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Abstract 

Metastatic prostate cancer (mPCa) is currently incurable. Docetaxel-based chemotherapy, used 

as first-line treatment for advanced PCa, is marginally effective. As PCa is a heterogeneous 

disease, use of therapeutics targeting multiple pathways may improve its treatment outcome. 

Aneustat is first-of-a-class of multivalent immuno-oncology drug candidates; a Phase-I trial has 

shown it is well-tolerated by patients and has immunomodulatory activity. The main goal of this 

PhD project is to determine whether Aneustat can be used to improve docetaxel-based therapy of 

advanced PCa.  

In vitro, Aneustat markedly inhibited human metastatic C4-2 PCa cell 

proliferation/migration in a dose-dependent manner and, combined with docetaxel, showed 

synergistic growth inhibition. In vivo, a combination of Aneustat and docetaxel synergistically 

enhanced anticancer activity in a clinically relevant, patient-derived xenograft (PDX) metastatic 

PCa model without inducing major host toxicity (inhibition of tumor growth, lung micro-

metastasis, kidney invasion). Gene expression analysis of microarray data obtained from 

xenografts, using Ingenuity Pathway Analysis (IPA) and Oncomine software, indicated that 

Aneustat+docetaxel, as distinct from the single drugs, targeted multiple pathways and cancer-

driving genes. Aneustat alone significantly inhibited growth of human LNCaP cells/xenografts; 

glucose consumption, lactic acid secretion and glycolysis-related gene expressions of LNCaP 

cells were markedly reduced, indicating it inhibited aerobic glycolysis. Treatment of LNCaP 

xenografts and first-generation PCa PDX with Aneustat led to marked changes in host immune 

cell levels (mouse/human), i.e. a higher ratio of CD8
+ 

T/Treg cells, higher Natural Killer (NK) 

cell numbers, lower Treg cell and MDSC numbers – changes favoring the host anticancer 

immune response.  
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This study shows that combined use of Aneustat and docetaxel can lead to marked, 

synergistically increased anticancer activity, both in vitro and in vivo. As indicated by IPA and 

Oncomine analyses, this is due to the combination-induced expansion of the targeting of 

pathways and cancer-driving genes. Furthermore, as found with first-generation PDX PCa 

model, Aneustat has immunomodulatory properties, likely stemming from its inhibition of 

aerobic glycolysis, that may lead to stimulation of the anticancer immune response in 

immunocompetent hosts. Since a clinically relevant PDX metastatic PCa model was used in this 

study, treatment with Aneustat+docetaxel is likely valuable for clinical management of advanced 

PCa. 
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Lay Summary 

When prostate cancer becomes metastatic (spreads within the body), it becomes incurable. 

Chemotherapy based on the drug, docetaxel, is the first-choice treatment for patients with 

metastatic prostate cancer who do not respond to medical castration. Unfortunately, it only 

marginally prolongs patients’ lives. In this project it was examined whether the efficacy of 

docetaxel-based chemotherapy could be improved by combining docetaxel with Aneustat, a 

herbal preparation exhibiting multi-targeted anticancer activities and well-tolerated toxicity. 

Using a clinically relevant model, consisting of immunodeficient mice bearing patient-derived 

prostate cancers, it was found that the anticancer activity of docetaxel+Aneustat was markedly 

higher than that obtained with docetaxel alone, leading to potent inhibition of tumor growth and 

metastasis - importantly, without major host toxicity. In addition, evidence was found that 

Aneustat could boost the anticancer immune response of the host. As such, treatment with 

Aneustat+docetaxel is likely valuable for improved clinical management of metastatic prostate 

cancer. 
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Chapter 1: Introduction 

1.1 Prostate Cancer 

1.1.1 Overview 

Prostate cancer is the most commonly diagnosed, non-cutaneous cancer and one of the leading 

causes of cancer death in North American men [1]. The Canadian Cancer Society estimated that, 

in 2016, more than 21,600 men in Canada would be diagnosed with prostate cancer, representing 

21% of all new cancer cases in Canadian men that year. In addition, 4,000 men would die from 

the disease, representing 10% of all cancer deaths in Canadian men. Approximately 1 in 8 

Canadian men are expected to develop prostate cancer during their lifetime, and 1 in 27 of them 

would likely die from this disease. 

More than 95% of prostate cancers are adenocarcinomas that originate from prostatic 

epithelial cells [2]. Most commonly, prostate cancer is found within the luminal epithelium of the 

peripheral zone [3]. If the disease is localized at the time of diagnosis, the 5-year survival is 

approximately 100%. In contrast, when distant metastases have occurred, the 5-year survival 

drops to approximately 28% [4]. However, about 20% to 30% of patients with localized disease 

will develop metastasis, even when they have been treated with definitive local therapies [5]. 

Once prostate cancer develops into metastatic disease, it becomes incurable with severe 

complications and a poor prognosis [6, 7]. 

Prostate cancer is a heterogeneous disease, since multiple distinct foci of carcinoma and 

prostatic intraepithelial neoplasia (PIN) with various degrees of cellular dysplasia tissue 

disorganization and genetic alterations can be found in a single prostate [8, 9]. Early-stage 

prostate cancer depends on androgen for growth and survival and responds to androgen ablation 

therapy [10]. Eventually, however, the disease progresses into castration-resistant prostate cancer 
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(CRPC) [11]. According to its androgen receptor (AR) status, CRPC is categorized as AR-

positive CRPC and AR-negative CRPC, such as neuroendocrine prostate cancer (NEPC) [12]. 

CRPC is at present incurable and lethal to cancer patients [11, 13]. 

1.1.2 The Prostate 

The prostate is the largest accessory sex gland in the male reproductive system. In human adults, 

the prostate is approximately the size of a walnut, weighing between 7 - 16 grams [14]. It is 

located below the base of the bladder and immediately in front of the bowel, surrounding the 

neck region of the urethra. The main function of the prostate is to secrete an alkaline fluid which 

nourishes and protects the sperm [15]. Adult prostatic epithelium consists mainly of luminal and 

basal cells, i.e. a continuous layer of cuboidal basal cells covered by a layer of columnar luminal 

cells which express the androgen receptor (AR) and prostate-specific antigen (PSA) [16].  

The normal prostate is divided into three distinct anatomical zones: the central zone, the 

transition zone, and the peripheral zone (Fig. 1.1) [17]. The peripheral zone (70% of the prostate) 

is the largest region and is also the most common site in the prostate for developing prostatic 

carcinomas. The central zone, which comprises 25% of the prostate, has a relatively lower 

incidence of carcinomas and other diseases. Although the transition zone is the smallest region of 

the prostate, benign prostatic hyperplasia (BPH) mainly arises from this region [17].  

The prostate originates from the endodermal urogenital sinus (UGS), which also gives 

rise to the prostatic urethra and bulbourethral glands in males, the lower vagina and urethra in 

females, and the bladder in both males and females [18, 19]. Androgen mediates the interaction 

between the urogenital sinus epithelium (UGE) and the urogenital sinus mesenchyme (UGM) to 

form the prostate [19-21]. During human prostate development, prostatic buds show up at about 

10 weeks of fetal development. The solid prostate buds grow into the surrounding mesoderm.  
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Figure 1.1 The anatomy of human prostate. 

The prostate is located below the bladder. The normal human prostate is divided into three anatomical zones, i.e. the 

central zone, the transition zone, and the peripheral zone. 
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The canalization of solid buds starts from the proximal ductal region near the urethra to the distal 

end. During prostate development, androgen is required to establish secretory epithelial cell 

morphology and secretory function [15, 22, 23]. By the end of the 15
th

 week of gestation, 

secretory prostatic epithelial cells are functional and PSA is produced by these cells. During 

embryonic development, the maturation of the prostate gland goes on when androgen levels are 

high. But prostate maturation stops at a quiescent state between birth and puberty. Prostate 

maturation and growth continue during puberty in response to increased androgen levels [16]. As 

such, androgen is essential for prostate development and maintenance. In adulthood, androgen 

receptors are expressed by the luminal epithelial cells, and the full secretory phenotype is 

established. Androgen deprivation can induce apoptosis of the prostatic epithelial cells and lead 

to a loss of nearly 90% of these cells within 3 weeks [24]. 

1.1.3 Risk Factors 

Epidemiological studies of prostate cancer have found the potent risk factors for prostate cancer 

to be age, race/ethnicity, and family history [25]. Prostate cancer is an age-related disease; age-

specific incidence rates reveal that the likelihood of developing prostate cancer rises sharply after 

age 50 [26]. In terms of race/ethnicity, the incidence of prostate cancer in Asian males is usually 

lower than in African American and Caucasian men, whereas African American men are more 

likely to develop prostate cancer than Caucasian men [27, 28]. However, the incidence of 

prostate cancer for Asian men living in Western countries is much higher than for Asian men 

living in their Asian countries of birth [27]. This indicates that environmental influences, such as 

diet and lifestyle, could be other risk factors for prostate cancer [25]. Finally, family history is 

another important risk factor for prostate cancer; a man with a positive family history has a 2-3 

times higher chance of developing the disease [27]. Aside from these risk factors, there are other 
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potential risk factors that can increase the probability of developing prostate cancer, including 

hormone profiles, concomitant medical conditions, and occupational exposures (such as, 

pesticides, lacquers, binding agents, pigments and solvents) [25, 29, 30]. 

1.1.4 Diagnosis and Staging of Prostate Cancers 

Studies of autopsies show that approximately 29% of men between the ages of 30-39 have 

microscopic evidence of prostate cancer, with the incidence increasing to 65% by age 70 [31]. 

Histopathological assessments of tissues can indicate the presence of malignancies and their 

degree of aggressiveness. The Gleason Classification system is a commonly used grading system, 

based on histologic patterns and extent of cell differentiation, to reveal how different prostate 

cancer tissue is from benign prostate tissue; as such it can be used as a powerful prognostic 

predictor of prostate cancer [32]. The Gleason grade ranges from 1 to 5, i.e. from well-

differentiated (Grade 1) to poorly differentiated (Grade 5) tumors. The Gleason score is the sum 

of the two most prominent histological grades: the primary and secondary grade patterns. The 

primary pattern is the dominant pattern in an area, whereas the secondary pattern is the second 

most common pattern [33]. Gleason scores range from 2 to 10; a score of 2 indicates a well-

differentiated tumor, while a score of 10 is a poorly differentiated tumor. In 2013, scientists from 

the Johns Hopkins Hospital proposed a new grading system. This new system includes five 

distinct Grade Groups: (i) Gleason score ≤ 6, (ii) Gleason scores 3 + 4 = 7, (iii) Gleason scores 

4 + 3 = 7, (iv) Gleason scores 4 + 4 = 8, and (v) Gleason scores 9 and 10. At biopsy, the 5-year 

biochemical recurrence-free survivals for the 5 Grade Groups were 96, 88, 63, 48, and 26 %, 

respectively [34]. Prostate cancer patients with Gleason score 7 (4 + 3) are in higher risk than 

those with Gleason score 7 (3 + 4) [35]. Lastly, the clinical status of prostate cancer is also 

characterized by a tumor–node–metastasis (TNM) system. T1 and T2 represent cancers confined 
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to the prostate, and T3 and T4 represent cancers that have spread elsewhere. N0 indicates no 

regional lymph node metastasis, and N1 indicates metastases in regional lymph node(s). M0 

represents no distant metastasis; M1 represents metastasis to distant organs (beyond regional 

lymph nodes) [36]. 

Prostate cancers are commonly discovered during a digital rectal examination (DRE) or 

by a serum prostate-specific antigen (PSA) test [37, 38]. Of these two methods, PSA screening is 

more sensitive than DRE [37], but has disadvantages as discussed below. Combined use of PSA 

and DRE is a more sensitive method for early detection [37], with prostate biopsy as the gold 

standard for prostate cancer diagnosis [39]. Therefore, men with a PSA level between 4.0 and 10 

ng/mL should undergo a prostate biopsy even with a negative DRE [38]. 

Since the serum PSA test was introduced as a diagnostic marker into clinical practice in 

1987 [40], and later approved by the FDA as a biomarker for prostate cancer diagnosis, it has 

been widely adopted. However, there is controversy over the efficacy and reliability of PSA 

screening.  It is associated with a high false-positive rate (as demonstrated by tissue biopsy) and 

hence psychological harm [41]. In addition, PSA screening cannot differentiate lethal from 

nonlethal disease [42]. It may lead to over-diagnosis and over-treatment for patients with non-life 

threatening prostate cancer causing unnecessary harm to the patients [43, 44]. In view of these 

disadvantages of PSA tests, new diagnostic prostate cancer biomarkers have emerged based on 

novel molecular technologies, such as microarrays and whole-genome sequencing.  

Prostate cancer antigen 3 (PCA3) is a gene that expresses a long noncoding RNA [45, 46]. 

PCA3 is only expressed in human prostate tissue and highly overexpressed in 95% of prostate 

cancers [45, 47]. RNA expression of PCA3, measured in urine samples after DRE, can be used 

as a prostate cancer diagnostic biomarker with a sensitivity of 53 - 69% and specificity of 71 - 83% 
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[48]. Use of PCA3 (Progensa by Gen Probe, Inc.) was approved by the FDA in 2012 for prostate 

cancer diagnosis [48]. 

TMPRSS2-ETS gene fusions are most frequently observed genetic alterations in prostate 

cancer. The ETS family numbers, ERG and ETV1,4,5, have been demonstrated to show genomic 

rearrangements leading to gene fusion with TMPRSS2 [49]. Among these aberrations, 

TMPRSS2-ERG gene fusion is the most common one in prostate cancer. It is specific for 

prostate cancer and not detectable in benign prostate tissue and benign prostatic hyperplasia 

(BPH) [50, 51]. The frequency of TMPRSS2-ERG gene fusion in primary prostate cancers is 

approximately ≥50% [52, 53]. However, the frequency of TMPRSS2-ERG gene fusion in CRPC 

patients varies from 37% to 80% based on various patient cohorts [54-56]. As well, TMPRSS2-

ETV gene fusions account for  less than 10% of prostate cancer samples [51]. As such, the 

TMPRSS2-ETS gene fusions provide diagnostic value for prostate cancer [57]. However, their 

prognostic value is controversial as indicated by various reports [48, 58]. 

“Liquid biopsy” based on analysis of circulating tumor cells (CTCs) and circulating cell-

free tumor DNA (ctDNA) in the blood of patients has emerged as a promising non-invasive 

prostate cancer diagnostic method [59]. While the majority of research in this area has focused 

on blood-based liquid biopsy [60, 61], studies have shown that other body fluids, such as urine 

[62], saliva [63, 64], and cerebral spinal fluid [65, 66], may also be used for liquid biopsy. CTCs 

can be isolated from the blood of cancer patients as single cells or in cell clusters. Elevated 

numbers of CTCs are most commonly found in metastatic prostate cancer patients [67]. CTCs 

are not only useful as diagnostic biomarkers, but also have prognostic value [68]. As such, the 

CellSearch® test has been approved by the FDA for isolation and enumeration of CTCs from the 

peripheral blood, serving as an independent prognostic biomarker of survival of patients with 
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prostate, breast and colorectal cancers [69]. In addition to the information obtained through 

analysis of CTCs, the molecular profiles gathered from ctDNA can provide additional value for 

cancer diagnosis, response to treatment prognosis, and cancer monitoring [59, 61, 70]. The 

concentration of ctDNA in peripheral blood has been shown to correlate with tumor size and 

disease progression. A median concentration of ctDNA of patients with advanced prostate cancer 

is about 100-1,000 copies per 5 ml of plasma [60]. The application of ctDNA can be used to 

detect both specific genetic changes and all possible aberrations in DNA using targeted and 

whole exome/genome sequencing [70].  

In addition, other commercially available prostate cancer biomarkers or tests have 

recently been developed. The Prostate Core Mitomic Test (Mitomics) is an RT-PCR test to 

distinguish benign from malignant prostate tissues by detecting large-scale mitochondrial DNA 

deletions in formalin-fixed paraffin-embedded (FFPE) biopsy samples [71]. Prolaris (Myriad 

Genetic Laboratories) is a gene test used to measure the cell cycle progression signature of 46 

genes (31 cell cycle genes and 15 house-keepers) using FFPE material (biopsies or resected 

tumors) to predict prostate cancer progression and disease mortality [72]. Such commercial 

biomarkers or tests may be useful for improving diagnosis of prostate cancer and guidance for its 

treatment. Validations are needed to confirm their reliability, reproducibility and clinical utility 

with large cohorts from multiple centers.  

1.1.5 Cancer Metastasis 

1.1.5.1 The Metastatic Process 

Metastasis is the spread of cancers from the place where they first formed to another part of the 

body [73]; it is the central step that makes most cancers incurable [74]. Metastasis is responsible 

for 90% of cancer deaths [75, 76], and is defined as one of the hallmarks of cancer [77]. The two 
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major routes of cancer metastasis are hematogenous spread (dissemination via blood vessels) and 

lymphogenous spread (dissemination via lymphatic systems). Other ways of cancer metastasis 

include local tissue invasion and direct seeding into body cavities [78, 79].  

Metastasis is a multi-step process involving a series of complex biological events. Each 

of the steps can affect the time required for metastasis to occur, and failure of any of the steps 

can abolish the entire metastatic event [80, 81]. Metastasis begins with local tissue invasion, 

which involves changes in cancer cell adhesion to neighboring cells and to the extracellular 

matrix (ECM), and proteolytic degradation of the surrounding tissue leading to cancer cells 

penetrating the surrounding tissue [82, 83]. Matrix metalloproteinases (MMPs), especially 

MMP2 and MMP9, play an important role in cancer progression by degrading the ECM and 

stimulating epithelial-mesenchymal transition (EMT), which lead to cancer cell invasion [84-86]. 

EMT is a complex process by which epithelial cells acquire mesenchymal, fibroblast-like 

properties and reduced cell-cell adhesion, resulting in increased motility of the cancer cells [87]. 

Remarkable changes of EMT are the loss of an epithelial surface marker, namely E-cadherin, and 

the acquisition of mesenchymal markers, such as vimentin and N-cadherin [88]. Various 

transcription factors, such as SNAIL, SLUG and TWIST, contribute to activation of the EMT 

process [88]. 

The next step in metastasis involves entry of the cancer cells into the blood vessels, a 

process called intravasation. The bloodstream is a rough environment for circulating cancer cells, 

and for successful extravasation of the cancer cells to occur, they must survive immune attacks 

and destruction from velocity-induced shear forces [82, 83, 89]. One of the survival mechanisms 

of cancer cells in the bloodstream comes from the protection by platelets [90]. Thus cancer cell-

platelet aggregations can provide shields for the cancer cells against attacks by immune cells in 
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the bloodstream. In addition, platelets can also protect cancer cells from high shear forces in the 

blood [90, 91]. Furthermore, platelets can facilitate the adhesion of cancer cells to the vascular 

endothelium and their subsequent extravasation [92, 93]. On their own, cancer cells may protect 

themselves from immune cell action by expressing acquired immunosuppressive activity that 

allows them to "communicate" with immune cells and evade immune surveillance. It has been 

proposed that acquisition of immunosuppressive properties by epithelial cancer cells can be 

obtained via a process termed ‘Epithelial Immune Cell-like Transition’ (EIT) [94].   

Finally, to form metastatic colonies, extravasated cancer cells must survive in a 

microenvironment that usually markedly differs from the primary tumor site [82, 83, 89]. A large 

number of cancer cells die after arrival in distant organs [95, 96]. To survive an incompatible 

microenvironment at the metastatic site, cancer cells may establish a pre-metastatic niche before 

initiating the metastatic processes [97]. To overcome the harsh new environment, cancer cells 

may enter a quiescent state as single cells or micro-metastasis. The quiescence may last from 

months to years. Once the growth pathways are activated, latent cancer cells enter a fast growth 

stage, leading to the formation of macro-metastases and an overt lesion [96]. 

Studies show that cancer metastasis does not occur by chance; certain cancer cells (the 

“seed”) possess an affinity to certain organs (the “soil”). Therefore, metastatic events develop 

only when the seed and the soil are compatible [98]. It has been well-established that various 

types of cancer demonstrate organ-specific metastases [99], and numerous theories have been 

proposed to explain organ-specific metastasis. One theory proposes that tumor cells spread 

equally via the blood and lymphatic systems to all the organs, but only form colonies in organs 

with suitable growth factors. Another theory suggests that cancer metastasis results from 

adhesion molecules expressed by endothelial cells in the blood vessels of target organs. Lastly, a 
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“chemoattraction” theory outlines the spread of organ-specific attractive molecules into the 

circulating system, which leads circulating cancer cells to penetrate the blood vessels and enter 

the specific organs [100]. More evidence is needed to elucidate the mechanisms underlying 

organ-specific metastasis.  

1.1.5.2 Prostate Cancer Metastasis 

Bones are the most common sites of cancer metastasis and prostate cancer is one of the most 

common types of cancer to develop bone metastases, with an incidence of about 68% [98]. The 

incidence is even higher for advanced prostate cancer (>80%). As such, bone metastasis is 

associated with high morbidity: the 5-year patient survival rate is less than 30% and the median 

survival is approximately 40 months for metastatic prostate cancer patients [101].  

When cancer cells arrive in the bone, they adapt to their new microenvironment and then 

usually enter a dormant state. Upon external stimulation, prostate cancer cells develop into 

micro-metastases. This is followed by a period of rapid growth, as cancer cells establish macro-

metastases in situ [102]. Particularly in the case of prostate cancer, bone metastases can lead to 

numerous complications, including hypercalcemia of malignancy, bone marrow failure/ 

leukoerythroblastic anemia, and more commonly, skeletal-related events (SREs) [103]. SREs are 

defined as pathological fractures, spinal cord compression, and bone pain; SREs are associated 

with an increased risk of death, increased health care costs, and a reduced quality of life [103, 

104]. As such, treatment regimens that can potentially delay or reduce prostate cancer metastasis 

would subsequently reduce the occurrence of SREs and benefit cancer patients [105]. 

Metastatic prostate cancer in bone has been shown to induce osteoblastic lesions [106]. 

