibitors. Oral use of PX-866 was tested in a phase II clinical study with 43 patients with
recurrent or metastatic CRPC. 25 patients were treated with PX-866 and of those patients, 20 had bone
metastasis, and 11 had visceral metastasis. However, following treatment for 12 weeks, only 12 patients
(28.4%) were progression free16. It was well tolerated by the patients but ultimately failed to meet the
priori benchmarks for further development as a single agent53.

1.7 – PI3K and AR Crosstalk in Prostate Cancer
AR and PI3K signaling pathways are commonly dysregulated in prostate cancer, and they can also
interact with each other16,19,25,33. In prostate cancer with PTEN loss and resulting PI3K activation, there is
a reciprocal interaction between PI3K and AR (Fig. 1)54. In human and murine tumors, PTEN loss decreased
AR expression by downregulating certain transcription factors such as c-JUN and EGR55,56. These
transcription factors interact with AR to enhance its transcriptional activity; thus, loss of PTEN
downregulates AR-targeted gene expression. In PTEN knockout mice, loss of PTEN directly repressed
endogenous AR expression57. The PI3K pathway inhibits the HER family receptor tyrosine kinase (RTK) and
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the insulin-like growth factor receptor (IGFR)55. Inhibition of PI3K or AKT led to increased expression of
HER3 and activation of the AR pathway. In PTEN-null prostate cancer, HER2/HER3 upregulation, as a result
of PI3K inhibition, promoted the stabilization and upregulation of AR. Inhibition of PI3K and HER3 together
stopped the increase in AR protein expression. Therefore, PI3K inhibits AR activity via its feedback
inhibition on HER, RTK and IGFR.
Similarly, AR inhibition promoted PI3K activity in PTEN-null prostate cancer55. FKBP5, an
immunophilin, is a target gene of AR that acts as a chaperone for the phosphatase PHLPP. PHLPP functions
to dephosphorylate AKT and, in prostate cancer, its expression has been observed to be androgen
dependent. AR expression induced the expression of FKBP5, which stabilized the expression of PHLPP.
Thus, AR inhibited AKT activation by promoting PHLPP mediated dephosphorylation of AKT56. Reduced
expression of AR or loss of AR decreased FKBP5, which destabilized PHLPP, resulting in maintenance or
increase of AKT phosphorylation. Combined inhibition of the PI3K/AKT and the AR signaling pathway
resulted in significant decrease in tumor volume in mice55. Therefore, AR inhibits PI3K/AKT signaling by
stabilizing PHLPP. Furthermore, inhibition of AR along with PI3K and or mTORC1/2 exhibit the greatest
anti-proliferative effect. This negative feedback system activates one cell survival pathway in the absence
or inhibition of the other survival pathway. Due to the presence of the inverse compensatory interaction
between PI3K/AKT and AR, further understanding in how these two pathways interact on their own and
with each other to promote prostate cancer survival is necessary.

1.8 – Drug-Resistant Mechanisms and Tumor Cell Survival
Although multiple therapeutic targets have been developed to treat prostate cancer, such as the
PI3K inhibitors and AR antagonists, cancer progression may still be observed due to other intrinsic survival
mechanisms or acquired resistance mechanisms. There could be compensatory signaling pathways,
multiple signaling feedback loops, and or modes of downstream pathway activation that could promote
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PI3K inhibition resistance58. Therefore, it is vital to investigate and understand the various resistance and
survival mechanisms that may be present.

1.8.1 – Compensatory Signaling Pathways
Androgen Receptor Signaling
As discussed above, crosstalk between AR and PI3K/AKT indicate an inverse compensatory
interaction where the inhibition of one pathway leads to the activation of the other pathway to promote
prostate cancer cell survival55,56 . Therefore, although the tumor cells are treated PI3K inhibitors, the cells
can proceed to survive via the AR signaling pathway. Additionally, an aberration in the AR signaling
pathway such as mutations and splice variants also promote drug resistance to PI3K inhibitors when
prostate cancer cells are treated with AR antagonists17. Mutations in AR have been frequently observed
in CRPC cases. In vitro studies indicated that AR antagonists might not work to inhibit the AR mutants;
instead, they might work as agonists and promote the transcription of AR target genes. Galectin-3, a
chimera from a group of carbohydrate-binding proteins, promoted prostate cancer cell migration and
invasion in an androgen-independent manner59. It also induced the transcriptional activity of AR and
increased the expression of various AR-target genes such as transmembrane protease, serine 2
(TMPRSS2). Galectin-3 provided drug resistance against AR antagonists by enhancing the transcriptional
activity of AR and its target genes. Additionally, activated AR also protect prostate cancer cells from the
adverse effects of PI3K inhibitors when the cells adhered to laminin via integrin α643. AR enhanced the
expression of integrin α6β1, which resulted in the increased expression of NF-κB and Bcl-xL and thus
inhibited drug-induced apoptosis and promoted cell survival. Inhibition of both AR and PI3K was required
to induce death of the tumor cells. Therefore, AR signaling can have a role in promoting drug resistance
against therapeutic drugs and should be targeted in combination with the other drugs.
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mTOR Feedback Mechanism
The mTORC1 and mTORC2 are major complexes involved in the PI3K pathway. As discussed above,
mTORC2 is one of the proteins that is capable of phosphorylating and activating AKT while mTORC1 is one
of the downstream targets of activated AKT (Fig. 1)37. The mTOR pathway contains a feedback loop where
the mTORC1 phosphorylates its target, S6K, which then phosphorylates and inhibit mTORC2, thus
preventing it from phosphorylating AKT. This negative feedback loop helps regulate the PI3K/AKT
pathway. Due to its role in the PI3K signaling pathway, it is a major therapeutic target in prostate cancer.
However, the presence of the feedback loop can result in drug resistance and reactivation of the PI3K/AKT
signaling pathway. Rapamycin, a mTOR inhibitor, was found to allosterically inhibit mTORC1 and not
mTORC260. mTORC1 inhibition reduced the expression of its downstream targets such as S6K, thus
decreasing its inhibitory effect on mTORC2. As a result, AKT reactivates, along with an increase in the
expression of its downstream targets.
Additionally, crosstalk between PI3K/AKT pathway and MAPK has been suggested. mTORC1
inhibition activates the MAPK signaling pathway61. S6K phosphorylation negatively regulates the
activation of the MAPK signaling pathway. The release of this inhibition by mTOR inhibitors reactivates
the PI3K pathway which then activate MAPK via Ras. MAPK activation in the presence of mTOR inhibitor
was observed to be independent of mTORC2 and AKT expression, indicating the presence of a PI3Kdependent feedback loop. Furthermore, combined inhibition of mTORC1 and mTORC2, resulted in the
activation of AKT via other receptor tyrosine kinases, such as HER kinase62. mTORC1 mediated S6K
activation has been previously observed to inhibit the activity of other receptor tyrosine kinases. The
release of the feedback inhibition on receptor tyrosine kinase signaling (HER2) activates PI3K and releases
the inhibition of AKT expression due to mTOR inhibition. Therefore, the presence of feedback mechanisms
can regulate the activity of other signaling pathways; inhibition of one signaling pathway can result in the
activation of other signaling pathways to promote drug resistance.
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1.8.2 – Multidrug Resistance Proteins
Another mechanism by which cancer cells obtain drug resistance is by upregulation use of multidrug resistance proteins (MDR). The presence of these proteins has been observed in various cancers that
have exhibited resistance to various therapeutic drugs63. The mechanism by which drug resistance arises
is complex and could occur due to overexpression of drug efflux transporters that reduce the uptake or
enhance the efflux of the drug and are thus categorized as drug dependent MDR. MDRs can also be targetdependent as their upregulation occurs due to a translocation, deletion, mutation, and amplification of
its target. Additionally, they may also be classified as drug/target-independent MDR due to desensitization
of drug targeting resulting from changes in cell signaling pathways caused by genetics or epigenetics. The
most common drug efflux transporter is the adenosine triphosphate (ATP)-binding cassette (ABC) superfamily. They use ATP as energy to drive out various molecules such as cytotoxic agents and anticancer
drugs (Fig. 4).
Figure 4:
Function

ABC

Transporter

ABC transporters bind to substrate (the
green ball) and undergo conformational
change and ATP hydrolysis resulting in the
transport of the substrate.
Reproduced from Chen et al., 2016 with
permission

