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Abstract 

      ETS Related Gene (ERG) rearrangement is one of the most common genetic changes seen in 

roughly about 50% of prostate cancer (PCA) cases. The inhibitor of growth family member 3 

(ING3) is a member of the ING tumor suppressor family. The deregulation of ING3 expression 

has been reported in various types of cancers. However, to date the role and function of ING3 in 

PCA as well as its relationship to ERG gene rearrangement has not been studied. Our initial 

observation from microarray expression profiling showed that ING3 was down-regulated in ERG 

positive prostate cancer samples in comparison to ERG negative tumors. In this work, we 

examined the expression and localization of ING3 in prostate cancer cell lines and tissue samples 

and its association to clinical outcome. We documented a significant association between ERG 

and ING3 and showed a significant association to the patients’ clinical outcome, thus 

highlighting a potential role for ING3 in prostate cancer progression. 
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Chapter One: Introduction 

 

1.1 Prostate Gland 

The prostate gland is the major secretory gland of the male reproductive system. It is a small, 

soft gland that is located underneath the urinary bladder and surrounds the upper part of the 

urethra and has the shape and size of a hazelnut [1]. The prostate gland consists of two groups of 

cells: stromal and epithelial, each of which is subdivided into different types [2]. The stromal 

cells consist of three types of cells: smooth muscle; fibroblast and endothelial cells, while the 

epithelial cells consist of five types of cells: luminal secretory; basal epithelia stem and 

neuroendocrine, each of which has specific morphology and functions [2]. The prostate gland is 

surrounded by a thin layer of connective tissue referred to as the “pseudo capsule”. The gland 

itself is histologically divided into three zones: the peripheral, central and transition zones [3] . 

The majority of prostate cancers occur in the peripheral zone, which is the outer part and closest 

to the rectum. This area can be felt during a digital rectal examination (DRE). The transition 

zone, which is closer to the urethra, is the region where most of  benign prostatic hyperplasia 

(BPH) occurs [4]. 

 

1.1.1 Physiology of Prostate  

At birth, the prostate weighs a few grams, and then gradually the weight increases to 

approximately 20 g at 20 years of age. It typically remains at a stable weight until the age of 45 

years [1]. The size and the function of the prostate is regulated by testosterone, which is an 

androgenic hormone secreted from the testes. The central function of the prostate is regulation 
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and development of spermatozoa through the production of alkaline fluid containing different 

products such as zinc, PSA and prostaglandin, to protect sperm from acidic environments [5]. 

 

1.1.2 Prostate Pathology 

1.1.2.1 Non-neoplastic diseases of the prostate 

Prostatitis is the inflammation of the prostate gland and is divided into acute and chronic 

prostatitis. Acute prostatitis is characterized by inflammation due to bacterial infection such as E. 

coli in the urinary bladder and urethra, which can spread to involve the prostate [6]. Chronic 

prostatitis refers mainly to the recurrence of acute prostatitis, which can lead to this chronic stage  

but can also occur without any history of acute prostatitis due to some non-bacterial factors such 

as Chlamydia trachomatis [6]. 

 

1.1.2.2 Neoplastic diseases of the prostate 

1.1.2.2.1 Benign prostatic hyperplasia (BPH) 

Benign prostatic hyperplasia is the enlargement of the prostate gland, which is a normal 

phenomenon in many men after the age of 40 years [7]. BPH is not considered a pre neoplastic 

condition but may cause some lower urinary tract symptoms [8]. 

 

1.1.2.2.2 High-grade prostatic intraepithelial neoplasia (HGPIN) 

HGPIN is neoplastic transformation of prostatic epithelium and is considered the pre-carcinoma 

of prostate cancer. Unlike the normal prostate tissue, in HGPIN the prostate cells divide more 

rapidly than normal tissue; however, they have not yet become cancer [9]. HGPIN can be 
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detected in prostate biopsies performed due to elevated PSA levels and there are limitations to 

detecting it by ultra-sonography [9]. 

 

1.1.2.2.3 Prostate Cancer  

Prostate cancer (PCA) is the malignant neoplastic proliferation that occurs in the prostate gland 

when cell growth is uncontrolled and the numbers of cells increase dramatically. The majority 

(about 95%) of PCA are derived from epithelial cells, which are called adenocarcinoma [10]. 

The main cause of mortality among prostate cancer patients is related to metastasis from the 

primary tumor in the prostate gland to distant organs or tissues such as the lymph nodes and 

bones  [11-13]. 

 

1.1.3 Prostate Cancer Epidemiology 

PCA is the most common malignancy in men and the second leading cause of cancer-related 

deaths in Western countries, with an estimated incidence of approximately 238,590 new cases 

and 29,700 deaths in USA in 2013 [14].  According to the American Cancer Society  “one in six 

men will develop prostate cancer in his lifetime and one in 36 will die from it” [15]. In Canada, it 

is estimated that 23,600 new cases of prostate cancer and 3,900 related deaths will occur in 2013, 

according to the Canadian Cancer Society [16] .Ontario has the highest number of deaths, with a 

total of 1,500 cases, while the lowest mortality is in Prince Edward Island, with 20 cases. In 

Alberta, this number is 570 cases [16] . 
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1.1.4 Risk factors 

Several risk factors have been reported for prostate cancer:  

o Age is the highest risk factor. Men between 75-79 years old have approximately five time 

greater risk compared to men between ages 50-54 [17]. It is rare for men younger than 50 

years old to develop prostate cancer [18]. 

o Family history: patients who have first degree relatives affected with PCA have an 

increased relative risk of developing prostate cancer, especially young age at onset [19]. 

o Ethnicity: the highest incidence is reported in African Americans, with 60% higher risk 

compared to other North Americans [20]. The lowest rate was shown among Asians, with 

about 25-fold less frequency compared with North Americans [21]. 

o Lifestyle, especially diet, has a significant effect on many types of cancer. In prostate 

cancer, it has been reported that diets rich in fat such red meat and dairy and low in 

vegetables, such as tomatoes and broccoli maybe linked to prostate cancer [22]. 

o Obesity: obese patients with prostate cancer have a worse prognosis compared with 

individuals with  normal body max index (BMI) [23].  

 

1.1.5 Prostate Cancer Detection 

Usually, PCA is a silent disease and does not show symptoms until late in the disease stages. In 

early stages, symptoms may include increased urination, urgency, pain, burning and the presence 

of blood in urine. However, these symptoms are nonspecific and occur in other diseases such as 

urinary tract infection (UTI)  [24]. Methods such as assessment of prostate specific antigen 

(PSA) in blood sample, digital rectal exams (DRE), transrectal ultrasound (TRUS) and bone 

scans for metastatic detection in bone have been widely used for PCA detection [22]. The normal 
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range of PSA is 0-4 ng/mL. However, this depends on the size of the prostate gland and the 

presence or absence of any inflammation. Depending on the situation, when PSA is elevated, it’s 

recommended that patients undergo a prostate biopsy to examine the tissue microscopically [22]. 

DRE is additional tool used to assess the prostate gland where the physician assesses any lumps 

in the prostate gland that could be indicative of PCA. Computed tomography (CT) scans and 

magnetic resonance imaging (MRI) have been used in detection of many cancers including 

prostate cancer. Of note here, is that even within the “normal PSA range”, there is a 10-15% 

chance of detecting PCA [24]. 

 

1.1.6 Prostate Cancer Prognosis 

Currently, established prognostic factors are determined in biopsy tissues examined 

histologically to evaluate severity and aggressiveness of prostate cancer, and are known as 

Gleason score grading. Gleason score is a grading system which was first established by Donald 

Gleason in 1966 [25]. The grading system depends on the architecture of cells within the tumor. 

Grades are from 1 to 5, with 1 being the least and 5 being the most aggressive. The tumor grade 

is obtained by determining the sum of the most common two patterns. Therefore, the sum score 

can range from 2-10 with the most aggressive score being a grade of 10 [26, 27]. Figure 1.1 

describes the pattern of different Gleason score. At initial pathologic assessment, the majority of 

prostate cancer patients will present with Gleason scores 6 and 7 [28]. In addition to pre-surgical 

pathological diagnostic methods, post-surgical methods used for prognostication include staging 

such as TNM system for staging the cancer the American Joint Committee on Cancer (AJCC), 

where T indicates tumor size, N indicates the presence of tumor in lymph nodes and M refers for 

distant metastasis involvement by cancer [29]. 
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Figure 1.1 Gleason score. 

Gleason score grading system used by a pathologist to evaluate the diagnosis of prostate cancer 

aggressiveness. It uses five grades based on the architecture of cells within the tumor, where 

grade 1 is more similar to normal cells and grade 5 is the worst pattern. The figure was taken 

from [30]. 
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1.1.7 Prostate Cancer Treatment 

The growth of tumor cells in prostate cancer is largely regulated by androgen receptor hormones, 

mainly the androgen receptor. Options of treatments include radiation, cryotherapy (freezing the 

cancer cells) and prostatectomy, which removes the prostate gland by surgery. Another option is 

Watchful waiting or active surveillance which is known as delaying the treatment especially in 

the older patients, small tumor volumes and lower stages disease [31]. Treatment with androgen 

deprivation (ADT) is widely used in metastatic prostate cancer. When this fails, chemotherapy is 

the last resource which is reserved for late castrate resistant state where the tumor is no longer 

responding to androgen  blockade [32]. Castration of the prostate refers to the attempts to block 

the androgen receptor and thus decreasing or eliminating androgen levels in the hope of stopping 

or slowing down the progression of PCA [31]. This method is used in advanced and recurrent 

stages but eventually patients show recurrence of prostate cancer, which is complicated when 

prostate cancer resist hormonal blockade and re-populate regardless of the treatment [33].  

 

1.2 Biomarkers in prostate cancer: 

1.2.1 Potential Biomarkers 

Micro RNAs (miRNAs) are small noncoding RNAs which are approximately 19-25 nucleotides 

long and have major role in protein synthesis and are not known to be translated. These miRNAs 

are conserved in both animals and plants [34]. They play an important biological role in 

apoptosis, proliferation and cell differentiation [34] and can be detected in body fluids such as 

plasma, urine, breast milk, serum, saliva and semen [35]. MiRNAs have been involved in several 

steps of cancer development and progression such as initiation, angiogenesis and metastasis [36]. 

The abnormality of miRNA expression was reported in different types of cancers such as breast, 
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ovarian and melanoma [37]. Differential expression of specific miRNAs has been reported in 

prostate cancer and proposed as biomarkers [38]. A review by Pang et al. [39] indicates that over 

50 miRNAs have been linked to prostate cancer as either potential tumor suppressors or 

oncogenes. Mitchell et al. [40] showed that a specific mRNA, miRNA 141, was highly expressed 

in the serum of prostatic cancer patients compared with serum from normal men. Another study 

by Bryant et al. [41] indicated that miRNA 141 and miRNA 375 were detected in the serum of 

metastatic prostate cancer patient in addition to miR -574-3p and miR-107 which were detected 

in urine of prostatic cancer compared to normal controls. 

 A recent study by Walter et al. [38] on 37 patients of prostatic tumor tissue samples in 

comparison with normal samples shows an up-regulation of 14 miRNAs (miR-144,miR-

335,miR-122,miR-193,miR-184,miR-138,miR-34,miR-198, miR-9,miR215,  and miR373) 

where 8 miRNAs (miR-222, miR 96, miR-92, miR-148, miR-27, miR-125,miR-126, miR-) were 

down-regulated and there ware loss of other18 miRNA expressions.  

 

1.2.2 Classical Biomarkers 

1.2.2.1 PSA 

Prostate Specific Antigen (PSA) blood screening remains the most common diagnostic test for 

the early detection of prostate cancer. However, PSA levels can be increased in benign disease, 

leading to the misdiagnosis of prostate cancer and its potential overtreatment [42].  

A review by Adhyam and Gupta mentioned that even in the “normal” PSA range, there are 

numerous factors that affect a patient’s PSA level, such as age and race. It is normal to have a 

higher baseline PSA levels in older men and among African individuals, compared with middle 

aged Caucasians. Moreover, men with high BMI tend to have lower PSA level compared with 
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those who have a healthy BMI [43].  

