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ABSTRACT 

Despite recent advances, prognosis in metastatic prostate cancer remains poor.  As 

with other cancers, tumor heterogeneity is an increasingly evident contributor in prostate 

tumorigenesis and developed resistance.  Using in vitro and in vivo model systems, we 

examined novel diagnostic and therapeutic strategies in prostate cancer.  In these studies, 

combination treatment with amuvatinib, a receptor tyrosine kinase inhibitor, and erlotinib, 

an epidermal growth factor inhibitor, was assessed for its ability to differentially modulate 

growth signaling in pathway diverse LNCaP (PTEN-) and DU-145 (PTEN+) human 

prostate cancer cell and mouse xenograft models.  Our results suggest both individual 

mechanistic signaling activities, as well as benefits of the combination therapy though 

modulations of MAPK (pERK) and 4EBP1/cyclin D1 in growth signaling divergent 

PTEN+ and PTEN- prostate cancer cells.  Additionally, despite the importance preanalytical 

tissue preservation on downstream diagnostic assays, exact protocols are not well defined 

and highly variable clinically and, as such, critical diagnostic information is lost.  We show 

that a novel 2+2 fixation method induces target- and cell-specific alterations in 

immunostain intensity and efficacy.  Importantly, cyclin D1 is increasingly utilized for as 

a clinical prognostic/diagnostic marker and demonstrated improved immunohistochemical 

staining efficacy with 2+2 fixation compared with treatment-matched xenograft protein 

alterations as assessed by western analysis.  Finally, pentoxifylline (PTX) is a clinically 

utilized and well tolerated PDE inhibitor that has shown promise as a radio-/chemo-

sensitization and anti-cancer agent against a variety of cancers.  In these studies, we 

demonstrate that PTX induces cell and tumor growth inhibition in LNCaP prostate cancer 

cells.  Mechanistically, PTX induces transient cellular signaling modulations of both the 
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AMPK metabolic and AKT/mTOR growth pathways, while inducing autophagy.  Also, 

PTX sensitizes LNCaP prostate cancer to cytotoxicity induced by first line chemotherapy 

docetaxel, inducing significant cellular apoptosis and reducing effective docetaxel 

concentrations by >10 fold for equivalent toxicity in viability assays.  These findings 

nominate PTX as an adjunct therapy for the treatment of prostate cancer. In summary, these 

studies characterize the targeted signaling modulation by combination erlotinib and 

amuvatinib therapy, as well as pentoxifylline, for their use as therapies for prostate cancer.  

A novel fixation protocol was also assessed for improved diagnostic tissue preservation of 

critical signaling proteins.  Further understanding in these areas will aid and expand the 

development of effective diagnostics, as well as emphasize the benefits of these and similar 

therapeutics for the treatment of prostate cancer.  
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CHAPTER 1: INTRODUCTION 

 

1.1 General Comments 

Cancer is the second leading cause of death in the United States, with 582,623 

estimated deaths in 2012 and 1.6 million estimated new cancer cases expected in 2015 

(Heron 2015; Siegel et al. 2015).  Approximately 43.3% of men and 37.8% of women will 

develop invasive cancer in their lifetime (Siegel et al. 2015).  Cancer is caused by a 

combination of genetic and environmental factors.  These factors contribute to the genetic 

and epigenetic alterations regulating cell growth and differentiation with potential to spread 

to other parts of the body.  Alterations are compounded within the cell, with increased 

growth as a dominant survival phenotype.  As growth and differentiation increases, these 

cells lose their ability to complete their normal functions as well as begin to invade 

surrounding and distant tissues, resulting in a multitude of functional changes in the body. 

Genomic instability combined with both endogenous and exogenous 

microenvironmental factors contribute to tumor evolution, resulting in significant tumor 

heterogeneity.  Inter- and intra-tumor heterogeneity introduces significant challenges in 

cancer therapeutics, altering acute drug response as well as the development of treatment 

resistance.  Increasing our knowledge of cancer pathophysiology and drug response will 

allow for improved patient treatment and outcomes.  These studies assess two important 

research areas: tissue diagnostics and novel therapies.  The first studies assess the 

modulation of MAPK and AKT/mTOR/4EBP1 growth signaling pathways in response to 

combination erlotinib, an EGFR inhibitor, and amuvatinib, a multi-site tyrosine kinase 

inhibitor, in growth signaling divergent PTEN+ and PTEN- prostate cancer cells, suggesting 

potential mechanisms/benefits for such combination therapy.  We also demonstrate the 
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utility of a unique 2+2 fixation method for the preservation and effective staining of 

specific diagnostic immunotargets, such as cyclin D1.  These findings emphasize the 

importance of tissue fixation in the implementation of immmunohistochemical diagnostic 

assays, with tissue and target specific optimization necessary for the improvement of 

current protocols and development of novel targeted assays.  Secondly, our studies show 

the growth inhibitory properties of pentoxifylline (PTX) via modulation of specific growth 

and metabolic pathways in cell and xenograft models of human prostate cancer.  

Importantly, PTX also enhances the cytotoxicity of metastatic castration resistant prostate 

cancer (mCRPC) first line chemotherapy docetaxel, emphasizing its potential utility as an 

adjunct therapy for the most effective treatment of mCRPC. 
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1.2 Prostate Anatomy and Physiology 

The male prostate is a muscular gland whose main function involves the production 

of prostate fluid.  Prostate fluid is important for the proper functioning of sperm cells, 

which together with other fluids make up the semen.  Prostate fluid is composed of sugars 

as a nutrition source for sperm, enzymes to break down seminal proteins for enhanced 

motility, and alkaline chemicals to neutralize acidic vaginal secretions, all serving to 

promote sperm survival.  In addition to exocrine function, smooth muscle contraction of 

the prostate gland is necessary to propel the fluid into the urethra during ejaculation.   

The prostate is located surrounding the urethra just below the urinary bladder, and 

can be divided two ways: by lobe and by zone.  The anterior lobe is in front of the urethra 

and formed completely of fibromuscular tissue.  The median lobe is located between the 

ejaculatory ducts and the urethra, with the upper surface involved in trigone of the bladder.  

The lateral lobes form the main mass of the prostate and are separated by the urethra. The 

posterior lobe is located behind the urethra and below the ejaculatory ducts.  Median, 

lateral, and posterior lobes are all rich in glandular tissue. 

Alternatively, the prostate can be divided into four different zones according to 

their function and developmental origin.  The transition zone is the smallest zone, located 

on the inside of the gland surrounding the urethra.  This zone undergoes benign growth 

with aging, termed benign prostatic hyperplasia (BPH), leading to difficulties with 

urination.  An estimated 20-25% of prostate cancer cases arise from the transition zone and 

are associated with lower Gleason scores and better overall outcomes (Augustin et al. 2003; 

Greene et al. 1991; King et al. 2009; Noguchi et al. 2000).  The central zone forms in a 

funnel shape and contains the ejaculatory ducts.  The central zone is rarely associated with 

tumor formation, however, may represent a comparatively aggressive cancer phenotype 
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(Cohen et al. 2008).The outermost portion of the prostate is called the peripheral zone and 

represents ~70% of the prostate tissue mass, surrounding the distal urethra.  The peripheral 

zone is the source location of approximately 70-80% of malignant tumors (Erbersdobler et 

al. 2002; McNeal et al. 1988).  Finally, the anterior fibromuscular zone is located anterior 

to the urethra and is devoid of glandular components. 
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1.3 Risk Factors for Prostate Cancer 

Several major factors influence the risk of developing prostate cancer, some which 

are unavoidable.  Age is one such risk factor.  Prostate cancer is rare for younger men with 

risk increasing with age.  The probability of developing prostate cancer before the age of 

40 is 0.01%, while risk increases to 11% by the age of 70 (Siegel et al. 2015).  Race is 

another factor contributing to prostate cancer risk.  African-Americans are particularly 

susceptible to both prostate cancer incidence and mortality, while Asian American/ Pacific 

Island populations are at a reduced risk of prostate cancer occurrence and related death 

compared to other populations (Siegel et al. 2015).  Family history is also shown to be a 

risk factor (Bruner et al. 2003; Johns and Houlston 2003). Furthermore, having a first-

degree relative diagnosed with prostate cancer doubles an individual’s risk of diagnosis 

and increase mortality (Bruner et al. 2003; Johns and Houlston 2003; Liss et al. 2015). 

 Geography also plays a role in prostate cancer risk. Prostate cancer is most common 

in North America, northern Europe, and Australia, and less common in Asia, Africa, 

Central and South America (Baade et al. 2009; Kamangar et al. 2006).  Developed 

countries have five times higher incidence and two times higher rate of mortality compared 

to less developed countries (Baade et al. 2009; Kamangar et al. 2006). 

 Diet has also been implicated in mediating prostate cancer risk.  High consumption 

of dietary fat, meat, calcium, dairy, and alcohol have been associated with increased risk 

of prostate cancer, while consumption of vegetables, lycopene, fish, and dietary fiber are 

associated with reduced risk (Augustsson et al. 2003; Aune et al. 2015; Cohen et al. 2000; 

Deschasaux et al. 2014; Giovannucci 2002; John et al. 2011; Kolonel et al. 1999; McGregor 

et al. 2013; Terry et al. 2001).  Direct associations of obesity with prostate cancer incidence 
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are mixed and may be confounded by multiple factors such as detection bias and co-

morbidities, however, mounting evidence suggests obesity is linked with a modest increase 

in aggressive cancers (Allott et al. 2013).  There is some evidence suggesting additional 

environmental factors such as exposure to cadmium, pesticides, BPA, and Agent Orange 

(Alavanja et al. 2003; Chamie et al. 2008; Julin et al. 2012; Prins et al. 2008; Settimi et al. 

2003; Waalkes 2003).  
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1.4 Prostate Cancer Diagnosis and Therapies 

Most prostate cancer diagnoses are the result of a positive screening procedure with 

either prostate serum antigen (PSA) blood test or digital rectal examination, though the 

actual clinical benefit of these screenings is controversial (Djulbegovic et al. 2010; Ilic et 

al. 2011).  With screening methods in place, most patients present asymptomatically, 

however local tumor growth may produce urinary obstruction in some cases.  Positive 

screening often results in a needle biopsy procedure, whereby tumor differentiation can be 

determined by the Gleason scoring method.  With clinical suspicion of tumor metastasis, 

staging tests such as PSA level, MRI, transrectal ultrasound, or bone scans may be used to 

determine tumor stage. 

Asymptomatic patients with early stage disease may be recommended a strategy of 

active surveillance, whereby the patient will be monitored for disease progression.  For 

early stage tumors confined to the prostate gland, radical prostatectomy is the common 

course of action, conferring a significant survival advantage (Bill-Axelson et al. 2014).  

However, many patients are not cured and their cancer recurs.  Prostate tumor growth is 

initially androgen dependent, therefore, androgen deprivation therapy (ADT) causes tumor 

regression.  ADT may utilize either gonadotropin-releasing hormone analogs such as 

goserelin that stimulate the pituitary gland, suppressing testosterone from the testes, or anti-

androgens such as enzalutamide that inhibit the androgen receptor directly.   

Despite the initial efficacy of ADT, disease progression occurs within a few years.  

Androgen independence can be achieved through multiple mechanisms, including 

androgen receptor hypersensitivity or upregulation of alternative pathways (Feldman and 

Feldman 2001).  At this stage, cancer begins to metastasize to distant organs such as lymph 

nodes, bone, lung, and liver and is known as metastatic castration-resistant prostate cancer 
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(mCRPC).  First line therapy for mCRPC is docetaxel, a taxane microtubule inhibitor, 

which significantly improves overall patient survival as well as palliation of cancer-

associated symptoms such as pain response (Berthold et al. 2008; James et al. 2015; West 

et al. 2014).  Despite beneficial effects compared to previous standard therapy, median 

survival time only increases to 19-42 months (Berthold et al. 2008; James et al. 2015; West 

et al. 2014).  As with other cytotoxic chemotherapeutics, docetaxel is also associated with 

a wide variety of common and sometimes severe adverse effects including hematological 

alterations, hair loss, GI distress, and neuromotor dysfunction.   

Post docetaxel treatment, second line therapies such as cabazitaxel, another taxane 

microtubule stabilizer, and androgen inhibitors have shown modest benefits in overall 

survival compared to placebo (de Bono et al. 2011; de Bono et al. 2010).  Abiraterone and 

sipuleucel-T, an immunotherapy, have also shown promise as pre-docetaxel therapies 

(Kantoff et al. 2010; Ryan et al. 2013). 
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1.5 Deregulation of Signaling Pathways in Cancer 

1.5.1 Hallmarks of Cancer 

In 2000, researchers introduced the idea that despite vast complexity and variety, 

all cancers share a principle set of acquired characteristics (Hanahan and Weinberg 2000).  

The traits were termed the hallmarks of cancer and were originally described as follows:  

self-sufficient growth, insensitivity to antigrowth signaling, evading apoptosis, limitless 

replicative potential, sustained angiogenesis, and tissue invasion and metastasis.  

Deregulation of cellular energetics, avoidance of immune destruction, DNA instability, and 

inflammation have since been described as additional hallmarks (Hanahan and Weinberg 

2011).  These unifying hallmarks represent the multiple defenses that tumor cells must 

overcome to develop as a malignant tumor.  Through selective pressure and a combination 

of genomic instability and microenvironmental factors, the controlling mechanisms of 

these pathways are deregulated, leading to cancer development.  Importantly, researchers 

can take advantage of this increasing cancer pathophysiological knowledge for the 

development of improved and targeted cancer therapeutics. 

 

1.5.2 Protein Kinases 

Protein kinases are a subclass of protein kinases capable of transferring a phosphate 

from ATP to a substrate protein serine, threonine, or tyrosine residue, and function in 

diverse cellular signaling pathways.  Protein kinases substrates can be serine/threonine 

specific, tyrosine specific, or dual specificity.  Serine/threonine kinase activity can be 

governed by intracellular chemical signals such as calcium or cAMP, or by cellular events 

such as DNA damage.  Tyrosine Kinases (TKs) can be divided into two families: receptor 

tyrosine kinases (RTKs) and non-receptor tyrosine kinases (nRTKs).  RTKs have roles in 
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many cellular functions including growth, differentiation, and death. They are composed 

of an extracellular ligand binding domain, transmembrane domain, and intracellular 

catalytic domain.  Ligand binding causes conformational alteration, subsequent activation 

of the catalytic domain, phosphorylation of target proteins.  Activated target proteins then 

perpetuate signaling cascades involved in the aforementioned signaling pathways.  nRTKs 

lack the ligand binding and transmembrane protein regions, and may be found localized to 

the cytoplasm or cellular membrane.  Additional domains may participate in non-target 

protein, lipid, or DNA interactions.  As opposed to ligand binding, nRTK catalytic 

activation is dependent upon auto-phosphorylation or phosphorylation by alternate TKs. 

As critical regulators of cellular processes and commonly mutated or dysregulated 

status in a variety of diseases, protein kinases serve as prominent therapeutic targets in 

cancer.  These targeted cancer therapies include both monoclonal antibodies and small 

molecule inhibitors.  Monoclonal antibodies bind specific cell surface antigens, such as 

RTKs, to inhibit, modulate, or regulate receptor signal transduction.  Several RTK targeted 

monoclonal antibodies are approved for use in cancers such as breast and colorectal cancer 

(Piccart-Gebhart et al. 2005; Reynolds and Wagstaff 2004; Weber and McCormack 2008).  

Small molecules inhibitors may bind to cell surface targets such as RTKs or penetrate the 

cell membrane to interact with intracellular targets.  To date, 28 small molecule kinase 

inhibitors have been clinically approved, of which 15 have been approved within the last 

four years, and act against a range of cancers including breast, lung, and renal cancers (Wu 

et al. 2015).  The majority of these approved inhibitors are TK inhibitors, and all act 

through competitive ATP site binding (Wu et al. 2015).   
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Of interest in these studies are small molecule inhibitors erlotinib and amuvatinib.  

Erlotinib is an epidermal growth factor receptor inhibitor with indications in both non-

small cell lung cancer (NSCLC) and pancreatic cancer.  Amuvatinib is an investigational 

multi-site tyrosine kinase inhibitor, including c-Kit, PDGFR, and Flt3, that has shown 

clinical antitumor activity in combination with other therapies in NE, NSCLC, and SCLC 

(Mita et al. 2014).  In combination, erlotinib and amuvatinib were shown to significantly 

inhibit cell growth in multiple prostate cancer cell models and tumor growth in a LNCaP 

xenograft model (Qi et al. 2009). 

 

1.5.3 PI3K/AKT/mTOR Pathway 

Phosphatidylinositol-3 kinases (PI3Ks) are a family of lipid kinases characterized 

by the ability to phosphorylate inositol phospholipids, generating second messenger 

phosphatidylinositol-3,4,5-triphosphate (PIP3) at the inner cell membrane.  PI3Ks are 

commonly activated by upstream signaling of tyrosine kinases and other receptors.  

Creation of membrane phospholipids recruits AKT to the membrane, where it is 

phosphorylated and activated by phosphoinositide-dependent protein kinases (PDKs).  

Activated AKT, a serine/threonine-specific protein kinase, then activates or deactivates 

downstream effectors involved in cell cycle regulation, cell growth, and cell survival. 

