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ABSTRACT 

Extra-cellular matrix (ECM) is the three-dimensional environment in which cells thrive by 

influencing cell growth and survival through various signaling pathways aided by its molecular 

components in the ECM like water, minerals, proteoglycans, fibronectin, laminin and 

collagen.  Due to its extensive impact on cellular activities, the ECM can play an integral role in 

imparting resistance to cancer drugs in tumors. Prostate cancer maturation is highly androgen-

dependent and thus, the standard effective treatment in the case of prostate cancer is Androgen 

Deprivation Therapy (ADT). However, after a few years of androgen deprivation, the cancer 

progresses to Castration-Resistant Prostate Cancer (CRPC), which is the prevalence and growth 

of prostate cancer in the absence of androgen. Another therapy used for the treatment of prostate 

cancer is the use of PI3K inhibitor drugs, but CRPC exhibits resistance to the PI3K inhibitors. 

Also, >80% of CRPC metastasize to bone and the mechanism behind this phenomenon is yet not 

well understood. Bones are a rich source of collagen and hence, collagen can be one of the key 

components of the ECM that supports the niche formation and survival of prostate cancer during 

bone metastasis. The mechanism which imparts drug resistance to PI3K inhibition in CRPC is 

widely investigated. This study focusses on exploring the less known role of collagen in relaying 

resistance to PI3K inhibitors in C4-2 cells (CRPC cells), the understanding of which is crucial for 

the development of an effective treatment for CRPC. 
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1) INTRODUCTION 
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1.1 The Prostate Gland 

1.1.1 Structure of the prostate gland 

Henry Gray, in his renowned book “Gray’s Anatomy,” has described the prostate as an organ in 

the male pelvic cavity that is firm, partly glandular and partly muscular (1). It is positioned inferior 

to the urinary bladder and measures about 3 cm in height, 4 cm in width and 2 cm in breadth which 

resembles the size of a walnut (2). It weighs about 30 grams (about 1 ounce). The name “prostate” 

given to this gland is derived from the Greek expression which means “one who stands before” 

which is in reference to the position of the gland in the male reproductive system. When observed 

from where the urethra leaves the gland, the prostate gland “stands before” the bladder (3). It is 

the largest accessory gland of the male reproductive system. 

The prostate tissue is divided into three zones, viz., the transition zone, the central zone, and the 

peripheral zone. Benign (non-cancerous) growth is observed in the transition zone during old age 

in males which is termed as benign prostatic hyperplasia. Malignancy in tumors is usually 

observed in the peripheral zone (3). Oxygenated blood is supplied to the prostate gland by the 

arteries derived from the internal pudendum, inferior vesicle and middle hemorrhoidal, whereas 

the veins carrying the deoxygenated blood form into a plexus around and below the gland. The 

nerves attached to the prostrate originate from the pelvic plexus (1).  

1.1.2 The function of prostate gland 

The prostate gland houses the prostatic urethra and the ejaculatory ducts that receive secretions for 

the ductus deferens and the seminal vesicles in the male reproductive tract. Prostatic secretions 

include acid phosphatase, citric acid, fibrinolysin and Prostate Specific Antigen which is used as 

a clinical marker for prostatic activity. Several of the prostatic secretions are slow-acting anti-
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coagulants that cause de coagulation of the semen about twenty minutes after ejaculation leading 

to the liberation of the spermatozoa so that they can swim up the female reproductive tract. During 

ejaculation, the contraction of prostate smooth muscle leads to the secretion and addition of this 

alkaline fluid to the semen that comes through the urethra (2). This secretory function is of prime 

importance with regards to fertility in males and the proper functioning of the sperm cells. 

1.1.3 Disorders of the prostate gland 

Prostatic Hypertrophy or Benign Prostatic Hyperplasia (BPH) and Prostate Cancer are the most 

common prostate gland disorders in men. Prostatic Hypertrophy results in an enlarged prostate 

gland which is usually observed in aged men (over 60) which makes it difficult and painful for 

them to urinate which results in urine retention. This is a testosterone dependent phenomenon that 

causes enlargement of the prostate and encroachment on the urethra where it can cause a partial or 

complete obstruction which can be corrected surgically (97). Prostate cancer is a common type of 

cancer that affects the prostate gland in males, usually at an elder age. The treatment of localized 

prostate cancer has been very successful in patients but since prostate cancer tumor grows slowly, 

and asymptomatically, detecting it at an early stage is a problem (98). 

 

1.2 Cancer 

Cancer is a life-threatening disease that can affect anyone and at any location in the body. It can 

be described as a disease in which cells in the body start to proliferate abnormally leading to the 

formation of a mass of cells (known as a tumor) which may lead to dysfunction in the organ where 

it is growing. The non-cancerous tumors are known as ‘benign tumors’, whereas the cancerous 

tumors are termed as ‘malignant tumors.’ The malignant tumors have the ability to metastasize, 
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i.e., spread to organs other than from where it originated and begin to establish their niche there 

forming secondary tumors. Some cancers, like leukemia, do not form tumors but cells multiply in 

the bloodstream. An extensive amount of research has been carried out and is still in progress in 

the field of cancer and its treatments.  

1.2.1 Prostate Cancer 

Prostate cancer is one of the most common cancers in males. According to the American Cancer 

Society, Surveillance Research 2018, prostate cancer ranked first in the list of estimated new cases 

and third in estimated deaths in patients with cancer. It also says that the probability of developing 

the invasive form of prostate cancer within selected age groups is 0.3% from birth to 49 years, 

1.9% from 50 years to 59 years, 5.4% from 60 years to 69 years, and 9.1% from 70 years and older. 

Overall, there is a 1 in 8 chance of any male developing prostate cancer in his life span. The 

survival rates in individuals with prostate cancer are better as compared to many other cancer 

types, partly due to PSA screening and the slow growth rate associated with primary prostate 

cancer. However, once it metastasizes, the survival rates drastically decline. The 5-year survival 

rate of patients whose prostate cancer has metastasized to other areas in the body is only about 

29% of the affected population (American Cancer Society. Cancer Facts & Figures 2018. Atlanta: 

American Cancer Society; 2018). The majority of prostate cancers that are observed are 

adenocarcinomas that develop from the glandular cells which produce the prostatic fluid. Other 

types of cancers, including sarcoma, small cell carcinoma, neuroendocrine tumors, and transitional 

cell carcinomas are very rarely observed in the prostate. The principal site of prostate cancer 

metastasis is bone, the reason for which is still unclear.  
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1.2.1.1 Pre-cancerous prostate cancer conditions 

The two most commonly observed pre-cancerous conditions in the prostate gland are prostatic 

intraepithelial neoplasia (PIN) (Figure 1) and proliferative inflammatory atrophy (PIA) (Figure 

2). Prostatic intraepithelial neoplasia corresponds to the morphological changes in the cells of the 

prostate gland based on two categories of cell arrangement patterns – ‘Low-grade PIN’ and ‘High-

grade PIN.’ In biopsy reports, low-grade PIN generally has no pathological significance whereas 

a high-grade PIN is suggestive of the presence of prostate cancer (99). Proliferative inflammatory 

atrophy is the presence of benign lesions in the prostatic epithelium due to inflammation and tissue 

degradation (100). 

 

Figure 1 Prostatic Intraepithelial Neoplasia 

Prostatic Intraepithelial Neoplasia is the growth of neoplastic prostatic cells among the benign 

epithelial cells of the prostate gland. (Created using BioRender.com) 
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Figure 2 Proliferative Inflammatory Atrophy 

Proliferative Inflammatory Atrophy refers to a condition in which atrophic inflammatory lesions 

are observed forming among the secretory acinar cells of the prostate gland. (Created using 

BioRender.com) 

 

1.3 Significance of androgen receptor signaling in prostate cancer 

The mechanisms that promote growth and survival of prostatic tumors are governed by the 

Androgen Receptor (AR). AR, a nuclear transcription factor, regulates the action of the androgen 

steroid hormones (6). AR expression is found in a variety of tissues in the body including bone, 

muscle, prostate, adipose tissue and the reproductive, cardiovascular, immune, neural and 

hemopoietic systems. Its location is on the X chromosome (5). There are three main functional 

domains in AR (Figure 3): The variable N-terminal domain, the conserved DNA binding domain 

and the ligand-binding domain (7,8). The closest related nuclear receptor to AR is the progesterone 

receptor and studies have shown that higher doses of progestins can inhibit AR (24).  
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The AR gene is located on the X-chromosome at the Xq11-12 position (12,13). The AR gene has 

CAG repeats that influence the functioning of the receptor. A low number of CAG repeats 

correspond to increased affinity of AR towards circulating androgens and vice versa.  

 

Figure 3 Structure of Androgen Receptor 

1.3.1 Mechanisms of Androgen Receptor Signaling 

The activation of the androgen receptor can take place by two major mechanisms (Figure 4) – 

ligand-dependent AR activation and ligand-independent AR activation. In ligand-dependent 

activation, AR is found in the cytoplasm in the absence of androgen and is associated with the heat 

shock proteins (HSP) and other chaperone proteins. When androgen binds to AR, it undergoes a 

conformational change, thus dissociating the HSP or the chaperone proteins from itself, and this 

leads to the exposure of the nuclear localization signal domain. The complex of AR and androgen 

then gets transported into the nucleus where it dimerizes and induces transcription of genes by 

activating the androgen-responsive elements (ARE) located in the regulatory regions of target 

genes (9). In ligand-independent activation, AR activates 2nd messenger pathways like Src, Akt, 

and MAPK (5) which leads to increased proliferation, migration, and cell survival. In addition, 

activated androgen receptor also can interact with other cell signaling molecules like the PI3K, 

MAPK/ERK, Src, Ras, Raf-1, and PKC; all of which are required for proliferation of cells (57). 