Therefore, there is a deep need to develop other, more accurate biomarkers for prostate cancer. 

For example, molecular biomarkers that identify genetic alteration in prostate cancer could 

provide useful tools to diagnose prostate cancer [44]. 

 

1.2.2.2 AMACR 

Alpha methylacyl-CoA racemase (AMACR) is a mitochondrial enzyme which has a role in 

metabolism and is known as a growth promoter [45]. Normal endogenous AMACR expression is 

detected in liver, lung and kidney [46]. In prostate cancer; AMACR expression levels are 

increased about 7-8 fold compared to benign prostate tissue [47]. AMACR has been reported to 

be overexpressed not only in prostate but in other cancers such as bladder, colon, breast and renal 

cancers [48]. A study by Rubin et al. [49] showed that AMACR expression is associated with 

disease progression in prostate cancer clinical samples.  

 

1.2.2.3 PTEN 

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a tumor suppressor gene 

which has a role in cell growth, cell survival and genome stability [50]. Alterations of PTEN  

have been reported in rare genetic diseases such as Cowden Syndrome in addition to different 

types of cancer such as melanoma, breast cancer, thyroid and prostate cancer [51]. Loss of PTEN 

was shown to be associated with and lead to progression of prostate cancer through activation of 

PI3K/AKT pathway [52].  
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1.2.3 ERG-TMPRSS2 fusion rearrangements 

The Ets Related Gene (ERG) belongs to the erythroblast transformation specific erythroblast 

transformation specific ( ETS) family of transcription factors, which consists of 29 genes, 

subdivided into 13 groups [53]. The ERG gene consists of 17 exons and is subdivided into 5 

ERG groups (ERG1 - ERG5) [53]. The ERG gene has been reported to have a normal biological 

function in regulating cellular differentiation, cell growth and angiogenesis [54]. ERG fusion was 

first described in Ewing’s sarcoma and acute myeloid leukemia [55].More recently, ERG gene 

rearrangements have been identified to be among the most common genomic aberrations in 

prostate cancer with the fusion between TMPRSS2 and ETS family genes of transcription factors 

ETV1, ETV4, ETV5 and the most common variant ERG [56]. 

The AR regulated transmembrane protease, serine 2 (TMPRSS2) gene has been identified as 

associated with ERG to form the most genomic alterations in prostate cancer [57]. Furthermore, 

it was indicated to be specific to detect and distinguish cancer from benign in prostate samples 

[58]. In prostate cancer,  the most common types of ERG gene fusion with TMPRSS2 occurs in 

exon 1 of TMPRSS2 at the 5` end region and at the 3` end of exon 4 of ERG with deletion of 32 

amino acids at ERG’s N- terminus [59]. Figure 1.2 shows various types of TMPRSS2-ERG 

fusions that have been observed. Also, it has been reported that PTEN loss and ERG gene 

rearrangement may contribute to a worse outcome and poor survival in prostate cancer patients 

[60]. 
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Figure 1.2  TMPRSS2-ERG Fusion variants.  

 Figure illustrates different type of TMPRSS2-ERG fusion. T1-E4 is the most common fusion 

type and it is the same variant we utilized in our cell line transfection .In addition 18 other types 

of TMPRSS2-ERG fusion has been documented. The number after “T” indicate s the exon 

number of TMPRSS2 being fused with ERG exon. . The number after “E” indicates the exon 

number of ERG being fused with ERG exon The boxes with light green color illustrate last 

TMPRSS2 exon and the yellow color boxes demonstrate the first exon of ERG. Light shading 

green in TMPRSS2 represents untranslated regions, while dark shading green represents open 

reading frame. T represents TMPRSS2 and E for ERG. figure was taken from [57]  . 
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1.2.4 ERG and prostate Cancer 

There are two types of ERG-TMPRSS2 fusions. In the first type, the fusion takes place in ERG1, 

ERG2 and ERG3 with both the DNA binding domain of ETS and protein interaction domain of 

PNT being conserved. In the second type, the fusion occurs in ERG8 and TEPC and lacks ETS 

domain. Both these domains play an important role in regulating target genes in different cellular 

processes such as proliferation, differentiation and apoptosis as reviewed in [61]. ERG structure, 

prostate cancer specific TMPSS2 –ERG transcripts type I and type II are summarized in Figure 

1.3. 

In clinical cohorts, ERG has been proposed to associated with aggressive disease; however, this 

is not uniformly noted in all publications, where some have documented no such prognosis or 

even better clinical outcome [62]. In localized PCA, Teng et al. [63] described the possible 

significance of ERG protein expression in localized prostate cancer reflecting higher 

pathological stage, however no association with biochemical relapse was noticed. A study by 

Demichelis et al. [64] has reported a significant association between ERG gene rearrangements 

and cancer related to death in prostate cancer patients in non-surgical cohorts.  
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Figure 1.3  Genomic structure of human ERG gene. 

a) Shows the 17 ERG exons. b) Structure of known ERG transcripts. c) Prostate cancer specific 

TMPRSS2-ERG rearrangement transcripts: Type I containing ETS and PNT domains. d) Prostate 

cancer specific TMPRSS2-ERG rearrangement transcripts: Type II containing only PNT domain 

and lacking ETS domain [61]. (Image was taken from Sreenath et al. [61]). 
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1.3 ING3 

1.3.1 ING family 

The INhibitor of growth (ING) gene family encodes type II tumor suppressors, which represent 

the novel tumor suppressors family comprised of five conserved genes, ING1-ING5 [65]. The 

ING family are evolutionarily conserved and related genes have been found in many different 

organisms such as mouse, frog, worms, yeast and human [65]. They have varied roles in 

different biological processes such as chromatin remodelling, DNA repair, cell senescence, 

apoptosis and cell cycle [66, 67]. 

 

1.3.2 ING structure 

Each member of the ING family is located on a different chromosome [65]. ING1 is the first 

member of the INhibitor of Growth proteins that was identified in 1996 in the Riabowol’s lab as 

a tumor suppressor. ING1 mapped to chromosome 13 and has 5 variants; three of which encode 

protein, while the other ING family members were identified based on the homology research 

[68]. 

ING2, the second member of the family, mapped to chromosome 4. ING4 maps to chromosome 

12 and has 8 variants, while ING5 maps to chromosome 2 [65]. 

A review by Soliman at al. indicates that all ING family members have a number of conserved 

protein domains: a highly conserved plant homodomain (PHD), containing C4-H –C3 zinc finger 

domains, which recognizes the methylation of histone lysine residues at the C-terminal. The 

second most common domain is nuclear localization signals (NLS) domain which contains 

nuclear targeting signals and is responsible for targeting ING proteins to the nucleus under stress. 

The NLS domain also has a role in regulating cellular functions of nuclear proteins.  A leucine 
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zipper-like (LZL) region in the N terminus functions as a protein-protein interaction mediator 

this domain conserved only in all 5 INGs except ING1 and it has shown to have a role in DNA 

repair in ING2.  Another domain, the lamin interacting domain (LID), has been identified, 

although little is known about its function. All these domains are shown in (Fig 1.4). In cancers, 

these proteins show altered cellular localization as it was reported for some INGs in cancers [68]. 
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Figure 1.4 Structure of ING Family 

Five types of ING proteins are demonstrated in blue rectangles boxes; all share different 

common domains.  PHD (plant homeodomain), in green color, contains a C4HC3 zinc finger 

motif which has a role in interacting with the methylated form of histone H3. NLS (nuclear 

localization signal), in red color, regulates cellular functions of nuclear proteins. A LID (lamin 

interacting domain), blue color, and LZL domain (Leucine zipper-like), light green, functions as 

protein-protein interaction mediator. The poly basic region (PBR) orange color, is only present in 

ING1 and ING2 next to PHD and has a role in activating PHD in these proteins [68]. (Image 

adapted from Soliman et al.[68]). 
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1.3.3 ING family and Cancer  

Alterations of INGs family members have been reported in different types of cancer. First, ING1 

inhibits growth in normal cells and its expression was found to be reduced in breast cancer [69]. 

ING1 was also shown to be down-regulated in other various types of cancers such as head and 

neck squamous cell carcinoma (HNSCC), non-small cell lung cancer (NSCLC) [70, 71] and was 

found to promote cellular invasion and tumor lymphatic metastasis in gastric cancer [72].The 

expression of ING2 was reduced in hepatocellular carcinoma, head and neck squamous cell 

carcinoma (HNSCC), and melanoma [73-75]. Lower ING4 expression was detected in breast 

cancer samples and was associated with larger tumor sizes and higher grade [76]. Also, lower 

expression of ING5 was detected by IHC in colorectal carcinoma correlated with shifting in 

localization from nuclear to cytoplasm [77]. 

 

1.3.4 ING3 and Cancer  

ING3 consists of 12 exons and encodes a 47 kDa protein with 418 amino acids and maps to 

chromosome 7q31 region [78]. ING3 sequencing varies among species. For example, it shows 

about 90% similarity between the human and mouse ING3 protein. This percentage decreases in 

lesser species to 82%, 30% and 23%  identified between human and frogs, worms and yeast 

ING3, respectively [79]. It is expressed in normal human tissues such as heart, kidney, testis, 

spleen, skeletal muscles, thymus, liver, peripheral blood leukocytes and placenta, while lower 

expression was detected in normal brain and lung tissues [80]. 

 

Deregulation of ING3 expression has been found in human head and neck squamous cell 

carcinomas HNSCC, hepatocellular carcinoma (HCC) and melanomas [80-82]. 
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A study by M. Gunduz et al. [83] showed that lower level of ING3 mRNA expression is 

correlated with worse prognosis in head and neck cancer patients. Moreover, they indicated that 

there are no significant correlations between ING3 and smoking, age or sex of patients. ING3 

was also reported to be deregulated in 18 liver tumor derived cell lines and in three randomly 

selected pairs of HCC tissue samples compared with normal liver cell lines and normal hepatic 

tissue, respectively [84]. M. Nagashima et al. [78] used  ING3 overexpressed  in poorly 

differentiated colon carcinoma derived cell line RKO that contain wild type P53 and RKO-E6 

with inactivated p53 ING3 to study its biological function. They indicated that ING3 could 

inhibit cell growth by controlling cell cycle control and inducing apoptosis in a p53 dependent 

manner.  

ING3 has been studied in some cancers as shown in (Table 1.1). However, neither the role of 

ING3 in prostate cancer, nor its correlation with ERG gene rearrangements has been elucidated. 

 

Table 1.1 Expression of ING3 in different cancers 

 

 

Type Expression Experiments Reference 

Liver down IHC/ mRNA Lu et al (2008) 

Yang HY et al (2012) 

Head and neck cancer down mRNA/survival Gunduz M et al (2008) 

Melanoma  down IHC/5-year survival Wang Y et al (2007) 
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Acetylation of histone mechanism has important roles in cell cycle, DNA repair and gene 

transcription regulation by remodelling the chromatin structure [85]. Alteration in the human 

NuA4/Tip60 histone acetyltransferase (HAT) complex is a common feature contributing to 

different types of cancers including prostate cancer [86]. ING3 is a stable subunit of the HAT 

complex and is required for acetylation of chromatin substrates [87]. A study done by Fortson et 

al. [88] indicated that ERG binds to HAT and inhibits its function in VCaP prostate cell lines, 

which suggested the role of ERG in deregulation in protein acetylation. 

 

1.3.5 Previous work related to our proposal 

Our initial observation from microarray expression profiling of 38 prostate cancer patients 

comparing tumors with positive ERG rearrangement (ERG1) versus ERG rearrangement 

negative tumors (ERG0) is shown in (Fig 1.5).  10 potential genes candidates were identified to 

be differentially deregulated between the two groups. One of the genes, ING3, was down-

regulated in about 50% of ERG positive prostate cancer samples in comparison to ERG negative 

ones. However, to date, the role and function of ING3 in prostate cancer as well as its 

relationship to ERG gene rearrangements has not been studied. 
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Figure 1.5  Heat map of 10 top deregulated genes predicting ERG rearrangement status. 

