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Abstract 

INhibitor of growth (ING) proteins are epigenetic regulators and stoichiometric members of 

histone acetyltransferase (KAT) or histone deacetylase (KDAC) complexes. By reading the 

histone mark H3K4me3, they direct their complexes to chromatin to alter gene expression. This 

thesis focuses on the role of ING3 in prostate cancer biology. 

Since rigorous characterization of antibodies is a prerequisite to acquire reliable results, 

we began by characterizing a new mouse monoclonal antibody against ING3. We profiled the 

expression of ING3 protein in normal human tissues and found that it is highly expressed in bone 

marrow, suggesting high expression in hematopoietic cell precursors. We also reported that 

ING3 protein levels are highest in proliferating tissues of the small intestine and epidermis. 

These data suggest a role for ING3 in promoting cell growth and renewal. 

In the second part of this study, we investigated the effects of ING3 on the androgen 

receptor (AR) pathway in prostate cancer (PC). We hypothesized that ING3 by virtue of being an 

essential member of TIP60 KAT complex, plays a role in post-translational modifications of AR 

protein and thereby contributes to PC progression. We found that the levels of ING3 and AR are 

positively correlated in patient samples and cell lines. ING3 potentiates androgen effects, 

activating expression of androgen responsive genes and AR-regulated reporters. We showed that 

ING3 interacts with the binding domain of AR and this interaction happens in the cytoplasm in 

the absence of androgens. ING3 increases AR-TIP60 interaction, promoting AR acetylation and 

nuclear translocation. The activating role of ING3 is independent of its ability to target the TIP60 

complex to H3K4me3, identifying a previously unknown function for ING3. Knockdown of 

ING3 inhibits PC cell proliferation and migration, establishing ING3 as a positive regulator of 

growth in PC.  
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Lastly, we asked whether ING3 could serve as a biomarker to distinguish latent versus 

aggressive PC. ING3 levels are higher in aggressive PC, with high levels of ING3 predicting 

shorter overall survival. Analysis with other predictive factors shows that including ING3 levels 

provides more accurate prognosis in PC. 
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CHAPTER ONE: INTRODUCTION 
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1.1. Prostate cancer epidemiology 

In 1853, the very first case report was published in Lancet describing prostate cancer (PC) as a 

"rare disease" (1). Now in 2016, prostate cancer is recognized as the most common malignancy 

among men, especially in more developed countries. Its prevalence increases dramatically 

through later decades of life with a median age of 66 at the time of diagnosis according to 2016 

American Cancer Society statistics (2). One could imagine, as our life expectancy increases more 

than ever thanks to healthcare research and our understanding of the aging process, the incidence 

rate of prostate cancer will also continue to rise.  

Although there is discordance between the number of new prostate cancer cases and 

deaths in different countries, numbers point to a consistent trend. In the US, there were 180,890 

new cases and 26,120 deaths from prostate cancer reported in 2016 (2). Canadian cancer 

statistics published in 2015 indicate there were 24,019 new cases and about 4,141 deaths 

(Canadian Cancer Statistics 2015, www.cancer.ca) (Fig 1). In North America, prostate cancer is 

the most common cancer and the second cause of cancer-related deaths among men after lung 

cancer. According to GLOBOCAN 2012, prostate cancer is the second most commonly 

diagnosed cancer worldwide and the 5th cause of cancer-related deaths. These statistics depend 

on various factors including level of development in the countries and risk factors as mentioned 

below. 
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Figure 1. New cases (A) and cancer related deaths (B) of different types of cancer in 
Canada. 
A) Total number of new cancer cases in Canada in 2015 and the percentage of different types of 

cancer are shown. The most common malignancy among men is prostate cancer. B) Total 

number of cancer-related death in Canada in 2015. Prostate cancer is the third most common 

cancer death in men. (Canadian Cancer Statistics 2015) 
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There are a number of different risk factors involved in determining the incidence and 

mortality of prostate cancer. Age remains a strong risk factor for prostate cancer. As mentioned 

before, prostate cancer occurs only through later decades of life. The emergence of the PSA 

screening test has led to an increase in the reported incidence of the disease earlier in life, 

particularly in more developed countries where such screenings are commonly performed.  

Different ethnic groups also have different incidence rates for prostate cancer with 

African Americans being at highest risk of incidence and mortality followed by Whites and 

Hispanics according to the Centre for Disease Control and Prevention (www.cdc.gov). A 

combination of genetic and environmental factors are believed to play a role in this disparity. 

Exposure to androgens due to diet differences, polymorphisms in androgen receptor as well as 

DHT metabolizing enzymes are among the contributing factors for prostate cancer disparity (3-

5). 

Similar to other cancer types, family history is linked to prostate cancer occurrence; 

Parental and/or fraternal incidence of prostate cancer significantly increases the probability of 

occurrence (6). There are now over 100 genetic loci that have been shown to be involved in 

about one-third of heritable prostate cancers. This list includes BRCA variants that are mostly 

studied in breast cancer (7). There have been reports across numerous patient cohorts with 

different ethnic backgrounds and they cumulatively (albeit partially) can predict the onset and 

the aggressiveness of the disease (8-11). 

Other than the clearly defined risk factors noted above, there are a number of potential 

factors that appear to contribute to prostate cancer incidence and/or mortality including high 

BMI, smoking and calcium/vitamin supplements. The association of obesity and physical 

exercise with prostate cancer is still a subject of debate. Due to many biases across such research, 
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a conclusion is difficult to draw particularly with regard to prostate cancer incidence and the 

response to Androgen Deprivation Therapy (ADT); however, the current understanding is that 

obesity is positively associated with more aggressive prostate cancer (12). The effects of weight 

loss have not been clearly defined in this context, but physical activity has been reported to have 

inverse correlation with prostate cancer mortality (13). These epidemiological studies point to 

possible associations, but the underlying biological mechanisms remain unknown and less 

vigorously investigated and it is, therefore, too early to make solid conclusions. 

The role of smoking in prostate cancer incidence is also inconclusive. However, it has 

been associated with an increased rate of mortality (14,15). Biologically, smoking is linked in a 

number of reports to DNA methylation in prostate cancer (16). 

The reported effects of calcium, vitamin D and dairy products on prostate cancer have 

also been mixed. The role of vitamin D variants in prostate cancer have been investigated but the 

overall effects on risk at the population level remains inconclusive (17,18). Since calcium levels 

are tightly controlled physiologically, we could speculate, unless at extreme levels, they may not 

be a definitive modifiable risk factor in prostate cancer. 

1.2. Diagnosis and grades of prostate cancer and current challenges 

Diagnosis 

As mentioned in the last section, prostate cancer is one of the most common cancers worldwide 

and so screening tests have been developed for early and reliable detection. There are a number 

of diagnostic methods that are currently used in the clinic with the PSA screening test and Digital 

Rectal Examination (DRE) being used most commonly. 

Prostate specific antigen (PSA) was first reported in the New England Journal of 

Medicine as a possible serum biomarker in prostate cancer. It was known that it is not specific to 
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the cancer and can increase in a number of benign conditions such as Benign prostatic 

hyperplasia (BPH) (19). Since then, it has become a widespread and accepted less invasive 

common "screening" test for prostate cancer. Despite its lack of specificity, PSA screening in the 

early detection of prostate cancer has had clear benefits. In fact, according to a recent study, the 

number of patients with metastatic prostate cancer at presentation declined three fold thanks to 

PSA screening (20). 

However, the risks of PSA screening risk sometimes outweigh its benefits. For example, 

in 2003 an investigation regarding the effects of Finasteride in prevention of prostate cancer was 

performed by recruiting 18,882 men. They were subject for annual PSA screening for a period of 

7 years and at the end of that period biopsies were taken. The analysis of the placebo group was 

interesting in the sense that PSA screening failed to detect prostate cancer in several patients in 

the trial (with a common cutoff point of 4 ng/ml) (21). In addition, there was a dispute regarding 

over-diagnosis caused by the PSA screening; a fraction of the diagnosed prostate tumours 

involves a latent form of the disease and may not be clinically significant. In 2009, the results of 

the prostate, lung, colorectal and ovarian cancer (PLCO) screening trial was published, 

concluding that using 7 and 10 year follow up data, there is no clear benefit of PSA screening for 

prostate cancer mortality (22). In 2012, the same study was published with a 13 years follow up 

period with almost identical conclusions (23). Such studies, and the lack of optimal PSA cutoff 

point, made the usefulness of prostate cancer screening questionable. In fact, such doubts led to 

modified recommendations for PSA screening from the American Cancer Society including less 

frequent tests and adaptation of further caution only in high-risk men (24). Also in 2012, 

recommendations by the US Preventive Services Task Force (USPSTF) included one against 

using PSA screening diagnostically, especially in men >75 years old (25). 
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Another common method of prostate cancer diagnosis is DRE. This method was widely 

used by physicians well before PSA screening. It offers a cheap, easy and relatively accurate 

detection for prostate cancer based on obvious nodules. However, it is extremely subjective and 

cannot detect early disease. The false positive rate is relatively high and varies between different 

studies. In a recent study using the PLCO trial data, the authors indicated that only 2% of people 

with suspicious DRE were found to have significant disease upon biopsy and this number 

increased to 20% when the DRE and PSA tests were combined (26). This demonstrates the 

extremely subjective and misleading nature of DRE examinations, which results in unnecessary 

costs and invasive procedures for geriatric patients. 

Grading system 

The most widespread grading system in prostate cancer was generated by Dr. Donald 

Gleason. This grading system is based on structural alterations of the prostate gland and is 

commonly used by pathologists to develop a prognosis and design appropriate medical 

intervention. Figure 2 shows Dr. Gleason's drawing and the corresponding scores. He showed 

that the first and second most prominent patterns are critical for determining the grade of the 

disease (27). Since then, common practice is to report the Gleason pattern 1 and 2. The sum of 

both patterns will be then reported as Gleason score. For example, if the first prominent pattern is 

4 and the second is 3, the Gleason score will be 4+3 =7. This system has been modified in 2005 

by participation of pathologists and urologists with addition of newly discovered variants of 

prostate cancer (28). 
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Figure 2. Gleason grading system.  
Gleason pattern 1 consists of well differentiated and regular glands. Pattern 2 is similar to the 

first pattern with slight irregularities in shape of the glands. Gleason pattern 3 involves moderate 

irregularities in size and shape of the glands. Pattern 4 consists of large fused glands and Gleason 

pattern 5 is poorly differentiated with no gland formation. (29) (Reproduced with permission) 
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Although it is a useful system to grade cancer and is widely accepted, Gleason score 

system has a number of limitations leading to confusion for both patients and clinicians. There 

has been inconsistency among pathologists, especially when it came to lower grades of prostate 

cancer (Gleason score of < 6) (30). This grading method is subjective and therefore dependent on 

experience of the doctors. General pathologists are more prone to under- or over-estimate 

Gleason score than specialized pathologists (31). The Gleason score of 7 has also been 

misleading due the fact that outcome of patients with the 3+4 pattern has been reported to be 

very different from those with 4+3 (32). Ongoing modifications and new grading systems have 

been developed in an attempt to address these complications with the aim of reaching a 

consensus (28,32,33).  

1.3. Management of prostate cancer 

The fact that most patients diagnosed with prostate cancer are elderly, and have other 

comorbidities makes the management of the disease more challenging. Not all prostate tumours 

grow at a similar rate and it is clinically difficult to distinguish indolent versus aggressive 

prostate tumours. While some patients require immediate intervention either therapeutically or 

surgically, others may benefit from watchful waiting. When patients are selected properly, active 

surveillance can have a very good outcome, avoiding potential side effects of therapy. Apart 

from the advanced stages of the disease requiring chemotherapy, treatment options of prostate 

cancer can be divided into three major groups: Surgery, Radiation Therapy and Hormonal 

Therapy. Figure 3 shows the most common management scheme for prostate cancer. 
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Figure 3. Management of prostate cancer. 
 Active surveillance is a good approach for low-grade asymptomatic prostate cancer in those 

with life expectancy of less than 10 years. Treatment of high-grade localized disease mainly 

involves surgery and/or radiation therapy, while a combination of hormonal and radiation 

therapy is used for advanced PC. (adopted from Textbook of Therapeutics with permission) 
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Radical prostatectomy (RP) is a common surgical procedure for prostate cancer. The 

typical patient who may be eligible for RP is someone who has an organ-confined disease and 

reasonable life expectancy, without other major medical conditions. The patient survival based 

on this procedure has been studied with generally good outcomes, with disease-specific mortality 

rate as low as 7% in one study (34,35). The procedure outcome and complications have been 

greatly improved as a result of new surgical techniques and equipment. However, like all other 

invasive methods, this procedure retains a range of complications affecting the patient's quality 

of life.  

Apart from common surgical complications such as infection, one of the concerning post-

RP adverse effects is urinary incontinence. The subjective nature of reporting incontinence and 

lack of quantitative measurements make it difficult to reach consistency across studies. Some 

studies report excellent continence rate with different surgical procedures (36), while others 

report higher number of patients requiring pads due to post-operative stress incontinence (37). 

Although, it usually improves with time after surgery, incontinence remains a concern for 

patients undergoing RP. 

Another major complication of such procedures is potency. In a recent study of 1,288 

men who underwent RP, 28% of men reported maintenance of potency 60 months after surgery 

(38). The post-operative erectile dysfunction rate is, however, highly dependent on the patient's 

age (38). Similar to urinary incontinence, technical improvements have led to a decline in such 

complications. 

Radiation Therapy (RT) is another treatment option available as monotherapy or 

combinatorial therapy with hormones or surgery. Coupled with new imaging techniques, this 

treatment modality delivers therapeutic dosages of ionizing radiation (usually in the range of 70-
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80 Gy) to tumours with less exposure of normal tissues. The efficacy and the rate of treatment 

failure depend on the total prescribed dose as well as the delivery techniques. The general 

findings from several trials suggest mere benefits at the upper limits of radiation dose (more than 

78 Gy), albeit with higher risks of toxicity (39-41). 

Although well tolerated due to using fractionated doses and technical improvements, 

short- or long-term toxicities can occur upon completion of RT. The lower GI tract and 

genitourinary system are subject to radiation exposure and therefore are major sites of 

complications. Impotence remains a major concern especially with young high-risk patients as 

they receive higher dose of radiation in combination with ADT (42). The incidence of impotence 

varies from one study to another, ranging from 30% to 70% (43-45). Currently, the use of PDE-5 

inhibitors could be helpful in a subset of patients and thus are being commonly prescribed.  

Hormonal Therapy (HT) or Androgen Deprivation Therapy (ADT) is the third major 

option for primary prostate cancer. This treatment is usually combined with RT. Its implications 

can be dated back to 1972 when Huggins and Hodges performed orchiectomies on patients with 

prostate cancer and found a dramatic reduction in the levels of alkaline phosphatase (46). ADT 

can be initiated as neoadjuvant, post-operative adjuvant or in combination with RT (27). Apart 

from surgical castration, androgen deprivation can be achieved by a number of medications 

targeting the androgen receptor (AR) pathway at different levels. They include: Luteinizing 

hormone-releasing hormone (LHRH) modulators such as Goserelin and Leuprolide, anti-

androgens such as Flutamide, Bicalutamide and more recently Enzalutamide and the androgen 

synthesis inhibitor, Abiraterone. 

In the majority of patients with primary PC, chemical androgen ablation as neoadjuvant 

or in combination with other treatment modalities leads to a dramatic reduction in the serum 
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levels of PSA, which is considered a marker of response (47-49). Although there is debate about 

timing, regimen and duration of ADT, combining ADT with RT significantly improves outcomes 

such as progression free survival and decreased rates of metastasis (50,51). More recently, the 

combination of Docetaxel and ADT ("chemohormonal therapy") has been studied, showing 

impressive outcome in clinical trials (52). This has led to recommendations favouring 

chemohormonal therapy in hormone-sensitive metastatic prostate cancer. Considering the 

adverse effects of ADT and its frequent impact on quality of life, the benefits and harms of such 

therapies need to be carefully assessed. 

Adverse effects due to ADT dramatically alter patients’ quality of life and this is 

primarily a result of significant inhibition of androgens. LHRH agonists such as leuprolide 

induce a "flare" effect due to the initial rise of testosterone production. Depending on the stage of 

the disease and the presence of metastasis, this could have serious consequences on survival. 

Cases with uretheral obstruction or spinal cord compression have also been reported (53,54). 

Addition of a nonsteroidal anti-androgen such as bicalutamide may help alleviate the flare 

phenomenon. Among common adverse effects of anti-androgens are general pain and hot flashes 

of various intensity (55). Impotence has also been reported to be common in patients undergoing 

ADT for obvious reasons and so affects one's sexual life (56). Loss of muscle mass and 

gynecomastia are among a relatively common group of effects of such medications, according to 

the drugs' monographs, and also include psychosocial complications among men with PC (57).  