Studies have shown that some of the non-genomic actions of the androgens are mediated by 
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membrane-bound protein receptor activation, which then leads to the commencement of 

intracellular signaling pathways and can happen at very low androgen concentrations (10,11).  

 

 

Figure 4 Ligand-dependent (left) and Ligand-independent (right) AR activation 

The AR can be activated by two mechanisms - In "Ligand-dependent AR activation," the DHT 

(androgen) acts as the ligand. The testosterone in blood enters the cells and gets converted to 

DHT by an enzyme 5-a reductase. Inactive AR which is bound to HSP in the cells dissociates from 

the complex and thus its binding site becomes available for DHT. DHT then binds to the AR, AR 

undergoes homodimerization and enters the nucleus. It then binds to the ARE leading to 

expression of target genes that promote growth and survival and increase the expression of PSA. 

Another mechanism is the "Ligand-independent AR activation" where a ligand is not required for 

the activation of the AR and AR activation takes place through signaling pathways like the AKT 

and MAPK pathway. 

Ligand independentLigand dependent
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The AR plays an important role in the prostate gland. The prostate gland is highly androgen-

dependent and disturbances in the level of androgen is thought to be an underlying cause of prostate 

cancer in males. This is in part supported by the fact that eunuchs never develop prostate cancer 

(18). The first demonstration of prostate cancer being an androgen-dependent disease was provided 

by Huggins and Hodges in 1941 (31). 

1.3.2 Androgen 

The main androgen in a human body is testosterone which gets converted to dihydrotestosterone 

by the action of 5α-reductase. Testosterone is a type of steroid hormone, chemically classified as 

androstane, which is secreted after the Leydig cells of the testes receive a stimulation signal from 

the anterior pituitary gland in the form of luteinizing hormone (LH). In return, feedback control is 

exerted by testosterone on pituitary LH and follicle-stimulating hormone (FSH). Its function is to 

encourage sperm maturation from puberty to death in males (2). Testosterone functions as an AR 

agonist. It can be converted into dihydrotestosterone or estradiol, depending on the tissues (4). 

Testosterone and DHT function in developing secondary sexual characteristics in males at puberty 

while estradiol brings about ossification of the epiphysis in long bones (2). Testosterone is 

irreversibly converted to DHT in vivo by an enzyme 5-alpha reductase in target tissues. DHT binds 

to androgen receptor more strongly than testosterone, thus being more efficient in activating 

androgen-driven gene expression.  
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1.4 Treatment of Prostate Cancer 

1.4.1 Androgen deprivation therapy (ADT) 

Prostate cancer proliferation and survival are highly dependent on androgen-dependent activation 

of AR. Thus, blocking the AR function by blocking androgen has become the standard of care. 

This can either be done by blocking androgen or by preventing it from binding AR. The standard-

of-care treatment of prostate cancer is known as Androgen Deprivation Therapy (ADT) which is 

a form of hormonal therapy. In this therapy, the level of androgens in the bodies of the patients is 

lowered in order to prevent abrupt activation of signaling pathways that lead to the initiation of 

cell survival mechanisms. Various procedures and treatments are used in order to lower the 

androgen levels in the patients’ bodies, including surgical castration (orchiectomy), the use of 

LHRH (Luteinizing hormone-releasing hormone) agonists that prevent androgen release, or anti-

androgens that competitively displace androgen from AR. Another approach is to block androgen 

synthesis altogether by blocking an important androgen-synthesizing enzyme of the cytochrome 

P450 family – CYP17 (CYP17α hydroxylase/17,20 lyase), This is done by the use of the CYP17 

inhibitors (48). 

 

1.4.2 Castration-Resistance Prostate Cancer 

A major drawback of the androgen deprivation therapy is that the patients inevitably develop 

castration-resistant prostate cancer (CRPC) in which the tumor continues its growth independent 

of androgen, yet most often still remains dependent on AR itself. The reasons for this may include 

the following: AR over-expression due to promoter/enhancer mutations or gene amplification in 

the region Xq11-Xq13 has been shown to have an effect on prostate cancer progression in patients 
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undergoing ADT (58). X-ray crystallography studies have shown that AR mutations or altered AR 

splicing to mutate or delete the androgen-binding domain can affect the pharmacology of AR and 

also its agonists or antagonists (59). AR activation via secondary signaling and increased levels of 

AR co-activators or suppression of AR negative regulators happens by one known mechanism in 

which src activation is increased (60). In addition, in a healthy prostate, when the androgen-AR 

binding is high, AR implements a negative feedback by inhibiting its own transcriptional activity 

by binding to the second intron region. This inhibition is released only when the concentration of 

androgen falls below a certain threshold leading to reactivation of AR gene transcription (29) and 

AR levels (30).  

Overall, CRPC can be defined as the prevalence of cancer even after the androgen deprivation 

therapy or resistance to the androgen deprivation therapy. This is a huge stumbling block because 

patients with CRPC express resistance to anti-androgens and show a relapse of the disease. In order 

to overcome this treatment hurdle, it is necessary to exploit the molecular mechanisms underlying 

this problem. Primarily, CRPC is associated with cellular signaling mechanisms like the aberrant 

activation of the PI3K pathway that lead to androgen signaling independent of AR activation (51). 
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1.5 Alternative survival pathways in prostate cancer 

1.5.1 PI3K pathway survival in prostate cancer 

 

Figure 5 PI3K pathway-mediated cell survival  

On receiving a carcinogenic signal, the cell membrane receptors become phosphorylated and 

activated. This activates PI3K, an enzyme which converts PIP2 to PIP3 which is normally inhibited 

by PTEN in healthy cells. Due to loss of function in PTEN in cancerous cells, further downstream 

targets get activated. Activation of AKT leads to a further activation of mTORC1 which promotes 

cell survival. PI3K also switches on the Ras-Raf-Mek-Erk pathway which activates MCL1 leading 

to anti-apoptosis. Activated AKT inhibits the expression of tumor suppressor genes – p21 and p27 

leading to survival of cancer cells. 

 

Another mechanism that promotes cell survival in CRPC is the constitutively active PI3K pathway, 

the major reason being loss of function mutation in the PTEN gene which is responsible for the 

regulatory activation and inactivation of the PI3K pathway in normal cells.  The PI3K pathway 
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plays a vital role by acting as a regulator of normal cellular processes like protein synthesis, 

survival, migration, proliferation and metabolism. But when cells become cancerous, mutations at 

various points lead to the activation or deactivation of further downstream targets that enable cell 

survival and growth in tumors. Mutations in the PTEN gene leads to the constitutive activation of 

the PI3K-AKT-mTOR signaling pathway which leads to the suppression of the tumor suppressor 

genes like p21 and p27 along with BAD (an anti-apoptotic factor), thus preventing apoptosis and 

enabling cell survival. This can also happen due to constitutive activation of the Ras signaling 

pathway leading to the overproduction of MCL1 (an anti-apoptotic protein) leading to cell 

survival. Constitutive activation of the PI3K pathway is one of the major mechanisms that lead to 

the progression of prostate cancer. About 40% of prostate cancer patients were shown to have 

aberrations in the normal signaling of this pathway (65,66). Activation of the PI3K pathway (67) 

and its overactivation via loss of function in PTEN (68) is linked with resistance to PI3K inhibitors 

in prostate cancer; containing this anomalously active PI3K becomes difficult for even the most 

potent PI3K inhibitors. 

The PI3K pathway is a switchboard like cascade of signaling. The lipid discovered by Lewis 

Cantley that forms the basis of many cell signaling pathways is phosphatidylinositol. It gets 

phosphorylated on the fourth and fifth positions of the inositol ring thus converting PIP2 

(Phosphatidylinositol 4,5-bisphosphate) to PIP3 (Phosphatidylinositol (3,4,5)-trisphosphate). PIP3 

recruits two proteins, PDK1 and AKT, to the cell membrane where PDK1 phosphorylates and 

activates AKT, which further enables the expression of downstream targets that are responsible 

for cellular processes like protein synthesis, cell survival, cell proliferation, cell migration, and 

glucose metabolism (101). The transient generation of PIP3 in various healthy tissues is in turn 

suppressed by a tumor suppressor protein, PTEN, a lipid phosphatase (102) 
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1.5.2 Resistance to PI3K pathway inhibition in prostate cancer 

Since CRPC tumors are resistant to anti-androgens, there is a need to find alternative ways to target 

tumor survival. One such way is targeting the PI3K pathway. The loss of function mutation in 

PTEN in more than 60% of CRPC cases makes PI3K pathway a promising target. By inhibiting 

this pathway by PI3K inhibitors, the downstream effects were thought to be curbed. But, since 

PI3K/AKT pathway has numerous upstream activators and downstream targets, activation of 

which can lead to cell survival and proliferation. Thus, inhibiting the PI3K pathway would not be 

sufficient in blocking the downstream targets of AKT. This leads to the development of resistance 

to PI3K inhibition in CRPC. There can be more than one mechanism that imparts resistance to the 

PI3K inhibition in CRPC cases, one of which is through the interaction of the tumor cells with the 

extracellular matrix (ECM).  