A) Heat map gene expression based on analysis performed on groups of prostate cancer 

samples with known ERG status; where (ERG=0) refers to no ERG rearrangements and 

(ERG=1) indicate positive ERG rearrangements. Microarray analysis identified potential 

10 genes to be deregulated between the two groups. 

B) Magnified portion of the map highlighting ING3 mRNA expression, which is the main 

gene investigated in this study. Samples are reorganized based on ERG status (the image 

proved by Mr. Mohamed Alshalalfa). 
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1.3.6 Hypothesis and objectives 

Based on the microarray gene expression profiling of ING3 on specimens with known ERG 

status, we hypothesized that down-regulation of ING3 mRNA levels is potentially associated 

with ERG gene rearrangement and that it could have a potential prognostic value in prostate 

cancer. 

 

Objectives: 

 

1. Determine expression levels of ING3 protein and mRNA and its localization in normal 

and prostate cancer cell lines. 

2. Investigate the potential relationship between ERG gene rearrangements and ING3 levels 

and localization in clinical samples and prostate cell lines 

3. Investigate ING3 expression and its subcellular localization in prostate tissue samples in 

relation to disease progression and clinical outcome.  

 

 



 

27 

Chapter Two: Materials and Methods 

 

2.1 Cell lines  

Human PCA cell lines DU145 and PC-3 and HEK-293 cells were provided by Dr. Don Morris 

(Translational Labs, University of Calgary, Alberta, Canada). RWPE-1 and VCaP cell lines were 

purchased from American Type Culture Collection (ATCC; Manassas, CA, USA).  Prostate 

cancer cells (PC-3, DU145 and LNCaP) were grown in RPMI 1640 medium (GIBCO life 

technology, Grand Island, NY, USA) supplemented with 10% FBS (GIBCO) at 37°C in 5% CO2 

atmosphere.  The VCaP cell line (ATCC) was maintained in DMEM (GIBCO) with 10% FBS. 

RWPE-1 cells were grown in Keratinocyte-Serum Free Medium (K-SFM, GIBCO Catalogue 

Number 17005-042).  RWPE-1 GFP (control), RWPE-1 ERG, PC-3-Luciferase and PC-3-ERG 

(in which ERG is stably transfected) were kindly provided by Dr. Felix Feng, University of 

Michigan. Human embryonic kidney HEK293 cells were transfected with ING3 pc DNA, and 

used as positive control in both the Western blot and immunofluorescence experiments. List of 

used prostate cell lines and expression of AR, PTEN and ERG on these cells is shown in Table 

2.1. 

 

2.2 Mycoplasma test 

Mycoplasma is a type of bacteria that lacks a cell wall and can induce pathogenicity in 

mammalian cells. Contamination with Mycoplasma affects many types of cell lines including 

prostate cell lines, where it was reported that this bacteria has the ability to transform benign 

prostate cells into malignant ones, both in-vivo and in-vitro [89]. Therefore, prior to using the 

cell lines for any experiments, cells underwent a mycoplasma detection test using the LookOut® 
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Mycoplasma PCR Detection Kit (Catalogue number MP0035, SIGMA-ALDRICH, St. Louis, 

MO, USA). According to the manufacturer’s instructions, the supernatant from the cell culture of 

each cell line was tested directly by preparing PCR samples. First, a mix of DNA polymerase 

and rehydration buffer, 0.5 µl and 22.5 µl respectively, were prepared for each reaction. Negative 

and positive control transparent reaction tubes were included in the kit where the tubes contained 

primers, nucleotides, and internal control DNA. In the provided tubes, we added 23 µl of DNA 

polymerase/ rehydration buffer and 2 µl of RNA-free water as a negative control or 2 µl of 

sample.  For positive controls, which are in the pink provided tubes, we added 25 µl of the mix. 

Then, all samples, including the positive and negative controls, were preceded to the PCR 

reaction and run in agarose gels. For negative samples, the band shows at 481 bp in the 

electrophoresis gel, and the mycoplasma positive samples will show bands in the range of 270 ± 

8 bp. All cell lines used in this study were mycoplasma negative, while any positive samples 

were terminated to avoid any contamination. 
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Table 2.1 Expression of AR, PTEN and TMPRSS2-ERG in prostate cell lines used in this 

study 

 

2.3  Cell culture 

Cell lines were stored in a 10 % Dimethyle Sulphoxide DMSO (D2640) solution (Sigma, St. 

Louis, MO, USA) at -80
o 

C
 
for a few months

 
or in liquid nitrogen for extended periods of time. 

Cell culturing commenced with the sterilization of the Biosafety cabinet and all related working 

areas.  All working steps for cell culturing were performed inside the hood and all materials used 

including gloves, were sterilized with alcohol to avoid contamination. The vials of frozen cells 

were thawed quickly in a 37
o
C water bath and transferred to 15 or 50 ml tubes (BD Falcon, 

Franklin lakes, NJ, USA) containing 8-10 ml of the proper medium and centrifuged at 1000 rpm 

for 8 minutes. The supernatant was discarded to remove DMSO and only the cell pellets were re-

suspended in 3-5 ml of media. The cells were then transferred to a flask that contained extra 

media, 10-15 mls depend on the flask size, and placed in the incubator for 1-2 days. After 

Cell Line Type of Prostate Cell line AR PTEN TMPRSS2-

ERG 

RWPE-1 HPV-18 immortalized prostate cell line + +/+ - 

LNCaP Lymph node metastasis + -/- - 

VCaP Vertebral metastasis + +/+ + 

PC3 Bone metastasis - -/- - 

DU145 Brain metastasis - +/- - 
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reaching 70-80 % confluence, cells were passaged to second plates after trypsinizing them with 

0.25% Trypsin –EDTA (GIBCO by Lifetechnology, Grand Island, NY, USA) for 3-5 minutes in 

37 C
o
 incubator. To deactivate trypsin action, FBS containing medium (or Trypsin inhibitor 

(Glycin Max T6414) (Sigma, St. Louis, MO, USA) for RWPE-1 cells) was added to the cells.  

Subsequently, the cell suspension was transferred to a Falcon tube and centrifuged for 8 minutes 

at 1000 rpm. After centrifuging, the supernatants were discarded and 3-5 ml of required media 

was added to re-suspend the pellets. Cells were then diluted 1:4-1:5 in 10 cm cell culture dishes 

(CELLSTAR
® 

Greiner Bio-One GmbH, Frickenhausen, Germany). When cells reached ideal 

confluence, they were ready for both protein and RNA extraction.  

 

2.4 Antibodies 

Different mouse monoclonal antibodies were used in this study.  ING3 2A2 is a house made 

antibody made in the University of Calgary Antibody facility. Androgen receptor AR (sc-7305) 

and α tubulin (sc-53646) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). GAPDH (14C10) were purchased from Cell Signalling Technology (Beverly, MA, USA). 

Rabbit polyclonal antibodies were also utilized.  ING3 (10905-1AP) was purchased from 

Proteintech (Proteintech Group, Inc. Chicago, IL, USA). ERG (sc-353) and Lamin A (sc-20680) 

from Santa Cruz Biotechnology (Santa Cruz, CA, USA).  In addition, the following Rabbit 

monoclonal antibodies were used: PTEN (138G6) and β actin (13E5) from Cell Signalling 

Technology (Beverly, MA, USA). 

 



 

31 

2.4.1 ING3 Antibody (2A2) 

ING3 (2A2) is a mouse monoclonal antibody and was generated as following: 5 mice were 

injected intraperitoneally (IP) with 10 µg of human ING3 protein twice, two weeks apart. Ten 

days after the injection, a blood test was performed using ELISA to analyze the serum. The best 

mice are sacrificed and spleens are fused to Sp2/mIL6 myelomas using PEG 1500. Cells were 

then plated into 96 well plates and left for 12 to 14 days for colonies to grow. The positive wells 

are sub-cloned to give single cells. Once the single cell colonies grow to a testable size, they are 

re-screened by ELISA. Positive colonies are grown to a larger volume; cells are frozen and 

supernatant is saved for further use [90]. 

 

2.4.2 HEK-293 cell line control 

In this study, human embryonic kidney HEK-293 cell lines transfected with ING3 plasmid were 

used as positive control in both the Western blot and immunofluorescence experiments. In 

addition, HEK293 with suppressed ING3 were used as a negative control to confirm the correct 

molecular weight band of ING3 in Western blot. 

 

2.4.2.1  Overexpression of ING3 in HEK-293 cell lines 

HEK-293 cell lines were maintained in DMEM medium (GIBCO) supplemented with 10% FBS.  

Cells were cultured and were infected the following day with 10μl ING3 plasmid and 5μl GFP in 

diluted Lipofectamine 2000 lipofectamine
® 

RNAiMAX Reagent (Invitrogen, Life technology, 

Carlsbad, CA, USA) with Optimum Opti-MEM (GIBCO, Life technology, GrandIsland, NY, 

USA). After 48 hours, cells were harvested and the protein was collected for Western blot 

analysis, for both total cell protein and fractionation methods. 
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2.4.2.2 Knocking down ING3 in Cell lines 

HEK-293 and Du 145 cell lines were cultured in 6 well plates and grown to 70% confluence. 

Cells were transfected with 15μl lipofectamine 2000 diluted in 235μl of opti-MEM and 

incubated at room temperature for 5 minutes. In three separate sterile tubes, ING3 siRNA with 

different concentrations and GFP were diluted with opti-MEM and added to the cells. A siRNA-

control with GFP was also added in one of the wells. 

 

2.4.3 Overexpression of ERG 

RWPE-1 and LNCaP Cells were seeded at 6x10
5
cells/well in 6-well plates. On the next  day, 

cells were transfected with 2.5µg of GFP or TMPRSS2-ERG DNA using 6µg of lipofectamine 

LTX (Invitrogen) and 250 ml of Opti-MEM (GIBCO) per well.  Cells were harvested for 48 

hours after transfection and Western blot was performed using 20µg of each protein sample. 

 

2.4.4  Knocking down ERG in VCaP cell lines 

VCaP cells were seeded in 6 well plates and transfected on the second day. 500mg of opti-MEM 

containing 30mg of lipofectamine was mixed with either 500mg of opti-MEM containing 5ml of 

non-targeting siRNA (Non-targeting pool Thermo Scientific Dharmacon 
®
 On-target plus

®
 

Control pool) or 5 µl of ERG siRNA (Hu-ERG form Sigma, St. Louis, MO, USA) and incubated 

for 5 minutes at room temperature. This mix was added drop wise into the cells after changing 

the media and incubated for 24, 48 and 72 hours to see results. 
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2.4.5 Protein Extraction 

2.4.5.1 Protein Extraction from cell lines 

Cells were cultured in 37
o
C

 
in 5 % CO2 atmosphere until 70-80 % confluence is reached. After 3 

washes with ice-cold phosphate buffered saline (PBS), cells were scraped from the plate on ice 

and collected in 10 ml PBS and centrifuged for 10 minutes at 4
o
C. 500μl RIPA lysis buffer 

(R0278) (Sigma, St. Louis, MO, USA), supplemented with protease inhibitor cocktail tablets 

EDTA-Free complete mini (Roch, Mannheim, Germany) was added to the cells. Pellets were 

mixed by pipetting in an up and down motion. Protein lysates were then sonicated and 

subsequently centrifuged at 15,000 rcf for 15 min at 4
o
C. The supernatant was transferred to 

fresh pre-chilled tubes. Protein concentration was determined using the Quick Start Bradford 

Protein Assay Kit (Bio-Rad Laboratories Inc. Hercules, CA, USA).  

 

2.4.5.2 Protein Extraction from tissue samples  

To extract protein from tissue, samples were subjected to Illustra Triple Prep Kit (GE Healthcare 

UK limited, Buckinghamshire, UK) according to the manufacturer’s protocol.  We used the 

protein isolation which was the last step of the protocol. After samples were homogenized and 

lysed, they underwent different steps of DNA binding, RNA binding, protein precipitation, 

protein wash, protein re-suspension and finally protein isolation. Later, the protein samples were 

used in Western blot analysis. 