Two potentially fatal adverse effects of ADT include bone loss and cardiovascular 

dysfunction. Osteoporosis exposes patients to increased risk of bone fractures as androgens are 

key to bone homeostasis and this effect of ADT is often overlooked in prostate cancer patients 
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(58-60). Currently, upon initiation of ADT, calcium and vitamin D supplementation is 

recommended.  

Cardiovascular complications are another fatal consequence of ADT. This is of particular 

importance in patients with pre-existing cardiovascular or metabolic disorders making prostate 

cancer management and the risk-benefit assessment challenging. ADT affects several 

cardiovascular risk factors such as obesity and dyslipidemia. Cases with heart failure, stroke, 

myocardial infarction and arrhythmias have been reported to increase with use of various anti-

androgens (54,55,61). In a population-based study, use of LHRH agonists were associated with 

44%, 16% and 11% increase risk of diabetes, coronary artery disease and myocardial infarction, 

respectively (62). Based on such concerns, the FDA issued a warning for cardiovascular risks of 

ADT and there is general caution among urologists, as discussed in American Urology 

Association meeting (AUA 2014) (63,64). 

In addition to quality of life complications, the ultimate consequence of ADT is that 

almost all patients will develop the resistance to such therapies, a stage of PC known as castrate 

resistant prostate cancer (CRPC). CRPC consists of a variety of clinical states, from localized to 

metastatic PC (Fig.4) (65). Historically, the only treatment at this stage has been taxanes such as 

Docetaxel (66). More recently, the approvals of Enzalutamide and Abiraterone have expanded 

treatment options. However, they are not curative and resistance eventually develops leaving 

CRPC incurable. There are ongoing investigations to elucidate mechanisms of CRPC emergence 

and biomarker discovery indicating the emergence of resistance. Despite the nature of androgen 

independence in CRPC, research has shown that the AR pathway is still active and remains 

central in prostate cancer growth at this stage. Multiple additional molecular mechanisms have 

been examined, as will be discussed below.  
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Figure 4. Clinical course of prostate cancer and possible treatment options in each stage. 
Upon diagnosis, most prostate cancers are confined within the organ. Depending on the choice of 

treatment, the localized disease progresses to either metastatic castrate-sensitive disease or 

remains organ-confined but resistance occurs. Treatment at this point involves anti-androgen 

therapy, eventually leading to CRPC and metastasis to other sites such as bone, lymph node and 

visceral organs.  
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1.4. Molecular mechanisms of prostate cancer progression 

1.4.1. Androgen receptor (AR) pathway  

Considering the fact that one form of prostate cancer treatment consists of different types of 

castration, it is no surprise that the AR pathway is central in PC progression. AR is a steroid 

nuclear receptor, whose function is highly dependent on its localization to the nucleus. Nuclear 

receptors, upon binding of ligand and translocation to the nucleus, act as transcription factors and 

bind their respective response elements, altering gene expression. Steroid hormone receptors 

primarily reside in the cytoplasm and are translocated to the nucleus upon binding to their 

respective ligands. Once in the nucleus, they form homodimers and bind to hormone response 

elements (HRE) to regulate expression of target genes. The HRE consists of an inverted 

sequence three nucleotides apart, which is recognized by the homodimerized receptors in a head-

to-head fashion. 

The AR protein consists of 919 amino acids (~110 kDa) encoding different domains that 

account for its functions including ligand, co-regulator and DNA binding domains (Figure 5). 

The N terminal domain (NTD) serves as a regulatory domain and it is the least conserved domain 

across nuclear receptors. The activation function 1 (AF-1) domain is thought of as a 

transcriptional activator of AR and is located within the NTD. It is independent of ligand binding 

properties and mediates the co-regulator functions of the AR (67). The NTD appears to regulate 

transcriptional activity of the AR by an interaction with the C terminal domain in the presence of 

androgen (68). There are reports that members of co-repressor complexes can bind the NTD 

leading to transcriptional repression (69). The glutamine repeat sequence located in the NTD 

accounts for several AR polymorphisms, which is one of the mechanisms responsible for 

interracial differences in PC prevalence (70).  
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The DNA binding domain (DBD) of the AR is the most highly conserved domain across 

steroid nuclear receptors, which partially explains the functional overlap among them. This 

domain consists of two zinc fingers. The first one has P-box sequence, which is responsible for 

recognition of the androgen response element (ARE). The D-box sequence in the second zinc 

finger plays a key role in receptor dimerization. The C terminal end of the DBD and the hinge 

region encode the AR nuclear localization signal (NLS) domain. It is now known that the 

binding of ligand causes a conformational change leading to exposure of the NLS and nuclear 

translocation. Three lysines in the hinge region are subject to acetylation by lysine 

acetyltransferases (KATs) such as TIP60 and P300, promoting nuclear localization (71,72). 

The C terminal part of the AR protein contains the ligand binding domain (LBD). Within 

this domain, there is the activation function 2 (AF-2) domain, which is mostly responsible for 

providing a surface for co-activator binding. Upon binding of ligand, LBD undergoes a 

conformational change, which stabilizes the ligand-bound receptor and exposes the AF-2 surface 

for co-activator binding. It is also involved in the intramolecular N/C interactions (73).  
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Figure 5. The structure of the AR protein. 
AR protein consists of 919 aminoacids. NTD and AF-1 are involved in co-regulator functions. 

DBD consists of two zinc fingers with DNA binding and homodimerization properties. Hinge 

region is an unstructured region of AR partially containing the NLS. LBD is responsible for 

ligand binding and intramolecular N/A interactions. (NTD: N-terminal domain, DBD: DNA 

binding domain, H: Hinge region, LBD: Ligand binding domain, AF: Activation Function 

domains) 

  



 

19 

The AR pathway involves many other proteins and complexes known as co-regulators, 

which consist of co-activators and co-repressors. The term co-regulator is less functionally 

defined and co-regulators include a wide range of proteins with functions in AR post-

translational modifications, chromatin remodelling and gene transcription among others. They 

are typically studied by ARE-driven reporter assays and protein-protein interactions in different 

cell types. As will be discussed in 1.4.2, co-activators and co-repressors are of wide interest due 

to their contribution in PC development into CRPC.  

Steroid receptor co-activator 1-3 (SRC1-3) proteins were among the first reported to be 

involved in the AR pathway. They act as scaffolding proteins, to recruit other proteins such as 

KATs and methyltransferases. SRC1 knock out mice are interesting in that they are viable but 

the hormone dependent organs such as breast and prostate were affected, and their growth in 

response to steroids was hampered (74). SRC2 knockout mice exhibit a lack of normal 

spermatogenesis and affect AR primarily in the testis (75,76). SRC3-/AR+ mice develop 

significantly smaller prostate tumors than SRC3+/AR+ mice. SRC3 knockout in transgenic 

adenocarcinoma mouse prostate (TRAMP) mice completely abrogated neuroendocrine-like PC 

(which has CRPC properties) indicating its significant role in this type of PC (77).  

KATs modify key cellular functions via direct post-translational modifications of proteins 

and transcription factors or acetylating histones resulting in chromatin modification. Hence, they 

affect the AR pathway at various stages. P300 is the first KAT reported to acetylate AR on its 

hinge region, promoting nuclear localization and AR activity and reducing the recruitment of co-

repressors (72,78). It has also been shown to be critical for IL-6 mediated AR activation (79). 

Similarly, P/CAF also acetylates the hinge region of AR promoting its activity (78). About the 

same time, work by Dr. Craig Robson revealed TIP60, an essential KAT, as a co-activator of 
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hormone receptors including AR. Their further studies showed that TIP60 acetylates AR and 

they form a complex with HDAC1 on the PSA promoter that is promoted by the androgen 

(71,80-82). Later on, another group found that TIP60 acetylates the same sites as P300 and 

P/CAF (on the AR hinge region) and that the acetylation modulates AR nuclear translocation 

regardless of the ligand (83). 

Histone methyltransferases such as CARM1 are also known as AR co-activators. 

CARM1 can promote AR transcriptional activity but it is dependent on expression of SRC1 or 2 

and was therefore referred to as a "secondary" co-activator (84). G9a is also reported by one 

study to have AR activation capabilities (85). Demethylases such as LSD1 (86) and JARID1B 

(87) have also been reported to have activating properties, suggesting the complex dynamics of 

histones modifications in affecting the AR pathway. 

Efficient turnover of AR protein is required for its functionality. Inhibition of proteosome 

activity by MG-132 decreases AR activity as determined by androgen responsive regulation of 

PSA transcription (88). E6AP ubiquitin ligase has a significant role in AR function as the knock 

out mouse develops a smaller prostate (89). It is reported consistently in a number of studies that 

AR can reside on gene promoters but it is less transcriptionally active when proteasome activity 

is blocked indicating that AR turnover is required for proper gene regulation (88,89). Similar to 

dynamic histone methylation, deubiquitination of histones has been reported to regulate AR 

transactivation (90). Other known co-activators of AR that will not be discussed further here 

include phosphatases and kinases (91), SUMO ligases and proteases (92) and DNA repair genes 

(93).  

AR co-repressors are less well-defined than co-activators. Two major co-repressor 

complexes are nuclear receptor co-repressor 1 and 2 (NCoR1, NCoR2 a.k.a SMRT), which 
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typically recruit HDACs to deacetylate histones or interfere with receptor interactions on gene 

promoters (94,95). Although conceptually challenging, co-repressor recruitment or lack of co-

activator recruitment have been proposed as a mechanism of action of anti-androgens such as 

bicalutamide (96-98). 

1.4.2. Mechanisms of Castrate Resistant Prostate Cancer (CRPC) progression 

Through extensive investigations, it is now clear that AR activity is retained in the majority of 

CRPC cases. Other aberrations such as TP53, PTEN and ERG fusion also occur and contribute 

to the advanced stages of the PC. Since the major focus of this dissertation is the AR pathway, its 

alterations will be discussed in more detail in this section followed by other major genomic 

events in CRPC. 

Despite an excellent initial response to ADT, almost all prostate tumours develop into 

CRPC stage. Yet, even at this stage most tumours rely on AR for cellular survival and 

proliferation. This phenomenon might be explained by a version of the "oncogene addiction" 

model, where most tumour cells are "addicted" to AR and would undergo biological adaptations 

to keep the AR pathway active regardless of the environment. 

Although it is probable that other oncogenic pathways will become activated in CRPC 

independent of AR, current studies point to a still-critical role of AR in a majority of prostate 

cancer types. Many mechanisms have been proposed for the (hyper)activation of AR in CRPC as 

summarized in Figure 6. But there is lack of understanding as to when and how a tumour cell 

chooses one (or more) mechanism over the other and how to prevent, or at least predict, the 

course of progression for better and more efficient prostate cancer management.  
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Figure 6. Summary of AR aberrations in CRPC. 
A number of mechanisms are proposed for development of CRPC. AR mutations in LBD result 

in AR responsiveness to other hormones. AR variants lacking LBD are reported to be 

constitutively active driving CRPC independent of androgens. Amplification of the AR gene 

occurs in ~30% of CRPC cases. Increase in intratumour synthesis of androgens can activate AR 

while the physiological androgens are blocked with anti-androgens. Finally, overexpression of 

AR co-activators contributes to development of CRPC. 
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One of the many mechanisms of AR activation in CRPC is the occurrence of mutations 

that alter the LBD and allow other hormones to be used as AR agonists (99). Not surprisingly, 

AR mutations are concentrated mostly within the LBD as noted by the cbioportal website (Figure 

7). For example, one of the well-known mutations is T877A in prostate cancer, which expands 

AR responsiveness to different molecules such as estrogen, adrenal androgens and flutamide-a 

classical anti-androgen (100). Mechanisms for how such mutations increase AR activity include 

stabilizing the ligand-bound receptor, increasing co-activator recruitment and, as is the case by 

T877A, increasing the ability of the LBD pocket to bind more diverse ligands (101-103). 
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Figure 7. Point mutations of the human AR gene. 
The point mutations on the AR protein domains are depicted. Data is from the TCGA prostate 

adenocarcinoma cohorts by cbioportal.com. All of the point mutations are within the prostate 

tissue and whether they affect other tissues are not known. The indicated domains are according 

to protein families database (PFAM). (Androgen_recep: AR amino acids 6-447, zf-C4: zinc 

finger, Hormone_recep: LBD of AR amino acids 689-879) 
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Another common event affecting AR activity is expression of variants lacking the LBD 

and therefore becoming constitutively active. Two clinically relevant AR variants are AR-V7 

and AR-567es, which are associated with poorer prognosis (104,105). More recently, expression 

of AR-V7 is shown to occur in Enzalutamide resistant PC xenograft models (106). It is expressed 

at very low levels but a rapid induction was reported upon castration in xenografts, which might 

account for basal AR activity and cellular survival in the context of castration (107). The 

contribution of these deletion mutants to CRPC biology is still under investigation and AR 

antagonists targeting the DNA binding domain have been generated and studied with the idea of 

inhibiting both full length AR and its variants (108). 

In 1995, a Finnish group reported AR locus amplification in 30% (7 out of 23 samples) of 

recurrent prostate cancer after ADT (109). Although the number of specimens was small and 

they reported very high intratumor variation, it was the first report to indicate AR amplification 

as a possible mechanism for CRPC. The rate of AR amplification has been consistent in other 

studies since then (110-112). According to public datasets, AR is amplified in 45-54% of cases 

(cbioportal.com). In addition, it has been found that overexpression of AR indeed leads to 

emergence of CRPC and anti-androgen resistance. The overexpression of AR could convert the 

effects of bicalutamide on gene expression to ones similar to R1881, an androgen analog, and 

alter co-regulator recruitment in favour of activating the AR pathway (113,114).  

An additional mechanism of regulating AR activity in CRPC is increased production of 

androgens by tumour cells. The idea of intraprostatic conversion of adrenal androgens to more 

potent AR ligands such as DHT came from early studies where the use of ketoconazole led to a 

greater decline in intracellular DHT than flutamide (115). Hence, one can speculate that 

alterations of enzymes involved in androgen synthesis and metabolism may contribute to CRPC. 
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One enzyme responsible for converting testosterone to DHT, 5-alpha reductase, was reported to 

be up-regulated in prostate cancer and therefore its antagonist, finasteride or dutasteride has been 

indicated as treatments in early prostate cancer (116,117). Abiraterone is an FDA approved 

CYP17A1 inhibitor for metastatic CRPC, which inhibits production of DHEA (118). Its 

favourable clinical outcome and the emergence of abiraterone resistant tumours highlight the key 

role of the androgen synthesis pathway in the development of CRPC. 

As mentioned in 1.4.1, a growing list of proteins are known as repressors or activators of 

the AR pathway and, therefore, it is not surprising that aberrations in such proteins can tip the 

balance of cell and tissue homeostasis in favour of cancer. A number of AR co-activators such as 

SRC1, P300 and TIP60 are up-regulated in prostate cancer and contribute to progression to 

CRPC. Other than the ones described in 1.4.1 such as KATs and SRCs, some proteins exert their 

activation roles through direct effects on AR protein. These include members of the heat shock 

protein family such as HSP70 and HSP90. They are often described as nonclassical AR co-

activators with epigenetic regulators affecting receptor activity on gene promoters described as 

classical co-activators (119). HSPs are involved in stabilizing the AR and its nuclear 

translocation and compounds such as HSP27 and HSP90 inhibitors targeting these proteins have 

been tested in PC (120,121). ARA70 is another co-activator of AR that is involved in 

conformational stability in cytoplasm and nuclear translocation (122). The disruption of co-

activators in PC is an active area of research particularly as several of these co-activators act as 

scaffolding proteins. The recent effort to target SRC-3 is an example of such attempts to target 

co-activators (123). 

Additional genomic events have been shown to contribute to PC progression and CRPC 

with some of them implicated in CRPC as well as primary prostate cancer. However, which 
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genomic event appears earlier or later in the course of disease is not clear yet. Like other cancer 

types, alteration of TP53 is common in primary prostate cancer and CRPC. Inactivation of TP53 

in the mouse prostate leads to prostatic intraepithelial neoplasia and in combination with RB or 

PTEN deletion, induces development of lethal prostate cancer (124,125). Mutations of TP53 are 

more frequently reported in CRPC compared to primary prostate cancer (126-129). 

One of the genomic events that happen exclusively in prostate cancer is TMPRSS2-ERG 

fusion. It appears in about half of prostate cancer patients, which is a result of fusion between the 

androgen regulated promoter of TMPRSS2 and ERG (130). The mice with ERG overexpression 

and PTEN LOH developed high grade prostatic neoplasia, which was consistent with the finding 

of concurrent ERG fusion and PTEN loss in prostate cancer patients (131). PTEN abnormalities 

leading to hyper-activation of an oncogenic pathway are common in human cancers and PC is 

not an exception. Deletion of PTEN in mouse prostate is enough to initiate and progress PC that 

is sensitive to anti-androgens (132). This implies that PTEN might be an early event and other 

events such as ERG fusion occur later. However, in a genomics study of 57 matched PC 

samples, PTEN loss appeared to be a late event (133).  