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase and 

downstream effector of activated AKT.  mTOR represents the catalytic subunit of two 

distinct protein complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 

(mTORC2).  mTORC1 is composed of mTOR, rapamycin-associated protein of mTOR 

(RAPTOR), mammalian lethal with SEC13 protein 8 (MLST8 or GßL), proline-rich AKT1 
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substrate 1 (PRAS40), and DEP domain containing mTOR-interacting protein (DEPTOR), 

and acts a cellular sensor for the regulation of a multitude of cellular processes including 

cellular growth, proliferation, and protein synthesis.  mTORC2 is composed of mTOR, 

rapamycin-insensitive companion of mTOR (RICTOR), MLST8, and mammalian stress-

activated protein interacting protein 1 (mSIN1), regulating growth and cytoskeletal 

dynamics, as well as activation of AKT through phosphorylation at Ser473. 

As such a prominent and diverse regulator of cellular processes, PI3K/AKT/mTOR 

signaling is critical for proper cell function and is shown to be frequently altered in a 

diverse number of cancers (Lui et al. 2013; Samuels and Ericson 2006).  Several molecular 

alterations mediate pathway activation including gain of function alterations to proteins 

such as PI3K and mTOR, as well as loss of function of pathway regulator proteins such as 

phosphatase and tensin homolog (PTEN) and tuberous sclerosis 1/2 (TSC1/2).  

PI3K/AKT/mTOR alterations are implicated in many facets of prostate cancer.  In prostate 

cancer tumor biopsies, PI3K signaling alterations were found in 42% of primary tumors 

and 100% of metastatic tumors (Taylor et al. 2010).  Importantly, loss of negative regulator 

PTEN and activation of AKT are associated with drug resistance, cancer recurrence, and 

overall poor clinical outcomes in prostate cancer (Carver et al. 2009; McCall et al. 2008; 

Mulholland et al. 2012; Mulholland et al. 2011; Nagata et al. 2004; Yoshimoto et al. 2007).  

Additionally, studies demonstrate significant crosstalk between PI3K and Androgen 

receptor signaling, one of the most important mechanisms of castration resistance 

development in prostate cancer (Carver et al. 2011; Mulholland et al. 2011).  

Pharmacologic inhibition of PI3K/AKT/mTOR has shown tumor growth inhibition in 
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prostate xenograft models and modest PSA decline in a clinical setting (Carver et al. 2011; 

Chee et al. 2007; Kinkade et al. 2008). 

Agents targeting the PI3K/AKT/mTOR signaling pathway currently in clinical 

trials include pan PI3K inhibitors, isoform-specific PI3K inhibitors, AKT inhibitors, active 

site mTOR inhibitors, rapamycin analogs, and dual PI3K/mTOR inhibitors, however, high 

toxicity and rate of resistance are proving to be difficult hurdles for current compounds.  

Rapamycin analogs have shown the most clinical promise, though only in a limited number 

of cancers and with only modest effects as a monotherapy.  Everolimus has FDA approved 

indications in renal cell carcinoma, HER2-negative breast cancer, progressive 

neuroendocrine tumors of pancreatic origin, and subependymal giant cell astrocytoma 

(SEGA) tumors associated with tuberous sclerosis.  Temsirolimus is a pro-drug of 

rapamycin and is FDA approved for the treatment of advanced renal cell carcinoma (RCC).  

Anticancer therapies targeting additional downstream pathway proteins also show 

preclinical promise, including EIF4E, MNK and PIM kinases, and S6 kinase (Diab et al. 

2014; Foulks et al. 2014; Garcia et al. 2014; Graff et al. 2007; Hong et al. 2011; Konicek 

et al. 2011; Ramalingam et al. 2014; Yu et al. 2015). 

 

1.5.4 MAPK Pathway 

Mitogen-activated protein kinases (MAPKs) are serine-threonine kinases 

controlling a variety of intracellular signaling, regulating cellular functions including cell 

proliferation, differentiation, and death.  The MAPK family consists of extracellular-

regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38.  Most MAPKs follow a 

three-tiered pathway, consisting of a MAPK kinase kinase (MAP3K), a MAPK kinase 
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(MAP2K), and a MAPK.  These protein kinases sequentially phosphorylate from 

MAPK3K to MAP2K to MAPK, whereby activated MAPKs phosphorylate multiple 

downstream proteins responsible for the aforementioned cellular functions.  The best 

characterized MAPK pathway in mammalian cells is the ERK pathway. In the ERK 

signaling pathway, Raf protein is activated Ras GTPases commonly in conjunction with 

receptor tyrosine kinases.  A guanosine triphosphate for guanosine diphosphate switch 

causes a conformational change in Ras, increasing its affinity for downstream effectors 

such as Raf.  Activated Raf, acting as the MAP3K, then phosphorylates MEK 1/2, whereby 

activated MEK 1/2 phosphorylates ERK 1/2.  

As another critical regulator of cellular functions, ERK signaling is among the most 

commonly deregulated pathways in human cancer.  Cancer-associated mutations of 

pathway members Ras and Raf are particularly prominent.  Overall, about 30% of all 

human tumors carry some mutation of the Ras genes (cancer.sanger.ac.uk), with very high 

mutation rates in pancreatic ductal adenocarcinoma (up to 95%), colorectal cancer (~40%), 

and non-small cell lung carcinoma (up to 40%) (Almoguera et al. 1988; Forbes et al. 2015; 

Nelson et al. 1996; Suzuki et al. 1990).  Mutations in Raf isoform B-Raf is shown in 

multiple cancers, including 66% of malignant melanomas (Davies et al. 2002).  In prostate 

cancer, genetic analysis revealed that the Ras/MAPK pathway was upregulated in 43% of 

primary and 90% of metastatic prostate tumors (Taylor et al. 2010).  MAPK pathway is 

shown to contribute to tumor development and progression (Festuccia et al. 2009).  

Epidermal growth factor (EGF), an important MAPK signaling inducing mitogen, 

contributes to the initiation and progression of prostate cancer, and epidermal growth factor 
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receptor (EGFR) is overexpressed in prostate tumor tissue (Di Lorenzo et al. 2002; 

Festuccia et al. 2005).  

Agents including MEK inhibitors, Raf inhibitors, and ERK inhibitors are currently 

in clinical trials.  Vemurafenib and dabrafenib, B-Raf inhibitors, as well as trametinib, a 

MEK inhibitor, are FDA approved for the treatment of late-stage melanoma.  Also, 

targeting of EGFR has shown promise in preclinical and clinical models of prostate cancer 

(Chen et al. 2011; Lin et al. 2013; Nabhan et al. 2009; Prewett et al. 1996; Qi et al. 2009). 

 

1.5.5 AMPK Pathway 

AMP-activated protein kinase (AMPK) is a heterotrimeric serine/threonine kinase 

acting as a master regulator of cellular metabolic processes, as well as having roles in 

cellular growth and repair.  The three subunits contain a catalytic alpha subunit as well as 

regulatory beta and gamma subunits.  AMPK acts a sensor of intracellular nucleotides.  

Under stress, ATP levels are decreased, whereby gamma subunit-bound ATP is displaced 

by AMP or ADP, causing a conformational change.  Active site conformational change 

exposes Thr172 in the activation loop of the catalytic domain for phosphorylation by 

upstream kinases, greatly enhancing MAPK activity.  Increased AMPK activity increases 

cellular energy via inhibition of catabolic pathways such as protein and fatty acid synthesis 

and activation of catabolic pathways such as glucose transport and fatty acid oxidation.  

The role of AMPK in cancer is complex, as it can act as either a tumor suppressor 

or promoter in different contexts.  Multiple mechanisms are shown to exhibit the role for 

AMPK as a tumor suppressor, including downregulation of mTOR signaling.  Several 

studies have shown the ability of AICAR and anti-diabetic drugs such as metformin, all 
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AMPK activators, to inhibit prostate cancer pathogenesis and decrease resistance (Ben 

Sahra et al. 2008; Demir et al. 2014; Jurmeister et al. 2014; Zadra et al. 2014), however 

clinical outcomes have been mixed (Kaushik et al. 2014; Merrick et al. 2015; Rothermundt 

et al. 2014; Spratt et al. 2013). 

AMPK also supports the cell’s ability to survive under stress, which may contribute 

to its role as a tumor promoter.  Multiple mechanisms for cell survival have been described, 

such as ATP generation and autophagy induction (Egan et al. 2011; Hardie and Pan 2002; 

Zaugg et al. 2011).  Though direct somatic mutation of AMPK subunits is rare, 

upregulation of AMPK gene expression is seen in many cancers.  In cells lacking AMPK, 

loss of metabolic regulation causes cell death (Bungard et al. 2010; Chhipa et al. 2011).  

Recent studies have shown a role for AMPK in the survival and sustained growth of 

aggressive brain and breast tumors (Laderoute et al. 2014; Ríos et al. 2013; Ríos et al. 

2014).  In prostate cancer, several studies indicate the tumor promoting potential of AMPK, 

increasing cell growth and metastasis as well as androgen and chemotherapeutic resistance 

(Chhipa et al. 2011; Frigo et al. 2011; Park et al. 2009; Tennakoon et al. 2014).  In clinical 

studies, pAMPK is elevated in prostate tumor samples compared to either non-neoplastic 

tissue or benign prostatic hyperplasia tissue samples (Choudhury et al. 2014; Park et al. 

2009; Tennakoon et al. 2014).  Also, elevated pAMPK protein expression was associated 

with increased prostate tumor grade and disease recurrence (Choudhury et al. 2014; 

Tennakoon et al. 2014). 

There are currently no agents targeting AMPK undergoing clinical trials.  Studies 

have shown that multi-kinase inhibitors sunitinib and midostaurin can directly inhibit 

AMPK, and some cytotoxicity may be attributable to AMPK inhibition (Borgdorff et al. 
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2014; Laderoute et al. 2010).  Sunitinib, an inhibitor of PDGFR, VEGFR, and c-KIT, is 

FDA approved for the treatment of RCC, gastrointestinal stromal tumor (GIST), and 

pancreatic neuroendocrine tumors.  Midostaurin, a multi-isoform protein kinase C 

inhibitor, has recently received Breakthrough Therapy designation by the FDA for adult 

acute myeloid leukemia (AML) and is currently in multiple clinical trials for various 

cancers (Huang et al. 2009). 
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1.6 Personalized Medicine 

1.6.1 Background 

Most medical treatments are designed as in a one size fits all approach.  

Personalized or precision medicine is a different approach, whereby each patient’s genes, 

environment, and lifestyle are utilized in the development of prevention and treatment 

regimens.  Advances have led to new FDA approved treatments targeting patients with 

specific germline or tumor specific alterations.  In January 2015, the Precision Medicine 

Initiative was funded in the United States.  The Initiative allocates over $100 million dollars 

to develop a national cohort of over one million US participants seeking to extend precision 

medicine to all diseases.  Also funded through the Precision Medicine Initiative, the NCI-

Molecular Analysis for Therapy Choice (NCI-MATCH) trial began open enrollment in 

August 2015 (Conley and Doroshow 2014).  The study is designed to detect responses to 

tumor driver mutation inhibition in both prevalent and rare cancers.  Enrolled patients will 

have advanced solid tumors and lymphomas no longer responding to standard therapy.  

Investigators will obtain tumor biopsies and utilize validated advanced sequencing 

technologies to determine actionable molecular abnormalities.  Targeted treatments will be 

administered and response will be assessed.  In summary, personalized medicine is 

becoming an integral part of clinical practice and future techniques may utilize genomic, 

transcriptomic, proteomic, and epigenomic parameters to prevent, diagnose, and treat 

disease.  
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1.6.2 In Vitro Diagnostics 

 Scientific advances lead to diagnostic tests that can detect or aid in the treatment of 

diseases, conditions, and infections, known as in vitro diagnostics.  Nucleic acid-based 

tests analyze variations in DNA and RNA to diagnose disease, identify infectious 

pathogens, and determine genetic carrier status.  Examples include coagulation factor 

abnormalities, or microbial tests such hepatitis detection or influenza characterization.  

Two assays have received approval for use in prostate cancer.  The progensa pca3 assay is 

an in vitro nucleic acid amplification test measuring the concentration of prostate cancer 

gene 3 and prostate specific antigen.  The assay is used in conjunction with additional 

patient information in the determination of repeat biopsy (de la Taille et al. 2011).  

Additionally, the nucleic acid detection immunoassay PSA assay is utilized in conjunction 

with additional patient information as a prognostic marker identifying patients at reduced 

risk for PCa recurrence following prostatectomy (McDermed et al. 2012). 

Companion diagnostics are in vitro or imaging tools that aids in the proper use of a 

therapy.  They may identify patients who are most likely to benefit from a therapy.  For 

example, diagnostic tests for HER2 protein overexpression are utilized for the effective use 

of Herceptin, a monoclonal antibody for HER2, in the treatment of aggressive breast cancer 

(Vogel et al. 2001).  Alternatively, companion diagnostics may identify patients that are at 

an increased risk for serious side effects of a therapy.  CYP2D6 nucleotide variants 

identification may be utilized as an aid for the determination of therapeutic strategy for 

drugs metabolized by CYP2D6 such as antidepressants, opioids, beta-blockers, and 

antiarrhythmics.  Finally, companion diagnostics may be utilized with a particular therapy 

to monitor patient response and adjust treatment to maximize safety and efficacy. MRI 
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scanning technologies can be utilized to non-invasively monitor liver iron concentrations 

during chelation therapy to appropriately adjust treatment and avoid renal, hepatic, and 

other toxicities (Trottier et al. 2013).  As described, these assays utilize a variety of 

techniques and are utilized in a multitude of settings, including the diagnosis of breast, 

blood, and bladder cancer, as well as the treatment of breast, lung, skin, colorectal, gastric, 

and ovarian cancers.  Importantly, of the currently approved diagnostics, most companion 

diagnostic assays and multiple nucleic acid based tests utilize formalin fixed paraffin 

embedded tissues for their analysis. 

 

1.6.3 Tissue Fixation in Diagnostics 

 The identification of proteins expressed in normal and disease-affected cells has 

been utilized for a variety of clinical purposes including patient diagnosis and treatment 

determination.  However, clinical utility is hindered by variables that can be divided into 

three sections: preanalytical (tissue preservation), analytical (assay procedure), and post-

analytical (result reporting).  While analytical variability has been marginalized with the 

development of automated tissue processing machines and postanalytical variability is 

inhibited mostly by the subjectivity of grading and thresholds, preanalytical variability 

serves as a source with much room for improvement for the expanded use of fixed tissue 

diagnostics.   

 Preanalytical factors contribute significantly to the overall efficacy of downstream 

diagnostic assays (Engel and Moore 2011).  Tissues may be obtained by one of many 

methods including needle aspirate, core or endoscopic biopsy.  The tissue state may be 

viable, ischemic, or necrotic which may impact antigen availability.  As soon as the tissue 
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dies or is removed, autolysis begins to degrade and deteriorate the sample.  As such, tissue 

drying and/or cold ischemia time contributes to increased, decreased, or delocalized assay 

activity.  These factors are undoubtedly variable between and possibly within individual 

clinical settings.   

Fixatives, most commonly formalin, are used to preserve tissue from degradation 

for later analysis.  Though formalin is the most popular clinical choice of fixative and 

provides excellent preservation of localization, the mechanisms of fixation are not well 

understood.  Formaldehyde is the active component, forming crosslinks between protein 

amino end groups.  Protocol parameters such as concentration, pH, temperature and 

duration are all shown to contribute to fixation efficacy.  As formalin crosslinking is 

progressive, over fixation can lead to antigen masking that may not be recovered through 

antigen retrieval.  In efforts to speed the fixation process, both heat and ultrasound have 

been shown to increase tissue fixation, however with detrimental effects on fixation 

uniformity.   

Importantly, posttranslational modifications such as phosphorylations are 

detrimentally impacted by preanalytical variables.  These modifications serve as important 

indicators of signaling pathway alterations and may serve as viable clinical biomarkers.  

For proper fixation, protein crosslinking and protein phosphatase inactivation must both 

occur to properly preserve these modifications for downstream diagnostic analysis.   

Despite the importance of fixation in preserving tissue integrity, the process is not 

uniformly standardized and preanalytical reagent and protocol procedures vary widely 

between laboratory settings.  The American Society of Clinical Oncology/College of 

American Pathologists (ASCO/CAP) does present test guidelines for the longest standing 
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diagnostic target HER2.  The 2013 guideline update suggests that time from tissue 

acquisition to fixation be as short as possible, with a duration of fixation (in 10% formalin) 

of 6-72 hours.  Even for this specific target, the guidelines remain liberal and will not 

represent the optimal procedure for other targets.  With these factors in mind, standardized 

fixation protocols would likely eliminate confounding variability within fixed tissue 

diagnostics. 
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1.7 Pentoxifylline 

1.7.1 Background and Indications 

Pentoxifylline (PTX), (3,7-Dihydro-3,7-dimethyl-1-(5-oxohexyl)-1H-purine-2,6-

dione),  is a synthetic tri-substituted xanthine derivative that was approved by the FDA in 

1984.  PTX is structurally similar to caffeine and theophylline, however, unlike these drugs, 

PTX confers hematological effects.  For this reason, PTX is indicated for the treatment of 

patients with intermittent claudication (muscle pain) associated with chronic peripheral 

artery disease.  Published literature also supports the use of PTX for many additional 

indications including alcoholic hepatitis, non-alcoholic steatohepatitis, cerebrovascular 

disease, congestive heart failure, rheumatoid arthritis, and male infertility (Black et al. 

1992; Chehab et al. 2015; De et al. 2009; Du et al. 2014; Queiroz-Junior et al. 2013; Shaw 

et al. 2009).  