Emerging evidence indicates that the development bone metastases of prostate cancer requires 

not only osteoblastic activity but also osteoclastic activity [107]. The bone-specific metastasis of 
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prostate cancer is very likely regulated by chemoattractant factors, such as CXCL12 and 

RANKL [108-110]. It has been shown that prostate cancer cells expressing CXCR4 migrate to 

bone marrow expressing CXCL12 [111, 112]. Using a mouse model it was found that prostate 

cancer bone metastasis could be reduced by neutralizing CXCR4 using anti-CXCR4 antibodies 

[113]. RANKL, and its receptor RANK, also appear to play important roles in prostate cancer 

metastasis. RANKL is expressed by osteoblasts while RANK is expressed on osteoclast 

precursor cells. Activation of RANK/RANKL can lead to osteoclast formation, which is 

inhibited by osteoprotegerin (OPG) binding to RANKL [114, 115]. RANK, however, is also 

expressed by prostate cancer cells, and the RANKL produced by osteoblasts shows 

chemoattractant activity, inducing bone metastasis of RANK-expressing cancer cells [116]. The 

expression levels of RANKL and RANK are positively correlated with prostate cancer grade and 

metastatic events [117, 118].  

A variety of signaling pathways are thought to play important roles in prostate cancer 

metastasis, including the Wnt/β-catenin signaling pathway. Following activation of signaling 

pathway, it can induce stabilization of the transcriptional co-activator β-catenin and its 

translocation to the nucleus leading to activation of target genes [119]. Twist and Slug are target 

genes of the Wnt/β-catenin pathway; their activation can inhibit E-cadherin gene expression 

leading to promotion of prostate cancer metastasis [119, 120]. Recently, a key role of the 

FOXM1-CENPF pathway in the metastatic progression of prostate cancer has been highlighted. 

The FOXM1 transcription factor was shown to have an essential role in prostate cancer growth 

and metastasis [121, 122]. As well, analysis of gene expression profiles of both human and 

mouse prostate tumors indicated that FOXM1 and CENPF (a protein that associates with the 

centromere-kinetochore complex) are synergistic master regulators of prostate cancer metastasis; 
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co-expression of FOXM1 and CENPF is a robust prognostic indicator of metastasis and poor 

patient survival [123]. Recent evidence indicates that prostate cancer metastasis is promoted by 

dysregulation of the FOXM1-CENPF axis, i.e. with loss of functions of miRNAs leading to 

over-expression of FOXM1 and CENPF [124].  

1.2 Prostate Cancer Treatment 

1.2.1 Treatment Options 

Treatment options for prostate cancer are mainly based on prognostic factors: initial PSA level, 

clinical TNM stage, and Gleason score. Other factors that are also considered are baseline 

urinary function, comorbidities, and age [125]. Active surveillance is suitable for patients with 

localized prostate cancer with pre-treatment clinical stage T1c or T2 tumours, serum PSA levels 

of <10 ng/ml, and biopsy Gleason scores of 6 or less. To monitor tumour progression during 

surveillance, patients are recommended to take serum PSA tests, digital rectal examinations, and 

surveillance biopsies [126, 127]. Surgery and radiation therapy are common options for treating 

localized prostate cancer [125], and can be curative [128]. However, many patients will likely 

experience local recurrence and progression to metastasis [128, 129]. Since prostate cancer 

growth is generally androgen-dependent, androgen ablation therapy (ADT) of locally advanced, 

recurrent, or metastatic prostate cancer is quite effective during the first 1 to 3 years of the 

disease. Either through medical or surgical castration, ADT aims for a serum testosterone level 

lower than 20 ng/dl to maximize therapeutic efficacy [130, 131]. Medical castration involves 

administering luteinizing hormone-releasing hormone (LHRH) agonists or antagonists [130]. 

However, within 18-24 months cancers will frequently develop into a more aggressive, androgen 

ablation therapy-resistant phenotype termed “castration-resistant prostate cancer” (CRPC) [132]. 

CRPC typically manifests itself alongside rising serum prostate-specific antigen (PSA) levels 
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[133]. It has been well established that PSA expression is regulated by androgen receptor (AR) 

[134]; as well, there is increasing evidence that AR plays an important role in the development of 

CRPC [135, 136]. Currently, the standard first line therapy for metastatic CRPC is systemic 

docetaxel plus prednisone chemotherapy, which was approved in 2004 [137].  

After docetaxel, several new drugs have been approved by the U.S. Food & Drug 

Administration (FDA) for prostate cancer treatment. For example, Abiraterone Acetate inhibits 

androgen synthesis by selective inhibition of the enzyme CYP17, a critical enzyme in 

testosterone synthesis [138]. As demonstrated by Phase III clinical trials, it can be used for 

treatment of both chemotherapy-naïve and post-docetaxel treatment patients with metastatic 

CRPC [139-141]. Enzalutamide is a second-generation antiandrogen which binds strongly to the 

AR with a higher affinity than earlier generation anti-androgens, inhibiting AR nuclear 

translocation [142]; Enzalutamide can also impair AR-DNA binding, leading to inhibition of 

AR-mediated transcription [143]. Evidence from Phase III clinical trials has shown that 

Enzalutamide may be used for treatment of both chemotherapy-naïve and post-docetaxel 

treatment mCRPC patients [144, 145]. However, cross-resistance has been observed between 

Abiraterone Acetate and Enzalutamide [146, 147].  

Cabazitaxel is a novel tubulin-binding taxane with poor affinity for P-glycoprotein 

compared to Docetaxel [148]. Although Cabazitaxel and Docetaxel belong to the same family, 

the TROPIC trial has shown that Cabazitaxel was effective after Docetaxel failure. As such, 

Cabazitaxel is used as post-docetaxel treatment [149, 150]. In addition, Cabazitaxel was found to 

show anti-prostate cancer activity in patients after Abiraterone or Enzalutamide therapy [151]. 

Sipuleucel-T is an autologous cellular immunotherapeutic and the first therapeutic vaccine for 

CRPC treatment approved by the FDA, based on the D9901, D9902A and IMPACT Phase III 
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trials [152, 153]. Sipuleucel-T contains a patient’s peripheral blood mononuclear cells, including 

antigen-presenting cells (APCs), which are activated ex vivo and then injected back into the 

patient to induce an immune response [154].  

There are also a small number of drugs used for treatment of patients with metastatic 

prostate cancer. Zoledronic acid, a third generation nitrogen-containing bisphosphonate, is used 

for treatment of CRPC patients with bone metastases. ADT-induced bone loss has been shown to 

increase the risk of fracture [155]. Bisphosphonates can suppress recruitment and activity of 

osteoclast to sites of bone resorption [156]. In addition, it was shown that bisphosphonates could 

inhibit prostate cancer invasion and cancer cell adhesion to the bone [157]. Treatment with 

Zoledronic acid was shown to reduce skeletal-related events (e.g., pathologic bone fracture) 

[158]. Denosumab, a monoclonal antibody specific for RANKL, targets the RANKL-RANK axis 

during prostate cancer bone metastasis [115, 159]. Denosumab can inhibit activation of RANK 

on the surface of osteoclasts by binding to RANKL which leads to inhibition of osteoclast 

function. As such, treatment with Denosumab may decrease bone resorption and reduce cancer-

induced bone damage [160]. In Phase III clinical trials, it was found that treatment with 

Denosumab can significantly increase bone metastasis-free time of prostate cancer patients [161]. 

Radium-223, an alpha particle-emitting radiopharmaceutical, is recommended for treatment of 

prostate cancer patients with pain due to bone metastases, but with no known visceral metastasis 

[139, 162]. Radium-223 mimics calcium to form complexes with hydroxyapatite, particularly in 

areas with high osteoblastic turnover, i.e. metastatic prostate cancer cells surrounded by 

osteoblasts [163]. Alpha particles generated by decay of Radium-223 can induce double-strand 

DNA breaks, leading to cancer cell death. The short tissue-penetration range of alpha particles, 

however, limits the disruption of the surrounding healthy bone tissue [164]. Treatment with 
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Radium-223 has been shown to benefit metastatic prostate cancer patients by increasing the 

overall patient survival time and reducing the number of skeletal-related events [4]. 

1.2.2 Docetaxel-based Chemotherapy 

1.2.2.1 Clinical Applications and Molecular Actions of Docetaxel 

Docetaxel is a semi-synthetic, second generation taxane derived from the bark of the European 

yew tree, Taxus baccata [165]. Docetaxel is approved by the FDA for treatment of metastatic 

castration-resistant prostate cancer (mCRPC), breast cancer, non-small cell lung cancer, gastric 

adenocarcinoma and squamous cell carcinoma of the head and neck cancer. Based on a Phase III 

clinical trial-TAX327 study, docetaxel-based chemotherapy was approved in 2004 as a first line 

treatment for mCRPC patients. The recommended dosage of docetaxel is 75mg/m
2
 (1 hour 

intravenous infusion) every three weeks, combined with 5mg of prednisone twice daily for 10 

cycles. In a retrospective study, it was shown that patients who received docetaxel plus 

prednisone had limited longer progression-free survival time than those who received docetaxel 

alone [166]. This is likely due to the inhibitory effect of corticosteroids on adrenal androgen 

secretion and growth of prostate cancer cells by modulating the levels of cellular growth factors, 

such as down-regulation of IL-6 [167]. Recently, three independent Phase III clinical trials have 

shown that docetaxel-based chemotherapy plus androgen deprivation therapy (ADT) of 

metastatic, androgen-sensitive prostate cancer patients can improve patient overall survival 

compared to use of ADT alone [168, 169]. These trials indicate potential clinical use of 

docetaxel-based chemotherapy for treatment of early stages of prostate cancer in addition to 

metastatic CRPC. 

The anticancer activity of docetaxel is based on interference with microtubule dynamics 

essential for mitotic and interphase cellular functions. Docetaxel has a high affinity for tubulin 
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which promotes the assembly of stable microtubules and inhibits their disassembly. This leads to 

a decrease in free tubulin, needed for microtubule formation, and results in inhibition of mitosis 

[137]. Furthermore, it has been shown that docetaxel can induce cell apoptosis by affecting the 

expression and phosphorylation of Bcl-2 family proteins [170]. In addition, it has been reported 

that docetaxel can not only down-regulate AR expression [171], but also inhibit microtubule-

dependent AR nuclear translocation [172, 173].  

Although docetaxel targets prostate cancer via various mechanisms, and treatment with 

docetaxel-based chemotherapy has led to prolonged overall patient survival, the patient response 

to treatment with docetaxel is lower than expected. In the TAX327 clinical trial, the PSA 

response (defined as a reduction in serum PSA levels of at least 50%) and tumor response of 

patients treated with standard docetaxel-based treatment were about 45% and 12%, respectively  

[174]. In the S9916 Phase III clinical trial, a 50% PSA response and 17% tumor response were 

observed in patients treated with docetaxel and estramustine [175]. In the CALGB-90401 Phase 

III clinical trial, mCRPC patients treated with standard docetaxel-based therapy showed a 57.9% 

PSA response and a 35.5% tumor response [176]. Recently, another Phase III clinical trial, 

conducted by Prof. Pirkko-Liisa Kellokumpu-Lehtinen, showed that treatment of mCRPC 

patients with 3-weekly docetaxel-based chemotherapy led to a PSA response of about 42% and a 

tumor response of about 22% [177].  

 In addition to the relatively low patient response, docetaxel resistance was found to 

develop in patients who initially responded to the drug. The development of docetaxel resistance 

may be caused by various conditions/factors [178, 179]: i) Therapy resistance related to 

abnormal tumor vasculature. Administration of an anticancer drug to a solid tumor usually 

takes place via the bloodstream. As the drug reaches the tumor via the blood, it still must cross 
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the extracellular matrix to enter the cancer cells. Tumor blood vessels are disorganized and have 

a chaotic blood flow. This can lead to impaired delivery of the drug to the various parts of the 

tumor and ultimately therapy resistance [180]. The abnormal tumor vasculature also leads to 

hypoxic regions in the tumor and to hypoxia-induced development of drug resistance [181]. 

Impaired drug delivery, and hence therapy resistance, can also be induced by increased 

interstitial fluid pressure caused by leaky vasculature coupled to impaired lymphatic drainage 

[182]. ii) Altered intracellular docetaxel levels. ATP-binding cassette transporters (ABC 

transporters) are members of a transporter family to pump docetaxel from the intracellular space 

to the extracellular space, leading to reduced amounts of drug inside the cancer cells. Docetaxel 

has a high affinity for P-glycoprotein, a member of the ABC transporter family. It has been 

shown that cancer cells that synthesize P-glycoprotein become resistant to docetaxel [183]. Over-

expression of other ABC transporters, such as ABCB4 and ABCC1, also promotes docetaxel 

resistance in cancer cells [184]. iii) Microtubule alterations. Alterations in microtubule 

structure and/or function represent another mechanism of docetaxel resistance development. The 

changes of microtubule structure may be caused by β-tubulin gene mutations which affect 

docetaxel binding, increased total cellular β-tubulin content, altered expression of β-tubulin 

isotypes (e.g. βIII-tubulin) and led to post-translational β-tubulin modifications. Functional 

changes that may promote docetaxel resistance include alternative binding of docetaxel to β 

tubulin, changes in expression of microtubule-destabilizing phosphoproteins, elevated expression 

of kinesins and activation of the TXR1/thrombospondin pathway [185]. iv) Impaired apoptotic 

pathway and activation of other pathways. Changes in gene expression affecting the apoptotic 

pathway can form additional mechanisms of docetaxel resistance development. During treatment 

of prostate cancers with docetaxel, up-regulation of Bcl-2 decreases the efficacy of docetaxel by 
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impairing apoptosis [186]. In addition, other changes, such as p53 mutation, Src tyrosine kinase 

inactivation, activation of PI3K/AKT pathway and NF-κB pathway, can lead to docetaxel 

resistance [179]. 

1.2.2.2 Docetaxel-based Combinations 

In the TAX 327 randomized, Phase III clinical trial, docetaxel-based chemotherapy was shown 

to improve the overall survival of mCRPC patients, compared to the previous standard regime of 

mitoxantrone plus prednisone [174]. However, there were only marginal improvements in the 

overall patient survival. Since then, numerous clinical trials have focused on improving the 

efficacy of docetaxel by combining it, as a pivot drug, with a variety of other anticancer agents, 

including tyrosine kinase inhibitors (e.g., Dasatinib [187]), antiangiogenic agents (e.g., 

Bevacizumab [176]), bone-targeted agents (e.g., Zoledronic acid [188] and Atrasentan [189]), 

anti-apoptosis inhibitors (e.g., Custirsen [190]), vitamin D analogs (e.g., Calcitriol [191]), and 

other therapeutics such as Estramustine [175]. Although some of the Phase I/II clinical trials 

have shown positive data, Phase III clinical trials with docetaxel-based combinations have failed 

to demonstrate improvements in overall survival of mCRPC patients compared to the standard 

docetaxel-based treatment [192-194]. Therefore, the development of effective drugs and/or novel 

therapeutic regimens is critical for improving disease management and patient survival time. 

Several criteria used in the design of the above docetaxel-based combinations need 

particular attention. First, some of the docetaxel-based combinations entered Phase III trials 

without having successfully reached the research goals in Phase II trials. Moreover, some of the 

drug combinations used were never tested in Phase II clinical trials before entering Phase III 

trials. Second, appropriate end points in clinical trials should be drug specific, e.g., PSA response 

rate as an end point for AR-targeting drugs. Third, early-phase studies should seek to confirm 
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that the drug in question reaches its target, engages and inhibits its target and that target 

inhibition produces a clinical effect [193].  

1.3 Tumor-Immune System Interactions 

1.3.1 Local Immune Response 

The tumor microenvironment is the cellular environment in which the cancer cells exist. It 

includes surrounding blood vessels, immune cells, fibroblasts, bone marrow-derived 

inflammatory cells, lymphocytes, signaling molecules and the extracellular matrix. There is 

continuous interaction between the cancer cells and immune components of the tumor micro-

environment affecting the growth and heterogeneity of the cancer cells. Various types of immune 

cells are recruited into the tumor microenvironment; this induces a dynamic process of local 

immune responses. Many studies have been conducted to examine the relationship between local 

immune responses and cancer progression [195]. It is now well-accepted that the immune system 

has a dual role in the development of cancer. It acts both as a tumour suppressor and promoter, 

by inducing cancer cell death and establishing an optimal microenvironment that facilitates 

cancer progression [196-198], respectively. This latter role is known as immunoediting [199-

201]. Three stages of cancer immunoediting have been proposed: elimination, equilibrium, and 

escape [199, 202].  

During the elimination phase, both innate and adaptive immune responses are involved, 

which leads to the elimination of cancer cells via various mechanisms [199]. If all the cancer 

cells are destroyed, the elimination phase represents an endpoint of immunoediting. However, if 

cancer cells remain, interactions between the immune system and the remaining cancer cells 

results in the equilibrium phase. This way, the immune system can limit tumor outgrowth and 

cancer cells can remain in a dormant state for many years, as has been demonstrated in 
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experimental models [203]. Eventually, cancer cells escape the immune control and flourish 

within the immunologically intact environment [199]. This ability to evade immunological 

destruction has been characterized as one of the hallmarks of cancer [77]. 

It has been proposed that cancer cells can escape immune destruction through various 

mechanisms. For example, by acquiring immunosuppressive properties via a trans-differentiation 

process termed epithelial immune cell-like transition (EIT) [94], or by inducing a local 

immunosuppressive microenvironment [204]. The latter is likely a major cause of immune 

evasion [195]. Immune genes/proteins that can be expressed by epithelial cancers include a 

variety of cytokines/receptors, immune transcription factors, and Ig motifs in cell surface 

molecules. By acquiring an ability to express immune genes/proteins, cancer cells can 

“communicate” with immune cells leading to (i) suppression of anticancer immune activity in 

their microenvironment and (ii) facilitation of the malignant progression of the disease [94]. To 

maintain a tumor-promoting microenvironment, immunosuppressive cells are recruited, 

including regulatory T cells (Treg), regulatory B cells (Breg), myeloid derived suppressor cells 

(MDSC), tumor-associated macrophages (TAM), and regulatory dendritic cells (DCreg) [205-

209]. This leads to the suppression of the cytotoxic activity of antitumor immune cells such as 

natural killer (NK) cells and cytotoxic CD8
+
 T cells [210-212]. 

1.3.2 Lactic Acid Induced Local Immune Suppression 

Reprogrammed energy metabolism is commonly associated with deregulated proliferation of 

cancer cells, and is an emerging cancer hallmark [77, 213, 214]. In contrast to normal cells, 

cancer cells in general rely on energy generation via aerobic glycolysis (transformation of 

glucose to lactic acid), regardless of whether hypoxia is present; it is also known as the ‘Warburg 

effect’ [215, 216]. Prostate cancers, as distinct from other cancers, have relatively low glycolytic 
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activity, rendering 
18

F-deoxyglucose positron emission tomography (FDG-PET) for glucose 

uptake measurement less effective [217]. However, metabolic heterogeneity, including aerobic 

glycolysis, is observed in primary, treatment-naïve prostate cancer [218]. Furthermore, there is 

evidence indicating that the aerobic glycolysis pathway of prostate cancer is more active as the 

disease progresses [219, 220]. In addition, prostate cancer cells can also generate energy from 

non-glucose-dependent pathways, such as glutaminolysis [216, 221, 222]. Secretion by the 

cancer cells of lactic acid, which is the product of both pathways, results in an acidic tumor 

microenvironment, with pH levels as low as 6.0-6.5, in contrast to pH levels of ~7.5 of the 

normal cell microenvironment [223-226].  

 The acidic tumor microenvironment that is produced by increased lactic acid secretion by 

cancer cells is a major cause of local immunosuppression [227, 228]. The cancer-generated lactic 

acid can affect the functions and levels of intratumoral immune cells. The anticancer immune 

response, as mainly mediated by cytotoxic CD8
+
 T cells, has been shown to be dependent on 

components of the microenvironment such as helper cells and cytokines. However, it is also 

influenced by the surrounding acidity, as an acidic pH can markedly impair the proliferation and 

function of the cytotoxic CD8
+
 T cells. Thus, lactic acid was found to inhibit the proliferation 

and cytotoxic activity of such T cells by 95% and 50%, respectively. In addition, the cytotoxic 

function of CD8
+
 T cells could be restored by their transfer to lactic acid-free medium [229]. 

Recent studies also indicate that the activity of NK cells is inhibited by tumor-generated lactate. 

The cytotoxicity of NK cells was significantly decreased when cultured in the presence of lactate 

with down-regulation of the NK activation receptor, NKp46 [230]. Furthermore, abundant 

evidence has indicated that lactic acid can induce and promote the differentiation of regulatory T 

cells (Tregs), myeloid-derived suppressor cells (MDSCs), tolerogenic dendritic cells and M2 
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macrophages, which facilitate cancer progression [230-234]. As such, cancer-generated lactic 

acid inhibits the anticancer immune response, but activates immunosuppressive action, leading to 

immunosuppression in the tumor microenvironment.  

As indicated above, targeting aerobic glycolysis to reduce lactic acid secretion by cancer 

cells would likely provide an attractive method to counteract cancer-induced immunosuppression. 

Using nude mice bearing subcutaneous PC3 human prostate cancer xenografts, it was shown that 

targeting MCT4 (the lactate transporter that transfers lactate from the cytoplasm to the 

extracellular space) led to inhibition of the growth of the xenografts; furthermore, increased 

numbers of intratumoral NK cells and CD3
+
 T cells were observed around blood vessels [235]. 

Two other independent in vivo studies showed that specific targeting of lactate dehydrogenase-A 

(LDHA; the enzyme involved in the conversion of pyruvate to lactate) led to inhibition of tumor 

growth. Furthermore, the cytotoxic activity of CD8
+
 T cells and NK cells was enhanced and the 

intratumoral levels of CD8
+
 T cells and NK cells were higher in treated tumor tissues than in 

untreated tissues. As well, the numbers of intratumoral Tregs and MDSCs were significantly 

lower in the treatment group [230, 236]. Taken together, these findings indicate that reduction of 

cancer-generated lactic acid secretion obtained by targeting the aerobic glycolysis pathway can 

restore the host anticancer immune response, a promising observation for cancer treatment. 

