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Abstract   

 

Prostate Cancer is the most common male cancer in the developed world. The growth and 

spread of prostate cancer cells are caused by the increased activity of cancer-promoting 

genes. Thus, identification of these genes is an essential step for discovering reliable 

therapeutic targets, an example of these genes is the fatty acids binding proteins 5 

(FABP5) gene. FABPs are a family of 12 cytosolic fatty acid-transporters. In contrast to 

the extensive research work in the tumorigenicity-promoting role of FABP5, the studies 

in other FABPs is relatively rare and the possible role of other FABPs was not fully 

understood. In this PhD project, I have identified another FABP family gene FABP12's 

role in prostate cancer. Preliminary analysis showed that the level of FABP12 mRNA is 

increased by up to 105- times in prostate cancer cell lines compared with that in benign 

prostatic epithelial cells. It is increased by 3.6 - to 16.3- times at the protein levels. To 

assess systematically the functional role of FABP12 in malignant progression of the 

cancer cells and hence to validate it as a novel therapeutic target, I first 

immunohistochemically stained an archival set of prostate tissues and found that FABP12 

is greatly increased in prostate cancer when compared with the benign tissues and the 

increased FABP12 is significantly associated with increased degree of malignancy. I also 

found that the increased FABP12 is significantly correlated with the reduced time of 

patient survival.  When the effect of FABP12 on malignant progression of the cancer 

cells was fully investigated using gene-editing technique CRISPR/Cas9 to knockout 

FABP12, it was found that the FABP12-knockout cells exhibited a significant reduction 

in proliferation, invasion, migration, and anchorage-independent growth. These results 

suggested that FABP12 is novel promoting factor, a diagnostic and prognostic marker, 

and a possible therapeutic target for prostate cancer.  
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1. INTRODUCTION 

1.1 Epidemiology of prostate cancer  

1.1.1   Incidence 

Prostate cancer (PCa) is the 2
nd

 most common malignancy internationally. On 2012, there 

were 1.1 million new cases diagnosed in the world (72). In the United Kingdom, PCa is 

considered the most common cancer in males. Statistical analysis on the period from 2014 to 

2016 showed that there were approximately 47,700 new cases of PCa diagnosed per year.  In 

2016, PCa accounts for 26% of all new cancer cases in males in the UK. The number of cases 

had been kept increasing in the past 20 years. As shown in Figure 1, amongst the 20 most 

frequently occurred cancer types, prostate cancer ranked the second highest cancer type 

diagnosed each year (25). 

 

Figure 1: Incidence amongst male and female for the twenty most common cancers in the UK (25). 

PCa was largely regarded as an old man disease, although the start age being diagnosed 

appeared to decrease in the recent years. An American study reported that likelihood to 
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develop PCa rose with aging. Thus, men aged 39 years had a 0.005% risk to develop 

PCa, whereas this percentage increased to 2.2% and 13.7% for age groups of 40 to 59 and 

60 to 79, respectively (170). 

 As shown in Figure 2, the incidence of PCa occurred most frequently among men aged 

75-79. It is documented in the past record that the incidence of PCa increases as the 

increasing age of the patients until 79 year old; then the incidence starts to decrease as the 

increasing ages of the patients until 90 (25).  

 

 

Figure 2: Age-based incidence of PCa in the UK during 2014-2016 (25). This graph 

illustrates new cases categorized by age groups.  
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Most PCa cases are diagnosed in the developed countries, such as  those in North 

America and in West Europe. As shown in Figure 3, highest rate of PCa was found in 

North America, Oceana, West and North Of Europe (37). 

 

 

Figure 3: worldwide prostate cancer incidence in 2018 (72). ASR: Age-Standard 

Rate/100, 000. 

 

1.1.2 Mortality 

In UK men, PCa is the second most common cause of cancer related death. There are 

approximately 11,700 deaths yearly, corresponding to 32 deaths per day (25). There is a 

direct relationship between age and prostate cancer mortality, as reflected by the highest 

mortality in elderly as shown in figure 4. 
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Figure 4: Worldwide PCa morality. Death is more common in poor countries like Africa, 

South America and the Caribbean Countries (37, 25).  

 

1.1.3 Survival 

During 2010, it was projected that ten-year survival for PCa is 84%. The ten-year 

survival time for this cancer had been increased since 1970, as illustrated in Figure 5. 

Over a 40 years period, from 1971 to 2010, there was a 59% increase in the 10-year 

survival rate. Nowadays in England, more than 8 in 10 men are expected to live after 

initial PCa diagnosis for at least ten years. This could be attributable to early diagnostic 

tests: prostate-specific antigen (PSA) and transurethral resection of prostate (TURP) (25, 

97). When 20 most frequently occurred cancers in Britain are compared, the ten-year 

survival for PCa stands at the 3
rd

 highest position (25). 
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Figure 5. The ten-year survival of PCa (25). The bar charts highlight the ten-year 

survival in British PCa cases in those aged 15 to 99 years. 

 

1.1.4 Risk factors 

 

1.1.4.1 Age 

Ageing was observed to be associated with PCa risk by many studies. It was reported that 

the group of 75 – 79-year-old men was at the highest risk to develop PCa (25). While in 

the younger group of less than 50 years of age, PCa affected just 1% of the population 

(233, 243). Carter et al. suggested that the likelihood to have malignant histological 

changes in prostate increased with increasing age and it is about 20% in the age group of 

50-60, rising up to 50% in the age group of 70-80 years (77). 
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1.1.4.2 Ethnicity 

The risk of PCa is different between different ethnic groups. The African American men 

have the highest PCa risk, followed by the Caucasian men. The Asian men have the 

lowest PCa risk. Regarding to the causes of different risks amongst the different ethnic 

groups, numerous epidemiological studies were performed. It is still undecided whether 

this is attributable to socioeconomic, genetics or environmental factors (131, 25). One of 

explanations for lower PCa incidence in Asian population than in American was dietary 

variations. It was speculated that intake of Isoflavonoids products such as soybean by 

Japanese men might have protected them from developing PCa (47). 

Many studies speculated that African American men have higher rates of PCa prevalence 

and mortality compared to other ethnic groups. In these studies, researchers found the 

family history of PCa may play a role in higher prevalence rate among African American 

group. However, Makinen and associates suggested that family history of PCa is not 

significantly correlated with higher prevalence rate in African American men (134, 226). 

Another explanation for increased PCa in certain ethnic groups was genetic involvement. 

A genetic locus 8q24 was suggested to be a risk factor for PCa. Researchers found that 

this locus was correlated with an 8 % higher risk of PCa among the white men while in 

African men had a 16 % higher risk (202).  