The ABC transporters are a large group of proteins consisting of 48 proteins divided into seven
subfamilies63. Most ABC transporters consist of two transmembrane domains (TMD) and two nucleotidebinding domains (NBD or ABC domains). Each TMD is composed of six transmembrane helices. The
hydrophobic portion of the TMD is diverse structurally allowing the recognition and translocation of
various molecules. The NBDs are highly conserved, and they bind and hydrolyze ATP via an ATPase. This
binding provides the energy for the drug efflux from one space to the other. Two ATPs bind with NBDs
and induce TMD conformational change and dimerization of NBD (Fig. 4)63. A substrate then binds to the
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TMD inducing ATP to hydrolyze to ADP. ADP is released, and the substrate is released into the extracellular
space.
P-glycoprotein
P-glycoprotein (Pgp/MDR1/ABCB1) is an ABC transporter and is the first member in the B
subfamily and is encoded by the MDR1 gene63,64. It is the first ABC transporter that was discovered and is
a 170kDa protein. It is located on the apical membrane and is commonly found in the intestine mucosal
membrane, kidney proximal tubule epithelia, liver, luminal blood-brain barrier, and placenta. Pgp exports
a wide variety of substrates from chemotherapeutic drugs to natural products. For this reason, Pgp plays
a significant role in promoting drug resistance in cells.
Overexpression of Pgp in response to certain chemotherapeutic drugs has repeatedly been
observed in prostate cancer. One of the most common therapeutic drugs for CRPC is docetaxel; however,
patients develop resistance in part due to the induction of Pgp64. Pgp was present in exosomes collected
from patients who were resistant to docetaxel. As a result, there is a possibility that identification of the
ABC transporters in the exosomes of patient serum will help in identifying the appropriate therapeutic
agent that will be effective for the patient. Cells resistant to docetaxel developed cross-resistance to
cabazitaxel, a chemotherapeutic drug administered to patients pre-treated with docetaxel65. High
expression of Pgp was also found in this case. Knockdown of Pgp, re-sensitized the cells to the effects of
the chemotherapeutic agents64. Treatment of cells with anti-androgen drugs such as bicalutamide and
enzalutamide also resensitized the cells to docetaxel and cabazitaxel treatment65. Additionally, docetaxel
mediated drug resistance in prostate cancer was observed to be mediated by overexpression of EGFR66.
Inhibition of EGFR sensitized the docetaxel resistant cells to the chemotherapeutic drug while
overexpression of EGFR rescued tumor cells from the cytotoxic effects of docetaxel. Furthermore,
overexpression of EGFR enhanced the expression of Pgp via the AKT pathway.
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Another possible inducer of Pgp could be STAT3 (Fig. 1). In a study on colorectal cancer,
resensitization of drug-resistant cells following treatment with a cinnamaldehyde derivative led to the
decreased expression of Pgp, Bcl-xL, and Bcl-267. Suppression of STAT3 and AKT in these cells
downregulated the expression of Pgp. A more recent study in non-small cell lung cancer indicated the
upregulation of MRP1 and Pgp in Cisplatin resistant cancer cells 68. The upregulation of these proteins
occurred due to activation of STAT3. Additionally, adhesion to collagen increases the expression of Pgp
and thus promotes drug-resistance69. Further understanding of how Pgp is upregulated in prostate cancer
is required.
Multidrug Resistance-Associated Protein 1
Multidrug Resistance-Associated Protein 1 (MRP1/ABCC1) is a member from the C subfamily and
is a 190kD protein70. Like the other ABC transporters, MRP1 has two TMDs and two NBD. However, it also
has a third TMD with an extra cytosolic NH2 terminus. The seventh cytoplasmic loop of MRP1 was found
to mediate signaling between the substrate binding sites of TMD and the NBDs. Additionally, the fifth
cytoplasmic loop is involved in the inter-domain interactions that aid in the proper folding and assembly
of MRP1. Unlike Pgp, MRP1 is located on the basolateral surface of the epithelial membrane. Similar to
Pgp, MRP1 also transports a wide variety of substrates. Its upregulation has been associated with adhesion
to collagen (Fig. 1)71. In leukemic T cells, adhesion to collagen, and not fibronectin, upregulated the
expression of MRP1 in an ERK/MAPK dependent manner and thus reduced doxorubicin-induced
apoptosis. It was suggested that this upregulation occurred via Integrin α2β1, which interacted with
collagen Type I.
In prostate cancer, similar to Pgp, MRP1 expression is upregulated in drug-resistant prostate
cancer cells treated with anthracyclines, vinblastine, and mitoxantrone72. PTEN negative cells displayed
increased drug resistance compared to PTEN positive cells73. PTEN loss activated PI3K pathway, which led
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to the upregulation of MRP1 expression and increased drug resistance. Inhibition of PI3K pathway or
MRP1 both sensitized the tumor cells to the effects of the chemotherapeutic drugs. Additionally, as
mentioned above, in lung cancer, activation of STAT3 upregulated the expression of MRP1 and Pgp (Fig.
1)68. Further analysis on doxorubicin (DOX) resistant prostate cancer cell lines, PC-3 and DU145, indicated
that it was MRP1 (not Pgp) that was the predominant mechanism present in inducing drug resistance in
those cells lines72. Therefore, it is possible that based on the type of drug (or substrate) that the cells may
be exposed, there may be a shift in the type of multidrug-resistant protein that is expressed.
Consequently, examining the role of MDR proteins in prostate cancer will be essential to examine their
role in drug resistance and the mechanism by which the MDR proteins are induced.

1.8.3 – Extracellular Matrix
The local tissue microenvironment of a cell plays a vital role in cell growth, adhesion, and
migration, which also holds true for cancer cells. An essential component of the microenvironment is the
extracellular matrix (ECM), a complex network of fibrous molecules that have physical, biomechanical,
and biochemical properties74. The most well-known function of the ECM is that it provides a substrate on
which cells adhere. The ECM consists of a variety of materials such as collagen, elastin, fibronectin,
glycoproteins, laminins, proteoglycans, and glycosaminoglycans. As mentioned earlier, the prostate
secretory glands consists of the luminal and basal cells, with basal cells being in contact with the basal
lamina14,75. The basal lamina consists of collagen IV, collagen VII and various types of lamina (such as
laminin 111/121 (laminin-1/3), 211 (laminin-2), 332 (laminin-5), and 511/521 (laminin-10/11)75,76. Cells
interact with these various components to anchor themselves to their environment with the help of
integrins.
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Integrins
Integrins are major cell surface adhesion molecules that adhere to a wide variety of ECM
substrates. Integrins are a group of transmembrane glycoprotein receptors77,78. They form heterodimers
with an α and β subunit non-covalently bound together. As transmembrane proteins, integrins have a
large extracellular domain, a single-membrane-spanning
transmembrane

domain,

and

a

short

intracellular

cytoplasmic tail domain. The extracellular domain binds to
the ECM proteins in the extracellular environment while the
cytoplasmic domain forms links with the cell cytoskeleton.
There are 24 known integrin heterodimers present in
vertebrates with 18α and 8β subunits that can create
different combinations (Fig. 5). Of those 24 heterodimers,
four heterodimers bind to laminin (α3β1, α6β1, α6β4, and
α7β1) and four bind to collagen (α1β1, α2β1, α10β1, and

Figure 5: Integrin Family
Image depicting the integrin αβ heterodimers
and their ligand specificity. 18α subunits pair
with 8β subunits to form 24 distinct integrins.
Laminin binding integrins are α3β1, α6β1,
α6β4, and α7β1. Collagen binding integrins are
α1β1, α2β1, α10β1, and α11β1.
Reproduced from Hynes, 2002 with permission.