 

1.7.2 Mode of Action 

PTX has demonstrated hematological effects including enhanced erythrocyte 

flexibility and decreased aggregation, decreased plasma fibrinogen while promoting 

fibrinolysis, and decreased blood and plasma viscosity (Ehrly 1978; Ferrari et al. 1987; 

Levi et al. 1994; van Leenen et al. 1993).  Elevation of cAMP through non-specific 

inhibition of phosphodiesterases is the presumable underlying mechanism (Salzman 1972; 

Stefanovich 1973; 1974).  Additionally, several studies have shown that pentoxifylline 

inhibits AKT/mTOR phosphorylation and downstream signaling (Chiou et al. 2006; Lin et 

al. 2003; Norsted Gregory et al. 2013; Sharma et al. 2016).  Studies show that cAMP may 

act as an mTOR inhibitor, exhibiting decreased AKT and downstream effector 

phosphorylation (Kim et al. 2010; Xie et al. 2011). 
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1.7.3 Pharmacokinetics and Metabolism 

Suggested dosages for PTX are 400mg taken orally three times per day.  Peak 

plasma levels are reached within 2-4 hours.  PTX metabolism occurs in both erythrocytes 

and the liver, with significant first pass effect.  Erythrocytes produce the 5-hydroxyhexyl 

metabolite (M1), while liver metabolism forms an additional six metabolites.  After oral 

administration, 80% of urine metabolites are represented by metabolite V (M5), with 

unchanged PTX only represented in trace amounts.  Of the seven metabolites, M1 and M5 

possess hematological effects.  Some patients may see symptomatic relief after 2-4 weeks.  

Efficacy is established up to a six month duration.  PTX is very well tolerated clinically.   

The most commonly reported adverse effects are limited to nausea and dizziness. Major 

drug interactions are limited to ketorolac (NSAID), as it may increase the risk of bleeding.  

Potentiation of adverse effects may occur with concurrent use of anticoagulant, 

antihypertensive, hypoglycemic, and sympathomimetic agents and monitoring is suggested 

to ensure correct dosing. 

 

1.7.4 PTX as a Palliative Agent 

PTX has been examined as a palliative therapy for cancer patients in multiple 

preclinical and clinical settings.  PTX is shown to alleviate toxicities associated with 

various radio and chemotherapies including muscle atrophy, tissue fibrosis, mucositis, 

pulmonary pneumonitis, osteoradionecrosis, as well as hepatic and renal toxicities (Dutt et 

al. 2015; Gruber et al. 2015a; Gruber et al. 2015b; Hayashi et al. 2015; Khakhariya et al. 

2014; Okunieff et al. 2004; Osterreicher et al. 2004; Seidensticker et al. 2014).  Clinical 
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dosing parameters for palliative PTX use was less than the suggested dose used for 

intermittent claudication (<1200mg/day) and was well tolerated.  Mechanisms for use in 

these disease states are variable, and include hematological effects, in addition to immune 

suppression and antioxidant properties. 

 

1.7.5 PTX as a Sensitizing Agent 

PTX has shown additional utility as a sensitizing agent in combination with radio 

and chemotherapies.  PTX is shown to effectively abrogate radiation induced G2/M arrest, 

reduce DNA repair, and increase cell sensitization in multiple cancer models (Akudugu et 

al. 2013; Binder et al. 2002; Theron and Böhm 2000).  Phase III trials indicated that PTX 

in combination with alpha-tocopherol combined with radiotherapy offers a survival 

advantage in non-small cell lung cancer (Misirlioglu et al. 2006).  Additionally, PTX 

demonstrates sensitizing ability in combination with chemotherapies, including histone 

deacetylase inhibitor anticancer activity in breast cancer cells and xenografts, increasing 

adriamycin and cisplatin induced apoptosis in cervical cancer cells, exhibits synergistic 

activity in combination with doxorubicin in breast cancer cells,  increasing adriamycin 

induced apoptosis in leukemia cells, and increasing vincristine induced apoptosis in 

leukemia cells (Barancik et al. 2012; Bravo-Cuellar et al. 2010; Goel and Gude 2014a; 

Hernandez-Flores et al. 2011; Hernández-Flores et al. 2010; Nidhyanandan et al. 2015).  

Clinically, PTX was shown to potentiate glucocorticoid induced apoptosis in children with 

acute lymphoblastic leukemia (Gonzalez-Ramella et al. 2016).  Patients received 10 

mg/kg/day divided into three doses for seven days concurrent with prednisone, which was 

well tolerated by all patients. 
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1.7.6 PTX as an Anticancer Agent 

Finally, PTX exhibits anticancer properties as a standalone therapy in preclinical 

models. PTX induces apoptosis in leukemia cells, regulates cellular adhesion and inhibits 

growth in breast cancer cells, inhibits angiogenesis, tumor growth, and metastases in 

melanoma cells (Bravo-Cuellar et al. 2013; Dua and Gude 2008; Goel and Gude 2011; 

2013; 2014a; 2014b; Kamran and Gude 2012; 2013).  Mechanisms for these anticancer 

properties include modulation of growth and apoptotic signaling pathways, actin dynamics, 

and integrin expression. 
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1.8 Human PCa Cell Models 

LNCaP cells were derived from a lymph node metastasis of a 50 year old Caucasian 

male.  LNCaP cells are androgen sensitive, containing markers of differentiation such as 

active PSA and prostatic acid phosphatase secretion (Horoszewicz et al. 1983).  

Importantly, LNCaP cells also contain a mutant PTEN null status, a key inhibitor of PI3K 

signaling through the conversion of PIP3 to PIP2, resulting in overactive PI3K/AKT/mTOR 

signaling (Li et al. 1997; Vlietstra et al. 1998).  Alterations in PTEN status, as well as 

dysregulation and overactivation of PI3K signaling is a prominent feature of both localized 

and metastatic prostate cancers and an indicator of poor clinical outcome (Taylor et al. 

2010; Yoshimoto et al. 2007).  Additional characteristics include mutant androgen receptor 

status that affects androgen/antiandrogen binding and overall poor tumorigenicity 

(Veldscholte et al. 1992).  In recent years, LNCaP sublines have been created that exhibit 

different cellular characteristics such as improved tumorigenicity and increased androgen 

receptor activity (Culig et al. 1999; Pfitzenmaier et al. 2003). 

DU-145 cells were derived from a brain metastasis of a 69 year old Caucasian male.  

DU-145 cells are androgen insensitive, express WT PTEN, and possesses moderate 

tumorigenicity (Stone et al. 1978; Vlietstra et al. 1998).  Disadvantages of the cell model 

include no expression of androgen receptor or PSA.  LNCaP and DU-145 cells are among 

the most commonly used cell lines in prostate cancer research.   
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Figure 1.1 Key growth signaling pathways in LNCaP and DU-145 prostate 

adenocarcinoma cell models. 
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1.9 Dissertation Aims 

Increasing knowledge of cancer pathophysiology has emphasized the importance 

of multiple critical signaling pathways for determining cancer cell growth, death, 

resistance, differentiation, and metastasis.  Tumor heterogeneity in molecular signaling and 

concurrent drug response necessitates continued efforts to improve our ability to recognize 

and accurately detect tumor specific signaling alterations, as well as develop novel 

therapeutic strategies effectively treat in a patient specific manner.  Advances in 

diagnostics and targeted therapies will be paramount in improving cancer therapeutic 

efficacy and clinical outcomes. 

Clinical biomarkers and diagnostic assays are utilized in combination with 

traditional pathology to classify disease state, progression, and potential treatment.  For 

such assays, tissue preservation is critical to our ability to appropriately diagnose and treat 

disease.  Unfortunately, current US guidelines for tissue preservation are limited and 

broadly defined, and may negatively affect companion diagnostic assays and ultimately 

patient diagnosis, treatment, and outcomes.  Previous studies describe a novel, rapid two-

temperature (“2+2”) formalin fixation strategy that preserves morphology and protein 

expression as assessed by immunohistochemistry (Chafin et al. 2013; Theiss et al. 2014).  

Additionally, traditionally difficult phospho-protein tissue preservation was maintained 

and even enhanced compared to traditional fixation methods.  In these studies, 2+2 fixation 

was assessed as an alternate tissue preservation method for signaling immunotargets in 

prostate cancer xenograft models and may represent a fixation protocol whereby critical 

signaling proteins can be more quickly and accurately preserved for improved and 

expanded diagnostic analysis. 
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Targeting of TKs has been one of the most successful cancer therapeutic strategies 

to date; however success has been limited by developed resistance.  Inter and intra-tumor 

heterogeneity are believed be a significant contributor to low therapeutic response and 

developed resistance.  As such, combination therapies are being utilized to reduce 

compensatory signaling alterations, reduce resistance, and improve therapeutic efficacy.  

Previous studies have shown that combination treatment of erlotinib, an EGFR inhibitor, 

and amuvatinib, a multi-target TK inhibitor, significantly inhibit prostate cancer in a 

LNCaP prostate adenocarcinoma xenograft model (Qi et al. 2009).  PTEN is a tumor 

suppressor commonly mutated in prostate cancers and represents a dominant regulator of 

intracellular growth signaling pathways.  The first aim of these studies was to expand on 

this combination therapeutic strategy, determining differential downstream signaling 

effects of single and combination therapies in PTEN+ and PTEN- prostate cancer cells and 

mouse xenografts (Chapter 2).  Additionally, these studies investigated 2+2 formalin 

fixation (2h 4˚C, 2h 45˚C) for the effective preservation of growth signaling proteins in 

response to amuvatinib and erlotinib treatment in LNCaP and DU145 mouse xenograft 

models. 

Clinicians and researchers are increasingly utilizing drug repurposing for the 

evaluation of clinically utilized or previously discontinued drugs for use in alternative 

settings.  As such, many older drugs with non-cancer indications have demonstrated 

anticancer activity due to off-target effects or convergent pathways of different diseases 

(Ahn et al. 2008; Bodmer et al. 2010; Broughton et al. 2012; Cho et al. 2008; Noto et al. 

2012). Pentoxifylline is a non-selective PDE inhibitor with an approved primary indication 

for peripheral vascular disease.  PTX exhibits radio and chemo-sensitizing as well as anti-
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metastatic properties in multiple cancer models, however, the mechanism(s) for the 

properties are not well characterized (Binder et al. 2002; Bravo-Cuellar et al. 2013; Goel 

and Gude 2011; 2013; Kamran and Gude 2013; Theron and Böhm 2000).  In Chapter 3, 

we examined the growth inhibition properties of pentoxifylline in LNCaP and DU-145 

human prostate adenocarcinoma cells and LNCaP mouse xenograft models.  We also 

assessed PTX for the modulation of AKT growth and AMPK metabolic signaling 

pathways.  Finally, we assessed the functionality of PTX therapy in combination with 

mCRPC first line therapy docetaxel.   

In summary, the work in this dissertation focuses on the characterization of targeted 

signaling modulation by combination erlotinib and amuvatinib therapy, as well as 

pentoxifylline, for their use as therapies in prostate cancer.  A novel fixation protocol was 

also assessed for improved diagnostic tissue preservation of critical signaling proteins.  

Further understanding in these areas will aid and expand the development of effective 

diagnostics, as well as emphasize the benefits of these and similar therapeutics for the 

treatment of prostate and possibly other cancers.  
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CHAPTER 2: RECEPTOR TYROSINE KINASE INHIBITOR INDUCED 

PROTEIN MODULATION AND ALTERED IMMUNOHISTOCHEMISTRY BY 

CONTROLLED TISSUE FIXATION IN PROSTATE CANCER CELLS AND 

XENOGRAFTS   

2  

2.1 Introduction 

Prostate cancer is the most common cancer and second leading cause of cancer 

death among men in the United States, with an estimated 233,000 new cases and 29,480 

deaths in the US in 2014 (Siegel et al. 2014).  As with other cancers, acquired drug 

resistance represents one of the largest obstacles for long-term therapeutic efficacy.  

Additionally, metastatic prostate cancer is characterized by widely recognized intra- and 

inter-tumor heterogeneity (Haffner et al. 2015; Liu et al. 2015b; Wyatt et al. 2014), a central 

factor in the inefficacy of current therapies and development of drug resistance.  Despite 

this heterogeneity, all patients are currently treated uniformly.  As such, hormone ablation 

usually results in cancer progression within one year, while treatment with metastatic 

castration resistant prostate cancer (mCRPC) first line therapy docetaxel results in a median 

survival time of only 19-42 months (Berthold et al. 2008; James et al. 2015; West et al. 

2014). Improving prostate cancer therapies will be dependent on developing new 

diagnostic and therapeutic strategies with an advanced understanding of patient-specific 

tumor pathology and how treatments affect heterogeneous tumors and patient populations. 

 Tyrosine Kinases (TK) regulate diverse and interconnected pathways that control 

fundamental processes of the cell including cell cycle, proliferation, differentiation, and 

survival.  In prostate cancer, TKs are involved in the cell and tumor growth, metastasis, 

drug response, and drug resistance (Festuccia et al. 2005; Liu et al. 2015c; McCall et al. 
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2008; Mulholland et al. 2012).  Targeting of TKs has shown success as prostate cancer 

therapies in preclinical and clinical models (Gravis et al. 2008; Nabhan et al. 2009; Qi et 

al. 2009).  Previous studies have shown that combination treatment of erlotinib, an EGFR 

inhibitor, and amuvatinib, a multi-target TK inhibitor, significantly inhibit prostate cancer 

in a LNCaP prostate adenocarcinoma xenograft model (Qi et al. 2009).  These studies 

expand on this combination therapeutic strategy, looking to determine differential 

downstream signaling effects of single and combination therapies in PTEN+ and PTEN- 

prostate cancer cells and mouse xenografts. 

 The detection and definitive treatment of cancer and other diseases is imperative 

for improving patient outcomes.  As such, clinical biomarkers and diagnostics are utilized 

in addition to traditional anatomic pathology to classify disease state, progression, and 

potential treatment.  For such clinical assays, tissue preservation is critical to our ability to 

appropriately detect disease markers.  Unfortunately, current US guidelines for tissue 

preservation are limited and broadly defined, and may negatively affect the utilization 

companion diagnostic assays and ultimately patient diagnosis, treatment, and outcomes.  

Previous studies describe a novel, rapid two-temperature formalin fixation strategy termed 

2+2 fixation that preserves morphology and protein expression as assessed by 

immunohistochemistry (Chafin et al. 2013; Theiss et al. 2014).   Importantly, traditionally 

difficult phospho-protein tissue preservation was enhanced with 2+2 fixation compared to 

traditional fixation methods. 

 In this study, we examined the modulation of growth signaling proteins by receptor 

tyrosine kinase inhibitors erlotinib and amuvatinib in LNCaP and DU-145 human prostate 

adenocarcinoma cell and mouse xenograft models.  We also assessed two-temperature 



50 

fixation for the preservation of growth signaling protein immunohistochemistry in the 

LNCaP mouse xenograft model.  Our data identify pathway specific modulation of growth 

signaling pathways by erlotinib and amuvatinib in PTEN+ and PTEN- prostate cancer cells 

and xenografts, as well as target specific alterations in effective histological preservation 

with rapid two-temperature formalin fixation.  
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2.2 Materials and Methods 

2.2.1 Cell Culture and Reagents 

 LNCaP and DU-145 cells (ATCC, Manassas, Virginia) were grown in RPMI 1640 

and DMEM (Corning, Manassas, Virginia), respectively, containing 10% FBS.  Cells were 

grown at 37˚C in a humidified atmosphere of 5% CO2.  All drug treatments lasting less 

than 12 hours occurred in media supplemented with 2% (v/v) FBS.  For in vivo studies, 

erlotinib was obtained from Infusion Solutions (Bellingham, WA) and amuvatinib was 

obtained from Selleck Chemicals (Houston, TX). 

 

2.2.2 In Vivo Xenograft Study 

 2.0 x 107 LNCaP cells in matrigel or 1.0 x 107 DU-145 cells in Matrigel and sterile 

saline (0.1mL) were injected into the right and left flanks of 5 - 7 week old male SCID 

mice. The animals were housed according to a 12:12 hr light-dark cycle and allowed food 

and water ad libitum. When the mean tumor volume reached approximately 500 mm3, mice 

were pair-matched into the following 4 groups: amuvatinib vehicle + erlotinib vehicle, 

amuvatinib (50 mg/kg) + erlotinib vehicle, amuvatinib vehicle + erlotinib (80 mg/kg), and 

amuvatinib (50 mg/kg) + erlotinib (80 mg/kg), (n = 5-6). amuvatinib and erlotinib were 

dosed once daily via oral gavage with Cremephor EL/ethanol/water (12.5 : 12.5 : 75) 

solution.  All procedures were completed in accordance with the University of Arizona 

Institutional Animal Care and Use Committee. 

 

2.2.3 Xenograft Tissue Harvest and Analysis Preparation  
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 At the completion of the study, mice were euthanized via CO2 asphyxiation 1 hour 

following final drug dose. Subcutaneous xenograft tissue was harvested. The larger tumor 

was cut in half and fixed for immunohistochemistry (IHC) analysis utilizing either 

traditional 24h room temperature neutral buffered formalin (NBF; 10%) fixation or NBF 

2+2 method (Chafin et al. 2013). Briefly, 2+2 fixation submerges xenograft tissue in chilled 

NBF and is stored at 4ºC for 2 hours, then placed in a 45ºC warm box for 2 hours and 

finally transferred to 70% ethanol (v/v) at room temperature before paraffin embedding.  