More extensive research is needed to understand the effect of ethnic origin in 

development of PCa. 
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1.1.4.3 Family history 

Previous studies reported increased risk of PCa with those whose father, brother, or 

second-degree relatives have had the disease, with ratios of 2.4, 3.3 and 1.9 respectively 

(25). It was reported that men with positive family history of PCa, will develop the 

disease by 6-7 years earlier than those with negative family history of PCa. Causes 

behind PCa clustering in families are still under studies, however studies hypothesized 

that in addition to the possibility of gene involvement, there could be a likelihood that 

those family members all exposed to same environmental effects (47).  

A study conducted by Smith et al. (1996) revealed that the presence of HPC1 (hereditary 

prostate cancer 1) locus (which lies on long arm of chromosome 1), in Swedish and 

American high risk families, in which they develop PCa at younger age, and about 5 or 

more members affected with PCa.  However, a large meta-analysis involved 772 families 

with inherited PCa suggested that the association with HPC1 was merely 6% of families 

(171, 47).  

 

1.1.4.4 Diet 

Numerous studies have attempted to explain the role of fat intake in PCa. High fat food 

and consumption of red meat were linked to development of PCa. Researchers have 

presumed a correlation between PCa and animal fat intake. A previous study reported that 

men who consumed linoleic acid were at a 5-folded higher risk to develop PCa. An 

anticipated hypothesis for increased PCa with high fat intake was that fatty acids exert 

their effect on serum sex hormone level, which affects the PCa occurrence (96, 176). 
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Studies on Japanese immigrants to USA may provide a clue to the effect of diet and 

environmental factors, as it was thought that these men maintained low PCa risk, 

however, they shift to high risk group, and this risk was correlated with time they lived in 

a new country . A study on total fat intake and its risk in PCa between African Americans 

and Asian Americans revealed 15% higher incidence of PCa (46, 87, 195, 188, 227). Red 

meat may be correlated with PCa, although more studies needed. 

Another pathway, through which fatty diet can affect PCa cancer development is through 

stimulation of insulin like growth factor-1 (IGF-1), which is secreted by liver and 

stimulated by high fat intake. IGF-1 can promote proliferation and suppress apoptosis, 

and this was proved by cohort studies in which men with higher IGF-1 concentration had 

a 4.3-fold higher risk to develop PCa (39, 47). 

 

1.2 The pathology of prostate cancer 

 1.2.1 Prostate anatomy 

The prostate is a fibro muscular male reproductive gland, which encircles the male 

urethra. It is surrounded by a thin sheath forming the true capsule. Exterior to this is a 

pseudo-capsule which originates from 3 coverings layers, these layers cover the gland 

from the frontal, behind and side aspects. Areas from above the gland run with the 

bladder neck as shown in figure 6.  The prostate gland constitutes of ducts and a 

basement membrane and is contained by stroma; the ducts have a columnar and secretory 

cell lining. Prostate gland’s main function is the provision of proteins and electrolytes to 

secrete prostatic fluid that aids in sperm transportation (110, 126). 
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Figure 6: Prostate anatomy showing the three zones of the prostate and their relation 

with the bladder (110).  

Zones of the prostate gland include: the transitional zone, the central zone, and the 

peripheral zone. The bulk of the prostate includes glandular tissue (70 %) and the 

remaining 30 % is fibromuscular stroma tissue. Ejaculatory ducts surround the central 

zone. Twenty-five percent of the central zone consists of glandular tissue. Prostatic 

adenocarcinoma is very rare to develop in this zone (only around 1-5%).  In contrast, the 

peripheral zone has 70 % glandular tissue, its position is in the lateral and posterior of the 

prostate, most of prostate adenocarcinomas occur in this zone (70%). This is the area that 

can be recognized by digital rectal examination (DRE) test. The central zone of the 

prostate lies as a triangle which has its base in continuity with seminal vesicles and its tip 

is at verumontanum (148,144, 65, 110). 
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1.2.2 Epithelial cells of prostate 

Three distinct cells entities were identified in the prostatic epithelium, each of which is 

characterized by its own shape, function and relation to cancer development. As 

represented in Figure 7, the main type is the secretory luminal cells, which secrete 

prostatic proteins and are androgen dependent. Therefore, the secretory luminal cells 

express androgen receptor (1). 

 

 

Figure 7: Cell types in a prostate duct (1). 
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The second type is the basal cells, which are positioned as a continuum sheet between 

luminal cells and the basement membrane. The type less frequently seen is the 

neuroendocrine cells. With their ambiguous embryology origin, neuroendocrine cells 

may assist in luminal cell growth through signaling. They are androgen-independent, 

often found discretely in basal layer, and express neuropeptides, such as serotonin. In 

spite of their scarcity number, whenever they aggregate, or acquire their features, 

neuroendocrine cells constitute a distinctive characteristic of aggressive form of PCa (1). 

 

1.2.3 Prostate cancer 

1.2.3.1 Benign prostatic hyperplasia 

When prostatic epithelial cells that surround the urethra proliferate and overgrow, this 

eventually results in benign prostatic hyperplasia (BPH). BPH refers to a condition in 

which the prostate gland enlarges and both stromal and glandular structures grow in a 

non-malignant manner. Its incidence increases with age. The causes behind BPH are 

unknown; however, it was thought to result from hormonal or growth factor stimuli. 

Clinically, patients with BPH experience urination abnormalities such as high frequency, 

urgency, etc. BPH is usually diagnosed through DRE, or through PSA. BPH was found to 

start at the transitional zone, specifically from submucosal layer. Since this area 

surrounds the urethra, the compression will result in lower urinary tract symptoms (141, 

57, 110). 
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1.2.3.2 Prostatic Intraepithelial Neoplasia 

When epithelial cells proliferate non-invasively within the ducts, the condition is called 

Prostatic Intraepithelial Neoplasia (PIN), which is regarded as a cancer precursor (110). 

PIN is a pre-neoplastic state in which epithelium cells proliferate with significant 

cytoplasmic and architectural atypia, restricted to ducts and acini. PIN includes both low 

and high grades, the latter is prevalent in prostate cancer cases. Whenever it is diagnosed 

on biopsy, it elevates the risk of having PCa in next biopsies, while the former is not 

associated with elevated risk of PCa in later biopsy. Histological pattern of high-grade 

PIN can be subdivided into: tufting, micropapillary, cribriform and flat (1). 

 

Figure 8: illustration of development of PIN and metastasis in prostate epithelium (1). 