 

2.4.6 Nuclear and cytoplasmic fractionation  

To investigate the localization of ING3 in cell lines and tissue samples, the fractionation method 

was applied in all cell lines and tissue samples.  
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2.4.6.1  Nuclear and cytoplasmic fractionation for cell lines 

Nuclear and cytoplasmic protein fractionations were isolated using a Rapid, Efficient And 

Practical (REAP) method for subcellular fractionation of primary and transformed human cells in 

culture  [91]. The confluent cells were placed on ice and the media was aspirated and discarded. 

Cells were then washed twice with cold PBS. One ml of PBS was added to the plate and cells 

were harvested and collected in 1.5ml microtubes (MCT-150) (AXYGEN Inc. Union City, CA, 

USA). Following centrifugation and discarding the supernatant, 1ml of 0.1% NP40 was added to 

the cells and pipetted for 5 times, and 300μl was collected in a tube and labelled as whole cell 

lysate (W). The remaining supernatant was centrifuged for 10 seconds at 10000 rpm and another 

300μl were transferred in a clean tube and labelled as cytoplasmic (C). The remaining 600μl 

supernatant was discarded and 1 ml of NP40 solution mix was added to the pellet and re-

suspended and centrifuged again for 10 seconds at 1000 rpm. The entire supernatant was 

discarded and 200μl of 1X of Laemmli sample buffer was added to the pellet; the tube being 

labelled as nuclear portion (N). 100μl of 4X Laemmli buffer was added to the cytoplasmic and 

whole cell lysate. The whole cell lysate and the nuclear fraction were sonicated using 

microprobes (Misonix, NY, USA) at level 2, twice for 5 seconds each. Subsequently, all three 

tubes were boiled for 1-2 minutes. For the Western blot loading, 10μl, 10μl and 5μl of whole cell 

lysate, cytoplasmic and nuclear fractionations were used, respectively. 

 

2.4.6.2 Nuclear and cytoplasmic fractionation for tissue 

For tissue fractionation, frozen tissue samples were cut in 3X5 mm and put in a 1.5ml tube 

submerged in liquid nitrogen.  The samples were smashed using a 2 ml tissue grinder from 

WHEATON (Millville, NJ USA) and then the REAP method for subcellular fractionation was 
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performed using the manufacturer’s protocol for cell lines with only minor modifications in the 

amount of solution that was used. Anti- α –tubulin and anti- lamin A antibodies (Santa Cruz 

Biotechnology Inc. Santa Cruz, CA, USA) were used as cytoplasmic and nuclear protein 

markers, respectively, in cell lines and tissue samples. 

 

2.4.7 Western blots 

The protein concentration of the samples was determined using Quick Start Bradford Protein 

Assay Kit (Bio-Rad). The samples were diluted to the same protein concentration and an equal 

volume of 4X loading buffer was added. Equivalent quantities of protein (30 mg) were separated 

by 10% SDS-polyacrylamide gel. Following transfer to Polyvinylidene Fluoride Immuno-blot 

TM
PVDF (Bio-Rad) membrane in the transfer buffer for two hours at 100V on ice, the membrane 

was incubated with a blocking buffer (2.5g of powdered skim milk or Bovine Serum Albumin 

(BSA) (AMRESCO, Ohio, USA)) diluted in 50 mL PBS/0.1% Tween 20 (Sigma)) for overnight 

in 4° C or 1 hour at room temperature with constant shaking. After that, the membrane was 

incubated with the primary antibody for 30 minutes with anti ING3 antiserum 2A2 at room 

temperature or overnight at 4° C for other proteins of interest. The following primary antibodies 

were used for this study:  anti-ING3 2A2 Ab house made ( Raibowol’s lab, Antibody facility 

University of Calgary) , ERG 1/2/3 sc-353( Santa Cruz Biotechnology) (1:500 ), Lamin A sc-

20680 ( Santa Cruz Biotechnology) 1:1000 , α-tubulin sc-53646 ( Santa Cruz Biotechnology) 

(1:2000), GAPDH-14C10 (Cell Signaling,) and β-actin13E5 ( Cell Signaling) (1:5000). The 

membranes were washed 3 times for 10 minutes each with Tris Buffered Saline with Tween 20 

(T-BST buffer). The membranes were then incubated with either Anti-mouse IgG- HRP- linked 

antibody or Anti-rabbit IgG-HRP- linked antibody (Cell Signaling) (1:10,000) in the blocking 
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buffer for 1-2 hours at room temperature. After 3 washes with TBST (5 minutes each), the 

membrane was covered with ECL (GE Healthcare, Buckinghamshire, UK) for 2-3 minutes, 

exposed to X-ray film (Amersham Hyperfilm 
TM 

ECL, Buckinghamshire, UK) or FUJI Medical 

x-ray film FUJIFILM Corporation, Tokyo, Japan) in the dark room and developed by a Kodak 

X-OMAT 2000A Processor (Carestream Health, Inc, Rochester, NY, USA) for appropriate time. 

List of used antibodies is summarized in Table 2.2. 
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Table  2.2 Antibodies used in Western Blot experiments 

List of antibodies used in this study for Western blots analysis with details of suppliers and 

dilutions used and the proper secondary antibodies 

 

Primary 

antibody 

Supplier Catalogue  

Number 

Dilution Secondary 

antibody 

ING3 Proteintech 10905-1-AP 1:500 Anti-rabbit 

Cell Signaling 

ERG 1/2/3 Santa Cruz 

Biotechnology 

sc-353 1:500 Anti-mouse 

Cell Signaling 

Lamin A Santa Cruz 

Biotechnology 

sc-20680 1:1000 Anti-rabbit 

Cell Signaling 

α-tubulin Santa Cruz 

Biotechnology 

sc-53646 1:2000 Anti-mouse 

Cell Signaling 

AR Santa Cruz 

Biotechnology 

sc-7305 1:1000 Anti-mouse 

Cell Signaling 

PTEN Cell Signaling 138G6 1:500 Anti-rabbit 

Cell Signaling 

GFP Santa Cruz 

Biotechnology 

Sc-9996 1:500 Anti-mouse 

Cell Signaling 

GAPDH Cell Signaling 14C10 1:5000 Anti-rabbit 

Cell Signaling 

β-actin Cell Signaling 13E5 1:5000 Anti-rabbit 

Cell Signaling 
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2.4.8 RNA Extraction 

After cells reached confluence in 10 cm cell culture dishes (CELLSTAR
®

), they were placed on 

ice. The media was aspirated and discarded. Cells were washed twice with cold PBS.  

Subsequently, 700μl of Trizol
®
 Reagant (cat No. 15596062, Life-technology, Carlsbad, CA, 

USA) was dropped on the plate and cells were scraped with clean cell lifter (Costar Corning 

Incorporated, NY Mexico).  They were then collected in 1.5 ml microtubes (AXYGEN Inc) and 

vortexed for 1-2 minutes. Tubes were left at room temperature for 5 minutes then 140 μl of 

chloroform was added.  After shaking the tubes for ten to fifteen seconds, they were placed on a 

rack at room temperature for 3 minutes and then centrifuged for 15 minutes at 12,000 g at 4
o 

C. 

After centrifugation, the samples were separated into three layers. The upper colorless layer, 

which contains RNA, was transferred into a new collection tube where 525 μl of 100% of 

ethanol was added, mixed and centrifuged for 15 seconds at room temperature, followed by steps 

of washing and separating. After the series of washing and separating, the final tube would 

contain total RNA of interested cell lines.  

 

2.4.9 cDNA 

RNA was extracted from all cell lines with miRNeasy ®mini Kit (Qiagen sciences, Maryland, 

USA mat Number 1038703). After extracting RNA from the cell lines, the samples were 

quantified using a NanoDrop spectrophotometer (Nano drop 2000 by Thermo Scientific) to 

determine RNA concentration. The cDNA was synthesized from 1 μg of total RNA using 

qScript™ cDNA SuperMix (Quanta BioSciences TM, Gaithersburg, MD, USA) by Authorized 

Thermal Cycle eppendorf. 
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2.4.10 Real-time reverse transcription (RT)–PCR 

mRNA analysis of ING3 and ERG in cell lines and tissue samples was performed according to 

standard qRT-PCR procedures using the PerfeCta ®SYBR® Green FastMix® ROX according to 

the manufacturer protocol (Quanta BioSciences TM) using StepOne Real time PCR system 

(Applied BioSystems, CA, USA). In 96 well plates, each sample was triplicated.  Each well 

contained 2.5μl cDNA, 1μl each of forward and reverse primer, 10μl SYBER green and 5.5μl of 

DNAase and RNAase free water. The expression of GUSB was used for normalization. Mean Ct 

was always determined from triplicate PCRs and statistical significance was determined from 

three independent experiments. Primer sequences of the genes tested by real time PCR are shown 

in Table 2.3. 

 

Table 2.3 Primer sequences of genes tested by qRT-PCR 

 

 

Gene 

Forward sequence Reverse sequence 

 

GUSB 

 

CGTCCCACCTAGAATCTGCT 

 

TTGCTCACAAAGGTCACAGG 

 

ING3 

 

CGACAGCGAGTGACACAAAT 

 

ATCCATTGCATTCTGCACCT 

 

AR 

 

CTCCCCAAGCCCATCGTAGA 

 

GAGGATGTCTTTAAGGTCAGCG 

 

TMPRSS2-ERG 

 

TAGGCGGAGCTAAGCAGGAG 

 

GTAGGCACACTCAAACAACGACTGG 
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2.4.11 Invasion assay  

The CytoSelect 
TM

 24-well cell invasion assay Basement membrane, Flourometric Format kit 

(Catalogue number CBA-111, Cell Biolabs, Inc San Diego, CA. USA) was used to determine the 

invasion ability of DU145 cells. The invasion Chamber plate was brought to room temperature 

for 10 minutes. 0.3 mL of serum free DMEM media (37 °C) was applied to the interior of the 

inserts and allowed to rehydrate for 1 hr at room temperature. Then, this was discarded carefully 

and 0.5 ml of DMEM containing 10% FBS was added to the lower wells and 0.3 mL of DU145 

cell suspension in free serum media (5 x104 cells/mL) was added to the interior of the insert. The 

chambers were incubated for 24 hrs. in a humidified tissue culture incubator (37
o
C, 5% CO2) to 

allow cells for invasion. Then, each insert was placed into a new well containing 225μl of Cell 

Detachment Solution and was incubated for 30 minutes at 37°C.   

Later, 75μl of a 4X Lysis Buffer/ CyQuant GR dye solution was added and the plate was 

incubated at room temperature for 20 minutes. 200μl of the mixture was transferred into a 96 

well plate and was read for fluorescence at 480/520 nm. Therefore, only cells that have 

efficiently passed through the membrane were detected. 

 

2.4.12 Wound-healing Assay 

A wound was created on a monolayer of confluent cells cultured in six-well plates by the scratch 

of a p200 pipette tip.  The wounded monolayer was then washed twice with fresh PBS to remove 

debris, and then cell culture media were added. At that point, cell-free space was compared by 

images taken by Moticam Pro camera (Hong Kong, China)  at different times  0, 6, 24 hours. 
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2.4.13 Immunofluorescence staining 

2.4.13.1 Immunofluorescence staining for cell lines 

Cells were seeded on sterile glass coverslips to 50% confluence. After 24 hours of attachment, 

they were fixed at room temperature in 4% paraformaldehyde in PBS for 15 minutes and then 

washed three times in PBS. Cells were permeabilized for 10 minutes in a 0.2 – 0.5 % solution of 

Triton X-100 and blocked in 1% Bovine Serum Album BSA (AMRESCO Biotechnology). After 

a series of washes with PBS, the coverslips were incubated with primary antibody ING3 

(Antibody facility University of Calgary) for 15 minutes and then washed in PBS three times for 

5 minutes each. This was followed by one hour incubation with Alexa Fluor 568 goat anti-mouse 

secondary antibody Molecular Probes (Invetrogen). The coverslips were mounted on glass slides 

using a ProLong® Gold Antifade Reagent with DAPI (Invetrogen) to label the nuclei. 