To sum up, a recent multicentre study of 150 CRPC cases conclusively described the 

critical genomic phenomena in CRPC. The alterations of AR and TP53 happened more 

frequently in CRPC than primary PC. Other aberrations that were previously known such as loss 

of PTEN and gain of TMPRSS2-ERG fusion gene were also observed in this study. In addition, 

BRCA1, BRCA2 and ATM alterations were reported to be ~19% more frequent in CRPC 

compared to primary PC. Other novel alterations revealed by this study include APC, beta-

catenin and BRAF mutations, which calls for closer examinations regarding their roles in CRPC 

(126). 
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1.5. The INhibitor of growth (ING) family of epigenetic regulators 

The first member of the ING family of proteins, ING1, was identified, cloned and named by our 

group in 1996, the overexpression of which inhibited breast cancer cell growth (134). Four other 

members, ING2-5 were subsequently cloned and reported, which was expedited by the 

completion of the Human Genome Project (135-137). There were two consistent findings across 

these early studies: 

1) Overexpression of INGs acted as a negative regulator of cell growth in mammalian cells. This 

finding alongside the studies in cancers such as breast, gastric and lymphoma (138-141) led to 

classification of INGs as "type II tumour suppressors", a group of tumour suppressors that are 

frequently dysregulated in cancer, but not necessarily mutated (142,143). 

 2) All INGs contain a well-conserved plant homeodomain (PHD). The PHD is a domain 

commonly found in chromatin remodellers, which recognizes histone mark for open chromatin 

H3K4me3 (144-146). As will be mentioned below, once INGs bind H3K4me3, associated KATs 

and KDACs are recruited as epigenetic regulators, affecting chromatin structure and 

consequently altering gene expression. 

Studies in other model organisms such as Saccharomyces cerevisiae and Xenopus laevis 

not only revealed detailed mechanisms of INGs but also elucidated that they are evolutionarily 

conserved (147,148). Indeed, when we did a phylogenetic study of 5 INGs across numerous 

species, we found that INGs are conserved from yeast (three INGs) to vertebrates (five INGs), 

with ING1 and 2, and ING4 and 5 being closely related and ING3 being more evolutionarily 

distant (149). 

In further attempts to address INGs functions, Loewith et al found that Yng2 (the yeast 

homolog of ING3) interacts with Esa1, which is the yeast homolog of TIP60 KAT, suggesting a 
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role for INGs in histone acetylation (148). ING1 was interestingly reported to associate with 

Sin3A KDAC complex (150). Although INGs were reported in different studies as part of 

chromatin remodeling complexes, it was a comprehensive biochemical study by the Cote 

laboratory that coined them as essential stoichiometric members of KDAC (ING1 and 2) and 

KAT (ING3-5) complexes (151,152). We now understand that INGs, through their PHD, "read" 

H3K4me3 and are involved in recruitment and retention of KDAC and KAT complexes, which 

"edit" the histone code, thereby remodelling chromatin and affecting cellular functions through 

alteration of gene expression. In addition, they are essential members of their respective 

complexes and therefore can contribute to epigenetic regulation by virtue of making the 

complexes more efficient and/or facilitating protein-protein interactions. 

Structurally, INGs contain multiple domains with different functions (149) (Figure 8). 

Apart from the PHD described above, ING1-5 proteins also contain one or two nuclear 

localization signals (NLS), which accounts for their dominant localization in the nucleus. Within 

the ING1 NLS, there are nucleolar translocation sequences (NTS), which play a role in UV-

induced apoptosis by ING1 in fibroblasts (153). All INGs also have a unique novel conserved 

region, which is now known to be responsible for the interaction of ING proteins with Lamin A. 

Hence, it is called the lamin interacting domain (LID), which helps anchor ING1 in the nucleus 

to act as an epigenetic regulator (154). The polybasic region (PBR) in ING1 and 2 is key in 

binding phosphoinositides and interacting with Ubiquitin (155,156). The partial bromodomain 

(PBD) that overlaps with the LID in two isoforms of ING1 is known to interact with HDAC1 

and HDAC2 (157). Apart from ING1, all INGs contain a leucine zipper like (LZL) domain near 

the N-terminus. The LZL of ING2 was reported to be required for interaction with P53, 

nucleotide excision repair as well as muscle differentiation (158,159). ING4 has been reported to 
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homodimerize through its LZL and this dimerization is essential for maximal apoptosis 

induction, though this dimerization seems unlikely in other LZL containing INGs according to 

their structural similarities with ING4 (160). 
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Figure 8. ING family splicing isoforms and domains. 
While some domains of INGs are characterized experimentally, others are proposed based on 

sequence homology. PHD is the most well-characterized domain with the primary function of 

binding H3K4me3. We identified LID in ING1, but it has not been experimentally confirmed in 

other INGs. What is not depicted in the figure is the nucleolar translocation sequence within NLS 

of ING1. LZL: Leucine zipper like domain, LID: Lamin interacting domain, NLS: Nuclear 

localization signal, PBD: Partial bromodomain, PBR: Polybasic region, PHD, Plant 

homeodomain. (From (161) with permission) 
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INGs have been studied in various cancer types where they appear to fulfil the criteria of 

type II tumour suppressors. ING1 was reported to be down regulated in breast, brain, lung and 

lymphoid cancers (138,140,162,163). In esophageal squamous cell cancer, mutations were found 

in the PHD and NLS domains (164). Consistently, mutations in the PHD domain of ING1 were 

also found in head and neck cancers (165). Mislocalization of ING1 was reported in melanoma, 

childhood leukemia and brain tumours (166-168). Similarly, other INGs were down regulated or 

lost their nuclear localization in various types of cancer (169-171). However, some studies 

reported no mutations or changes in the levels of INGs or even increased levels of INGs, which 

suggested differential functions of the INGs depending on the context, such as in different tissues 

and genetic background. For example, although numbers were small and the characteristics of 

tumour and normal samples were unknown, ING1 was reported to be intact in colorectal 

carcinoma (172). Campos et al reported overexpression of ING1 in melanoma cell lines (173), 

and ING2 mRNA levels, appeared to be increased in colon cancer and were shown to regulate 

invasion (174). 

Studies of ING knockout mice further elucidated the diverse functions of this family of 

proteins. ING1 knock out mouse exhibited spontaneous follicular B cell lymphomas, behavioral 

abnormalities, hypersensitivity to DNA damage and were smaller in size compared to wild-type 

(175). ING2 knockout mouse, however, develops histiocytic sarcomas and were infertile as a 

result of abnormal spermatogenesis and increased apoptosis in the testes (176). Given the fact 

that ING1 and 2 are both stoichiometric members of the Sin3A complex, it is speculated that 

ING1 and 2 double knockout is lethal during early embryogenesis. ING3 knockout mouse has 

not been reported. However, ongoing studies by our collaborator suggest that it is also 

embryonically lethal. In contrast, ING4 knockout mice exhibit a relatively mild phenotype. With 
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no spontaneous tumour formation and weight changes, they have high levels of cytokine 

production and show reduced innate immunity (177). Similar to ING1 and 2, there is a 

possibility of compensation for loss of ING4 by ING5 in these mice. ING5 knockout mice have 

not been reported. 

These studies have pointed to a wide range of functions that contribute to ING proteins' 

function as tumour suppressors. Being a tumour suppressor and members of chromatin 

remodelling complexes, "INGology" was first focused on the regulation of apoptosis and gene 

expression with other functions being discovered later by us and several other investigators as 

noted below. 

1) Apoptosis 

Overexpression studies have identified the role of INGs in the induction of apoptosis. Infection 

of cells with adenovirus expressing ING1b increases apoptosis in gliomas (178). Interaction of 

endogenous ING1b with PCNA is UV-inducible and is important for efficient UV-induced 

apoptosis. ING1b also translocates to the nucleolus in response to UV, facilitating the apoptotic 

process (153,179). Through its N terminus, ING1b also induces expression of HSP70, which is 

involved in apoptosis by TNA-alpha (180). ING1 is also involved in apoptosis induced by TSA 

in Glioblastoma cell lines (181). ING2 was reported to regulate proliferation and survival, which 

is dependent on P53, similar to ING3 (135,136). One particularly intriguing finding in apoptosis 

regulation by INGs is that ING2 is the target of the HDAC inhibitor SAHA, and its dissociation 

from its complex reduces Sin3A complex recruitment to the p21 promoter that functions in 

inducing apoptosis (182). 

In some of the overexpression studies, adenovirus infection was used as a method of gene 

delivery. Adenoviral infection usually increases the levels of expression dramatically due to 
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strong viral promoters. Considering the fact that INGs are stoichiometric members of KAT and 

KDAC complexes and exert their functions in cooperation with their respective complexes, the 

overexpression studies might point to functions of INGs that may not be physiologically 

relevant. This might explain the discrepancy among reciprocal studies. However, the viral 

delivery of ING1b has been proposed as a novel anti-cancer therapy. For example, we showed 

that overexpression of ING1b in head and neck squamous carcinoma cell lines increases cell 

death upon irradiation treatment, which further suggests its potential as a localized viral therapy 

in head and neck cancers to boost the effectiveness of RT (183). 

2) Chromatin remodelling  

Through recognizing histone marks and directing their associated KAT and KDAC complexes, 

chromatin remodelling is one of the major functions of INGs. This function is intercalated with 

other functions of INGs including those during the development process. Other than functioning 

within the Sin3A complex, ING1 was shown to interact with P300 and mediate acetylation (184). 

ING1 is also shown to mediate DNA demethylation by interacting with and directing GADD45a 

to H3K4me3 (185). ING2 is involved in muscle differentiation independent of its PHD and 

ING4 induction was reported to be essential for prostate epithelial differentiation, which was 

dependent on its PHD (159,186). ING1 and 2 also interact with Alien, a corepressor of E2F1 and 

are involved in Alien-mediated gene repression (187).  

3) Aging and senescence 

The longer isoform of ING1, ING1a, is pivotal in regulating senescence. We reported that its 

levels increase dramatically as primary fibroblasts undergo senescence (188). Overexpression of 

ING1a induced senescence within 48 hours (189). One of the mechanisms of ING1a-induced 
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senescence is through regulation of endocytosis by inducing expression of intersectin 2, which 

inhibits the RB-E2F pathway, resulting in cellular aging (190). 

4) Cancer cell invasion and metastasis 

We showed that diminished levels of ING1 in breast cancer correlate with reduced metastasis 

free survival and that overexpression of ING1 completely eliminated the metastasis in vivo (191). 

by contrast, ING2 was reported to be elevated in colon cancer and regulated by NF-kB, 

promoting invasion (174). ING4 overexpression could inhibit MYC induced mammary 

hyperplasia and an ING4 mutant lacking the PHD increased metastasis and decreased time to 

tumour formation (192). By regulating IL-6 via the NF-kB pathway, ING4 might also be 

involved in melanoma angiogenesis (193). In breast cancer, ING4 protein was degraded by the 

SCF (JFK) complex and its levels were negatively associated with JFK E3 ligase levels, 

subsequently promoting angiogenesis and metastasis in vivo (194). 

5) Developmental and stem cell biology 

The effects of INGs in embryonic development are relatively understudied. Epigenetics plays a 

significant role in pluripotency and it is highly probable that INGs, by the virtue of their 

respective complexes, are of critical importance. ING3 is important in oocyte function and 

division and was recognized as one of the key factors in oocyte reprogramming (195,196). 

Through a genetic screen, Mulder et al identified the key chromatin remodellers responsible in 

epidermal differentiation, one of which was ING5 (197). 

6) Hormone Receptor regulation 

Induction of ING2 by triiodothyronine in Xenopus laevis was the first indication of the role of 

the INGs in hormone receptor biology (147). ING1b is known to regulate estrogen receptor alpha 

through its ligand binding domain (198). More recently, ING1b was reported as an AR co-
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repressor, inhibiting LNCaP cell growth and inducing senescence (199). ING2 was also reported 

to function as an AR co-repressor, the expression of which can be regulated by ING1, and 

induces cellular senescence (200). 

1.5.1. ING3 is a member of the TIP60 complex 

ING3 is the third member of the ING family of epigenetic regulators described. As mentioned 

above, it is evolutionarily unique among other INGs. Its locus (7q31) also differs from the other 

four ING genes that are located near the telomeric regions of the chromosomes (13q34, 4q35, 

12p13, 2q37 for ING1, 2, 4 and 5, respectively). It is an essential member of TIP60 KAT 

complex. We found that knockout of its yeast homolog, Yng2 exhibit severe growth defects. 

This evidence, together with lethal phenotype of Esa1 (yeast homolog of TIP60), indicates a 

crucial function for the NuA4 KAT complex in yeast (148,201). The NuA4/TIP60 complex is 

conserved from yeast to mammalian cells and the small subcomplex consisting of TIP60, ING3 

and EPC1 - known as piccolo NuA4 in yeast, is sufficient to have HAT activity (151). We also 

found that ING3 deletion mutants in C.elegans are sensitive to IR induced apoptosis in germ 

cells (202). More recently, the specific recognition of H3K4me3 by the ING3 PHD was reported 

to be similar to the behaviour of the ING2 PHD further indicating a classical function as an 

epigenetic regulator for ING3 (146,203).  

Like other members of the ING family, ING3 has been studied in a number of cancers. 

Reduction in ING3 protein is reported in melanoma (171). However, the antibody used for 

detecting the ING3 protein was, unfortunately, not sufficiently optimized or characterized. The 

only control in this study was a no primary antibody control. It was also reported that ING3 was 

involved in UV-induced apoptosis in melanoma cells and that the reduction of ING3 is 

dependent on its ubiquitination by Skp2 E3 ligase (204,205). About 50% of head and neck 
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cancer patients exhibit lower expression of ING3 mRNA compared to the matched normal 

samples in two separate studies (206,207). An immunohistochemical study performed in 

colorectal mucosa, adenomas and carcinomas reported that ING3 protein levels were reduced 

from normal lesions to carcinomas (208). Apart from the caveat of the antibody being used not 

properly recognizing ING3, the levels of ING3 protein were not correlated to any clinical 

parameters, nor were biologically relevant mechanisms proposed to explain the results presented.  

The study of ING3 in growth regulation is currently ongoing and different functions have 

been suspected in different tissues. As mentioned above, Yng2 knockout in yeast results in 

growth defects. In the present study, we show that ING3 expression is higher in proliferating 

tissues such as skin epidermis and small intestine (209). Among all INGs, it was found that only 

ING3 levels increased upon treatment of rat cardiomyocytes with Angiotensin II or 

Phenylephrine, two stimulators of cardiac hypertrophy and that the overexpression of ING3 leads 

to increase in mTOR signalling leading to cardiac overgrowth (210). 

ING3 was also reported to be one of the most dysregulated genes in prostate cancer and 

its knockdown decreased DU145 PC cell line invasion (211,212). Through an unbiased 

discovery based siRNA screening, one independent study attempted to identify genes, the knock 

down of which can act synergistically with androgen deprived conditions in the VCaP cell line. 

ING3 was one of the genes identified in this study as assayed by increased apoptosis or 

diminished proliferation (213). 

1.6. Hypothesis and specific aims 

Based on the literature discussed above, ING3 is an epigenetic regulator with a diverse range of 

functions depending on the tissue type, cancer type and other molecular contexts. Antibodies 

have been widely used in molecular biology and are considered as crucial tools for deciphering 
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biological mechanisms. However, rigorous controls and optimization are infrequently performed, 

leading to non-reproducible and sometimes misleading reports. For the first part of this study, 

therefore, we focus on the validation and optimization of a new monoclonal antibody for ING3 

and profile normal human tissues for ING3 protein levels and compare with the available 

literature.  

In the second part of this dissertation, we hypothesized that ING3 could contribute to PC 

development and progression by virtue of being an essential member of the TIP60 KAT 

complex. We proposed that since TIP60 is a known co-regulator of AR, ING3 could affect AR 

protein by promoting its interaction with TIP60. We also tested whether ING3 could function 

independent of its chromatin remodeling properties. 

Finally, based on published data and our preliminary results, we tested ING3 as a novel 

prognostic biomarker in PC that might aid clinicians in predicting tumor aggressiveness. 

Considering the challenge of PC management in the geriatric population and the financial burden 

resulting from overdiagnosis and overtreatment in this disease, our hope is that this study might 

be useful in introducing a valuable biomarker for prostate cancer prognosis. 
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CHAPTER TWO: MATERIALS AND METHODS 
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2.1.Cell culture and transfections 

LNCaP, VCaP, PC3, DU145 and HEK293T cell lines were purchased from the ATCC. The C4-2 

cell line was a kind gift from Dr. Martin Gleave. LNCaP, C4-2 and PC3 were grown in RPMI 

media supplemented with 10% FBS. DU145, VCaP and HEK293T cells were grown in DMEM 

supplemented with 10% FBS. For androgen-deprivation, cells were incubated with media 

supplemented with 5% charcoal stripped FBS (CSS) (InVitrogen) for 48 hr. Mibolerone (MB) 

(Toronto Research Chemicals) was used as an androgen analog at concentrations of 1-10 nM. 