1.4 Patient-derived Xenograft (PDX) Models 

1.4.1 Lessons Learned from Past Clinical Trials 

In the last decades, 85% of new anticancer drug candidates failed during early stages of clinical 

trials, despite promising anticancer activity indicated by preclinical tests. Even among candidates 

that had successfully passed Phase III clinical trials, less than 50% were approved for clinical use 

[237]. Particularly for potential anticancer drugs, there was a large discrepancy between the 
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efficacies found for candidate drugs in clinical trials, versus those found during preclinical 

studies. As a result, only ~5% of anticancer drug candidates (that had successfully met the 

requirements of preclinical in vivo efficacy screening tests) showed significant effectiveness in 

clinical trials and were approved by the FDA for use in the clinic [238, 239]. These findings 

strongly indicated that the preclinical screening and assessments of drug candidates being used 

were hampered by a lack of clinically relevant experimental in vivo cancer models. Consequently, 

in early 2016, the NCI made an important decision to replace the traditional NCI-60 cell lines (a 

panel of 60 human cancer cell lines, which has been in use for more than 25 years) with patient-

derived xenograft (PDX) human cancer models for drug screening [240]. 

1.4.2 Mouse Models for Prostate Cancer Research 

Mouse models of cancer have played an essential role in understanding the biology and 

mechanisms of cancer initiation and progression, as well as provided new insight into the tumor 

microenvironment. As experimental tools, mouse cancer models also provide high value for drug 

screening in personalized cancer therapy and novel drug development, including mechanistic 

studies and drug efficacy tests. Based on particular research purposes, various mouse models can 

be applied to answer specific questions. 

i) Genetically Engineered Mouse Models  

Genetically engineered mouse models that could better recapitulate genetic alterations in human 

prostate cancer have been widely used in prostate cancer research. These models have been 

shown to have gained or lost functions of oncogenes, tumor suppressor genes, growth factors, 

cell-cycle regulators, pro- and anti-apoptotic genes. They have provided powerful tools for 

studying the biological effects and molecular actions of specific genes in cancers.  
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The transgenic adenocarcinoma of mouse prostate (TRAMP) model is widely used in 

research of prostate cancer characterized by rapid cancer progression. The TRAMP model has a 

C57BL/6 mouse background and expresses SV40 large-T and small-t antigens regulated by the 

prostate-specific rat probasin promoter [241]. PINs can be seen as early as 10 weeks of age and 

nearly 100% cancer penetrance is evident by 24 weeks of age [242, 243]. The TRAMP model 

shows a castration-resistant phenotype, since castration of the mice at 12 weeks of age did not 

affect cancer progression. Recently, this model has been claimed to develop neuroendocrine-like 

prostate cancer [244]. The LADY model shows pathological similarity to the TRAMP model, 

but is less aggressive than the TRAMP model [245]. The probasin promoter was used to drive 

the SV40 large-T antigen in the LADY mouse model for prostate cancer development [246]. 

PINs are observed by 10 weeks of age and cancer by 20 weeks of age. Similarly, the LADY 

model also shows neuroendocrine features [247, 248]. In addition, cancer metastasis can be 

observed in both TRAMP and LADY models [249, 250].  

The PTEN-deficient mouse model represents another commonly used mouse model in 

prostate cancer studies. Loss-of-function in PTEN is found in about 35% of primary prostate 

cancers and 63% of metastatic disease. With conditional deletion of Pten in mouse prostate 

epithelium, the Pten
flox/flox

 mice develop hyperplastic disease by 4 weeks of age, PIN at 6 weeks 

and prostate adenocarcinoma at 9-29 weeks. Metastatic disease is observed after 12-29 weeks 

[251]. Loss of PTEN is associated with activated PI3K/AKT signaling [252, 253], enhanced 

glycolytic activity [253] and docetaxel-resistant phenotype [254, 255]. Thus, an appropriate 

mouse model can be chosen based on specific characteristics. However, there are still many 

differences between human and mouse in prostate biology, tumorigenesis, cancer progression 

and metastasis development [256]. 
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ii) Cancer Cell Line-derived Mouse Models 

They include immunodeficient mice (e.g., nude and SCID mice) bearing (i) subcutaneous human 

prostate cancer cell line xenografts by injection of cultured human prostate cancer cells (e.g., 

LNCaP, C4-2, PC3 and DU145) or (ii) allografts by injection of mouse prostate cancer cells (e.g., 

TRAMP C-2 and RM1). This type of mouse model is valuable for basic research, but has 

limitations with regard to clinical relevance, likely due to the loss of cancer heterogeneity, 

absence of tissue architecture observed in patient samples, lack of original tumor 

microenvironment in clinical samples [257]. As such, these limitations restrict the use of the cell 

line-derived mouse model.  

iii) Cancer Tissue-derived Mouse Models 

To overcome the limitations of cell line-derived mouse models, fresh, unprocessed patient cancer 

tissue specimens are implanted into immunodeficient mice (e.g., NOD-SCID mice). Such 

xenografts can maintain cellular heterogeneity, tissue architecture and the original cancer 

microenvironment. However, successful grafting of patient cancer tissues is dependent on the 

graft site used.  

There are three major graft sites for PDX models: the subcutaneous, orthotopic, and 

subrenal capsule (SRC) sites. The subcutaneous xenograft is most frequently used, due to the 

straightforward process of implantation of the tissue and ability to non-invasively monitor the 

developing tumor. However, a drawback of subcutaneous grafting is its low take rate, which is 

mainly due to lack of vascularization at the graft site [258]. By contrast, the orthotopic graft site 

is considered the ideal graft site for evaluating the metastatic ability of prostate cancer tissue, as 

it should theoretically provide an environment highly similar to that of the original cancer. 

However, aside from the challenging surgical procedure, the orthotopic site has a very limited 
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xenograft carrying capacity, which severely restricts its use for establishing transplantable 

xenografts [257]. Both subcutaneous and orthotopic xenografts have been mostly successful with 

highly advanced cancers, which represents a small subsect of the total cancer population [257]. 

The advantages of SRC xenografts will be discussed in detail below. 

iv) Humanized Mouse Models 

With the advancement of cancer immunotherapies, there is a critical need for mouse models that 

can be used for cancer immunology studies. Humanized mice, which are immunodeficient mice 

(such as NOD-SCID mice and NSG mice) that have been reconstituted with various components 

of a human immune system, are established to provide powerful tools for research. There are 

three major ways to establish human immune systems in the immunodeficient mice: 

transplantation of peripheral blood mononuclear cells (PBMCs), human-derived hematopoietic 

stem cells (CD34
+ 

stem cells) and fetal tissues [259].  

PBMCs can be isolated from blood of healthy donors and injected into mice either 

intravenously or via a combination of intravenous and intraperitoneal administrations [260]. The 

advantage of engrafting PBMCs is the relatively ease of obtaining these cells and engrafting 

them into the mice. Human CD34
+
 stem cells can be isolated from cord blood, bone marrow, 

peripheral blood, and fetal liver. Isolation is usually performed by Ficoll separation, followed by 

incubation with human CD34 magnetic selection beads [259]. It was shown that there is no 

statistical difference in reconstitution capacity of CD34
+
 cells transplanted via the intrafemoral, 

intrahepatic, or intravenous route in adult mice [261]. However, the intrahepatic route is 

recommended when using neonatal mice [262], since the liver of neonatal mice is the main 

hematopoietic organ at birth [263]. The third method using fetal tissues is also called the bone-

liver-thymus (BLT) model. In this method, fetal liver and thymus tissue are implanted under 
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subrenal capsules with co-transplantation of autologous CD34
+
 cells into the mouse host. The 

fetal tissues usually engraft well in the mouse liver and develop a functional humanized organoid.  

 The great advantage of a humanized mouse model is that it provides a platform for 

studying human immune cells and human cancer in a mouse model. However, there are some 

limitations that reduce the wide application of this type of mouse model. First, it involves a 

complex technique which needs sophisticated work experience. Second, it is time consuming to 

establish the immune system in the mouse host, especially for the CD34
+
 cell and BLT models. 

Third, a host developing xenogeneic graft versus host disease (GVHD) could markedly affect the 

results of the studies. Furthermore, the percentage distribution of T cells, B cells and myeloid 

cells is different in mice compared to humans. In addition, the established adaptive immune 

system in the mouse host is naïve and human T cells are ‘educated’ on the mouse thymus 

epithelium and exhibit mouse T-cell restrictions [259]. 

1.4.3 High Fidelity Subrenal Capsule PDX Cancer Models 

Due to the high vascularization of the kidney, one of the major advantages of the SRC graft site 

is its ability to provide an abundant blood supply. Even before xenograft vascularization, the 

graft is able to receive a consistent supply of nutrients, hormones, growth factors, and oxygen 

[264-267]. In addition, the SRC site has the ability to accommodate a range of xenograft tissues, 

of varying sizes and origins [268]. By comparing the take rates of both benign and malignant 

human prostate tissues in the subcutaneous, orthotopic, and SRC sites of immunodeficient mice, 

we have found the SRC site to show the highest take rate [269]. This finding has been confirmed 

by others [270, 271]. Over the past few years, we have established a panel of transplantable 

patient-derived prostate cancer tissue lines, known as the Living Tumor Laboratory (LTL) series 

(www.livingtumorlab.com). These PDX cancer models were produced from intact primary and 

http://www.livingtumorlab.com)/
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metastatic clinical specimens implanted at the subrenal capsule of immunodeficient mice (e.g., 

NOD-SCID, NSG mice) [257, 272-274]. 

 We have demonstrated that subrenal capsule PDX cancer models show the highest 

fidelity and most accurately recapitulate clinical biological and molecular heterogeneity. These 

PDX xenografts retain the histopathology, clinical marker expression, genome architecture, and 

global gene expression of their original parent tumors. Moreover, the aggressiveness of the 

subsequent tumors is consistent with patient observations; responses to androgen withdrawal also 

correlate with tumor subtype. As we have demonstrated, prolonged exposure of androgen-

sensitive prostatic adenocarcinoma xenografts to castration led to the development of castration- 

resistant prostate cancer, including the first-in-field model of complete transdifferentiation from 

adenocarcinoma into lethal neuroendocrine prostate cancer (NEPC) [272-274]. 

As such, subrenal capsule PDX cancer models have a wide range of potential applications. 

These models can be used for basic prostate cancer research, since they cover major 

histopathologic and molecular subtypes of prostate cancer, capturing cancer heterogeneity 

observed in the clinic. As well, they can be used for studying cancer-stroma interactions to 

investigate the tumor microenvironment [275]. As recommended by the NCI, and as we have 

demonstrated, PDX cancer models are powerful tools for translational research, such as efficacy 

screening of potential and approved anticancer drugs and novel therapeutic approaches. 

Furthermore, the PDX models may be used for evidence-based personalized cancer therapy 

[273]. More importantly, the subrenal capsule PDX model provides a unique opportunity and 

platform for us to fully develop the use of first-generation PDX models. 
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1.4.4 First-Generation PDX Cancer Models 

A first-generation PDX cancer model consists of an immunodeficient mouse carrying a first 

implantation of fresh patient cancer tissue specimen that will not be further transplanted, thus 

representing an initial human-to-mouse generation. So far, first-generation PDX models have not 

been well characterized nor widely applied; while they may harbor great potential value for 

cancer research, further studies are needed. However, compared to later generation PDX models, 

first-generation PDX models have an important advantage. They show better retention of tumor 

microenvironment components of the patient tumor such as human stroma and non-cancerous 

immune cells that play important roles in the anticancer and pro-cancer activity of the human 

immune system and are absent in later generation xenografts. This makes first-generation PDX 

models attractive for limited cancer immunological studies such as screening of compounds for 

immunomodulatory activity. As well, first-generation PDX models may have value for 

personalized cancer therapy, allowing therapy to be tailored to the unique properties of each 

individual patient's cancer [273].  

1.5 Aneustat 

1.5.1 Herbal Medicine in Cancer Treatment 

For many centuries, herbal medicine has been used for cancer treatment. It has been shown that 

extracts from herbs can have anticancer activity both in vitro and in vivo [276-278], and can 

reduce host toxicity when used in combination with chemotherapeutics [279]. The anticancer 

activity of extracts from herbs can be based on inhibition of the cell cycle [280], induction of 

apoptosis [281], inhibition of cancer metastasis [282], and modulation of the host immune 

response [283]. A number of anticancer herbal drugs have been obtained from natural sources in 

various ways [284]. Among these drugs, vinblastine and vincristine are vinca alkaloids isolated 
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from the plant Catharantus rosea for a number of types of cancer, such as leukemia, lymphoma 

and testicular cancer [285-287]. Docetaxel, a semi-synthetic taxane derived from the bark of the 

European yew tree, Taxus baccata [288], is widely used for treatment of e.g., prostate cancer, 

breast cancer and non-small cell lung cancer [289].  

Ganoderma Lucidum is a herb that has been used in traditional Chinese medicine for over 

thousands of years to improve health and promote longevity [290]. One of the major functions of 

Ganoderma Lucidum, is its modulatory effect on the immune system [291]. Extracts of 

Ganoderma Lucidum have been widely used for cancer treatment and reported to lead to cell 

cycle arrest [292], inhibition of angiogenesis [293], and immunomodulatory activity favoring 

host immunity [294, 295]. 

Salvia Miltiorrhiza has been used for treatment of coronary artery disease and 

cerebrovascular diseases with minimal side effects for over a thousand years [296]. In addition, 

extracts of Salvia Miltiorrhiza have been shown to have anti-inflammatory and anticancer 

activities [297], with potency to sensitize cancer cells to chemo drugs by inhibition of the 

function of P-glycoprotein (P-gp), an ATP-binding cassette transporter mediating the efflux of 

drugs out of cancer cells [298].  

Scutellaria Barbata, a mint plant with a mildly bitter taste, is commonly used as an anti-

inflammatory and antitumor agent [299]. Extractions of Scutellaria Barbata have been shown to 

have various anticancer activities, such as anti-angiogenic activity by down-regulating VEGF 

[300], induction of cancer cell apoptosis and inhibition of cell proliferation [301, 302], inhibition 

of HIF-1α expression [303], antioxidant activity [304], and down-regulation of regulatory T cells 

in tumor tissue [305]. Bezielle (BZL101), extracts of Scutellaria Barbata, has been shown to be 

well tolerated by patients [306, 307]. The potential mechanisms of Bezielle include inhibition of 



32 

 

glycolysis [308, 309], inhibition of oxidative phosphorylation [309], and induction of DNA 

damage [308]. 

1.5.2 Aneustat 

Aneustat (OMN54) is a first-in-class immuno-oncology drug candidate targeting multiple 

pathways (National Cancer Institute Drug Dictionary), developed by Omnitura Therapeutics Inc., 

USA. It is a mixture formulated with phytochemicals from three plants, Ganoderma lucidum, 

Salvia miltiorrhiza, and Scutellaria barbata. Aneustat was designed with biological 

considerations of the heterogeneous characteristics of cancer cells. Aneustat has been reported to 

exhibit anticancer, anti-inflammatory, and immunomodulatory activity [310]. Studies have 

shown that treatment with Aneustat can significantly inhibit growth of DU145 human prostate 

cancer xenografts and induce apoptosis in chemo-resistant AB79 human small cell lung cancer 

xenografts in mice. In addition, Aneustat has been reported to be effective in inhibiting multiple 

targets and pathways involved in tumor growth [310].  

As mentioned in the introduction of the Aneustat patent (US 20160143970 A1), a number 

of therapeutically active chemical components are present in Aneustat, including Ganoderic acid 

A, Tanshinone IIA, Scutellarein, and Apigenin. Each of these components has been reported to 

have anticancer activities acting via various mechanisms. Ganoderic acid A has been shown to 

inhibit cell proliferation of cancers, such as lymphoma [311], meningioma [312], breast cancer 

[313] and prostate cancer [314]. In addition, Ganoderic acid A has modest inhibitory activity 

against 5α-reductase, an enzyme that catalyzes the formation of 5α-dihydrotestosterone (DHT) 

from testosterone [315]. Furthermore, Ganoderic acid A can enhance anticancer immune 

responses by reducing the number of MDSCs and elevating the number of cytotoxic CD8
+
 T 

cells in C57BL/6 mice bearing mouse EL4 lymphoma [311]. Tanshinone IIA has been shown to 
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induce mitochondria-dependent apoptosis in LNCaP and PC3 prostate cancer cells [316] and 

inhibit AR and PSA expression in LNCaP cells [317]. Importantly, it was shown that Tanshinone 

IIA can inhibit the activities of CYP3A4 [318, 319], the key enzyme involved in docetaxel 

metabolism [320]. Scutellarein has also been shown to induce cancer cell apoptosis by activation 

of mitochondria-dependent apoptosis [321] and to suppress cancer metastasis by inhibiting the 

activation of the NF-κB signaling pathway [322]. Apigenin has been reported to reduce prostate 

cancer cell survival and migration by targeting the PI3K/Akt signaling pathway [323] and to 

promote cell cycle arrest and apoptosis in pancreatic cancer cells through the p53 pathway [324]. 

Also, Apigenin can lead to reduction of glucose uptake by downregulating GLUT1 expression in 

human pancreatic cancer cells [325]. 

Furthermore, a Phase I Clinical Trial in Canada (NCTId: NCT01555242) has shown 

Aneustat to be well tolerated by patients, with a recommended dose of 2.5 g orally twice daily. 

The half-life of Aneustat is approximately 1-2 hours, with no evidence of drug accumulation. 

Finally, treatment with Aneustat was found to lead to decreased levels of immune suppression 

markers in patients (e.g., TGF-β), which indicates reduced suppression of the host anticancer 

immune response [326].  

1.6 Objectives and Hypotheses 

The current first-line treatment for advanced metastatic prostate cancer is docetaxel-based 

chemotherapy, which is unfortunately only marginally effective. Prostate cancer has the ability to 

circumvent therapy, as it is a heterogeneous disease and consists of treatment-resistant 

subpopulations in addition to treatment-sensitive subpopulations; in addition it has an ability, 

based on plasticity, to evade therapy by switching from a targeted pathway to a non-targeted one. 

As such, one potential approach to treat this disease is to simultaneously target multiple 
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pathways. To this end, Dr. Elledge [327] has proposed ‘Orthogonal Cancer Therapies’ for 

elimination of such cancers, i.e. use of combinatorial therapies that are aimed at different targets 

and do not interfere with each other. However, up to this date, no Phase III clinical trials of 

combinations of docetaxel with a variety of other anticancer agents have demonstrated 

improvements in survival of patients with metastatic CRPC. Aneustat is a mixture of compounds 

with multiple targets [310]. The Aneustat components have been reported to have anticancer 

activities targeting different mechanisms that cancer cells rely on for growth. Aneustat fulfills the 

criteria of the ideal ‘Orthogonal Cancer Therapies’. As such, it may be prudent to use docetaxel 

in combination with Aneustat on the off chance that the combination of docetaxel with one of the 

Aneustat components will have increased anticancer activity.  

As such, the main objectives of the present project are (i) to determine whether 

docetaxel-based therapies can be improved by combining docetaxel with Aneustat and (ii) to 

determine whether Aneustat shows immunomodulatory activities. My working hypotheses are 

whether Aneustat is able to (i) boost the anticancer activity of docetaxel, since preliminary 

studies have shown that Aneustat exhibits anti-prostate cancer and anti-metastatic activity; and 

(ii) enhance anticancer activity by boosting the local host immune response, as Aneustat has 

been reported to exhibit immunomodulatory activity. Accordingly, I have the following Specific 

Aims. 

Specific Aim 1: To determine the effects of docetaxel and Aneustat, as single agents and in 

combination, on prostate cancer growth in vitro and in vivo.  

Specific Aim 2: To determine the effects of docetaxel and Aneustat, as single agents and in 

combination, on tissue invasion and metastasis of prostate cancer cells in vivo, with the aim to 

elucidate the underlying mechanisms of potential anti-metastatic action of the drugs. 
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Specific Aim 3: To determine the effect of Aneustat on the host anticancer immune response, by 

using first generation PDX models to elucidate potential local immunomodulatory mechanisms 

of Aneustat. 
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Chapter 2: Enhanced Anticancer Activity of a Combination of Docetaxel and 

Aneustat in a PDX Prostate Cancer Model 

2.1 Introduction 

Prostate cancer is the most commonly diagnosed non-cutaneous cancer and one of the leading 

causes of cancer death for North American men [1]. When the malignancy is confined to the 

prostate, surgery and radiation therapy can be curative. However, many patients will develop 

local recurrence of the cancer and its progression to distant metastasis [129]. As prostate cancer 

growth in general is androgen-dependent, androgen deprivation therapy (ADT) of locally 

advanced, recurrent or metastatic prostate cancer is usually quite effective in the first few years. 

However, cancers frequently develop within 18-24 months into a more aggressive, presently 

incurable, androgen ablation-resistant phenotype, called “castration-resistant prostate cancer” 

(CRPC) [132]. Emergence of CRPC typically manifests itself by an increase in serum prostate-

specific antigen (PSA) levels [328]. It is well established that the regulation of PSA gene 

expression is mediated by the androgen receptor (AR), and increasing evidence suggests that the 

AR plays an important role in the development of CRPC [135, 136]. Furthermore, there is an 

emerging role in the carcinogenesis and progression of prostate cancer for the PI3K/AKT 

pathway [329, 330], reported to be involved in cell migration, tissue invasion and therapy 

resistance of various types of cancer [331, 332]. 

The current standard first-line treatment for highly advanced metastatic prostate cancer 

consists of systemic docetaxel plus prednisone chemotherapy adopted in 2004 [137]. Docetaxel 

is a semi-synthetic, second-generation taxane derived from the bark of the European yew tree, 

Taxus baccata [165]. Its main mode of anticancer action is based on interference with 
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microtubule dynamics, i.e. inhibition of disassembly of microtubules [333], leading to inhibition 

of the progression of cells through the cell cycle [334, 335]. Furthermore, docetaxel can induce 

cancer cell apoptosis by altering the expression and phosphorylation of members of the Bcl-2 

family of proteins [170, 336]. However, treatment with docetaxel plus prednisone is not curative, 

is associated with severe side effects and improves the overall survival of patients only 

marginally when compared to the previous mitoxantrone plus prednisone standard regimen [174]. 