α11β1)77,78.
Integrins are important in that they not only anchor cells to the ECM, but they also have a role in
intracellular signaling. Although integrins themselves do not have intrinsic catalytic activity, the
extracellular domain binding to a ligand can initiate signal transduction within the cell that regulates
cellular growth, survival, migration, and differentiation78,79. Variations in the normal distribution of
integrin heterodimer populations have a role in cancer progression. The brain is a common metastatic
region for many cancers such as skin, lung, and breast cancer80. Integrin α5 expression correlated with
brain metastasis in mice and with increased cancer cell migration; inhibition of the integrin led to
decreased cancer cell migration. Further investigation into Integrin α11β1 with specificity for fibrillary
collagen indicated its role in promoting lung cancer81. α11 knockout in mice decreased the growth of
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tumors in mice lung; additionally, orthotropic injection of cancer cells metastasized at a lower rate in α11
knockout mice. Furthermore, α11 promoted reorganization of collagen and increased stiffness.
As mentioned earlier, the normal prostate gland basal lamina contains various types of lamina,
such as laminin 332 and 51175. These lamina interact with various types of integrins (α6β4, α6β1, and
α3β1) that help the basal cells to adhere to the basal lamina. Integrin α6 can pair with β1 or β4 to form a
heterodimer (Fig. 5)82. In normal prostate gland, integrin α6β4 is the dominant adhesion unit. Basal cells
of the prostate gland adhere to the basal lamina with the help of hemidesmosomes and integrins 75,82,83.
Additionally, β4 integrin is required for the formation of hemidesmosomes. However, a redistribution of
the integrin heterodimers is observed in prostate cancer. As the tumor progress, there is a loss of integrin
β4, hemidesmosomes, and laminin33275,82,83. The decrease in integrin β4 results in α6 pairing with β1
subunit forming α6β1 heterodimers, the predominate adhesion unit in prostate cancer.
Furthermore, decreased expression levels of α3 integrin was associated with increased prostate
cancer progression and metastasis and was also associated with high Gleason grade and pathological
stage84,85. α3β1 knockdown displayed aberrant Rho activity and impaired Abl kinase signaling. α3β1
integrins signaling through the Abl kinase suppressed Rho function and thus inhibited metastasis. Analysis
of prostate carcinoma biopsies from patients depicted 80% of the tumors expressed either Integrin α3 or
α6, and of those, 34% expressed high levels of α6 integrin while 10% expressed high levels of α383. Further
examination on the alpha subunits in α6β1, α6β4, and α3β1 and the differential expression in prostate
cancer showed that α6 and α3 internalize at different rates85. During cell surface expression, integrins
internalize to early endosomes where they are either recycled back to the membrane to promote
migration or sent to the lysosome for degradation. Analysis of the internalization rate showed that
integrin α6 internalized at a rate 3.25-fold higher than α3. Furthermore, silencing α3 increased
internalization of α6. It also increased α6β1 dependent cell migration by 1.8 fold. Therefore, integrins
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have a significant role in promoting prostate tumorigenesis, and further study is required to understand
the various roles of the integrin heterodimers in context of tumor progression.
The ECM can also influence cell growth, survival, differentiation, migration, homeostasis, and
morphogenesis74. The network formed by these various components allow it to act as a reservoir for
growth factors and other signaling molecules, which also has an impact on cells. Due to the extensive
influence the ECM has on cell activity, it is necessary to consider its role in cancer progression and drugresistance.
Laminin
As mentioned earlier, the prostate gland consists of secretory glands that are lined with a basal
lamina that help the cells to adhere to the matrix and each other6. The basal lamina includes laminin (Fig.
1), an ECM substrate to which cells can anchor. Laminin is not restricted to the basal lamina of the prostate
and can be found in various parts of the body. Single layer epithelial cells and the bottom layer of multilayered epithelial cells adhere to the basement membrane which contains laminin. The basal laminin or
basement membrane has a vital role in tissue adhesion, compartmentalization, filtration of molecules into
and out of the tissue, and regulation of signaling within cells. As mentioned earlier, the basal lamina is
composed of various types of lamina and collagen75,76.
The basal lamina composition may change prostate tumors progress75. Enlargement of glands as
a result of the proliferation of cells with large nuclei into the lumen lead to a weakening of the basal layer
and presence of gaps. In regions where the basal cells are present, the basal lamina expresses both laminin
332 and laminin 511 as normal with the associating integrins. However, in the gap regions where the basal
cells are lost, expression of laminin 332 is also lost, while laminin 511 persists. Additionally, the expression
of Integrin α6β4, which commonly interacts with laminin-5 and hemidesmosomes, is also lost75,76,86.
Integrin α6β4 is one of the integrins that aids in the adhesion of the cell to the extracellular matrix. Loss
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of laminin 332 and α6β4 decreases cancer cell adhesion to the basal lamina, increasing the possibility of
cancer cell invasion. Whereas, laminin 511 is involved in epithelial tubulogenesis, suggesting a role in
tumor invasion via cohesive cell invasion75. Similarly, there is also an increase in α6β1 and α3β1 integrin
expression in invasive cancer; these integrins commonly interact with laminin 511. As mentioned earlier,
there is a redistribution of integrin heterodimers to preferably express α6β1 integrins85. Additionally,
budding of cell clusters into the stroma from regions that lack integrin α6β4 has been observed in highgrade PIN lesions87. Therefore, re-distribution of laminin expression and its associating integrins can
promote prostate cancer invasion and progression.
Collagen
In most tissues, collagen type I and type IV are the main components of the ECM 74 (Fig. 1). As
mentioned previously, the most common site of metastasis for prostate cancer is to the bone, which
primarily consists of collagen and is exceptionally hypoxic. Despite the shift in the microenvironment,
bone metastatic prostate cancer continues to persist and survive. Collagen promotes cancer progression
and drug resistance in multiple cancers. In a recent study on ovarian cancer, a three-dimensional culture
model of the tumor cells with collagen I was developed to mimic the in vivo microenvironment of the solid
tumor 88. The group observed that collagen upregulated Integrin α5β1 and matrix metalloproteinase 1
(MMP-1), an ECM hydrolase, which increased the motility and invasion ability of the tumor. Additionally,
collagen stimulated an increase in resistance to multiple chemotherapeutic agents. In small cell
carcinoma, adhesion to various ECMs, such as collagen, enhanced cancer tumorigenicity and also
increased its resistance to various chemotherapeutic drugs89. Integrin adhesion to collagen induced the
resistance to chemotherapeutic drugs. Integrins α1β1 and α2β1 found in epithelial tissues primarily bind
with collagen, and thus, these integrins may have a role in inducing drug resistance.
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In metastasis, prostate cancer cells, such as PC-3, preferentially migrate to the bone and bind to
Type I collagen90. The cells adhered to collagen via integrin α2β1. In vitro, collagen induced cell migration
in tumor cells rather than growth, while in vivo, collagen binding conferred growth within the bone.
Prostate cancer cells overexpressing NF-κB ligand (RANK) adhered tightly to the collagen matrix and
exhibited greater cell motility and migratory capability91. Integrin α2 activated focal adhesion kinase (FAK)
and AKT via phosphorylation in these cells. Furthermore, the expression levels of AP-4, a transcription
factor that suppresses the expression of AR, was decreased. Downregulation of AP-4 restored expression
of AR in collagen adhered cells expressing RANK. Collagen bound prostate cancer cells also exhibited
increased levels of RhoC GTPase, a metastasis-promoting GTPase. Inhibition of α2β1 decreased collagenmediated invasion and RhoC GTPase activation92. Similarly, inhibition of RhoC GTPase also led to the
decrease in the collagen-mediated invasion. It will be interesting to see if adhesion to collagen can also
stimulate drug resistance in prostate cancer cells.
Interestingly, an in vitro study on drug exposure of hepatocytes found that cells cultured on Type
I collagen had increased expression of Pgp compare to cells cultured in the absence of an adhesion matrix
(Fig. 1)69. Whereas, hepatocytes adhered to the laminin or collagen type IV had reduced Pgp mRNA levels.
This indicated that the ECM, and more specifically collagen Type I, may have a role in promoting the
expression of multidrug-resistant proteins and may induce drug resistance in cells.
Cell Adhesion-Mediated Drug Resistance
An important concept that needs to also be considered when examining the role the ECM in
promoting drug resistance in cancer cells is Cell adhesion-mediated drug resistance (CAM-DR) or radiation
resistance (CAM-RR)93,94. Cell-cell and cell-matrix interactions regulate cell survival, growth, differentiation
and also drug resistance. Several adhesion molecules that promote cell adhesion include mucins,
selectins, cadherins, and integrins94. As observed previously, cellular signaling via integrins not only
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promote normal cell growth, but can also stimulate tumor progression. The adherence status of a cell to
its basement membrane can regulate its survival by blocking cell apoptosis. An aberrant detachment of
the cells from its matrix promotes cell apoptosis. In myeloma, adhesion to fibronectin protected the
sensitive drug cells and promoted drug resistance. Additionally, the adhesion to fibronectin shifted its
integrin expression to increase its adhesion to the matrix and thus promote drug resistance. Disruption of
adhesion before exposing the tumor cells to drug re-sensitized the cells to the toxic effects of the drug.
Additionally, a role for integrin β1 in promoting drug resistance via adherence to fibronectin has also been
implicated in various cancer such as leukemia and small cell lung cancer.
In prostate cancer, adhesion to fibronectin via integrin β1 protected cancer cells from the effects
of apoptosis95. In more aggressive prostate cancer cells, adhesion to fibronectin increased survivin
expression, a protein that plays a role in apoptosis inhibition, via AKT activation. However, inhibition of
adhesion to fibronectin made the cells susceptible to the effects of apoptosis. This mechanism suggests
a possible mechanism by which cells may be protecting themselves from the cytotoxic effects of drugs.
As mentioned earlier, in prostate cancer, integrin profile shifts to either α3β1, α6β1, or both. Changes in
the integrin profile can induce drug resistance as observed in the myeloma or cancer progression, as
observed in prostate cancer. Additionally, adhesion to collagen induces drug resistance and bone, the
location that prostate cancer preferentially metastasis to, has an abundance of collagen69,90. Therefore,
adhesion to a matrix could trigger the CAM-DR phenotype, which may innately allow cancer cells to be
resistant to treatment.

1.8.4 – Anti-Apoptotic Proteins
Majority of cancer therapeutic drugs target the anti-apoptotic proteins to induce apoptosis in
cancer cells. However, cancer cells protect themselves from drug-mediated apoptosis by regulating antiapoptotic protein expression. Apoptosis is the programmed cell death that cells undergo and is part of
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the natural cell homeostasis. Initiation of apoptosis could occur due to various reasons such as damage to
DNA or a stress response96. Although there are many different ways apoptosis can be initiated, it is the
activation of the caspases, proteolytic enzymes, that commits the cells to apoptosis. Caspases are initially
synthesized in their inactive form, pro-caspase, and are activated when cleaved. Caspases can be activated
either through an extrinsic pathway or the intrinsic pathway (Fig. 6). The two pathways converge together
when caspase 3, an effector caspase, is cleaved, which then leads to apoptosis.
Figure 6: Intrinsic and Extrinsic Apoptotic
Pathway
A model depicting the extrinsic (right) and intrinsic (left)
pathway in apoptosis. The extrinsic pathway is initiated by
Fas-Ligand (Fas-L, red) binding to the Fas death receptor.
Fas-associated death domain (FADD) adaptor proteins
recruit pro-caspase 8 and forms the death-inducing
signaling complex (DISC). Self-cleavage of pro-caspase 8
into caspase 8 activates it. Active caspase 8 cleaves procaspase 3 and activates caspase 3. This leads to apoptosis.
The intrinsic pathway is initiated by stress response.
Caspase 8 cleaves Bid and Bid binds and inhibits Bcl-2 and
Bcl-xl, displacing them from Bax and Bak. Bax and Bak then
oligomerizes to promote release of cytochrome C from the
mitochondria. Cytochrome C bind with APAF-1 and
caspase 9 to form apoptosome and cleave pro-caspase 3 into its active caspase 3 form and thus initiates apoptosis.
Reproduced from Ref. Tan et al., 2014 with permission from The Royal Society of Chemistry)

The extrinsic pathway is triggered by the death receptor of the tumor necrosis factor (TNF)
receptor family on the plasma membrane (Fig. 6)96. The most well-known death receptor is the Fas
receptor, which is activated when an extracellular stimulus such as a Fas ligand binds to it. The death
receptor associates with the Fas-associated death domain (FADD), which are adaptor proteins that recruit
caspase 8 to the receptor and forms the death-inducing signaling complex (DISC). DISC formation results
in self-cleavage of caspase 8, allowing it to cleave and activate other downstream caspases such as caspase
3. The intrinsic pathway is initiated by the release of apoptotic factors from the mitochondria (Fig. 6). In
response to the cytotoxic stimuli, pro-apoptotic proteins, such as Bax and Bak, bind to the mitochondria
and induce the permeabilization of the outer mitochondrial membrane. As a result, cytochrome c is

Page 35 of 76

released from the mitochondria. In the cytosol, cytochrome c interacts with certain proteins such as APAF1 and Caspase 9 to form the apoptosome. The apoptosome then cleaves and activates caspase 3 and
induces cell death.

Bcl-2 family proteins are key regulators of intrinsic cell death pathway and consist of proteins that
can either promote or suppress apoptosis97. The pro-survival, or anti-apoptotic, group involves Bcl-2, BclxL, Bcl-w, A1, and Mcl-1. While the pro-apoptotic proteins can be divided into two groups: a multi-domain
group that consists of Bax, Bak, and Bok, and the BH3-only domain group that includes Bid, Bad, Bim, and
other proteins. Pro-apoptotic proteins such as Bax and Bak form oligomers on the mitochondrial
membrane that permeabilizes the membrane and releases apoptotic proteins98. The anti-apoptotic multidomain proteins, such as Bcl-2, bind to the pro-apoptotic proteins, such as Bax, and inhibit their apoptotic
function97 (Fig. 6). When the cell receives a signal to undergo apoptosis, then the activated BH3 only
proteins bind up the anti-apoptotic proteins that then activates the pro-apoptotic proteins to increase
mitochondrial permeability. Therefore, there is a shift in the ratio of active anti-apoptotic to active proapoptotic proteins that then commits the cell to apoptosis.