The pCMV-3myc-AR plasmid was a gift from Dr. Marja Nevalainen. pCIN4-FLAG-HA-TIP60 

was a gift from Dr. Wei Gu. AR mutants were a kind gift of Dr Craig Robson. HEK293T cells 

were transfected using TransIT 293 reagent (Mirus) and PCa cells were transfected using 

Lipofectamine LTX (InVitrogen). 

2.2. Generation of ING3 mouse monoclonal antibody 

Four female BALB/c mice were each injected intraperitoneally with 10 mg of bacterially 

expressed ING3-GST mixed with Complete Freund's Adjuvant (CFA) initially, and with two 

subsequent injections at two week intervals using the antigen mixed with incomplete Freund's 

Adjuvant (IFA). Three to four days after the third injection, one or two mice were sacrificed, and 

their spleen cells were fused with the myeloma cell line Sp2/mIL6 using Polyethylene Glycol 

1500. The fused cells were plated into 96-well culture plates and when colonies formed, the 

supernatants were screened by enzyme-linked immunoabsorbent assay (ELISA) to detect 

positive clones. Briefly, 96-well plates (Nunc-Immuno, Thermo Scientific) were coated with 

either 1 mg ING3-GST/ml in carbonate buffer, pH 9.2 or 1 mg GST/ml carbonate buffer, pH 9.2 

and incubated at 37°C for 2 hours or at 4°C overnight. Plates were then washed three times and 

non-specific binding sites were blocked with 1% BSA/PBS, pH 7.4 at 37°C for 30 minutes. 
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Supernatants from candidate clones were added to plates previously washed, and were then 

incubated at 37°C for 1 hour. Goat anti-mouse IgG-horseradish peroxidase (HRP) (Jackson 

Laboratories) was added as secondary antibody at a 1:1000 dilution and plates were incubated at 

37°C for 30 minutes. Plates were washed three times, ABTS-peroxidase substrate (Mandel 

scientific, Inc) was added to wells and incubated at 37°C for 30 minutes, and then the absorbance 

was read using a plate reader at 405 nm. Selected clones were then subcloned by limiting 

dilution, as previously described (214). 

2.3. Cloning and viral preparations 

ING3 coding sequence was cloned in the pCDNA3.1 mammalian expression vector fusing an 

HA tag on the C-terminus. Deletion mutants were made based on sequence analysis, in silico 

sequence alignment and available literature regarding function.  

Three shRNA sequences against ING3 (shING3) were obtained from the RNAi codex (215). One 

scrambled shRNA (shCtrl) was generated with a similar GC content to the shING3s and used as 

a control. The sequences were cloned in pINDUCER10, a doxycycline (Dox) inducible lentiviral 

vector (216). HEK293T cells were co-transfected with helper and envelope plasmids and 

pINDUCER10 using TransIT-293 reagent. Supernatants were collected at 48 and 72 hr post-

transfection, filtered using 0.45 mm filters and concentrated using spin columns (Amicon, 

Millipore). Cells were infected using the concentrated virus plus 8 mg/ml polybrene (Sigma) in 

serum free media. One day post-infection, media were changed to complete media with or 

without 100 ng/ml Dox. C4-2 cells were infected with concentrated inducible lentivirus encoding 

either shCtrl or shING3. After addition of Dox, cells were sorted keying on RFP expression. 

Cells were kept in puromycin as the selection marker and knock-down efficiency was confirmed 

by western blotting. A polyclonal pool of infected cells was used for the experiments. 
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2.4. SDS-PAGE and western blotting 

After washing twice with ice-cold PBS, cells were lysed in 50 mM TRIS pH 7.5, 150 mM NaCl, 

1 mM EDTA, 1% Triton X-100 supplemented with protease inhibitor cocktail (Roche). After 

centrifugation and addition of Laemmli's sample buffer, samples were boiled for 5 minutes and 

electrophoresed. Nitrocellulose membranes (Pall Inc.) were used for transfer and membranes 

were blotted with in-house mouse ING3 2A2 monoclonal antibody, mouse anti-beta-actin (Santa 

Cruz), rabbit anti-HA tag (Santa Cruz) or rabbit anti-GAPDH (Cell Signaling), as indicated in 

the figures. As secondary antibody, horse radish peroxidase-conjugated secondary antibodies for 

mouse or rabbit (Millipore) were used. ECL reagent (Millipore) was used to visualize protein 

bands on X-ray film (Kodak). 

2.5. Immunoprecipitation (IP) 

For IP, 1x107 cells were lysed at 4°C using lysis buffer (50 mM TrisHCL, 150 mM NaCl, 1 mM 

EDTA, 1% Triton X-100, 10 mM NaF, 10 mM Na pyrophostate, 1 mM Na β-Glycerophosphate) 

supplemented with protease inhibitors (cOmplete, Roche). After centrifugation, a fraction of 

each cell lysate was taken as input. Antibodies including anti-HA (Roche), anti-Myc (Sigma), 

anti-acetyl lysine (Cell Signaling or Santa Cruz), anti-ING3 (Kerafast), anti-AR (N-20, Santa 

Cruz) or anti-TIP60 (C-7, Santa Cruz) were crosslinked to beads (GE Healthcare) and used for 

IP. After incubation with lysates, beads were washed with ice-cold IP buffer three times, 

Laemmli sample buffer was added and precipitates were boiled for 10 minutes and used for 

western blotting. For acetylation studies 0.2% SDS was added to lysis buffer and IP wash buffer 

to eliminate protein-protein interactions. 

2.6. In vitro acetylation assay 

HEK293T cells were transfected with GFP, ING3-HA or AR-Myc and 24 hr post-transfection, 
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cells were lysed at 4°C as per the IP protocol. After clearing by centrifugation, GFP- or ING3-

transfected cell lysates were incubated with anti-HA and AR-transfected cell lysate was 

incubated with either anti-Myc or normal rabbit IgG (Santa Cruz) overnight at 4°C. 20 µl of 

protein A bead slurry was added to each AR immuniprecipitate and incubated at 4°C for 2 hr. 

HA immunoprecipitates were washed multiple times with non-denaturing IP buffer, whereas 

Myc immunoprecipitates were washed with IP buffer containing 0.1% SDS to minimize pull 

down of AR-interacting proteins. To perform in vitro acetylation assays, IP samples were 

washed once in HAT buffer (50 mM Tris Cl pH 8.0, 10% glycerol, 0.1 mM EDTA, 10 mM 

butyric acid, 2 µM TSA) supplemented with protease inhibitor cocktail. HA-IP samples were 

mixed with protein A beads or control rabbit IgG IP which served as a negative control. The AR-

IP sample was divided equally into two tubes and mixed with HA-IP samples from either GFP- 

or ING3-transfected cell lysates. Following addition of 1 mM Acetyl Coenzyme A (Lithium salt, 

Sigma), all tubes were incubated at 30°C for 1 hour with occasional shaking. Reactions were 

terminated by adding 4X Laemmli sample buffer and samples were subject to western blotting 

with anti-acetyl-K and subsequently anti-AR. To confirm the presence of TIP60 in HA-IPs, a 

fraction of HA-IP samples and pre-IP samples were run on separate gel and probed with anti-HA 

and anti-TIP60. 

2.7. Luciferase assay 

Luciferase reporter assays. 5x104 HEK293T cells were plated in 24 well plates and transfected 

with plasmids as indicated in the text, together with AR3-tkk-LUC (a gift from Dr. Paul 

Rennie)(217), pCMV-3myc-AR and a CMV-β galactosidase (PBL3-β-gal) construct as an 

internal control (a gift from Dr. Shirin Bonni). Luciferase assays were performed as described 

(218). Briefly, one day after transfection, cells were washed with PBS and lysed using reporter 
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lysis buffer (Promega) for one hour at room temperature (RT) and frozen at -20°C overnight. 30 

µl of lysates were transferred in triplicate to 96-well plates and luminescence was detected using 

a Berthold luminometer. Β-gal staining was used as an internal control (218). Plates were 

incubated at 37°C for 15 minutes and the optical density at 600 nm was measured. 

2.8. Chromatin immunoprecipitation (ChIP) and quantitative PCR (qPCR) 

The effects of ING3 knock down on AR recruitment to the FKBP5 ARE were determined by 

performing ChIP assays (219) using 3x107 C4-2 cells transfected with either siCtrl or siING3 for 

48 hr in media supplemented with 5% Charcoal stripped serum (CSS), with or without 10 nM 

MB. Cells were cross-linked using 1% formaldehyde for 10 min and quenched with 0.125 M 

glycine. Cells were then lysed in 1 ml ChIP lysis buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 1% 

Triton X-100, 0.1% deoxycholate, 1 mM EDTA plus protease inhibitors) and sonicated, eight 

times for 12 seconds each on ice. After centrifugation the supernatants were immunoprecipiated 

with rabbit anti-AR (N-20, Santa Cruz) or rabbit control IgG overnight at 4°C and incubated 

with protein A Beads (GE Healthcare) for 2 h at 4°C. Immunoprecipitates were washed with 

ChIP lysis buffer (500 mM NaCl, 10 mM Tris-HCl, pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% 

sodium deoxycholate, 1 mM EDTA) and TE buffer (10 mM Tris and 1 mM EDTA, pH 8.0) and 

eluted using 1% SDS. The IP and input samples were then reverse cross-linked using NaCl at 

65°C overnight and DNA was isolated by ethanol precipitation after phenol-chloroform 

extraction. Binding of AR to the ARE was tested using qPCR. Primer sequences used were: 

FKBP5 ARE6/7: Fwd 5'-CCCCCCTATTTTAATCGGAGTAC-3' and Rev 5'-

TTTTGAAGAGCACAGAACACCCT-3', Non-specific Fwd 5'-

GGTCAGGTTTTGGTTGAGGA-3' and Rev 5'-CAAGCACAGTGAGGGAGACA-3'. TRIzol 
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and an Omniscript Reverse Transcription kit (Qiagen) were used for isolation of total RNA and 

generating cDNA. Real-time PCR was performed using Maxima SYBR Green Mastermix 

(Fermentas) with an Applied Biosystems 7900HT PCR system. The qPCR primer sequences for 

qPCR assay are listed in Table 1.  
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Table 1. List of primers for qPCR experiments 

Gene Name Forward primer (5’-3’) Reverse primer (5’-3’) 

Maspin CTACTTTGTTGGCAAGTGGATGAA ACTGGTTTGGTGTCTGTCTTGTTG 

TMPRSS2 CTGGTGGCTGATAGGGGAT GTCTGCCCTCATTTGTCGAT 

KLK2 AGCCTGCCAAGATCACAGAT GGAAGAACTCCTCTGGTTCG 

FASN AGGATCACAGGGACAACCTG ACTCCACAGGTGGGAACAAG 

FKBP5 TCCCTCGAATGCAACTCTCT GCCACATCTCTGCAGTCAAA 

PSA AGGTCAGCCACAGCTTCCCA GGGCAGGTCCATGACCTTCA 

ING3 CAGCCAGTGAACAATCACCAT CAGCACAGACACGTTCCTCT 

GUSB CGTCCCACCTAGAATCTGCT TTGCTCACAAAGGTCACAGG 

NKX3.1 GTACCTGTCGGCCCCTGAACG GCTGTTATACACGGAGACCAGG 

Actin GAACCCTAAGGCCAACCGTGA AGGAAGAGGATGCGGCAGTGG 

Snail ACTGCAACAAGGAATACCTCAG GCACTGGTACTTCTTGACATCTG 

Twist1 GTCCGCAGTCTTACGAGGAG GCTTGAGGGTCTGAATCTTGCT 

Ecadherin ATTTTTCCCTCGACACCCGAT TCCCAGGCGTAGACCAAGA 
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2.9. Immunofluorescence 

Cells were grown on coverslips and fixed with 4% paraformaldehyde in PBS for 10 min at RT 

and permeabilized using 0.1% Triton X-100 (Millipore) in PBS for 10 min. Fixed cells were 

blocked using 5% BSA for 1 hour at RT. Ki67 antibody (Dako) or AR antibody (N-20, Santa 

Cruz) were used at a dilution of 1:200 in PBS plus 5% BSA for 2 hr at RT, washed with PBS and 

incubated with Alexa-488 goat anti-mouse secondary antibody (1:1000 in PBS/5% BSA) for an 

hour at RT in the dark. Cells were then stained with Hoechst 33258 (Sigma), mounted on slides 

and analyzed using an Axiovert 200 microscope. 

2.10. Alamar Blue metabolic survival assay 

LNCaP, PC3 and DU145 cells were transfected with siCtrl or siING3 and 1x104 cells were 

seeded in 24 well plates. Cells were washed twice and stained with 0.1% crystal violet for 15 

min at RT followed by extensive washing. Alamar Blue assays were performed to estimate cell 

proliferation according to the manufacturer's protocol. Cell proliferation was also monitored by 

seeding cells in 96-well plates in parallel and counting cells at the indicated times using a Celigo 

Cell Cytometer (Cyntellect). 

2.11. Colony forming assay 

Agar (0.5%) was prepared in RPMI containing 10% FBS and 1 ml was poured into each well of 

24-well plates to form a bottom layer. 1x104 cells were then mixed with RPMI-20% FBS 

containing 0.3% agarose and poured on top of the bottom layer. Colonies were analyzed using an 

inverted microscope 10 days after seeding. Colony diameters were measured using ImageJ 

software and colony volumes were calculated (4/3 πr3). 

2.12. Patient cohort 

Prostate biopsies from a cohort of 312 patients were collected by Dr. Bismar at Rockyview 
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General Hospital. A total of 256 patients were diagnosed with various stages of PC. Two tissue 

microarray (TMA) slides were constructed with each biopsy in duplicate. ERG and AR 

expression were determined by immunohistochemistry (211). Table 2 shows the characteristics 

of patients in this cohort and the randomly derived datasets (see results section). 
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Table 2. Patient characteristics in prostate cancer cohort and the derived datasets 

Characteristic Derivation Dataset Validation Dataset Combined 

  n=133 n=123 n=256 

Age at diagnosis 55-97 54-96 54-97 

Death 

Survived: 107 Survived: 94 Survived: 201 

PC-Related: 23 PC-Related: 22 PC-Related: 45 

Missing: 3 Missing: 7 Missing: 10 

CRPC 

PCA: 100 PCA: 96 PCA: 196 

CRPC: 32 CRPC: 27 CRPC: 59 

Missing: 1 Missing: 1 Missing: 2 

Gleason Score 

=< 7 : 63 =< 7 : 60 =< 7 : 123 

> 7 : 67 > 7 : 59 > 7 : 126 

Missing: 3 Missing: 4 Missing: 7 

AR expression 
Low: 60 Low: 57 Low: 117 

High: 73 High: 66 High: 139 

ERG expression 

= 0: 101 = 0: 88 = 0: 189 

> 0: 29 > 0: 33 > 0: 62 

Missing: 3 Missing: 2 Missing: 5 

ING3 expression 
< 1.66: 83 < 1.66: 72 < 1.66: 155 

> 1.66: 50 > 1.66: 51 > 1.66: 101 
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2.13. Immunohistochemistry and automated immunofluorescence 

Four µm thick sections were cut from TMA blocks and deparaffinized in xylene, rinsed in 

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

121°C at pH 6 in Target Retrieval Solution (Dako) for 3 minutes in a decloaking chamber 

(Biocare Medical). Slides were stained using a Dako Autostainer. Endogenous peroxidase 

activity was quenched with peroxidase block (10 min, Dako) followed by a 15 min protein block 

(Signal Stain, Cell Signaling, Danvers, MA, USA) to minimize non-specific antibody binding. 

Slides were washed with TBST and incubated at RT for 60 minutes with Signal Stain protein 

block containing a 1:1500 dilution of ING3 mouse mAb and a 1:100 dilution of anti-pan-

cytokeratin rabbit polyclonal antibody (Dako). Secondary reagents were incubated at RT for 60 

min: ready-to-use goat anti-mouse antibody conjugated to a horseradish peroxidase-decorated 

dextran polymer backbone from the DAKO EnVision+ system (Dako) and 1:200 dilution of 

Alexa-555 conjugated goat anti-rabbit antibody (InVitrogen). Slides were washed with TBST 

and incubated for 5 minutes with the TSA-Plus Cy5 tyramide signal amplification reagent 

(Perkin Elmer). After three washes in TBST, slides were mounted with ProLong® Gold anti-

fade mounting medium containing DAPI and stored at 4°C overnight before scanning. 