New therapeutics have been developed, including Abiraterone acetate, a CYP17 inhibitor 

[138]; Enzalutamide (formerly known as MDV3100), an AR inhibitor [142]; Cabazitaxel, a 

novel tubulin-binding taxane [149]; Sipuleucel-T, an autologous cellular immunotherapeutic 

[154]; and Radium-223, an alpha particle-emitting radiopharmaceutical [337], which have been 

approved by the US Food and Drug Administration (FDA) for treatment of  metastatic CRPC 

patients [338, 339]. Various agents, demonstrating additive or synergistic effects in preclinical 

studies, have also been used in combination with docetaxel. Unfortunately, the overall patient 

survival has so far not been extended compared to that obtained with the docetaxel plus 

prednisone standard regimen [192-194]. Clearly, development of more effective drugs and novel 

therapeutic approaches are of critical importance for improving disease management and 

survival of metastatic prostate cancer patients. 

Aneustat (OMN54) is an immuno-oncology drug candidate targeting multiple pathways 

(National Cancer Institute Drug Dictionary), developed by Omnitura Therapeutics Inc., USA. 

Recently, it was found that Aneustat was well tolerated by patients in a Phase-I Clinical Trial in 

Canada (NCTId: NCT01555242) [326]. Furthermore, treatment with Aneustat was reported to 

markedly inhibit the growth of DU145 xenografts [310]. In the present study it was found that 

the combination of docetaxel and Aneustat can markedly and synergistically enhance anticancer 
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activity in a patient-derived, metastatic prostate cancer tissue xenograft model [272]. Gene 

expression microarray analysis indicated that the combined use of docetaxel and Aneustat led to 

expanded anticancer activity, in particular to targeting of pathways and cancer hallmarks that 

was not achieved when the drugs were used as single agents. 

 

2.2 Materials and Methods 

2.2.1 Materials 

Chemicals, solvents and solutions were obtained from Sigma-Aldrich, Oakville, ON, Canada, 

unless otherwise indicated. Aneustat was supplied by Omnitura Therapeutics Inc. (Henderson, 

NV) and docetaxel was purchased from Sanofi-Aventis Canada Inc. (Laval, Quebec, Canada). 

2.2.2 Cell Culture 

Human C4-2 androgen-independent prostate cancer cells, i.e. metastatic, PTEN-deficient cells 

derived from the LNCaP cell line (Sobel and Sadar, 2005; Wu et al., 1998), were obtained from 

the American Type Culture Collection (ATCC; Manassas, VA). They were maintained as 

monolayer cultures in RPMI-1640 medium (HyClone, GE Healthcare Life Sciences; Mississauga, 

Ontario, Canada) supplemented with fetal bovine serum (10%), at 37 °C in a humidified 

incubator with a 5% CO2 atmosphere. 

2.2.3 In vitro Drug Efficacy Determination 

C4-2 single cell suspensions were seeded into 6-well culture plates (starting concentration ~2.5 × 

10
5
 cells/well) and incubated at 37 °C in 5% CO2 for 24h. Docetaxel and Aneustat (dissolved in 

DMSO + ethanol) were then added to the cultures as single drugs at a range of concentrations for 

a further 48h incubation to assess the effects of the drugs on cell numbers; DMSO + ethanol was 

used as a vehicle control. Cell cultures were trypsinized to obtain single cell suspensions and 
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then counted using a TC20 Automated Cell Counter (Bio-Rad) and cell viability was determined 

by Trypan blue exclusion. The IC50s of C4-2 cells treated with docetaxel and Aneustat for 48h 

were estimated using GraphPad Prism 5 (La Jolla, CA). To determine the dosage of docetaxel 

and Aneustat in the combination, a fixed ratio of docetaxel and Aneustat (approximating 

IC50docetaxel/IC50Aneustat) was applied, as a way to manage the dosage of a combination [340]. 

Similarly, the IC50 of treatment with the combination for 48h were obtained. Using CalcuSyn 

software (Biosoft, Cambridge, UK), the combination index (CI) was assessed to determine an 

additive effect (CI = 1), synergism (CI < 1), or antagonism (CI > 1) for the drug combinations. 

Synergism is defined as an effect of two drugs that is greater than the sum of the effects of the 

single drugs, while antagonism is defined as an effect of two drugs that is smaller than the sum 

of the effects of the single drugs. The dose reduction index (DRI) is a measurement of how many 

folds the dose of each drug in a synergistic combination may be reduced at a certain effect level, 

compared to the doses of the individual drugs [341, 342]. 

2.2.4 Animals 

Non-obese diabetic severe combined immunodeficiency (NOD-SCID) mice (males; 6-8 weeks 

old; body weight, 23-25 g), bred in the BC Cancer Research Centre ARC animal facility, were 

housed in sterile micro-isolator cages under specific pathogen-free conditions. Food and water 

were sterilized prior to use. Temperature (20-21°C) and humidity (50-60%) were controlled. 

Daily light cycles were 12 hours light and 12 hours dark. Cages were completely changed once 

or twice a week. Animals were handled under sterile conditions. The maximum tolerated dose of 

Aneustat was determined using conventional methodology. Animal care and experiments were 

carried out in accordance with the guidelines of the Canadian Council on Animal Care. 
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2.2.5 Patient-derived Prostate Cancer Xenograft Model and Treatment 

The LTL-313H transplantable, PTEN-deficient, metastatic and PSA-secreting, patient-derived 

prostate cancer tissue line [272] (generation 13) was maintained as grafts under the renal 

capsules of male NOD-SCID mice supplemented with testosterone as previously described 

[343]. For experiments, tumors were harvested 10 weeks after grafting and pieces of tumor tissue 

(2.5×2.5×1.25 mm
3
) were grafted under the renal capsules of testosterone-supplemented male 

mice (4 groups; 6 mice/group; 4 grafts/mouse). The grafts had a 100% engraftment rate with an 

average tumor volume doubling time of 13-15 days. Increases in the plasma PSA levels of the 

mice were used as a measure of tumor growth. After about 6 weeks, when levels of ~13 ng 

PSA/ml plasma had been reached, i.e. equivalent to tumor volumes of 30-50 mm
3
, the mice were 

randomly distributed into 6 groups and treated with docetaxel (i.p.; Q7d/3) and Aneustat (orally; 

Q1d×5/3) using the following schedule: (a) vehicle control (Tween 80 in saline solution), (b) 

docetaxel (5 mg/kg), (c) Aneustat (1652 mg/kg), and (d) docetaxel (5 mg/kg) + Aneustat (1652 

mg/kg). After 3 weeks, the mice were euthanized, tumor volumes measured using calipers, and 

tissue sections prepared for histopathological analysis (see below). Tumor growth of treated 

animals relative to untreated animals was used as a measure of antitumor activity, i.e. T/C = 

(treated tumor volume 3wks – treated tumor volume 0wks) : (control tumor volume 3wks – control 

tumor volume 0wks) × 100%, with T/C>0 indicating tumor growth and T/C<0 indicating tumor 

shrinkage. Tumor growth inhibition = 100% -T/C. 

2.2.6 Immunohistochemical Staining 

Preparation of paraffin-embedded tissue sections and immunohistochemical analyses were 

carried out as previously described [344]. The anti-Cleaved Caspase 3 (Asp175) (5A1E) (#9664, 

1:50, rabbit anti-human; Cell Signaling Technology, Danvers, MA) was used for 
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immunohistochemical staining. All sections used for immunohistochemistry were lightly 

counterstained with 5% (w/v) Harris hematoxylin. Five fields of each slide were randomly 

chosen and images taken (×400), using an AxioCam HR CCD mounted on an Axioplan 2 

microscope and Axiovision 3.1 software (Carl Zeiss, Canada). Positively stained cells and the 

total number of cells in each image were counted and the percentage of positive cells was 

calculated. 

2.2.7 Real-Time PCR Analysis 

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) according to the 

manufacturer's instructions. RNA (1 µg) extract was treated with DNase and reverse transcribed 

with random primers and Im-Prom II Reverse transcriptase (Promega, Madison, WI). The cDNA 

was subjected to quantitative real-time RT-PCR using specific primers for AR and β-actin. [AR 

forward: 5’-CCTGGCTTCCGCAACTTACAC, AR reverse: 3’-

GGACTTGTGCATGCGGTACTCA, β-actin forward: 5’-CCCAGCCATGTACGTTGCTA, β-

actin reverse: 3’-AGGGCATACCCCTCGTAGATG]. It was performed in 25 µl reaction 

mixtures using SYBR Green IQ supermix (Bio-Rad, Hercules, CA) according to the 

manufacturer’s instructions. Expression levels of AR were normalized to β-actin. The 

experiment was performed three times in duplicate. 

2.2.8 Western Blotting 

Whole cell and tissue protein extracts were resolved on SDS–PAGE using procedures previously 

reported [345, 346]. Proteins were then transferred to nitrocellulose membrane. After blocking 

for 1 hour at room temperature in 5% milk in PBS/0.1% Tween-20, membranes were incubated 

overnight at 4°C with the appropriate primary antibodies. Following incubation with secondary 

antibody, immunoreactive proteins were visualized with an enhanced chemiluminescence 
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detection system (Amersham Pharmacia Biotech, Buckinghamshire, England). [AR (441) (sc-

7305, mouse monoclonal antibody, Santa Cruz Biotechnology, Santa Cruz, CA); p-AKT1/2/3 

(ser 473)-R (sc-7985-R, rabbit polyclonal antibody, Santa Cruz Biotechnology, Santa Cruz, CA); 

AKT (#9272, rabbit polyclonal antibody, Cell Signaling Technology); Bcl-2 (human specific) 

(#2872, rabbit polyclonal antibody, Cell Signaling Technology); Tubulin (T5168, Monoclonal 

Anti-α-Tubulin antibody, Sigma-Aldrich, St. Louis, MO)]. Tubulin was used to monitor the 

amounts of samples applied. The density of the bands was quantified using ImageJ software 

(National Institutes of Health, Bethesda, MD, USA) 

2.2.9 Microarray Analysis to Establish Gene Expression Profiles 

Total RNA was extracted from xenograft tissues using a mirVana™ miRNA Isolation Kit (Life 

Technologies, Burlington, ON, Canada) according to the manufacturer's instructions. The quality 

of the RNA was assessed with an Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA); batches 

with an RNA integrity number value ≥ 8.0 were considered acceptable for microarray analysis. 

Samples were prepared following Agilent’s One-Color Microarray-Based Gene Expression 

Analysis Low Input Quick Amp Labeling v6.0 (Agilent). An input of 100 ng of total RNA was 

used to generate cyanine-3-labeled cRNA. Samples were hybridized on Agilent SurePrint G3 

Human GE 8x60K Microarray v2 (Design ID 039494). Then, arrays were scanned with the 

Agilent DNA Microarray Scanner at a 3 µm scan resolution and the data processed with Agilent 

Feature Extraction 11.0.1.1. Processed green signal was quantile normalized with Agilent 

GeneSpring 12.0. RNA quality control and microarray analysis were carried out by the 

Laboratory for Advanced Genome Analysis at the Vancouver Prostate Centre, Vancouver, 

Canada. All microarray profiling analyses were done in duplicate. The microarray gene 
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expression data have been deposited in NCBI's Gene Expression Omnibus (GEO, 

www.ncbi.nlm.nih.gov/geo/) under accession number GSE48667. 

2.2.10 Microarray Data Analysis 

Microarray probe expression data were filtered for improved quality prior to downstream 

analysis. Specifically, probes without corresponding gene annotations and probes without 

detectable expression levels (less than 4 in log2 scale) were removed. Genes of treated tissues 

were considered differentially expressed relative to corresponding genes in non-treated, control 

tissues if their probes showed ≥ 2-fold difference. Pathway enrichment analysis was performed 

on such differentially expressed genes using Ingenuity Pathway Analysis software (IPA; 

Ingenuity Systems, Inc., Redwood City, CA). Statistical over-representation of canonical 

pathways in the drug-response-expression signatures was calculated using the Fischer's Exact 

Test [347], and pathways with a p-value<0.05 were considered significant. Differentially 

expressed genes in “docetaxel+Aneustat”-treated tissues, compared to controls, were linked to 

mechanism-based therapeutic targets, and the linkages of genes and functions were verified in 

the literature. 

2.2.11 Statistics 

Statistical analyses of gene expression data were performed as described above. The Student's t-

test was carried out to compare means between two groups. One-way ANOVA was used to 

compare means of more than two groups. Results were considered statistically significant when 

p<0.05 and are expressed as means ± SEM. 

 

http://www.ncbi.nlm.nih.gov/geo/
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2.3 Results 

2.3.1 Synergistic Inhibition by Docetaxel+Aneustat of Human C4-2 Prostate Cancer Cell 

Proliferation 

C4-2 prostate cancer cell proliferation was inhibited, in a dose dependent manner, by treatment 

with docetaxel and Aneustat used as single drugs. Using GraphPad Prism 5 to calculate the 

IC50s of the drugs used for a 48h period, an IC50 of 8.7 nM was found for docetaxel and an 

IC50 of 162.4 μg/ml for Aneustat (Fig. 2.1A, B). With a fixed ratio of docetaxel:Aneustat 

(approximating IC50docetaxel/IC50Aneustat), a series of concentrations of docetaxel plus Aneustat 

was administrated to C4-2 cell cultures for a 48 h incubation (Fig. 2.1C). The IC50 of this 

combination was docetaxel 5 nM and Aneustat 100 μg/ml (Fig. 2.1C). As calculated via 

CalcuSyn software, the combination index (CI) of docetaxel+Aneustat at the IC50 is <1 (0.78; 

Fig. 2.1C), indicating that the combination of the drugs has a synergistic effect. The dose 

reduction index (DRI) of the combined use of docetaxel and Aneustat at IC50 indicates that the 

dose of docetaxel may be reduced 2.4 times and the dose of Aneustat may be reduced 2.6 times 

(Fig. 2.1C), to lower the toxicity of each individual drug while maintaining efficacy of the 

combination. 
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Figure 2.1 The combination of docetaxel and Aneustat synergistically inhibits C4-2 cell proliferation. 

Effect of treatment with docetaxel, Aneustat, and the combination of docetaxel and Aneustat, on the growth of C4-2 

prostate cancer cell cultures. Cells were cultured for 48h with docetaxel (A), Aneustat (B) and the combination (C) 

at various concentrations. The IC50 of each treatment was determined using GraphPad Prism 5. The combination 

index (CI) was determined using CalcuSyn software (CI = 1, additive effect; CI < 1, synergism; CI > 1, antagonism). 

Percentage growth inhibition is relative to control. The dose reduction index (DRI) of the combined use of docetaxel 

and Aneustat at IC50 was calculated on the basis of the doses of the individual drugs when used alone at IC50. The 

experiment was performed in triplicate. 
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2.3.2 Effect of Docetaxel+Aneustat on Growth of LTL-313H Prostate Cancer 

Xenografts: Synergistic Growth Inhibition 

In preliminary experiments it was found that the maximum tolerated dose of orally administered 

Aneustat (used in combination with docetaxel) was 1652 mg/kg body weight for NOD-SCID 

mice at Q1d×5/3. 

 Groups of NOD-SCID mice bearing LTL-313H xenografts with an average tumor 

volume of about 32 mm
3
 (as indicated by plasma PSA levels) were treated for 3 weeks with 

docetaxel and Aneustat as single agents and with a combination of the two drugs, using Aneustat 

(1652 mg/kg body weight) and a sub-therapeutic dosage of docetaxel (5 mg/kg body weight) 

(Fig. 2.2). The final average tumor volume in the control group was 133 ± 21 mm
3
 (mean ± 

SEM). Treatment of the mice with Aneustat (1652 mg/kg), inhibited tumor growth by 30% 

(p=0.09), and treatment with docetaxel (5 mg/kg) inhibited tumor growth by 51% (p<0.01). 

However, Aneustat (1652 mg/kg) significantly increased the growth-inhibitory effect obtained 

with 5 mg/kg docetaxel to 106% (p<0.001). The combination of docetaxel and Aneustat caused 

complete growth inhibition coupled to significant tumor volume shrinkage with a T/C value of -

6.1% (Fig. 2.2). The data indicate that Aneustat enhanced the anticancer in vivo effect of 

docetaxel in a synergistic fashion. No major change in appearance and behavior of the animals 

was observed during the experiments, nor significant organ damage at the endpoint, indicating 

that the treatments were quite well tolerated by the mice bearing LTL-313H xenografts. 

 

 

 



47 

 

 

Figure 2.2 Effects of a 3-week treatment with docetaxel, Aneustat, and a combination of the two drugs, on the 

growth of LTL-313H prostate cancer xenografts. 

The average volume of the xenografts at the start of treatment was approximately 32 mm3 (indicated by the 

horizontal line). Control (DMSO); docetaxel (5 mg/kg; i.p. Q7d/3); Aneustat (1652 mg/kg; Q1d × 5/3); Combination 

of docetaxel (5 mg/kg) + Aneustat (1652 mg/kg). Each group of mice contained 24 xenografts. Data are presented as 

tumor volume (mean ± SEM). ** indicates p < 0.01; *** indicates p < 0.001. 
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2.3.3 Treatment with Docetaxel+Aneustat Leads to Increased Apoptosis in LTL-313H 

Xenografts 

Histopathological analysis of H&E-stained tumor tissue sections (Fig. 2.3A-D) showed regular 

mitotic activity in the control tumors as well as sporadic areas of local necrosis, presumably due 

to the fast growth of the tumors. The tumors treated with docetaxel or Aneustat as single agents 

showed elevated numbers of cells arrested in the early phase of mitosis. In contrast, the tumors 

treated with the combination of docetaxel and Aneustat exhibited the highest amounts of stroma 

and necrosis areas; few cells could be seen in mitosis.  

 Caspase 3 expression, used as an indicator of cell apoptotic activity (Fig. 2.3E-H), 

indicated that docetaxel and Aneustat alone only slightly increased apoptosis; in contrast, the 

combined use of docetaxel and Aneustat substantially enhanced caspase-dependent apoptosis 

relative to the control (207%) and to apoptosis induced by docetaxel alone (117%) (Fig. 2.3M; 

p<0.001). Ki67 is widely used as a cell proliferation marker [348]. As shown in Fig. 2.3 I-L and 

N, combined use of docetaxel and Aneustat led to a dramatically low cell proliferation rate 

(1.64%). The high apoptotic rate and low proliferation rate induced by the combination of 

docetaxel and Aneustat contributed to the inhibition of tumor growth. 
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Figure 2.3 Apoptotic and proliferative effects of a 3-week treatment of LTL-313H xenografts with Aneustat 

and docetaxel used as single agents and in combination. 

Apoptosis and proliferation in LTL-313H xenografts, induced by treatment with docetaxel and Aneustat as single 

drugs and in combination, were revealed by caspase 3 and Ki67 expressions. A-D: tissue sections stained with H&E, 

black arrows point at mitotic figures; E-H: tissue sections stained for caspase 3; I-L: tissue sections stained for Ki67; 

magnification ×400. M-N: Relative caspase 3 and Ki67 expressions (means ± SEM). * indicates p < 0.05; ** 

indicates p < 0.01; *** indicates p < 0.001. Scale bar: 20 μm. 
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2.3.4 Effects of Aneustat and Docetaxel+Aneustat on AR Expression and AKT 

Phosphorylation  

Since AR and AKT signaling play critical roles in the malignant progression of prostate cancer 

[349, 350], the effects of docetaxel and Aneustat were investigated on the expressions of AR and 

AKT. As shown in Fig. 2.4A, AR mRNA expression in C4-2 cells was markedly inhibited by 

treatment with Aneustat (≥ 100 µg/ml). Densitometric analysis using ImageJ software of 

Western blot bands (Fig. 2.4B) showed that Aneustat caused decreases of 53, 76 and 86% in the 

AR expression of C4-2 cells, compared with controls, at dosages of 50, 100 and 200 µg/ml, 

respectively. Similarly, Aneustat inhibited the phosphorylation of AKT by 63% and 89% at 

dosages of 100 and 200 µg/ml, respectively, as distinct from the amount of AKT (Fig. 2.4B). A 

marked effect of Aneustat on expression of Bcl-2, an anti-apoptotic protein that plays a role in 

the PI3K/AKT pathway, was found only at a concentration of 200 µg/ml, i.e. 85% inhibition 

(Fig. 2.4B). 

       As shown by Western blot and densitometric analyses (Fig. 2.4C), treatment of LTL-

313H xenografts with Aneustat alone (1652 mg/kg) did not affect AR expression, but slightly 

down-regulated AKT phosphorylation (23%). Treatment with docetaxel alone (5 mg/kg) down-

regulated both AR expression and AKT phosphorylation by 33 and 44%, respectively. However, 

the combination of docetaxel (5 mg/kg) and Aneustat (1652 mg/kg) markedly inhibited both AR 

expression (77%) and AKT phosphorylation (69%) (without affecting the amount of AKT), 

indicative of synergistic action of the two drugs. 
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Figure 2.4 Effect of Aneustat and docetaxel on AR expression and AKT phosphorylation. 

(A) Effect of a 24h treatment of C4-2 cell cultures with Aneustat on AR mRNA expression (by qPCR) and (B) on 

AR protein expression, AKT phosphorylation and amount of AKT. (C) Effect of a 3-week treatment of LTL-313H 

xenografts with Aneustat (1652 mg/kg), docetaxel (5 mg/kg) and a combination of docetaxel (5 mg/kg) and 

Aneustat (1652 mg/kg) on AR protein expression, AKT phosphorylation and amount of AKT. 