1.5.3 ECM survival pathways in prostate cancer 

The extracellular matrix helps cells to thrive by influencing cell growth and survival. The ECM is 

composed of large fibrous molecules such as laminin, fibronectin, and collagen, to which the cells 

adhere via integrins and thus it has an extensive influence on the cell activity. The ECM also 

undergoes structural changes during malignancy which promotes angiogenesis and thus leading to 

metastasis and this is a major hallmark of cancer. All these factors make the ECM a candidate to 

play a potential role in cancer progression via cell survival as well as drug resistance. 

1.5.4 Integrins 

Integrins are receptors present within the cell membrane. Cell adhesion is made possible when the 

extracellular domain of the integrins binds to an ECM ligand leading to activation of an 

intracellular signal cascade. These pathways can promote cell growth, proliferation, and survival. 
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Integrins consist of two subunits – alpha and beta (61). These transmembrane proteins consist of 

three major regions – extracellular domain, transmembrane domain and an intracellular domain or 

the cytoplasmic tail. The large extracellular domain acts as a link between other ECM components 

and integrin whereas the transmembrane domain forms connections with the cytoskeleton of the 

cell. Scientists have discovered 24 types of integrin heterodimers of alpha and beta to date, with 

combinations between 18α and 8β subunits. The heterodimers among these that bind to laminin 

are α3β1, α6β1, α6β4, and α7β1 whereas the ones that bind to collagen are α1β1, α2β1, α10β1, and 

α11β1 (104, 105). Integrin α6β4 acts as the major cell adhesion mediator in normal prostate cells. 

In case of prostate cancer, a re-allocation of integrins is observed wherein α6 subunit binds to β1 

in scarcity of β2 leading to formation of a predominant adhesion unit α6β1 (106). Integrin α6β1 is 

known to be induced by the AR in prostate cancer (PC-3) cells that are adhered to laminin. Besides 

anchoring cells to the ECM, integrins also act as a activator of intracellular signaling. In prostate 

cancer, the laminin integrin, α6β1, is the major integrin, with the collagen integrin, α2β1, being 

most important in bone metastasis (64). Integrins typically promote survival through suppression 

of anti-apoptotic proteins and induction or stabilization of anti-apoptotic proteins (63). 

1.5.5 Laminins 

Laminin is a fibrous protein present in the basement membrane of a cell. It has three polypeptide 

domains – α, β and γ arranged in the form of an asymmetric cross. These domains form disulfide 

bonds in the structure of laminin. Laminin forms an important component of the basal laminae and 

helps in the function of selective permeability (103).  The basal lamina consists of various types 

of laminin like laminin 111/121 (laminin 1/3), 211 (laminin 2), 332 (laminin 5), 511/521 (laminin 

10/11). During progression of prostate cancer, the expression of laminin 332 is lost and laminin 
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511 expression thus becomes dominant. As mentioned earlier, in prostate cancer, integrin α6β4 

gets replaced by α6β1 which promotes cell invasion via laminin (107).  

1.5.6 Collagen 

Collagen is the fiber-forming protein that gives strength to the cell from the ECM. It also acts as a 

substrate for cell adhesion. Collagen molecules are of different types – fibrillar collagen, fibril-

associated collagen, mesh-forming collagen. Collagen type I, II, III, V, XI are fibrillar collagens 

that form rope-like structures. Fibril-associated collagen are type IX and XII that form the 

connections between fibrillar collagen and the ECM components. The type IV collagen forms a 

mesh-like sheet thus supporting cell adhesion. (61). It was reported in a study that a 3D tumor cell 

model with collagen I mimicked the in vivo environment of a solid tumor (108). An affinity of 

metastatic prostate cancer cells for bones has been observed. Bones contain type I collagen and 

cell migration is mediated by α2β1 integrin (109). It was reported that NF-κB (nuclear factor 

kappa-light-chain-enhancer of activated B cells) is overexpressed in prostate cancer cells adhered 

to collagen and imparts increased cell migration (110). Also, another study shows an increased 

expression of RhoC GTPase (a metastasis-promoting GTPase) in collagen bound prostate cancer 

cells. Collagen mediated drug resistance was seen via increased expression of Pgp (P-glycoprotein) 

in hepatocytes (112). The reason for the need to study collagen in prostate cancer is because about 

80% of prostate cancer tumors metastasize to the bones which are a rich source of type I collagen. 

Bones have a contrasting microenvironment as compared to other organs of the body and despite 

this, prostate cancer cells successfully form a niche of their own at this site. 
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1.5.7 1.5.4 ECM-driven drug resistance 

1.5.7.1 Multidrug-resistance proteins (MDRs) 

The prototypic MDR protein is P-glycoprotein (P-gp) (72) which belongs to a superfamily of 

proteins of ATP-binding cassette (ABC) superfamily. These proteins are efflux pumps present on 

the cell membranes (73). The majority of tumor cells express genes that pump out chemotherapy 

drugs from the cells rendering the treatment ineffective (74). The Multidrug Resistance-Associated 

Protein (MRP1/ABCC1) is known to impart resistance to chemotherapy in human small cell lung 

carcinoma (75) and is being extensively studied as a factor potentially responsible for drug 

resistance in many cancers. In the case of prostate cancer, most of the treatment failures are due to 

drug resistance, especially to PI3K inhibitors after a certain period of time and there is some 

evidence for up-regulation of MRP1 that may also contribute to drug resistance (76). MRP1 is also 

considered to be a significant factor rendering antiandrogen therapy ineffective (77).  

MDR proteins represent one of the most complex form of drug resistance faced during cancer 

treatments (70). These transporters contain two distinct domains – a nucleotide-binding domain 

and transmembrane domains. A change in conformation due to ATP hydrolysis leads to the 

opening of transporter channel and the efflux of the drug from the cell (46). The multidrug 

resistance proteins (MDR) like the poly-glycoprotein (Pgp) are known to play an important role in 

drug resistance to prostate cancer treatments. The activation of integrin α2β1, which is a collagen-

associated integrin, activates MRP1. (47). Hence, MRP1, is thought to impart resistance to CRPC 

through collagen interaction, as suggested by some previous findings. A study has reported that 

the interaction of collagen with integrin α2β1 leads to induction of MRP1 the Erk/MAPK pathway 

(113). 
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1.5.7.2 MCL1 

Cell survival via the ECM can also be happening by prevention of apoptosis, i.e. by stabilizing the 

anti-apoptotic proteins. One such family of anti-apoptotic proteins is the BCL-2 family of proteins. 

The BCL-2 family includes anti-apoptotic proteins like BCL-2, BCL-W, BCL-XL, BCL-B, BFL-

1/A1, and MCL1. MCL1 is located in the mitochondria of the cells (71) and is known to be one of 

the factors leading to cell survival in tumors (78). High expression of MCL1 has been found in 

prostate cancer and this suggests its role in imparting drug resistance and cell survival (79). Cell 

Adhesion Mediated-Drug Resistance (CAM-DR) has been linked to ECM components like 

integrins and laminin. Besides, the induction of integrin α6β1 by AR in prostate cancer leads to 

drug resistance and tumor survival on laminin through the upregulation of NF-κB and BcL-xL 

(52). A study in acute lymphoblastic leukemia has shown that collagen shields the malignant cells 

from apoptosis by upregulating MCL1 expression via α2β1 (114). Also, in acute myeloid 

leukemia, STAT5 induced the expression of Pim kinase which further stabilized MCL1 leading to 

anti-apoptosis and exhibited resistance to PI3K inhibitors (115). 

1.5.8 Drug resistance through collagen 

Many studies have examined laminin- and integrin-mediated drug resistance. Collagen is known 

to induce drug resistance in various cancer types by preventing apoptosis by upregulating Bcl2 

(69). But, less is known about the role of collagen in influencing resistance to the PI3K inhibition, 

especially in prostate cancer. This possibility will be explored here.  
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2) HYPOTHESIS 

Previous findings show that MCL1 and MRP1 have a role in imparting drug resistance to PI3K 

inhibition on collagen but via a different mechanism as compared to laminin. The data from figures 

5, 6, and 7 suggest that collagen is not only inducing over-expression of MCL1 and MRP1, but is 

also protecting prostate cancer cells from dying. This suggests that collagen is protecting the 

prostate cancer cells by somehow causing overexpression of MCL1 to prevent apoptosis and 

overexpressing MRP1 to enhance efflux of the drug from the cell, rendering it useless. Though 

MCL1 and MRP1 are both being upregulated on collagen-adhered C4-2 cells, it is not clear how 

collagen is inducing their expression.  

Published reports suggest MCL1 is a downstream target of Pim-1 which is a downstream target of 

STAT5 (115). Since both MCL1 and MRP1 are being overexpressed on collagen, Pim-1 and/or 

STAT5, which was observed to be upregulated in about 61% of metastatic prostate cancers (116), 

are potentially also involved in inducing MRP1 (Figure 9). 
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Figure 6 Proposed model for cell survival 

Hence, I hypothesize that in castration-resistant prostate cancer (CRPC) cells, 

Collagen imparts resistance to PI3K inhibitors by activating or inducing the expression of 

Pim1 and STAT5 that in turn upregulate the expression of MCL1 and MRP1 which prevents 

apoptosis and enhances efflux of the drugs from the CRPC cells. 
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3) AIMS AND OBJECTIVES 
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Aim 1: 

A. To compare the roles of the extracellular matrix components laminin and collagen in 

imparting resistance to PI3K and pan-PIM inhibition. 