Automated image acquisition used an Aperio Scanscope FL 8/10-bit monochrome TDI line-

image capture camera with filters specific for DAPI, Cy3 (Alexa-555) to define the tumor 

cytosolic compartment based on cytokeratin, and Cy5 for ING3.  Images were analysed using the 

AQUAnalysis® program, version 2.3.4.1 as described (220). All images were processed using 

optimal threshold values and all subsequent image manipulations involved only image 

information from masked areas. Scores were based on percent area of the nuclear mask that was 

also positive for ING3 based on the ING3 mask. 
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2.14.Transwell migration assay 

Transwell inserts of 8 μm pore size (Corning) were placed in 24-well plates and 500 μl of 

RPMI+20% FBS was added to bottom of the plates. After transfection with siRNA and treatment 

with 1 nM MB for 48 hr (where indicated), 5x104 LNCaP cells were seeded on top of the 

transwell inserts and supplemented with 250 μl of RPMI+CSS or RPMI+1 nM MB. The inserts 

were fixed at the indicated time points with 4% paraformaldehyde and methanol and stained with 

crystal violet. For quantification, 6 random fields were chosen and the cells were counted in a 

single-blinded fashion using Photoshop CS5. 

2.15. Wound healing assay 

C4-2 cells stably infected with shING3 or shCtrl were plated at 80% confluency in 6-well plates. 

Doxycycline was added to induce the expression of shRNA and cells were grown in RPMI 

supplemented with 10 nM MB for the duration of the experiment. A 200 μl sterile tip was used 

to wound monolayers. At the indicated time points, images were taken from the same fields 

across the course of the experiment. To quantify migration, images were processed in Photoshop 

CS5 and the clear region in the initially circumscribed areas (delineated by the red lines in Figure 

7E), were measured. The percentage of healed wound was then calculated using the following 

formula: 1-(surface area in one field)/(surface area of the same field at first day). 

2.16. Statistical analysis 

All experiments were done in triplicate. Each patient's tissue samples were punched in duplicate 

on TMA slides. Graphpad Prism was used for graphs, statistical analyses such as standard error 

calculations, confidence intervals, student's t-tests and ANOVA statistics. SPSS statistics 

software was used for analyzing TMA results including Kaplan Meier and Cox proportional 

hazard analyses. Log rank test was used to analyze the significance of survival data. Unless 
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otherwise stated, data represent Mean +/- SEM. Throughout this study and wherever possible, 

levels of significance were shown as asterisks on the graphs (* <0.05, ** <0.01, *** <0.001). 
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CHAPTER THREE: RESULTS 
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3.1. Higher ING3 correlates with proliferation 

3.1.1. Characterization of ING3 antibody 

Lysates from HEK293 cells expressing ING1-5 (221) were run on polyacrylamide gels, 

transferred to nitrocellulose and membranes were probed with the 2A2 monoclonal antibody 

followed by a secondary HRP-conjugated rabbit anti-mouse secondary and chemiluminescent 

development. As shown in Figure 9A, the antibody showing the best titre (2A2) recognized 

overexpressed human ING3, but not overexpressed INGs 1,2,4 or 5. To confirm that it also could 

recognize ING3 expressed in human cells, HEK293 cells were transfected with pCDNA-ING3 

plasmid or pcDNA as a control, and lysates were blotted with ING3 monoclonal antibody. Cells 

undergoing mock transfection showed that the antibody recognized endogenous ING3 while the 

signal increased dramatically upon overexpression of ING3 (Figure 9B). Next, we compared the 

specificity of our antibody with a commercially available antibody. HEK293 cells were co-

transfected with pcDNA-ING3 and either scrambled siRNA or siING3. As shown in Figure 9C, 

2A2 recognized the ING3 band, and this band decreased in response to increasing amounts of 

siING3, whereas the commercial antibody detected a band that did not change in intensity in 

response to ING3 knockdown. To further test if 2A2 was specific for ING3, we undertook 

immunoprecipitation-western blot analysis using non-denatured HA-tagged ING3 protein. As 

seen in Figure 9D, this antibody recognized HA-tagged ING3 in immunoprecipitates, and cleared 

lysates showed no signal as noted in the blot of post-IP samples. 
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Figure 9. Characterization of a new ING3 monoclonal antibody. 
A) HEK293 lysates expressing ING1-5 were used in western blotting to test specificity of the 

antibody with lanes 1-5 corresponding to ING1-5. The expression of all INGs was confirmed 

previously (221). B) HEK293 cells were transfected with ING3 construct and served as the 

positive control for ING3 antibody. C) HEK293 cells were co-transfected with ING3 and either 

scrambled siRNA or siING3 (0.5 to 2 pmol). Two antibodies were used to detect the effects of 

siRNA. D) Immunoprecipitation of lysates from HEK293 cells transfected with HA-ING3 shows 

that 2A2 recognizes the ING3 since it is precipitated and recognized by an anti-HA antibody in 

the subsequent blot.   
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Since we have previously determined that INGs are well-conserved in organisms from 

human to yeast (149), we asked if our new antibody recognized ING3 in other vertebrates. To 

test if 2A2 could recognize mouse ING3, we blotted for ING3 expression in different mouse 

tissues. As shown in Figure 10A, the antibody recognizes a band in mouse that co-migrates with 

overexpressed human HA-ING3, and protein levels of ING3 appear to be higher in lung and 

spleen compared to other mouse tissues. This observation is relatively consistent with a previous 

study (210), in which a different commercial antibody was used. Of note, however, is the 

presence of two bands in most murine tissues, which might represent the existence of multiple 

splicing isoforms and/or post-translationally modified forms of murine ING3 (See section 4.1). 

In order to confirm the detection of mouse ING3, we transfected BALB-3T3 and NIH-3T3 

mouse cells with siCtrl or siING3. As shown in Figure 10B, a major band and a weaker band 

were detected, both of which were reduced upon siING3 transfection indicating the detection of 

the mouse ING3 band. 

 

  



 

57 

 

Figure 10. ING3 protein levels in normal mouse tissues. 
A) Detection of endogenous ING3 protein in lysates of different mouse tissues. Untransfected 

HEK293 cells and HEK293 cells transfected with ING3 construct served as negative and 

positive controls, respectively. To ensure equal protein loading, blots were stained with Amido 

black. B) BALB-3T3 and NIH-3T3 mouse cells were transfected with siCtrl or siING3. After 48 

hr of incubation, cells were lysed and lysates were subjected to western blotting. 
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The specificity of 2A2 was next tested using indirect immunofluorescence. As shown in 

Figure 11, when ING3 antibody was used at a 1:100 dilution, it recognized overexpressed protein 

in HEK293 cells (row A) as well as endogenous ING3 in untransfected cells (row B). In order to 

further examine specificity, we incubated the antibody with fixed and permeabilized cells 

overexpressing ING3 or GFP prior to staining. As shown in figure 11D and E, the antibody 

incubated with ING3 expressing cells was almost completely unable to recognize the ING3 

signal compared to the control antibody. This indicates that the antibody was blocked, which 

serves as another control for specificity. Moreover, when we knocked down ING3 protein using 

siRNA, the staining was dramatically diminished compared to scrambled siRNA (Figure 11F and 

G) further confirming the specificity of ING3 staining. These data indicate that monoclonal 

antibody 2A2 specifically recognizes both denatured and formalin fixed human and murine 

ING3. 
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Figure 11. Indirect immunofluorescence using the 2A2 ING3 antibody. 
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Staining is shown for A) HEK293 cells co-transfected with ING3 plus GFP expression 

constructs, B) HEK293 cells transfected with GFP only and C) HEK293 cells stained with 

secondary antibody only as a negative control. To further examine the specificity, HEK293 cells 

co-transfected with ING3 plus GFP were stained with blocked ING3 antibody using fixed 

HEK293 cell pellet overexpressing ING3 (D) or GFP (E).  HEK293 cells were also transfected 

with scrambled siRNA (F) or siING3 (G) and stained for endogenous ING3. 
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3.1.2. ING3 protein profiling in normal human tissues 

We stained ING3 in various commercially available normal human tissues. The staining 

pattern in human hematopoietic tissues including bone marrow, lymphatic tissue, thymus and 

spleen are shown in Figure 12. ING3 staining was relatively high in bone marrow suggesting that 

ING3 expression may be high in blood progenitor cells (12A). By comparison, ING3 expression 

was lower and more sporadic in thymus, lymphatic tissue and spleen (12B-D). As shown in 

Figure 13, ING3 is also expressed to varying degrees in epithelial cells, particularly in small 

intestine epithelium (Figure 13A) and skin epidermis (Figure 13B), both of which proliferate 

rapidly.  

In contrast to the high levels of ING3 seen in small intestine and skin epithelia, ING3 

expression was moderate in lung epithelium (Figure 13C), while cells in breast, prostate, 

esophagus, colon and rectum showed only sporadic expression of ING3 protein (Figures 13D-H). 

A low level of expression in prostate is consistent with higher, dysregulated levels of ING3 seen 

in prostate cancer (222), further suggesting a role for ING3 in cell proliferation. Representative 

images of other human tissues stained with the ING3 2A2 antibody, including stomach, ovary, 

pancreas, cerebrum, kidney, liver, testis and uterine, are shown in Figure 14.  

In order to quantitate the proportion of cells showing detectable staining for ING3 in the 

various human tissues examined, three individuals scored random fields of cells within each 

micrograph in a double blind experimental design. The average scores for each of the tissues are 

shown in Figure 15, which underscores the fact that bone, small intestine and skin show the 

highest levels of staining, while spleen, lung, kidney and testis show intermediate levels and 

other tissues show very few cells expressing detectable levels of ING3. These observations 

identify a correlation between ING3 levels and the predicted growth rate of cells within different 
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tissues, where tissues that contain a larger proportion of growing cells also show a greater 

proportion of staining for ING3. 
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Figure 12. ING3 staining by 2A2 in blood cells.  
Representative images of staining in A) bone marrow B) lymphatic tissue C) thymus and D) and 

spleen are shown. All sections from different human tissues were stained under identical 

conditions using the same reagents and the same timing for staining, washing and other 

manipulations. Counterstaining and photography of images was also done under the same 

conditions for all samples. 
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Figure 13. ING3 staining by 2A2 in human epithelium. 
Representative images of ING3 staining in human epithelial tissues including A) small intestine, 

B) skin, C) lung, D) breast, E) prostate, F) esophagus, G) colon and H) rectum. 
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Figure 14. ING3 staining pattern in normal human tissues. 
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Figure 15. Quantification of ING3 staining in normal human tissues. 
The graph shows the percentage of cells in each tissue staining for ING3. Numbers were 

determined in a double blind experimental protocol and averages and standard deviations were 

calculated. Large error bars in the same samples indicate marginal levels of ING3 that were near 

the limits of detection. Of note, a pitfall of this method of quantification is that the intensity of 

ING3 expression in different tissues was not taken into consideration, which may be of 

biological significance.  
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The correlation between predicted growth rate of cells in tissues and the levels of ING3 

seen in the human tissue samples, suggested that ING3 expression might be largely repressed in 

quiescent cells compared to growing cells. To test this idea we examined ING3 levels in hTERT-

HME and RWPE-1 cell lines, which are immortalized breast and prostate epithelial cell lines. 

Cells were deprived of growth factors for 48 hr (to induce replicative quiescence) and serum 

containing growth factors were subsequently added to the media for 24 hr. As shown in Figure 

16, subjecting lysates from quiescent and growing cells to western blot analyses confirmed that 

ING3 is indeed expressed in growing cells but expression is significantly less in quiescent cells.  
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Figure 16. ING3 expression in growing and quiescent human epithelial cells. 
Human mammary fibroblasts (HME) immortalized with hTERT and prostate epithelial cells 

(RWPE-1) immortalized with HPV18 were serum-starved for 48 hr and released by addition of 

serum. Cells were harvested 24 hr later and cell lysates were subject to western blot analysis. 
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3.1.3. ING3 promoter analysis 

To acquire more insight into the signal transduction pathways that influence ING3 might 

be involved in, we estimated the bounds of the predicted ING3 core promoter sequence using the 

Transcriptional Regulatory Element Database (TRED) (223) and analyzed this for possible 

transcription factor binding sites using TFSEARCH 

(www.cbrc.jp/research/db/TFSEARCH.html) (224) and TFBIND (www.tfbind.hgc.jp) (225). 

Table 3 shows the top ten transcription factors predicted to bind ING3 promoter based on the 

consensus sequence homology. Figure 17 indicates sites for the Runt-Related transcription factor 

1 (RUNX1) (226,227), which showed 0.95 similarity to the consensus binding sequence as noted 

in Table 3, and plays an important role in hematopoietic cell development and that might be 

responsible for driving ING3 expression. Consistent with RUNX1 driving ING3 expression, 

analysis of the BloodChIP database revealed binding of RUNX1 and TCF7 to the ING3 

promoter in CD34 blood progenitor cells, megakaryocytes, as well as SKNO-1 cells (Figure 18) 

(228). Data mining of available ChIP-seq studies also confirmed that RUNX1 binds the ING3 

promoter (229,230). 
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Table 3. Ten transcription factors predicted to bind the ING3 promoter 

 

MATRIX Acc. no. column shows the transcription factor matrix ID from TRANSFAC R.3.4. 

Percentage similarity depicts similarity between a sequence on ING3 promoter and the consensus 

sequence for the associated transcription factor. Only the top ten transcription factors predicted 

by both TFSEARCH and TFBIND are shown. 
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Figure 17. ING3 promoter and location of RUNX1 binding sites. 
The predicted promoter sequence was retrieved from TRED database The numbers above each 

binding site shows percentage similarity as reported by TFBIND to the RUNX1 consensus 

sequence. The red box shows the transcription start site. 
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Figure 18. BloodChIP database search for factors binding the ING3 locus. 
BloodChIP database is a collection of transcription factor bindings to different types of blood 

cells as determined in ChIP-seq studies. Peaks corresponding to RUNX1 and TCF7 transcription 

factor binding near the beginning of the ING3 gene are shown. Markers of open chromatin such 

as H3K4me3 and H3K27ac are shown and suggest the open chromatin conformation near ING3 

transcription start site. 
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3.2. ING3 acts as a co-activator of AR 

3.2.1.ING3 levels correlate with AR levels 

Tissue microarray slides consisting of 265 PC patient tissue samples were stained with 

ING3 monoclonal antibody (209) and were analyzed using automated quantitative 

immunofluorescence analysis (AQUA). As shown in Figure 19A, ING3 protein scores 

significantly correlated with AR levels. We also analyzed RNAseq reads of ING3 in a prostate 

adenocarcinoma cohort (n=550, TCGA Research Network, http://cancergenome.nih.gov/) and 

again found that ING3 levels significantly correlated with AR mRNA levels (Fig 19B).  
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Figure 19. ING3 levels correlate with androgen receptor (AR) levels in patient samples. 
A) Representative images of patient samples and their ING3 staining (red) that were classified as 

having high or low AR levels. Pancytokeratin (PCK) was used to mark the epithelial versus 

stromal cells in tissue cores. The graph shows ING3 AQUA score in the patient subgroups based 

on their AR expression (Mann Whitney Test ***P<0.001). AR expression of samples was 

determined by immunohistochemistry (data not shown) (211) B) A prostate adenocarcinoma 

cohort was retrieved from TCGA data portal. Levels of ING3 and AR mRNA was plotted in 

Log2 scale. 
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ING3 protein and mRNA levels were variable in different AR-positive PC cell lines and 

were highest in VCaP (Fig 20A and 20B). We next asked if levels of ING3 respond to AR 

activity. VCaP, LNCaP and C4-2 cells were grown in media supplemented with charcoal-

stripped serum for 48 hr and then treated with the androgen analog mibolerone (MB), the anti-

androgen bicalutamide (Bic) or ethanol. C4-2 is an LNCaP subline isolated from androgen 

deprived animals and represents an advanced stage of prostate cancer with inducible levels of 

AR (231). As shown in Figure 20C, both AR and ING3 protein levels increased in response to 

MB and decreased in response to anti-androgen. The exception was C4-2 cells, where AR and 

ING3 levels were low in unstimulated cells, and did not decrease in response to bicalutamide. 

This may be due to the resistance of C4-2 to anti-androgens (231). Increased ING3 protein did 

not occur to a significant degree as a consequence of transcriptional induction as shown in the 

left panel of Figure 20D, using concentrations of MB that were effective in inducing expression 

of known AR-regulated genes (Fig 20D, right panel). To determine if ING3 protein was 

stabilized in response to androgen, de novo protein synthesis was blocked in LNCaP cells using 

cycloheximide. ING3 was stabilized in the presence of MB compared to cells grown in charcoal-

stripped media, with its estimated half-life increasing from 1 hour to 4 hr (Fig 20E). These data 

indicate that ING3 protein is stabilized by androgen, which is consistent with the generally 

higher ING3 protein levels seen in AR-positive cells. 
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Figure 20. ING3 levels correlate with AR levels. 

A) Lysates from three AR-positive prostate cancer cell lines were subject to western blotting 

with antibodies against ING3, GAPDH and actin. B) mRNA levels of ING3 were normalized to 
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actin in three prostate cancer cell lines. C) LNCaP, C4-2 and VCaP cells were grown in media 

with charcoal stripped serum (CSS) for 48 hr and treated with mibolerone (MB) or bicalutamide 

(Bic). Protein loadings were adjusted for each cell type to detect low protein expression. Levels 

of ING3 and AR were then visualized by western blotting with actin used as a loading control. 