 

Studies have considered high-grade PIN as pre-malignant lesion for several reasons:  

being juxtapositionally encountered to lethal cancer in peripheral zone, these lesions 

antedate carcinomas by a decade of time. HGPIN bears an analogy to cancer in structural 

characteristics as it disrupts the basal layer. Conversely, there are 2 differentiating 
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features that assist to diagnose PIN represented by the inability of PIN to go through 

stroma as it has an integral membrane. Moreover, PIN does not affect PSA; hence it is 

identified solely in tissue samples (1). 

 

 

 

1.2.3.3 Gleason score 

For histopathological evaluation of prostate adenocarcinoma, the system suggested by 

Donald F. Gleason has been used widely in world for last 50 years. Donald F. Gleason 

developed this classification based on structural patterns and increased mitosis. 

Carcinomas are graded from 1 to 5; representing different degrees of malignancies of 

lesions. Thus, Gleason grade 1 represents the lowest malignant carcinoma cases, whereas 

Gleason grade 5 represents the highest malignant carcinoma cases (58), as shown in 

figure 9.  
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Figure 9: Gleason grading ranging from 1 as the lowest malignant to 5 as the highest 

malignant changes (98). 

 

 Considering the heterogeneity nature of PCa, multiple lesions were often found in the 

same case. Since Gleason grading system cannot completely reflect the heterogenic 

nature, Gleason scoring system was introduced.  The combined Gleason scores of a 

prostate carcinoma are the Gleason grade of the main lesion plus the Gleason grade of the 

second largest lesion of the same case. Thus, the lowest combined Gleason scores are 2. 

Rising in combined scores indicates increase of malignancy of the disease and the highest 

combined Gleason scores, or score 10, represents the most malignant cases which usually 
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have a very poor prognosis (1). The most common lesion in a PCa case is called ‘primary 

lesion’ and the second most common lesion is called ‘secondary lesion’ .PCa is 

categorised or diagnosed according to the histological appearance of the cancer cells 

combined with the clinical behaviour (233). 

 

 1.2.4 Prostate cell lines 

Six prostate epithelial cell lines were used in this study. They are the benign prostatic cell 

line PNT2, the weakly malignant cell line LNCaP, the moderately malignant cell line 

22Rv1 and the highly malignant cell lines DU145, PC3 and PC3-M.  

The benign cell line PNT2 was established from the normal prostatic tissue of a 33-year 

old man without the history of any prostatic diseases. In order to immortalize the cells, 

Simian virus 40 plasmid was transfected into the cells to generate a stable cell line. These 

cells preserve normal epithelial tissue features, indicated by expressing Cytokeratins 8, 

18 and 19, which are members of the Keratin family (138,187, 194). 

The weakly malignant cell line LNCaP was established from a metastasis in the left 

supraclavicular lymph node, which was originated from the primary PCa in a 50-year-old 

Caucasian male in 1980. The cells were initially removed from the metastasis via needle 

aspiration biopsy. This cell line expresses AR and PSA; hence, it is regarded as an 

androgen-responsive cell line (94). The androgen responsive feature of LNCaP cell line 

enabled these cells to be a model for androgen study; this can be accomplished when 

cells are grown in culture medium with fetal bovine serum that contains testosterone. On 

the other hand, It has been reported that in the androgen absent environment (for 
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example, when charcoal-striped fetal bovine serum, instead of serum albumin, was used), 

these cells will grow independently without androgen (95, 32, 248).  

The moderately malignant PCa cell line 22Rv1 was established from a bone metastasis in 

1999 through a xenograft collected from a patient with a bone cancer metastasized from 

the original prostate cancer.  These cells expressed both PSA and AR (194, 235, 248). 

The highly malignant PCa cell line DU145 was established in 1975 from a brain 

metastasis of a 69-year-old Caucasian male who had a widely spread PCa. DU145 cells 

do not express AR or PSA. When nude mice were injected subcutaneously with cells 

from this line, the resultant tumor preserved both genotypic and phenotypic features of 

prostate (115,  248, 196). 

The highly malignant prostate cancer cell line PC-3 was established in 1979 from a 62-

year-old Caucasian man, who had a rib metastasis originated from PCa .Similar to 

DU145, these cells do not produce AR or PSA. Moreover, some reports suggested that 

these cells had features of small cell carcinomas or neuroendocrine cancers (108, 198, 

248, 176). 

The highly malignant cell line PC3-M was established from the most malignant 

subpopulation of the PC3 cells. When PC-3 xenografts of athymic mice were generated 

by injection of PC-3 cells, part of the xenografts were removed and subjected to primary 

tissue culture. This process was performed repeatedly, and PC3-M cells were established 

from those mice xenografts, thus the PC3-M cell line is presumed to be more malignant 

than its parental cell line PC3 (147, 248).  
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1.3 Androgens and prostate cancer 

Androgens and their receptor have fundamental roles in men’s sexual characteristics 

(200). Natural androgens in the body are steroids: testosterone (T) and 5α-

dihydrotestosterone (DHT). The former is generated mostly by testes and small amount 

by adrenal glands. The 5 α-reductase enzyme which is found in prostate, skin, and scalp, 

is responsible for converting testosterone into a potent androgen DHT. T and DHT will 

bind to androgen receptor (AR). AR gene belongs to the nuclear receptor family, which 

has eight exons, located at chromosome X (62). 

In prostate, both normal and neoplastic cells depend on androgens for their growth. The 

ratio of the number of cells growth to the number of cells death is controlled by the 

interactions between androgens and AR (50). The subsequent growth in PCa is 

attributable to the increased cell proliferation proportion over the programed cell death 

proportion. Studies showed that AR is an important factor to promote prostate cancer and 

some studies hypothesized that the development of PCa was a result of the increasing 

level of AR, which can promote cell proliferation and invasiveness. It was reported that 

there were 1029 mutations occurred in AR gene and 159 of them were related with PCa 

(77, 200).  
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Figure 10: Androgens and androgen receptor in prostate cancer (200). 

 

As shown in Figure 10, the activation of androgen receptor depends on ligand-based 

reaction. Once T is produced in testes, it is transported into the blood by a carrier protein 

called sex hormone binding globulin (SHBG).  T is entered the cell by passive diffusion 

(163) .At the prostate, T is converted into DHT by 5-α-reductase intracellularly. DHT 

attaches to ligand-binding pocket of the AR and initiates the detachment of the heat-

shock proteins (HSP) from AR. Then AR is transported to the nucleus, dimerized and 

attached to the androgen response element (ARE). ARE, located at promoter region of 

target genes, such as PSA, can initiate the recruitment of basal transcription machinery 

[such as TATA-box-binding protein (TBP) and transcription factor IIF (TFIIF)] with other 

coregulators such as members of the p160 family of coactivators, and cAMP-response 
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element-binding protein (CREB)-binding protein (CBP), to regulate the transcription 

process (200). 