Objectives: 

1) Cell viability studies will be performed using crystal violet cell viability assays to 

determine if C4-2 cells adhered to collagen convey resistance to PI3K inhibition (by 

PX866), pan-PIM inhibition (by PIM447) and STAT5a/b inhibition by Pimozide. 

2) Protein expression analysis will be investigated using immunoblotting for the potential 

candidates that aid in imparting resistance to PI3K inhibition – MCL1, MRP1, PIM1, and 

STAT5. 

B. To define what drives the induction of MCL1 and MRP1 that imparts resistance to 

C4-2 cells when adhered to collagen. 

Objectives: 

3) Gene expression analysis of MCL1, MRP1 and PIM1 will be analyzed using RT-qPCR to 

evaluate the mechanism driving changes in their protein levels. 

Aim 2: 

To determine if the proposed pathway - that MCL1 and MRP1 are induced on collagen via 

STAT5 - is responsible for enhanced cell survival and resistance to PI3K inhibition. 

Objectives: 

1) Gene knockdown studies for STAT5b will be carried out by immunoblotting in order to 

assess the candidacy of STAT5b in upregulating the protein expression of PIM1, MCL1, 

and MRP1.   
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4) MATERIALS AND 

METHODS 
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4.1 Cell Culture 

4.1.1 Coating of cell culture plates/dishes 

As this study investigates the role of ECM components, the cell culture plates/dishes were pre-

coated with the ECM components of interest. 

Requirements: 

Chemical/Reagent Company Catalogue number 

Laminin Invitrogen 23017-015 

Collagen Corning 354236 

 

Protocol: 

The cell culture plates/dishes were coated with 10 µg/mL Laminin in dPBS (with Ca++ and Mg++) 

or 10 µg/mL Type I rat-tail Collagen in 0.02N Acetic Acid overnight at 4ºC. The plates were then 

washed with dPBS (without Ca++ and Mg++), air-dried and exposed to UV light under laminar 

airflow for one to two hours. 

4.1.2 Passaging and seeding of cells 

In this study, the C4-2 cell line was used which was obtained from Dr. Robert Sikes (University 

of Delaware). The C4-2 cell line is an adherent epithelial-like cell line derived from a human 

prostate tumor. These cells secrete the prostate-specific antigen to the culture medium and have a 

constitutively active AR signaling mechanism or in other words, the C4-2 cell line is a castration-

resistant prostate cancer cell line (117). The C4-2 cells are STR (short tandem repeats)-validated 

and the culture medium was routinely tested for Mycoplasma. 
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Requirements: 

The culture medium used for seeding the cells consisted of the following reagents: 

Chemical/Reagent Growth 

Medium 

Starvation 

Medium 

Company Catalog 

number 

RPMI 1640 with 

L-glutamine with phenol red 

 - Corning 10-040CV 

RPMI 1640 without 

L-glutamine with phenol red 

-  Corning 17-105-CV 

10 % FBS  - Gemini 

Bio-products 

100-500 

0.4% Charcoal : Dextran 

stripped FBS 

-  Gemini 

Bio-products 

100-119 

1M HEPES buffer   Lonza Bioscience CC-5022 

1mM Sodium Pyruvate   Gibco 11360070 

2mM L-glutamine   Corning 25-005-Cl 

0.3% Glucose   - - 

0.3X Penicillin-

Streptomycin 

  Corning 30-003-Cl 
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Protocol: 

The cells were maintained between passage numbers 38 to 45 on 10 µg/mL laminin-coated or 

plastic plates. Trypsinization of C4-2 cells was carried out with 1X trypsin-EDTA (Thermo fisher 

# 15400054) at room temperature for about 3 to 4 minutes. The cells were split in the ratio 1:5 

every 48 hours (70% to 80% confluency) during passaging. 

 

4.2 Drug treatment 

PX866, PIM447, and Pimozide were the drugs used in this study. PX866 is an irreversible inhibitor 

of PI3K. PIM 447 is a pan-PIM inhibitor that inhibits the activity of Pim-1, Pim-2 and Pim-3. 

Pimozide is a psychotropic drug that also inhibits the phosphorylation of STAT5 at Tyr694.  

4.2.1 PX866 

The first PI3K inhibitor developed to irreversibly inhibit PI3K was Wortmannin. A semi-synthetic 

structural analog of Wortmannin is PX866. This drug covalently binds to lysine 802 on p110ɑ of 

PI3K (80) 

4.2.2 PIM447 

PIM447 is a pan-PIM inhibitor. Having shown a potential preclinical activity in multiple myeloma, 

this drug is considered a major candidate in chemotherapy (81). 

4.2.3 Pimozide 

Pimozide is an antipsychotic drug used to treat Tourette syndrome and also inactivates the 

expression of STAT5 (82). 
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Drug Chemical 

Formula 

Chemical Structure Inhibition 

PX866  

C29H35NO8 

 

PI3K 

PIM447 C24H23F3N4O.HCl 

 

Pim1 

Pim2 

Pim3 

Pimozide C28H29F2N3O 

    

Phospho 

STAT5 
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Requirements: 

All the drugs were reconstituted in DMSO and used in final concentrations as per the following: 

Chemical/Reagent Company Catalog number Final concentration in 

experimental assays 

DMSO Gold Bio 67-68-5 0.05% (or less) 

PX 866 Cayman chemicals 13645 500nM 

PIM 447 Selleckchem S7985 50µM 

Pimozide Millipore Sigma 573110 50µM 

 

Protocol: 

DMSO-treated cells served as controls for all the assays and DMSO concentration for controls was 

maintained at 0.05% or less to minimalize the effect of DMSO on cell death and signaling. The 

serial dilutions of the drugs were performed in sterile starvation media or dPBS (without Ca++ and 

Mg++). Serum starved cells were treated with the drugs for 24 hours. Cell viability studies using 

crystal violet assay (Section 4.3) and protein expression studies using western blotting (Section 

4.4) were further carried out. 

 

4.3 Crystal Violet Cell Viability Assay 

The crystal violet cell viability assay was performed after drug treatments. The cell viability assays 

were performed in 6-well plates from Corning costar (#3516). 
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Requirements: 

Chemical/Reagent Company Catalog number 

0.5% Crystal Violet Sigma C0775 

20% Methanol Fisher Scientific A4564 

20% Acetic Acid VWR Analytical BDH3098 

 

Protocol: 

 

Figure 7 Schematic Protocol: Crystal violet cell viability assay 

The media from the wells was aspirated and the cells were washed with dPBS (without Ca++ and 

Mg++). The cells were then incubated with 0.5% crystal violet solution in 20% methanol for 5-10 
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minutes at room temperature. The plates were then dipped several times with a container filled 

with water in order to wash away the excess crystal violet stain. The plates were allowed to air dry 

overnight and were scanned for images. A 20% acetic acid solution was used for extracting the 

crystal violet from the adhered cells. Absorbance was taken at 570nm to estimate cell viability. 

More absorbance corresponds to more cell viability and vice versa. 

 

4.4 Western Blotting 

Immunoblotting was performed in order to study the effects of various treatments on the signaling 

mechanism of the cells. The cells were seeded on 60mm dishes from VWR (#10062-890) for these 

experiments. 

4.4.1 Preparation of cell protein lysate 

Requirements: 

Total protein was extracted from the C4-2 cells using modified RIPA lysis buffer along with 

protease inhibitors, the components of which are as follows (for 1X): 

Chemical/Reagent Final Concentration in 1X lysis buffer 

Modified RIPA lysis buffer 

Tris pH 7.4 50mM 

NaCl 150mM 

EDTA 1mM 

NaF 10mM 

MgCl2 1.5mM 



41 | P a g e  
 

Glycerol 10% 

NaPyroPO 10mM 

Triton X-100 1% 

NaDOC 1% 

SDS 0.1% 

Protease Inhibitors 

Na3VO4 1mM 

PMSF 1mM 

Leupeptin 5µg/mL 

Pepstatin 5µg/mL 

Aprotonin 10µg/mL 

Benzamide 1mM 

 

Protocol: 

After treatment, the cells were immediately placed on ice for 15 minutes to stop any signaling 

processes. The media were collected in tubes and the floating cells were pelleted. The cells in the 

plates, as well as the pelleted cells, were washed with dPBS (without Ca++ and Mg++) to remove 

traces of serum that might interfere with the results. An adequate amount of modified RIPA lysis 

buffer was added (50µL to 60µL for a 60mm dish and 5µL to 10µL to pelleted cells) and was 

allowed to incubate on ice for about 20 minutes. The cells, along with the lysate, were collected in 

ice-cold microcentrifuge tubes and centrifuged at 17000 x g for 20 minutes at 4ºC. The supernatant 

was collected in new ice-cold microcentrifuge tubes and the protein extracted was quantified using 

the Pierce BCA protein assay kit from Thermo Fisher (#23225). 
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4.4.2 SDS gel electrophoresis 

Protein separation from the whole-cell protein lysate was carried out using gel electrophoresis with 

SDS buffer. 

Requirements: 

SDS buffer was prepared using the following recipe in double-distilled H2O: 

Chemical/Reagent Final Concentration in 1X SDS run buffer 

Tris-base 25mM 

Glycine 192mM 

SDS 0.1% 

 

Protocol: 

A gradient PAGE gel of 6% to 16% was used for separating the proteins. Protein samples were 

prepared using 2X or 4X Laemmli buffer to a final concentration of 30µg/well. 5% β-

mercaptoethanol was added to the samples and the samples were boiled for 5 minutes to allow 

protein denaturation. The protein samples were stacked at a constant voltage of 60V for 20 minutes 

and were resolved at a constant voltage of 120V for ~60 minutes (or until the dye front runs out of 

the gel). 