As mentioned previously, in colorectal cancer, release from drug resistance involved not only the
decreased expression of Pgp but also Bcl-2 and Bcl-xL, anti-apoptotic proteins67. Bcl-2 is one of the most
important anti-apoptotic proteins97. By interacting with pro-apoptotic proteins, such as Bax, it regulates
the mitochondrial outer membrane permeabilization and thus the activation of various caspase molecules
through the intrinsic pathway96,99. In prostate cancer, increased expression of Bcl-2 inhibited apoptosis
and promoted cell survival. Bcl-2 most commonly interacts and inhibits Bax activity97,98. Prostate cancer
cells treated with Formononetin induced apoptosis by enhancing the ratio of Bax/Bcl-2 proteins99. This
treatment reduced the expression of Bcl-2 and increased expression of Bax, thus shifting the ratio to a
pro-apoptotic state. Additionally, there was also down-regulation of phosphorylated Akt and upregulation
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of phosphorylated p38, a protein kinase that acts as a tumor suppressor and inhibits cell proliferation.
Various Bcl-2 inhibitors have been developed to target and inhibit these anti-apoptotic proteins and thus
initiate apoptosis in cancer cells. However, inhibition of one anti-apoptotic protein is not sufficient in
inducing apoptosis as the cancer cells may initiate a survival mechanism through other anti-apoptotic
protein. ABT-199 is a Bcl-2 inhibitor that inhibits not only Bcl-2 but also Bcl-w; however, it does not inhibit
Bcl-xL100. Whereas, ABT-263 inhibit Bcl-2, Bcl-w, and Bcl-xL. Treating drug-resistant prostate cancer cells
with the ABT-263 indicated that the cells were resensitized to docetaxel treatment, while cells treated
with ABT-199 did not. The persisting resistance following treatment with ABT-199 occurred due to the
continued expression of Bcl-xL, which was inhibited when the cells were treated with ABT-263. Therefore,
it is essential to consider the various anti-apoptotic proteins and their role in drug resistance in prostate
cancer cells.
Bcl-xL
Similar to Bcl-2, Bcl-xL also induces cancer cell survival by inhibiting apoptosis. Similar to Bcl-2,
Bcl-xL inhibits Bax; however, unlike Bcl-2, it inhibits Bak as well98. Increased expression of Bcl-xL has been
associated with higher Gleason grade prostate carcinoma and with the onset of CRPC101. Bcl-xL associated
with both Bax and Bak in androgen-independent prostate cancer cells; however, it only associated with
Bak in the androgen-dependent prostate cancer cells. Besides its interaction with Bax and Bak, Bcl-xL also
interacts with certain BH3 proteins to inhibit their activity, such as BIM, PUMA, tBID, and BAD98. Bad, in
its non-phosphorylated state, binds to Bcl-xL or Bcl-2 and prevents it from inhibiting apoptosis102.
However, phosphorylation of Bad prevents it from interacting with Bcl-xL or Bcl-2 and promotes cell
survival (Fig. 1). One of the proteins that can phosphorylate Bad is Akt. Therefore, in prostate cancer,
aberrant activation of the PI3K/Akt pathway results in the phosphorylation of Bad and thus promotes cell
survival independent of Bcl-xL.
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Bcl-xL is also regulated by integrins and through their adhesion to ECM in the tumor
microenvironment, cell survival can be enhanced and apoptosis inhibited103. In prostate cancer, androgen
receptor-induced tumor cell survival through Bcl-xl via integrin α6β1 (Fig. 1)43. AR-expressing cells were
resistant to PI3K inhibition as they increased the mRNA and protein expression of integrin α6β1, which
binds to laminin. Furthermore, integrin α6β1 promoted the increased expression of NF-kB and Bcl-xl, an
anti-apoptotic protein from the Bcl-2 family. Knockdown of AR, Integrin α6, Bcl-xl, or NF-kB was sufficient
to overcome drug resistance and induce death. Although Bcl-xL has been observed to have a great role in
promoting cell survival in prostate cancer, it is possible that cell survival can also occur in the presence of
other anti-apoptotic proteins, such as MCL-1.
MCL-1
MCL-1 contains four BCL-2 homology domains in the C-terminal region which can interact and
sequester the BH3 only proteins and thus prevent apoptosis104. MCL-1 has specificity for specific BH3
proteins (BIM, tBID, PUMA, NOXA) and Bak. Although MCL-1 has specificity for all these proteins, it is,
however, not regulated by Bad, unlike Bcl-2 and Bcl-xL

98

. When the PI3K/Akt pathway is activated,

phosphorylation of Bad prevents it from sequestering Bcl-2 and Bcl-xl, but not MCL-1. Additionally, when
Bcl-2 inhibitors are present, they may inhibit Bcl-2 and Bcl-xL, but not MCL-1100. These circumstances allow
for a way for the cell to continue inhibiting apoptosis via MCL-1. Therefore, it is important to consider its
potential role in inhibiting apoptosis and drug resistance.
MCL-1 overexpression is often caused by a somatic copy number amplification in cancer, and its
elevated protein expression correlates with poor outcome and tumor grade104. Additionally, MCL-1 has a
role in drug resistance in various cancers such as lung, pancreatic, and triple negative breast cancer.
MCL-1’s N-terminus contains 150 amino acid sequence that is rich in proline, glutamic acid, serine,
and threonine104. MCL-1 degradation involves ubiquitination at 13 different lysine residues and
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phosphorylation, which ultimately targets the protein to the proteasome for degradation (Fig. 7).
Compared to the other anti-apoptotic protein, MCL-1 has the shortest half-life of about three hours and
is highly unstable104,105. As such, it requires active MCL-1 mRNA translation to maintain its expression.
MCL-1 can be phosphorylated at nine different sites, and site-specific phosphorylation regulates its
stability, activity, degradation and even localization104. The most well-known cell signaling pathways
involved in upregulating MCL-1 are PI3K/AKT, MAPK/ERK, and JAK/STAT pathways (Fig. 1 and Fig. 7)104.
The interleukin (IL) signaling often leads to activation of the JAK/STAT pathway with STAT acting as the
transcription factor that binds to MCL-1 and upregulates its expression. STAT3 or STAT5 can upregulate
MCL-1 expression. Endoplasmic-stress and hypoxia also upregulate the expression of MCL-1. Besides
apoptosis, MCL-1 has a role in DNA damage response105,106.
Figure 7: MCL-1 Activity
A model depicting MCL-1 expression and regulation. Extracellular
signaling (blue) induces the activation of intracellular signaling
molecules (yellow), which can then upregulate the transcription and
expression of MCL-1 by transcription factors (left arrow, nuclear TF).
Once synthesized, protein kinases (yellow) regulate MCL-1 activity
and stability via phosphorylation (middle arrow, P).
Phosphorylated/stabilized MCL-1 interacts with BH3 only proapoptotic proteins near the mitochondrial surface to prevent cell
death. E3 ubiquitin-ligases limit MCL-1 activity via ubiquitination (U)
and proteasomal degradation.
Reproduced from Young et al., 2017.

MCL-1 role in cancer progression has been well established in B-cell lymphoma and hematopoietic
stem cell tumors. However, a considerable amount of research is currently being done to identify the role
that MCL-1 plays in various cancers. In acute myeloid leukemia, Bcl-2 family proteins are commonly found
to be dysregulated105. Use of a BH3 mimetic decreased the association between pro-apoptotic proteins
like Bim and Bcl-2 and increased cancer cell apoptosis. However, inhibition of this process was overcome
by an increase in Bim associating with MCL-1, thus stabilizing MCL-1 and resulting in cell survival and drug-

Page 39 of 76

resistance. Therefore, using an MCL-1 specific inhibitor, A-1210477, along with the BH3 mimetic displayed
a synergistic effect. Use of the MCL-1 inhibitor dissociated Bim from MCL-1, while the BH3 mimetic
dissociated Bim from Bcl-2 and this synergistic effect led to increased apoptosis.
In prostate cancer, MCL-1, Bcl-2, and Bcl-xL are highly expressed in CRPC106. MCL-1 can translocate
to the nucleus, and it has some function in DNA damage response and G2/M cell cycle checkpoint. As a
result, MCL-1 protected advanced human prostate cancer from apoptosis caused by chemotherapeutic
induced DNA damage. By treating the prostate cancer with a drug that promotes MCL-1 degradation,
increased DNA damage and cell death were observed. It also decreased primary tumors and metastasis in
mice. MCL-1 knockdown followed by chemotherapeutic treatment increased DNA damage and targeted
the cells for apoptosis.
MCL-1's dual role as an anti-apoptotic protein and DNA damage response protein increases the
cancer cell’s ability to be resistant to a variety of drugs. MCL-1 expression is induced by the ECM and more
specifically, by collagen. In acute lymphoblastic leukemia, malignant T cells express β1 integrins that help
them interact with the ECM and thus aid in their tumor progression107. They contain α4β1 and α5β1
integrins that can bind to fibronectin and help mediate cell migration. They also contain α2β1 integrin,
which is the main integrin on T cells that binds to collagen. The α2β1 integrin protects the malignant T
cells from Fas-mediated and doxorubicin-induced apoptosis. Collagen protects the malignant cells by
maintaining MCL-1 expression level via α2β1 integrin/MAPK/ERK activation. Thus, the ECM can have a
role in promoting drug resistance to tumor cells via the anti-apoptotic protein, MCL-1.
Prior studies indicate that androgen receptor has a role in promoting drug resistance in laminin
adhered PC-3 cells by inducing α6β1 integrins that can promote cell survival through upregulation of NFkB and BcL-xL activation43. Besides compensatory AR signaling pathways that promotes drug resistance,
there are additional mechanisms by which cancer cells may induce drug resistance such as through
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multidrug resistance proteins and anti-apoptotic proteins. Additionally, the ECM has also been observed
to promote drug resistance; adhesion to collagen increases drug resistance in various cancers69,89,91.
Furthermore, collagen induced drug resistance by increasing the expression of various MDR proteins like
MRP1 and Pgp69,71. Additionally, increased expression of certain anti-apoptotic proteins such as MCL-1 has
also been observed in cells adhered to collagen107. Therefore, it was hypothesized that collagen induces
drug resistance in prostate cancer.