The growth and expansion of PCa depends on DHT stimulation at the early stage. Those 

PCa cells, whose growth is dependent on androgen supply, were defined as androgen 

dependent cells, which is different from another type of PCa cells that are defined as 

androgen sensitive cells.  These cells do not depend on androgen for their growth, but 

they show some response to androgen stimulation. At the advanced stage, PCa cells grow 

independently, they are defined as androgen-independent cells. It was reported that the 

cells become independent of AR is due to changes in AR, either mutated, amplified, or 

totally lost (62, 247). 

Androgen deprivation treatment started since 1940s, when Charles Huggins proved that 

PCa respond considerably to the changes caused by surgical testes removal. This work 

indicated that the growth and expansion of PCa depend on peripheral blood androgen 

supply. Following this discovery, androgen deprivation was introduced as standard 

therapy for PCa, either in the form of surgical castration or through medication. These 

modalities helped the prognostic and survival aspects of PCa patients (62). 

Medication-based androgen blocking has been adopted in prostate cancer treatment and 

proved to suppress cancer growth. Nevertheless, within less than three years, patients will 

develop resistance which leads ultimately to castration-resistant prostate cancer (CRPC) 

which is considered as fatal and does not respond to conventional androgen deprivation 

treatment (200). 
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Several attempts have been made to understand the mechanism underlying castration 

resistance but are still futile, however, there is a consensus among scientists that various 

factors are involved, the most common of these are: AR mutation, increased AR 

sensitivity to agonists, independent ligand stimulation of AR, or other causes (23). It was 

reported that AR gene mutations may be attributable to amino acid substitutions in ligand 

binding domain region at AR gene, the mutant AR binds to other steroidal hormone, 

which activates AR transcription and prostate cancer proliferation (200). 

1.4 PSA and prostate cancer 

Prostatic specific antigen (PSA) is a serine protease encoded by one of the human 

Kallikrein family gene (KLK3), KLK3 gene is located in chromosome 19 (176). PSA, 

secreted by prostate epithelial cells, has been employed broadly as an early marker to 

detect PCa.  As a biomarker, PSA helped PCa diagnosis and hence reduced patient death. 

Until now, PSA is still a most commonly used biomarker world widely in detecting PCa. 

When compared to another PCa diagnostic test DRE, PSA test has more chance to detect 

an organ-confined disease (73, 34).   

For any screening tests, sensitivity can be defined as the ability of the test to detect the 

true positive cases; while specificity is the ability of the test to detect true negative cases 

and hence to identify all people who do not have the disease (11). For PCa screening, 

PSA was introduced in previous years as a screening tool to detect PCa cases.  Since that 

time, efforts were ongoing to identify a cutoff point, which is a PSA level that can 

distinguish cases that need further testing from those who don't need further assessment 

(16). 
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It was reported that PSA blood level of 4 ng/ml is associated with sensitivity of 20.5% 

and the specificity is 93.8%. However, a PSA screen program failed to find highly 

sensitive and specific PSA cutoff point (206). Thus, the exact cutoff point for PSA test is 

still a matter of argument. 

It is still unclear whether using PSA screen to identify the PCa cases in an early stage in 

the last 20 years had resulted in reducing PCa mortality rate.  A screening trial 

hypothesized that there was no beneficial result in terms of mortality when PSA is used 

for screening (10). Adding to this, another American study, which was conducted in 

2012, suggested a limitation on the use of PSA test, excluding high-risk cases. This 

conclusion was based on the fact that adverse effects of PSA test that include infection, 

bleeding, sexual dysfunction and urinary problems. Furthermore, the test had only 

resulted in low reduction of mortality (151, 7).  

Using PSA test to make diagnosis of PCa, there are several drawbacks. First of all, 

current assays are company-based, and each manufacturer has its own operation protocol 

in kit application. This makes it difficult to compare the effectiveness achieved by kits 

manufactured by different companies. Sometimes, test repetition is necessary when a 

laboratory fails to obtain reliable value due to absence of a standardised operation 

procedure. Moreover, blood PSA level may increase in conditions other than PCa, such 

as old age, infection, instruments application, and ongoing medications such as non-

steroidal anti-inflammatory drugs. Apart from that, PSA can’t recognize active or inert 

disease. In a clinical trial, it was observed that 15% of men with PSA level lower than 

4ng/ml had high-grade disease (207, 73). It was suggested that the major drawbacks for 

PSA as a biomarker is its both limited specificity and over diagnosis (63). 
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1.4.1 PSA screening controversy 

PSA based screening has been a controversial subject for years, as it leads to an elevation 

in diagnosed and treated cases, some of which may never manifested into clinically 

harmful disease (10, 182). It is still debatable whether PSA screening for men with risk of 

PCa had reduced mortality rate or not (73). Moreover, PSA has led to over diagnosis in a 

range of 1.7- 67 % and this wide range value is affected by study design and population 

characteristics (132, 7). In 1968, 10 screening criteria were published by   Wilson and 

Jungner. These were set out to regulate any screening test as shown in box 1. Under these 

regulations, the screening test should identify serious medical issues; the disease should 

have diagnostic and therapeutic strategies, a comprehensive understanding of the medical 

condition, and assessment of cost-effectiveness of both diagnosis and treatment (53). For 

PCa screening, two points of Wilson and Jungner criteria are considered: availability of 

treatment (represented by radical prostatectomy) and establishing PSA to be used as a 

PCa biomarker. However, one important criterion remains unattainable, which is to 

assess if advantages of screening outweigh the harms (172, 100, 114). 
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Box 1. Wilson and Jungner classic screening criteria (9). 

The test starting age, the age to terminate the test, and the frequency of the test, all these 

are issues of debate (34). Persistent increases in serum PSA levels in patients with 

previous negative biopsy remain a clinical dilemma. Approximately 75% of patients with 

PSA between 2 and 10 ng have a negative result of PCa in biopsy test. Nevertheless, a 

significant false-negative detection rate must be considered because sampling errors are 

frequent, involving 10%–20% of clinically significant PCa (28, 63). 

 

1.5 Prostate cancer biomarkers 

Biomarkers are identified as molecules that whenever measured or assessed, they will 

provide valuable disease data ahead of standard clinical examinations. They can be 

measured from different sources like tissue biopsy, blood samples, and urine (7). Some 

biomarkers studied and applied in PCa detection are described below. 
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1.5.1 4k score 

Kallikreins are a family of 15 serine proteases, which involved in changing cell 

regulatory, elevating extracellular matrix modification, and leading to an increased 

invasiveness and angiogenesis (12). 