4.4.3 Protein transfer 

Wet transfer was used for transferring proteins on the PVDF membrane (Biorad). 

Requirements: 

Towbin wet transfer buffer was prepared using the following recipe in double-distilled H2O: 
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Chemical/Reagent Final Concentration in 1X SDS run buffer 

Tris-base 25mM 

Glycine 192mM 

Methanol 20% 

 

Protocol: 

The PVDF membrane was activated by dipping it in absolute methanol for 5-10 minutes. The gel 

was carefully removed and equilibrated with the transfer buffer along with the activated PVDF 

membrane for 5 minutes. The transfer stack is the created with sponges and filter papers with the 

gel at the cathode and the PVDF membrane at the anode and the transfer cassette was assembled 

in a transfer unit completely filled with Towbin buffer. The transfer was allowed to occur overnight 

(~16 hours) at a constant voltage of 30V at 4ºC (in a cold room). 

4.4.4 Protein detection 

Requirements: 

Primary Antibody Company Catalogu

e number 

Clone 

number 

Final 

Concentration 

Pim-1 Cell Signaling Technology 3247S C93F2 1:1000 

Phospho-STAT5 Abcam ab32364 E208 1:1000 

Total STAT5 Advantex Bioreagents AX55 Polyclonal 1:1000 

MCL-1 Cell Signaling Technology 4572 Polyclonal 1:500 

MRP-1 Abcam ab180960 EPR4658(2) 1:1000 
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Secondary Antibody Company Catalogue 

number 

Final Concentration 

IRDye 800cW 

Goat anti-rabbit 

Licor 926-32211 1:50000 

IRDye 680RD 

Goat-Anti Mouse 

Licor 926-68070 1:10000 

 

TBST buffer (pH 7.6) 

Chemical/Reagent Final Concentration in 1X TBS wash buffer 

Tris-base 50M 

NaCl 150mM 

Tween-20 0.05% 

 

5% BSA in TBS was used as the blocking solution and all the antibodies were diluted with 5% 

BSA in 0.05% TBST. Detection of protein was carried out by detecting fluorescence in the 

Oddessey CLx instrument. 

 

ɑ-tubulin Fisher T9029 DM1A 1:2000 
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4.5 Evaluation of gene expression 

4.5.1 RNA extraction and quantification 

Requirements: 

Chemical/Reagent Company Catalogue number 

Direct-zol RNA miniprep plus  Zymo Research R2027 

Absolute Ethanol (200 proof) Fisher BioReagents BP2818100 

 

Protocol: 

Total RNA was extracted from the C4-2 cells and was subjected to DNase I treatment for one hour 

before being quantified using a NanoDrop (Thermo Scientific). 

4.5.2 cDNA synthesis 

Requirements: 

Chemical/Reagent Company Catalogue number 

qScript cDNA SuperMix QuantaBio 101414-106 

Ultra-pure DNase/RNase-free 

distilled water 

Thermo Fisher Scientific 10977023 

 

Protocol: 

The reaction mixture along with 1µg purified total RNA was incubated as per the following 

conditions: 
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Temperature Time 

25ºC 5 minutes 

42ºC 30 minutes 

85ºC 5 minutes 

4ºC ∞ 

 

The cDNA was used as a template for RT-qPCR reaction. 

 

4.5.3 RT-qPCR 

Real-time PCR was performed to evaluate gene expression. 

Requirements: 

Primers 

Gene Primer Sequence (5’ to 3’) 

Pim-1 F: ACGCTTGCTCTGTTTGTGG 

R: TGGAAGGCACACCATCC 

Mcl-1 F: TGTAAGGACGAAACGGGACT 

R: AAAGCCAGCAGCACATTTCT 

MRP-1 F: ACCCTAATCCCTGCCCAGAG 

R: CGCATTCCTTCTTCCAGTTC 

GAPDH F: GCCATGTAGACCCCTTGAAGAG 

R: ACTGGTTGAGCACAGGGTACTTTAT 



47 | P a g e  
 

 

Reagents 

Chemical/Reagent Company Catalog number 

iTaq universal SYBR Green 

reaction mix (2X) 

Bio Rad  172-5150 

 

Protocol: 

25 ng of cDNA was used per reaction mixture. The RT-qPCR reaction was carried out as per 

following incubation conditions on a thermocycler: 

 

Figure 8 Rt-qPCR Method 

 

4.6 Gene knockdown studies 

Gene knockdown studies were performed in order to see the downstream protein signaling effects 

of silencing the STAT5b gene in C4-2 cells when they have adhered to laminin or collagen. These 

assays were carried out in 6-well plates (#3516). 
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Requirements: 

Reagents Company Catalogue Concentration/Volume 

SMARTpool: ON 

TARGETplus STAT5B 

siRNA 

Dharmacon L-010539-00-0005 25 nM 

ON-TARGETplus Non-

targeting Pool 

Dharmacon D-001810-10-05 25 nM 

DharmaFECT 1 

Transfection Reagent 

Dharmacon T-2001-01 

 

8 µL 

 

Protocol: 

The laminar airflow cabinet was wiped with RNaseZap RNase decontamination solution 

(Invitrogen #AM9780) before carrying out the experimental procedures. C4-2 cells were seeded 

on 10 µg/mL laminin or collagen in a 6-well plate for 24 hours in growth media (refer Section 

4.1.2) without antibiotics. RPMI 1640 (Corning #10-040CV) without serum and antibiotics was 

used as the transfection medium. The siRNA stock concentration was prepared to be 20 µM in 1X 

siRNA buffer (Dharmacon # B-002000-UB-100) and was aliquoted to avoid freezing and thawing 

cycles. 25 nM SMARTpool: ON TARGETplus STAT5B siRNA and 25 nM ON-TARGETplus 

Non-targeting Pool were incubated in the transfection medium for 5 minutes at room temperature 

in separate sterile polystyrene tubes (Corning #352058). 8 µL of DharmaFECT 1 Transfection 

Reagent was incubated in another sterile polystyrene tube for 5 minutes at room temperature. The 

siRNA and transfection reagent were mixed and incubated for another 20 minutes at room 

temperature and the transfection medium was then added to the cells. After 24 hours, the 
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transfection medium was replaced by 4% dextran-stripped serum-containing starvation medium 

without antibiotics and the cells were incubated at 37ºC for 72 hours. The cells were then lysed, 

and protein expression was evaluated using western blotting (Section 4.4). 

 

4.7 Statistical Analysis 

Statistical analysis of the data obtained was performed using the Student’s t-test. Statistically 

significant values were considered when P-value was less than 0.05. (P-value<0.05 denoted by *). 

Quantitative variables were denoted as ±SE. 
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5) RESULTS 
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5.1 C4-2 cells on collagen are more resistant to PI3K inhibition 

The C4-2 cell line that was used in this study was a cell line derived from LNCaP cells which are 

cells procured from the supraclavicular lymph node of a 50 years old Caucasian male having 

carcinoma (83). Nude mice were injected with LNCaP cells until they formed tumors which were 

then extracted. The extracted cells were then cultured in vitro and re-injected into mice that were 

castrated. The tumor that resulted from the re-injected cells was extracted to derive the C4-2 cell 

line. 

The C4-2 cells that were routinely passaged on plastic were then plated on 10 µg/mL laminin or 

10 µg/mL collagen-coated plates and treated with 250 nM PX866 for 24 hours. 

    

Figure 9 C4-2 cells on collagen are more resistant to PI3K inhibition 

C4-2 cells were cultured on plates coated with 10 µg/mL laminin or collagen and were then 

treated with 250 nM PX866 for 24 hours. DMSO (diluent) was added to the control cells. Cell 

viability was estimated by crystal violet assay. Statistical significance was determined by 

Student’s t-test and p-value < 0.05 was considered to statistically significant (denoted by *). N=3 

* *
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A greater number of cells remained adhered to collagen-coated plates than the laminin-coated 

plates after inhibition with the 250 nM PI3K inhibitor, PX866 (Figure 10, left). On laminin, 

31.77% of C4-2 cells survived after PI3K inhibition with PX866, while on collagen, the survival 

of the cells increased to 59.19% (Figure 10, right). Collagen aided the cell survival even after 

inhibition of the PI3K survival pathway in the cells almost two-fold. Thus, collagen is imparting 

resistance to the PI3K inhibitor, PX866.  

5.2 C4-2 cells on collagen are indifferent to panPIM inhibition 

The C4-2 cells that were routinely passaged on plastic were plated on 10 µg/mL laminin- or 10 

µg/mL collagen-coated plates and treated with 50 µM PIM447 for 24 hours. To assess the effect 

of treatment of a combination of drugs inhibiting the PI3K pathway and the PIM pathway, the C4-

2 cells were treated with 250 nM PX866 along with 50 µM PIM447 for 24 hours. 