 

 

 

 

 

 



52 

 

2.3.5 Pathways Affected by Docetaxel, Aneustat and Docetaxel+Aneustat as Indicated by 

DNA Microarray Data Analysis 

Gene expression microarray data were obtained from LTL-313H xenografts treated for 3 weeks 

with docetaxel (5 mg/kg), Aneustat (1652 mg/kg), docetaxel (5 mg/kg) + Aneustat (1652 mg/kg), 

and from untreated controls. Genes showing significant differential expression (≥ 2-fold change) 

between untreated and treated xenografts were selected for pathway analysis using Ingenuity 

Pathway Analysis (IPA) software. The results indicate that both single drugs and combined drugs 

can act through inhibition or stimulation of various canonical pathways (Table 2.1). For example, 

docetaxel can inhibit cell cycling and promote apoptosis (by boosting p53 signaling), consistent 

with established observations [351]. Aneustat, used as a single drug, stimulates LXR/RXR 

activation and serotonin degradation, inhibits cell cycling and promotes apoptosis. Whereas the 

combination of ‘docetaxel+Aneustat’ can affect pathways induced by the drugs acting as single 

agents, such as inhibition of IGF-1 signaling by docetaxel, or stimulation of LXR/RXR 

activation by Aneustat, the drug combination can also act on pathways not noticeably influenced 

by the drugs on their own, such as the metabolic pathways of cholesterol biosynthesis, glycolysis 

I and gluconeogenesis I. 
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Canonical Pathway Docetaxel Aneustat Combination 

Mitotic roles of polo-like Kinase - - ↓ 

Cell cycle control of chromosomal replication - - ↓ 

ATM signaling - - ↓ 

Cholesterol biosynthesis - - ↓ 

Glycolysis I - - ↓ 

Gluconeogenesis I - - ↓ 

Cell Cycle: G1/S checkpoint regulation ↓ ↓ ↓ 

Mitochondrial dysfunction ↓ ↓ ↓ 

Cyclins and cell cycle regulation ↓ ↓ ↓ 

p53 signaling ↑ ↑ ↑ 

GADD45 signaling ↑ ↑ ↑ 

IGF-1 signaling ↓ - ↓ 

LXR/RXR activation - ↑ ↑ 

Serotonin degradation - ↑ - 

ILK signaling ↓ - - 

 

Table 2.1 Pathways stimulated (↑) or inhibited (↓) in LTL-313H xenografts by treatment with docetaxel (5 

mg/kg), Aneustat (1652 mg/kg) and docetaxel + Aneustat as predicted by Ingenuity Pathway Analysis of DNA 

microarray data. 
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2.3.6 Treatment of LTL-313H Xenografts with Docetaxel+Aneustat Affects Genes 

Involved in Cancer Hallmarks   

Genes showing significant differences in expression (≥ 2-fold changes) in response to treatment 

of the xenografts with ‘docetaxel+Aneustat’ (compared to controls) were categorized based on 

their roles in hallmarks of cancer. Figure 2.5A shows that treatment with the combined drugs 

affected most major cancer hallmarks. Thus the drug combination down-regulated genes 

promoting cell proliferation, facilitating tissue invasion and metastasis, inducing angiogenesis 

and enhancing aerobic glycolysis; it up-regulated genes promoting cell apoptosis. Figure 2.5B 

shows a down-regulatory effect of the treatment with docetaxel+Aneustat on the expression of 

key genes involved in aerobic glycolysis, a major hallmark of cancer [352], indicating down-

regulation of aerobic glycolysis activity in the treated xenografts. A list of 155 differentially 

expressed genes is presented in a published report [288]. 
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Figure 2.5 Effects of treatment of LTL-313H xenografts with docetaxel+Aneustat on expression of genes 

involved in cancer hallmarks.  

Genes of treated xenografts were categorized based on changes in expression profiles as revealed via DNA 

microarray analysis. (A) Up-regulated (red) and down-regulated (blue) genes. (B) Down-regulated (green) 

glycolysis-associated genes. 
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2.4 Discussion 

The present study was aimed at determining, in preclinical studies, whether the anticancer 

efficacy of docetaxel-based therapy could be enhanced by combining docetaxel with Aneustat 

(OMN54), a multivalent immuno-oncology drug candidate that successfully passed a Phase-I 

Clinical Trial (NCTId: NCT01555242). Although docetaxel-based therapy currently represents 

the best available treatment for highly advanced metastatic prostate cancer, it only marginally 

extends patients’ lives [137, 174]. Consequently, therapy development efforts have focused on 

improvement of docetaxel's efficacy by combining it with a wide variety of anticancer agents 

used in clinical and preclinical studies. However, as recently pointed out [192-194], various 

Phase III clinical trials using docetaxel as a pivot in drug combinations for treatment of 

metastatic castration-resistant prostate cancer have so far failed to demonstrate an improvement 

in patient survival, in spite of indications by preclinical studies that the efficacy of docetaxel was 

enhanced by the drug combinations. Such a discrepancy between drug efficacies predicted by 

preclinical studies and encountered in the clinic was very common in the past decades. Thus only 

~5% of anticancer drug candidates, which successfully passed required preclinical in vivo 

efficacy screening tests, had significant effectiveness in clinical trials and were approved for 

clinical usage by the FDA [238, 239]. It has become apparent that preclinical assessment of 

clinical efficacy of anticancer drugs is seriously hampered by the lack of clinically relevant, 

experimental in vivo cancer models. Subcutaneous cancer cell line xenograft models, commonly 

used for preclinical in vivo drug efficacy tests, do not adequately predict the efficacy of 

anticancer agents in the clinic [239, 353-355]. Consequently, in early 2016, the NCI decided to 

replace its NCI-60 Human Tumor Cell Lines Screen, a panel of 60 human cancer cell lines, with 

patient-derived xenografts (PDX) cancer tissue models for preclinical anticancer drug screening 
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[240]. To assess the effect of combining docetaxel with Aneustat, I therefore did not only make 

use of C4-2 cell cultures, but especially of NOD-SCID mice carrying xenografts of a 

transplantable LTL-313H prostate cancer tissue xenograft line. This metastatic, PTEN-deficient, 

PSA-secreting line was developed from a patient’s primary prostatic adenocarcinoma [343], 

using subrenal capsule grafting technology that tends to preserve important properties of the 

original cancers, including histopathology, chromosomal aberrations, gene expression profiles 

and 3-dimensional architecture of the malignancy [269, 272, 344, 356, 357], thus rendering high 

clinical relevance to this prostate cancer model. The application of this model in the present 

study therefore increases the likelihood that the obtained results are clinically useful. 

 In contrast to the marked inhibitory effect of Aneustat alone on the replication of C4-2 

cells in vitro (Fig. 2.1), treatment of LTL-313H xenografts with Aneustat alone during a 3-week 

period (Q1d×5/3) did not have a statistically significant growth-inhibitory effect (Fig. 2.2). 

However, the combination of Aneustat with docetaxel (used at 5 mg/kg body weight, a sub-

therapeutic dosage), markedly increased the inhibition of the growth of the xenografts compared 

to the growth inhibition obtained with docetaxel alone (Fig. 2.2). The synergistic enhancement of 

anticancer activity by the combined use of docetaxel and Aneustat, a signature observed in C4-2 

cells with CI < 1 (Fig. 2.1), is particularly evident from the complete inhibition of the growth of 

the LTL-313H xenografts and in particular from their shrinkage (T/C=-6.1%) (Fig. 2.2). 

Furthermore, the tumor shrinkage was associated with an increase in apoptotic activity and a 

decrease in cell proliferation (Fig. 2.3 M and N). In addition, the dose reduction index (DRI) of 

this combination at IC50 indicated that a more than 2 fold decrease of the dose of each individual 

drug (Fig. 2.1) would lead to reduction of toxicity in the combination treatment without loss of 

efficacy. Moreover, the combination of docetaxel and Aneustat was well tolerated by the 
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animals. Taken together, the data indicate that docetaxel-based treatment of advanced prostate 

cancer may be improved by using docetaxel in combination with Aneustat.  

 The mechanism by which the combination of docetaxel and Aneustat enhances the 

anticancer activity in vivo should be of major interest for potential improvement of docetaxel-

based therapy of advanced prostate cancer. Its elucidation requires an understanding of the 

molecular actions of both drugs, in particular when they are used in combination. Docetaxel is 

well known for its inhibition of microtubule disassembly to cause growth arrest and induction of 

apoptosis [170, 333, 336], as also observed in the present study using LTL-313H prostate cancer 

xenografts (Figs 2.2, 2.3). These mechanisms of docetaxel action are confirmed in the gene 

expression profiling analysis of the docetaxel-treated xenografts (Table 2.1), indicating that the 

reductive effects of docetaxel on the xenografts are based on inhibition of cyclins and cell cycle 

regulation and also on stimulation of p53 signaling, a process that leads to apoptosis [358]. 

Furthermore, it has been reported that docetaxel can down-regulate AR expression in prostate 

cancer [171], an observation which was confirmed in the present study (Fig. 2.4C). 

 First in field, the present study indicates that Aneustat can induce apoptosis (Fig. 2.3), as 

well as inhibit AR expression, AKT phosphorylation and Bcl-2 expression (Fig. 2.4), processes 

that play important roles in the malignant progression of prostate cancer and its chemo-resistance 

[359-361]. The gene expression profiling of Aneustat-treated xenografts (Table 2.1) suggests 

stimulation of LXR/RXR activation as an action of Aneustat. This suggestion is supported by the 

finding that Aneustat led to reduction of AKT phosphorylation of C4-2 prostate cancer cells (Fig. 

2B), as LXR activation has been reported to down-regulate phosphorylation of AKT in prostate 

cancer cells [362]. The gene expression analysis also suggests stimulation of serotonin 

degradation as another action of Aneustat (Table 2.1). Studies have shown that the proliferation 
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of prostate cancer cells can be interrupted by inhibiting the synthesis and metabolism of 

serotonin, a neurotransmitter that plays a role as a growth factor for prostate cancer cells [363, 

364]. Additional experimental verification will be needed to establish these mechanistic 

properties of Aneustat. The pathway exploration may lead to expanded use of Aneustat in clinic. 

 Notably, treatment of the prostate cancer xenografts with the ‘docetaxel+Aneustat’ 

combination led to inhibition of critical cancer pathways that were not obviously affected by the 

individual drugs, such as cholesterol biosynthesis, glycolysis I and gluconeogenesis I (Table 2.1). 

Cholesterol has an emerging role in prostate cancer as a potential therapeutic target, as 

intracellular cholesterol has recently been found to promote prostate cancer progression through 

regulation of AKT signaling and as a substrate for de novo androgen synthesis [365, 366]. The 

inhibitions of glycolysis I and gluconeogenesis I are of special interest, since these two pathways 

have important roles in “reprogrammed energy metabolism”, a key hallmark of cancer [77, 367]. 

Gene expression microarray profiling of the xenografts confirmed that the majority of the genes 

involved in the glycolysis pathway were indeed down-regulated by the treatment with 

docetaxel+Aneustat (Fig. 2.5B). Taken together, the data suggest that the increased anti-tumor 

activity of the combination of docetaxel and Aneustat is based on an expansion of anticancer 

activity, targeting multiple pathways and hallmarks of cancer, not attainable with the individual 

drugs. In addition, combined use of docetaxel and Aneustat will also act on the canonical 

pathways affected by the individual drugs, such as stimulation of p53 signaling leading to 

apoptosis, which is consistent with the results using caspase 3 staining (Fig. 2.3 H and M). 

 The effect of docetaxel+Aneustat on glycolysis is of major interest. Although in the 

present study the glycolysis pathway is not significantly affected by Aneustat alone as indicated 

by IPA analysis (Table 2.1), genes involved in the aerobic glycolysis pathway showed a trend to 
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be down-regulated by treatment with Aneustat. As recently reviewed by our laboratory [227], 

there is increasing evidence that cancer cells can suppress the host anticancer immune response 

by creating a relatively low pH (6.0-6.5) in their microenvironment via increased lactic acid 

secretion. The cancers are thought to achieve this via preferential use of aerobic glycolysis. 

Treatment targeting aerobic glycolysis could reduce cancer-generated lactic acid 

production/secretion and hence favor the host anticancer immune response. Since the 

combination of docetaxel and Aneustat showed more significant inhibition of glycolysis than 

Aneustat or docetaxel alone, it appears that treatment with docetaxel+Aneustat may not only 

affect cancers by direct drug-cancer cell interactions, but also indirectly, through promoting the 

local anticancer immune response in immunocompetent hosts.  

 It is generally accepted that cancers have an ability to circumvent therapy by switching 

from a targeted pathway to a different one [77]. The combination of docetaxel+Aneustat may 

also interfere with this process by targeting multiple aspects of cancer (Fig. 2.5, Table 2.1) and 

hence reduce the probability for the disease to evade a particular therapeutic approach by 

switching to other pathways. 

      AR and AKT signaling are important processes underlying prostate cancer growth [361]. 

Inhibition of both AR expression and AKT signaling is apparently required to obtain near-

complete regression of PTEN-deficient prostate cancers [368, 369]. The LTL-313H prostate 

cancer tissue xenograft line used in this study is deficient in PTEN [370] and the finding that 

treatment of the xenografts with docetaxel+Aneustat, as distinct from the single agents, led to 

complete inhibition of tumor growth coupled to tumor shrinkage, is consistent with inhibition of 

both AR expression and AKT phosphorylation in xenografts obtained only in the case of the 

combined drug treatment (Fig. 2.4C).   
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In conclusion, the present study has shown, for the first time, that combined use of 

docetaxel and Aneustat in a PDX advanced prostate cancer model, i.e. LTL-313H, can lead to 

anticancer activity exceeding the sum of the anticancer activities of the individual drugs. This 

enhanced efficacy appears to be based on expanded anticancer activity, targeting multiple 

pathways and hallmarks of cancer. Since the LTL-313H prostate cancer model is considered 

clinically highly relevant, treatment with Aneustat+docetaxel may likely lead to improved 

clinical management of advanced prostate cancer. 
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Chapter 3: Inhibition of Metastasis by Docetaxel+Aneustat in a PDX 

Metastatic Prostate Cancer Model 

3.1 Introduction 

Prostate cancer is the most common, non-cutaneous malignancy in North American men and a 

major cause of cancer deaths [371]. At the time of prostate cancer diagnosis, the 5-year survival 

rate of patients with localized disease is almost 100%; in contrast, the 5-year survival rate of 

patients with metastatic disease is much lower, about 28% [4]. Metastasis is the most lethal 

attribute of cancer [75, 76] and is based on complex, successive biological steps of primary 

cancer cells, i.e. local tissue invasion, intravasation, survival in the circulation, extravasation and 

metastatic colonization, all essential steps in the metastatic process [89].  

Metastatic prostate cancer is an incurable disease. For its treatment there are only a few 

drugs available with only limited efficacy. Docetaxel-based chemotherapy was approved in 2004 

as a first line treatment for metastatic, castration-resistant prostate cancer, even though it only 

marginally improved patient survival [137, 174]. In the case of metastatic, but androgen-

sensitive prostate cancer, Phase-III clinical trials demonstrated that treatment with docetaxel-

based chemotherapy plus androgen deprivation therapy (ADT) could improve patient survival 

compared to use of ADT alone [168, 169]. However, the toxicity of this new regimen was of 

major concern [169, 372]. So far, a small number of pharmaceuticals have gone through Phase 

III clinical trials for treatment of metastatic prostate cancer. Zoledronic acid was shown to reduce 

skeletal-related events (e.g., pathologic bone fracture), but failed to prevent the development of 

metastasis [158]. Denosumab was found to increase bone metastasis-free time by 4.2 months but, 

unfortunately, did not improve patient overall survival [161]. Therapy using Radium-223 was 
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shown to benefit metastatic prostate cancer patients by reducing the number of skeletal-related 

events and increasing overall survival time [4]; however, its low cell permeability restricts its use 

for treating large volumes of soft tissue and visceral cancer [337]. In spite of these new 

developments there is at present no effective treatment for advanced prostate cancer. 

Consequently, there is an urgent need for new, more effective therapeutic approaches especially 

aimed at reducing/eliminating metastasis.  

Aneustat is a multivalent immuno-oncology drug candidate, a mixture formulated with 

phytochemicals from three plants: Ganoderma lucidum, Salvia miltiorrhiza and Scutellaria 

barbata [326], developed by Omnitura Therapeutics Inc., USA. Recently, Aneustat was shown to 

be well tolerated by patients in a Phase-I Clinical Trial in Canada (NCTId: NCT01555242) [326]. 

As patient-derived xenograft (PDX) cancer models have recently been strongly promoted by the 

NCI for anticancer drug screening [240], the LTL-313H PDX metastatic prostate cancer model, a 

highly clinically relevant model [272] (www.livingtumorlab.com), was used to investigate 

Aneustat for anti-prostate cancer activity (as described in Chapter 2). It was found that a 

combination of Aneustat and docetaxel can lead to markedly higher cancer growth-inhibitory 

activity, without inducing major host toxicity [288]. Further analysis indicated that the 

combination of docetaxel and Aneustat could target multiple pathways and hallmarks of cancer 

that were not affected by the individual drugs [288].  

In the present study, the LTL-313H subrenal capsule xenograft model was used to 

investigate the effects of docetaxel+Aneustat on prostate cancer metastasis and underlying 

molecular processes. It was found that treatment with docetaxel+Aneustat significantly inhibited 

lung micro-metastasis, kidney tissue invasion and, in particular, suppressed the expression of 

FOXM1, a gene generally considered to be a major promoter of cancer metastasis [121]. 

http://www.livingtumorlab.com)/
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Furthermore, a novel use of the PDX model has been developed for an adjacent (kidney) tissue 

invasion assay. 

 

3.2 Materials and Methods 

3.2.1 Materials 

Chemicals, solvents and solutions were purchased from Sigma-Aldrich, Oakville, ON, Canada, 

unless otherwise indicated. Aneustat was supplied by Omnitura Therapeutics Inc. (Henderson, 

NV); and docetaxel was purchased from Sanofi-Aventis Canada Inc. (Laval, Quebec, Canada). 

3.2.2 Cell Culture 

Human C4-2 metastatic, androgen-independent prostate cancer cells were obtained from the 

American Type Culture Collection (ATCC; Manassas, VA). They were maintained as monolayer 

cultures in RPMI-1640 medium (HyClone, GE Healthcare Life Sciences; Mississauga, Ontario, 

Canada) supplemented with fetal bovine serum (10%) at 37 °C in a humidified incubator with a 

5% CO2 atmosphere. 

3.2.3 Wound-healing Assay  

A wound-healing assay was performed following procedures previously reported [373]. 

Replicate C4-2 cell cultures were incubated for 48 h with vehicle control, docetaxel (5 nM), 

Aneustat (100 μg/ml) or a combination of docetaxel (5 nM) and Aneustat (100 μg/ml). After this 

treatment, each culture was trypsinized into a single cell suspension. Cells from each group were 

seeded into 12-well culture plates (~7.5 × 10
5
 cells/well) and incubated at 37 °C in a 5% CO2 

atmosphere. Following cell attachment, the medium was replaced with serum-free medium. The 

next day, a “wound” was created with a pipette tip in the middle of a confluent cell monolayer. 

Cell debris was removed by washing with l×PBS (2-3 times) and images were taken at various 
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time points using a Zeiss AxioObserver.Z1 microscope (Carl Zeiss). The cell migration area was 

analyzed using ImageJ (National Institutes of Health, Bethesda, MD). The percentages of 

migration areas at various time points were normalized to time 0. 

3.2.4 Histopathology and Immunohistochemistry 

Preparation of paraffin-embedded tissue sections and immunohistochemical analyses were 

carried out as previously described [344]. For histopathology, routine hematoxylin and eosin 

(H&E) staining was used. The anti-human mitochondria antibody (MAB1273, Millipore) was 

used for identification of tissues of human origin. All sections used for immunohistochemistry 

were lightly counterstained with 5% (w/v) Harris hematoxylin (Leica Biosystems Inc.; Concord, 

Ontario, Canada). 

3.2.5 Mouse Lung Micro-metastasis and Kidney Tissue Invasion in the LTL-313H 

Xenograft Model 

As previously described [288], NOD-SCID mice carrying LTL-313H xenografts were treated for 

3 weeks with vehicle control, docetaxel (5 mg/kg), Aneustat (1652 mg/kg), or the combination of 

docetaxel (5 mg/kg) and Aneustat (1652 mg/kg). Anti-human mitochondria antibody was used to 

identify human prostate cancer cells in mouse lung tissues. Groups of positively stained cells, 

with cell numbers >4, were considered lung micro-metastases. Five fields of each slide were 

randomly chosen and images taken (×400), using an AxioCam HR CCD mounted on an 

Axioplan 2 microscope and Axiovision 3.1 software (Carl Zeiss). The numbers of mouse lung 

micro-metastases were counted in each group and analyzed. As shown in Figure 3.1, host 

(mouse) kidney tissue invasion analysis was carried out as follows: i) images were taken using 

low power magnification; ii) normal mouse kidney tissue areas were identified within tissue 

sections under high power magnification (see arrows in Fig. 1) and a curve connecting the areas 
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was drawn to mark the original mouse kidney boundary; iii) any xenograft tissue observed 

beyond the curve was considered invading tumor tissue, and the proportion of invasive area was 

analyzed. Host toxicity was estimated as described in Chapter 2.  
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Figure 3.1 Section of host kidney engrafted with LTL-313H prostate cancer tissue. 

Boundaries between kidney and xenograft: (A) Clear boundary as indicated by arrows. (B) Fuzzy boundary 

indicated by the curve between kidney tissue (left) and xenograft tissue (right); (C) Magnified section, arrows 

indicate kidney residue areas.  
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3.2.6 Microarray Data Analysis 

Gene expression microarray data obtained in the previous study with LTL-313H prostate cancer 

xenografts [288] were used. 1757 genes were found which showed ≥2-fold changes in expression 

in response to treatment of the xenografts with docetaxel+Aneustat (compared to controls), i.e. 

919 up-regulated genes and 838 down-regulated genes. To compare the gene expression profiles 

obtained from docetaxel+Aneustat-treated LTL-313H xenografts with those from clinical 

patients, up-regulated genes and down-regulated genes were uploaded onto the Oncomine 

database [374]. To investigate the molecular action of docetaxel+Aneustat, the 1757 genes with 

≥2-fold expression changes were uploaded onto the Ingenuity Pathway Analysis (IPA) program, 

and upstream regulator analysis was used to identify potential cancer driver genes for this dataset 

[375]. 