 

2.4.14 Tissue Samples 

In this study, the expression of ING3 in prostate tissue samples was determined.  Normal human 

kidney tissue was used as a positive control for localization of ING3 in the tissue by 

immunohistochemistry and Western blot. 

 

2.4.14.1 Patients Samples and Study population  

Two tissue microarray (TMA) cohorts of male patients comprised of benign cores (n=83), 

incidental PCA cores (n=233), Advanced prostate cancer AdvPCR cores (n=173) and castration 

resistant prostate cancer (CRPC) cores (n=126) between 2005 and 2008 were used in this study. 

Each cohort consisted of an average of two cores per patient ranging from 2 to 4 cores, the total 

cores being 615. All blocks were assembled without prior knowledge of any clinical or 
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pathological staging information. Clinical and pathologic data were obtained with approval from 

the institutional review board at the University of Calgary, Faculty of Medicine, Calgary, 

Alberta.  These TMA were placed on a slide and the core diameter was 0.6 mm and the distance 

between each one is 0.5 mm. After construction, 4μm sections were cut then stained with H&E 

for histological diagnosis. Later protein ING3 expression was analyzed. 

 

2.4.14.2 Manual scoring of ING3 expression 

To assess expression of ING3 in clinical samples, all tissue microarray cores were examined 

under the microscope and a diagnosis was determined (i.e., benign, high-grade intraepithelial 

neoplasia, or prostate cancer) by the pathologist (Dr. Bismar). Protein expression of ING3 was 

determined using AQUA system based on percent area of the nuclear mask that was also positive 

for ING3 based on the ING3 mask, while, protein expression of ERG and AR was evaluated 

using a four-tiered system (0, negative; 1, weak; 2, moderate; and 3, strong) expression.  

 

2.4.15 H&E staining for paraffin-embedded tissues 

The paraffin-embedded tissues were cut in five-micrometer sections and placed in a warm water 

bath. Then the sections were transferred onto slides and labelled with the same block numbers. 

After the slides dried, they were incubated in a hot air oven at 37
o
C

 
overnight followed by 

emersion in two Xylene baths and incubated for 5 minutes each for de-parafinization. The slides 

were rehydrated in descending concentration of alcohol starting with absolute ethanol for 2 

minutes then 95% ethanol for 1 minute and 70% for one minute. After rinsing in running tap 

water for one minute, slides were placed in Haematoxylin for 3 minutes and washed in running 

tap water, again. Slides were then stained with Eosin for 30 seconds and washed in running tap 
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water for a short time. The slides were then passed through a series of ascending concentrations 

of alcohol for dehydration starting with 70% through 95% and then absolute; the same 

concentrations that had been used in the rehydration process. Slides were kept in two different 

Xylene baths. Excess Xylene was removed with paper tissue and the slides were placed in a tray. 

A drop or two of mounting medium or liquid cover slip from Lener Laboratory (Cat # 137703, 

Pittsburgh, PA, USA) was added for mounting and slides were covered with a cover slip and left 

to dry before microscopy examination. 

 

2.4.16 Frozen tissue sectioning: 

Prostatic tissue biopsies were embedded in cascades blocks with Optimal Cutting Temperature 

OC clear frozen section compound catalogue number 95057-838 VWR® Frozen Section 

Compound (VWR International, West Chester, PA. USA). Blokes kept on dry ice for 20-30 

minutes, and then samples were sectioned 4-5 µm using cryotome cryostat -20C. Sections were 

placed on slides and labelled with matched blocks then went for staining or kept on -80C until 

time of using.  

 

2.4.16.1 H&E staining for frozen tissues: 

After placing the sections on slides, they were kept in -80
o
C or directly went for staining. First, 

they were dipped in Alcoholic formalin for one minute and rinsed with tap water. Slides were 

placed in Haematoxylin for 4 minutes and rinsed with tap water followed with 6-10 seconds in 

Eosin then 10 seconds of 100% ethanol twice. Slides were mounted and covered with cover slips 

and kept in the fume hood for drying overnight. 
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2.4.17 Immunohistochemistry 

Five micrometer paraffin embedded sections were placed on slides and incubated with sodium 

citrate antigen buffer (10 mM pH 6.0) for 40 minutes. Then slides were kept in room temperature 

to cool down for about 20-30 minutes. The immunohistochemical experiments were performed 

using automated Ventana autostainer. Slides were incubated with ERG rabbit monoclonal 

antibody (Epitomics, clone EPR 3864) at 1:50 dilution. Before the staining, heat-induced antigen 

retrieval was carried out by a vegetable steamer in sodium citrate antigen retrieval buffer (10 

mM pH 6.0) for 40 minutes, followed by cooling down to room temperature for about 20 

minutes. Slides were incubated for 60 minutes at 37C with the ERG antibody and a Ventana 

iView DAB detection kit (Ventana, Tucson, AZ) was used for horseradish peroxidase detection 

and counterstain. Negative control was performed by omitting the primary antibody and 

substituting it with normal mouse 1/200 pre-diluted serum (Ventana). This experiment was 

provided by Ms. Shohung Liu. 

 

2.4.18 Quantitative fluorescent immunohistochemistry 

 

Quantitative fluorescent immunohistochemistry was provided by Mr. Brant Pohorelic using the 

following method. TMA blocks were cut 4 μm thick sections and deparaffinised in xylene, rinsed 

in ethanol, and rehydrated. Heat-induced epitope retrieval was performed by heating slides to 

121°C in a citrate-based buffer (pH6) Target Retrieval Solution (Dako, Mississauga, ON, 

Canada) for 3 minutes in a decloaking chamber (Biocare Medical, Concord, CA, USA). Slides 

were stained using a Dako Autostainer. Endogenous peroxidase activity was quenched with a 10 

minute incubation of peroxidase block (Dako) followed by a 15 minute protein block (Signal 
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Stain, Cell Signaling, Danvers, MA, USA) to eliminate non-specific antibody binding. Slides 

were washed with TBST wash buffer (Dako) and then incubated at room temperature for 60 

minutes with Signal Stain protein block (Cell Signaling) containing a 1:1500 dilution of ING3 

Mouse mAb (Riabowal lab) (2A2) and a 1:100 dilution of anti-pan-cytokeratin rabbit polyclonal 

antibody (Dako). Slides were then incubated at room temperature for 60 minutes with secondary 

antibody Alexa-555 conjugated goat anti-rabbit antibody (Invitrogen, Burlington, ON, Canada) 

at 1:200 dilutions. After three washes in TBST wash buffer, the TMA slides were mounted with 

ProLong® Gold anti-fade mounting medium containing DAPI (Invitrogen) and stored at 4
o
C 

overnight before scanning.  

 

2.4.18.1 Automated image acquisition and analysis  

 Automated image acquisition was performed using an Aperio Scanscope FL (Aperio Inc., Vista, 

CA, USA). Seamless high-resolution slide images were acquired using the Scanscope FL 8/10-

bit monochrome TDI line-image capture camera using filters specific for DAPI to define the 

nuclear compartment, Cy3 (Alexa555) to define the tumor cytosolic compartment based on 

cytokeratin, and Cy5 to define the target antibody for ING3. Images were then analysed using 

the AQUAnalysis® program, version 2.3.4.1 as previously described (PMID: 12389040). 

Briefly, a nuclear mask was generated by thresholding the DAPI images. Thresholding created a 

binary mask that identified the presence or absence of nuclei by the presence of a pixel that was 

‘on’ or ‘off’, respectively. Thresholding levels were verified and adjusted, if necessary, by spot-

checking a small sample of images to determine an optimal threshold value. An ING3 positive 

mask was also generated by thresholding the ING3 images in the Cy5 channel to show only 

positive staining nuclei based on visualization of normal prostate sporadic positive nuclei. All 



 

46 

images were then processed using these optimal threshold values and all subsequent image 

manipulations involved only image information from the masked areas. Images were validated to 

determine unusable areas within each image based on image quality. Areas determined to be out 

of focus, folded tissue, necrotic or auto-fluorescing due to blood cells were manually cropped to 

exclude those areas from the final analysis. Scores were based on the percent area of the nuclear 

mask that was also positive for ING3 based on the ING3 mask. 

 

2.4.19 Microarray Expression Profiling and Bioinformatics 

Singular Value Decomposition (SVD) was used as an effective method for analysing gene 

expression data based on their ERG status. This experiment was done by M. Alshalalfa, 

(Computer Science Department, University of Calgary, Calgary, Alberta. Canada). 

2.4.20 Statistical Analysis 

Data are expressed as mean  SD. A student’s t-test and chi-square test were used to compare the 

association of both ING3 to ERG, AR, tumor volume and Gleason score. The Kaplan–Meier 

approach was used for the survival analyses to test the association between ING3 expression and 

prostate cancer related death. Cox regression analysis where used to test multivariate analysis of 

ING3 and GS to outcome. Values of p ≤ 0.05 were considered to be statistically significant. Part 

of statistical analysis assistance was provided by Mike Dolph. 
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Chapter Three: Results  

 

3.1 Characterization of parental prostate cancer cell lines 

Before determining ING3 expression in prostate cancer cell lines included in this study, we 

sought to determine the protein expression for ERG, AR and PTEN, as well known surrogate 

markers for PCA. We used RWPE-1, a cell line derived from immortalized normal prostate 

epithelium, as well as four prostate cancer cell lines (LNCaP, VCaP, PC3 and DU145). Figure 

3.1 demonstrates the protein expression levels for ERG, AR and PTEN as determined by 

Western blot. Among all of the cell lines, only VCaP cells showed ERG expression which is the 

only cell line that known to harbour the ERG gene fusion.  AR was expressed by both LNCaP 

and VCaP and there was a slight expression in RWPE-1. PTEN was not detected in both PC3 

and LNCaP cell lines, which are known to have PTEN deletion. β actin and GAPDH were used 

as loading controls. All these genes expressed in these cell lines were previously reported in 

other studies supporting our results [92, 93]. 

 

3.2 Generation of ING3 positive control in HEK293 cell line 

HEK293 cell line was transiently transfected with pcDNA-ING3 and labeled as (PCL) and used 

as a positive control for ING3 expression in Western blot and immunofluorescence experiments. 

(Figure 3.2), (A) RT-qPCR results shows that ING3 mRNA level was increased about 18 fold in 

PCL cells compared to the negative control HEK 293 cells. The same was observed at the 

protein levels assessed by Western blot (B).  
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Figure 3.1  ERG, AR and PTEN expression in prostate cell lines. 

 The total cell lysate of prostate cancer cell lines (LNCaP, VCaP, PC3 and DU145) were loaded 

onto 10% acrylamide SDS-PAGE gels and transferred to a PDVF membrane. Membranes were 

blotted to detect protein levels of ERG, AR and PTEN by the Western blot analysis. RWPE-1, 

immortalized normal prostate epithelium, was used as a control. β-actin and GAPDH were used 

as loading controls. 
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Figure 3.2  ING3 expression in normal HEK-293 cells and in (PCL) ING3 transfected 

HEK-293 cells. 

Untreated HEK-293 cells and PCL (HEK293 transiently transfected with ING3 used as a positive 

control). A) qRT-PCR for ING3 mRNA in normal HEK-293 and PCL cell lines. Student t-test 

was performed to calculate the p value with p< 0.05 considered significant. The experiments 

represented were repeated three times (n=3).  

B) Western blot of 30 µg of total cell lysates from both HEK=-291 and PCL to detect ING3 

levels using 2A2 ING3 antibody. GUSB was used as an internal control in qRT-PCR while 

GAPDH was the loading control in Western blot. 
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3.3 Specificity of ING3 Antibody 

Initial experiments were performed with Rabbit polyclonal anti ING3 from Protein-Tech until a 

potentially superior reagent for ING3 (2A2) was obtained from Dr. Riabowol’s lab. The 

specificity of the two reagents was compared using ING3 deficient cell lines created by siRNA 

knockdown of ING3. Moreover, the cross reaction between ING3 and ING1a was tested since 

both have similar molecular weights. The results showed that the ING3 (2A2) antibody was 

more specific than the commercial one acquired from Protein-Tech when using the cells with 

knocked-down ING3 (Figure 3.3 A and B). In addition, the cross-reactivity of ING1 antibody 

with ING3 antibody was tested by blotting proteins from HEK293 over expressing ING1 and 

HEK293 over expressing ING3 with both ING3 antibodies, 2A2 (C) and the commercial 

antibody (D). There was no cross reaction between ING1 and ING3 when using 2A2 as shown in 

(C), whereas some cross-reactivity was observed between both proteins ING1 and ING3 when 

using the commercial antibody (Proteintech) as shown in  (Figure 3.3 D).  