 

2.2.4 Western Blot Analysis 

Whole cell lysates were generated using Cell Lysis Buffer 10X (Cell Signaling 

Technologies, Danvers, MA) containing 1 mM Pefabloc SC, Complete protease inhibitor 

cocktail tablet and phosphatase inhibitor cocktail tablet (Roche, South San Francisco, CA).  

Protein concentration was determined using the DC Protein Assay (Bio-Rad, Hercules, 

CA).  Protein (40µg) was subjected to SDS-PAGE, followed by electrophoretic transfer to 

PVDF membranes. Primary antibodies used were pAKT Thr308 (13038), pAKT Ser473 

(9271), total AKT (2920), p4EBP1 Ser65 (9451), p4EBP1 Thr70 (9455), p4EBP1 

Thr37/46 (2855), total 4EBP1 (9452), pERK (4376), total ERK (9102), cyclin D1 (2926) 

(Cell Signaling Technologies, Danvers, MA) and GAPDH (8245) (Abcam, Cambridge, 

MA).  Secondary anti-mouse and anti-rabbit immunoglobulin conjugated with horseradish 

peroxidase (Cell Signaling Technologies, Danvers, MA) were used at a 1:3000 dilution in 

5% milk/TBS-T.  The blots were visualized with ECL Western Blotting Detection Reagent 

(Thermo Fisher Scientific, Waltham, MA) using the ChemiDoc XRS+ Imager (Bio-Rad 

Laboratories, Hercules, CA). 
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2.2.5 Automated Immunohistochemistry 

Paraffin embedded blocks were cut into 4-micron sections. Immunohistochemistry 

assays were performed on a VENTANA Discovery XT automated staining instrument 

according to the manufacturer’s instructions (Ventana Medical Systems, Tucson, AZ). 

Slides were de-paraffinized using EZprep solution (Ventana Medical Systems) at 90 ºC, 

and reagents and incubation times were used as directed on antibody package inserts. 

Antibodies obtained from Cell Signaling Technologies or Santa Cruz Biotechnology were 

first titered over a range of concentrations to provide the optimum ratio of specific to 

background staining.  Once titers were set, antibodies were transferred with diluent to user 

fillable dispensers for use on the automated stainer.  Slides were developed using the 

OmniMap DAB detection kit (Ventana Medical Systems, Tucson, AZ) and counterstained 

with hematoxylin.  Antibodies, clones, and titers are listed in Table 2.1.  Antibody titers 

were determined for each antibody using positive and negative control tissues following 

the manufacturer’s instructions. 

 

2.2.6 Histological Assessment 

 Histologic assessment was scored using a modification of a scoring system 

(modified H-score) published by the manufacturer of the tissue processor (Leica 

Biosystems, Buffalo Grove, IL) and further described in a manuscript detailing the 2+2 

fixation method (Chafin et al., 2013). Briefly, a blinded pathologist graded each tissue 

section from 0 to 3+ (with 3+ being highest) in regions pertaining to the nuclear, 

cytoplasmic and overall morphology, based on the intensity of staining. IHC H-score was 
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calculated using the following equation, H-Score = 

[1 x (% cells @ 1+) + 2 x (% cells @ 2+) + 3 x (% cells @ 3+)]. Thus, and individual H-

score can range from 0 to 300, with 300 reflecting 100% of the cells displaying 3+ staining.  

 

2.2.7 Statistics 

All analysis was performed using Graphpad Prism statistics software.  Data are 

expressed as mean averages ± standard error, unless noted otherwise. Mean values of 

western densitometry were compared using a one-way ANOVA, followed by posthoc 

Fisher’s Least Significant Difference test. Mean values of H-Scores were compared using 

a two-way ANOVA, followed by posthoc Fisher’s Least Significant Difference test.  P-

values are expressed as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001, and/or as 

described. 
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Table 2.1 All antibodies used for immunohistochemistry. 

  



56 

2.3 Results 

2.3.1 Differential Growth Pathway Protein Expression and Response to Receptor 

Tyrosine Kinase Inhibition in LNCaP and DU-145 Human Prostate Cancer 

Cells 

Previous studies show that a combination therapy of erlotinib, an EGFR inhibitor, 

and amuvatinib, a multi-site receptor tyrosine kinase inhibitor, effectively inhibit tumor 

growth in a human prostate adenocarcinoma xenograft model (Qi et al. 2009).  However, 

tumor heterogeneity between patients as well as within individual prostate tumors is high 

and may be a contributor to differential clinical treatment response.  As such, erlotinib and 

amuvatinib treatment induced protein signaling alterations were investigated in PTEN- 

LNCaP and PTEN+ DU-145 human prostate adenocarcinoma cells.  Basal MAPK and 

AKT/mTOR signaling protein expression was assessed by western analysis (Figure 2.1A).  

In LNCaP cells, pAKT and downstream p4EBP1 are highly expressed, whereas protein 

expression of MAPK-driven pERK is low.  Alternatively, DU-145 cells exhibit very low 

expression of pAKT and p4EBP1, while expression of pERK is very high.  With dynamic 

differences in growth signaling proteins, drug effect and, therefore, treatment efficacy may 

be altered.  To assess the impact of differential growth signaling on treatment induced 

protein alterations, we treated LNCaP and DU-145 cells with erlotinib and amuvatinib 

alone and in combination.  Combination treatment effectively inhibited p4EBP1 and 

downstream cyclin D1 in LNCaP cells (Figure 2.1B).  Amuvatinib treatment alone was 

also able to modulate the p4EBP1 and cyclin D1 protein levels while erlotinib had little to 

no effect (Figure 2.1C).   In DU-145 cells, combination therapy inhibited pERK and 

downstream cyclin D1 signaling, with no alterations in 4EBP1 signaling (Figure 2.1D).  

Erlotinib treatment alone was able to modulate pERK protein expression while both 
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erlotinib and amuvatinib alone treatment effectively inhibited cyclin D1 protein expression 

(Figure 2.1E). 



58 

 

 

 

Figure 2.1 TK inhibition by erlotinib and amuvatinib differentially modulate 

growth signaling pathways in prostate adenocarcinoma cells.  (A) Total cell lysate from 

LNCaP and DU-145 cells were immunoblotted for target growth signaling proteins. (B) 

LNCaP cells were treated with 10µM erlotinib and 10µM amuvatinib for 0-150 minutes.  

Total cell lysate was collected and immunoblotted for target proteins. (C) LNCaP cells 

were treated with DMSO, erlotinib (10µM), amuvatinib (10µM) or erlotinib (10µM) plus 

amuvatinib (10µM) for 150 minutes.  Total cell lysate was collected and immunoblotted 

for target proteins. (D) DU-145 cells were treated with 10µM erlotinib and 10µM 

amuvatinib for 0-150 minutes.  Total cell lysate was collected and immunoblotted for target 

proteins. (E) DU-145 cells were treated with DMSO, erlotinib (10µM), amuvatinib (10µM) 

or erlotinib (10µM) plus amuvatinib (10µM) for 150 minutes.  Total cell lysate was 

collected and immunoblotted for target proteins.  GAPDH was used as a loading control. 
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2.3.2 Receptor Tyrosine Kinase Inhibitors Modulate Growth Pathway Proteins in 

LNCaP and DU-145 Human Prostate Cancer Mouse Xenografts 

 We then evaluated the ability of erlotinib and amuvatinib to modulate growth 

signaling pathways in mouse LNCaP and DU-145 xenograft models.  Four xenograft arms 

per cell line, each with 6 mice, were dosed intraperitoneally with DMSO (control) or 

erlotinib (80 mg/kg) or amuvatinib (50 mg/kg) or erlotinib (80 mg/kg) plus amuvatinib (50 

mg/kg) daily for two weeks.  Western analysis was performed on tumor tissue to determine 

the ability of drug treatment to induce growth signaling alterations,.  In LNCaP tumors, 

erlotinib and amuvatinib treatment alone and in combination inhibited p4EBP1 and 

downstream cyclin D1 protein expression (Figure 2.2, Table 2.2).  Protein expression of 

pERK was also inhibited, most prominently by erlotinib alone treatment, however, 

alterations were not statistically significant. In DU-145 tumors, 4EBP1 and cyclin D1 

protein levels show no alteration (Figure 2.3, Table 2.3).  Interestingly, amuvatinib alone 

treatment produced a pronounced induction of pERK expression, whereby combination 

treatment significantly reduced pERK induction. 
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Figure 2.2 TK inhibition by erlotinib and amuvatinib modulates growth signaling 

pathways in LNCaP prostate adenocarcinoma mouse xenografts.  (A-B) 2.0 x 107 

LNCaP cells were injected into the both flanks of SCID male mice and tumors were grown 

for six weeks to achieve a tumor volume of 500 mm3 for the larger tumor.  Mice were pair-

matched into different groups (6 mice/group).  Mice were treated with DMSO, Erlotinib 

(80 mg/kg), amuvatinib (50 mg/kg), Erlotinib (80 mg/kg) plus amuvatinib (50 mg/kg) IP 
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daily for seven days (starting day 42 and ending day 49).  Tumor tissue was collected, 

lysates generated and lysates immunoblotted for target growth signaling proteins.  GAPDH 

was used as a loading control.  P-values are expressed as *p<0.05, **p<0.01, and 

***p<0.001 compared to control. 
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Table 2.2 LNCaP xenograft ANOVA and post-hoc comparison of western 

analysis densitometry.  Comparison p-values are denoted as “V” for vehicle, “E” for 

erlotinib alone, “A” for amuvatinib alone, and “C” for combination erlotinib plus 

amuvatinib treatment groups. 
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Figure 2.3 TK inhibition by erlotinib and amuvatinib modulates growth signaling 

pathways in DU-145 prostate adenocarcinoma mouse xenografts.  (A-B) 1.0 x 107 DU-

145 cells were injected into the both flanks of SCID male mice and tumors were grown for 

three weeks to achieve a tumor volume of 500 mm3 for the larger tumor.  Mice were pair-

matched into different groups (6 mice/group).  Mice were treated with DMSO, Erlotinib 
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(80 mg/kg), amuvatinib (50 mg/kg), Erlotinib (80 mg/kg) plus amuvatinib (50 mg/kg) IP 

daily for seven days (starting day 22 and ending day 29).  Tumor tissue was collected, 

lysates generated and lysates immunoblotted for target growth signaling proteins.  GAPDH 

was used as a loading control.  P-values are expressed as *p<0.05, **p<0.01, and 

***p<0.001 compared to control, ††p<0.01, †††p<.001 compared between treatment 

groups. 
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Table 2.3 DU-145 xenograft ANOVA and post-hoc comparison of western 

analysis densitometry.  Comparison p-values are denoted as “V” for vehicle, “E” for 

erlotinib alone, “A” for amuvatinib alone, and “C” for combination erlotinib plus 

amuvatinib treatment groups. 

  



66 

2.3.3 Controlled Tissue Fixation Alters Target and Cell-specific 

Immunohistochemistry in LNCaP and DU-145 Human Prostate Cancer Mouse 

Xenografts 

Tissue fixation is a non-standardized portion of pre-analytical tissue processing that 

may have a direct impact on the overall efficacy of tissue preservation and downstream 

immunohistochemical analysis.  To investigate the impact of two-temperature 2+2 fixation 

on the preservation of growth signaling proteins, LNCaP and DU-145 mouse xenograft 

tissue was collected and fixed in NBF either by traditional 24h RT fixation or by rapid two-

temperature 2+2 formalin fixation and immunohistochemical analysis was utilized to 

assess effective tissue and immuno-preservation.  Representative images of vehicle treated 

LNCaP and DU-145 tumor tissues stained with several growth pathway proteins illustrate 

differential expression of key signaling proteins pAKT, p4EBP1, pERK, and cyclin D1 

(Figure 2.4).  LNCaP xenografts exhibit relatively higher staining of pAKT, p4EBP1, and 

cyclin D1 proteins, while DU-145 xenografts express pERK staining more prominently. 

Despite their critical roles in disease development and progression, phospho-

protein markers have rarely been used in clinical assays.  Lacking clinical utilization of 

phospho-proteins is presumably due the volatile nature of phospho-proteins, whereby pre-

analytical inconsistencies such as tissue fixation may contribute to highly variable assay 

results.  As an alternative to traditional tissue fixation, previous studies suggest a 2+2 

fixation method exhibits an appreciable or enhanced immunohistochemical tissue 

preservation and staining intensity of phospho-proteins.  To assess the ability of 2+2 

fixation to impact staining intensity, H-score mean difference plots were conducted for 

specific immunotargets utilizing 24 hour traditional fixed tissue as a control.  In LNCaP 

xenografts, 2+2 fixation exhibited enhanced staining for p4EBP11 (Thr70) (Figure 2.5, 
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Table 2.4).  Slight elevations were observed for protein targets pAKT and p4EBP1 (Ser65), 

while cyclin D1 protein staining was slightly reduced, none of which were statistically 

significant.  Staining intensity of protein target pERK was minimally influenced by fixation 

method.  In DU-145 xenografts, 2+2 fixation significantly reduced p4EBP1 (Ser65) and 

p4EBP1 (Thr70) staining intensity (Figure 2.6, Table 2.5), with minimal alterations on 

pAKT, pERK, and cyclin D1 immunostaining.  These results suggest that 2+2 tissue 

fixation induces both target and tissue-specific alterations on immunostaining intensity. 
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Figure 2.4 Intrinsic growth signaling differences in LNCaP and DU-145 xenograft 

tissues.  IHC analysis was performed on tumors harvested at the end of treatment of LNCaP 

and DU-145 mouse xenograft models.  Paraffin embedded sections were immunostained 

for expression of target signaling proteins.  Representative images are from DMSO treated 

xenograft tissue sections.  All images are 20x magnification. 
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Figure 2.5 Differential fixation alters target and cell specific immunostain 

intensity in LNCaP xenograft tissues.  IHC stained LNCaP tissue slides were graded by 

a pathologist using a modified H-score method.  Mean difference plots were constructed 

using 24h RT fixed tissue mean modified H-score as the control. Mean values of H-Scores 

were compared using a two-way ANOVA, followed by posthoc Fisher’s Least Significant 

Difference test.  P-values are expressed as *p<0.05 and **p<0.01. 
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Table 2.4 LNCaP xenograft comparison of H-scoring between conditions for all 

targets. 
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Figure 2.6 Differential fixation alters target and cell specific immunostain 

intensity in DU-145 xenograft tissues.  IHC stained DU-145 tissue slides were graded by 

a pathologist using a modified H-score method.  Mean difference plots were constructed 

using 24h RT fixed tissue mean modified H-score as the control. Mean values of H-Scores 

were compared using a two-way ANOVA, followed by posthoc Fisher’s Least Significant 

Difference test.  P-values are expressed as *p<0.05 and **p<0.01. 
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Table 2.5 DU-145 xenograft comparison of H-scoring between conditions for all 

targets. 
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Enhancement of immunostain intensity may be clinically valuable for low 

expression protein markers.  However, assay accuracy and precision should be paramount 

in determining optimal clinical histochemical protocol conditions.  To determine the 

impact of fixation on the ability to detect protein alterations, immunohistochemical H-

scores were analyzed according to RTK inhibitor treatment group: vehicle, erlotinib alone, 

amuvatinib alone, or erlotinib plus amuvatinib.  In LNCaP xenografts, neither fixation 

method was able to effectively capture RTK induced modulation of p-4EBP1 (Ser65) or p-

4EBP1 (Thr70) protein as seen by western analysis (Figure 2.7).   Nuclear cyclin D1 

staining showed similar inability to detect drug induced modulation.  However, 2+2 fixed 

xenograft tissues showed reduced cytosolic cyclin D1 staining in all three TK inhibitor 

treatment groups compared to control, though not statistically significant.  2+2 fixed 

cytosolic cyclin D1 immunostaining agrees with western analysis from Figure 2.2.  

Representative IHC results from cyclin D1 immunostain after 2+2 and 24 hour room 

temperature fixation are shown in Figure 2.8.  These findings further confirm that TK 

inhibitor treatment effectively reduces in cyclin D1 protein in LNCaP xenografts.  

Additionally, 2+2 tissue fixation may selectively increase the effective immunostaining of 

cyclin D1. 

In DU-145 xenografts, neither fixation method displayed alterations in p4EBP1 and 

cyclin D1 by IHC analysis, in agreement with previous western analysis (Figure 2.9, Table 

2.6).  Immunostaining for cytosolic pERK was elevated by amuvatinib treatment by both 

methods of fixation; however, nuclear pERK elevation by amuvatinib treatment was only 

evident with traditional 24h tissue fixation.  Interestingly, amuvatinib treated xenografts 

also showed elevated immunostaining for pAKT with traditional 24 hour tissue fixation.  
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Importantly, in all annotated immunostaining alterations, combination erlotinib and 

amuvatinib treatment significantly reduces pERK and pAKT induction compared to 

amuvatinib alone.  This data suggests that combination therapy may reduce single therapy 

induced compensatory growth pathway activation.  Additionally, 2+2 fixation may impair 

effective immunostaining of immunotargets pAKT and pERK in some cell/tissue types. 
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Figure 2.7 Differential fixation alters target specific immunostain efficacy in 

LNCaP xenograft tissues.  IHC stained LNCaP tissue slides were graded by a pathologist 
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using a modified H-score method.  Mean values of H-Scores were compared using a two-

way ANOVA, followed by posthoc Fisher’s Least Significant Difference test.  P-values 

are expressed as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.001. 
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Figure 2.8 Cyclin D1 IHC analysis in fixed LNCaP tumor tissue.  LNCaP tumor 

tissue was stained by IHC for cyclin D1 expression.  Tumors were fixed either using 24 hr 

room temperature formalin or 2+2 formalin fixation protocols.  All images are 40x 

magnification. 
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Figure 2.9 Differential fixation alters target specific immunostain efficacy DU-145 

xenograft tissues.  IHC stained DU-145 tissue slides were graded by a pathologist using a 
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modified H-score method.  Mean values of H-Scores were compared using a two-way 

ANOVA, followed by posthoc Fisher’s Least Significant Difference test.  P-values are 

expressed as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.001. 
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Table 2.6 DU-145 xenograft post-hoc comparison of H-scoring between 

conditions for select targets.  Comparison p-values are denoted as “V” for vehicle, “E” 

for erlotinib alone, “A” for amuvatinib alone, and “C” for combination erlotinib plus 

amuvatinib treatment groups. 