3.2.7 Quantitative Real-Time PCR 

Total RNA was extracted using the RNeasy Mini Kit (Qiagen Inc.) and cDNA was synthesized 

using the QuantiTect Reverse Transcription Kit (Qiagen Inc.) according to the manufacturer's 

instructions. Primers used were described in Table 3.1. qRT-PCR reactions using KAPA SYBR 

FAST Universal (Kapa Biosystems) were performed in triplicate in a ViiA 7 Real-Time PCR 

System (Applied Biosystems). Expression levels of genes were normalized to that of GAPDH. 
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Gene Name (Human) Sequences (5’ to 3’) 

FOXM1 F GGAGGAAATGCCACACTTAGCG 

FOXM1 R TAGGACTTCTTGGGTCTTGGGGTG 

AURKB F AAGATTGCTGACTTCGGCTGGTCT 

AURKB R ATGCACCACAGATCCACCTTCTCA 

CCNB1 F GCAGCAGGAGCTTTTTGCTT 

CCNB1 R TACACCTTTGCCACAGCCTT 

CDC25C F ATGACAATGGAAACTTGGTGGAC 

CDC25C R GGAGCGATATAGGCCACTTCTG 

CENPA F ACGCCTATCTCCTCACCTT 

CENPA R TGGCTGAGCAGGAAAGAC 

CENPE F GATTCTGCCATACAAGGCTACAA 

CENPE R TGCCCTGGGTATAACTCCCAA 

CENPF F CGAAGAACAACCATGGCAACTCG 

CENPF R TTCTCGGAGGATGGTGCCTGAAT 

PLK1 F CACAGTGTCAATGCCTCCAA 

PLK1 R TTGCTGACCCAGAAGATGG 

PTTG1 F ACCCGTGTGGTTGCTAAGG 

PTTG1 R ACGTGGTGTTGAAACTTGAGAT 

 

 

Table 3.1 qPCR primers used 
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Gene Name (Human) Sequences (5’ to 3’) 

STMN1 F TCAGCCCTCGGTCAAAAGAAT 

STMN1 R TTCTCGTGCTCTCGTTTCTCA 

GAPDH F CACCAGGGCTGCTTTTAACTC 

GAPDH R GACAAGCTTCCCGTTCTCAG 

 

Table 3.1 qPCR primers used (continued) 
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3.2.8 Western Blotting 

Whole cell and tissue protein extracts were resolved on SDS-PAGE using procedures previously 

reported [288]. Proteins were then transferred to PVDF membranes. After blocking membranes 

for 1h at room temperature in 5% milk in TBS/0.1% Tween-20, they were incubated overnight at 

4 °C with appropriate primary antibodies. Following incubation with the secondary antibody, 

immunoreactive proteins were visualized with a SuperSignal™ West Femto Maximum 

Sensitivity Substrate (Thermo Scientific). We used the following antibodies: anti-FOXM1 

(#5436, rabbit monoclonal antibody, Cell Signaling Technology) and anti-actin (A2066, rabbit 

polyclonal antibody, Sigma). Actin was used as a loading control. 

3.2.9 Overexpression of FOXM1 in C4-2 Prostate Cancer Cells 

Since the isoform of FOXM1a is considered transcriptionally inactive [376, 377], lentiviruses 

expressing FOXM1b and FOXM1c were produced by transfecting the respective plasmids in 

293T cells as described in a previous study [378]. Briefly, the pSin-FOXM1b and pSin-FOXM1c 

expression vectors were constructed by a PCR approach with templates of pCW57.1-FOXM1b 

and pCW57.1-FOXM1c [379] purchased from Addgene (Cambridge, MA), respectively. pSin-

mCherry was used as a control. C4-2 cultures were infected with the viruses; puromycin in 

medium (1 μg/ml) was applied for a 96 h incubation to obtain infected cell populations for 

treatment with drugs and subsequent analysis. 

3.2.10 Boyden Chamber Cell Migration Assay 

C4-2 cells infected with lentiviruses (pSin-mCherry, pSin-FOXM1b and pSin-FOXM1c) were 

treated for 48 h with the combination of docetaxel (5 nM) and Aneustat (100 μg/ml) or vehicle 

control. Live cells (~1×10
5
) from each group were then seeded into the Boyden Chamber insert 

(24-well plate; BD Bioscience). After an 18 h incubation at 37 °C in a 5% CO2 incubator, cells 
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were fixed with 4% paraformaldehyde. Non-migrated cells on the upper surface of the 

membranes were removed and migrated cells on the lower surface of the membranes were 

stained with 0.1% crystal violet. Using a microscope, five pictures of each chamber were taken, 

and migrated cells were counted via Image J software. 

3.2.11 Statistics 

Statistical analyses of gene expression data were performed as described above. The Student's t-

test was carried out to compare means between two groups. One-way ANOVA was used to 

compare means of more than two groups. Results were considered statistically significant when 

p<0.05 and are expressed as means ± SEM. 

 

3.3 Results 

3.3.1 Inhibition by Docetaxel+Aneustat of C4-2 Cell Migration in vitro 

Replicate C4-2 prostate cancer cell cultures were incubated for 48 h with docetaxel (5 nM) and 

Aneustat (100 μg/ml) as single agents and with the combination of the drugs. Using the wound-

healing assay, the migration areas of the C4-2 cells at various time points (0, 6, 12, 24, 36 and 48 

h) were measured, and normalized to the wound area at time 0. As shown in Figure 3.2, the C4-2 

cell motility in the wound-healing assay was significantly reduced (p < 0.05) (starting at 12 h) by 

treatment of the cells with docetaxel+Aneustat as distinct from the single agents. 
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Figure 3.2 Effect of docetaxel+Aneustat on C4-2 cell migration. 

C4-2 cells were incubated for 48h with docetaxel, Aneustat or the combination of docetaxel and Aneustat. The 

wound-healing assay was performed to determine the effect of treatment on cell migration. The images of cell 

migration into the wound area after a 48h incubation are shown as (A) control, (B) docetaxel, (C) Aneustat, and (D) 

the combination of docetaxel and Aneustat. (E) The percentage of cell-migrated wound areas is shown in the bar 

graph. The experiment was performed in triplicate. Asterisks indicate p < 0.05 relative to control. Scale bar: 100 μm. 
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3.3.2 Lung Micro-metastasis and Kidney Tissue Invasion by LTL-313H Prostate Cancer 

Cells Inhibited by Docetaxel+Aneustat 

In a previous experiment, it was shown that a 3-week treatment of LTL-313H prostate cancer 

xenografts with a combination of docetaxel (5 mg/kg) and Aneustat (1652 mg/kg) synergistically 

and markedly inhibited the growth of the tumors, without development of major host toxicity 

[288]. It has repeatedly been demonstrated that cells of LTL-313H subrenal capsule xenografts 

can invade the mouse host kidney tissue and metastasize to the lungs [272, 343]. Metastasizing 

LTL-313H cells can be identified by positive staining for human mitochondria (via IHC using 

specific anti-human mitochondria antibody). In the present study it was found that, as shown in 

Figure 3.3, treatment with docetaxel, as distinct from Aneustat, markedly reduced the number of 

lung micro-metastasis (compared to controls). Furthermore, the combination of docetaxel and 

Aneustat led to a much higher reduction in lung micro-metastases relative to the control (p < 

0.001). As well, it was found that treatment with docetaxel+Aneustat, in contrast to docetaxel or 

Aneustat alone, markedly inhibited the invasion of kidney tissue by the grafted cells (Fig. 3.4), as 

measured by invasion of the mouse kidney tissue (Fig. 3.1). 
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Figure 3.3 Effects of docetaxel, Aneustat and docetaxel+Aneustat on lung micro-metastases in representative 

sections of lung tissue from mice bearing LTL-313H tumors. 

The effect of docetaxel, Aneustat and docetaxel+Aneustat on the number of mouse micro-metastases as identified by 

positive staining via specific, anti-human mitochondria antibody: (A) control, (B) docetaxel, (C) Aneustat and (D) 

the combination. (E) Numbers of mouse lung micro-metastases per 10 high power field, means ± SEM. ** indicates 

p < 0.01; *** indicates p < 0.001. Scale bar: 20 μm. 
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Figure 3.4 Effects of a 3-week treatment with docetaxel, Aneustat and docetaxel+Aneustat on host adjacent 

kidney tissue invasion by prostate cancer cells in the LTL-313H model.  

Kidney tissues (upper sections) and xenograft tissues (lower sections) of the LTL-313H PDX prostate cancer model 

treated with (A) control, (B) docetaxel, (C) Aneustat and (D) the combination of docetaxel and Aneustat. The way to 

determine the boundary of xenograft tissue and kidney tissue is shown in Figure 3.1. (E) Infiltrated kidney areas 

(percentages). * indicates p < 0.05; ** indicates p < 0.01. Scale bar: 1 mm. 
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3.3.3 Gene Expression Profile of Docetaxel+Aneustat-treated LTL-313H Xenografts: 

Correlation with Gene Expression Profiles of Patients with Improved Outcome (Oncomine)  

Two gene expression profiles were obtained from LTL-313H prostate cancer xenografts treated 

with docetaxel+Aneustat, involving (i) 838 down-regulated genes and (ii) 919 upregulated genes 

[i.e. genes showing significant changes in expression (≥ 2-fold) in response to the treatment of 

the xenografts compared to vehicle control]. These gene profiles were then compared with gene 

expression profiles from prostate cancer patients (Oncomine database). It was found that the 

gene expression profiles obtained from the docetaxel+Aneustat-treated xenografts positively 

correlated with the expression profiles of (i) patients showing longer survival time or longer 

cancer recurrence time and (ii) patients carrying non-metastatic tumors (odds ratio > 2, p<1E-4) 

(Tables 3.2 and 3.3), i.e. changes indicative of improved clinical patient outcome. Taken together, 

the data indicate that treatment with docetaxel+Aneustat is associated with improved patient 

outcome. 
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Clinical Event Clinical Cohort p value q value Odds Ratio 

Survival 

> 5 years Setlur Prostate 8.53E-21 5.13E-19 3.9 

> 5 years Nakagawa Prostate  2.12E-10 7.72E-9 21.0 

> 5 years Nakagawa Prostate 2 1.18E-5 2.84E-4 10.3 

Recurrence 

> 5 years Taylor Prostate 3 5.28E-35 5.05E-33 11.1 

> 5 years Nakagawa Prostate 3.33E-9 1.12E-7 9.9 

Metastasis 

 Taylor Prostate 3 1.12E-104 8.23E-102 9.4 

 Varambally Prostate 7.45E-47 9.95E-45 4.0 

 Grasso Prostate 1.10E-44 1.37E-42 3.9 

 LaTulippe Prostate 6.28E-39 6.65E-37 7.1 

 Vanaja Prostate 1.28E-34 1.21E-32 3.4 

 Holzbeierlein Prostate 2.14E-14 9.86E-13 3.4 

 

Table 3.2 Correlation between the down-regulated gene expression profile obtained with docetaxel+Aneustat-

treated LTL-313H xenografts and gene expression profiles of prostate cancer patients with improved 

outcome as indicated by Oncomine analysis. 
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Clinical Event Clinical Cohort p value q value Odds Ratio 

Recurrence 

> 5 years Taylor Prostate 3 6.59E-7 6.82E-5 2.1 

Metastasis 

 Tamura Prostate 2.71E-10 8.43E-8 2.8 

 Taylor Prostate 3 3.83E-21 1.71E-17 3.5 

 Yu Prostate 1.43E-5 8.73E-4 2.5 

 Grasso Prostate 1.42E-11 6.19E-9 2.2 

 LaTulippe Prostate 3.62E-8 5.94E-6 2.4 

 

Table 3.3 Correlation between the up-regulated gene expression profile obtained with docetaxel+Aneustat-

treated LTL-313H xenografts and gene expression profiles of prostate cancer patients with improved 

outcome as indicated by Oncomine analysis. 
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3.3.4 Suppression of FOXM1 Expression as a Potential Mechanism Underlying 

Treatment with Docetaxel+Aneustat 

Following IPA analysis of the 1757 genes showing significant differential expression (≥ 2-fold 

difference) between control and docetaxel+Aneustat-treated xenografts (see Chapter 2), 

‘Upstream Regulators’ of the data were used to identify potential cancer driver genes affected by 

the combination of docetaxel and Aneustat. The top 10 genes (Upstream Regulators) identified 

are presented in Table 3.4. In particular, the FOXM1 gene, important in the promotion of cancer 

metastasis [121], was substantially down-regulated by treatment with the combination with a 

fold change of -7.5. As well, IPA analysis was used to identify genes directly regulated by 

FOXM1 protein, i.e. AURKB [380], CCNB1 [381], CDC25C [382, 383], CENPA [384], CENPE 

[382], CENPF [381], PLK1 [385], PTTG1 [386], and STMN1 [387, 388]. It was found that the 

expression of these genes were also down-regulated as shown by the microarray data of 

docetaxel+Aneustat-treated LTL-313H xenografts compared to controls (Fig. 3.5A). To confirm 

down-regulation of FOXM1 by treatment with docetaxel+Aneustat, the expressions of FOXM1 

and FOXM1-target genes in LTL-313H xenografts and C4-2 cells treated with the drug 

combination were further analyzed. It was found that the mRNA and protein expressions of 

FOXM1 were significantly down-regulated by treatment with the combination in both LTL-313H 

xenografts (Fig. 3.5B) and C4-2 cells (Fig. 3.6A). Furthermore, the expression levels of FOXM1-

target genes were all significantly down-regulated in LTL-313H xenografts following treatment 

with the drug combination (Fig. 3.5C); similar results were obtained with C4-2 cells (Fig. 3.6B). 

Taken together, the results indicate that treatment with docetaxel+Aneustat markedly reduced the 

expression of FOXM1, a metastasis-promoting driver gene. 
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Upstream 

Regulator 

Gene 

Expression 

Fold Change 

Molecule 

Type 

Predicted 

Activation 

State 

Activation z-

score 

p-value of 

overlap 

ERBB2 -1.0 kinase Inhibited -6.896 2.27E-34 

MITF -1.9 transcription 

regulator 

Inhibited -6.832 1.89E-28 

CSF2 Not detectable cytokine Inhibited -6.563 5.27E-28 

RABL6 -1.7 other Inhibited -5.925 7.30E-30 

FOXM1 -7.5 transcription 

regulator 

Inhibited -5.118 5.25E-27 

PTGER2 Not detectable g-protein 

coupled 

receptor 

Inhibited -5.059 1.13E-19 

EP400  1.2 other Inhibited -4.663 2.70E-17 

E2F3  -1.7 transcription 

regulator 

Inhibited -4.398 2.13E-13 

MYC  1.4 transcription 

regulator 

Inhibited -4.343 5.31E-10 

CCND1  -1.4 transcription 

regulator 

Inhibited -3.857 7.65E-31 

 

Table 3.4 ‘Upstream regulators’ predicted by IPA as potentially affected by docetaxel+Aneustat. 
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Figure 3.5 Effect of docetaxel+Aneustat on the expressions of FOXM1 and FOXM1-target genes in LTL-313H 

xenografts. 

(A) Genes transcriptionally regulated by FOXM1 protein as predicted by IPA; green color indicates down-regulation 

of genes based on microarray data obtained with docetaxel+Aneustat-treated LTL-313H xenografts. (B) mRNA and 

protein expression of FOXM1 in LTL-313H xenografts, and (C) the mRNA levels of FOXM1-target genes. The 

experiment was performed in triplicate. * indicates p < 0.05. 
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Figure 3.6 Effect of docetaxel+Aneustat on the expressions of FOXM1 and FOXM1-target genes in C4-2 cells 

in vitro. 

C4-2 cells were incubated with docetaxel+Aneustat or control for 48 h. (A) mRNA and protein expression of 

FOXM1, (B) the mRNA levels of FOXM1-target genes. The experiment was performed in triplicate. ** indicates p < 

0.01; *** indicates p < 0.001. 
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3.3.5 FOXM1 Overexpression Attenuates Docetaxel+Aneustat-induced Inhibition of C4-2 

Cell Migration  

As shown in Figure 3.7A, C4-2 cells infected by lentiviruses pSin-FOXM1b or pSin-FOXM1c 

overexpress FOXM1. Such C4-2 cells and vector control pSin-mCherry cells were treated for 

48h with the combination of docetaxel (5 nM) and Aneustat (100 μg/ml) or with vehicle control. 

The Boyden Chamber cell migration assay was applied to determine the effects of the treatment 

with docetaxel+Aneustat on cell motility. The C4-2 cells that overexpressed FOXM1b/FOXM1c, 

and had been treated with docetaxel+Aneustat, showed higher migration ability compared to the 

pSin-mCherry control cells (Fig. 3.7B, C), indicating that overexpression of FOXM1 can reduce 

the inhibitory effect of docetaxel+Aneustat on cell motility.  

Furthermore, treatment of the pSin-mCherry vector control cells with docetaxel+Aneustat 

led to reduction of the expression of the FOXM1-target genes. In contrast, all of the FOXM1-

target genes showed higher expression when FOXM1b or FOXM1c were overexpressed (Fig. 

3.8). Taken together, the results indicate that FOXM1, a gene encoding a key transcription factor, 

is a major cancer driver gene that is affected by treatment with docetaxel+Aneustat. 
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Figure 3.7 Effects of treatment with docetaxel+Aneustat on migration of FOXM1 overexpressing C4-2 cells 

using the Boyden Chamber assay. 

(A) C4-2 cells infected with pSin-FOXM1b and pSin-FOXM1c show overexpression of FOXM1b and FOXM1c 

protein. (B, C) Boyden Chamber cell migration assay of pSin-FOXM1b and pSin-FOXM1c C4-2 cells and pSin-

mCherry control cells, treated and not-treated with docetaxel+Aneustat. The experiment was performed in triplicate. 

* indicates p < 0.05; *** indicates p < 0.001; NS indicates no statistical significance. Scale bar: 20 μm. 
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Figure 3.8 The effect of FOXM1 overexpression on FOXM1-target gene mRNA levels in C4-2 cells as affected 

by treatment with docetaxel+Aneustat. 

Effects of the treatment on mRNA expression of FOXM1-target genes in pSin-mCherry, pSin-FOXM1b and pSin-

FOXM1c C4-2 cells. The experiment was performed in triplicate.  *** indicates p < 0.001. 
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3.4 Discussion 

Based on a previous study showing that combining docetaxel with Aneustat can lead to 

much higher prostate cancer growth-inhibitory activity than the combined activities of the 

individual drugs (see Chapter 2) [288], the present study explored the effect of this drug 

combination on cancer metastasis. The findings that docetaxel+Aneustat can potently inhibit 

lung micro-metastasis by prostate cancer cells in the LTL-313H model and also host kidney 

tissue invasion (Figs 3.3 and 3.4) are consistent with (i) the inhibition by docetaxel+Aneustat of 

C4-2 cell migration (Fig. 3.2), and (ii) the findings of the previous study indicating that 

docetaxel+Aneustat would affect a variety of cancer hallmarks, including ‘tissue invasion and 

metastasis’ [288]. As well, the inhibition by docetaxel+Aneustat of lung micro-metastasis and 

adjacent kidney tissue invasion in the LTL-313H PDX prostate cancer model (Figs 3.3 and 3.4) 

is in agreement with the prediction by Oncomine gene expression profile analysis in the present 

study that treatment with docetaxel+Aneustat is associated with improved patient outcome, as 

evidenced by longer survival time, longer disease relapse time and lack of metastasis 

development (Tables 3.2 and 3.3). As such, combined use of docetaxel and Aneustat appears to 

represent a promising new therapeutic strategy for metastatic prostate cancer, a disease whose 

prognosis is currently grim.  

The findings in the present study, i.e. that treatment of the LTL-313H PDX prostate 

cancer model with docetaxel+Aneustat can markedly inhibit the expression of FOXM1 and its 

target genes (Fig. 3.5), is consistent with the inhibition by docetaxel+Aneustat of lung micro-

metastasis and adjacent kidney tissue invasion (Figs 3.3 and 3.4) as FOXM1 is considered an 

important promoter of metastasis [121], as are its target genes such as CENPA, PTTG1 and 

STMN1 [384, 386, 389]. FOXM1 and its target gene CENPF, in particular, have been identified 
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as synergistic drivers of prostate cancer [390], and overexpression of both FOXM1 and CENPF 

harbors a robust poor prognostic value, indicative of poor patient survival and metastasis [123]. 

As well, overexpression of FOXM1 in C4-2 cells led to both upregulation of FOXM1-target 

genes and reduction of the anti-migration activity of docetaxel+Aneustat (Figs 3.7 and 3.8), 

supporting the prediction by IPA that FOXM1 is a cancer driver gene that is affected by 

docetaxel+Aneustat (Table 3.4).  

As an upstream regulator, FOXM1 has been shown to regulate a number of canonical 

pathways such as the ‘Mitotic roles of polo-like Kinase’ pathway as we reported previously 

[288], acting via PLK1 (Polo-like Kinase 1), a key factor in this pathway [391]. The marked 

down-regulation of PLK1 by docetaxel+Aneustat (Figs 3.5 and 3.6) is in agreement with that. It 

has also been reported that down-regulation of FOXM1 expression can inhibit aerobic glycolysis 

of cancers [392], consistent with our report that the drug combination can affect glycolysis 

pathway [288]. Taken together, it appears that inhibition of expression of FOXM1 and its target 

genes is one of the mechanisms underlying docetaxel+Aneustat-induced inhibition of prostate 

cancer tissue invasion and metastasis. Recently, it has been shown that FOXM1 could be an 

important target for therapy of Enzalutamide-resistant prostate cancer [393]. In vivo studies using 

compounds that inhibit expression of FOXM1, such as Monensin [393] and Plumbagin [394], 

did not show major host toxicity. However, more studies are needed to further investigate the 

effect of targeting FOXM1 on host toxicity. Thus, FOXM1 provides a novel target for therapy of 

metastatic prostate cancer and patients with FOXM1 dysregulation would likely benefit from 

treatment with combined use of docetaxel and Aneustat. 

Subcutaneous mouse xenograft models of human cancer are in general not considered 

suitable for studies of local tissue invasion, an important characteristic of metastasis [395]. In the 
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present study, however, it was found, using an innovative histological approach (Fig. 3.1), that 

subrenal capsule PDX cancer models can be used for studying local invasion of host kidney 

tissue - an observation that could lead to wider application. 