 

3.3.1 ING3 expression in the prostate cancer cell lines 

To demonstrate ING3 expression in prostate cancer cell lines, five different cell lines were used 

in this study. Four prostate cancer cell lines (VCaP, LNCaP, PC3 and DU145) and one HPV-18 

immortalized normal prostate epithelial cell line were utilized (RWPE-1). Examining ING3 

mRNAs levels using quantitative Real Time PCR experiments showed up-regulation of ING3 

expression in both VCaP and LNCaP compared to RWPE-1 (P<0.007 and P<0.0003) 

respectively). In PC3 and DU145 cells, ING3 mRNA expression was significantly down-

regulated compared to RWPE-1, (P<0.0007 and P<0.0003, respectively). GUSB was used as an 

internal control (Figure 3.4A).  
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Western blot analysis for ING3 protein levels was performed in the immortalized normal 

prostate cell line (RWPE-1) and prostate cancer cell lines (LNCaP, VCaP, PC3 and DU145) 

using the ING3 (2A2) antibody. ING3 protein levels were markedly high in LNCaP, VCaP and 

DU145 cell lines as well as in the immortalized prostate cell line RWPE-1 (Figure 3.4B).  
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Figure 3.3  Specificity of ING3 antibody. 

HEK293 cells overexpressing ING3 labelled with GFP were used. Lane 2, the previously 

mentained cells were transfected with si-RNA control. Lanes 3, 4 and 5 cells were transfected 

with different concentration of si-RNA against ING3 (A and B). 

A) The membrane was blotted with ING3 (2A2) antibody in addition to GFP and β-actin as 

loading control. 

B) The membrane was blotted with ING3 Protein-Tech (commercial antibody) using the same 

order of cell lines as in (A). Also, GFP and β-actin were used as loading controls. 

C) Total protein from HEK293 cells overexpressing ING1 (lane 1) and ING3 (lane 2) were 

blotted with ING (2A2) antibody. β-actin was used as a loading control. 

D) Total protein from HEK293 cells overexpressing ING1 (lane 1) and ING3 (lane 2) were 

blotted with ING Protein-Tech (commercial antibody). β-actin was used as a loading control.  
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Figure 3.4  ING3 expression in prostate cell lines. 

A) Quantitative Real time PCR experiments of ING3 mRNA expression in four prostate cancer 

cell lines (LNCaP, VCaP, PC3 and DU145) relative to the expression of ING3 in RWPE-1 cells. 

GUSB was used as an internal control. The ING3 and GUSB primers that were used are shown 

in table 2.3. Student-test p <0.05 was considered significant and the figure represents 

experiments repeated three times (n=3). 

B) 30 µg of total protein cell lysates from all prostate cell lines was used to determine the protein 

level of ING3. Western blot performed on all prostate cancer cell lines was compared to the 

immortalized prostate cell line RWPE-1. ING3 (2A2) antibody was utilized in Western blot 

experiments. HEK293 cell lines were used as positive control for ING3 expression and β-actin 

was used as an internal control. 
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3.3.2 Overexpressing ERG in RWPE-1, LNCaP and PC3cell lines 

To investigate the correlation between ERG and ING3, we overexpressed ERG in RWPE-1, PC3 

and LNCaP prostate cell lines.  The VCaP cell line is the only prostate cancer cell line that 

contains the ERG fusion. PC3-ERG and its control, PC3-Luc, were kind gifts from Felix Feng’s 

lab, while RWPE1-ERG and the LNCaP-ERG were stably transfected with ERG in our lab. 

VCaP cells, which harbour TMPRSS2-ERG gene fusion, were used as a positive control for ERG 

expression. (Figure 3.5 A, B and C) shows mRNA levels of overexpressed ERG in RWPE-1, 

LNCaP and PC3 cell lines by RT-qPCR, while (D, E and F) demonstrates the ERG protein levels 

in those cell lines by Western blot. The gray bars indicate the quantification of protein levels as 

detected by densitometry. Both experiments confirmed the successful transfection of ERG in 

these cells.  

 

3.3.3 ING3 in prostate cancer cell lines stably overexpressing ERG 

To study the influence of ERG on ING3 expression, we used RWPE-1, LNCaP and PC3 cell 

lines stably expressing ERG. VCaP cells, which harbour TMPRSS2-ERG gene fusion, were used 

as a positive control for ERG expressions. In ERG stable cell lines, q RT-PCR indicated that 

ING3 mRNA expression was down-regulated in all transfected cells RWPE-1, LNCaP and PC3-

ERG compared to their controls  (P< 0.001, P< 0.0001, P <0.0003; respectively) (Figure 3.6 A). 

However, at the protein level, ING3 did not show significant changes in RWPE1-ERG cells.  

Although not significant, ING3 was slightly increased in LNCaP-ERG.  On the other hand, there 

was a significant reduction in PC3-ERG in comparison to the control PC3-Luc (Figure 3.6 B). 
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Figure 3.5  Overexpression of ERG in prostate cell lines. 

ERG was cloned from VCaP cell lines and then stably transfected in RWPE-1, LNCaP and PC3 

cell lines. Transfection was confirmed with qRT-PCR and Western blot, by comparing the 

transfected cells to its control. A,B,C) Relative expression of  ERG  mRNA levels in ERG 

overexpressed (RWPE1-ERG, LNCaP-ERG and PC-ERG) cell lines to it controls ( RWPE1-

GFP, LNCaP-GFP and PC3-Luc) .GUSB was used as internal control.  The ERG and GUSB 

primers that were used are shown in (table 2.3). Student t-test p <0.05 was considered significant 

and the figure represents experiments run in triplicates (n=3).  

(D, E, F) represents protein levels of ERG in RWPE-1, LNCaP and PC3, respectively, depicting 

overexpression of ERG compared to their controls. GAPDH were used as loading controls for 

Western blot. Gray bars indicate quantification of three separate Western blots experiments.  P 

values (p<0.05) were considered significant. 
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Figure 3.6 ING3 expression in prostate cancer cell lines stably overexpressing ERG. 

A) Relative expression of ING3 mRNA in RWPE-1, LNCaP and PC3 where ERG is 

overexpressed in those cell lines compared to their controls (RWEP-GFP, LNCaP-GFP 

and PC3-Luc).  GUSB was used as an internal control. Student t-test was used to 

calculate the p value where p<0.05 was considered significant. The figure represents 

experiments repeated three times (n=3).  The ING3 and GUSB primers that were used are 

described in ( table 2.3) 

B) Total cell protein lysates from cells stably overexpressing ERG by Western blot. Upper 

panel: ING3 protein Middle panel: ERG exogenous expression in RWPE1-ERG, LNCaP-

ERG and PC3-ERG. Lower panel: GAPDH was used as loading control. ING3 2A2 

antibody was used in the Western blot. 
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3.3.4 Expression of ING3 in VCaP cell line with knocked-down ERG 

Since VCaP cells express ERG normally, we were interested in testing ING3 expression 

influenced by ERG. Therefore, we knocked down ERG transiently in VCaP cells and measured 

ING3 expression via qRT-PCR. At the mRNA expression level, qRT-PCR showed a non-

significant but increasing trend of ING3 mRNA levels in VCaP siERG (p=0.06) as shown in 

(Figure 3.7 A). At the protein level, there was a slight increase in ING3 expression in VcaP 

siERG. Interestingly, when AR was determined in that cell line, it showed an increase of AR 

protein level when ERG was suppressed as seen in (Figure 3.7B). 
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Figure 3.7 ERG associated with the expression of ING3 in VCaP cell lines. 

A) Quantitative RT-PCR of ING3 mRNA in VCaP when ERG was knocked-down by 

siRNA. qRT-PCR represents relative expression in si-RNA ERG VCaP cells compared to si-

RNA -control VCaP for both ING3 and ERG mRNA levels. GUSB was used as internal 

control.  The statistical student t-test was utilized to calculate the p value, where p< 0.05 was 

considered significant. The experiments were repeated three times (n=3). 

B) Western blot analysis of whole cell lysates extracted from VCaP with knocked down 

ERG. Upper panel: ERG expression in siControl and siERG VCaP cells. Middle panel: ING3 

and AR expressions in VCaP cells, siControl and siERG. Last panel: β-actin was used as a 

loading control.  
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3.4 Localization of ING3   

3.4.1 ING3 localisation in control cell lines 

We used Western blot analysis to examine the subcellular localization of ING3 and then we 

confirmed those findings by immunofluorescence. HEK-293 cells transfected with ING3 plasmid 

served as a positive control in all experiments. To confirm the transfection of ING3 in HEK-293, 

we tested both mRNA and protein levels of ING3 in PCL in comparison to the untreated HEK-

293 (Figure 3.2). Cellular fractionation studies showed that ING3 was predominantly located in 

the nucleus of HEK-293 cells with a higher expression in PCL transfected cells in both 

cytoplasmic and nuclear compartments (Figure 3.8 A and B). 

 

3.4.2 ING3 localization in prostate cancer parental cell lines 

Immunofluorescence results showed that ING3 is localized to the nuclei (N) of all PCA cell lines 

with the exception of PC3 that showed some cytoplasmic (C) expression. RWPE-1 showed ING3 

in both cytoplasmic and nuclear compartments (Figure 3.9). 

 

3.4.3 ING3 localization in ERG cell lines 

In ERG stably transfected cell lines, ING3 exhibited translocation from the cytoplasm to the 

nuclear compartment in RWPE1-ERG, shown in both Western blot and immunofluorescence 

(Figure 3.10 A and D). The localization of ING3 in LNCaP –ERG did not change compared with 

its control, but the expression was increased in LNCaP-ERG compared with LNCaP-GFP 

(Figure 3.10 B and E). In PC3-ERG cells, there was a slight, non-statistically significant, 

reduction of ING3 in cytoplasmic fractions as compared to their controls, whereas the nuclear 

fraction was unchanged (Figure 3.10 C and F). 
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3.4.4 ING3 localization in control tissue 

To investigate the localization of ING3 in tissue samples, we utilized human kidney specimens 

as a positive control since ING3 was reported to be highly expressed in normal kidney tissue 

[80]. Western blot analysis performed to determine the localization of ING3in frozen kidney 

sample using ING3 2A2 antibody in addition to immunofluorescence to confirm the results. 4-6 

μm thick sections were cut from the frozen kidney sample blocks using cold microtome and 

following the protocol of handling frozen sections. REAP method was performed on the section 

then Western blot was performed [91]. Same IF protocol experiment was performed on tissue 

slides with slight modifications .Both experiments showed that ING3 is expressed in the 

cytoplasmic compartment using antibodies 2A2. Western blot results of ING3 in (Figure 3.11A) 

and immunoflorecence in (Figure 3.11B). Upper panel; kidney tissue incubated and stained 

without primary antibody PBS. Lower panel; kidney tissue incubated and stained with ING3 2A2 

antibody to test the sensitivity of the primary reagent in IF experiments. 
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Figure 3.8  ING3 localisation in positive control cell lines. 

A) Western blot was performed to detect ING3 localization in HEK293 and in PCL by using the 

ING3 (2A2) antibody. For cytoplasmic control α tubulin was used. (W) represents whole cell 

lysate, cytoplasmic fractionation (C) and nuclear fractionation (N). 

 B) Immunofluorescence was used to detect ING3 endogenous expression in HEK293 cells 

(upper panel) and in PCL cells (lower panel). ING3 (2A2) antibody was used as the primary 

antibody and Alexa 568 anti-mouse was used as the secondary antibody. 