     

Figure 10 C4-2 cells on collagen are indifferent to panPIM inhibition 

C4-2 cells were plated with 10 µg/mL laminin or collagen and were then treated with 50 µM 

PIM447 and a combination of 250 nM PX866 and 50 µM PIM447 for 24 hours. DMSO was used 

for treating the control cells. Cell viability was estimated by crystal violet assay. Statistical 
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significance was determined by Student’s t-test and p-value < 0.05 was considered to be 

statistically significant (denoted by *). N=3 

More cells stayed adhered to wells that were coated with collagen than laminin after a 24-hour 

treatment with 50 µM PIM447 (Figure 10). On laminin, 55.14% of C4-2 cells survived after pan-

PIM inhibition with PIM447, while on collagen, the survival of the cells increased to 69.91% 

(Figure 10). Collagen aided cell survival even after inhibition of the PIM pathway in the cells but 

this difference in survival was not statistically significant. Thus, collagen is not imparting 

resistance to the pan-PIM inhibitor, PIM447. Furthermore, when the C4-2 cells were treated with 

a combination of 250 nM PX866 and 50 µM PIM447, the survival rate went down to about 40% 

on both laminin and collagen (Figure 10).  

5.3 C4-2 cells on laminin and collagen are sensitive to STAT5 inhibition; but 

cells on laminin are resistant to a combination of STAT5 inhibitor and 

PI3K inhibitor. 

The C4-2 cells that were routinely passaged on plastic were then plated on 10 µg/mL laminin or 

10 µg/mL collagen-coated plates and treated with 50 µM Pimozide for 24 hours. The cells were 

also treated with a combination of drugs – 250 nM PX866 and 50 µM Pimozide for 24 hours to 

evaluate the combined effect of the drugs on cell viability. 



54 | P a g e  
 

     

Figure 11 C4-2 cells on laminin and collagen are sensitive to STAT5 inhibition; but cells on 

laminin are resistant to a combination of STAT5 inhibitor and PI3K inhibitor 

C4-2 cells were plated with 10 µg/mL laminin or collagen and were then treated with 50 µM 

Pimozide and a combination of 250 nM PX866 and 50 µM Pimozide for 24 hours. DMSO was used 

for treating the control cells. Cell viability was estimated by crystal violet assay. Statistical 

significance was determined by Student’s t-test and p-value < 0.05 was considered to be 

statistically significant (denoted by *). N=3 

Pimozide alone did not kill an appreciable number of C4-2 cells on both laminin and collagen. 

However, when the C4-2 cells were treated with 50 µM Pimozide along with 250 nM PX866, the 

cell survival dropped notably. With the combination treatment, 43.57% C4-2 cells survived on 

laminin and 20.41% cells survived on collagen. Surprisingly, increased cell viability was observed 

on laminin as compared to collagen with STAT5 and PI3K pathway being inhibited together. 
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5.4 MCL1 expression is induced by collagen 

 

Figure 12 MCL1 expression is induced by collagen 

C4-2 cells were plated with 10 µg/mL laminin or collagen. After 48 hours, the cells were lysed with 

modified RIPA lysis buffer and 20ug of total cell lysates were loaded on to the 4% to 12% PAGE 

gel. MCL1 and tubulin levels were detected by western blotting.  

A major reason for the survival of tumor cells is their ability to resist apoptosis by upregulation of 

anti-apoptotic proteins. In order to evaluate the role of MCL1, an anti-apoptotic protein in 

collagen-aided survival of CRPC cells, C4-2 cells passaged on plastic were seeded on laminin- or 

collagen-coated plates for 48 hours and the extracted proteins were immunoblotted for MCL1. The 

expression of MCL1 was seen to be upregulated on collagen in comparison to laminin (Figure 12). 

The expression of MCL1 appears to be upregulated on collagen, however, additional experiments 

need to be carried out to confirm this and to assert that collagen is enhancing the anti-apoptotic 

property of C4-2 by elevating the levels of MCL1. 
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5.5 MRP1 expression is induced by collagen 

 

Figure 13 MRP1 expression is induced by collagen  

C4-2 cells were plated with 10 µg/mL laminin or collagen. After 48 hours, the cells were lysed with 

modified RIPA lysis buffer and 20ug of total cell lysates were loaded on to the 4% to 12% PAGE 

gel. MRP1 and tubulin levels were detected by western blotting.  

Another mechanism by which a drug can prove to be ineffective, is due to the drug being pumped 

out of the cell and thus making the drug inaccessible to the cells. MRP1, a potential candidate 

playing a role in this phenomenon, was thus evaluated by immunoblotting. Increased expression 

of MRP1 was observed in C4-2 cells on collagen as compared to laminin (Figure 13). Thus, growth 

on collagen seems to increase the expression of MRP1 which could lead to the efflux of drugs 

from the cells, though additional experiments are needed to verify whether this is the case. 

5.6 STAT5a/b phosphorylation is induced by collagen 

 

Figure 14 STAT5a/b phosphorylation is induced by collagen. 

ɑ-tubulin

pSTAT5a/b

STAT5a/b
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C4-2 cells were plated with 10 µg/mL laminin or collagen. After 48 hours, the cells were lysed with 

modified RIPA lysis buffer and 20ug of total cell lysates were loaded on to the 4% to 12% PAGE 

gel. Phospho-STAT5 and tubulin levels were detected by western blotting. 

STAT5a/b was considered a potential candidate for driving the upregulation of MCL1 and MRP1 

and hence western blotting was performed to compare the levels of phosphorylated STAT5a/b 

(pSTAT5a/b) on laminin vs collagen. It was observed that the expression of pSTAT5a/b is 

increased in C4-2 cells when they were seeded on plates coated with collagen (Figure 14). Hence, 

pSTAT5a/b could be upstream of MCL1 and MRP1 and drive their upregulation on collagen. 

5.7 PIM1 expression is not induced by collagen 

 

Figure 15 PIM1 expression is not induced by collagen 

C4-2 cells were plated with 10 µg/mL laminin or collagen. After 48 hours, the cells were lysed with 

modified RIPA lysis buffer and 20ug of total cell lysates were loaded on to the 4% to 12% PAGE 

gel. PIM1 and tubulin levels were detected by western blotting.  

As PIM1 was hypothesized to be regulating the expressions of MCL1 and MRP1 being upstream 

of them and downstream of STAT5a/b, it was expected that PIM1 expression on collagen would 

be higher on collagen as compared to laminin. However, the expression of PIM1 in C4-2 cells did 

not show significant change in cell cultured on plates coated with laminin vs collagen (Figure 15). 



58 | P a g e  
 

Hence, PIM1 appears to not be the driving factor for the upregulation of MCL1 and MRP1 in C4-

2 cells on collagen. 

5.8 Induction of MCL1 and MRP1 on collagen is not due to the upregulation 

of their respective mRNA signals. 

 

 

Figure 16 Induction of MCL1, MRP1, and PIM1 on collagen is not due to the upregulation of 

their respective mRNA signals. 

C4-2 cells were plated on plates coated with 10 µg/mL laminin or collagen. After 48 hours, RNA 

was extracted from the cells and mRNA gene expression of MCL1 (left), MPR1 (middle) and PIM1 

(right) was evaluated using RT-qPCR. Statistical significance was determined by Student’s t-test 

and p-value < 0.05 was considered to be statistically significant (denoted by *). N=3 

To uncover the mechanism of changes in levels of proteins in C4-2 cells, it was hypothesized that 

the mRNAs of the respective proteins are involved in upregulation of the proteins MCL1 and 

MRP1 when the C4-2 cells have adhered to collagen; RT-qPCR studies were carried out to 
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measure the mRNA levels of these proteins. It was observed that the mRNA expression levels of 

MCL1, MRP1, and PIM1 were slightly less in C4-2 cells on collagen and thus, the proposed 

hypothesis was rejected. The upregulation of the proteins MCL1 and MRP1, on collagen, was not 

due to an increase in mRNA. 

5.9 MCL1 expression is induced by collagen, gets further upregulated after 

inhibition by PX866 for 3 hours but is blocked by PX866 at 24 hours and 

remains unchanged by PIM447 

 

Figure 17 MCL1 expression is induced by Collagen but blocked by PX866 and remains 

unchanged by PIM447. 

C4-2 cells were plated on plates coated with 10 µg/mL laminin or collagen and were then treated 

with 250 nM PX866 or 50 µM PIM447 for 24 hours. The cells were lysed with modified RIPA lysis 

buffer and 80ug of total cell lysates were loaded on to the 4% to 12% PAGE gel. MCL1 and tubulin 

levels were detected by western blotting.  
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To examine MCL1’s function in promoting the survival of C4-2 cells on collagen, immunoblotting 

was performed by probing total protein lysates of C4-2 cells after different treatment conditions. 

The treatment conditions included plating the cells on 10µg/mL laminin or collagen along with +/-

drug treatments with 250nM PX866 and 50uM PIM447. The drug treatments were carried out in 

two different time courses – 3 hours and 24 hours. The expression of MCL1 notably increased on 

collagen as compared to laminin at both the time points (Figure 17, lanes 1 and 2). However, the 

increased expression of MCL1 on collagen was less on treatment with PX866 for 24 hours but 

remained unchanged after 3 hours. Also, MCL1 expression was observed to increase on laminin 

on treatment with PX866 at both time points (Figure 17, lanes 3 and 4). There was no convincing 

change in the MCL1 expression when the C4-2 cells were treated with PIM447 (Figure 17, lanes 

5 and 6). The results for this experiment rule out the possibility of Pim1 being upstream of MCL1 

in aiding collagen-mediated drug resistance. Also, a striking result from this experiment is the 

further induction of MCL1 on inhibition of the PI3K pathway, exploring the mechanism behind 

which would be interesting. 
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5.10 MRP1 expression is induced by Collagen, gets further upregulated after 

inhibition by PX866 for 3 hours but is blocked by PX866 at 24 hours and 

by PIM447. 