  



81 

2.4 Discussion 

PTEN, a critical tumor suppressor protein, regulates cell cycle and cell survival 

through inhibition of the PI3K/AKT pathway.  PTEN deletion is one of the most common 

genetic rearrangements in prostate cancer; PI3K/AKT pathway alterations are seen in 40% 

of primary and 100% of metastatic prostate cancers (Taylor et al. 2010). Additionally, 

PTEN loss and AKT activation are associated with drug resistance, cancer recurrence, and 

overall poor clinical outcome (Carver et al. 2009; McCall et al. 2008; Mulholland et al. 

2012; Mulholland et al. 2011; Nagata et al. 2004; Yoshimoto et al. 2007). In our studies, 

we wanted to elucidate the differences in erlotinib and amuvatinib drug effect in PTEN+ 

and PTEN- prostate cancer cells as a representation of genetically diverse prostate cancer 

cell population and treatment response. 

  PTEN alteration in LNCaP cells drives predominant signaling through the AKT 

pathway (Figures 2.1 and 2.4).  Modulation of 4EBP1/cyclin D1 by amuvatinib in the 

LNCaP cells and mouse xenografts (Figures 2.1 and 2.2) agrees with previous studies 

demonstrating effective inhibition of critical tyrosine kinases (Morgan SS 2010; Qi et al. 

2009).  Interestingly, amuvatinib also decreased cyclin D1 in DU-145 cells independent of 

upstream 4EBP1 and ERK phosphorylation status (Figure 2.3).  Though 4EBP1 and ERK 

are among its most well-characterized regulators, cyclin D1 protein is governed by many 

additional transcriptional, translational, and post-translational regulators (Alao 2007; Klein 

and Assoian 2008; Tarn and Lai 2011).  PI3K is an inhibitor of protein kinase GSK3B.  

GSK3B regulates cyclin D1 through phosphorylation at Thr286, causing nuclear export 

and proteasomal degradation (Alt et al. 2000; Diehl et al. 1998; Diehl et al. 1997).  

Alternatively, PI3K is shown to be a transcriptional regulator of cyclin D1 through 
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recruitment of Jun transcription factor proteins in hepatocarcinoma cells (Toualbi-Abed et 

al. 2008).  As such, amuvatinib induced PI3K inhibition may enhance the degradation or 

decrease transcription of cyclin D1.  Additional studies are necessary to determine the exact 

mechanism for amuvatinib induced cyclin D1 modulation in DU-145 cells.  In DU-145 

xenografts, amuvatinib induced an upregulation of pERK signaling (Figures 2.3 and 2.9).  

PI3K and MAPK pathways are integrated by multiple mechanisms including inhibition, 

activation, and pathway convergence (Mendoza et al. 2011).  This pathway crosstalk is 

shown to influence treatment resistance when targeting only one pathway (Carracedo et al. 

2008; Johannessen et al. 2010; Mirzoeva et al. 2009; Nazarian et al. 2010).  Specifically, 

AKT is shown to negatively regulate ERK through inhibitory phosphorylation of the Raf 

N-terminus (Cheung et al. 2008; Guan et al. 2000; Zimmermann and Moelling 1999).  

PI3K/AKT inhibition by amuvatinib may remove this inhibitory phosphorylation, causing 

overactivation of pERK signaling.  Phase I trials of mTORC1 inhibitor RAD001 

demonstrated similar findings, where tumor samples from treated patients showed 

activation of the MAPK pathway (Carracedo et al. 2008).  

MAPK growth pathway is shown to contribute to prostate tumor development and 

progression (Festuccia et al. 2009).  Epidermal Growth Fact Receptor (EGFR) is 

overexpressed in prostate cancer (Di Lorenzo et al. 2002) and EGF activity is shown to 

contribute to the initiation and progression of prostate cancer (Festuccia et al. 2005). 

Targeting of EGFR in prostate cancer has shown promise in preclinical and clinical models 

(Chen et al. 2011; Lin et al. 2013; Nabhan et al. 2009; Prewett et al. 1996; Qi et al. 2009). 

Functioning WT PTEN in DU-145 cells drives predominant signaling through the 

MAPK/ERK pathway (Figures 2.1 and 2.4).  In vitro, treatment with EGFR inhibitor 
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erlotinib reduces pERK and downstream cyclin D1 in DU-145 cells (Figures 2.1D and 

2.1E), however, does not demonstrate this signaling effect in DU-145 mouse xenografts 

(Figures 2.3 and 2.9).  Instead, erlotinib induced a dramatic downregulation of p4EBP1 

and cyclin D1 in PI3K/AKT-driven LNCaP xenografts.  Again, this is likely due to the 

high degree of crosstalk between MAPK and PI3K pathways.  ERK can directly and 

indirectly modulate the phosphorylation and activation of TSC2 upstream of 

mTOR/4EBP1 (Carrière et al. 2008; Ma et al. 2005; Roux et al. 2004).  Additionally, ERK 

can phosphorylate eIF4E through MNK kinases to increase cyclin D1 translation (Wang et 

al. 1998).  These mechanisms may contribute to erlotinib induced p4EBP1 and cyclin D1 

downregulation.  Importantly, erlotinib/amuvatinib co-treatment resulted in less induction 

of pERK than amuvatinib alone in DU-145 xenografts (Figures 2.3 and 2.9).  Despite 

inconclusive clinical results for erlotinib in prostate cancer (Gravis et al. 2008; Gross et al. 

2007; Nabhan et al. 2009), none of these trials combined erlotinib with a PI3K pathway 

inhibitor. These studies demonstrate the potential benefits of erlotinib as part of a 

combination MAPK/PI3K inhibition therapeutic strategy for the treatment of prostate 

cancer.  Additionally, a phase II clinical study indicated that the treatment efficacy of 

EGFR inhibitor cetuximab may be dependent on several factors including EGFR and 

PTEN expression in mCRPC (Cathomas et al. 2012). Therefore, erlotinib may be effective 

in treating a specific sub-population of prostate cancer tumors, such as those 

overexpressing EGFR. 

While developing a universal combination therapy that will inhibit all tumors is an 

ideal outcome, several studies indicate that both inter and intra-tumor heterogeneity is so 

diverse that universal treatment may not be attainable (Gerlinger et al. 2012; McGranahan 
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and Swanton 2015; Yap et al. 2012).  Furthermore, selective pressure from cancer therapies 

can generate new genetic abnormalities that lead to the propagation of a new dominant cell 

population, as an acquired resistance.  With such diversity of native tumor pathology and 

tumor drug response, personalized strategies for disease diagnosis, monitoring, and 

treatment will be imperative to improving patient response with targeted cancer therapies. 

Tumor biopsy tissue has shown benefits in providing additional characterization for the 

direction of patient therapy. Current FDA-approved companion diagnostic assays are 

performed from FFPE tissues utilizing multiple techniques, including RTPCR, FISH assay, 

and immunohistochemical staining (List of cleared or approved companion diagnostic 

devices (in vitro and imaging tools)).  Importantly, immunohistochemical staining for both 

AKT/mTOR and MAPK signaling proteins shows prognostic value in multiple cancers and 

may be utilized as clinical biomarkers for directed therapy (Josephs and Sarker 2015; 

Karlsson et al. 2013; Liu et al. 2015a; Wang et al. 2014; Xia et al. 2015).  Despite the utility 

of such assays in improving treatment safety and efficacy, the tissue fixation process is not 

well standardized and may contribute to decreased sensitivity and efficacy of downstream 

assays.   

 Previous studies show that fixation plays an important role in the preservation of 

tissue for immunohistochemical and immunofluorescence assays (Chafin et al. 2013; 

Theiss et al. 2014).  Moreover, a novel method of 2+2 fixation was optimized to show 

appreciable or improved uniformity of tissue preservation, as well as increasing the 

histochemical staining intensity of difficult to preserve phospho-epitopes.  In these studies, 

we attempted to determine the impact of differential fixation on the assessment of 

downstream histochemical targets in response to TK inhibitor administration in prostate 
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adenocarcinoma mouse xenograft models.  Our results indicate that differential fixation 

results in both target and cell/tissue specific alterations in effective tissue 

immunopreservation.  

In these studies, we show that 2+2 fixation can cause target specific alterations in 

immunostain intensity as evidenced by altered immunostaining of p4EBP1 Ser65 and 

Thr70 in prostate cancer xenograft models (Figure 2.6).  Interestingly, staining alteration 

was not consistent between xenograft models, producing enhanced staining in LNCaP 

xenografts and reduced staining in DU-145 xenografts.  The two fixation protocols could 

cause such alterations through cell specific ineffective preservation, improper inactivation 

of phosphatases, or antigen masking. These findings are significant, as 4EBP1 

phosphorylation has been shown to have prognostic value in multiple cancers (Karlsson et 

al. 2013; Wang et al. 2014).  Results such as these may be indicative of intrinsically labile 

immunotargets, nominating the optimization of fixation parameters for functional utility or 

providing aid in the removing the antibody/target from clinical consideration.  Additional 

studies are necessary to assess whether immunotarget alterations in p4EBP1 Ser65 and 

Thr70 are cell, protein, or epitope specific. 

 In DU-145 xenografts, 24h RT fixed tumor tissue showed apparent enhanced 

immunostaining for pAKT and nuclear pERK staining in amuvatinib treated tumors 

(Figure 2.9).  pAKT was previously shown to be enhanced and better localized in Calu-3 

lung adenocarcinoma xenografts, human colon carcinomas, and human breast ductal 

carcinoma samples and was therefore used as a control stain (Chafin et al. 2013; Theiss et 

al. 2014).  In our studies, pAKT was not uniformly enhanced by 2+2 fixation and effective 

visualization of drug mediated protein alterations may have been hindered.  Unfortunately 
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tissue sample limitations prevented the western analysis of tumor tissues for pAKT and 

further studies are necessary to properly assess this fixation mediated effect.  Western 

analysis showed a distinct upregulation of pERK in amuvatinib treated tumors (Figure 

2.3), as was captured in traditional 24h fixed tumor tissue (Figure 2.9).  However, 2+2 

fixation shows defined upregulation of pERK in the cytosolic staining only.  Future studies 

are necessary to clarify whether one method is preferable for pERK staining. 

Importantly, 2+2 tissue fixation showed a more prominent drug induced 

modulation of cyclin D1 protein compared to 24h fixation, as assessed by cytosolic 

immunostain (Figures 2.7 and 2.8).  This immunostain trend in drug treated samples 

mirrors that seen in treatment matched western analysis (Figure 2.2).  Cyclin D1 has a 

definitive role in cell cycle progression, tumor development, and progression.  Several 

patient populations are currently investigating cyclin D1 as a prognostic/diagnostic marker.  

In breast cancer, cyclin D1 overexpression or amplification may indicate either improved 

or reduced survival depending on estrogen receptor status (Kenny clin cancer research 

1999, elsheikh breast cancer res treat 2008).  In lung cancer, G1 cyclin expression is 

indicative of poor prognosis, thus, cell cycle targeting represents a viable therapeutic target 

(Betticher Br J Cancer 1996, Int J Cancer 1997, Ratschiller J Clin Onc 2003).  Co-treatment 

with erlotinib and bexarotene, an RXR agonist, reduce cyclin D1 via differing mechanisms 

and have shown promise as a lung cancer therapy in preclinical and clinical studies 

(Dragnev Cancer Res Prevention 2011).  Utilizing cyclin D1 as a diagnostic marker, the 

Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer Elimination 

(BATTLE) trial showed that erlotinib and bexarotene treatment improved disease control 

in patients with high cyclin D1 expression, exciting interest as a diagnostic marker (kim 
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2011).  Additional studies show that cyclin D1 overexpression mediates targeted therapy 

resistance in breast, skin and other cancers, representing additional patient populations 

which may be candidates for future cyclin D1 targeted therapies (Musgrove nature rev 

cancer 2009, smalley mol cancer ther 2008, noel am j pathol 2010, rudas clin cancer res 

2008).  Therefore, future preclinical and clinical assessment of cyclin D1 by 2+2 fixation 

in these cancers and patient populations may be critical for maximizing the clinical utility 

of these cyclin targeted therapies. 

Despite similarities in origin as prostate adenocarcinoma cells, differences in tissue 

preservation in LNCaP and DU-145 xenograft models represent one of the challenges of 

tumor heterogeneity to the development of personalized therapeutic strategies.  These 

results indicate that optimal tissue fixation method should be determined on a target and 

disease specific basis. Dichotomous assays will necessitate optimal tissue preservation that 

results in the highest overall assay sensitivity such as immunostain or fluorescence 

intensity. Alternatively, diagnostic assays with continuous endpoints would require 

optimal tissue preservation that provides the most accurate cellular pathology.  Overall, 

these studies highlight the importance of tissue fixation as a critical pre-analytical 

parameter in the development, application, and efficacy of downstream diagnostic assays. 

With signaling effects contributing differential effects in both PTEN+ and PTEN- 

cells, additional benefits can be seen with erlotinib/amuvatinib combination therapy in a 

heterogeneous cell population as well as intra-patient population.  Overall, these studies 

provide additional evidence towards the modulation of major growth signaling pathways 

by both amuvatinib and erlotinib, presenting as potential adjunct and combination therapies 

in prostate cancer.  We also further demonstrate the impact of pre-analytical tissue fixation 
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on the preservation of potential diagnostic markers, and nominate 2+2 fixation as a 

beneficial method for the effective preservation of cyclin D1.  As more diagnostic assays 

are introduced clinically, fixation optimization should be a critical factor in the refinement 

and development of optimal diagnostic strategies. 
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CHAPTER 3: PENTOXIFYLLINE MODULATES AKT AND AMPK 

PATHWAYS, INDUCES CELL ARREST IN PROSTATE ADENOCARCINOMA 

CELLS 

3  

3.1 Introduction 

Prostate cancer is the most common cancer and the second leading cause of cancer 

death among US men, with 233,000 new cases and 29,480 deaths in the US in 2014 (Siegel 

et al. 2014).  Localized tumors are regularly treated by radical prostatectomy while patients 

with advanced tumors undergo androgen deprivation therapy.  Unfortunately, hormone 

ablation usually results in cancer progression within one year, while treatment with 

metastatic castration resistant prostate cancer (mCRPC) first line therapy docetaxel results 

in a median survival time of only 19-42 months (Berthold et al. 2008; James et al. 2015; 

West et al. 2014). As such, novel strategies and therapies are necessary to improve patient 

outcomes in CRPC. 

 Numerous strategies have evolved to combat the high failure rate, high cost, and 

poor safety profiles associated with drug development.  Clinicians and researchers are 

increasingly utilizing drug repurposing for the evaluation of clinically utilized or 

previously discontinued drugs for use in alternative settings.  As such, many older drugs 

with non-cancer indications have demonstrated anticancer activity due to off-target effects 

or convergent pathways of different diseases (Ahn et al. 2008; Bodmer et al. 2010; 

Broughton et al. 2012; Cho et al. 2008; Noto et al. 2012).  Pentoxifylline is a non-selective 

PDE inhibitor with a primary indication for peripheral vascular disease.  PTX exhibits radio 

and chemo-sensitizing as well as anti-metastatic properties in multiple cancer models, 

however, the mechanism(s) for the properties are not well characterized (Binder et al. 2002; 
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Bravo-Cuellar et al. 2013; Goel and Gude 2011; 2013; Kamran and Gude 2013; Theron 

and Böhm 2000). 

 In this study, we examined the growth inhibition properties of pentoxifylline in 

LNCaP human prostate adenocarcinoma cell and mouse xenograft models.  We also 

assessed the underlying mechanism(s) of PTX induced growth inhibition via modulation 

of AKT growth and AMPK metabolic signaling pathways.  Finally, we assessed the 

functionality of combination therapy of PTX with mCRPC first line therapy docetaxel.  

Our data identify PTX as a major growth/metabolic pathway modulator and growth 

inhibitor, with strong viability as an adjunct therapy in prostate cancer. 
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3.2 Materials and Methods 

3.2.1 Cell Culture and Reagents 

 LNCaP and DU-145 cells (ATCC, Manassas, VA) were grown in RPMI 1640 and 

DMEM (Corning, Manassas, VA), respectively, containing 10% FBS at 37˚C and 5% CO2. 

All drug treatments lasting less than 12 hours occurred in media supplemented with 2% 

(v/v) FBS.  Pentoxifylline (PTX) and docetaxel used for cell culture work was purchased 

from Sigma (St. Louis, MO).  For in vivo studies, PTX was purchased from Western 

Medical Supply (Arcadia, CA) and docetaxel was purchased from Chemietek 

(Indianapolis,IN). 

 

3.2.2 Western Blot Analysis 

 Whole cell lysates were generated using Cell Lysis Buffer 10X (Cell Signaling 

Technologies, Danvers, MA) containing 1 mM Pefabloc SC, Complete protease inhibitor 

cocktail tablet and phosphatase inhibitor cocktail tablet (Roche, South San Francisco, CA).  