Nuclei were stained using DAPI (cyan blue), ING3 (hot red) and merge (pink). 
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Figure 3.9  ING3 localization in parental prostate cancer cell lines by immunofluorescence 

and Western Blot. 

A) Localization of ING3 in all five parental prostate cell lines (RWPE-1, LNCaP, VCaP, PC3 

and DU145) by Western blot experiments.  For cytoplasmic (C) and nuclear (N) fractionations, 

the REAP method was used. α Tubulin and Lamin A were used as cytoplasmic and nuclear 

controls, respectively. ING3 (2A2) was used to detect ING3 protein localization. 

B) ING3 localization in the same parental prostate cell lines by immunofluorescence. ING3 

(2A2)  as primary antibody and Alexa 568 anti-mouse as secondary antibody were stained in red, 

DAPI  in cyan blue for nucleus parts and pink-orange for the merge of both colors. 
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Figure 3.10  ING3 localization PCA cell lines stably over-expressing ERG by Western Blot 

and immunofluorescence. 

Western blot analysis for ING3 localization in three overexpressing ERG cell lines: RWPE-1-

ERG and its control (A), LNCaP-ERG and its control (B) and PC3-ERG and its control (C). α 

Tubulin and Lamin A were used as cytoplasmic and nuclear controls, respectively. PCL is HEK-

293 transfected with ING3 as a positive control. 

 Immunofluorescence experiments to detect localization of ING3 in over expressing ERG cell 

lines: RWPE-1-ERG and its control (D), LNCaP-ERG and its control (E) and PC3-ERG and its 

control (F). ING3 (2A2)  as primary antibody and Alexa 568 anti-mouse as secondary antibody 

were stained in hot red, DAPI  in cyan blue for nucleus and orange for the merge of both colors. 
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Figure 3.11  ING3 localization in normal human Kidney tissue.  

Normal human kidney tissue samples were used as a control for Immunohistochemistry 

experiments. A) Western blot analysis for ING3 of fractionated proteins from kidney tissue, 

Lamin A was used as a nuclear expression control. B) Immunofluorescence for localization of 

ING3. Upper panel: shows tissue sections incubated with PBS to test the antibody sensitivity. 

Lower panel shows tissue sections incubated with ING3 (2A2) antibody as primary antibody and 

Alexa 568 anti-mouse as secondary antibody was stained in (hot red), DAPI in (cyan blue) for 

nuclei and (pink) for the merge. 
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3.5 ING3 increases cell invasion and migration in prostate cancer cell lines 

To assess invasion and migration in prostate cancer affected by ING3 in-vitro, we performed the 

invasion and migration assays using si-RNA ING3 to knock down ING3 in DU145 cells. We 

chose this cell line based on the initial screening of all four prostate cancer cell lines. Along with 

the VCaP cell line, the DU145 cell line showed higher levels of ING3 compared to the other cell 

lines. qRT-PCR was performed to detect the mRNA expression of ING3 in both ING3 

knockdown and control cells. The results demonstrate mRNA expression of ING3 in a successful 

knockdown of ING3 in the siRNA-ING3 DU145 cells in comparison to cells transfected with 

control siRNA (Figure 3.12). The ability of invasion was assessed after 48 hours and a 

significant decrease was noticed in ING3-knocked down cells compared to the control cells 

(Figure 3.13A). Similarly, the migration ability was decreased in ING3 knocked down cells 

compared to the control. When images were taken after 24 hours, migration was significantly 

lower in the siING3 cells (see Figure 3.13B). 
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Figure 3.12  Successful knockdown of ING3 in DU-145 cells. 

ING3 was knocked down in DU145 cell lines compared to DU145 cells transfected with 

scrambled siRNA. The mRNA levels of ING3 in DU145 cells transfected with siRNA ING3 

down-regulated relative to cells transfected with control siRNA quantified by qRT-PCR. GUSB 

was used as an internal control. Student t-test used to calculate the p value where p<0.05 was 

considered significant. The figure represent three times independent experiments (n=3).  ING3 

and GUSB used primers are described in table 2.3. 
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Figure 3.13 Effect of ING3 expression on cancer cell invasion and migration. 

A. DU145 cells were transfected with siRNA, non-targeting (siControl) and si-RNA ING3. 

5x10
4 

cells per ml were left to transfer through membrane for 24 and 48 hours in 

triplicate then the mean ± SD was calculated. p<0.05 was considered statistically 

significant. 

B. Monolayer of DU145 cells. Upper panel: Cells transiently transfected with non-targeting 

siRNA: Lower panel: DU145cells transiently transfected with siRNA ING3. Cells were 

then subjected to a wound healing assay and images were taken after 0, 16 and 24 hours 

to assess migration. 
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3.6 ING3 and Clinical data 

3.6.1  ING3 expression in clinical prostate samples 

To explore ING3 expression in prostate cancer tissues, we examined a cohort of (n= 304) 

patients who were diagnosed with PCA on Transurethral resection of prostate (TURP) samples. 

Patients were grouped into three categories: 

1. Patients with unsuspected PCA (defined as patients with no previous diagnosis of PCA, 

who were found to have PCA at the time of histological exam with a Gleason Score (GS) 

≤7. 

2. Patients with advanced prostate cancer (AdvPCA); defined as patients with no prior 

diagnosis of PCA, but for whom the histological findings demonstrate a GS of 8-10.  

3. Patients with previous diagnosis of PCA who were on hormonal therapy and progressed 

requiring channel TURP to relieve obstructive symptoms were referred as castration 

resistant prostate cancer (CRPC). 

The cohort consisted of 615 cores from two TMAs which included benign prostate tissue (n=83), 

localized PCA cores (n=233), AdvPCA (n=173) and CRPC cores (n=126), assembled into two 

TMAs. ING3 protein expression was assessed by fluorescence immuno-histochemical staining 

using the AQUA analysis system. Using this system ING3 nuclear staining is stained red and 

counterstained blue with DAPI. The generated score is a percentage of the nuclear area that is 

positive for ING3 and nuclear staining which is stained blue by DAPI. ING3 positivity is based 

on threshold image levels to remove background. It reflects positivity that is within the nuclear 

area which is defined by DAPI. The green color represents cytokeratin which is a protein 

expressed in the membrane of epithelial cells. This defines the membrane of the cells since 
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prostate tumors are of epithelial origin (Figure 3.14). This figure was performed by Mr. Brant 

Pohorelic using the AQUA method. 

There was no significant differences in the expression of ING3 between benign and PCA or 

CRPC however the expression of ING3 in CRPC was slightly increased compared to AdvPCA 

based on the error bar of 95% CI of mean percent of cell of that expressed ING3 in used TMAs.  

ING3 staining was decreased in association to disease progression. ING3 mean intensity levels 

were highest in benign prostate tissues (mean 3.2 ±0.54) compared to PCA (mean 2.5 ± 0.26) 

(p<0.437); AdvPCA (mean 1.5 ± 0.32) (p<0.004) and CRPC (mean 2.28 ± 0.32) (p< 0.285) 

(Figure 3.15). 
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Figure  3.14  Fluorescent immunohistochemical staining of ING3 in Prostate samples. 

Representative samples of TMA cores showing fluorescent immuno-histochemicalm staining of 

ING3 using AQUA platform of two prostate tissue samples. A-B) Benign core and Cancer core 

in C-D).  The score is a percentage of the nuclear area that is positive for ING3 staining. Blue; 

Nuclear staining with DAPI; Green; Cytokeratin staining; Red: ING3 staining. Then, all three 

compartments are merged. The right panel demonstrates a cancer sample and its magnified part 

from white small box, whereas the left panel shows the benign samples and its magnified part. 

(The image proved by Mr. Brant Pohorelic) 
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Figure 3.15  ING3 expression in clinical samples. 

Mean  expression of the percentage of cells which expressed nuclear ING3 protein levels in 

correlation with disease progression between benign and prostate cancer (A) and between benign 

and each type of prostate cancer progression (PCA, AdvPCA and CRPC) separately (B). 

Error bars represent 95% CI of mean percentage of cells expressing ING3 based on AQUA 

analysis. (BN=benign, PCA= localized prostate cancer, AdvPCA= Advanced prostate cancer, 

CRPC= castration resistance prostate cancer). The primary antibody used is anti- ING3 (2A2). 

(PATH Dx) refers to Pathological Diagnosis. 
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3.6.2 ING3 and ERG in Clinical samples: 

To assess the correlation between ING3 expression and ERG, we investigated the levels of ING3 

in ERG positive samples by separating them into two groups: ERG negative and ERG positive. 

In addition, samples were separated according to the percentage of cells expressing low levels of 

ING3, (≤ 0.15) and moderate to high levels of ING3 (≥ 0.15) based on fluorescent immuno-

histochemical staining of ING3 using AQUA platform. .Chi-square statistical analysis test 

showed significant correlation between ERG and ING3 expression (p=0.019) where there is a 

decrease of ING3 levels in ERG positive samples (Figure 3.16 A). 

We further assessed ING3 expression to AR based on intensity of AR protein levels where 0 is 

considered negative and 1, 2 and 3 are weak, moderate and strong protein level intensity, 

respectively. The samples separated into two groups based on AR expression were compared 

where one group has 0, 1, 2 (any expression of AR) and the second group has samples with high 

levels of AR (AR3). Our results show that the levels of ING3 is increased significantly in the 

group where AR is highly expressed (p<0.0001) as shown in (Figure 3.16 B). 
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Figure 3.16  Correlation between ING3, ERG and AR protein intensity levels. 

A) Percentages distribution of ING3 in ERG negative and positive samples with AR3. The 

cut off of ING3 being ≤ 0.15.  

B) Percentage distribution of ING3 in samples with any expression of AR (AR 0, 1, 2) 

versus samples with high levels of AR (AR3).  

Chi-square test from SPSS software used for statistical analysis to compare between samples. 

p<0.05 was considered statistically significant. 
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3.6.3 ING3 and Gleason Score in Clinical samples 

To investigate the correlation between disease progression and ING3 expression, AQUA system 

was used to determine the levels of ING3 protein expression with the grading scale based on the 

score as a percentage of the nuclear area that is positive for ING3 staining. Samples were 

grouped into three categories GS <7, GS 7 and GS >7. ING3 was significantly decreased in the 

GS7 and GS >7 groups compared to GS<7 (p< 0.039). Since a Gleason’s Score of 7 represents 

different pathological groups (GS 3+4 and GS 4+3), another investigation on correlation between 

ING3 and Gleason’s score was carried out on these groups. The  indicated bars of the mean 

expression of staining for ING3 in the clinical samples showed that GS4+3 to be associated with 

a  significantly higher ING3 expression compared to GS3+4 or GS<7 (p<0.041) (Figure 3.17). 
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Figure 3.17  Correlation between ING3 percentage level and Gleason score. 

The percentage of ING3 positive nuclear cells based on AQUA analysis in relation to Gleason 

score: 

A) Representative percentage of cells with ING3 expression in tissue samples with GS <7 in 

green, GS =7 orange and GS >7 pink.  

B) Representative percentage of cells with ING3 expression in tissue samples with more specific 

Gleason Scores. GS <7 green, GS7 (3+4) orange and GS7 (4+3) pink. Chi-square statistical test 

using SPSS software and the value of p<0.05 was considered statistically significant. 
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3.6.4 ING3 and lethal outcome 

A cohort with 304 cases of TURP (90 cases with low ING3 and 214 with high ING3 

expressions) was used to evaluate ING3 staining in correlation with lethal disease. Lower 

expression of ING3 was associated with a marginally significant better outcome for the patients 

compared with higher ING3 expression (p < 0.052). Patients expressing higher levels of ING3 

were associated with higher rates of cancer specific mortality, compared to patients with lower 

levels. Overall survival of all prostate cancer patients (n = 304, p = 0.052) can be seen in (Figure 

3.18 A).  This significance was more pronounced in the group of patients with ERG negative 

tumors (p=0.018) (Figure 3.18 B). 