D) qRT-PCR study of ING3 in LNCaP cells after treatment with increasing concentrations of 

MB. The left graph shows mRNA levels of ING3 in response to MB. The right graph shows 

mRNA levels of seven androgen regulated genes in response to mibolerone. E) A cycloheximide 

experiment using LNCaP cells grown in the presence or absence of MB to estimate ING3 protein 

half life. 

 

 

  



 

78 

3.2.2. ING3 activates the AR pathway 

To ask if ING3 also affected AR activity, we transfected LNCaP cells with HA-tagged 

ING3 expression construct and measured levels of the androgen regulated PSA gene. ING3 

increased the levels of PSA in LNCaP cells (Fig 21A). Conversely, in C4-2 cells, efficient knock 

down of ING3 decreased PSA levels (Fig 21A). We next measured mRNA levels of the 

androgen-responsive genes PSA, TMPRSS2 and FKBP5 in response to ING3 overexpression. 

ING3 selectively potentiated the effects of MB in LNCaP and C4-2 cells (Fig 21B). In the case 

of FKBP5, mRNA levels were affected individually by androgen treatment and ING3 

overexpression. Knockdown of ING3 in LNCaP cells by ~90% (Fig 21C) decreased the PSA, 

and to a greater extent, FKBP5 responsiveness to MB (Fig 21D).  
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Figure 21. ING3 promotes androgen-induced gene expression. 
A) LNCaP cells transfected with empty vector or HA-ING3 were harvested 24hr later and lysates 

were blotted. Lysates of C4-2 cells transfected with siCtrl or siING3 for 48 hr were blotted for 

the indicated proteins. B) LNCaP or C4-2 cells transfected with GFP or ING3 constructs were 
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grown for 24hr +/- 10 nM MB and were tested for PSA, TMPRSS2 and FKBP5 expression 

(ANOVA **P<0.01, ***P<0.001). C & D) LNCaP cells transfected with siCtrl or siING3 for 

24hr were treated with 10 nM MB for 24 hr. Levels of androgen-regulated genes were assessed 

by qPCR (ANOVA ***P<0.001).  
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Because the FKBP5 gene was regulated most dynamically by ING3 and it functions in 

the AR pathway as one of the genes mostly regulated by androgens (232), we tested the effects 

of ING3 on AR recruitment to the FKBP5 androgen response element (ARE). MB increased AR 

recruitment dramatically, and this effect was abrogated upon ING3 knockdown with siRNA (Fig 

22).  
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Figure 22. ING3 regulates AR recruitment to the FKBP5 gene androgen response element. 
C4-2 cells transfected with siCtrl or siING3 for 24hr were untreated or treated with 10 nM MB 

for 24hr. ChIP assays using α-AR antibody and AR-bound DNA used primers specific for an 

ARE on the FKBP5 gene (t test *P<0.05). 
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ING3 differentially affected the ability of MB to induce the expression of different genes, 

probably resulting from different chromatin environments near the ARE elements of the genes. 

To reduce this variable, we used an ARE-driven luciferase reporter construct in transient assays. 

We first tested the efficiency of the luciferase reporter. As shown in Figure 23, when HEK293T 

cells where not transfected with Luciferase reporter construct (LUC), the recorded luminescence 

intensity was close to background in the presence or absence of MB, indicating that these cells 

are AR-negative and LUC is not activated by other mechanisms. When co-transfected with AR 

expression plasmid, however, the recorded intensity was increased dramatically in the presence 

of MB. 

As shown in Figure 24A, knockdown of ING3 reduced the ability of MB to maximally 

induce expression from the ARE-driven construct while ING3 overexpression enhanced 

expression (Fig 24B). A time-course experiment with 1 nM MB (Fig 24C) indicates that ING3 

affects AR transactivation as early as 2 hr after MB treatment and suggests ING3 directly 

functions in AR pathway. 

ING3 targets TIP60 to actively transcribing genes via the ING3 PHD binding the 

H3K4Me3 mark (233), to affect nearby chromatin structure. However, since AR activation by 

acetylation is thought to occur in the cytoplasm and induce AR translocation to the nucleus, we 

asked if the ING3 PHD was required for AR activation. A PHD deletion mutant was fully 

capable of stimulating the ARE-driven reporter in the absence of MB (Fig 24D), suggesting that 

activation of the AR by ING3 did not require the chromatin targeting capability of ING3.  
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Figure 23. Validation of an ARE-driven luciferase reporter system. 
HEK293T cells were transfected with 0.5 µg of the indicated plasmids along with β-gal plasmid 

as an internal control with or without 1 nM MB. After 48 hr, cells were lysed and luminescence 

was determined. 
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Figure 24. ING3 promotes AR transactivation. 
A) HEK293T cells were co-transfected with 1 µg AR3-tkk-LUC, 0.2 µg β-gal, 0.1 µg GFP and 

20 nM of either siCtrl or siING3 for 48 hr +/- MB for the final 24 hr. LUC reporter activity was 

normalized to b-Gal (t Test **P<0.01). B) Cells were co-transfected with 1 µg AR3-tkk-LUC, 

0.2 µg β-gal, 1 µg AR and either empty vector or indicated amounts of ING3 expression plasmid 

for 48 hr +/- MB (***P<0.001). C) Cells were co-transfected with 1 µg AR3-tkk-LUC, 0.2 µg β-

gal, 1 µg AR and 0.2 µg of either empty vector (Ctrl) or full-length ING3 expression plasmid. 1 

nM MB was added for the indicated time points (t Test *P<0.05, ***P<0.001). D) Cells were co-

transfected with 1 µg AR3-tkk-LUC, 0.2 µg β-gal, 1 µg AR and either empty vector, full-length 
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ING3 expression plasmid or PHD deletion mutant in CSS medium for 48 hr. Levels of HA-ING3 

expression were verified by western blotting and ARE-driven reporter expression is shown in 

response to full length and PHD-deleted ING3 (t Test *P<0.05). 
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3.2.3. ING3 interacts with AR 

ING3 co-precipitated with AR, and MB increased their interaction, since higher levels of 

AR protein were immunoprecipitated with ING3 after MB treatment of HEK293T cells 

transfected with HA-tagged ING3 and myc-tagged AR (Fig 25A). Addition of ethidium bromide 

(EtBr) to the IP buffer did not alter this interaction (234), suggesting it was not dependent on 

DNA (Fig 25B). Immunoprecipitation of endogenous ING3 in LNCaP cells +/- MB showed that 

AR was detected in ING3 immunoprecipitates from MB-stimulated cells, and higher levels of 

ING3 were pulled down in MB-treated samples (Fig 25C). This may be due to MB altering 

ING3 protein complex conformation leading to increased exposure of the ING3 epitope to the 

antibody.  
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Figure 25. ING3 interacts with AR. 
A) HEK293T cells were co-transfected with 1 µg of Myc tagged AR expression construct and 1 

µg of either empty vector or HA-tagged ING3 +/- 10 nM MB. ING3 was pulled down with HA-

affinity beads and precipitates were blotted with α-AR. B) To determine the effects of DNA on 

the interaction, co-immunoprecipitations were repeated with addition of ethidium bromide 

(EtBr). ING3 was precipitated using HA-affinity beads. C) Endogenous AR-ING3 interaction 

was assessed by co-precipitation in LNCaP cells +/- 10 nM MB for 24 hr. ING3 

immunoprecipitation used α-ING3 covalently crosslinked to protein G beads. Increased amounts 

of ING3 protein were pulled down when cells were treated with MB, perhaps due to MB 

inducing conformational changes to expose the ING3 epitope recognized by the monoclonal 

antibody.   
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We next asked if the interaction of ING3 and AR was exclusively nuclear or also 

occurred in the cytoplasm. As shown in Figure 26, HEK293T cells were co-transfected with HA-

ING3 and AR plasmids in the absence of MB. Prior to IP, nuclear and cytosolic fractions were 

separated using the REAP protocol (235,236). We found that ING3 and AR interact in the 

cytoplasm in the absence of MB. Our results, however cannot exclude the existence of nuclear 

interaction as little unbound AR protein resides in nucleus. 
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Figure 26. ING3 and AR interact in the cytoplasm. 
HEK293T cells were co-transfected with AR and HA-ING3 in the absence of MB. 48 hr later, 

nuclear and cytosolic fractions were isolated and were subjected to IP using anti HA beads. 

Western blotting was performed to detect the interaction. Lamin A and alpha-tubulin were used 

on input samples as nuclear and cytosolic markers, respectively.   
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To identify the AR domain that interacted with ING3, the AR deletion constructs shown 

in Figure 27A, were co-transfected with ING3 expression construct into HEK293 cells. As 

shown in Figure 27A, the N terminal domain of AR did not interact with ING3, whereas the N 

terminal 625 amino acids including the DNA binding domain, did. The hinge or ligand binding 

domains of the AR did not alter the interaction (data not shown). Full length and PHD-deleted 

versions of ING3 showed that interaction between the AR and ING3 or TIP60 and ING3 was not 

dependent on the PHD (Fig 27B). 
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Figure 27. ING3 interacts with the DNA-binding domain of AR independent of the PHD. 
A) Deletion constructs used to map domains required for interaction. Co-precipitation study 

using HEK293T cells co-transfected with AR deletion mutants and HA-ING3. FLAG beads were 

used to immunoprecipitate AR constructs and ING3 was detected in IP samples by western 

blotting. B) ING3 deletion mutant lacking the PHD. Co-precipitation using HEK293T cells co-

transfected with full length AR, ING3 and an ING3 deletion mutant. HA beads were used to 
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immunoprecipitate ING3 constructs. The interacting AR and endogenous TIP60 were detected 

by western blotting with their respective antibodies. 
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3.2.4. ING3 promotes TIP60 function and interaction with AR 

Immunoprecipitates of endogenous TIP60 recovered AR in an MB-sensitive manner as 

previously reported (Fig 28A). When cells were co-transfected with increasing amounts of ING3, 

increasing amounts of AR protein were immunoprecipitated with HA-tagged TIP60 and vice 

versa (Fig 28B). ING3 increased association between AR and TIP60 by ~8-fold (Fig 28B) while 

siING3 reduced association between AR and TIP60 by ~3-fold (Fig 28C). An ARE luciferase 

assay showed that siING3 largely abrogated TIP60 effects on AR transactivation in the absence 

or presence of MB (Fig 28D), consistent with ING3 facilitating interaction between TIP60 and 

AR.  
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Figure 28. ING3 promotes TIP60-AR interaction. 
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A) TIP60 was immunoprecipitated in C4-2 cells grown +/- 10 nM MB for 24 hr. B) Cells were 

co-transfected with AR, TIP60 and increasing amounts of ING3 plasmid + 10 nM MB for 24 hr. 

AR or TIP60 were immunoprecipitated using α-AR or HA-affinity beads, respectively. The 

graph shows the average ratio of AR:HA-TIP60 in three independent experiments (t Test 

**P<0.01. C) C4-2 cells transfected with siCtrl or siING3 were treated for 24 hr with MB, 

immunoprecipitated with α-TIP60 and blotted with α-TIP60 or α-AR. The graph shows the 

average of TIP60:AR ratio (t Test *P<0.05). D) ARE-reporter activity of cells co-transfected 

with 1 µg AR3-tkk-LUC, 0.2 µg β-gal, 0.2 µg AR, 50 ng of TIP60 and 20 nM of either siCtrl or 

siING3 for 48 hr +/- 1 nM MB for the final 24 hr (t Test *P<0.05). 
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3.2.5. ING3 promotes AR acetylation and nuclear translocation 

Since TIP60 acetylates AR (71), we asked whether ING3, a member of the TIP60 

complex, affected AR acetylation. Overexpression of ING3 increased AR acetylation, as 

estimated by probing AR immunoprecipitates for acetyl lysine (Fig 29A). The in vitro 

acetylation assay shown in Figure 29B in which co-immunoprecipitated HA-ING3-TIP60 was 

added to AR-IP samples plus acetyl CoA, confirmed that ING3 complexes acetylated the AR. In 

the complementary experiment shown in Figure 29C, knockdown of ING3 dramatically 

decreased the ability of TIP60 to acetylate AR. Transfection with AR acetylation mutants K630R 

and K632/33R (72) completely abrogated the effect of ING3 compared to transfection with 

wildtype AR further indicating that AR activation by ING3 is dependent on the acetylation of 

AR (Fig 29D).  
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Figure 29. ING3 affects TIP60-mediated acetylation of AR. 
A) HEK293T cells were co-transfected with 1 µg of AR construct or vector +/- 0.2 µg ING3 and 

were immunoprecipitated with α-Myc and AR acetylation was determined. The graph shows the 

average ratio of Ac-AR:total AR (t Test *P<0.05). B &C) HEK293T cells were co-transfected 

with AR-Myc, ING3-HA or GFP (A) or with AR-Myc, siCtrl or siING3 (B). AR was 

immunoprecipitated with α-Myc. ING3 was immunoprecipitated with α-HA in GFP or ING3-

transfected cells (B). TIP60 was immunoprecipitated in siCtrl or siING3-transfected cells (C). In 

vitro acetylation assays were performed using 1 mM of Acetyl CoA. C) The graph (right panel) 

shows the average ratio of Ac-AR:total AR (t Test *P<0.05). D) Cells were co-transfected with 1 

µg AR3-tkk-LUC, 0.2 µg β-gal, 0.2 µg of either vector or ING3 and 0.2 µg of either wildtype or 

mutant AR constructs for 48 hr +/- 0.1 nM MB for 24 hr. 

Since it has been reported that acetylation of AR contributes to its nuclear translocation 

(72), we tested whether ING3 affects AR localization. Overexpression of ING3 in LNCaP cells 

increased AR staining intensity in nuclei (Fig 30), while its knockdown inhibited MB-induced 

translocation of the AR to the nucleus as shown by immunofluorescence experiments and the 

fractionation assay done using the REAP protocol (Fig 31A-C) (235,236).   
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Figure 30. ING3 overexpression alters AR localization. 
LNCaP cells were transfected with GFP or HA-ING3, left untreated or treated with 10 nM MB 

for 4 hr and stained with α-AR and α-HA antibodies. DAPI was used to stain DNA to indicate 

nuclei. 
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Figure 31. ING3 knockdown reduces AR nuclear translocation. 
A & B) Cells transfected with siRNA for 48 hr were treated with ethanol or 10 nM MB for 24 hr 

and were fixed and stained for DNA with DAPI and for AR. Three fields of 35 cells each were 

examined visually for nuclear staining of AR using a blind experimental design (t Test 

***P<0.001). C) LNCaP cells were transfected with siCtrl or siING3 for 48 hr. After 2 hr of 

treatment with 1 nM MB, nuclear and cytoplasmic fractions were blotted to detect the indicated 

proteins. Lamin A and α-tubulin was used as nuclear and cytoplasmic markers, respectively. 
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3.2.6. ING3 affects prostate cancer proliferation and migration 

Since higher expression of ING3 correlated with shorter survival times (see section 3.3) , 

we asked if ING3 promoted growth by knocking down ING3 in LNCaP, PC3 and DU145 cells. 