2 – Methods and Materials
2.1 – Cell Lines and Reagents:
PC-3, C4-2, and DU-145 cell lines were used in this study. PC-3 and DU145 cells were originally
purchased from ATCC. The C4-2 cell lines was obtained from Dr. Robert Sikes (University of Delaware). All
cell lines were validated by STR and routinely tested and found to be negative for Mycoplasma. We used
three different clones of PC3 cell lines that were previously constructed: PC-3 Puro, PC-3 AR1, and PC-3
AR243. Like the parental line, the PC-3 Puro contained no AR, while the PC-3 AR1 and PC-3 AR2 clones
contained constitutively active AR. The PC-3 cell lines were grown in F12K (Gibco 21127-022) media with
Penicillin-Streptomycin solution, 2 mM L-glutamine (Corning 25-005-CL), and 10% charcoal-stripped
serum and dextran treated Fetal Bovine Serum (FBS) (Gemini 100-119). The cell lines were maintained in
2 μg/mL Puromycin to retain AR expression. C4-2 cells were grown in RPMI 1640 (Corning Cellgro 10-040CV) with Penicillin-Streptomycin, 2 mM L-glutamine, 1mM Sodium Pyruvate (Gibco 11360-070), 0.3%
glucose, 1M Hepes (Corning 25-060-CL), and 10% FBS. The DU-145 cell line was grown in DMEM media
(Corning Cellgro 10-013-CV) with Penicillin-Streptomycin, 2 mM L-glutamine, and 10% FBS. For the
adhesion experiments, cells were all maintained in 0.1% charcoal-stripped FBS (starvation media) and C42 cells were additionally maintained in Phenol-free RPMI 1640 (Corning Cellgro 17-105-CV). Cells were
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grown and then discarded after 20 passages and then replaced with a lower passage cells to maintain
consistency throughout the study.

2.2 – Androgen and Drug Treatment:
LY294002 (Item no: 70920) and PX-866 (Item No: 13645) were both acquired from Cayman
chemicals. The PI3K inhibitors were diluted in DMSO at the desired concentration and stored in -20°C.
Control cells were treated with DMSO. R1881 (synthetic androgen) was purchased from Sigma (R0908)
and a 10 mM stock made in ethanol was then diluted into RPMI medium (10 µM) before adding to cells.
For the adhesion experiments, cells were plated on 10 µg/mL mouse laminin (ThermoFisher 23017-015)
or 10 µg/mL rat tail collagen I (Corning 354236). Prior to plating cells, the plates were coated in the
respective matrix for at least 1 hour in 37°C or overnight in 4°C and then clocked at 37°C with 1% BSA in
Ca2+ Mg2+ Free (CMF) PBS for 1-2 hours.
Due to the different proliferative rates, C4-2 cells were plated at 30,000 cells per cm2, PC3 cells at
25,000 cells per cm2, and DU-145 cells at 50,000 cells per cm2. The cells were initially plated in full growth
media (which contained 10% FBS) for 24 hours and then the media was changed to starvation media (with
0.1% charcoal stripped FBS) for the next 24 hours. To stimulate AR activity in C4-2 cells, after 48 hours of
plating, the C4-2 cells were treated with 10nM R1881 or ethanol. 24 hours post stimulation with R1881,
the cells were re-spiked with 10nM R1881 and treated with PX-866, or DMSO for 48 hours. When the cells
were treated with LY294002, the cells were treated for a total of 72 hours, and re-spiked with R1881 and
drug at the 48-hour period mark.
The same procedure was followed for PC-3 cells; however, as the PC-3 AR1 and PC-3 AR2 clones
already have constitutively active AR, the cells were not stimulated with R1881. 24 hours after plating
cells in starvation media, the cells were treated with PI3K inhibitors for 72 hours. DU-145 cells were not
stimulated with R1881 or treated with the PI3K inhibitors, but were used as controls.
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S63845 was acquired from APExBio (Catalog no: A8737) and diluted in DMSO to the desired
concentration and stored in light-protected vials in -20°C. The same procedure for drug treatment was
followed when C4-2 cells were treated with S63845. Following the 24 hours of stimulation with 10 nM
R1881, cells were treated with or without 1 µM S63845 for 48 or 72 hours. For the combined drug
treatment, cells were first treated with 1 µM S63845 followed immediately by treatment with either 500
nM PX-866 or 20 µM LY294002 for 48 hours or 72 hours respectively. When cells were treated with
LY294002, the cells were re-spiked with 10nM R1881, 1 µM S63845, and 20 µM LY294002 at the 48-hour
period mark.

2.3 – Cell Death Assay:
After 48-72 hours of treatment with PX-866 or LY294002 was complete, the floating and adherent
cells were collected via trypsinization, washed in PBS, and stained with trypan blue. Both live and dead
cells were counted on a hemocytometer and analyzed for cell viability. For each experiment, a biological
triplicate for each condition was run and analyzed.

2.4 – Immunoblot
Both adherent and suspended cells were collected and total cell lysates were generated for
immunoblotting

using

either

Mitogen

Activated

Protein

Kinase

(MAPK)

or

a

modified

Radioimmunoprecipitation Assay (RIPA) Lysis buffer. MAPK lysis buffer was made with 25 mM Tris (pH
7.5), 0.25 mM ethylenediaminetetraacetic acid (EDTA), 25 mM sodium fluoride, 50 mM sodium chloride,
25 mM β-glycerophosphate, 2.5 mM sodium pyrophosphate, 1% triton-x100, and protein phosphatase
and protease inhibitors (1 mM sodium vanadate, 1 mM phenylmethane sulfonyl fluoride (PMSF), 5 µg/mL
Leupeptin, 5 µg/mL Pepstatin, 10 µg/mL Aprotinin, and 1 mM Benzamide). Modified RIPA lysis buffer was
made with 10 mM Tris (pH 7.2), 158 mM sodium chloride, 1 mM EDTA, 0.1% sodium dodecyl sulfate (SDS),
1% sodium deoxycholate, 1% Triton 100X, 20 mM β-glycerophosphate, and protein phosphatase and
protease inhibitors.
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The protein concentrations were quantified using the Bicinchoninic Acid assay (BCA). The Pierce
BCA Protein Assay Reagent A (23228) and Reagent B (1859078) were both from ThermoFisher Scientific.
The BCA standard curve was determined used 1 mg/mL Bovine Serum Albumin (BSA) (GoldBiotechnology
A-420-500). 10-20 µg of proteins were loaded on polyacrylamide gels (PAGE) and then transferred onto a
polyvinylidene difluoride (PVDF) membrane. The blots were then blocked in 5% BSA in Tris-buffered saline
(TBS) either for 30 minutes at room temperature or at 4°C overnight. The blots were then incubated with
primary antibody diluted in 5% BSA in TBS with 0.05% Tween-20 for an hour at room temperature and
then detected using either Li-Cor Secondary antibodies or horseradish peroxidase (HRP) conjugated
secondary antibodies.

2.5 – Antibodies
AKT pan antibody (4691S), p-AKT (Ser 473) (4051S), p-STAT3 (Tyr 705) (4113), STAT3 (9139S), pp44/42 MAPK (Erk1/2) (Thr 202/Tyr204) (9106), p44/42 MAPK (ERK1/2) (9102S), and MCL-1 (4572) were
all acquired from Cell Signaling Technology. Antibody for MRP1 (SC-18835) and androgen receptor, AR
441 (SC-7305), was acquired from Santa Cruz Biotechnology. Anti-α-Tubulin (T9026) was acquired from
Sigma-Aldrich. Antibodies were used at 1:1000 dilution for immunoblotting, except for MRP1 (1:200),
MCL-1 (1:500), p-STAT3 (1:2000), pERK 1/2 (1:2000), and tubulin (1:2000).

3 – Results
3.1 – PC-3 Cells on Collagen are Resistant to PI3K Inhibition
Two different prostate cancer cell lines were used in this study, PC-3 and C4-2 cells. PC-3 prostate
cancer cells were acquired from the bone metastasis of a 62-year-old Caucasian male with grade IV
adenocarcinoma108. The PC-3 cell line lacks androgen receptor, PSA, and 5α-reductase109. Due to the
absence of an androgen receptor, it is considered to be an AR-independent cell line and is an excellent
model to indicate potential survival mechanism present in CRPC. PC3 is also PTEN negative due to the
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homozygous gene deletion thus leading to the constitutive activation of the PI3K/AKT pathway. In this
study, two clonal lines of PC-3 (PC-3 AR1, and PC-3 AR2) were also examined (Fig. 8). The PC-3 Puro cell
line has an empty vector and mimics the original PC-3 cell line while PC-3 AR1 and PC- AR2 clones express
AR that is constitutively active43, which make this an ideal cell-line to investigate survival mechanisms in
CRPC.
Figure 8: AR Expression in PC-3 cells.
PC-3 Puro, PC-3 AR1, and PC-3 AR2 cells adhered on plastic and lysed in RIPA buffer. 16µg of total cell
lysate was loaded onto a 12% PAGE gel. Immunoblot was incubated with anti-AR antibody overnight at
4°C and incubated in Alexa-flour conjugated secondary antibody for 1 hour.

PC-3 Puro, AR1, and AR2 cells were plated on laminin or collagen and treated with 20 μM of PI3K
inhibitor LY294002 for 72 hours and cell death measured by trypan blue exclusion. 49.25% cell death was
observed in PC-3 Puro cells that were adhered to laminin when treated with LY294002 (Fig. 9A). However,
PC-3 AR1 and AR2 cells were rescued from the effects of the PI3K inhibitors. Interestingly, the PC-3 Puro,
AR1, and AR2 cells that were adhered on collagen were completely resistant to the PI3K inhibitor (8.54%,
12.32%, and 13.19% respectively). As the PC-3 Puro cells do not express AR (Fig. 8) and this effect was
only observed on collagen and not laminin, it can be concluded that there is a survival mechanism induced
by collagen that is independent of AR.