Cox regression analysis including ING3 percentage expression, Gleason’s score and tumor 

volume were utilized to assess significance to cancer-specific mortality of the full cohort (Figure 

3.18 C).  ING3 mean percentage expression was still significant in predicting lethal outcome 

when considering GS and tumor volume (p<0.027).   
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Figure 3.18  Correlation between ING3 protein percentage levels and lethal disease of 

prostate cancer. 

The overall survival analysis of patients with tumors expressing low ING3 levels (below median, 

<0.15) compared to patients with high levels of ING3 in all prostate cancer samples (A) and in 

ERG negative samples (B). Significant differences in the over-all survival between both groups 

were determined by Kaplan-Meier survival analysis. C)  Cox regression model adjusted for 

Gleason’s score and tumor volume showing percentage of cells expressing ING3 to be 

significantly associated with lethal PCA  HR is hazard ratio and student t-test p value (p<0.05) is 

considered statistically significant. 
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Chapter Four: Discussion 

 

4.1 ING3 and ERG in prostate cancer 

Prostate cancer is the most common malignancy in men and still a leading cause of cancer-

related death in Western countries.  In 2013, in Canada, there has been an estimated incidence of 

approximately 23,600 new cases of PCA and mortality occurred in over 3,900 cases [16]. 

 

In the prostate, androgen, through binding its receptor (AR), acts to regulate gene networks and 

various signalling pathways that promote cell growth and survival. Therefore, androgen 

deprivation therapy (ADT) is the most common treatment option for locally advanced or 

metastatic prostate cancer. However, most patients receiving ADT eventually progress to a 

castration-resistant state that leads to death [94] .  

 

Recently, a recurrent ETS gene fusion as a consequence of gene rearrangement has been 

identified in most prostate cancers, which are characterized by a rearrangement between the 5’ 

regulatory elements of an androgen-regulated gene TMPRSS2 and the coding region of a member 

of the ETS gene family (ERG, ETV1, ETV4 and ETV5)  [95]. These rearrangements result in 

androgen-driven expression of ETS transcription factors. The most frequent rearrangement is 

ERG-TMPRSS2 fusion, which was identified in 50% of prostate cancers [96]. Fusion of 

TMPRSS2 and ERG resulted in androgen mediated ERG overexpression in prostate cancer [97].  

Additionally, ERG-TMPRSS2 usually co-occurs with the loss of tumor repressor genes, including 

PTEN [98]. 
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The inhibitor of growth family member 3 (ING3) is a member of the ING tumor suppressor 

family, which represents as novel tumor suppressor proteins and comprise of five-conserved 

genes. ING3 is ubiquitously expressed in normal human tissues and regulates gene transcription, 

cell cycle control and apoptosis [79]. Deregulated ING3 expression has been found in human 

head and neck squamous cell carcinomas, melanomas and hepatocellular carcinoma [82-84]. 

However, no studies have examined ING3 expression levels and function in prostate cancer or 

investigated its relation to TMPRSS2-ERG fusion.  

 

4.1.1 Importance of studying ERG fusion in prostate cancer 

The expression of ERG fusion in prostate cancer cell lines indicates their aggressiveness as it is 

present in over 60% of prostate cancer cases [57]. Deletion of the tumor suppressor PTEN is also 

common in many cancers including prostate cancer [60]. The expressions of ERG, AR and 

PTEN in prostate cell lines were previously reported in different studies [92, 93]. The prostate 

cancer cell lines used in this study were screened to confirm the protein levels of these known 

genes. Since VCaP cells were the only prostate cancer cell lines that have markedly higher 

protein levels of  ERG  compared to the other prostate cell lines (Figure 3.1), we were interested 

in using these cells to test our hypothesis about the potential involvement of ERG in regulating 

ING3 expression levels. Therefore, we knocked down ERG in VCaP cells and investigated ING3 

levels where the results showed a slight increase of ING3 levels in those ERG knocked down 

cells (Figure 3.7).  
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4.1.2 ING3 is inversely related to ERG expression 

ING3 is a stable subunit of the human NuA4/Tip60 histone acetyltransferase (HAT) complex 

and is required for acetylation of chromatin substrates [87]. Fortson et al. [88] demonstrated that 

ERG binds to HAT and inhibits its function in VCaP prostate cell lines. This suggested a role of 

ERG in protein acetylation. This was in line with the results shown in (Figure 3.7 A) which 

demonstrates that the knockdown of ERG endogenous expression mRNA, increases the levels of 

ING3 mRNA. In addition, the expression of ING3 at the protein level also showed a slight 

increase in siERG VCaP cells. Further work is needed to investigate if there is a direct 

interaction between ERG and ING3.. Future directions may include the investigation of the 

binding site of ERG on the ING3 promoter by chi-sequencing assay and co-IP analysis. 

 

In this study, ERG was introduced in three prostate cell lines (RWPE-1, LNCaP and PC3). The 

qRT-PCR results indicated a negative correlation between ERG and ING3 where ERG 

overexpressing cell lines showed a significant decrease in ING3 expression in comparison to 

their controls (Figure 3.6 A). This result was also in agreement with our clinical data where ERG 

positive samples showed a decrease in the percentage of cells that have nuclear expression of 

ING3 (Figure 3.16 A), however the level of ING3 in AR positive samples was significantly high 

(Figure 3.16 B). It was interesting to see that PC3-ERG cell lines have higher level of ING3 

compared to RWPE1-ERG and LNCaP-ERG. This might suggest a role of AR in regulating 

ING3 expression. PC3 cells are AR negative while RWPE-1 and LNCaP are AR positive. 

Therefore, the excess amount of ERG could have acted as a negative feedback for the expression 

of AR where ERG inhibits its expression and activity [99]. Our clinical data indicates that 

samples with high levels of AR (AR3) have a positive correlation with ING3 percentage in 
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nuclear component of the cells (p < 0.0001) as shown in (Figure 3.16 B). From these results, we 

conclude that there is more significance association between ING3 and AR than between ING3 

and ERG. 

 

4.1.3 ING3 expression and its role as a tumor suppressor 

The novel ING tumor-suppressor family proteins (ING1-5) have been discovered over the past 

decades and are recognized as the regulators of transcription, cell cycle checkpoints, DNA repair, 

and apoptosis. They have also been reported to promote cellular senescence and inhibit 

angiogenesis [68, 78].  Few studies investigated the expression of ING3 in different types of 

cancers and all of them support its role as a tumor suppressor gene [80-82]. 

 

4.1.4 ING3 expression in prostate cancer 

A study done by Mehmet Gunduz et al. [83] demonstrated that mRNA expression of ING3 in the 

head and neck areas was reduced in 50 % of 71 patient samples, however, 60% of patients 

showed better survival when they had higher to normal levels of ING3 compared with 35% of 

patients with low levels of ING3. In addition, Lu et al. [81] showed lower levels of ING3 in 

cancer samples compared with normal liver tissues using both in-vitro and human samples of 

HCC. Moreover, in the same study, wound-healing assay on hepatocellular cell lines transfected 

with ING3 showed a significant reduction of migration in those cell lines. These studies suggest 

a tumor suppressor role of ING3 in cancer. In contrast to these studies, our results demonstrated 

that Kaplan Maier survival curve indicates that lower ING3 levels in PCA is associated with a 

better survival rate compared to higher levels of ING3 (Figure 3.18). In addition, our observation 

in wound healing and invasion assays on DU145 cell lines with siING3 showed that there was a 
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reduction of invasion and migration when ING3 was suppressed which does not support the role 

of ING3 as a tumor suppressor in prostate cancer (Figure 3.13 A and B). Similar role has been 

observed in another member of the ING family (ING2) which was reported to be up-regulated in 

colon cancer [100] . This indicates that some INGs family have different roles in different types 

of cancers. ING2 reported as a tumor suppressor in hepatocellular carcinoma, head and neck 

squamous cell carcinoma (HNSCC), and melanoma [71-73], but has an oncogenic role in colon 

cancer [100]. ING3, similar to ING2, showed down regulation in those three types of cancer but 

there is no study of ING3 on colon cancer. It would be interesting to study the expression of 

ING3 in colon cancer, which would lead to evaluation of the functional roles of ING2 and ING3 

in depth. Furthermore, retesting all three reported cancers with the specific antibody ING3 (2A2) 

might also lead to different findings. 

 

4.1.5 Inhibition of ING3 in DU145 cell lines is associated with decreased invasion and 

migration 

After observing the effect of high expression of ING3 in Kaplan Maier survival curve of prostate 

cancer from TURP cohort of all samples and ERG negative samples, we chose DU145 cell lines 

to test the cells’ migration ability after the ING3 knockdown for two reasons. First, VCaP and 

DU145 were the only two prostate cancer cells which showed high levels of ING3 expression. 

Second, since VCaP cells harbour both ERG and AR, to avoid any effect of AR and ERG in the 

role of ING3, we decided to choose DU145 cells to study the role of ING3 in prostate metastasis. 

We also performed the same experiments on VCaP cells to examine the effect of inhibition of 

ING3 on cell migration in the presence of both AR and ERG. However, the experiments failed 

due to difficulties in performing a wound gap in this cell line, which requires cells to grow in 
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clusters, and taking longer period of time for duplication, thus affecting the efficiency of 

transient transfection of ING3. Metastasis is one of the main hallmarks of cancer and there are 

different procedures to assess the metastatic potential in-vitro studies. One methodology, is 

evaluating epithelial mesenchymal transition, EMT, which changes the morphology of epithelial 

cells from firm organized to more spindle-like shape in order to travel to distant organs. 

Therefore, demonstrating levels of EMT markers such as E-cadherin, N-cadherin and vimentin in 

DU145 manipulated cells would support the role of ING3 as an oncogene in prostate cancer.   

 

4.1.6 Localization of ING3 in prostate cancer 

ING3 is a nuclear protein, however, the translocation of nuclear ING3 to the cytoplasm has been 

reported in melanoma [82]. We investigated the localisation of ING3 in prostate cancer and our 

observation indicates that ING3 is mainly located in the nucleus of the prostate cell lines; 

moreover, the clinical cohorts show a nuclear expression of ING3 (Figure 3.14) using AQUA 

system. 

In conclusion, although numerous experiments were initially attempted with commercial ING3 

antibody, using the specific antibody made a great difference when confirming the localisation of 

ING3 as a nuclear protein and the expression of ING3 in clinical data and in cell lines. To our 

knowledge, this is the first study to investigate ING3 expression in prostate cell lines and tissue 

samples. 

 

4.2 Future Directions 

In summary, this study is the first to report the expression of ING3 in prostate cancer and the 

association of this expression to ERG gene fusion. We also determined the localization of ING3 
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in prostate cell lines and in FFPE samples. One of the main novelties of our study is that it is the 

first to investigate the expression levels of ING3 in relation to disease progression and clinical 

outcome. However, one of the limitations here is the inability to directly link ING3 with ERG 

and AR. Therefore, further studies to characterize this association and the functional role of ING3 

and its therapeutic usage in prostate cancer are needed. Specifically, characterizing the 

connection between ING3 and each of ERG and AR would increase our understanding of the 

collaborative role, if any; these genes play in PCA tumorigenesis. Demonstrating the interaction 

between ING3 and ERG by investigating the binding sites of ERG on the ING3 promoter using 

chip-assay would support a direct role of ERG in regulating ING3 expression. In addition, 

identifying the relation of ING3 to metastasis by investigating the effect of knocking down ING3 

in prostate cell lines and then assessing the effect on EMT signalling would lead to a better 

understanding of the role of ING3 in prostate cancer. This can also be done by performing some 

in-vivo studies to support findings in EMT studies.  

When we tested the ING3 (2A2) antibody and the Proteintech antibody on prostate cancer cell 

lines and clinical samples, each antibody provided different results. Therefore, it is significant to 

evaluate the expression of ING3 in previously reported cancers such as melanoma, head and 

neck and hepatocellular carcinoma, which could provide new results supporting a new role for 

ING3 in these cancers. Furthermore, it would be interesting to investigate the role of ING3 in 

other types of cancers and identify the role of other INGs family members in prostate cancer. 
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