This test is based on plasma assessment of 4 prostate derived kallikrein proteins, with 

some clinical features added to assess the risk of high-grade Gleason score at biopsy (7). 

This test has been established by The OPKO medical company through merging four 

kallikrein molecules (tPSA, fPSA, intact PSA, and kallikrein-related peptide 2 (hK2)). 

The result of the test is combined with clinical data such as age and previously negative 

specimen to decide the disease progression status (73). This test was widely used to 

identify those early-stage patients who had not shown any clinical symptoms yet. This 

test is aimed to identify those cases with risks to develop high-grade cancer. Since the 

biopsies can be confined to the high-risk cases only, the 4K score test may result in 

reduction of the number of biopsies (63). According to current guidelines, the 4K score is 

considered as diagnostic/prognostic test to detect aggressive prostate cancer risk (107). 

The 4K score leads to an 8% decline in unnecessary biopsies for the first time, screened 

cases (7). According to a retrospective Swedish study, the 4K test was found to be 

superior to combined PSA and age parameters in predicting the accuracy in diagnosed 

PCa cases (73, 220). European retrospective studies reported that 4K score is accurate in 

predicting for aggressive cancer (29). Furthermore, this score is cost-effective as its 

application can decrease the biopsies by 48-56 % of the cases (222, 73). 
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According to NCCN guidelines, 4K score could be helpful in men with no previous 

biopsy or those after a negative biopsy. But they advised against its application as a first 

line screening. Moreover, FDA had not approved its application (73). This test is 

contraindicated in men within 96 hours after DRE, those who are taking 5α-reductase 

inhibitor, or those who received medical or surgical treatment for BPH, therefore, this 

constraint its feasibility to be applied in wide range of population (7). 

 

1.5.2 PCA3 assay 

This assay was developed by The Hologic Company as Progensa assay (73). It is based 

on measurement of both Prostate Cancer Gene 3 (PCA3) and PSA and calculation the 

ratio of PCA3 RNA to PSA RNA in male urine samples. In this assay, the PCA3 level is 

correlated with the degree of PCa malignancy (7). 

This test was approved by FDA in 2012 for biopsy-negative patients (those PCa patients 

with a negative result in previous prostate biopsy). Since there was a strong disagreement 

on what is the exact PCA3 cut-off level and on whether it had true prognostic value, it 

had not been approved yet to be used as a screening test in the population with a raised 

PSA level, although it was agreed to be applied for men tested repeatedly with biopsy. 

PCA3 is more specific than PSA as it is not affected by prostate infection or 

inflammation (122, 7). 

Comparing with other PCa diagnostic assays, PCA3 is preferable in predicting patient 

outcome. Sensitivity and specificity ranged between 53% -69% and between 71% -83%, 

respectively (7). Some studies reported an association of PCA3 score with the highly 
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malignant PCa, whereas some other studies (66, 92) suggested a lack of correlation 

between this score and disease severity. Moreover, whether PCA3 assay is correlated 

with the combined Gleason scores is still a matter of debate (63, 7). 

 

1.5.3 TMPRSS2 and ERG. 

The fusion of transmembrane protease, serine 2 (TMPRSS2) and erythroblast 

transformation-specifically related gene (ERG) resulted in gene derangement that was 

first reported in blood-originated tumours in 2005, and then reported in solid tumours, 

including PCa. The level of this fusion protein can be measured in men via collecting 

urine samples after a prostate massage (208, 63).  

According to the genome atlas of PCa, the most frequent type of this derangement is E26 

ETS derangement, which was reported in 58% of tumours (26, 63).It was suggested that 

TMPRSS2:ERG is specific to PCa and has predictive value of  94% (179). It was 

suggested from the European Randomized Study of Screening for PCa (ERSPC) that the 

combination of PCA3 and TMPRSS2: ERG, increased the predictive value of picking up 

high risk PCa cases (63). On the other hand, some other researchers had reported that this 

fusion gene was absent in the aggressive PCa disease (166, 73). 

 

 

 

 



41 
 

1.5.4 Michigan prostate score (MiPS) 

This score was developed in 2013. It measures the levels of blood, urine PCA3, and urine 

TMPRSS2: ERG. This score was mainly designed for cases with a raised blood PSA 

level before a biopsy test, in addition to men who had previous negative biopsy test result 

(7). 

It was reported by Salami et al. (178) that Michigan score of combining 3 diagnostic 

assays can raise distinctive ability for PCa diagnosis as compared to each test alone. 

Leyton et al. (122) reported reduction of unnecessary biopsies for men with PCa risk by 

35% when MiPS score is evaluated ahead. However, a recent work by Gopalan et al. 

shows absence of significant correlation between TMPRSS2: ERG gene fusion and 

patient outcome. Moreover, the assay cut-off value is still debated (76, 7). 

 

1.5.5 IL-6 

IL-6 belongs to cytokines family; and is considered the powerful proinflammatory 

cytokine that has various functions. IL-6 mediates inflammatory response and affects cell 

signalling. It is involved in cell growth and distant metastasis. Reports showed that it is 

associated with cancer in lung, breast, head and neck, and interestingly, prostate (177, 

184, 156, 15, 186). Numerous cells are involved in production of IL-6 including 

fibroblasts, keratinocytes, mast cells, macrophages, T and B cells. This cytokine is 

involved in monocyte differentiation, regulation of dendritic cell maturation (139, 218).  
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A raised IL-6 level was found in autopsies of PCa patients, in three PCa cell lines (PC3, 

DU145, and LNCaP) and in blood tests from PCa patients who were resistant to 

treatment. Although IL-6 was expressed in CRPC, its correlation with patient survival is 

still undefined (186, 73). 

Nguyen and associates reported that high IL-6 level promoted prostate cancer cell growth 

and distant spread by affecting cellular proliferation, invasiveness, epithelial to 

mesenchymal transition (EMT). However, when anti-IL-6 antibody was introduced, it 

showed an opposite effect, as it reduced growth rate of PCa cell lines by inhibiting the 

effect of IL-6. It was reported that IL-6 induces PCa invasiveness through EMT. As EMT 

activates fibroblasts, these fibroblasts secrete matrix metalloproteinases (MMPs) under 

IL-6 stimulation, which ultimately leads to invasiveness in PCa cells (74, 156, 186). 

IL-6 may be used in future to predict response of chemotherapy. Mahon et al, reported 

that IL-6 and other 6 cytokines levels were changed in PCa patients that were treated with 

docetaxel. After one cycle of treatment with docetaxel, those cases with an increased IL-6 

expression level was associated with a worse prognosis (133, 73). 