 

Figure 18 MRP1 expression is induced by collagen, gets further upregulated after inhibition by 

PX866 for 3 hours, but is blocked by PX866 at 24 hours and by PIM447. 

C4-2 cells were plated on plates coated with 10 µg/mL laminin or collagen and were then treated 

with 250 nM PX866 or 50 µM PIM447 for 24 hours. The cells were lysed with modified RIPA lysis 

buffer and 80ug of total cell lysates were loaded on to the 4% to 12% PAGE gel. MRP1 and tubulin 

levels were detected by western blotting.  

MRP1 was hypothesized to be one of the factors leading to drug resistance in C4-2 cells by a 

mechanism of drug efflux. To evaluate if collagen is involved in this process, immunoblotting was 

performed by probing total protein lysates of C4-2 cells after different treatment conditions. The 

treatment conditions included plating the cells on 10µg/mL laminin or collagen along with +/-drug 

treatments with 250nM PX866 and 50uM PIM447. The drug treatments were carried out in two 

different time courses – 3 hours and 24 hours. The expression of MRP1 was seen to be upregulated 
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α-tubulin
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on collagen (Figure 18, lanes 1 and 2). On treatment with PX866, MRP expression completely 

vanished after 24 hours, however, was unchanged after only 3 hours (Figure 18, lanes 3 and 4). 

PIM447 decreased the MRP1 expression on collagen (Figure 18, lanes 5 and 6). 

5.11 On laminin and collagen, PX866 blocks the expression of PIM1-L and 

upregulates the expression of PIM1-S while PIM447 upregulates the 

expression of PIM1-L. 

 

Figure 19 On laminin and collagen, PX866 blocks the expression of PIM1-L and upregulates the 

expression of PIM1-S while PIM447 upregulates the expression of PIM1-L. 

C4-2 cells were plated on plates coated with 10 µg/mL laminin or collagen and were then treated 

with 250 nM PX866 or 50 µM PIM447 for 24 hours. The cells were lysed with modified RIPA lysis 

buffer and 80ug of total cell lysates were loaded on to the 4% to 12% PAGE gel. PIM1, BCL2 and 

tubulin levels were detected by western blotting.  

To investigate the role of PIM1 in upregulating the expression of MCL1 and MRP1 in collagen-

mediated drug resistance and cell survival, immunoblotting was performed by probing total protein 

lysates of C4-2 cells after different treatment conditions. On laminin and collagen, there was an 

increase in the expression of PIM1-S on treatment with PX866 and an increase in expression of 
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PIM1-L on treatment with PIM447. This means that inhibition of the PI3K pathway is leading to 

the upregulation of PIM1-S and inhibition of pan-PIM is upregulating PIM1-L by some alternative 

mechanism 

5.12 STAT5a/b phosphorylation is induced by collagen and inhibition of PI3K 

upregulates the phosphorylation of STAT5a/b on laminin and collagen at 

3 hours but suppresses it at 24 hours. 

 

Figure 20 STAT5a/b phosphorylation is induced on collagen and inhibition of PI3K upregulates 

the phosphorylation of STAT5a/b on laminin and collagen at 3 hours, but suppresses it at 24 

hours. 

C4-2 cells were plated on plates coated with 10 µg/mL laminin or collagen and were then treated 

with 250 nM PX866 or 50 µM PIM447 for 3 hours and 24 hours. The cells were lysed with modified 

RIPA lysis buffer and 80ug of total cell lysates were loaded on to the 4% to 12% PAGE gel. PIM1, 

BCL2 and tubulin levels were detected by western blotting.  
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To examine the mechanism by which STAT5a/b plays a role in imparting resistance to PI3K 

inhibitors, C4-2 cells were treated with 250 nM PX866 and 50 µM PIM447 and immunoblotting 

were performed. It was observed that STAT5a/b phosphorylation increased in C4-2 cells when the 

cells have adhered to collagen and the phosphorylation further increased on inhibition of PI3K 

pathway, on laminin and collagen. 

5.13 STAT5b knockdown induces the expression of MCL1. 

The expression of STAT5a/b phosphorylation was seen to be induced in C4-2 cells on collagen as 

for MCL1 and MRP1. Hence, it might be possible that the upregulation of MCL1 and MRP1 on 

collagen is happening via STAT5a/b. According to the human protein atlas, the expression of 

STAT5b is about 3 times more than STAT5A in prostate cancer. Taking this as a rationale for this 

study, a knockdown study was performed by silencing the STAT5B gene in the C4-2 cells to see 

if the silencing of STAT5B is also blocking the expression of MCL1 and MRP1. 

 

Figure 21 Validation of STAT5b knockdown 

C4-2 cells were transfected with three concentrations of siRNA against STAT5b – 5 nM, 15 nM, 25 

nM for 72 hours and immunoblotting for STAT5b was performed in order to confirm knockdown 

efficiency. 
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The STAT5b siRNA concentration was optimized for the experimental assays in C4-2 cells grown 

on plastic. It was observed that 25nM concentration of the siRNA gave a knockdown of ~85% 

(Figure 21) and hence this concentration was used for further studies. 

 

 

Figure 22 STAT5b knockdown induces the expression of MCL1  

C4-2 cells were transfected with 25 nM STAT5b siRNA for 72 hours and immunoblotting was 

performed for MCL1 and MRP1 to detect the changes in their protein levels. 

STAT5b’s role in imparting drug resistance through upregulating the expression of MCL1 and 

MRP1 was studied by treating the C4-2 cells with 25 nM non-targeting siRNA pool as control and 

25 nM STAT5b siRNA. STAT5b expression went down considerably on laminin and collagen in 

siRNA treated conditions and hence the knockdown of STAT5b on laminin and collagen was 

successfully validated. The phosphorylation of STAT5a/b did not show a change in expression on 

laminin as well as on collagen. However, unexpectedly on laminin, the expression of MCL1 was 
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induced and the expression of MRP1 on laminin was downregulated after silencing the STAT5b 

gene. The expressions of MCL1 and MRP1 on collagen strikingly remained unchanged on 

STAT5b inhibition (Figure 22). This suggests that, in CRPC cells, laminin is upregulating MCL1 

after the inhibition of STAT5b. Also, STAT5b appears to be upstream of MRP1 expression in cells 

grown on laminin and not on collagen. 
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6) DISCUSSION 
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The biggest mystery in the field of prostate cancer is its stealthy metastasis to the bones, thus 

bringing down the 5-year survival rate to 29% after metastasis as opposed to a promising rate of 

99% when the cancer is localized (American Cancer Society: Cancer Facts & Figures 2018. 

Atlanta: American Cancer Society; 2018). There are two peculiar qualities of the bone that sets it 

aside from other organs of the body - bones are a rich source of collagen and in spite of being 

highly vascularized, the bone marrow houses a highly hypoxic environment (84). Despite this, the 

prostate tumor stealthily and efficiently metastasizes to the bones forming its niche at that site (90). 

Another hurdle in the treatment of prostate cancer is drug resistance. Androgen deprivation therapy 

lowers the levels of testosterone to curb the growth of the prostate cancer cells. But, due to the 

feedback mechanism of testosterone regulation, a lower level of testosterone in the blood 

stimulates the anterior pituitary to produce more FSH and LH, which act as signals for the 

production of testosterone by the testis (Figure 23). This leads to an overproduction of testosterone 

in the bloodstream, rendering the androgen deprivation therapy ineffective.  

 

Figure 23 Hormonal Regulation of Testosterone. 

Low testosterone levels in blood circulation signal the hypothalamus to produce Gonadotropin-

Releasing Hormone (GnRH) which acts on the anterior pituitary gland and signals it to secrete 
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FSH/LH. The FSH/LH reaches the testicles through blood and triggers the production and release 

of testosterone. When the levels of testosterone in blood increase beyond a certain threshold, it 

imposes negative feedback on the anterior pituitary and the hypothalamus to reduce the 

production of GnRH and FSH/LH. 

Another possible therapy for prostate cancer is targeting the PI3K pathway as >60% of prostate 

cancer patients have a constitutively active PI3K pathway which is responsible for tumor survival 

and proliferation (66,67). But, the inhibitors of PI3K pathway also exhibit resistance after a certain 

period of time and hence it is imperative to find the mechanism behind the resistance to PI3K 

inhibition in prostate cancer treatment in order to increase the efficacy of this potential treatment 

option. 

On laminin, CRPC cells exhibit resistance to PI3K inhibition by activating AR signaling (53). 

Conversely, on collagen, the resistance to PI3K inhibition is independent of AR signaling (86). 

Previous studies from our lab reported an upregulation of MCL1 and MRP1 when CRPC cells 

were seeded on collagen. It was also found that AKT, STAT3 and, ERK1/2 are not upstream of 

MCL1 and MRP1 in promoting drug resistance in CRPC cells (86). The current study tested the 

reproducibility of the previous findings and further focused on deciphering the proteins that are 

upstream of MCL1 and MRP1 that are aiding in imparting drug resistance. 