Figure 9: PC-3 Cells on Collagen are Resistant to PI3K Inhibition
PC-3 Puro, PC-3 AR1, and PC-3 AR2 cells plated on 10μg/mL of laminin or collagen treated with A) 20µM of LY294002 or DMSO
for 72 hours or B) 700nM of PX-866 or DMSO for 72 hours. Cell death was assessed by trypan blue exclusion.
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To determine if the resistance on collagen was specific to LY294002, the PC-3 cell lines were
treated with another PI3K inhibitor, PX-866. PC-3 Puro, AR1 and AR2 cells were treated with 700 nM PX866 for 48 hours and cell death measured by trypan blue exclusion. 38.22% of cell death was observed in
laminin adhered PC-3 Puro cells (Fig. 9B). However, the laminin adhered PC-3 AR1 and AR2 cells were
completely resistant to the drug. Additionally, all the collagen adhered PC-3 cell lines were completely
resistant to PX-866 with 15.61% for PC-3 Puro, 17.94% for PC-3 AR1, and 14.27% for AR2 cell death
detected. Compared to LY294002, the cells treated with PX-866 had an overall lower amount of cell death.
Although the PX-866 (IC50 = 0.1-88nM) is a more potent drug than LY294002 (IC50 = 1.4µM), the PC-3 cells
required a higher dose of the PX-866 to show any effect. It is possible that PC-3 cells have some
mechanism that is protecting the cells from the effects of PX-866. However, it can be concluded that
collagen induces resistance against PI3K inhibitors in PC-3 cells independent of AR.

3.2 – C4-2 cells on Collagen are Resistant to PI3K Inhibition
To ensure that the collagen-induced resistance to PI3K inhibitors is not a cell-specific effect, C4-2
cells were treated with LY294002 or PX-866. C4-2 prostate cells were isolated from another human
prostate cancer cell line, LNCaP, which was isolated from a left supraclavicular lymph node of a 50-yearold Caucasian male with carcinoma110. The C4-2 cell line was generated when the LNCaP cells were
injected into nude mice, extracted, cultured in vitro, and again injected into castrated mice. The resulting
tumor that was isolated led to the formation of the C4-2 cell line. The C4-2 cell line expresses AR; however,
unlike PC-3 AR1 and AR2 cells that express AR that is constitutively active, C4-2 cells need to be stimulated
by synthetic androgen (R1881) to maximally activate AR.
Following a 24 hour pre-stimulation with synthetic androgen, C4-2 cells were treated with 20 µM
Ly294002 for 72 hours or 500nM PX-866 for 48 hours. The drug’s potent effect had a more rapid impact
at a lower dose on C4-2 cells compared to the PC-3 cells and thus treatment with PX-866 was at a lower
dose for a shorter period. Yet the effect of both PI3K inhibitors on C4-2 cells were similar to the PC-3 cells.
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When the cells were not stimulated with androgen and adhered on laminin, 65.17% of cell death was
attributed to the LY294002 (Fig. 10A); while, treatment with PX-866 caused 81.77% cell death (Fig. 10B).
Stimulation with R1881, rescued the cells from the effects of both the PI3K inhibitors. Additionally, cells
plated on collagen, even in the absence of androgen stimulation, were protected from the effects of both
the drugs as treatment with LY294002 caused 20.42% cell death, while PX-866 caused 38.11% cell death
(Fig. 10A, B). Therefore, collagen induces resistance against PI3K inhibitors in C4-2 cells independent of
AR.

Figure 10: C4-2 Cells on Collagen are Resistant to PI3K Inhibition
C4-2 cells plated on 10µg/mL laminin or collagen. Cells were pretreated with 10nM R1881 or DMSO for 24 hours and then treated
with A) 20µM LY294002 or DMSO for 72 hours with or without R1881 or B) 500 nM PX-866 or DMSO for 48 hours with or without
R1881. Cell death was assessed by trypan blue exclusion.

3.3 – MRP1 is Induced by Collagen, but Reversed by Androgen Receptor
Since the published PX-866 IC50 is 0.1-88nM and LY294002 IC50 is 1.4µM but the cells required
treatment with 500-700nM PX-866 and 20 µM LY294002 to induce cell death, I hypothesized that a drug
efflux transporter may be involved in actively pumping the drug out of the cell and thus inducing drug
resistance. To test the involvement of multidrug resistant proteins, protein expression of MRP1 was
detected by immunoblotting. C4-2 cells adhered on collagen or laminin were stimulated with androgen
and then treated with PI3K inhibitors. In C4-2 cells, an increase in MRP1 protein expression is detected
when the cells are treated with either LY294002 or PX-866 (Fig. 11) However, quite strikingly, MRP1
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expression dramatically increases when the cells are adhered to collagen and AR is not activated.
Therefore, collagen increases the expression of MRP1 in comparison to laminin (Fig. 15), but this induction
is diminished when cells are stimulated by androgen.

Figure 11: MRP1 is Induced by Collagen, but Reversed by Androgen
C4-2 cells were plated on 10µg/mL laminin or collagen. Cells were pretreated with 10nM R1881 or DMSO for 24 hours and then
treated with A) 20µM LY294002 or DMSO for 72 hours with or without R1881 or B) 500 nM PX-866 or DMSO for 48 hours with or
without R1881. Total cell lysates were collected using RIPA lysis buffer and 20 µg were loaded onto the 6% PAGE gels and MRP1
and Tubulin levels measured by immunoblotting.

3.4 – MCL-1 is Induced by Adhesion to Collagen but Blocked by Androgen Receptor
To examine whether MCL-1 has a role in collagen-mediated drug resistance in prostate cancer
cells, the levels of MCL-1 protein was examined in drug-treated cells by immunoblotting. C4-2 cells
adhered on laminin or collagen were stimulated with androgen and then treated with PI3K inhibitors.
Strikingly, MCL-1 protein expression increased in cells plated on collagen compared to Laminin (Fig. 12 A,
B). Unexpectedly, the increased expression of MCL-1 on collagen was suppressed when the cells were
stimulated with androgen. Therefore, collagen increases the expression of MCL-1 in comparison to laminin
(Fig. 15) but it is blocked by androgen stimulation.
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Figure 12: MCL-1 is Induced by Collagen, but Blocked by Androgen Receptor
C4-2 cells were plated on 10µg/mL laminin or collagen. Cells were pretreated with 10nM R1881 or DMSO for 24 hours and then
treated with A) 20µM LY294002 or DMSO for 72 hours with or without R1881 or B) 500 nM PX-866 or DMSO for 48 hours with or
without R1881. Total cell lysate were collected using RIPA lysis buffer and 20 µg were loaded onto the 12% PAGE gels and MCL-1
and Tubulin levels measured by immunoblotting.

3.5 – STAT3 and ERK1/2 are Not Involved in Mediating Resistance to PI3K Inhibitors.
The PI3K/AKT, MAPK/ERK, and JAK/STAT pathways are the major signaling pathways known to be
involved in inducing the expression of MCL-1 104. We investigated whether AKT, ERK, or STAT3 signaling
was enhanced in cells adherent to collagen relative to laminin. There was no difference in AKT activation
in cells plated on laminin versus collagen (Fig. 13). Treatment of PC-3 Puro, AR1, or AR2 cells with
LY294002 or PX-866 both led to complete inhibition of phosphorylated AKT under all conditions as
expected (Fig. 13 A, B). No induction of phosphorylated STAT3 or ERK1/2 was detected on collagen or
laminin. Thus, these pathways likely do not have a role in inducing either drug resistance to PI3K inhibitors
or induction of MCL-1 or MRP1. Additionally, there was no increase in NF-κB phosphorylation in either C42 or PC-3 cells adhered to collagen and treated with the PI3K inhibitors (data not shown). Together these
data suggest that resistance to PI3K inhibitors and induction of MCL-1/MRP1 expression occurs by a
pathway independent of AKT, MAPK, and STAT3.
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Figure 13: STAT3 and ERK1/2 are Not Involved in Mediating Resistance to PI3K Inhibitors
PC-3 Puro, PC-3 AR1, and PC-3 AR2 cells adhered to 10 µg/mL of laminin or collagen and treated for 72 hours A) with (+) or
without (-) 20uM LY294002, or B) 700 nM PX-866. Total cell lysates were collected using MAPK lysis buffer and A) 20 µg or B) 12
µg of protein was loaded onto a 12% PAGE gel. Levels of pAKT (Ser 473), total AKT, pSTAT3 (Tyr 705), total STAT3, p-p44/42
(ERK1/2) (Thr202/Tyr204), Total p44/42 (ERK1/2), and tubulin were assessed by immunoblotting.

3.6 – MCL-1 Inhibitor, S63845, Plus PI3K Inhibitors, Enhances Cell Death.
C4-2 cells adherent on collagen or laminin were pre-treated with androgen for 24 hours. Following
24 hours, the cells were treated with or without 1 µM S63845, 20 µM LY294002, or 1 µM S63845 and 20
µM Ly294402 for 72 (Fig. 14A). As previously observed, non-androgen stimulated cells adhered to collagen
(35.070 %) were more resistant to LY294002 than the cells adhered to laminin (59.712%) but were
completely resistant to 1 µM S63845 alone (Fig. 14A).

Figure 14: MCL-1 Inhibitor, S63845, Plus PI3K Inhibitors, Enhances Cell Death
C4-2 cells adhered to 10 µg/mL of laminin or collagen were pretreated with or without 10nM R1881 for 24 hours. After 24 hours,
cells were re-stimulated with or without R1881 and treated with or without 1 µM S63845 and with or without A) 20 µM LY294002
for 72 hours or B) 500 nM PX-866 for 48hours. Cell death was assessed by trypan blue exclusion.

However, when the cells were treated with both 1 µM S63845 and 20 µM LY294002, cell death
increased on both laminin (72.136%) and collagen (52.821%). Additionally, cells pretreated with androgen
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were also initially resistant when the cells were treated with LY294002, with a cell death of 33.165% on
laminin and 34.818% on collagen. Combination treatment of LY294002 and S63845 induced a slight
increase in cell death when the cells were pre-treated with androgen (laminin adhered = 49.355% and
collagen adhered = 48.406%).
Similar results were obtained using PX-866. Following 24 hours pre-treatment with androgen,
cells were also treated with or without 1 µM S63845, 500 nM PX-866, or 1 µM S63845 and 500 nM PX866 for 48 hours (Fig. 14B). Treatment with 1 µM S63845 alone only induced 16.094% and 14.409% (with
and without androgen stimulation) cell death on laminin and 16.498% and 15.718% (with and without
androgen stimulation) cell death on collagen (Fig. 14B). Similar to the LY294002 results, non-androgen
stimulated, collagen adhered cells (40.911%) indicated more resistance to treatment with PX-866 than
laminin adhered cells (72.964%). However, when the cells were treated with 1 µM S63845 and 500 nM
PX-866, cell death on collagen increased to 73.077%. Even in cells pre-treated with androgen, there was
a slight increase in cell death. On laminin, cell death increased from 25.948% to 39.301%, and on collagen,
cell death increased from 35.434% to 49.137%. Therefore, MCL-1 inhibitor treatment can overcome
resistance to the PI3K inhibitor, especially in non-androgen induced cells. Further analysis is required to
determine if the drugs truly work synergistically with each other.