Staining cells 10 days later with crystal violet showed that knockdown decreased proliferation of 

all cancer lines tested (Fig 32).   
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Figure 32. ING3 affects prostate cancer cell proliferation. 
LNCaP, DU145 and PC3 were seeded at equal density, transfected with siCtrl or siING3 and 10 

days later were fixed and stained with Crystal Violet to visualize all cells. 
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Alamar Blue assays confirmed that proliferation rates decreased upon ING3 knockdown 

in LNCaP and C4-2 cells (Fig 33A). This was corroborated in separate experiments by counting 

LNCaP cells 3 and 7 days post-transfection of siING3 (Fig 33B). The possibly more 

physiologically relevant colony forming capability of PC cells in soft agar was also reproducibly 

reduced upon ING3 knockdown, with average calculated volumes of siING3-transfected 

colonies being less than half of those for cells transfected with siCtrl (313±50 vs. 153±16 mm3, 

Fig 33C). Cells transfected with siING3 or siCtrl were stained for the presence of Ki-67 and 

confirmed that ING3 knockdown reduced proliferation (Fig 33D). LNCaP cells infected with 

doxycycline-inducible lentiviral shING3 also showed reduced Ki67 staining compared to shCtrl 

(Fig 33E). 
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Figure 33. ING3 affects proliferation in AR-positive prostate cancer cells. 
A) LNCaP and C4-2 were grown in media supplemented with 5% CSS for the indicated times 

and cellular proliferation was assessed using Alamar Blue (t Test *P<0.05, **P<0.01). B) 

LNCaP cells were transfected with either siCtrl or siING3 for 48 hr and seeded at equal density 

in 96-well plates in media supplemented with 5% CSS. Cells were counted at the indicated times 

(t Test ***P<0.001). C) 48 hr after transfection with siCtrl or siING3, LNCaP cells were seeded 

at equal density in 24 well plates in media containing 20% FBS and 0.3% agarose and incubated 

to allow gels to solidify. Photomicrographs were taken after 10 days and the diameter of colonies 
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was measured. Representative images of siCtrl and siING3-transfected colonies are shown. D) 

Immunofluorescence images of LNCaP cells transfected with either siCtrl or siING3 for 48 hr 

and stained for Ki67 (green) as a proliferation marker. E) LNCaP cells were infected with shCtrl 

or shING3 lentiviral particles at low multiplicity of infection. Dox was added to induce the 

expression of shRNA and RFP. Cells were then grown in CSS medium for 72 hr and stained for 

Ki67 as a proliferation marker. RFP expression was used as a marker of infected cells. Arrows 

highlight infected cells that generally did (shCtrl) or did not (shING3) stain for Ki67. The shown 

infected cells are representation of minimum of 30 cells per condition. 
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To further ask how higher ING3 levels might increase PC recurrence and decrease 

survival, we examined cell motility. LNCaP cells transfected with siCtrl or siING3 and treated 

with 1 nM MB, were stained with Alexa 568-conjugated phalloidin to show filopodia, a measure 

of cell motility (highlighted by arrows in Fig 34). We then determined the effect of ING3 on cell 

mobility using a transwell migration assay. Transwell migration assays in the absence and 

presence of MB (Fig 35A & B) and wound-healing assays (Fig 35C) confirmed that ING3 

knockdown reduced cell migration. 
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Figure 34. ING3 knockdown reduces AR-mediated filopodia formation. 
LNCaP cells were transfected with siCtrl or siING3 and treated with 1 nM MB for 72 hr, then 

fixed and stained with Texas Red-conjugated phalloidin and DAPI for nuclei. Arrows highlight 

actin projections consistent with filopodia formation. The cells shown here are representation of 

minimum of twenty cells per condition analyzed. 
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Figure 35. ING3 knockdown reduces prostate cancer cell migration. 
A) LNCaP cells were transfected with either siCtrl or siING3 and where indicated, treated with 1 

nM MB for the times indicated. Transwell migration assays were performed as mentioned in the 

Materials and Methods. Representative images are shown. B) Images were taken from six 

random fields for each condition and cells were counted manually on a computer using a blind 
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experimental protocol (t Test *P<0.05, **P<0.01). C) Wounds were made in monolayers of C4-2 

cells stably expressing either shCtrl or shING3 in the presence of 10 nM MB and Dox to induce 

shRNA expression. Wounds were then allowed to heal during a course of four days. Images were 

taken from the same fields for each condition. Percentage of healed wound was then calculated 

based on pixels observed in each condition. 
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3.3. ING3 is a novel prognostic biomarker for prostate cancer 

3.3.1. ING3 levels correlate with Gleason score in low AR subgroup 

Examination of ING3 levels and clinico-pathological parameters of our PC cohort 

indicated a significant trend towards higher ING3 level with increasing Gleason score in a subset 

of patients with low expression of AR (Fig 36A). Similarly, using TCGA prostate cohort data we 

found that ING3 levels in low AR subgroup of patients correlated with the higher Gleason score 

(Fig 36B). 
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Figure 36. ING3 levels correlate with Gleason score in AR low subset. 
A) ING3 protein scores in patient samples with low AR levels were graphed based on the 

Gleason Score (GS) (Mann Whitney test) (n= 48, 56, 133 for GS <7, GS =7 and GS >7, 

respectively) (Mann Whitney Test **P<0.01 and *P<0.05). B) Transformed mRNA levels of 

ING3 from TCGA prostate adenocarcinoma cohort in the low AR subgroup of patients (AR 

mRNA levels < 1969, which is the mean of AR levels in normal adjacent tissues.) was graphed 

based on the Gleason Score (Mann Whitney test) (n= 35, 162, 149 for GS <7, GS =7 and GS >7, 

respectively) (Mann Whitney Test **P<0.01). 
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3.3.2. ING3 levels predict prostate cancer patient overall survival and recurrence 

We next asked if ING3 had any prognostic value in prostate cancer and to address this, 

we split the cohort into derivation and validation datasets (237). This allowed us to modify our 

statistical model in the derivation cohort and test it on another set of patients. We tested the 

validity of these two datasets by performing a Kaplan-Meier analysis using Gleason score as the 

known predictor (Fig 37). 
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Figure 37. Validation of datasets based on Gleason score. 
Kaplan Meier survival curves using Gleason score as a known prognostic marker in derivation 

and validation datasets (Log rank test). 
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ING3 AQUA scores were dichotomized using a 1.66 cutoff point based on the derivation 

dataset, for testing in the validation dataset. Analysis by Kaplan Meier based on cohort AR status 

showed that higher ING3 levels correlated strongly with poorer overall survival in patients with 

low AR levels (Fig 38). In low AR patients, ING3 predicted survival better than Gleason score (p 

= 0.010 vs p=0.099 in the validation dataset), but Gleason score predicted survival better in 

patients with high AR levels (Data not shown).  
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Figure 38. Kaplan Meier curves for patient overall survival based on ING3 levels. 
Kaplan Meier survival curves in our prostate cancer patient cohort in the low AR subgroup in 

derivation and validation datasets (Log rank test).  
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ING3 levels were also useful in predicting the hazard function using Cox proportional 

hazard analysis (238). Factors such as AR levels, age, Gleason score, occurrence of CRPC and 

ERG were taken into consideration in the multivariate analyses (Table 3 & 4). The contribution 

of ING3 in predicting hazard function was significant in both tested datasets with hazard ratios 

of 3.309 and 2.571, respectively. Testing the regression coefficients of Cox models on the two 

datasets indicated that ING3 coefficients were not significantly different, implying that ING3 

contributes similarly to the outcome prediction and was independent of patient dataset. 

Perhaps more clinically relevant, when Cox regression analyses +/-ING3 were performed and the 

likelihood ratios (LR) compared, ING3 significantly improved the Cox model in prediction of 

the hazard function (ΔLR= 5.075, p-value=0.024273, ΔLR= 3.941, p-value= 0.047123 for 

derivation and validation datasets, respectively). This shows that addition of ING3 protein levels 

to currently used clinical and pathological parameters would provide more accurate prognosis in 

primary PC. As a complementary study, we stratified the TCGA prostate cohort based on the 

maximum mRNA expression of ING3 in normal adjacent tissues. We investigated the correlation 

of ING3 levels with biochemical recurrence rate, as determined by the rise of PSA after surgery 

or ADT. Consistent with our TMA study, we found higher mRNA levels of ING3 were 

correlated with more rapid recurrence (Fig 39). 
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Table 3. Cox proportional hazard model for derivation dataset 

Covariate Coefficient SE p-value 
Hazard 

Ratio 
95% CI 

ING3 1.197 0.52 0.021 3.309 1.193-9.173 

Age -0.36 0.031 0.247 0.965 0.908-1.025 

CRPC 1.778 0.541 0.001 5.915 2.047-17.090 

Gleason Score 2.426 0.731 0.001 11.31 2.699-47.393 

AR expression -0.314 0.532 0.555 0.73 0.257-2.073 

ERG expression -1.768 0.697 0.011 0.171 0.044-0.669 

 

The listed clinical and pathological parameters were used along with ING3 as variables for 

multivariate analysis in the derivation dataset. ING3 is a significant marker, which improves the 

Cox model to predict hazard function. 
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Table 4. Cox proportional hazard model for validation dataset 

Covariate Coefficient SE p-value Hazard Ratio 95% CI 

ING3 0.944 0.471 0.045 2.571 1.022-5.468 

Age 0.016 0.026 0.538 1.016 0.966-1.069 

CRPC 1.067 0.494 0.031 2.906 1.102-7.659 

Gleason Score 1.709 0.714 0.017 5.524 1.363-22.383 

AR expression 0.549 0.534 0.305 1.731 0.607-4.934 

ERG expression 0.556 0.535 0.299 1.743 0.611-4.976 

 

Similar to Table 3, multivariate analysis was performed with known clinico-pathological 

parameters along with ING3 in the validation dataset. ING3 retains its significant contribution to 

the Cox model, indicating its cohort-independent effect. 
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Figure 39. Kaplan Meier curve for patient biochemical recurrence rate based on ING3 
levels. 
TCGA RNAseq prostate adenocarcinoma cohort was stratified as low and high ING3 using the 

average mRNA levels of ING3 in normal adjacent tissue samples. Kaplan Meier analysis was 

performed for biochemical recurrence rate as determined by the rise of PSA levels above castrate 

levels. Consistent with our study on ING3 protein levels, higher levels of ING3 mRNA 

positively correlate with biochemical recurrence rate (Log rank test). 
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CHAPTER FOUR: DISCUSSION 
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4.1. ING3 profiling in normal human tissues 

Antibodies have been always a concern in molecular biology, due to the frequency of 

non-specific binding and variable signal-to-noise ratio. Particularly with less studied and less 

abundant proteins, this concern is more dramatic. Our initial attempts to examine ING3 levels 

using a commercial antibody were problematic and therefore we decided to generate a new 

monoclonal antibody for ING3 and tested it in various settings to confirm the specificity. Indeed, 

many studies have reported on the ineffectiveness of numerous antibodies and lack the proper 

controls to detect the protein or proteins that the antibody is thought to recognize (239-242). 

While this is less of a problem in western blotting since protein size can be confirmed, when an 

antibody recognizes proteins other than its target, interpretation of immunofluorescence, 

immunohistochemistry and immunoprecipitation results can be very misleading (242,243). We 

have been previously successful in generating well characterized monoclonal antibodies (CAbs1-

9) against INGs (221,244,245), which have been used extensively in numerous applications such 

as western blotting, immunoprecipitation and tissue microarray (TMA) staining (190,191). These 

antibodies are commercially available for other investigators.  

We generated and optimized a new mouse monoclonal antibody against ING3. We 

confirmed its specificity toward ING3 across 5 INGs indicating a lack of cross-reactivity. Using 

HEK293T cell lysates transfected with siCtrl or siING3, we confirmed the observed band as 

ING3 with the predicted molecular weight. We also performed western blot analyses using 

lysates from mouse tissues. The ING3 band came as doublets and the lower band was 

significantly weaker, particularly in mouse cell line lysates (see the very faint lower band in 

NIH-3T3 in Fig. 2B). Knockdown of ING3 in mouse cell lines confirmed that the bands were 

indeed mING3. The appearance of doublet in most mouse tissues suggests a post-translational 
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modification (246) or a shorter isoform in mouse but not in human transcriptome. In fact, 

according to NCBI gene database, there are two transcript variants of mouse ING3 encoding two 

proteins with 410 and 421 amino acids that do not exist in human ING3 and may therefore 

explain the doublet seen in mouse tissues and cells. The ING3 knockout mouse is embryonically 

lethal and mouse embryonic fibroblasts are challenging to isolate (personal communications), 

which makes the proper controls for this experiment difficult to obtain. 

Our immunofluorescence results with ING3 overexpression indicated that the antibody 

recognizes the overexpressed protein properly. Staining was absent in our no primary antibody 

controls and when the antibody was preabsorbed with overexpressed ING3. When we knocked 

down ING3 and performed immunostaining, almost all staining was eliminated. 

Using this new antibody, we present the first analysis of ING3 protein staining in normal 

human tissues and find that expression of ING3 strongly correlates with rapid cell growth. The 

distribution of expression we find is distinct from levels of ING3 mRNA previously reported in 

human and rodent tissues (136,210), which might reflect active post-transcriptional/translational 

regulation of ING3 protein levels. This is consistent with the fact that ING3 undergoes various 

post-translational modifications (246) that could affect protein half-life under different growth 

conditions. We then compared our results with the results published in the Human Protein Atlas 

(http://www.proteinatlas.org/ENSG00000071243-ING3/tissue#gene_information). The staining 

of duodenum and skin were reported to be weak but more than almost all other tissues (excluding 

lymph nodes) which is consistent with our study. Albeit weak, the staining of lung epithelium 

and prostate seem to be more intense than what we found. Despite the very high mRNA 

expression of ING3 in bone marrow, no staining was reported in this tissue in the Human Protein 

Atlas. The antibody used in this study was a Rabbit polyclonal antibody, which might explain the 
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discrepancies between these two studies. The datasheet for that antibody (Sigma Aldrich 

HPA067388) was not very informative and the conclusion for data reliability is stated as 

"uncertain" in the human protein atlas, which raises the question of whether their antibody was 

appropriate to use in IHC. 

Using our monoclonal antibody, we found that ING3 staining is the most intense in skin 

epithelium and small intestine. Relatively high ING3 levels in skin might reflect a role for ING3 

in UV-induced apoptosis and the loss of ING3 reported to occur in melanoma (171,204). 

Recently, ING3 was also identified as one of the genes that play a role in pigmentation in 

Holstein cattle (247), which is consistent with our finding of high ING3 levels in skin. It would 

be interesting to co-stain skin samples with ING3 and a marker of melanocytes to determine 

whether ING3 is expressed exclusively in melanocytes. Loss of the high levels of ING3 we 

observe in the small intestine might also contribute to colorectal cancer progression since a 

significant loss of ING3 has been reported in this form of cancer (208), although it will be 

important to determine whether reports of loss of ING3 in a particular cancer are reproducible 

given the discrepancies between ING3 mRNA and protein levels. 

In our analyses, some discrepancies were found among tissue replicates. Here we showed 

representative images of each tissue. However, one core of esophagus and one core of lymph 

node stained at very high levels (Data not shown). The fact that most of the tissues were from 

autopsies and thus pathological data was lacking, we could not track such phenomena to any 

particular physiological or pathological events. However, this suggests that further investigation 

with regard to the role of ING3 in such tissues under certain conditions may lead to a better 

understanding of the function of ING3 in particular diseases. 

We note that ING3 levels correlate well with the degree of predicted growth rate in 
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human tissues examined, with growth rate positively correlated with ING3 levels. This 

relationship is also seen in normal epithelial cells in culture. These data are consistent with ING3 

playing a positive role in regulating cell growth, perhaps during S phase, as part of the 

Tip60/NuA4 HAT complex (152) that is required for the transcriptional activation of histone 

promoters needed for replication and proper nucleosomal packaging (248). Our findings here are 

consistent with our previous report that the knockout of yng2, the yeast homolog of ING3 causes 

major growth defects in yeast (148). Recently ING3 was shown to be correlated with 

cardiomyocyte hypertrophy also consistent with ING3 playing a role in cell growth (210). Our 

collaborator's finding that ING3 knockout in the mouse is embryonically lethal and the size of 

the embryo is significantly smaller than wildtype, further suggests a pivotal role for ING3 in 

embryonic and cellular proliferation in early stages of development. 

Our in silico analysis of the predicted ING3 promoter suggested binding of several 

transcription factors involved in various cellular processes. CREB was previously reported to 

regulate the transcription of ING3 in C4-2 prostate cancer cells (249), which is consistent with 

our analysis. The other predicted transcription factors need to be experimentally tested as the 

computational algorithms do not account for flanking sequence nor for non-consensus binding 

elements. However, the emergence of available public datasets such as NCBI GEO provides a 

useful tool for hypothesis generation and experimental design. We looked at the available gene 

expression and ChIP datasets for transcription factors of interest. The binding of RUNX1 on the 

ING3 promoter was found by data-mining of public ChIP-seq data on different blood cells. High 

ING3 staining in bone marrow (but not in more differentiated hematopoietic tissues) correlates 

well with the role of RUNX1 in hematopoietic progenitor cells. RUNX1 plays a critical role in 

hematopoiesis, as its homozygous deletion in mice causes severe defects in fetal liver 
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hematopoiesis leading to death at E12.5 (250). Whether ING3 is indeed involved in 

hematopoietic development through RUNX1 remains to be addressed in depth.  

The top predicted transcription factor binding site in the ING3 promoter was E2F2. The 

E2F family play key roles in regulating the cell cycle. We looked at available microarray data 

between small intestine villi and crypts of either wildtype or e2f1-3 knockout mice. Using the 

GEO2R tool from NCBI, we noted a reduction of ing3 in e2f knockout mice compared to 

wildtype (251). Thus, it is likely that ING3 is involved as an effector in the E2F pathway, 

particularly in the small intestine that undergoes rapid proliferation, which is consistent with high 

levels of staining we observed. As a well-established regulator of the cell cycle that directly 

affects growth, this observation may link the function of ING3 and ING1a, the latter of which 

inhibits cell growth by affecting Rb (190). 

In summary, we show the normal distribution of ING3 protein expression in 

representative human tissues, using a well-characterized and validated immunological reagent. 

We also note that ING3 levels correlate well with the degree of growth rate in normal human 

tissues suggesting, together with its correlation with key genes such as E2F2 and RUNX1, a role 

in regulating cellular proliferation. 