This study led to some crucial findings related to the proteins that were hypothesized to be 

upstream of MCL1 and MRP1. Cell viability assays were performed in order to determine if 

collagen is promoting the survival of C4-2 cells. It was observed that the C4-2 cells had an 

increased survival rate on collagen as compared to laminin after inhibiting the PI3K pathway 

(Figure 9). Further, more cells survived on collagen on treatment with a pan-PIM inhibitor, but 
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this result was not found to be statistically significant (Figure 10). However, the STAT5a/b 

inhibitor, Pimozide only had a small effect on the C4-2 cells but did show a drastic effect when 

the C4-2 cells were treated with a combination of Pimozide and PX866, a PI3K inhibitor. An 

unexpected increase in survival was observed on laminin compared to collagen with this 

combination treatment (Figure 11). The pro-survival proteins – MCL1, MRP1, and pSTAT5a/b 

were found to be upregulated on collagen (Figures, 12, 13, 14) but the expression of PIM1 

remained unchanged on collagen (Figure 15). The induction in levels of protein expression of 

MCL1 and MRP1 on collagen was not due to increased levels of their respective mRNAs (Figure 

16); thus, there is some alternative mechanism that is driving this upregulation. One possibility is 

that through the translational control of mTORC1, MCL1 is getting upregulated (92). Another 

possibility is the MAPK pathway which is often related to the PI3K pathway. MAPK is known to 

upregulate the expression of MCL1 in acute lymphoblastic leukemia (93) whereas the PI3K 

pathway is associated with drug resistance in prostate cancer through MRP1 (94). 

Studies were also carried out to investigate the protein expression of MCL1, MRP1, PIM1, and 

STAT5a/b after inhibition with PX866 and PIM447. It was observed that inhibiting the PI3K 

pathway by treating the C4-2 cells with PX866 for 3 hours led to an upregulation of MCL1 on 

laminin and collagen whereas a downregulation on collagen and upregulation on laminin when the 

treatment period was extended to 24 hours (Figure 17). The induction of MCL1 on collagen 

suggests its potential role in encouraging the anti-apoptosis in CRPC cells. Also, a further increase 

in MCL1 expression on inhibiting the PI3K pathway suggests some link between MCL1 and PI3K 

which is rendering the PI3K inhibition ineffective and helping cell survival through MCL1. The 

downregulation of MCL1 on collagen post 24 hours treatment with PX866 can be due to the fact 

that by this time, the cells have already committed to death leading to degradation of the protein. 
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PIM447 did not show any effect on the protein expression of MCL1 (Figure 17) and hence it can 

be said that PIM kinases are not upstream of MCL1. 

In the case of MRP1, it was found that the protein gets induced on collagen as compared to laminin 

and further gets induced on inhibition of the PI3K pathway by PX866 for 3 hours (Figure 18). This 

strongly advocates a link between the PI3K pathway and the MRP1 expression. Similar to what is 

observed in MCL1 expression, after 24 hours of inhibition of the PI3K pathway, the cells establish 

a commitment to death and hence the MRP1 protein gets downregulated and gets downregulated 

(Figure 18). After inhibition of PIM1 with the pan-PIM inhibitor, PIM447 blocks the expression 

of MRP1 on collagen. This suggests for PIM1 being upstream of MRP1 in the proposed model. 

having any effect on the expression of MRP1 and hence PIM1 is not upstream of MRP1. 

Analyzing the protein expression profiles of MCL1 and MRP1 after PI3K inhibition (Figures 17 

and 18) indicate two possibilities. The first possibility is the presence of a link between 

PI3K/AKT/mTOR and MCL1 and MRP1 which acts as an inhibitor of MCL1 and MRP1. The 

second possibility can be direct inhibition of MCL1 and MRP1 by the activity of 

PI3K/AKT/mTOR signaling. Hence, the PI3K inhibitor PX866 is itself getting inhibited by the 

upregulation of the expression of MCL1 and MRP1 on collagen. 

Based on the available literature, PIM1 and/or STAT5a/b were hypothesized to be upstream of 

MRP1 and MCL1 in the CRPC cells. It has also been reported that in fibroblasts, PIM1 upregulates 

the expression of proteins that are secreted by type I collagen in the ECM (118). Literature has 

shown that the PIM1-L (44kDa) isoform of PIM1 encourages anti-apoptosis in prostate cancer 

cells by interacting with Etk/BMX (88). A further study revealed that PIM1-L promotes drug 

resistance via phosphorylation and activation of BCRP/ABCG2 (Breast Cancer Resistance 

Protein) (89). Thus, all the evidence supports PIM as a factor imparting drug resistance in cancer, 
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PIM1 was hypothesized to be a mediator of drug resistance in CRPC cells via collagen. An increase 

in the PIM1 protein signal is an indication of inhibition of PIM kinase activity by the pan-PIM 

inhibitor leading to an increase in the PIM1 signal due to an accumulation of the PIM1 kinase 

protein. In this study, it was observed that the long isoform of PIM1 which is the 44kDa PIM1-L 

gets upregulated on inhibiting the PIM1 kinase on laminin and more prominently on collagen 

(Figure 21). Also, inhibition of PI3K led to a reduction in PIM1-L signal on laminin and collagen 

(Figure 21). The PIM1-S (33kDa) isoform of PIM1 is not widely studied in prostate cancer. It was 

observed that a strong induction of PIM1-S took place on inhibition of the PI3K pathway in C4-2 

cells (Figure 21). This suggests the following two possibilities: PI3K regulates the PIM1 isoforms 

by some signaling mechanism, or PIM1-L gets degraded after 24 hours treatment with PX866 

while PIM1-S gets upregulated, acting as an apoptotic protein. The cell cycle regulator p27 can be 

playing a role in this process. Available literature states that, when the PI3K pathway becomes 

constitutively active in cancer, it downregulates the tumor suppressor gene, p27, through mTORC1 

(96). PIM-S is also known to be a suppressor of p27 (95). Thus, on inhibition of the PI3K pathway, 

feedback might be imposed on PIM1-S to upregulate itself in order to keep p27 inhibited and thus 

aid in drug resistance to PI3K inhibition. 

Another factor that was investigated in this study was STAT5. Besides being associated with high 

Gleason grade in CRPC, STAT5 is also known to promote the growth of prostate cancer cells in 

vitro. Knocking down STAT5 led to inhibition of cell growth in prostate cancer cell lines – LNCaP, 

C4-2, and DU145 (87). As per the Human Protein Atlas, the expression of STAT5b is about three 

times more than STAT5a in prostate cancer. Hence, the role of STAT5b was studied in an effort 

to identify its role in collagen-mediated drug resistance. Surprisingly, an induction in MCL1 and 

downregulation in MRP1 was observed on laminin after knocking down STAT5b, however, the 
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levels of MCL1 and MRP1 remained unchanged on collagen. These preliminary data suggest the 

possibility of laminin inducing these changes, and not collagen, through some unknown 

mechanism via Stat5b in CRPC cells. Further experiments need to be carried out in order to assert 

this link between laminin and STAT5b 

 

Figure 24 Model for conclusion 

The model describes the signaling pathways of interest in this study in CRPC cells adhered to 

collagen. The expression of MCL1 and MRP1 is upregulated on collagen. In normal cells, the PI3K 

pathway is kept inhibited by PTEN and thus the cell survival and proliferation are properly 

regulated. However, PTEN undergoes a loss of function in majority of prostate cancer patients. 

Another survival pathway in cancer is through MCL1 activation via integrin α2β1 (collagen binding 

integrin). Integrin α2β1 also activates MRP1 which is a multi-drug associated resistance protein. 

On an administration of PI3K pathway inhibitors in CRPC cells, the combined effect of MCL1 and 

MRP1 upregulates cell survival pathways. This leads to a resistance to the PI3K inhibition. STAT5 

and PIM1 were hypothesized to be upstream of MCL1 and MRP1 in CRPC cells on collagen that 
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would lead to drug efflux through MRP1 activation and anti-apoptosis through MCL1 activation. 

It was found that STAT5 and PIM1 are not upstream of MCL1 in this model and STAT5 is not 

upstream of MRP1. PIM1 is a promising upstream protein to activate the MRP1. 
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7) FUTURE DIRECTIONS 
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The roles of MCL1 and MRP1 in cell survival via resistance to PI3K inhibition need to be validated 

by silencing the expression of these genes in C4-2 cells and see if the survival of cells on collagen 

decreases on inhibition of the PI3K pathway. This study showed that pan-PIM inhibition 

downregulates the expression of MRP1 in CRPC cells on collagen (Figure 18). Further 

experiments need to be carried out to evaluate if knocking down PIM1 reduces the expression of 

MRP1 in collagen-bound C4-2 cells and induces more death on PI3K inhibition. The role of the 

isoforms of PIM1 – PIM1L and PIM1S in prostate cancer also need to be investigated. 

The PI3K pathway was seen to regulate the expression of MCL1, MRP1 and STAT5a/b 

phosphorylation as the inhibition of PI3K induced the expression of these proteins (Figures 17, 18, 

20). It would be interesting to further investigate this observation to establish the link between 

PI3K and the above-mentioned proteins. 

A global protein expression analysis of C4-2 cells on collagen would help in understanding the 

expression profiles of various proteins which can help in giving a further insight in this project. To 

further introduce new elements that may be important in this project – MRP4 and GREB1 would 

be good candidates. The literature reports that MRP4 mediates drug resistance to docetaxel in 

prostate cancer treatment though its upregulation (90). Also, GREB1 was shown to be responsible 

for imparting resistance to anti-androgen therapy (91). The influence of the extracellular matrix 

components in these studies needs to be investigated. 
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