 

1.5.6 CTCs 

Circulating tumour cells (CTCs) are those cancer cells that are capable of penetrating 

blood vessels and moving into the circulation. CTCs may initiate a metastatic spot.  

These cells have been detected in many carcinomas cases through blood tests. A ratio of 

normal blood cells to CTCs was presumed to be 10^6-10^9:1. Consequently, the 

detection of these cells requires a very sensitive laboratory method (240, 63). The 



43 
 

CellSearch® system is applied to enumerate these tumour cells through blood samples. 

The protocol depends on immunomagnetic enrichment of cells, labelling them through 

fluorescent dyes, then detection through fluorescence-based microscopy (148).  

It was reported that the percentage of these cells rises in more advanced PCa disease. A 

study reported that these cells have heterogeneous characteristics. In addition to their low 

number (210, 63), it was suggested that this heterogeneity could be correlated with PCa 

treatment resistance, and therefore CTCs may be a factor to monitor treatment 

management in PCa (181). 

One study reported CTCs association with overall survival in PCa patients, however, 

more clinical trials are needed to evaluate these cells before they can be an established 

biomarker. Since sensitive method is needed to detect CTCs, nowadays only 

CellSearch®, that is the FDA approved system to carry out this test (125, 63). This again 

takes its tolls on limitation of this test. 

 

1.5.7 Immune checkpoints and regulators PD-1 and PD-L1 

The programmed cell-death receptor 1 (PD-1) is a transmembrane glycoprotein of 

immunoglobulin family which has 288 amino acids. It is considered as an inhibitory 

receptor of immune system expressed in many immune cells, especially cytotoxic T-cells. 

PD-L1 is a PD-1 ligand, which is found in T cells, B cells and macrophages. When PD-

L1 binds with PD-1 in normal tissues, this conjugate maintains immune system stability 

and control immune mechanism during an infection or inflammation (204, 52). It was 
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found that PD-L1 is expressed by many tumor cells such as breast carcinoma, lung 

carcinoma and melanoma (239). 

 Taube et al, reported that PD-1 and PD-L1 interaction in tumor microenvironment can 

inhibit cytotoxic T-cell, which may contribute to the immune escape for cancerous cells, 

in which the immune system will be incapable to detect and to eradicate these cells. 

However when PD-1 and PD-L1 interaction is blocked, tumor cells may be killed by 

cytotoxic T-cells. Thus, development of medications that prevent PD-1 and PD-L1 

interaction may be a future hope for cancer treatment (204). 

A breakthrough in immunology field was by James Allison and Tasuku Honjo who were 

awarded Nobel prize in 2018 for their efforts on immune checkpoints, they discovered a 

way to stimulate immune system to eradicate cancer, and this breakthrough led to 

introducing many immune checkpoint inhibitors which showed optimistic results on the 

treatment of Melanoma, kidney, and lung cancers (209, 61). 

In PCa, the first immune check point inhibitor tried was Ipilimumab, which was assessed 

through two clinical trials in patients with CRPC. But the trials were unsuccessful in 

improving patient survival.  Another PD-1 inhibitor Pembrolizumab was assessed in PCa 

cases through phase 2 trial and the trial reported that 4 out of 20 PCa patients had a 

significant PSA response (78). In 2018, the largest study was conducted to assess PD-1 

expression status in 539 primary prostate carcinomas and 57 CRPC. It was reported that 

PD-1 expression was detected in 8% of primary PCa and 32% of CRPC (86, 61). 

Another immune checkpoint member, B7-H3 (CD276), was found to have an 

unfavourable prognosis in PCa and it was linked to a more aggressive disease and a 
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worse outcome. Studies showed that B7-H3 was elevated when cancer was treated with 

hormonal therapy after prostatectomy (73).  

Further study is required to fully understand the mechanisms of immune regulator actions 

and to improve the immunotherapy based on immune check point in PCa. 

 

1.6 Fatty acid-binding proteins 

The various actions of adipocytes, fatty acids and proteins in cancer progression have 

been revealed. Their roles range from being utilized as energy providers and cell 

signalling molecules to the regulations of cancer metabolisms, hence, to promote more 

aggressive cancer phenotypes by enabling the cancer cell relocation, infiltration, and self-

renewal (55). 

Fatty acid-binding proteins (FABPs) are proteins expressed in different configurations in 

numerous tissues. They aid in the transportation of lipids. In humans, FABPs are 

classified as part of the intracellular lipid binding family. This family is made up of 10 

members: FABP1 to FABP9 and FABP12. FABP10 and FABP11 are not found in 

humans, but they are expressed in other species, such as zebrafish (Danio Rerio) and 

teleost fish (Solea senegalensis) (84, 90). 



46 
 

It has been previously thought that FABPs, like other lipid metabolism factors, are only 

involved in the transportation of lipids. However, their importance in cancer pathogenesis 

was recognized with the findings of the differential expression patterns of FABPs in 

cancer tumorigenesis and progression (84, 105). 

 

Figure 11: FABPs diverse functions (140). Transportation of fatty acids into cells is 

achieved through membrane diffusion and via help of receptors like G-protein. FABPs 

act as chaperone regulating all functions of cell lipid transportation and storage.  Inside 

cells, FABPs send lipid to endoplasmic reticulum (ER) for signalling; to mitochondria for 

oxidative process, and to nucleus for transcription activity (140). 



47 
 

 

All members of FABPs can bind long chain fatty acids, however; they differ in their 

selectivity, affinity and binding mechanism (192). Sequences of human FABPs are 

shown in the figure 12.  

 

 

 

Figure 12: Amino acid sequences of human FABPs. The annotation was created by 

analysis of multiply aligned sequences (AMAS), data obtained from (NCBI) website 

(www.ncbi.nlm.nih.gov/) (192). 

  

http://www.ncbi.nlm.nih.gov/
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Figure 13 :Exon structure of FABPs (245). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 : Molecular weight of FABPs (244). 

 

FABP1 14,208 Da 

FABP2 15,207 Da 

FABP3 14,858 Da 

FABP4 14,719 Da 

FABP5 15,164 Da 

FABP6 14,371 Da 

FABP7 14,889 Da 

FABP8 14,909 Da 

FABP9 15,092 Da 

FABP12 15,565 Da 
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Chromosomal localization and tissue distribution of each FABP is summarised in table 2, 

and discussed in the following section. 

 

 

Table 2: Human FABP genes nomenclature and localization as listed in Human Gene 

Nomenclature Committee (HGNC) and OMIM website (192). 