4 – Discussion
Metastatic prostate cancer is a disease with a very low survival outcome. Additionally, CRPC
develops drug resistance making it difficult to treat. Due to dysregulation of the PI3K pathway in prostate
cancer, it is the ideal target for treatment. However, certain PI3K inhibitors failed in clinical trials such as
LY294002, which causes toxicity in animals and was stopped from being further used in clinical trials49.
PX-866 proceeded into phase II clinical trials for patients with recurrent or metastatic CRPC, including
bone metastasis, but also ultimately failed53. Prostate cancer preferentially metastasis to the bone and
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once the tumor has metastasized to the region, it is debilitating. Additionally, since different classes of
PI3K can be dysregulated, it will be necessary to inhibit PI3K, rather than its downstream targets in order
to prevent activation of other signaling pathways that can promote drug resistance. Therefore, it is
important to understand why these PI3K inhibitors fail in metastatic prostate cancer and understand the
cause of drug resistance.
As collagen is present in abundance in the body and specifically in the bone, it is important to
examine its role in inducing drug resistance6. Moreover, most prostate cancer preferentially metastasizes
to the bone, which is a collagen-rich region90. Furthermore, several studies have previously observed that
collagen might have a role in promoting drug resistance69,88,89. To understand the role that collagen may
play in prostate cancer drug resistance, I examined if collagen could induce drug resistance in 2 CRPC cell
line models and how it may induce this resistance.
As reported previously in Lamb et al., I found that when CRPC cells are adherent to laminin,
activation of AR by androgen confers resistance to PI3K inhibitors. However, when these same cells are
adherent to collagen, they are resistant to PI3K inhibition irrespective of the status of AR signaling. I
discovered that the anti-apoptotic protein, MCL-1, and the drug anti-porter protein, MRP1 were both
specifically up-regulated on collagen, but not on laminin (Fig. 15). However, this upregulation was either
diminished or blocked in androgen-stimulated cells. Furthermore, inhibition of MCL-1 with a specific
inhibitor in combination with PI3K inhibition overcame the resistance to death induced by adhesion to
collagen. Further research is required to determine if inhibition of MCL-1 can work synergistically with the
PI3K inhibitors to overcome drug resistance on collagen. Additionally, I found that AKT, STAT3, and ERK1/2
activation are not involved in promoting drug resistance against the PI3K inhibitors since their activation
was unchanged on collagen relative to laminin (Fig. 15). Altogether, these results indicate that prostate
cancer cells adherent to collagen induce a survival mechanism that works independently of AR. In the
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presence of AR, prostate cancer cells were observed to induce resistance to PI3K inhibitors differently. AR
activation, either due to constitutive activation or by androgen stimulation, upregulated the expression
of integrin α6, which paired with β1 to form α6β1 heterodimer receptor43. Integrin α6β1 then upregulated
the expression of NF-κB, which in turn upregulated the expression of Bcl-xL, thus resulting in prostate
cancer cell survival and inhibition of apoptosis induced by PI3K inhibition. However, based on the results
of this study, prostate cancer cells activate an alternative survival pathway that is independent of AR when
cells adhere to collagen that can confer resistance to PI3K inhibitors.
Figure 15: Upregulation of MCL1 and MRP1 on Collagen
Collagen adhered PTEN null prostate cancer
cells develop drug resistance when inhibited
by PI3K inhibitors (LY294002 or PX-866) in the
absence of AR signaling. PI3K inhibition
prevented phosphorylation of AKT. Collagen
adhesion lead to an increased expression of
MCL-1 and MRP1, which was not induced by
STAT3, MAPK, AKT, or NF-κB signaling.
Prostate cancer cells were susceptible to the
effects of PI3K inhibitors when treated in
combination with S63845, MCL-1 inhibitor.

At the emergence of drug resistance, expression of multi-drug resistance (MDR) proteins is
commonly observed. Upregulation of these proteins causes drug resistance in a variety of cancers63. The
two most commonly observed MDR proteins are Pgp and MRP1. In Leukemic T cells, adhesion to collagen
via β1 integrin upregulated the expression of MRP171. Similarly, we observed a dramatic increase in MRP1
expression on collagen and in the absence of androgen was detected. However, MRP1 expression was
decreased in cells stimulated with androgen. In LNCaP cells, androgen was observed to inhibit the
expression of MRP1 while it induced the expression of MRP4111. This could explain the reason why MRP1
expression on collagen decreased when the cells were stimulated with androgen. It is possible that MRP4
expression will go down on collagen that has non-androgen stimulated cells.
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Collagen/β1 integrin upregulates MRP1 in an ERK-dependent manner71. Additionally, studies in
lung cancer indicate STAT3 also upregulates the expression of MRP1 and Pgp 68. However, both ERK1/2
and STAT3 were not upregulated in the collagen-adherent cells. Therefore, collagen induces the
upregulation of MRP1 in an ERK1/2 and STAT3 independent manner. However, another possibility is signal
transducer and activator of transcription 5 (STAT5)104. STAT proteins associate with Janus tyrosine kinases
(JAK) that form associations with cytokine receptors. When a ligand binds to the cytokine receptor, JAK
proteins can then phosphorylate STAT proteins. STAT proteins are activated when they are
phosphorylated on the C-terminal tyrosine and can form a dimer pair. Once activated, STAT can
translocate to the nucleus where it acts as a transcription factor and regulates the transcription of its
target genes. In cisplatin-resistant human lung cancer, silencing microRNA-10a inhibited STAT5 and MRP1
activity112. Additionally, collagen upregulates the expression of STAT5 proteins in breast cancer113.
Although currently there is no correlation between STAT5 and MRP1 activity in drug resistance, further
research will be needed to determine if STAT5 upregulates the expression of MRP1 in CRPC cells upon
adhesion. In this study, Pgp protein expression was also analyzed and was found to be absent (data not
shown). However, lack of its expression can be contributed to a variety of reasons such as low protein
loading in immunoblots as well as inappropriate antibody usage. Therefore, its potential role in drug
resistance cannot be ruled out. Besides MRP1, collagen also upregulates Pgp expression69 and therefore
might also have a role in promoting drug resistance in prostate cancer cells.
Besides MRP1, MCL-1 expression also induces drug resistance in various cancers105 and its
expression is upregulated on collagen106. In this study, MCL-1 expression was upregulated in cells adhered
to collagen and maintained following treatment with PI3K inhibitors. However, its expression was blocked
when the cells were androgen-stimulated. In Lamb et al. study, AR activation resulted in the expression
of Bcl-xL, which promoted cell survival43. Therefore, it is possible that in the presence of androgen and
resulting androgen receptor activation, prostate cancer cells induce cell survival and inhibit apoptosis
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primarily via Bcl-xL. MCL-1, which is a highly unstable protein104,105, is degraded. However, in the absence
of androgen receptor activation, collagen maintains the expression of MCL-1 and thus promotes cell
survival and inhibits apoptosis primarily via MCL-1.
In recent years, MCL-1 was repeatedly identified as an anti-apoptotic protein capable of
promoting drug resistance104. MCL-1 inhibits apoptosis in various cancers such as B-cell lymphoma,
leukemia, and even prostate cancer105-107. Additionally, inhibition of Bcl-2 expression has been observed
to increase stabilization and expression of MCL-1 in acute myeloid leukemia, resulting in cell survival105.
Bcl-2 sequesters Bim and prevents it from inducing apoptosis by interacting with Bax/Bak molecules. Bcl2 inhibition leaves Bim to associate with and stabilize MCL-1, thus increasing MCL-1 expression. Due to
this reason, it is important to examine the role of MCL-1 in CRPC. However, MCL-1 is differentially
regulated compared to Bcl-2 and Bcl-xL104. Additionally, certain Bcl-2 inhibitors may inhibit Bcl-2 and BclxL; but may not inhibit MCL-1100. Therefore, MCL-1 stabilization and expression in the absence of other
anti-apoptotic proteins make it an important protein to examine. Although MCL-1 increased MCL-1
expression has been observed in CRPC and its expression has been correlated with α2β1 integrin
expression in acute lymphoblastic leukemia, the connection between MCL-1 and collagen has not been
examined in prostate cancer106,107.
There are several MCL-1 specific inhibitors being developed114, such S63845. S63845 acts as a BH3
mimetic as it binds to the BH3-binding groove of MCL-1 and thus inhibits MCL-1 function. S63845 has a
high affinity for human MCL-1 and specifically targets only MCL-1 and not any other proteins from the
BCL-2 family making it an ideal inhibitor to use to inhibit MCL-1 activity. In my study, combined treatment
of S63845 with PI3K inhibitors overcame the drug resistance that was induced by collagen. However,
active androgen receptor was able to still rescue the cancer cells from its effects on both laminin and
collagen. Therefore, it is possible that on collagen and in the absence of active androgen receptor,
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inhibition of apoptosis occurs primarily via MCL-1. However, in the presence of androgen receptor, which
can activate Bcl-xL, the effect of MCL-1 inhibition is reduced due to the presence of Bcl-xL. Further
research will be required to confirm the presence of these two independent survival mechanisms in
inducing drug resistance in prostate cancer.
At the moment, I have not determined which integrin is involved in collagen-dependent resistance
to PI3K inhibition. The collagen-binding integrins are α1β1, α2β1, α10β1, and α11β177,78. As mentioned
earlier, collagen/Integrin α2β1 has been observed to maintain MCL-1 expression in malignant T cells in
acute lymphoblastic leukemia by activating the MAPK/ERK pathway107. Therefore, it is possible collagen
MCL-1 expression in prostate cancer cells via integrin α2β1. If so, it is not likely to involve MAPK/ERK based
on our data. Further analysis will be required to determine the role integrin may have in stimulating MCL1 expression on collagen. Besides STAT3 and ERK, another protein that can also induce the expression of
MCL-1 is STAT5104. In chronic myeloid leukemia, activation of STAT5 correlated with expression of MCL1115. Silencing STAT5 expression by a dominant-negative STAT5 mutant, dramatically decreased MCL-1
promoter activity. Additionally, as previously mentioned, STAT5 expression is induced by collagen113.
Therefore, STAT5 could be a potential inducer of MCL-1 when prostate cancer cells adhere to collagen.
Collagen induces an alternative survival mechanism in the absence of androgen receptor, which
may involve the expression of MCL-1 and MRP1. As mentioned earlier, MCL-1 expression was blocked by
androgen stimulation on collagen. Additionally STAT5 expression is induced when cells adhere to
collagen113. In acute myeloid leukemia (AML), cells were protected from the cytotoxic effects of PI3K/AKT
inhibitors via a mechanism induced by STAT5 activation. STAT5 activation transcriptionally increased the
expression of Pim kinase, which induced the expression of mTORC1 and led to the phosphorylation of
mTORC1 downstream targets116. Phosphorylation of 4EBP1, a target of mTORC1, led to the formation of
the translation-initiating complex eIF4F, which is necessary for the translation of mRNA’s such as MCL-1
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that have long 5’-UTRs with a high G+C content. As MCL-1 is a highly unstable protein104,105, increased
translation of MCL-1 is required for its steady expression113. Therefore, there is a possibility that when
cells are stimulated with androgen, the STAT5/Pim/mTORC1/MCL-1 pathway is not induced and cells
primarily survive via the AR/NF-κB/Bcl-xL pathway as suggested by Lamb et al.
Besides MCL-1, MRP1 expression was also induced by collagen. As mentioned earlier, in leukemic
T cells, it was observed that MRP1 expression was increased when the cells adhered to collagen 71.
Additionally, androgen induced the expression of MRP4 but inhibited the expression of MRP1 and MRP5
in LNCap cells111. Cai et al. suggested that AR transcriptionally induced the expression of MRP4. It still
remains to be examined how androgen stimulation inhibits the expression of MRP1. At this point, it is
unclear if upregulation of MRP1 and MCL-1 are related or occur as two separate events. Stat3 has
previously been observed to transcriptionally induce the expression of MRP168. Therefore, it is possible
that STAT5 induces the expression of MRP1 in a similar mechanism.