In conclusion, the present study shows, using a high fidelity subrenal capsule PDX 

metastatic prostate cancer model, that combined use of docetaxel and Aneustat, as distinct from 

the individual drugs, can markedly inhibit metastasis and local tissue invasion – apparently a 

result of suppression of expression of metastasis driver genes such as FOXM1. As such, 

combined use of docetaxel and Aneustat may provide a novel, more effective regimen for 

therapy of advanced, metastatic prostate cancer. In addition, it was found that subrenal capsule 

PDX models can be used for studies of local tissue invasiveness.   
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Chapter 4: Anticancer Activity and Immunomodulatory Properties of 

Aneustat 

4.1  Introduction 

It is now well recognized that the immune system has a dual role in cancer development and 

progression, as cancers characteristically contain a wide variety of tumor-infiltrating immune 

cells which can inhibit or promote cancer growth [197, 396]. On one hand, intratumoral CD8
+
 T 

cells, NK cells and M1 macrophages, i.e. major effector cells of the host anticancer immune 

response, are aimed at eliminating cancer cells via various mechanisms [202, 396]. On the other 

hand, tumors also contain immunosuppressive cells, such as regulatory T cells (Tregs), myeloid-

derived suppressive cells (MDSCs) and M2 macrophages, that can promote cancer development 

by suppressing the host anticancer immune response [202]. Unfortunately, as cancers progress, 

intratumoral cancer-induced immunosuppression becomes dominant [397]. Recent successes in 

cancer immunotherapy based on stimulation of the host anticancer immune response have 

underlined the importance of the latter in the fight against the disease [398].  

There is compelling evidence that epithelial cancers can suppress the host anticancer 

immune response by various mechanisms [399]. Reprogrammed glucose metabolism, i.e. aerobic 

glycolysis, which is commonly used by cancer cells, leads to increased lactic acid secretion and a 

low, immune function-inhibiting pH in their microenvironment [227, 235]. The acidification of 

the tumor microenvironment can suppress the host anticancer immune response as it has been 

found to promote expansion of intratumoral numbers of Treg cells and MDSCs and reduce 

intratumoral levels of CD8
+
 T cells and NK cells [230, 236], resulting in a lower ratio of 

intratumoral CD8
+
 T cells to Treg cells as observed in patients [400]. Such a role of cancer-
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generated lactic acid has been demonstrated using B16 mouse melanoma allografts in 

immunocompetent C57BL/6 and Rag2
-/-

 mice. Thus a reduction of lactic acid secretion by the 

tumors, obtained by specific depletion of lactate dehydrogenase-A (LDHA), led to lower 

numbers of intratumoral MDSCs and higher numbers of intratumoral NK cells and CD8
+
 T cells 

compared to controls [236]. As such, targeting aerobic glycolysis to reduce lactic acid secretion 

by cancer cells appears to be a useful strategy for restoring the host anticancer immune response 

[227, 235]. This would lead to a higher ratio of CD8
+
 T cells to Treg cells, a higher number of 

NK cells and a lower number of MDSCs - a signature associated with improved patient outcome 

[401-404]. 

Aneustat is a multivalent immuno-oncology drug candidate developed by Omnitura 

Therapeutics Inc., USA. Recently, a Phase-I Clinical Trial (NCTId: NCT01555242) has shown 

that Aneustat was well tolerated by patients. Furthermore, treatment with Aneustat led to a 

decrease in the levels of immune suppression markers in patients (e.g., TGF-β) indicative of a 

reduction in the suppression of the host anticancer immune response [326]. As well, preliminary 

preclinical studies have indicated that Aneustat has anti-inflammatory and immunomodulatory 

activities [310]. We previously demonstrated, using a patient-derived prostate cancer xenograft 

model, that a combination of docetaxel and Aneustat led to much higher antitumor activity than 

the combined activities of the individual drugs, with indications that inhibition of aerobic 

glycolysis was involved [288].  

In the present study, we investigated Aneustat with regard to effects on (i) aerobic 

glycolysis of LNCaP prostate cancer cells, a process underlying cancer-generated lactic acid-

induced immunosuppression and (ii) immune system-related processes such as macrophage 
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differentiation and shifts in the levels of intratumoral host immune cells using LNCaP xenografts 

and first-generation patient-derived prostate cancer tissue xenografts. 

 

4.2 Materials and Methods 

4.2.1 Materials 

Chemicals, solvents and solutions were obtained from Sigma-Aldrich, Oakville, ON, Canada, 

unless otherwise indicated. Aneustat was supplied by Omnitura Therapeutics Inc. (Henderson, 

NV). 

4.2.2 Oncomine Analysis 

Oncomine is a cancer transcriptomic database and web-based discovery platform [18]. Gene 

expression analyses of a single gene or a set of genes can be performed with this platform to 

predict the potential role of the gene(s) in a malignancy [405]. 

4.2.3 Cell Culture 

Human LNCaP prostate cancer cells and mouse RAW264.7 macrophages were purchased from 

the American Type Culture Collection (ATCC; Manassas, VA). LNCaP cells and RAW264.7 

macrophages were maintained as monolayer cultures in RPMI-1640 medium (GE Healthcare 

HyClone) and DMEM medium (GE Healthcare HyClone), respectively, supplemented with fetal 

bovine serum (FBS 10%; GE Healthcare HyClone), at 37°C in a humidified incubator with a 5% 

CO2/air atmosphere. Cells were trypsinized to form a single cell suspension and counted using a 

TC20 Automated Cell Counter (Bio-Rad). Cell viability was determined by Trypan blue 

exclusion.  
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4.2.4 Treatment of LNCaP and RAW264.7 Cell Cultures with Aneustat 

LNCaP and RAW264.7 single cell suspensions were seeded into 6-well culture plates (starting 

concentration ~2.5 × 10
5
 cells/well for LNCaP cells and ~2 × 10

5
 cells/well for RAW264.7 cells) 

and incubated at 37 °C in 5% CO2/air for 18h. Aneustat (dissolved in DMSO + Ethanol) or 

vehicle control (DMSO + Ethanol) were then added to the cultures for a further 48h incubation to 

assess the effects of Aneustat.  

4.2.5 Quantitative Real-Time PCR 

Total RNA was isolated using the RNeasy Mini Kit (Qiagen Inc.) and cDNA was synthesized 

using the QuantiTect Reverse Transcription Kit (Qiagen Inc.) according to the manufacturer's 

instructions. Primers used were described in Table 4.1. qRT-PCR reactions using KAPA SYBR 

FAST Universal (Kapa Biosystems) were performed in triplicate in a ViiA 7 Real-Time PCR 

System (Applied Biosystems). Expression levels of genes were normalized to HRPT1. 
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Gene Name (Human) Sequences (5’ to 3’) 

SLC2A1 (GLUT1) F CCTGCAGTTTGGCTACAACAC 

SLC2A1 (GLUT1) R CAGGATGCTCTCCCCATAGC 

LDHA F GGAAAGGCTGGGAGTTCACC 

LDHA R CTGGGTGCAGAGTCTTCAGAG 

SLC16A3 (MCT4) F ACCCACAAGTTCTCCAGTGC 

SLC16A3 (MCT4) R AGCAAAATCAGGGAGGAGGT 

HRPT1 F GGTCAGGCAGTATAATCCAAAG 

HRPT1 R CGATGTCAATAGGACTCCAGATG 

ENO1 F CCTGCCCTGGTTAGCAAGAA 

ENO1 R GGGACTGGCAGGATGACTTC 

PDHA1 F CGCTATGGAATGGGAACGTCTG 

PDHA1 R TCGTGTACGGTAACTGACTCC 

PDK1 F TTGAATACAAGGAGAGCTTTGGGGT 

PDK1 R AATCACACAGACGCCTAGCATTTT 

PGAM1 F GCTAATCCCAGTCGGTGCC 

PGAM1 R GTCCGGATCGCTCTCTTCTG 

PGK1 F GTGTTCCGCATTCTGCAAGCC 

PGK1 R TTGGGACAGCAGCCTTAATCC 

 

Table 4.1 qPCR primer sequences used 
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Gene Name (Human) Sequences (5’ to 3’) 

ASCT2 F CCGCTTCTTCAACTCCTTCAA 

ASCT2 R ACCCACATCCTCCATCTCCA 

GLS F TTCAGTCCCGATTTGTGGGG 

GLS R CACTCGGCTCTTTTCCAACA 

GLS2 F TGGATATGGAACAGAAAGACTATG 

GLS2 R AAGCAGTTTGACCACCTCCAGATG 

GOT1 F AGCTGTGCTTCTCGTCTTGC 

GOT1 R AGATTGCACACCTCCTACCC 

GOT2 F CAACACATCACCGACCAAAT 

GOT2 R CGGCCATCTTTTGTCATGTA 

GPT F CGCAGTGCAGGTGGATTACTAC 

GPT R GAAGGCGAAGCGGATCACGG 

GPT2 F GACCCCGACAACATCTACCTG 

GPT2 R TCATCACACCTGTCCGTGACT 

PSAT1 F ACAGGAGCTTGGTCAGCTAAG 

PSAT1 R CATGCACCGTCTCATTTGCG 

 

Table 4.1 qPCR primer sequences used (continued) 
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Gene Name (Human) Sequences (5’ to 3’) 

GLUD1 F CTGGCTTGGCATACACAATG 

GLUD1 R GCTGTTCTCAGGTCCAATCC 

GLUD2 F TCGTGGAGGACAAGTTGGTG 

GLUD2 R TTGCAGGGCTTGATGATCCG 

Gene Name (Mouse) Sequences (5’ to 3’) 

Gapdh F AATGTGTCCGTCGTGGATCT 

Gapdh R GCTTCACCACCTTCTTGATGT 

Tnf F TCTTCTCATTCCTGCTTGTGG 

Tnf R GGTCTGGGCCATAGAACTGA 

 

Table 4.1 qPCR primer sequences used (continued) 
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4.2.6 Western Blotting 

LNCaP cells were treated with vehicle control and Aneustat for 48h; whole cell protein extracts 

were resolved on SDS-PAGE using procedures previously reported [235]. Proteins were then 

transferred to PVDF membranes. After blocking for 1h at room temperature in 5% milk in 

TBS/0.1% Tween-20, membranes were incubated overnight at 4°C with appropriate primary 

antibodies. Following incubation with secondary antibody, immunoreactive proteins were 

visualized with a SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo 

Scientific). The following antibodies were used: anti-GLUT1 (ab115730, rabbit monoclonal 

antibody, Abcam); anti-LDHA (3582, rabbit monoclonal antibody, Cell Signaling Technology); 

anti-MCT4 (sc-50329, rabbit polyclonal antibody, Santa Cruz); anti-actin (A2066, rabbit 

polyclonal antibody, Sigma). Actin was used to monitor the amounts of samples applied. 

4.2.7 Glucose Consumption and Lactate Secretion Determinations 

LNCaP cells and RAW264.7 cells, treated for 48h with Aneustat or vehicle control, were 

assessed for glucose consumption and lactate secretion after another 8h incubation with fresh 

medium. Samples of the media were then taken and deproteinized with 10K Spin Columns 

(BioVision) prior to determination of glucose and lactate concentration using the Glucose Assay 

Kit and Lactate Assay Kit (BioVision) as previously described [235]. Final concentrations of 

glucose and lactate were determined by normalizing to the total number of live cells. 

4.2.8 ELISA of TNF-α Secretion 

RAW264.7 cells, treated for 48h with Aneustat or vehicle control, were used for TNF-α secretion 

assessment after another 8h incubation in fresh medium. Samples of the media were then taken 

and the TNF-α concentration was determined using Mouse TNF ELISA Set II (558534, BD) 
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following the manufacturer's instructions. The final concentration of secreted TNF-α was 

normalized to the total number of live cells. 

4.2.9 Animals 

Athymic nude mice and NOD/SCID–IL-2R-γc-KO (NSG) mice, bred in the BC Cancer Research 

Centre ARC animal facility, were housed in sterile micro-isolator cages under specific pathogen-

free conditions. Food and water were sterilized prior to use. Temperature (20-21°C) and 

humidity (50-60%) were controlled. Daily light cycles were 12h light and 12h dark. Cages were 

completely changed once or twice a week. Animals were handled under sterile conditions. 

Animal care and experiments were carried out in accordance with the guidelines of the Canadian 

Council on Animal Care. 

4.2.10 LNCaP Xenograft Mouse Model and Treatment with Aneustat 

LNCaP cells (in 1:1 HBSS:Matrigel) were grafted under the renal capsules of male athymic nude 

mice (Simonsen Laboratories; 2 groups; 5 mice/group; 4 grafts/mouse). Three weeks after 

engraftment, the mice were randomly distributed into 2 groups and treated with Aneustat (1652 

mg/kg; orally; Q1d × 5/3) or vehicle control (Tween 80 in saline solution; orally; Q1d × 5/3). 

The health of the mice was monitored. After 3 weeks, the mice were euthanized and tissue 

sections prepared for histopathological analysis. 

4.2.11 First-Generation Patient-derived Prostate Cancer Tissue Xenograft Model, 

Treatment with Aneustat 

Fresh patient metastatic prostate cancer lymph node tissues (obtained from the Vancouver 

General Hospital with proper patients’ consent; with approved biosafety certificates and animal 

protocol) were grafted under renal capsules of male NOD/SCID–IL-2R-γc-KO (NSG) mice 

supplemented with testosterone as previously described [269]. After 10 days, the mice were 
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randomly divided into two groups (3 mice/group; 4 grafts/mouse), and treated with Aneustat 

(1652 mg/kg; orally; Q1d × 5/3) or vehicle control (Tween 80 in saline solution; orally; Q1d × 

5/3). The health of the mice was monitored. After 3 weeks, the mice were euthanized and tissue 

sections prepared for histopathological analysis. 

4.2.12 Immunohistochemical Staining 

Preparation of paraffin-embedded tissue sections and immunohistochemical analyses were 

performed as previously described [344]. Anti-mouse NK1.1 (CL8994AP, Cedarlane), anti-

mouse Ly6G (127601, Biolegend), anti-human CD8 (ab93278, Abcam), anti-human Foxp3 (14-

7979, eBioscience), anti-human CD33 (ab199432, Abcam) and anti-human NCR1 (ab14823, 

Abcam) antibodies were used for immunohistochemical staining. Three fields of each slide 

showing positively stained intratumoral lymphocytes were selected and images taken (×400 for 

LNCaP xenografts and ×200 for first-generation patient-derived tumor tissue xenografts) [406, 

407], using an AxioCam HR CCD mounted on an Axioplan 2 microscope and ZEN 2.3 software 

(Carl Zeiss). Positively stained cells in each image were counted. Prior to use, antibodies were 

tested for target and species specificity. 

4.2.13 Statistics 

Statistical analysis was determined using GraphPad Prism 5 (GraphPad Software, Inc); otherwise 

the Student's t-test was used. Results are considered statistically significant when p<0.05 and are 

expressed as means ± SEM. 
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4.3 Results 

4.3.1 Potential Biological Actions of Aneustat as Indicated by Oncomine Analysis of the 

Gene Expression Profile of Aneustat-treated Xenografts 

Microarray data obtained in previous studies with LTL-313H patient-derived prostate cancer 

xenografts [288] were used for gene expression analysis. 218 genes showing ≥2-fold changes in 

expression in response to treatment of the xenografts with Aneustat compared to controls were 

uploaded onto Oncomine. The biological annotations of the data were used to estimate the 

potential actions of Aneustat. As shown in Table 4.2, the top five concepts of biological 

annotations were: immune response; metabolism; G-protein-coupled receptor activity; hormone 

receptor extracellular; and GPCR family 2, secretin-like.  

 

 

Biological Annotations p value Odds Ratio 

Immune Response 0.002 3.1 

Metabolism 0.003 2.9 

G-protein coupled receptor activity 0.003 5.5 

Hormone receptor, extracellular 0.003 11.4 

GPCR, family 2, secretin-like 0.005 6.4 

 

Table 4.2 Top 5 biological annotations obtained by Oncomine Analysis of the Gene Expression Profile of 

LTL-313H prostate cancer xenografts following treatment with Aneustat 
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4.3.2 Aneustat-induced Differentiation of RAW264.7 Macrophages to the M1 Phenotype 

Mouse RAW264.7 macrophages have been shown to exhibit a differentiation ability toward two 

phenotypes, M1 or M2: (i)  their treatment with antigens/cytokines, such as lipopolysaccharide 

(LPS), can induce the M1 phenotype (anticancer activity) associated with increased secretion of 

TNF-α [408] and (ii) treatment with IL-4 can lead to the M2 phenotype (pro-cancer activity), 

with increased secretion of TGF-β [409]. In this study, treatment with Aneustat did not inhibit 

the proliferation of the RAW264.7 cells (Fig. 4.1A). However, Aneustat markedly changed the 

morphology of the cells from round to dendritic-like (Fig. 4,1B) and increased the secretion by 

the cells of TNF-α, a marker of the M1 phenotype (Fig. 4.1C). Together, these changes indicate 

that Aneustat induced differentiation of the RAW264.7 macrophages to an M1 anticancer 

phenotype. 
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Figure 4.1 Effects of Aneustat on RAW264.7 macrophages. 

Mouse RAW264.7 macrophages were treated with Aneustat (200 μg/ml). Effect of Aneustat on (A) cell numbers at 

24h and 48h; (B) cell morphology; (C) TNF-α secretion. The experiment was performed in triplicate. *** indicates p 

< 0.001; NS indicates no statistical significance. 
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4.3.3 Inhibition by Aneustat of Proliferation and Metabolism of LNCaP Cells 

LNCaP cells were incubated with Aneustat (200 μg/ml) or vehicle control; live cell numbers 

were counted at 24h and 48h. As shown in Figure 4.2A, the proliferation of LNCaP cells was 

markedly inhibited by Aneustat at 24h and 48h with inhibitions of 30% and 59%, respectively. 

An 82% decrease in glucose consumption was observed at 48h, while lactic acid secretion was 

reduced by 56% (Fig. 4.2B). Furthermore, the mRNA and protein expressions of key genes in 

the aerobic glycolysis pathway, i.e. GLUT1 (glucose transporter), LDHA (enzyme to convert 

pyruvate to lactate) and MCT4 (lactate transporter) were markedly down-regulated by Aneustat 

after 48h (Fig. 4.2C, D). Other genes in the aerobic glycolysis pathway (ENO1, PDHA1, PDK1, 

PGAM1 and PGK1) were not affected by Aneustat (Fig. 4.2D). The treatment with Aneustat led 

to upregulation of genes of the glutaminolysis pathway (Fig. 4.3). 
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Figure 4.2 Effects of Aneustat on LNCaP Cells. 

LNCaP prostate cancer cells were treated with Aneustat. Effect of Aneustat (200 μg/ml) on (A) cell numbers at 24h 

and 48h; (B) glucose consumption and lactate secretion at 48h; (C) mRNA expression of genes of the aerobic 

glycolysis pathway at 48h; (D) protein expression of GLUT1, LDHA and MCT4 at 48h. The experiment was 

performed in triplicate. ** indicates p < 0.01; *** indicates p < 0.001; NS indicates no statistical significance. 
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Figure 4.3 Up-regulation of glutaminolysis pathway genes by Aneustat. 

LNCaP prostate cancer cells were treated with Aneustat (200 μg/ml) for 48h. The relative mRNA expressions of 

genes of the glutaminolysis pathway were determined by qPCR. The experiment was performed in triplicate. *** 

indicates p < 0.001; NS indicates no statistical significance. 
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4.3.4 Effects of Aneustat on Tumor Growth and Relative Levels of Mouse Host Immune 

Cells in LNCaP Xenografts 

A 3-week treatment of male athymic nude mice bearing LNCaP xenografts with Aneustat (1652 

mg/kg) markedly inhibited the growth of the xenografts (Fig. 4.4); there was no major host 

toxicity as assessed by animal body weights and behavior. Using tissue sections of the xenografts, 

the effect of Aneustat on the relative levels of host mouse NK cells and mouse myeloid-derived 

suppressor cells (MDSCs) were determined by IHC, using NK1.1 [410] and Ly6G [411] markers, 

respectively. As shown in Figure 4.5, the relative numbers of intratumoral NK1.1
+
 NK cells, the 

major functional cytotoxic immune cell subtype in nude mice [412], were higher in the Aneustat-

treated than in the control tissues; in contrast, the relative numbers of immunosuppressive 

MDSCs [210], were significantly lower in the Aneustat-treated tissues than in the control tissues. 

 

 

 

 

 



107 

 

 

 

Figure 4.4 Effects of a 3-week treatment with Aneustat on the growth of LNCaP cell line xenografts. 

Vehicle control; Aneustat (1652 mg/kg, Q1d×5/3). Treatment with Aneustat markedly inhibited the growth of 

LNCaP xenografts (n=20; mean ± SEM). No major host toxicity was observed. * indicates p < 0.05. 
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Figure 4.5 Effect of Aneustat on the relative levels of mouse NK1.1
+
 cells and Ly6G

+
 cells in LNCaP 

xenografts. 

Athymic nude mice bearing LNCaP xenografts were treated for 3 weeks with Aneustat (1652 mg/kg) or vehicle 

control. The numbers of NK1.1+ NK cells (A) and Ly6G+ MDSCs (B) in the xenografts were counted using a 400× 

magnification. * indicates p < 0.05; *** indicates p < 0.001. Scale bar: 20 μm. 
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4.3.5 Effect of Aneustat on the Relative Levels of Patient Immune Cells in First- 

Generation Patient-derived Prostate Cancer Tissue Xenografts 

To investigate whether Aneustat has an effect on the relative levels of intratumoral patient 

immune cells, a first-generation patient-derived xenograft model of metastatic prostate cancer 

lymph node tissue was used; later generations of xenografts would be deficient in human 

immune cells. To this end, the xenograft-bearing mice were treated, 10 days after grafting, for 3 

weeks with Aneustat (1652 mg/kg) or vehicle control. No major host toxicity was observed. 