 

 



50 
 

1.6.1 FABP1 

FABP1 is found mainly in the liver. It is also present in smaller amounts in intestines, 

kidneys and the stomach. Several ligands can bind to FABP1 to achieve its significant 

functions of cellular activities. Ligands include a variety of fatty acids and their 

metabolites to bilirubin and heme (217). 

It is thus clear that the roles of FABPs are various and include the transportation of fatty 

acids to cells, participating in PPAR signal transduction, regulating enzyme activity, and 

controlling gene expression and cell growth. FABP1 has a proven relation to steatotic 

liver and non-alcoholic fatty liver disease. The down regulation of FABP1 activates the 

quiescent stellate cells in the liver leading to the secretion of collagen and proteins by the 

stellate cells and the subsequent hepatic fibrogenesis (41, 84). 

 

1.6.2 FABP2 

FABP2 is expressed exclusively in the small intestine, in which dietary lipids are 

absorbed. The part of the small intestine with the highest levels of FABP2 is the jejunum. 

Saturated and unsaturated fats are known to be used for the triglyceride synthesis. When 

excessive fatty acids accumulate, FABP2 controls fatty acid transferring in order to 

prevent the alteration of membrane characteristics by un-esterified fatty acids build up 

(84).  

A number of FABP2 polymorphism studies have been carried out and revealed clues of 

the roles it has in the human intestine. A threonine substitution at amino acid 54 was 

identified and it resulted in disturbed lipid metabolism. Increased insulin resistance, 

Fabp5 
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hypertriglyceridemia and increased accumulation of triglycerides were described in the 

threonine variant (84). 

 

1.6.3 FABP3 

FABP3 is expressed predominantly in the heart and muscle tissue, as well as the tissue of 

the lung, ovary, brain, placenta, mammary gland, and stomach (217). In order to provide 

enough energy to these tissues with high energy expenditures, FABP3 transfers fatty 

acids to mitochondria to produce energy. However, elevated levels of FABP3 may evoke 

cardiac dysfunction by reducing the calcium levels in the sarcoplasmic reticulum (123).  

FABP3 accumulates in the brain tissue 10-fold more than the brain FABP (FABP7). This 

indicates its significant action of neurological performances. When compared to other 

FABPs of the brain, FABP3 is found in the later development stage of the brain. It acts in 

the production of neurites and the maturation of synapses. Lower levels of FABP3 may 

be associated with some neurological disorders such as Down syndrome and Alzheimer’s 

disease, which are caused by deficiencies in signal transduction and alterations in 

membrane structure (42). 

1.6.4 FABP4 

FABP4 secretion leads to several physiological effects including greater glucose 

production in hepatic cells, augmented insulin secretion and reduced cardiomyocyte 

contraction (118, 27). It was reported that FABP4 has a paracrine/endocrine signalling 
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function; thus it acts on nearby or distant organs after it is released from adipose tissue to 

change metabolism and cell function (140).  

Recent studies have revealed that FABP4 can participate in the elaboration of 

atherosclerosis in heart disease via inflammation and the accumulation of lipids in the 

macrophages or foam cells. A study on mice revealed that a more than 60% reduction in 

the blockage of coronary arteries is observed with the absence of both ApoE and FABP4 

when compared to the absence of ApoE alone. This shows an important role of FABP4 in 

the development of atherosclerosis (135, 215). 

 

1.6.5 FABP5 

FABP5 has a wide range distribution in the body: epidermis, mammary gland, brain, 

liver, kidney, lung, adipocyte, macrophage, tongue, and testis (192, 84). 

Like other FABP family members, it binds and traffics fatty acids, in addition to the 

keratinocyte differentiation. One study (234) suggests its association with obesity, 

abnormal lipid and insulin levels (192). 

 

1.6.6 FABP6 

FABP6 is also known by its alternate name: intestinal bile acid binding protein (I-FABP), 

because of its high affinity for bile acid (242).  FABP6 is expressed mainly in the ileum, 

binding bile acid to give its major role as a surfactant to facilitate in lipid digestion, thus 
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controlling bile acid and lipid homeostasis. The lack of expression of FABP6 in male 

mice renders them more susceptible to fatty liver disease (2). 

 

1.6.7 FABP7 

FABP7 is expressed in glia cells of the nervous system (8), it was hypothesized that it 

contributes to central nervous system development by supplying fatty acids during 

cellular maturation (192). One study suggested FABP7 association with several 

psychiatric disorders, specifically, Down syndrome and schizophrenia (225). More 

research is needed to understand its role. These neurological diseases may develop as a 

result of fatty acids binding and energy supply. 

 

1.6.8 FABP8 

FABP8 is called myelin protein (M-FABP) due to its predominance in peripheral nervous 

system myelin (216). Despite decades of research, the role of M-FABP is unidentified; 

few studies had reported that it may be essential for myelin stabilizing and biogenesis 

(192, 241). 

1.6.9 FABP9 

It was proposed that FABP9 is one of major protein components of mammalian sperm 

(60); it was assumed that it attributes to sperm protection (113, 192), however more 

studies are needed to understand its role.  
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1.6.10 FABP12 

It is the most recently discovered member of FABP family, little information is currently 

available, and it was detected in high level in human retinoblastoma cells (217). 

 

1.7 Role of FABPs in cancer  

1.7.1 FABP1 and cancer 

FABP1 is expressed in Liver, intestine and Kidney as described in the previous section. 

Studies were performed to find out whether FABP1 was related to cancer in these organs. 

At least one study reported an association between FABP1 and colon cancer; significant 

downregulation of FABP1 found in circulating colon cancer cells (162). Loss of FABP1 

was identified as major contributing factor to microsatellite unstable colorectal 

carcinomas (228, 84). These two studies seemed to suggest that FABP1 may be a tumour 

suppressor.  

In contrast, another study on the role of FABP1 in hepatocellular carcinomas (HCC) 

suggested that FABP1 may have a tumour promoting role. FABP1 induced vascular 

endothelial growth factor (VEGF) expression through its interaction with the VEGF 

receptor, leading to new blood vessels formation (angiogenesis). This investigation 

showed that the role of FABP1 in enhancing migration properties of the cancer cells via 

the VEGFR2 pathway, indicating a promoting role of FABP1 in the metastasis of HCC 
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(117). FABP1 was found to be highly upregulated in the HCC cells. The increased level 

of FABP1 is correlated to lymph node metastasis and the stage of the malignant 

progression (103, 84). 

 

1.7.2 FABP2 and cancer 

Fatty acid binding protein 2, also known as intestinal fatty acid binding protein, is related 

to the formation of some diseases that may progress to the development of cancers. These 

diseases include diabetes, myocardial infarction, stroke, and gallbladder diseases (69). 

Very few studies were carried out to detect the role of FABP2 in cancer progression. 