Protein concentration was determined using the DC Protein Assay (Bio-Rad, Hercules, 

CA).  Protein (30µg) was subjected to SDS-PAGE at 140V, followed by electrophoretic 

transfer to PVDF membranes.  Primary antibodies used were pAKT Thr308 (13038), 

pAKT Ser473 (9271), total AKT (2920), p4EBP1 Ser65 (9451), p4EBP1 Thr70 (9455), 

p4EBP1 Thr37/46 (2855), total 4EBP1 (9452), cyclin D1 (2926), pS6K Thr389 (9234), 

total S6K (2708), p-mTOR Ser2448 (5536), total mTOR (2983), pPRAS Thr236 (2997), 

total PRAS (2691), pRaptor Ser792 (2083), total Raptor (2280), pAMPK Thr172 (2535), 

total AMPK (5831), pACC Ser79 (11818), total ACC (3676), pULK Ser555 (5869), pULK 

Ser757 (6888), cleaved caspase-7 (9491), cleaved caspase-3 (9664), total PARP (9542), p-
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p53 Ser15 (9284), total p53 (2527), pBAD Ser136 (4366), total BAD (9239), pBcl2 Ser70 

(2827) (Cell Signaling Technologies, Danvers, MA), LC3B (L7543) (Sigma, St. Louis, 

MO) and GAPDH (8245) (Abcam, Cambridge, MA). Secondary anti-mouse and anti-

rabbit immunoglobulin conjugated with horseradish peroxidase (Cell Signaling 

Technologies, Danvers, MA) were used at a 1:3000 dilution in 5% milk/TBS-T. The blots 

were visualized with ECL Western Blotting Detection Reagent (Thermo, Waltham, MA) 

using the ChemiDoc XRS+ Imager (Bio-Rad,Hercules, CA). 

 

3.2.3 Cell Cycle Analysis 

 Following drug treatment, cells were washed, trypsinized, and transferred to a 50 

ml centrifuge tube and spun at 1500 RPM for 10 min at 4ºC.  Media was removed, and the 

cells were fixed by resuspending the cell pellet with 1 ml ice-cold 70% ethanol while 

vortexing.  Samples were then stored at -20 ºC overnight.  Samples were spun at 2000 RPM 

for 15 minutes, and ethanol removed.  Cells were resuspended in 1.0 ml cold PBS and 

transferred to flow cytometer tube.  50 µl (1/20 vol) of 10 mg/mL RNAse A and 25 µl 

(1/40 vol) of 1.6 mg/mL propidium iodide were added into each tube.  Tubes were 

incubated at 37 ºC for 30 min, and then analyzed by flowcytometry using the FACScanto 

II (BD Biosciences, San Jose, California) at the University of Arizona Cancer Center Flow 

Cytometry Core.  

 

3.2.4 MTS Cell Viability Assay 

 Plates were pretreated with poly-d-lysine (5µg/cm2) for 24 hours, washed with 

sterile water, and dried for 2 hours.  Cells were seeded at a density of 4.0 x 104 cells per 



93 

well in 24-well plates 48 hr prior to drug treatment.  Cells were then treated with PTX 

and/or docetaxel at the indicated times and concentrations.  Following drug treatment, cells 

were washed with treatment media [DMEM (-) phenol red, (-) Na pyruvate, (+) 25mM 

HEPES, (+) L-glutamine); Corning] and viability was determined by MTS assay (CellTiter 

96 Non-Radioactive Cell Poliferation Assay; Promega, Madison, Wisconsin) according to 

manufacturer's protocol.  The absorbance was read at 490 nm in a SpectraMax M2 

(Molecular Devices, Sunnyvale, CA) 96-well plate reader. 

 

3.2.5 Annexin V/PI Staining Assay 

Apoptosis was assessed by measuring membrane redistribution of 

phosphotidylserine using an annexin V Alexa Fluor 488 dead cell apoptosis kit (Molecular 

Probes, Waltham, MA).  According to manufacturer’s protocol, cells were collected and 

washed with PBS.  Alexa Fluor 488 annexin V (5µl) and PI (1µl, 100µg/ml) to 100µl of 

cell suspension.  After incubation at RT for 10 min, annexin-binding buffer was added for 

a total volume of 500µl and mixed gently.  Stained cells were analyzed by flow cytometry 

using the FACScanto II (BD Biosciences, San Jose, CA) at the University of Arizona 

Cancer Center Flow Cytometry Core.  Fluorescence emission was measured at 530 nm and 

575 nm using 488 nm excitation. Basal apoptosis and necrosis were determined on 

untreated cells. 

 

3.2.6 In Vivo Xenograft Study 

 2.0 x 107 LNCaP cells in Matrigel and sterile saline (0.1mL) were injected into the 

flank of 5 - 7 week old male SCID mice. The animals were housed according to a 12:12 hr 
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light-dark cycle and allowed food and water ad libitum. When the mean tumor volume 

reached approximately 200 mm3, mice were pair-matched into the following groups: 

pentoxifylline vehicle + docetaxel vehicle, pentoxifylline (60 mg/kg) + docetaxel vehicle, 

pentoxifylline (40 mg/kg) + docetaxel vehicle, pentoxifylline vehicle + docetaxel (2 

mg/kg), and pentoxifylline (40 mg/kg) + docetaxel (2 mg/kg), (n = 5-6). Pentoxifylline was 

administered once daily via intraperitoneal (IP) injection in PBS and docetaxel was 

administered once weekly via IP injection for 14 days.  All procedures were completed in 

accordance with the University of Arizona Institutional Animal Care and Use Committee. 

 

3.2.7 Statistics 

All analysis was performed using Graphpad Prism statistics software.  Data are 

expressed as mean averages ± standard error, unless noted otherwise. Mean values were 

compared using a one-way ANOVA, followed by posthoc Tukey test. P-values are 

expressed as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 and/or as indicated. 
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3.3 Results 

3.3.1 Pentoxifylline inhibits cell growth, induces G1 arrest in human prostate 

adenocarcinoma cells 

Previous studies show that pentoxifylline (PTX) inhibits cell growth in several 

cancer cell models, however, response in prostate adenocarcinoma is unknown (Bravo-

Cuellar et al. 2013; Goel and Gude 2011; 2013; Kamran and Gude 2013).  As such, PTX 

induced cell growth alterations were investigated in LNCaP human prostate 

adenocarcinoma cells.  PTX induces a dose and time dependent inhibition of cell 

proliferation, as assessed via MTS viability assay and light microscopy (Figures 3.1 and 

3.2).  As PTX is shown to influence cell cycle distribution in several studies, we wanted to 

assess this effect in our model system (Akudugu et al. 2013; Binder et al. 2002; Theron 

and Böhm 2000).  In LNCaP cells, we show that PTX induces a G1 cell arrest in a dose and 

time dependent manner via cell cycle analysis (Figure 3.3). 
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Figure 3.1 PTX inhibits cellular proliferation in LNCaP cells via MTS assay.  

LNCaP cells were treated with PTX (0-3.6 mM) for 24-48 hours prior to MTS viability 

assay.  P-values are expressed as *p<0.05, **p<0.01, and ***p<0.001 compared to control. 
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Figure 3.2 PTX inhibits cellular proliferation in LNCaP cells via microscopy.  

LNCaP cells were treated with PTX (0-3.6 mM) for 24-48 hours prior to bright-field 

microscopy. 
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Figure 3.3 PTX induces time and dose dependent G1 cell cycle arrest in LNCaP 

cells.  LNCaP cells were treated with PTX (0-3.6 mM) for 24 hours prior to cell cycle 

analysis with propidium iodide. (B) LNCaP cells were treated with PTX (3.6 mM) for 0-

24 hours prior to cell cycle analysis with propidium iodide. 
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3.3.2 Pentoxifylline modulates the AKT/mTOR signaling pathway in human 

prostate adenocarcinoma cells 

  In previous studies, we have shown that PTX can modulate the AKT/4EBP1/cyclin 

D1 growth signaling pathway in renal carcinoma cells.  Similarly, PTX induces a transient 

inhibition of AKT phosphorylation as early as 15 minutes, concomitant with decreased 

4EBP1 phosphorylation and cyclin D1 total protein within 2 hours (Figure 3.4), as assessed 

by western analysis.  AKT phosphorylation begins to return after 10 hours, completely 

returning to baseline by 24 hours.  4EBP1 phosphorylation shows a slight recovery between 

2 and 24 hours, and cyclin D1 protein reaches maximum inhibition between 10 and 24 

hours.  Despite AKT phosphorylation recovery, 4EBP1 phosphorylation and cyclin D1 

total protein remain downregulated at 48 hours.  Interestingly, PTX modulation of 

downstream cyclin D1 is also shown to have an atypical dose response, with lower 

concentrations producing slight elevation and higher concentrations producing a 

significant decrease in cyclin D1 protein at 24 hours (Figure 3.5).  This protein response 

at lower concentrations potentially occurs through pathway reactivation of 

AKT/mTOR/4EBP1 signaling after initial transient inhibition. 

To determine contributing factors to PTX induction of sustained 4EBP1 inhibition, 

activation of intermediary signaling protein complex mTOR and related proteins were 

assessed via western analysis (Figure 3.4D).  As a downstream effector, mTOR 

phosphorylation closely mimics AKT response, with significant phosphorylation inhibition 

within 2 hours that recovers by 24 hours.  Despite being an effector of both AKT and 

mTOR proteins, minimal change is seen in the phosphorylation status of the proline-rich 

Akt substrate of 40 kDa (PRAS40).  Regulatory-associated protein of mTOR (Raptor) is 

an mTOR binding partner, responsible of binding mTOR substrates including 4EBP1 and 
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S6K.  Raptor phosphorylation at Ser722 and Ser792 inhibits mTOR complex 1 substrate 

binding.  Interestingly, Raptor phosphorylation at Ser792 is inhibited by PTX within 2 

hours, returning near basal phosphorylation by 24 hours.   

We also assessed PTX induced inhibition of AKT/4EBP1/cyclin D1 in PTEN+ DU-

145 prostate adenocarcinoma cells as a signaling pathway divergent model of prostate 

cancer (Figure 3.6).  At 24 hours, no effect is seen in downstream effector cyclin D1 at 

similar concentrations used in LNCaP cells.  However, in an acute time course, we 

demonstrate that PTX does induce similar inhibition of pAKT, p4EBP1, and cyclin D1 

within 2 hours, with AKT phosphorylations returning to near baseline within the same 

period. 
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Figure 3.4 PTX inhibits AKT/mTOR growth signaling pathway in LNCaP cells.  

LNCaP cells were treated with PTX (3.6 mM) for 0-48 hours (A-D).  Cells were collected, 
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lysates generated and lysates immunoblotted for target growth signaling proteins.  GAPDH 

was used as a loading control. 
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Figure 3.5 PTX inhibits cyclin D1 in a dose dependent manner in LNCaP cells.  

LNCaP cells were treated with PTX (3.6 mM) for 24 hours.  Cells were collected, lysates 

generated and lysates immunoblotted for cyclin D1.  GAPDH was used as a loading 

control. P-values are expressed as *p<0.05, **p<0.01, and ***p<0.001 compared to 

control. 
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Figure 3.6 PTX inhibits AKT/4EBP1/cyclin D1 in DU-145 cells.  DU-145 cells were 

treated (A) with PTX (0-3.6 mM) for 24 hours and (B) with PTX (3.6 mM) for 0-120 

minutes.  Cells were collected, lysates generated and lysates immunoblotted for cyclin D1.  

GAPDH was used as a loading control. P-values are expressed as *p<0.05, **p<0.01, 

***p<0.001, and ****p<0.0001 compared to control. 
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3.3.3 Pentoxifylline modulates the AMPK pathway in human prostate 

adenocarcinoma cells 

Raptor phosphorylation at Ser792 is regulated by 5’ AMP-activated kinase 

(AMPK), a master regulator of metabolic signaling (Gwinn et al. 2008).  As we have shown 

PTX inhibits Raptor phosphorylation, we investigated the effects of PTX on AMPK 

phosphorylation and activation.  AMPK phosphorylation is inhibited within 30 minutes of 

PTX administration, returning to near basal phosphorylation status by 2 hours (Figure 3.7).  

Downstream of AMPK, acetyl-coenzyme A carboxylase (ACC) and Raptor 

phosphorylations are also downregulated within 15 minutes, though not statistically 

significant.  At 10 hours, pAMPK shows a slight elevation in phosphorylation, presumably 

due to pathway reactivation.  Despite recovering slightly, pACC protein remains below 

basal phosphorylation status at 24 hours. 
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Figure 3.7  PTX inhibits AMPK metabolic pathway in LNCaP cells.  LNCaP cells 

were treated with PTX (3.6 mM) for 0-24 hours (A-B).  Cells were collected, lysates 

generated and lysates immunoblotted for target proteins.  GAPDH was used as a loading 

control. P-values are expressed as *p<0.05 and **p<0.01 compared to control. 
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3.3.4 Pentoxifylline modulates ULK and induces autophagy in human prostate 

adenocarcinoma cells 

Autophagy is the primary cellular catabolic pathway during nutrient starvation and 

an important regulator of cell survival or cell death determination.  Autophagy is initiated 

by UNC-51-like kinase 1 (ULK1) kinase complex, recruiting necessary proteins for 

autophagic vesicle formation (Hara et al. 2008).  ULK1 activation is regulated post-

translationally by both mTOR and AMPK signaling pathways (Figure 3.8) (Kim et al. 

2011b; Russell et al. 2013).  As such, we assessed the ability of PTX to modulate ULK 

phosphorylation and autophagy activation.  PTX treated cells show decreases in both 

mTOR dependent (Ser777) and AMPK dependent (Ser757) phosphorylated ULK protein 

within 2 hours by western analysis (Figure 3.9).  Microtubule-associated protein light 

chain 3 (LC3) is associated with autophagosome membrane formation.  In short, cytosolic 

LC3-I is proteolytically cleaved to LC3-II, covalently linked to phosphatidylethanolamine 

(PE) and incorporated into autophagosome membranes.  As such, LC3-II protein levels are 

an indicator of autophagosome formation and utilized as a marker for autophagic induction.  

In our studies, PTX induces LC3-I and LC3-II induction at 24 hours in LNCaP cells, 

potentially indicating induction of autophagy (Figure 3.9A).  However, intra-

autophagosomal LC3-II is also degraded by lysosomal proteases.  To determine whether 

PTX-induced LC3-II conversion occurs due to autophagic induction or autophagosome 

maturation blockade, LC-II turnover was assessed using western analysis in the presence 

and absence of lysosomal degradation inhibitor bafilomycin A1.  PTX alone and 

bafilomycin A1 alone induce LC3-II protein, whereas PTX combined with bafilomycin 

further induces LC3-II protein levels (Figure 3.9B), indicating an induction of autophagic 

flux. 
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Figure 2.10 shows a summary of pentoxifylline induced signaling alterations in 

LNCaP prostate adenocarcinoma cells. 
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Figure 3.8 ULK1 phosphorylation by AMPK and mTOR activation mediate 

autophagy induction. 
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Figure 3.9 PTX reduces pULK1, induces autophagy in LNCaP cells.  (A) LNCaP 

cells were treated with PTX (3.6 mM) for 24 hours.  (B) LNCaP cells were treated with 

PTX (3.6 mM, 24 hours) and/or Bafilomycin A1 (50 nM, 3 hours).  Cells were collected, 

lysates generated and lysates immunoblotted for target proteins.  GAPDH was used as a 

loading control. P-values are expressed as *p<0.05, **p<0.01, and ***p<0.001 compared 

to control or as shown. 
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Figure 3.10 Summary of pentoxifylline induced modulation of growth, metabolic, 

and autophagy pathways in LNCaP prostate adenocarcinoma cells. 
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3.3.5 Pentoxifylline induces cytotoxicity and apoptosis in combination with first line 

therapy docetaxel in human prostate adenocarcinoma cells 

 Docetaxel, an anti-mitotic agent, serves as the first line chemotherapeutic for 

metastatic castration resistant prostate cancer (Tannock et al. 2004).  As we have shown 

the growth inhibiting effects of PTX in prostate adenocarcinoma cells, these studies 

assessed PTX as an adjunct therapy to first line docetaxel therapy.  As previously shown, 

PTX induces a G1 cell arrest in LNCaP cells.  Docetaxel binds and stabilizes microtubule 

assembly, resulting in inhibition of mitotic cell division.  To assess combinatorial effects 

of cell cycle distribution, we performed cell cycle analysis on cells treated with PTX, 

docetaxel, or PTX + docetaxel (Figure 3.11).  As previously shown, PTX alone induces a 

G1 cell arrest, with over 90% of cells in G1 phase at 24 hours.  Conversely, docetaxel alone 

increases the G2 cell population.  Interestingly, PTX plus docetaxel does not alter the G1 

cell population.  However, combination treatment induces a more prominent G2 arrest than 

docetaxel alone, up to ~30% of the total cell population at 24 hours.  Cell viability assay 

was utilized to assess cell growth effects of combination treatment (Figure 3.12).  PTX 

increases docetaxel induced cytotoxicity in both a time and dose dependent manner by 

MTS cell viability assay.  Additionally, combining with PTX (3.6 mM) reduced the 

necessary concentration of docetaxel by ten-fold to produce equivalent toxicity.   