FUTURE DIRECTIONS
In prostate cancer, STAT5 activation was observed in 61% of prostate cancer metastases117. In
vivo, activation of STAT5 led to the formation of prostate cancer in nude mice. Furthermore, STAT5
activation promoted migration and invasion and rearranged the microtubule network of prostate cancer
cells. Additionally, STAT5 suppressed cell surface E-Cadherin expression as well. Furthermore, activation
of STAT5 was observed in high-grade human prostate cancers, and it was associated with early recurrence
of prostate cancer118. Most STAT-activating receptors do not have tyrosine kinase activity to activate
STAT119. Receptor-associated cytoplasmic proteins, called Janus Kinase (Jak) proteins, most commonly
phosphorylate STAT proteins. There are four mammalian Jak proteins (Jak1, Jak2, Jak3, Tyk2). Jak proteins
bind to the cytosolic regions of the receptors, phosphorylates and activates themselves in response to
ligand binding with the receptor. Jak then phosphorylates STAT proteins resulting in its homo and
heterodimerization. Besides STAT3 and STAT5, there are also STAT1, STAT2, STAT4, and STAT6. Following
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dimerization, STAT relocates to the nucleus, binds with the DNA, and promotes transcription of its
downstream targets. However, STAT activity is not only regulated by Jak proteins. Various protein kinases
such as MAPK may also phosphorylate and activate STAT proteins, increasing the complexity of how STAT
is regulated. Additionally, there is also evidence that STAT5 may be constitutively active in prostate
cancer117. Therefore, there is increased possibility that collagen promotes drug resistance in prostate
cancer cells by inducing the expression of STAT5, which in turn upregulates the expression of MCL-1 and
MRP1 in the absence of androgen receptor (Fig. 16). Further analysis will be required to determine the
role of STAT5 in this mechanism.
Besides STAT5, the proviral integration site for Moloney murine leukemia virus (PIM) kinase is
another serine/threonine kinase that is implicated in drug resistance in various cancers including prostate
cancer120. There are three isoforms of PIM kinases: Pim-1, Pim-2, and Pim-3. Although the three PIM
isoforms are ubiquitously expressed, certain isoforms have been observed to be highly expressed in
certain cancers. Pim-1 is highly expressed in prostate, gastric, head and neck, and hematopoietic cells;
while, Pim-2 is highly expressed in brain and lymphoid tissue and Pim-3 is highly expressed in brain, breast,
and kidney tissue. Pim kinases play a critical role in regulating cell cycle, cell proliferation, cell growth,
promoting survival, and inhibiting stress-induced apoptosis. Pim-1 overexpression is observed in various
cancer, and its expression is correlated with tumor aggressiveness and poor prognosis. Pim expression is
enhanced in response to hypoxia, which is frequently present in solid tumors due to the reduced access
to the vasculature. In response to hypoxia, Pim protects the cell from apoptosis by preventing the loss of
mitochondrial membrane potential and inhibiting the activation of various proteases such as caspase 3
and 9. Additionally, Pim expression also enhanced tumor cells ability to adapt to hypoxia-induced
oxidative stress121. Pim kinases increased the nuclear localization of nuclear factor-erythroid 2 p45-related
factor 2 (Nrf2), which increased the expression of antioxidant genes and protected the cells from the
negative effects of oxidative stress.
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A recent study identified PIM kinases as a mechanism of resistance to anti-angiogenic agents122.
Following anti-angiogenic treatment that disrupted the vasculature of the tumor, Pim-1 expression
increased in response to the resulting hypoxic environment. Inhibition of Pim kinase promoted the
ubiquitination and degradation of HIF1/2α, master regulators of the cellular response to hypoxia, by
proteasomal degradation; while Pim kinase expression blocked the hydroxylation of HIF1/2α. Dual
inhibition of angiogenesis and Pim kinase reduced metastasis in mice with prostate cancer. Increased Pim1 expression has a role in prostate cancer progression120. Pim1 overexpression was present in high grade
prostatic intraepithelial neoplasia (HGPIN), and its expression was suggested to be an early event in
prostate cancer123. Furthermore, expression of Pim-1 in prostate cancer was linked to inhibition of
apoptosis induced by chemotherapeutic drugs such as doxorubicin or mitoxantrone124.
Pim kinase can promote drug resistance via its interaction with multi-drug efflux transporters120.
Pim kinase promotes the expression of the multi-drug resistance associated ATP-binding cassette (ABC)
proteins that work as efflux pumps for chemotherapeutic drugs. In prostate cancer, Pim-1 directly
phosphorylated the breast cancer resistance protein (BCRP) at threonine 362 after co-localizing at the
plasma membrane and provided resistance to chemotherapeutic drugs125. Additionally, Pim-1 also
interacts with and phosphorylates Pgp and protects it from ubiquitination and proteasomal degradation,
thus providing cells with a drug resistance mechanism126. Pim-1 inhibition decreased expression of Pgp
and re-sensitized cells to the negative effects of therapeutic agents. Due to its interaction with Pgp, there
is a possibility that it might also interact with MRP1 and maintain its expression by preventing its
degradation.
As mentioned earlier in acute myeloid leukemia (AML), a mechanism indicating the connection
between STAT5 and MCL-1 was derived116. STAT5 mediated drug resistance in the cells treated with
PI3K/AKT inhibitors by inducing the expression of Pim kinase, which then protected the cells via the
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expression of the mTORC1/MCL-1 pathway. STAT5 inhibition along with mTORC1 knockdown induced
apoptosis in cancer cells. Furthermore, Pim-1 also phosphorylates Bad which can prevent it from
sequestering Bcl-2 and Bcl-xL, thus inhibiting apoptosis127. Therefore, Pim-1 has a role in inhibiting
apoptosis and promoting survival in cancer cells. Currently, it is not apparent if Pim-1 can directly
upregulate the expression of MCL-1 expression.
Therefore, a possible mechanism by which STAT5 upregulates the expression of MCL-1 and MRP1
could be via Pim-1 activation (Fig. 16). Further research will be required to examine the precise role of
integrins, Pim-1 and STAT5 in the upregulation of MCL-1 and MRP1 on collagen. Additionally, it will also
be necessary to measure mRNA expression of MRP1 and MCL-1 to determine if these proteins are
regulated at the transcriptional, translational, or post-translational levels.
Figure 16: Collagen-Induced
Drug Resistance in PTEN-Null
Prostate Cancer
This model depicts a possible mechanism by
which prostate cancer induces drug
resistance on collagen. In PTEN-null prostate
cancer cells with no AR activity, PI3K is
inhibited by PI3K inhibitors, LY294002 and PX866. They also inhibit AKT activity. Adhesion
to collagen induces the expression of MRP1
via
collagen
binding
integrin.
Collagen/Integrin α2β1 activates STAT5,
which upregulates Pim-1. Pim-1 protects
mTORC1 activation and mTORC1 protects
MCL-1 expression. Pim-1 also upregulates Pgp
and phosphorylates Bad. MCL-1 expression and Bad phosphorylation promotes cell survival and inhibits apoptosis. Further
research is required to determine if Pim-1 directly upregulates MRP1 and MCL-1 expression. Also, STAT5 correlation with Pim,
MRP1, and MCL-1 also requires further examination

5 – Conclusion
In conclusion, this study has identified a potential alternative survival mechanism involving
collagen-induced drug resistance to PI3K inhibition in the absence of androgen receptor in prostate cancer
cells. As a result, collagen may upregulate MCL-1 and MRP1 expression and thus promote drug resistance
and cancer cell survival.
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