4.2. ING3 is a co-activator of AR in prostate cancer 

In the present study, we found that the protein levels of ING3 and AR correlate in a 

cohort of prostate cancer patient biopsies. Consistently, mRNA levels of ING3 and AR from 

TCGA data portal correlate significantly. Using three AR positive cell lines, LNCaP, C4-2 and 

VCaP, we found ING3 protein is highest in VCaP, which is a highly metastatic prostate cancer 

cell line derived from vertebrae metastasis. It is also considered as a metastatic model of prostate 

cancer in which the AR is amplified and fusion of the ERG gene to TMPRSS2 androgen-
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regulated promoter, which often occurs in prostate cancer, is present (252,253). Higher levels of 

ING3 in this cell line were consistent with a previous report showing higher levels of ING3 in 

ERG positive prostate cancer samples (212).  

We altered the levels and function of AR protein by treatment with androgen analog 

(MB) or anti-androgen (Bic). Unlike the other two cell lines, ING3 levels did not decrease in 

response to Bic in C4-2 cells. C4-2 is a derivative of LNCaP cells that was isolated and grown 

under conditions of androgen ablation. Although these cells still retain AR activity and 

responsiveness, they are resistant to anti-androgen treatment. Unlike the canonical pathway, the 

NTD of AR was shown to be critical for AR activation and resistance to anti-androgens in C4-2 

cells (254). 

Consistent with the androgen responsive gene database (255), we found that ING3 was 

not transcriptionally regulated by AR. Also, in our analysis of the ING3 promoter, no androgen 

response element was found. In addition, ING3 localization in the nucleus and cytoplasm was 

not altered in LNCaP cells treated with androgen (data not shown) and similar finding was 

reported regarding the ING1 repressor role in AR pathway (199). Although ING3 was not 

affected through these mechanisms, we did find that ING3 protein is stabilized in the presence of 

androgen in LNCaP cells. This suggested that ING3 might be post-translationally modified in the 

context of activated AR. Many residues of ING3 have been found in mass spectrometry screens 

(www.phosphosite.org) to be phosphorylated or acetylated. Ubiquitination of ING3 was also 

reported previously to be increased in melanoma cells by the SKP2 E3 ligase (205). Since both 

phosphorylation and acetylation can affect ubiquitination and thus protein stability, such 

modifications are likely to be involved in regulating the stability of the protein in prostate cancer, 

but further experiments are needed to address the exact mechanisms governing ING3 protein 
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stability. 

In contrast to relatively modest effects of the AR on ING3, increasing and decreasing 

levels of ING3 showed that ING3 positively regulates AR activity, and that ING3 potentiates the 

effects of androgen on AR activity as estimated by activating expression of both endogenous 

AR-regulated genes and an ARE-driven reporter construct. ING3 strongly affected FKBP5 levels 

in C4-2 and LNCaP and affected PSA in C4-2 cells. FKBP5 is one of the genes highly regulated 

by AR activation (256). In the absence of androgen, it forms a complex with AR and other 

proteins such as HSP70 and 90 to stabilize AR, keeping it ready for ligand to bind (257). It is 

shown to interact with AR in LNCaP cells and increase AR activity as determined by luciferase 

assay (258). Our ChIP results showed that ING3 affects AR recruitment to the FKBP5 ARE. 

Based on these observations, we propose is that ING3 in the cytoplasm affects AR acetylation 

(mentioned below), which in turn alters gene expression dependent on AR activation. Although 

our study on AR activation supports this hypothesis, the possibility of a distinct and possibly 

epigenetic role for nuclear ING3 in regulating FKBP5 AR-regulated expression cannot be 

overlooked and requires more investigation. 

ING3 co-immunoprecipitated with AR and this interaction was enhanced by androgen. 

Addition of ethidium bromide did not alter the interaction, indicating that it is not DNA-

dependent -a common pitfall in interpretation of co-IP studies. This indicates that the interaction 

is either a direct physical interaction or the presence of ING3 and AR in a protein complex 

causes the co-IP. When we treated LNCaP cells with MB and immunoprecipitated ING3, 

significantly more ING3 was pulled down than in the absence of MB. We speculate this may be 

due to MB altering the conformation of the ING3 protein complex, leading to increased exposure 

of the ING3 epitope to the antibody. Since ING3 and AR (in the presence of its ligand) are 
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localized primarily in the nucleus, we sought to determine the cellular compartment in which the 

interaction happens. Using HEK293T cells transfected with ING3 and AR and in the absence of 

MB, we found that the two proteins could interact in the cytoplasm. Our result, however does not 

exclude the possibility of a nuclear interaction in the active AR context. Rather, it indicates an 

interesting role of ING3 1) independent of its chromatin-remodelling function and 2) upstream in 

the AR pathway in the cytoplasm.  

Using AR and ING3 deletion mutants, we found that ING3 interacts with the DNA 

binding domain (DBD) of AR and this interaction is not dependent on the PHD domain of ING3. 

The AR DBD consists of two zinc fingers that are conserved across nuclear receptors. The first 

zinc finger contains a sequence called the P-box which is responsible for ARE recognition, while 

the second one contains a D-box, which is responsible for homo-dimerization (259). The AR 

nuclear localization signal (NLS) is located in DBD and hinge region, and activation leads to it 

becoming acetylated, leading to a conformational change that exposes the NLS. We previously 

found that ING1b co-immunoprecipitated with estrogen receptor alpha and modulated its activity 

via an Activation Function (AF2) domain (198). AF2 is a co-activator binding pocket and is 

critical for nuclear receptors to function properly. In addition, more recently ING1b was reported 

to act as a co-repressor of AR (199). These findings collectively indicate roles of the ING family 

in Nuclear Receptor biology. 

The interaction between the AR and TIP60 has been previously reported. We were able 

to reproduce and confirm that this interaction occurs in LNCaP cells. ING3 increased this 

interaction in a dose-dependent manner and knockdown of ING3 decreased the precipitation of 

AR and TIP60. However, we also found that knock down of ING3 slightly decreases the TIP60 

protein levels, which is likely due to alteration of its stability. Similarly, overexpression of ING3 
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slightly increased the TIP60 protein levels. This observation was found in both IP samples and 

lysates, which is consistent with previous studies indicating ING3 functioning as an essential 

member of the TIP60 complex (151). When we corrected for this effect by normalization, we 

still found significant change in the amount of interaction. Hence, our results indicate that ING3 

promotes the interaction of TIP60 and AR but also suggests critical contributions to the stability 

of the complex and its interactions with other regulatory molecules. 

In contrast to studies showing that the ING proteins serve to target lysine 

acetyltransferase (KAT) and lysine deacetylase (KDAC) complexes to the H3K4Me3 mark via 

interaction of their PHD form of zinc finger (146,233,260), we observed that a C-terminal-

deletion mutant of ING3 lacking the PHD increases AR transactivation to levels similar to seen 

with wild type ING3. A similar lack of function for the ING2 PHD domain in the differentiation 

of C2C12 myoblasts into myotubes was previously noted (159). While ING2 induced the 

expression of myogenein and subsequently promoted differentiation, a deletion construct of 

ING2 lacking the PHD was active in transcriptional activation and was actually more effective in 

inducing differentiation. These cases of ING3 and ING2 being active in regulating the activity of 

their respective acetylation (TIP60) and deacetylation (Sin3A) complexes when lacking their 

PHDs indicate that cellular levels of the INGs affect two separate pools of substrates for their 

complexes, chromatin associated and chromatin non-associated. Studies of ING4 also supports 

this idea since the ING4 PHD domain was reported to be necessary for prostate epithelial cell 

differentiation but not cell-death induction by overexpression (186).  

AR acetylation by different KATs such as TIP60 and P300 is believed to be a rate-

limiting step for AR nuclear translocation. As mentioned above, this acetylation is needed for the 

NLS to be exposed and initiates the translocation process (71,72,83,261). Through a series of 
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experiments, we found that ING3 promotes AR acetylation and its effect on AR is diminished by 

mutating the lysines on the hinge region of AR. This effect was reflected by altered rates of AR 

translocation. Knockdown of ING3 delayed AR nuclear translocation in response to MB and 

overexpression of ING3 increased nuclear AR staining. These effects are all consistent with 

ING3 contributing to regulate the localization of the AR, helping direct it to the promoters of 

AR-regulated genes and to potentiate its effects on transcription 

We found that ING3 knockdown significantly decreased the proliferation of prostate 

cancer cells. This effect was more dramatic on AR-positive cells such as LNCaP. In PC3 and 

DU145 AR-negative cell lines, ING3 also induced a morphological change; the formed colonies 

were more disperse and heterogeneous. This effect was not observed with LNCaP cells, which 

suggests that the functional role(s) of ING3 may be context-dependent. Saeed et al. performed 

high throughput screening using VCaP cells, in which they knocked down genes using over 4000 

pairs of siRNAs and grew the cells under normal and androgen-deprived conditions. They then 

asked which genes were negatively related to cellular proliferation or positively associated with 

apoptosis, specifically under androgen-deprived conditions. One of the genes they identified that 

had these effects was ING3 (213). This study is consistent with our findings with LNCaP and 

C4-2 cells under androgen-deprived conditions, since knockdown of ING3 in these cells and 

under androgen-deprived conditions significantly reduced proliferation. The rationale behind 

using androgen deprivation for such experiments is its importance to clinical relevance. Current 

treatments for primary prostate cancer involve either surgical or chemical castration, which has a 

very good initial response rate. However, the tumors generally recur within 12-18 months 

following castration. Numerous studies have found that androgen deprivation therapy causes 

tumor selection in which the AR remains active, or hyperactivated by numerous mechanisms 
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including the overexpression of its co-activators. We propose at this point that ING3 constitutes 

a previously unknown co-activator, contributing to activation of AR pathway at minimal 

androgen levels, consequently impacting prostate cancer proliferation and thereby correlating 

with patient survival. The degree to which ING3 might be involved in androgen dependent 

proliferation requires more experiments, possibly using androgens as well as anti-androgens. 

One good experiment to further test this proposal might be to stably overexpress ING3 in 

prostate cancer cells and treat these cells with anti-androgen. This could not be achieved in our 

setting due to the low transfection efficiency of LNCaP cells, but generation of regulatable 

lentiviral expression constructs may help overcome the transfection issue. 

ING3 knockdown decreases androgen-induced migration as determined by wound 

healing and transwell assays. While the effects observed using these assays could be partially 

due to effects on proliferation, the reduction in the formation of filopodia suggests an alteration 

in migration process in addition to proliferation. Figure 40 summarizes our results regarding the 

interaction and effects of ING3 on the AR pathway in PC cells and how they fit into the current 

understanding of major aspects of the AR pathway.   
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Figure 40. Model of ING3 function in the AR pathway.  
After AR binds its ligand (DHT or MB), it dissociates from its co-chaperone complex (FKBP5, 

HSP90, p23) and interacts with ING3 that directs AR acetylation by TIP60, promoting nuclear 
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translocation. Nuclear AR regulates gene expression promoting prostate cancer survival and 

proliferation. ING3 promotes AR recruitment to the FKBP5 ARE (and a subset of other genes) 

and increases FKBP5 mRNA levels. This generates a positive feedback loop making more 

FKBP5 available to bind AR, thereby stabilizing the complex, which promotes additional 

binding to ligand. This pathway promotes proliferation and migration of AR-responsive cells, 

and in particular prostate cancer cells.   
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4.3. ING3 as a novel biomarker for prostate cancer 

Since current diagnostic methods can fail to accurately predict aggressive versus latent 

forms of prostate cancer and ING3 was linked to AR levels and activity, we asked if ING3 levels 

could be used as a novel biomarker. One of the current pitfalls of biomarker discovery is the lack 

of validation in many biomarker studies. This is reflected by the dramatic difference between the 

number of proposed biomarkers in the literature and the number of biomarkers clinically used. 

This ratio is actually less than 0.1% in 2011 (262,263). For this reason and because collection of 

additional patient specimens was not feasible in the timeframe of our study, we decided to use 

statistical methods to validate our biomarker findings (237). We split our patient data randomly 

into two datasets and confirmed its validity by using Gleason score as a conventional biomarker 

for prognosis. This allowed us to study ING3 as a biomarker in a cohort-independent way. We 

defined the ING3 cutoff point in the derivation dataset and tested it on the validation dataset. We 

found that the proposed cutoff point for ING3 was valid and independent of the patient data, and 

that the addition of ING3 to current pathological parameters such as ERG status and Gleason 

score significantly improved predictability of patient prognosis. The cutoff for ING3 was also 

observable by manually screening through the cores, which suggests that it may be applicable in 

regular pathology based laboratories. 

In order to encourage more complete and transparent reporting in biomarker discovery, 

guidelines and checklists have been recommended to avoid misinterpretation of the data and to 

have the relevant information available for other researchers (264,265). Despite the fact that our 

introduction of ING3 as a candidate prostate cancer biomarker is in the early phases of research 

and the present study focuses primarily on the molecular mechanism underlying the role of ING3 

in AR pathway, when possible, we adhered to recommendations of reporting the results and 
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statistical analyses. For example, we analyzed our data based on known markers such as Gleason 

score, and compared results to data obtained when adding ING3 as an additional marker. For our 

multivariate analyses, we reported hazard ratios together with confidence intervals for all 

covariates in the hazard model, which provides a sufficient level of transparency for other 

researchers to assess the value of ING3 as a prognostic marker. 

Our analyses of primary prostate tumors showed that high levels of ING3 predicted 

poorer outcome in patients with low AR levels. A similar trend was observed when analyzing 

recurrence rate using TCGA data stratified based on AR levels (Log rank test, p= 0.009 in low 

AR group based on the mean of AR in normal adjacent tissues, data not shown). This indicates 

that higher ING3 levels can compensate for low AR levels by activating AR, promoting PC 

growth. In the context of AR hyperactivation, ING3 may not be required in the process and may 

primarily function through gene regulation, for example by reducing apoptosis upon RSK-

mediated suppression (249). Indeed, in our TMA study the mean ING3 AQUA score was 

significantly higher in CRPC than in primary prostate cancer, but only in the low AR subset of 

tissue cores (Mann Whitney test, p=0.006, data not shown). Epithelial-mesenchymal transition 

(EMT) and invasion of PC cells were recently reported to be dependent on the levels of AR with 

lower levels of AR promoting androgen-induced EMT (266). This is in line with our findings 

that ING3 modulated cell migration and that higher ING3 levels correlated with poorer outcome 

in the subset of patients having tumors with low levels AR. However, these data need to be 

interpreted with caution, since effects of ING3 on migration may be influenced by effects on cell 

growth. 

We recently found that high levels of ING3 also correlate with poorer survival in ERG 

negative PC (211). Although the interplay between ERG and AR remains unclear, several studies 
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have suggested that the ERG fusion protein inhibits AR expression and activity at several loci 

(267,268) supporting the idea that ING3 can potentiate the activity of the AR pathway, 

particularly when AR inhibitory factors such as ERG are absent. 

Our in vitro experiments indicate a role for ING3 in prostate cancer cellular proliferation, 

primarily under androgen-deprived conditions. We were unable to test this in our retrospective 

cohort; a subset of patients were undergone ADT and this might change the biology and function 

of ING3. To test whether ING3 can be a predictive biomarker, a prospective cohort is needed, 

where biopsies are taken from patients with primary prostate cancer before chemical castration. 

With available follow up clinical data, we would then be able to determine whether levels of 

ING3 can predict the aggressiveness of prostate cancer. This is of importance to investigate, as 

distinguishing between aggressive and latent prostate tumors is a current clinical challenge. 

Many patients with latent disease undergo radical prostatectomy and this has adverse 

physiological and psychological consequences and also causes a financial burden on the medical 

system. 

In this dissertation, we generated and validated a monoclonal antibody for ING3 and 

studied the value of ING3 protein as a novel biomarker in prostate cancer. Determining the 

protein levels of ING3 might also be useful in other diseases and contexts. For example, 

Merenuik et al performed an siRNA-based screening study to identify genes that are 

synthetically lethal with polynucleotide kinase/phosphatase (PNKP) inhibitors. While knock 

down of ING3 together with scrambled siRNA showed marginal effect of cellular proliferation, 

knock down of both ING3 and PNKP resulted in a dramatic reduction in cellular proliferation 

(269). Therefore, with our novel antibody and our methods, one could imagine, determining the 
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protein levels of ING3 could be clinically useful and serve as a surrogate to stratify patients that 

may benefit from therapeutics such as PNKP inhibitors. 

In conclusion, in the present dissertation, we have generated and optimized a new 

antibody for ING3 protein and shown that ING3 regulates the AR pathway in prostate cancer, 

primarily by virtue of being a member of TIP60 complex. It promotes TIP60-AR interaction and 

affects acetylation of AR, a necessary step in activating the AR pathway. We studied and 

validated ING3 as a novel prognostic biomarker and found that it could dramatically improve our 

prediction of overall survival in prostate cancer. ING3, like other ING proteins, have been 

previously reported as a tumor suppressor in various types of cancer (161). To our knowledge, 

this is the first study indicating a role for ING3 as a proto-oncogene in prostate cancer, 

particularly in the AR-positive cells. 
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