To assess the mode of cell death induced by combination therapy, we performed 

western analysis of autophagic and apoptotic proteins (Figure 3.13).  At 24 hours, cells 

treated with PTX plus docetaxel showed an induction of autophagic marker LC3B 

cleavage, however not significantly different from PTX alone.  At 48 hours, PTX plus 

docetaxel treated cells showed decreased LC3B cleavage compared to PTX alone, 

implicating alternative cell death pathways than autophagy in the increased cytotoxicity of 
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LNCaP cells seen with combination treatment. Assessing multiple apoptosis proteins, 

combination PTX plus docetaxel treatment induces a more rapid and robust induction of 

apoptotic caspase-7, caspase-3, and PARP cleavage compared to either treatment alone at 

24 hours.  To further confirm the induction of apoptosis by combination therapy, annexin 

V apoptosis assay was assessed by flow cytometry (Figure 3.14).  PTX plus docetaxel 

treatment induces a >10% increase in apoptotic/dead cells compared to PTX or docetaxel 

alone, as indicated by annexin V and/or propidium iodide staining. 

As dynamic cellular regulators, both AKT and AMPK proteins are shown to 

modulate critical regulators of apoptosis, including p53 and BAD proteins (Jones et al. 

2005; Ogawara et al. 2002; Sastry et al. 2007; Zhou et al. 2009).  Similarly, docetaxel is 

shown to modulate p53, as well as tumor suppressor Bcl2 (Gan et al. 2011; Haldar et al. 

1997; Haldar et al. 1996; Kim et al. 2013; Liu et al. 2013).  As such, upstream apoptosis 

inducing proteins were assessed for enhanced or altered modulation by PTX plus docetaxel 

combination therapy (Figure 3.15).  PTX alone treatment significantly decreases both total 

and phosphorylated P53 protein levels.  Additionally, docetaxel induced p53 protein levels 

are significantly decreased in combination treated cells, independent of phosphorylation 

alteration.   PTX alone and combination treatment also induces the phosphorylation of 

apoptotic regulators BAD.  Finally, combination PTX plus docetaxel treatment induces a 

transient increase in pBcl2 at 24 hours, however, modulation of total Bcl2 protein was 

unable to be assessed.  These results implicate p53, BAD, and Bcl2 proteins as upstream 

regulators of combination PTX + docetaxel induced apoptosis.  Figure 3.16 demonstrates 

potential mechanisms whereby by pentoxifylline modulation of AKT/mTOR and/or 
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AMPK signaling may reduce p53 phosphorylation, increasing affinity for proteasomal 

degradation targeting protein MDM2. 

Preliminary studies were conducted to develop an appropriate dosing regimen for 

combined PTX plus docetaxel tumor growth inhibition xenograft studies.  LNCaP 

xenografts exhibit dose dependent tumor growth inhibition in response to docetaxel 

(Figure 3.17).  IHC analysis displays both an effective cellular decrease in proliferation 

marker Ki-67 in response to docetaxel, as well as a significant induction in p53 

immunostain (Figure 3.18).  Docetaxel induced p53 induction in the xenograft model 

mimics that seen in the cell culture system.  As one of our mechanisms of pentoxifylline 

cell sensitization, we hypothesize that pentoxifylline will effectively abrogate this p53 

induction in the LNCaP xenograft. Also, PTX produced modest tumor growth inhibition 

as a standalone treatment and was well tolerated at 60mg/kg daily dosing (Figure 3.19).  

By immunohistochemical analysis, modest decreases can be seen in AMPK downstream 

target pACC as well as proliferation marker Ki-67, though not statistically significant 

(Figure 3.20).  Ongoing studies will assess the utility of PTX (40mg/kg) to sensitize 

LNCaP xenograft tumors to docetaxel (2 mg/kg) therapy for effective tumor growth 

inhibition and modulation of mechanistic signaling proteins demonstrated in cell model 

systems. 
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Figure 3.11 PTX alters cell cycle distribution in combination with docetaxel in 

LNCaP cells.  LNCaP cells were pretreated with PTX (3.6 mM) for 1 hour, then cotreated 

with docetaxel (10 nM) for 24 hours prior to cell cycle analysis with propidium iodide.  
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Figure 3.12 PTX enhances cytotoxicity in combination with docetaxel in LNCaP 

cells.  LNCaP cells were pretreated with PTX (0-3.6 mM) for 1 hour, then cotreated with 

docetaxel (0-10 nM) for 24 hours prior to MTS viability assay.  P-values are expressed as 

**p<0.01 compared to 0.36 mM PTX alone, ###p<0.001 compared to 1.8 mM PTX alone, 

††p<0.01, and †††p<0.001 compared to 3.6 mM PTX alone. 
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Figure 3.13 PTX enhances apoptosis in combination with docetaxel in LNCaP cells 

via western analysis.  LNCaP cells were pretreated with PTX (3.6 mM) for 1 hour, then 
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cotreated with docetaxel (10 nM) for 24-48 hours (A-B). Cells were collected, lysates 

generated and lysates immunoblotted for target proteins.  GAPDH was used as a loading 

control. P-values are expressed as *p<0.05, **p<0.01, and ***p<0.001 compared to 

control or as shown. 
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Figure 3.14 PTX enhances apoptosis in combination with docetaxel in LNCaP cells 

via annexin staining.  LNCaP cells were pretreated with PTX (3.6 mM) for 1 hour, then 

cotreated with docetaxel (10 nM) for 24 hours (A-B). Cells stained with annexinV-FITC 

and propidium iodide and analyzed by flow cytometry.  P-values are expressed as *p<0.05, 

and **p<0.01 compared to control or as shown. 
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Figure 3.15 PTX inhibits docetaxel-induced p53 upregulation.  LNCaP cells were 

pretreated with PTX (3.6 mM) for 1 hour, then cotreated with docetaxel (10 nM) for 24-48 

hours (A-B). Cells were collected, lysates generated and lysates immunoblotted for target 

proteins.  GAPDH was used as a loading control. P-values are expressed as *p<0.05, 

**p<0.01, and ***p<0.001 compared to control or as shown. 
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Figure 3.16 Proposed signaling mechanism of pentoxifylline mediated p53 

modulation.  (A) Established p53 modulation by docetaxel, as well as AMPK and AKT 

pathways.  (B)  Proposed AMPK and/or AKT inhibition by pentoxifylline decreases p53 

phosphorylation, increasing association with protein MDM2 and promoting p53 

proteasomal degradation. 
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Figure 3.17 Docetaxel inhibits tumor growth in LNCaP prostate adenocarcinoma 

mouse xenografts.  2.0 x 107 LNCaP cells were injected into the both flanks of SCID male 

mice and tumors were grown for six weeks to achieve a tumor volume of ~200 mm3.  Mice 

were pair-matched into the following groups: docetaxel vehicle, docetaxel (2 mg/kg), 

docetaxel (6 mg/kg), docetaxel (18 mg/kg), (n = 4). Docetaxel was administered once 

weekly via IP injection for 14 days.  P-values are expressed as *p<0.05, **p<0.01, and 

***p<0.001 compared to control.  
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Figure 3.18 IHC analysis of target proteins in Docetaxel treated LNCaP prostate 

adenocarcinoma mouse xenografts.  LNCaP tumor tissue was stained by IHC.  IHC 

stained LNCaP tissue slides were graded by a pathologist using a modified H-score method 

or percent of cells positively stained.  Scoring values were compared using an unpaired t-

test. P-values are expressed as *p<0.05, **p<0.01, and ***p<0.001 compared to control. 
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Figure 3.19 PTX inhibits tumor growth in LNCaP prostate adenocarcinoma mouse 

xenografts.  2.0 x 107 LNCaP cells were injected into the both flanks of SCID male mice 

and tumors grown for six weeks to achieve a tumor volume of ~200 mm3.  Mice were pair-

matched into the following groups: pentoxifylline vehicle and pentoxifylline (60 mg/kg), 

(n = 5). Pentoxifylline was administered once daily via intraperitoneal (IP) injection in PBS 

for 14 days. 
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Figure 3.20 IHC analysis of target proteins in pentoxifylline treated LNCaP 

prostate adenocarcinoma mouse xenografts.  LNCaP tumor tissue was stained by IHC.  

IHC stained LNCaP tissue slides were graded by a pathologist using a modified H-score 

method or percent of cells positively stained.  Scoring values were compared using an 

unpaired t-test. P-values are expressed as *p<0.05, **p<0.01, and ***p<0.001 compared 

to control. 
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3.4 Discussion 

Previously, we have shown that PTX inhibits the AKT/4EBP1/cyclin D1 growth 

signaling pathway and induces G1 cell arrest in renal carcinoma cells.  In these studies, we 

demonstrate a similar inhibition of the AKT/mTOR signaling pathway and cycle arrest by 

PTX in human prostate cancer cells.  Several additional studies have shown a PTX induces 

inhibition of AKT/mTOR phosphorylation and downstream signaling (Chiou et al. 2006; 

Lin et al. 2003; Norsted Gregory et al. 2013; Sharma et al. 2016).   Furthermore, studies 

show that cAMP may act as an mTOR inhibitor, exhibiting decreased AKT and 

downstream effector phosphorylation (Kim et al. 2010; Xie et al. 2011).  Additionally, we 

demonstrated that PTX inhibits AMPK signaling.  AMPK activation is dependent on two 

conditions: active site conformation change and active site phosphorylation.  AMP binding 

to AMPK causes the active site conformation change, exposing Thr-172 for 

phosphorylation by upstream kinases (Davies et al. 1995; Hawley et al. 1995; Oakhill et 

al. 2010).  PTX is an established non-selective phosphodiesterase inhibitor, reducing 

breakdown of cAMP to AMP.  As such, PDE inhibition may result in reduced cellular 

AMP, therefore, decreased AMPK activation and downstream signaling.  Further studies 

are necessary to confirm the upstream point of inhibition for both AKT/mTOR and AMPK 

pathways. 

PI3K/AKT pathway is among the most frequently altered signaling pathways in 

human tumors, with established roles in tumorigenesis and therapeutic resistance.  

Additionally, PI3K/AKT/mTOR pathway is found to be deregulated in the majority of 

advanced prostate cancer, and critical to the development and continued prostate cancer 

resistance (Lotan et al. 2011; Taylor et al. 2010; Yoshimoto et al. 2007).  Alternatively, 
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AMPK can act as both a tumor suppressor and tumor promoter in a context specific fashion.  

Several studies have shown the ability of AICAR and anti-diabetic drugs such as 

metformin, all AMPK activators, to interact in PCa pathogenesis and resistance (Ben Sahra 

et al. 2008; Demir et al. 2014; Jurmeister et al. 2014; Zadra et al. 2014), however clinical 

outcomes have been mixed (Kaushik et al. 2014; Merrick et al. 2015; Rothermundt et al. 

2014; Spratt et al. 2013).  Conversely, studies show tumor promoting contributions of 

AMPK in prostate cancer as well, increasing cell growth and metastasis as well as androgen 

and chemotherapeutic resistance (Chhipa et al. 2011; Frigo et al. 2011; Park et al. 2009; 

Tennakoon et al. 2014).  In our studies, we show that PTX induces a concordant inhibition 

of both AKT/mTOR as well as AMPK pathways, resulting in inhibited cell growth and 

increased sensitization to docetaxel therapy.  As such, PTX induced AKT/mTOR and 

AMPK inhibition may contribute to anti-metastatic properties seen in these and other 

cancer models.  Dual inhibition of AKT/mTOR and AMPK pathways by PTX is a novel 

therapeutic interaction and may represent an effective strategy for growth inhibition and 

chemotherapeutic sensitization in prostate and other cancers.  

Pentoxifylline is shown to effectively abrogate radiation induced G2/M arrest, 

reduce DNA repair, and increase cell sensitization in multiple cancer models (Akudugu et 

al. 2013; Binder et al. 2002; Theron and Böhm 2000).  With a well-defined role in 

regulating cell cycle through downstream 4EBP1/cyclin D1, AKT/mTOR modulation 

likely contributes to G2/M arrest abrogation through pre-radiation arrest in the more 

sensitive G1 phase.  Additionally, PTX inhibits DNA repair systems in response to 

radiation.  AKT can be activated by radiation induced double strand breaks in a DNA-PK 

or ATM/ATR-dependent manner, stimulating DNA repair (Bozulic et al. 2008; Caporali 
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et al. 2008; Viniegra et al. 2005).  As such, pentoxifylline induced AKT/mTOR inhibition 

may also contribute to DNA repair inhibition, thus increased radiosensitivity.  

Alternatively, AMPK pathway activation by inducer metformin radiosensitizes cancer 

cells, and inhibition of this signaling reversed the effects (Fasih et al. 2014; Song et al. 

2012).  Therefore modulation of AMPK signaling by pentoxifylline may act as a negative 

contributor to radiosensitization in some disease states or conditions.   

Despite demonstrating specific modulation of AKT/mTOR and AMPK pathways, 

the direct site of action for pathway modulation is still an area of interest and investigation.  

Previous studies in the Lau lab have shown that pentoxifylline alone is able to modulate 

AKT signaling in renal cell carcinoma cells compared to both other phosphodiesterase 

inhibitors as well as cAMP inducers/mimetics.  This may indicate that these effects are 

independent of PDE inhibitory properties.  However, advancing knowledge has shown that 

there is complex diversity in the PDE family of proteins, containing 11 structurally similar 

but functionally distinct protein members.  These proteins vary in both expression and 

function in different tissues.  Though generally known as a non-specific PDE inhibitor, 

altered expression of specific PDE proteins and differential specificity for these PDEs may 

contribute to pentoxifylline induced signaling effects seen in LNCaP prostate cancer cells.  

Alternatively, pentoxifylline has also shown a specific ability to modulate protein 

phosphatase activity compared to other methylxanthines.  Pentoxifylline stimulated 

alkaline phosphatase activity in boar spermatozoa, while theophylline and caffeine both 

inhibited phosphatase activity (Glogowski et al. 2002).  Similarly, pentoxifylline prevented 

phosphatase PP2A activity loss induced by taurochlorate in acinar pancreatic cells through 

modulation of cAMP levels (Sandoval et al. 2009).  As such, phosphatase activity may be 
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modulated by pentoxifylline in LNCaP cells, altering activation status of upstream 

signaling proteins in the AKT/mTOR and/or AMPK pathways. 

In 2004, docetaxel, an anti-mitotic chemotherapy agent, became the first agent to 

show a survival benefit in mCRPC and has since been indicated as first-line therapy 

(Tannock et al. 2004).  Since then, docetaxel has been combined with various agents in the 

attempt to increase efficacy.  Despite several promising preclinical candidates, no agents 

have shown to increase overall clinical survival compared to docetaxel alone.  Ongoing 

research has focused on the underlying mechanism(s) for docetaxel’s clinical activity to 

improve on standard therapy.  Bcl2 is an antiapoptotic protein highly expressed in androgen 

independent prostate cancer (McDonnell et al. 1992).  Phosphorylation and inactivation of 

Bcl2 can be induced by taxol microtubule stabilizers including docetaxel, producing 

apoptotic cell death (Calastretti et al. 2014; Haldar et al. 1996).  As such, bcl2 inhibition 

has been one strategy to increase docetaxel efficacy.  In our studies, we show slightly 

enhanced phosphorylation of Bcl2 at Ser70.  Interestingly, pBcl2 at Ser70 has been shown 

to both increase and decrease Bcl2 apoptotic function in different models (Deng et al. 2006; 

Konopleva et al. 2006; Yamamoto et al. 1999).  Further studies are necessary to delineate 

the potential role of PTX induced Bcl2 modulation.  p53 tumor suppressor protein is a key 

sensor of cellular damage and a determining regulator for cell repair or cell death 

processing.  Several studies have indicated a critical role for p53 in determining prostate 

cancer cell sensitivity to docetaxel therapy, whereby prevention of docetaxel induced p53 

induction sensitizes cells to docetaxel (Gan et al. 2011; Kim et al. 2013; Liu et al. 2013).  

In our studies, combination PTX plus docetaxel significantly reduces total p53 protein 

compared to docetaxel alone, indicating another beneficial cellular response to PTX 
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treatment as a prostate cancer therapy.  Importantly, p53 phosphorylation at Ser15 is also 

downregulated with combination therapy.  Phosphorylation at Ser15 is shown to impair the 

ability of p53 to bind negative regulator MDM2, and increases p53 transcriptional activity 

(Lambert et al. 1998; Loughery et al. 2014; Saito et al. 2003).  Decreased phosphorylation 

may be attributed to PTX inhibition of AKT, which is shown to crosstalk with DNA 

damage responders ATM, ATR, and DNA-PK upstream of p53 Ser15 phosphorylation 

(Serrano et al. 2013; Xu et al. 2012).  Alternatively, AMPK also induces phosphorylation 

of p53 on Ser15 (Jones et al. 2005).  Further studies are necessary to determine the 

mechanism of PRX induced p53 modulation.  Finally, BAD is a proapoptotic protein with 

phosphorylation regulated activity.  AKT is shown to phosphorylate Bad at Ser136, 

promoting cell survival through an increased association with regulator protein 14-3-3 

(Masters et al. 2001).  Interestingly, PTX and PTX plus docetaxel treatments modestly 

induce phosphorylation of Bad Ser136 compared docetaxel alone.  This upregulation is 

likely a result of the reactivation of AKT signaling at 24-48 hours, and may be an additional 

target to further sensitize cells to combination PTX plus docetaxel combination therapy. 