Quantification of patient immune cells in the xenograft tissues that positively stained for various 

human immune cell markers was used to assess the effect of Aneustat. As shown in Figure 4.6, 

the relative numbers of intratumoral patient CD8
+
 cytotoxic T cells were similar in the Aneustat-

treated and control tissues. In contrast, the numbers of FOXP3
+
 Treg cells were markedly lower 

(by >90%) in the Aneustat-treated tissues than in the control tissues, reflecting a higher ratio of 

intratumoral patient cytotoxic T cells to regulatory T cells in the Aneustat-treated tissues. NK 

cells and MDSCs were identified by staining with NCR1 and CD33, respectively [413-415]. As 

shown in Figure 4.7, the Aneustat-treated tissues showed higher NCR1
+
 NK cell numbers 

compared to controls, whereas the MDSCs in the Aneustat-treated tissues were lower in number 

than in the controls. Taken together, the data indicate that treatment of the metastatic prostate 

cancer lymph node xenografts with Aneustat was associated with higher numbers of host 

cytotoxic immune cells and lower numbers of host immunosuppressive cells. 
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Figure 4.6 Effect of Aneustat on the relative levels of patient CD8
+
 cells and FOXP3

+
 cells in first-generation 

patient-derived prostate cancer xenografts.  

NSG mice bearing first-generation prostate cancer xenografts were treated for 3 weeks with Aneustat (1652 mg/kg) 

or vehicle control. (A) The number of CD8+ T cells and (B) the number of FOXP3+ Treg cells in the xenografts were 

determined using a 200× magnification. *** indicates p < 0.001; NS indicates no significance. Scale bar: 50 μm. 
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Figure 4.7 Effect of Aneustat on the relative levels of patient NCR1
+
 cells and CD33

+
 cells in first-generation 

patient-derived prostate cancer xenografts. 

NSG mice bearing first-generation prostate cancer xenografts were treated for 3 weeks with Aneustat (1652 mg/kg) 

or vehicle control. (A) The numbers of NCR1+ NK cells and (B) the number of CD33+ MDSCs in the xenografts 

were counted using a 200× magnification. * indicates p < 0.05; ** indicates p < 0.01. Scale bar: 50 μm. 
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4.4 Discussion 

The present study has demonstrated that Aneustat markedly inhibits LNCaP prostate cancer 

growth both in vitro and in vivo, consistent with previously reported findings [310]. The arrest of 

LNCaP cell proliferation by Aneustat is likely a result of its inhibition of aerobic glycolysis (Fig. 

4.2). Thus, as shown in Figure 4.2, in vitro incubation of LNCaP cells with Aneustat led to a 

substantial decrease in their lactic acid secretion (~56%), which was associated with a substantial 

decrease in glucose consumption (~82%) and down regulation of the expression of major 

glycolysis-related genes, i.e. GLUT1 (glucose transporter), LDHA (lactate dehydrogenase A) and 

MCT4 (lactate transporter) (Fig. 4.2). The finding that Aneustat led to up-regulation of genes of 

the glutaminolysis pathway (Fig. 4.3), suggests that this pathway was used by the LNCaP cells as 

an alternative route to generate more lactate. However, as the amount of glutaminolysis-

generated lactate in general is much smaller than the amount of lactate generated via aerobic 

glycolysis [416-418], it would not greatly affect the inhibition by Aneustat of lactic acid 

secretion (Fig. 4.2B). The finding that Aneustat inhibited the aerobic glycolysis of LNCaP 

prostate cancer cells confirms the predictions by Oncomine analysis that Aneustat plays an 

important role in energy metabolism as one of a number of important physiological processes 

(Table 4.2). As cancer growth greatly relies on aerobic glycolysis [352, 419], the inhibition of 

aerobic glycolysis by Aneustat could be a major mechanism by which it may inhibit the 

proliferation of LNCaP prostate cancer cells in vitro and in vivo.  

Although Aneustat markedly inhibited the growth of LNCaP cell xenografts (Fig. 4.4), it 

did not significantly inhibit the growth of patient-derived LTL-313H prostate cancer xenografts 

(Fig. 2.2). This discrepancy may tentatively be explained by basic differences between the two 

mouse models. The LNCaP xenograft model is based on nude, immunocompromised mice that 
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still contain functional cytotoxic NK cells [412]. In contrast, the LTL-313H PDX model is based 

on immunodeficient mice totally lacking functional immune cells. In the present study, treatment 

with Aneustat was found to favor the host anticancer immune response. Consequently, the 

growth inhibition by Aneustat of the LNCaP xenografts may be based - to some extent - on 

Aneustat-induced stimulation of cytotoxic NK cells. Other differences that play a role may 

include: differences in responses to Aneustat between LTL-313H prostate cancer cells and 

LNCaP prostate cancer cells and greater cancer heterogeneity in the LTL-313H xenografts.  

In the present study it was found that Aneustat has immunomodulatory activity. Thus 

treatment with Aneustat led to differentiation of RAW264.7 macrophages to the M1 anticancer 

phenotype (Fig. 4.1). Importantly, treatment with Aneustat of metastatic prostate cancer tissue 

xenografts and LNCaP xenografts led in both cases to marked changes in the levels of 

intratumoral host (patient/mouse) immune cells favoring the host anticancer immune response, 

i.e. a higher ratio of intratumoral cytotoxic CD8
+
 T cells/Treg cells, higher numbers of 

intratumoral NK cells, and lower numbers of intratumoral MDSCs (Figs 4.5, 4.6 and 4.7). 

Similar changes in levels of host immune cells have been reported for mouse melanoma 

allografts in immunocompetent mice when their lactic acid secretion was reduced (via specific 

depletion of glycolysis-related LDHA the enzyme involved in the conversion of pyruvate to 

lactate) [236]. In view of this, it appears likely that the immunomodulatory activity of Aneustat 

is based on reduction of cancer-generated lactic acid secretion as obtained via aerobic glycolysis 

inhibition (Fig. 4.2). As such, this study shows, for the first time, that Aneustat has 

immunomodulatory properties based on (i) ability to induce macrophage differentiation, and (ii) 

inhibition of aerobic glycolysis leading to reduced secretion of cancer-generated lactic acid. The 
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data are consistent with the Oncomine analysis of the microarray data of Aneustat-treated LTL-

313H xenografts indicating that Aneustat affected the immune response (Table 4.2).  

Since treatment with Aneustat appears to favor the host anticancer immune response, as 

indicated by the present study, it may lead to reduction of cancer-induced immunosuppression in 

immunocompetent hosts. This suggestion is supported by the finding in the Aneustat Phase-I 

clinical trial that treatment with Aneustat led to a reduction in the levels of immune suppression 

markers in patients [326]. Further studies are needed to establish the mechanisms of action 

underlying the immunomodulatory activity of Aneustat. Restoration of the host anticancer 

immune response by Aneustat should be beneficial for potential clinical therapy of advanced 

prostate cancers using docetaxel combined with Aneustat. 

Patient-derived xenograft (PDX) cancer models have become widely used in cancer 

research, in particular subrenal capsule xenografts which show very high fidelity to the original 

patient tumors with regard to histopathology, tumor heterogeneity, tissue architecture, gene 

expression profiles and tumor aggressiveness [272]. The main limitation of PDX models is the 

absence of a functional immune system, making them unsuitable for comprehensive 

immunological studies [420]. However, as shown by the present study, first-generation PDX 

models contain a variety of tumor-infiltrated patient immune cells, as distinct from later 

generation models that do not have this feature, since patient immune cells vanish on serial 

propagation of the xenografts. As such, first-generation PDX models may provide limited use for 

immunological studies such as investigations of the effect of candidate drugs on the levels of the 

patient immune cells. They may find application in screening drugs/compounds for 

immunomodulatory properties.   
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In conclusion, the present study has shown that Aneustat has immunomodulatory activity, 

as indicated, in particular, by its induction of a shift in the levels of intratumoral host immune 

cells which favor the host anticancer immune response. This immunomodulatory activity appears 

to be based on Aneustat-induced inhibition of aerobic glycolysis leading to a reduction in the 

secretion of cancer-generated lactic acid and hence reduced acidification of the tumor 

microenvironment. Furthermore, first-generation patient-derived cancer tissue xenograft models 

may be used for screening immunomodulatory activity of compounds. 
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Chapter 5: Conclusions 

5.1 Summary of Study and Findings 

Docetaxel, applied with or without prednisone, was the first chemotherapeutic drug whose 

application in advanced prostate cancer treatment led to a minor extension of patient survival. 

Nevertheless, docetaxel-based chemotherapy is currently the standard treatment for prostate 

cancers that no longer respond to hormone ablation therapy, i.e. CRPCs. Studies aimed at 

improving its efficacy against CRPCs have focused on combining docetaxel, as a pivot drug, 

with a wide variety of anticancer agents. Regrettably, none of such drug combinations in Phase 

III clinical trials has yet demonstrated an improvement in patient survival [192-194]. Prostate 

cancer is difficult to treat, as it is a heterogeneous disease and can consist of treatment-resistant 

subpopulations in addition to treatment-sensitive subpopulations; in addition it has an ability, 

based on plasticity, to evade therapy by switching from a targeted pathway to a non-targeted one. 

As such, it appeared useful to treat prostate cancer using multiple pathway targeting. For this 

purpose, the multivalent immuno-oncology drug candidate, Aneustat, was used in combination 

with docetaxel, as pre-clinical studies had indicated that it can target multiple independent 

pathways. Furthermore, a Phase I Clinical Trial had shown that Aneustat was well-tolerated by 

patients and that it had immunomodulatory properties that could promote the host anticancer 

immune response [326]. 

The main objectives of this doctoral study were (i) to determine whether docetaxel-based 

therapy of prostate cancer can be improved by combining docetaxel with Aneustat, and (ii) to 

confirm that Aneustat has immunomodulatory properties. My working hypotheses were: (i) As 

Aneustat has anti-prostate cancer and anti-metastatic activity, as well as multiple targeting ability, 

combined use of docetaxel and Aneustat can achieve more potent anticancer efficacy, and (ii) 
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Aneustat can enhance anticancer activity by immunomodulation leading to an increased host 

anticancer immune response. 

 In Chapter 2, I have examined the anticancer efficacies of docetaxel, Aneustat and  

docetaxel+Aneustat using the high fidelity, clinically relevant LTL-313H patient-derived 

prostate cancer xenograft model, as PDX models have recently been recommended by the NCI 

for determining efficacies of anticancer drugs. I found that the anticancer activity of 

docetaxel+Aneustat was much higher than the sum of the activities of docetaxel and Aneustat 

used as single drugs. In fact, docetaxel+Aneustat led to complete growth inhibition and 

shrinkage of prostate cancer xenografts without major host toxicity. Microarray analysis of gene 

expression profiles of the xenografts indicated that the combination of docetaxel and Aneustat 

led to expanded anticancer activities that were not obtained by the drugs on their own. The 

results are consistent with the notion that improved therapeutic efficacy in a heterogeneous 

prostate cancer could be achieved with drugs targeting multiple independent pathways and 

combination therapies. As such, the findings indicate, for the first time, that docetaxel-based 

therapy of advanced human prostate cancer may be improved by combining docetaxel with 

Aneustat.  

In Chapter 3, I further investigated the biological effects of the combination of docetaxel 

and Aneustat on the LTL-313H prostate cancer xenograft model. Furthermore, I proposed a 

novel method for analyzing invasion by cancer cells of local kidney tissue, a unique phenomenon 

for subrenal capsule xenografts. I found that treatment with the combination of docetaxel and 

Aneustat can markedly inhibit LTL-313H prostate cancer xenograft lung micro-metastasis and 

local (kidney) tissue invasion in vivo and C4-2 cell migration in vitro. Analysis of gene 

expression microarray data using Oncomine software indicated that there was a high correlation 
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between the treatment with the drug combination and better patient outcome. The drug 

combination affected a variety of upstream regulators, in particular FOXM1, which was 

functionally validated as one of the cancer driver genes whose expression was suppressed by the 

combination. The data indicate that the combination of docetaxel and Aneustat may be exploited 

as a new regimen for metastatic prostate cancer treatment in the clinic. 

In Chapter 4, I obtained evidence confirming that Aneustat has immunomodulatory 

activity. The data show that Aneustat induced the differentiation of RAW264.7 macrophages to 

the M1 phenotype and was not toxic. As well, Aneustat did not only inhibit prostate cancer 

growth both in vitro and in vivo, but it can also suppress cancer-generated lactic acid secretion by 

inhibiting the aerobic glycolysis pathway. This is of paramount importance as suppression of the 

host local anticancer immunity is thought to be mainly due to acidification of the tumor 

microenvironment caused by elevated secretion of cancer-generated lactic acid. Furthermore, it 

was found that treatment with Aneustat of a first-generation PDX prostate cancer model led to a 

relatively higher ratio of CD8
+
 T cells to Treg cells, higher numbers of NK cells and relatively 

lower numbers of host Treg cells and MDSCs, i.e. changes favoring the host anticancer immune 

response. Similar changes have been reported for the levels of mouse host immune cells in 

mouse melanoma allografts following specific reduction of lactic acid production [236]. 

Accordingly, our study indicates, for the first time, that Aneustat may favor the host anticancer 

immune response by (i) inhibiting cancer-generated lactic acid secretion, and (ii) altering 

immune cell differentiation. Furthermore, first-generation PDX tumor models may be used for 

screening immunomodulatory activity of compounds and botanical products. 
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5.2 Conclusions Regarding the Study Hypotheses 

In conclusion, this doctoral study has demonstrated that the anticancer activity of 

docetaxel+Aneustat was markedly higher than the sum of the anticancer activities of the single 

drugs, as the drug combination led to complete inhibition of tumor growth associated with some 

tumor shrinkage. Treatment with the drug combination also substantially inhibited prostate 

cancer lung micro-metastasis and local (kidney) tissue invasion. Functional validation of FOXM1 

demonstrated that it is one of the major cancer driver genes whose expression is suppressed by 

the drug combination. Analyses of gene expression microarray data indicated that treatment with 

docetaxel+Aneustat is associated with better prognosis, and that the drug combination showed 

expanded anticancer activity by targeting multiple pathways and hallmarks of cancer, 

particularly those not obtained by single drugs. The above findings support the hypothesis that 

the combination of Aneustat and docetaxel can lead to markedly higher anticancer activity than 

obtained with docetaxel alone. The Aneustat-induced shift in the levels of patient immune cells 

favoring the host anticancer immune response can be explained by Aneustat (i) acting as an 

inhibitor of aerobic glycolysis, thus reducing the secretion of lactic acid into the tumor 

microenvironment, which leads to lower local immunosuppression, and (ii) altering immune cell 

differentiation. These findings support the hypothesis that Aneustat may also enhance anticancer 

activity by boosting the local host immune response.  

5.3 Strengths and Limitations 

To obtain evidence that Aneustat could be used to improve docetaxel-based therapy of advanced 

prostate cancer patients, the anticancer efficacy of docetaxel+Aneustat, as distinct from the 

individual drugs, was determined using the high-fidelity LTL-313H patient-derived metastatic 

prostate cancer tissue xenograft model. The results obtained showed that the tumor growth-
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inhibitory effect obtained with docetaxel+Aneustat markedly exceeded that obtained with 

docetaxel or Aneustat alone, and was associated with substantial inhibition of prostate cancer 

lung micro-metastasis and local (kidney) tissue invasion, not found for the individual drugs. 

Furthermore, the combination of docetaxel and Aneustat showed anticancer activities which 

were not exhibited by the drugs on their own, such as targeting (i) the master metastasis regulator 

FOXM1, (ii) multiple canonical pathways, in particular, aerobic glycolysis, and (iii) many cancer 

hallmarks. As the LTL-313H metastatic prostate cancer xenograft model has been demonstrated 

to have high clinical relevance, the data indicate that combining docetaxel with Aneustat may 

likely lead to improved clinical therapy of advanced prostate cancer. 

Evidence strongly supporting the notion that treatment of cancers with Aneustat may lead 

to restoration (at least in part) of host local anticancer immunity was obtained by establishing 

that treatment with Aneustat can (i) inhibit aerobic glycolysis, thereby reducing cancer-generated 

secretion of lactic acid thought to underlie cancer-induced immunosuppression, and (ii) lead to a 

shift in the levels of intratumoral patient immune cells favoring the host anticancer immune 

response. The latter was demonstrated with first-generation patient-derived prostate cancer 

xenograft models, which I proposed, as a first, may be used for screening compounds and 

botanical preparations for immunomodulatory activity. 

While the above studies of the anticancer efficacy of combined use of docetaxel and 

Aneustat are quite satisfying, only one patient-derived prostate cancer tissue xenograft model 

was used. Using a number of such models, more comprehensive information can be obtained 

with regard to, for example, tumor heterogeneity and identification of non-responsive 

subpopulations for future clinical trials.  



121 

 

 With regard to the use of first-generation PDX models for immunological studies, there 

are a number of obvious limitations. Thus such first-generation xenografts do not contain a 

functional human immune system acting as a continuous source of human immune cells. 

Furthermore, increases and decreases in the number of patient immune cells, for example, can at 

present not be explained mechanistically. More studies are needed to establish the properties and 

potential applications of first-generation PDX models. 

5.4 Overall Significance and Clinical Implications 

The overall significance of this doctoral study is that it has made a number of observations, for 

the first time, which are potentially of high impact in the oncological field. First, although it is 

known that herbal medicine can have immunomodulatory activities, the mechanisms by which it 

can lead to changes in the levels/activities of immune cells are largely unknown. With today’s 

increased understanding of the complexity of the tumor microenvironment, energy metabolism, 

immunology and the interaction of cancer cells and immune cells, it was possible to show that 

Aneustat, first-of-a-class of multivalent immuno-oncology drug candidates, is favoring the host 

anticancer immune response indirectly by inhibition of aerobic glycolysis leading to reduced 

production/secretion of cancer-generated lactic acid. This finding provides evidence and leads to 

a novel research direction in the field. Furthermore, this finding is of paramount importance in 

that it will likely expand the future clinical use of Aneustat, not only as anticancer drug, but also 

as immunomodulatory drug, for treatment of prostate cancer or other types of cancer. 

Second, I have demonstrated that first-generation patient-derived xenograft models 

contain patients’ immune cells, as distinct from well-established PDX models, and therefore may 

be used for limited immunological studies such as screening of compounds and botanical 

products for immunomodulatory activity. As such, first-generation PDX models will likely 
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provide fast and convenient tools with wide application in evaluating immunomodulatory 

activity of clinically useful drugs.  

Third, the finding that docetaxel+Aneustat act synergistically with regard to arrest of 

tumor growth and inhibition of lung micro-metastasis and kidney invasion, is highly significant. 

As this was demonstrated with a clinically relevant PDX prostate cancer model, it indicates 

potential improvement of current clinical prostate cancer therapy: (i) the first-line docetaxel-

based therapy of advanced human prostate cancer may be improved by using docetaxel in 

combination with Aneustat, and (ii) combined use of docetaxel and Aneustat could also be a 

regimen for treatment of early stage prostate cancer. 

Gene expression analysis of prostate cancer xenografts treated with docetaxel, Aneustat 

and their combination, has indicated that the two drugs can synergistically target multiple 

pathways that are not targeted by the drugs on their own. Treatments based on single targets are 

considered to be less effective for heterogeneous malignancies such as prostate cancers. A 

combination of drugs such as docetaxel+Aneustat targeting multiple pathways would provide a 

potential solution to overcome therapy resistance due to tumor heterogeneity.  

This study has shown that master transcription regulators of cancer progression, e.g., 

FOXM1, and multiple canonical pathways, such as aerobic glycolysis, are dramatically affected 

by docetaxel+Aneustat. This suggests that treatment with docetaxel+Aneustat may be 

particularly beneficial for prostate cancer patients exhibiting elevated FOXM1 expression or 

elevated aerobic glycolytic activity.  

Overall survival and progression-free survival are widely used as endpoints in clinical 

trials of cancer therapeutics [421, 422]. In view of the above findings, it is very likely that 
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treatment of advanced prostate cancer patients with docetaxel+Aneustat will prolong their 

survival time and disease progression-free time. 

 The findings made in this doctoral study have promoted the registration and conduct of 

Aneustat in a Phase I clinical trial, and provided scientific evidence for Aneustat to enter a Phase 

II clinical trial. 

5.5 Future Research Directions 

Castration-resistant prostate cancer (CRPC), resulting from the development of treatment 

resistance in prostate cancers to androgen-deprivation therapy (ADT), is a major challenge in the 

clinical management of advanced prostate cancer. However, most CRPCs still rely on the 

androgen receptor (AR) for growth and survival. Consequently, Enzalutamide, a next generation 

AR-targeting therapeutic, was approved for treatment of CRPC patients as both post-docetaxel 

therapy in 2012 [145, 423] and pre-docetaxel therapy in 2014 [144, 423]. Unfortunately, 

treatment with Enzalutamide is not curative and treatment resistance is quickly developed in 

patients [424, 425]. When Enzalutamide was used as post-docetaxel therapy, about one-fourth of 

patients showed primary resistance to Enzalutamide and developed disease progression in 3 

months, while other, initially responsive patients showed disease progression in 24 months [145, 

426]. The mechanisms of Enzalutamide resistance development have been categorized as AR 

mutations; AR splicing variants, e.g., AR-V7; AR bypass pathways, e.g., glucocorticoid receptor 

activation; de novo androgen biosynthesis, such as adrenal or intratumoral androgen production; 

and complete AR independence, such as activation of the AKT pathway [424, 425].  

The current project has shown that Aneustat, a herbal mixture, has multiple targeting 

capacities, including an ability to inhibit AR and p-AKT expression in C4-2 cells. As well, 

microarray analysis using IPA showed that treatment of LTL-313H xenografts with Aneustat 
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could activate the LXR/RXR pathway, which can reduce the levels of cholesterol, i.e. a precursor 

of de novo androgen biosynthesis [427]. As such, combined use of Enzalutamide and Aneustat 

could have synergistically increased anticancer activity, since Aneustat not only shares similar 

anti-prostate cancer mechanisms with Enzalutamide, such as inhibition of AR signaling, but also 

has complementary anticancer activity compared to Enzalutamide, as mentioned above. 

In the present study, Aneustat has been demonstrated to have immunomodulatory activity 

favoring the host anticancer immune response. In addition, in view of its multiple targeting 

properties, it would be interesting to determine the anticancer efficacy of Aneustat against other 

types of cancer using immunocompetent models, used either as a single drug or in combination 

with other anticancer agents. 
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