In summary, the data presented shows growth inhibitory properties of PTX via 

modulation of AKT and AMPK signaling pathways in prostate cancer cells.  Inhibition of 

these critical growth and metabolic signaling pathways provide a potential mechanism(s) 

for PTX induced radio- and chemosensitization, as well as anti-metastatic properties seen 

in many studies.  Further understanding how these pathways are inhibited will increase our 

ability to utilize PTX effectively in a clinical setting, as well as potentially uncover novel 

therapeutic targets.  Additionally, dual targeting of AKT/AMPK pathways may represent 

an important therapeutic targeting strategy in prostate and other cancers.  Finally, this study 
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demonstrates the potential utility of PTX and docetaxel combinations in mCRPC and 

support for future trials with these agents. 
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CHAPTER 4: CONCLUDING REMARKS AND FUTURE DIRECTIONS 

4  

4.1 Overview 

Cancer is caused by a combination of genetic and environmental factors, resulting 

in genetic and epigenetic alterations, ultimately altering the regulation of cell growth and 

differentiation.  Clonal selection of cancer cells promotes the propagation of cells acquiring 

mutations/alterations, improving survival compared to surrounding competing cells, 

resulting in significant inter- and intra-tumor heterogeneity.  Tumor heterogeneity 

introduces significant challenges in cancer therapeutics, altering acute drug response as 

well as the development of treatment resistance.  Increasing our knowledge of cancer 

pathophysiology and drug response will allow for improved patient treatment and 

outcomes.   

The studies described in this dissertation assess two important research areas: tissue 

diagnostics and novel therapies.  The first studies assess the modulation of MAPK and 

AKT/mTOR/4EBP1 growth signaling pathways in response to combination erlotinib, an 

EGFR inhibitor, and amuvatinib, a multi-site TK inhibitor, suggesting potential 

mechanisms/benefits for such combination therapy in prostate cancer.  These studies also 

emphasize the importance of tissue fixation in the implementation of 

immunohistochemical diagnostic assays, utilizing a novel 2+2 fixation method and 

demonstrating the importance of tissue- and target-specific optimization for the 

improvement of current protocols and development of novel targeted assays.  Finally, our 

studies show the growth inhibitory properties of pentoxifylline (PTX) via modulation of 

specific growth and metabolic pathways in cell and xenograft models of human prostate 

cancer.  Importantly, PTX also enhances the cytotoxicity of metastatic castration resistant 
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prostate cancer first line chemotherapy docetaxel, supporting its nomination for use as an 

adjunct therapy in mCRPC. 

 

4.2 Growth Signaling Modulation by Erlotinib/Amuvatinib in Prostate Cancer 

Models 

Previous studies have shown that combination treatment of erlotinib, an EGFR 

inhibitor, and amuvatinib, a multi-target TK inhibitor, significantly inhibit prostate cancer 

in a LNCaP prostate adenocarcinoma xenograft model (Qi et al. 2009).  These studies 

expand on this combination therapeutic strategy (erlotinib and amuvatinib), looking to 

determine differential downstream signaling effects of single and combination therapies in 

DU-145 (PTEN+) and LNCaP (PTEN-) prostate cancer cells and mouse xenografts. We 

found that erlotinib and amuvatinib have definitively different intracellular signaling 

effects between DU-145 and LNCaP cells in both cell culture and xenograft models. 

In DU-145 cells, erlotinib inhibits MAPK (pERK) phosphorylation and 

downstream cyclin D1 protein expression, while amuvatinib inhibits cyclin D1 without 

modulation of pERK or alternate upstream regulator p4EBP1.  In DU-145 mouse 

xenografts, amuvatinib upregulates pERK signaling, while combination with erlotinib 

provides partial inhibition of pERK overactivation.  Additionally, traditional fixation IHC 

analysis of pAKT indicates that combination treatment may also inhibit amuvatinib 

induced AKT phosphorylation.  In LNCaP cells, amuvatinib alone effectively inhibits 

4EBP1 phosphorylation as well as downstream cyclin D1 protein expression, while in 

LNCaP xenografts both erlotinib and amuvatinib alone and in combination reduce 4EBP1 

phosphorylation and cyclin D1 protein expression.  As such, these studies suggest both 
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individual mechanistic signaling activities, as well as benefits of the combination therapy 

in growth signaling divergent PTEN+ and PTEN- prostate cancer cells.   

Tumor heterogeneity contributes significantly to acute drug response as well as 

developed resistance.  Alterations in PTEN status, as well as dysregulation and 

overactivation of PI3K signaling, are prominent features of both localized and metastatic 

prostate cancers.  PTEN alterations show high intra- and inter-tumor variability, and is a 

potential indicator of hormone therapy resistance and poor clinical outcome (Ferraldeschi 

et al. 2015; Lotan et al. 2011; Taylor et al. 2010; Yoshimoto et al. 2007).  Signaling 

alterations in both prostate cancer models, therefore, further nominate its use in prostate 

cancer, with beneficial effects in cells of varying PTEN status within an individual tumor, 

as well as in both moderate (predominant PTEN+) and aggressive (predominant PTEN-) 

prostate cancer tumors. 

Of mechanistic interest, 2+2 fixed LNCaP xenograft tumor tissue immunostained 

for cyclin D1 suggested drug induced protein decreases preferentially in cytoplasmic 

staining.  Inability to visualize nuclear cyclin D1 downregulation may be an artifact of 

target overstain.  However, cyclin D1 degradation is a regulated through phosphorylation 

and nuclear export to the cytoplasm for proteasomal targeting.  Previous studies in the Lau 

laboratory have shown that PTX does not alter cyclin D1 degradation in renal carcinoma 

cells in cell culture, but cyclin D1 phosphorylation status was not assessed in vivo.  To 

clarify these current findings, it is necessary to reduce the titer of cyclin D1 antibody to 

produce an intermediate nuclear cyclin D1 stain (~100-200 modified H-score) to properly 

assess drug induced alterations in nuclear cyclin D1.   
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Though these studies assessed the target pathways, additional growth signaling 

pathways may be altered by erlotinib and amuvatinib therapies.  Targeted western analysis 

could assess alternate pathways such as STAT3 signaling, or microarray analysis would 

provide a genome-wide assessment of drug effect.  Additionally, assessing effects (western 

analysis and/or microarray) in more prostate cancer cell lines with varying characteristics 

such as androgen sensitivity and specific protein expression patterns/mutations (p53, 

androgen receptor, growth factor receptor) may give a greater understanding of drug 

sensitivity, with the potential for diagnostic biomarker development for more effective 

clinical use. 

 

4.3 2+2 Tissue Fixation for Improved Signaling Protein Preservation 

Despite the importance of fixation in preanalytical tissue preservation on 

downstream diagnostic assays, exact protocols are not well defined and highly variable 

clinically and, as such, critical diagnostic information is lost.  Previous studies describe a 

novel, rapid two-temperature (“2+2”) formalin fixation strategy that preserves morphology 

and protein expression comparable to traditional 24h RT formalin fixation as assessed by 

immunohistochemistry (Chafin et al. 2013; Theiss et al. 2014).   Additionally, traditionally 

difficult phospho-protein tissue preservation are maintained and even enhanced compared 

to traditional fixation methods.  2+2 fixation may represent a novel fixation protocol 

whereby critical signaling proteins can be more quickly and accurately preserved for 

improved and expanded diagnostic analysis. 

In these studies, we show that 2+2 fixation can cause target specific alterations in 

immunostain intensity as evidenced by altered immunostaining of p4EBP1 Ser65 and 
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Thr70 in prostate cancer xenograft models.  Interestingly, staining alteration was not 

consistent between xenograft models, producing enhanced staining in LNCaP xenografts 

and reduced staining in DU-145 xenografts.  Results such as these may be indicative of 

intrinsically labile immunotargets, necessitating the optimization of fixation parameters for 

functional utility or providing valuable information for the potential removal of the 

antibody/target from clinical consideration.  Future studies are necessary to assess whether 

these specific immunotarget alterations in p4EBP1 Ser65 and Thr70 seen in these studies 

are cell, protein, or epitope specific. 

Fixation parameters were also shown to contribute to target specific immunostain 

efficacy, as compared to treatment matched western analysis.  In DU-145 xenografts, 24h 

RT fixed tumor tissue showed apparent enhanced immunostaining for pAKT and nuclear 

pERK staining in amuvatinib treated tumors.  pAKT was previously shown to be enhanced 

and better localized in Calu-3 lung adenocarcinoma xenografts, human colon carcinomas, 

and human breast ductal carcinoma samples and was therefore used as a control stain 

(Chafin et al. 2013; Theiss et al. 2014).  In our studies, pAKT was not uniformly enhanced 

by 2+2 fixation and effective visualization of drug mediated protein alterations may have 

been hindered.  Unfortunately tissue sample limitations prevented the western analysis of 

tumor tissues for pAKT, and further studies are necessary to properly assess this fixation 

mediated effect.  Western analysis showed a distinct upregulation of pERK in amuvatinib 

treated tumors, as was captured in traditional 24h fixed tumor tissue.  However, 2+2 

fixation shows defined upregulation of pERK in the cytosolic staining only.  Future studies 

utilizing nuclear fractionation of tumor tissue protein may help to clarify whether one 

method is preferable for pERK staining. 
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Importantly, 2+2 tissue fixation showed a more prominent drug induced 

modulation of cyclin D1 protein compared to 24h fixation, as assessed by cytosolic 

immunostain.  Cyclin D1 has a definitive role in cell cycle progression, tumor 

development, and progression.  Several patient populations are currently investigating 

cyclin D1 as a prognostic/diagnostic marker.  In breast cancer, cyclin D1 overexpression 

or amplification may indicate either improved or reduced survival depending on estrogen 

receptor status (Elsheikh et al. 2008; Kenny et al. 1999).  In lung cancer, G1 cyclin 

expression is indicative of poor prognosis; thus, cell cycle targeting represents a viable 

therapeutic target (Betticher et al. 1996; Betticher et al. 1997; Ratschiller et al. 2003).  Co-

treatment with erlotinib and bexarotene, an RXR agonist, reduce cyclin D1 via differing 

mechanisms and have shown promise as a lung cancer therapy in preclinical and clinical 

studies (Dragnev et al. 2011).  Utilizing cyclin D1 as a diagnostic marker, the Biomarker-

integrated Approaches of Targeted Therapy for Lung Cancer Elimination (BATTLE) trial 

showed that erlotinib and bexarotene treatment improved disease control in patients with 

high cyclin D1 expression, exciting interest as a diagnostic marker (Kim et al. 2011a).  

Additional studies show that cyclin D1 overexpression mediates targeted therapy resistance 

in breast, skin and other cancers, representing additional patient populations which may be 

candidates for future cyclin D1 targeted therapies (Musgrove and Sutherland 2009; Noel 

et al. 2010; Rudas et al. 2008; Smalley et al. 2008).  Therefore, future preclinical and 

clinical assessment of cyclin D1 by 2+2 fixation in these cancers/patient populations may 

be critical for maximizing the clinical utility of cyclin targeted therapies. 
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4.4 PTX and Combination Therapies in Prostate Cancer 

Drug repurposing is increasingly utilized to combat the challenges associated with 

drug discovery.  PTX, a clinically utilized and well tolerated PDE inhibitor, has shown 

promise as a radio-/chemo-sensitization and anti-cancer agent against a variety of cancers.  

In these studies, we demonstrate that PTX induces tumor growth inhibition in prostate 

cancer cells.  These findings are in agreement with previous studies observing growth 

inhibition in breast, blood, skin, and renal cancer cells (Bravo-Cuellar et al. 2013; Dua and 

Gude 2008; Goel and Gude 2011; 2013; 2014a; 2014b; Kamran and Gude 2012; 2013).   

We show that PTX induces transient cellular signaling modulations of both the 

AMPK metabolic and AKT/mTOR growth pathways.  Several studies demonstrate that 

AMPK can act as a tumor promoter in prostate cancer, increasing cell growth and 

metastasis as well as androgen and chemotherapeutic resistance (Chhipa et al. 2011; Frigo 

et al. 2011; Park et al. 2009; Tennakoon et al. 2014).  In our studies, PTX transiently 

inhibits AMPK phosphorylation and downstream signaling.  PTX is an established non-

selective phosphodiesterase inhibitor, reducing breakdown of cAMP to AMP.  As such, 

PDE inhibition may result in reduced cellular AMP, therefore, decreased AMPK activation 

and downstream signaling and loss of metabolic regulation. 

PI3K/AKT/mTOR growth signaling alterations are also an established contributor 

to prostate cancer pathogenesis, found in a dramatic number of both primary and metastatic 

tumors and associated with drug resistance, cancer recurrence, and poor clinical outcomes.  

Our studies demonstrate that PTX induces a transient reduction in AKT/mTOR signaling.  

These findings are in agreement with several studies showing that pentoxifylline inhibits 

AKT/mTOR phosphorylation and downstream signaling (Chiou et al. 2006; Lin et al. 2003; 

Norsted Gregory et al. 2013; Sharma et al. 2016).  Additional studies show that cAMP may 
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act as an mTOR inhibitor, exhibiting decreased AKT and downstream effector 

phosphorylation, suggesting a possible mechanism for PTX induced mTOR inhibition 

(Kim et al. 2010; Xie et al. 2011).  The exact mechanism(s) remain unknown, however, 

proteomic analysis of mTOR phosphorylations and protein binding partners may provide 

further mechanistic insight.   

As dominant regulators of their respective pathways, PTX induced AMPK and 

AKT/mTOR signaling alterations likely result in metabolic/growth dysregulation and 

contribute to the demonstrated cell growth inhibition and G1 arrest, as well as induction of 

autophagy.  As the AMPK and AKT/mTOR pathways normally have opposing effects on 

autophagic induction through differential phosphorylation of autophagy regulator ULK1, 

further studies utilizing proteomics and site specific phospho-mimetic mutagenesis may 

illustrate the respective roles of specific phosphorylation alterations in PTX induced 

autophagy. 

Despite improved patient outcomes seen with the introduction of docetaxel into 

prostate cancer standard therapy, the prognosis for patients with mCRPC remains poor.  

Additionally, as with many cytotoxic chemotherapeutic agents, docetaxel is also associated 

with a wide variety of common and sometimes severe adverse effects including 

hematological alterations, hair loss, GI distress, and neuromotor dysfunction.  As such, 

combination therapies may be able to increase the efficacy of docetaxel therapy or reduce 

the necessary dose of the cytotoxic agent.  As our hypothesis, we suggested that PTX 

induced signaling alterations may sensitize cells to docetaxel toxicity.  Indeed, in these 

studies we show that PTX sensitizes LNCaP prostate cancer cells to docetaxel induced 

cytotoxicity, inducing significant cellular apoptosis and reducing effective docetaxel 
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concentrations by >10 fold for equivalent toxicity in viability assays.  In agreement with 

previously discussed radio and chemosensitizing properties of PTX in various cancers, 

these studies suggest that PTX may be a viable adjunct therapy to docetaxel in mCRPC 

patients. 

P53 tumor suppressor protein is a key sensor of cellular damage and a determining 

regulator for cell repair or cell death processing and is among the most commonly mutated 

genes in human cancer.  As both AMPK and AKT/mTOR pathways are known to crosstalk 

with p53, we wanted to assess the impact our combination therapy on p53 protein.  In our 

studies, combination PTX and docetaxel significantly reduced total and Ser15 

phosphorylated p53 protein compared to docetaxel alone.  Several studies have indicated a 

critical role for p53 in determining prostate cancer cell sensitivity to docetaxel therapy, 

whereby prevention of docetaxel induced p53 induction sensitizes cells to docetaxel (Gan 

et al. 2011; Kim et al. 2013; Liu et al. 2013).  As such, these findings may provide some 

mechanistic connection for PTX induced apoptotic sensitization.  Importantly, p53 

phosphorylation at Ser15 is also downregulated with combination PTX plus docetaxel 

treatment. p53 phosphorylation at Ser15 is shown to impair the ability of p53 to bind 

negative regulator MDM2, and increases p53 transcriptional activity (Lambert et al. 1998; 

Loughery et al. 2014; Saito et al. 2003).  Decreased phosphorylation may be attributed to 

PTX inhibition of AKT, which is shown to crosstalk with DNA damage responders ATM, 

ATR, and DNA-PK upstream of p53 Ser15 phosphorylation (Serrano et al. 2013; Xu et al. 

2012).  Site-specific mutagenesis will confirm the functionality of Ser15 alteration to PTX 

induced p53 modulation, sensitizing properties, and autophagy induction.  Additional 

established upstream regulators of p53 phosphorylation such as ASK1/p38 should also be 
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investigated for PTX induced modulation.  Though this hypothesis is mechanistically 

sound, p53 regulation and function are shown to be complex and multi-faceted.  Proteomic 

analysis of p53 post-translational modifications and protein binding partners may give a 

more encompassing view of PTX induced p53 effects.  Additionally, p53 localization, 

transcriptional, and non-transcriptional activities should be assessed for PTX related 

effects.   

Tumor heterogeneity is a continued burden for therapeutics in prostate and many 

other cancers.  As such, increasing our pharmacological understanding of drug effect will 

hopefully identify biomarkers to select the appropriate patient population for optimal drug 

efficacy.  For PTX, multiple additional prostate cancer cell lines should be introduced to 

define these mechanistic determinants of effective PTX administration.  Targeted western 

analysis for key signaling proteins including AMPK, AKT/mTOR, and p53, in conjunction 

with viability/apoptosis induction assays will determine the utility of using the presence or 

over-activation of these given proteins as markers for drug sensitivity.  Alternatively, 

microarray analysis would provide a genome-wide assessment of cellular alterations that 

may aid in further biomarker identification. 
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