However, a study conducted in 2010 to investigate the association of FABP2 expression 

with dietary habits and lipid uptake in colorectal carcinoma. This study drew the attention 

to the negative correlation between FABP2 and fat uptake. Therefore, FABP2 is unlikely 

to be an accurate predictor of the risk of colorectal cancer (111). 

 

1.7.3 FABP3 and cancer 

The role of FABP3 in cancer is not yet fully understood, there are debates on whether it 

promotes or suppresses cancer. Previous studies found that FABP3 was overexpressed in 

4 types of cancers: non-small cell lung carcinoma (203), gastric cancer (88), 

leiomyosarcoma (49) and melanoma (127). Conversely, FABP3 was found to facilitate 

the suppression of breast cancer (99, 155), lung adenocarcinoma (159), lymphomas 

(229), and embryonic cancers (203). 
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1.7.4 FABP4 and cancer 

A number of studies had demonstrated FABP4 involvement in the aggressiveness of 

various cancers such as prostate cancer (211), breast cancer (82), cholangiocarcinoma 

(157), glioblastoma (35), and leukaemia (157).  

Recent evidence suggests that FABP4 can be used as a novel molecular marker for the 

investigation, prediction, and the monitoring of bladder cancer during therapy as well as a 

potential novel therapeutic target (19). 

The role of FABP4 in the epithelial-mesenchymal transition (EMT) of cancer cells was 

reported. FABP4 overexpression has been correlated to EMT transition in 

cholangiocarcinoma (157) and cervical cancer (104).  

 

1.7.5 FABP5 and cancer 

FABP5 or E-FABP is expressed in high level in cancer cells, contributing to the 

aggressive phenotypes of cancer, promoting proliferation, invasion, tumorigenicity and 

metastatic ability of the cancer cells. High level of FABP5 expression was also related to 

the resistance to therapy and poor prognosis in various cancers such as gastric cancer (88, 

238), melanoma (120), cervical cancer (224), breast cancer (168), prostate cancer (112, 

152, 6), cholangiocarcinoma (102), oral cancer (59) and HCC (112). Amongst all 

different cancer types, the role of FABP5 in promoting prostate cancer was studied most. 
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Numerous studies proved FABP5 promoted tumor invasiveness both in vitro and in vivo 

(140). 

A cohort study reported expression of FABP5 in triple negative breast cancer, the high 

level was associated with aggressive disease and low survival. The authors hypothesized 

that FABP5 exerted its effects via altering extracellular matrix to allow the tumor cells 

invading nearby organs (168). 

Our research group had been studying FABP5 since 2000. After identifying FABP5 as a 

differentially expressed gene between benign and the malignant cells, we compared and 

measured the relative levels of FABP5 between the benign and the malignant prostate 

and breast cancer cell lines. When comparing to benign counterparts, FABP5 expression 

levels were higher in breast and prostate cancers by 6.5- fold and 5-17-fold, respectively 

(150, 68). 

Morgan et al. reported significantly high FABP5 levels in both PCa cells and prostate 

carcinoma tissues. It was found that the increased FABP5 expression was significantly 

associated with reduced patient survival time. When the level of FABP5 was suppressed 

via RNAi in PCa cells, their tumorigenicity and metastatic ability was greatly suppressed 

both in vitro and in vivo (150). During the extensive studies on the molecular 

mechanisms involved in the malignancy-promoting role of FABP5, a novel signal 

transduction pathway initiated by the stimulation of fatty acids transported by FABP5 

was discovered. The detailed route for this signal transduction pathway is like following: 

the increased level of FABP5 transports a large amount of fatty acids into the cytoplasm, 

and most of the fatty acids were used as new sources of energy supply for the cells, 
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whereas some excessive amount of fatty acids were delivered to their nuclear receptor 

PPARγ. The activated PPARγ can trigger a series of molecular events or a chain of 

molecular reactions, including up-regulating some cancer promoting genes, such as 

VEGF; and down-regulating possible tumor-suppressor genes, and hence to facilitate the 

malignant progression of the cancer cells (150).  

 

1.7.6 FABP6 and cancer  

Several attempts have been made to examine FABP6’s role in colorectal cancer. Since it 

is expressed widely in ileum, one study identified that FABP6 was highly expressed in 

colorectal carcinomas comparing to benign tissues. However, tissues from metastatic 

sites had low FABP6 levels (84). Thus, more studies are required to determine the exact 

role of FABP6 in colorectal cancer and other cancer cells. 

 

1.7.7 FABP7 and cancer 

FABP7 plays an important role in Notch1 signalling pathway. It has also been widely 

examined in breast cancer, in which a FABP7-positive cohort was associated with the 

triple negative breast cancer group. This correlated with poor survival outcome, high 

tumour grade and increased proliferation (230).  

In 2008, Slipicevic et al. published a paper on melanoma in which they described high 

expression of FABP7 in both primary and metastatic tissues that was correlated to 
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increased tumour size and a decreased relapse-free survival period (191, 84). However, 

the true role of FABP7 is not yet clear.  

 

1.7.8 FABP8 and cancer 

Until recently, there has been no reliable evidence of FABP8’s involvement in any types 

of carcinomas; more work is necessary to decide the role of FABP8 in cancer cells. 

 

1.7.9 FABP9 and cancer 

FABP9 has been studied by our group in 2016. It was reported that FABP9 is 

overexpressed in both PCa cells and tissues. This expression was correlated with 

increased malignancy and poor survival time. When FABP9 knockdown cells were 

compared to parental PCa lines, the suppression of FABP9 expression produced 

significant inhibition on cell proliferation, it did not seem to have significantly affected 

the invasion and the anchorage-independent growth which is an indication of 

tumorigenicity (5). More investigation is needed to decide whether FABP9 has a possible 

role in cancer. 
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Questions and Hypothesis 

In this study, I hypothesize that FABP12 may be an important diagnostic and prognostic 

factor for PCa patients, and the increased FABP12 may play an important role in 

promoting malignant progression.  In this work, I plan to investigate the expression status 

and its prognostic significance of FABP12 in PCa cells and tissues; to study the 

functional role of FABP12 in malignant progression of the cancer cells and to validate 

whether the increased level of FABP12 is a novel therapeutic target and a diagnostic (or 

prognostic) marker.  I intend to achieve the proposed goal through experimental work to 

address the following questions: 

 Does FABP12 overexpressed in prostate cancer cell lines and tissues? 

 Does FABP12 expression in prostate carcinomas correlate with patient Gleason 

score? 

 Does FABP12 expression in prostate carcinomas correlate with AR index and 

PSA levels? 

 Is the increased FABP12 expression in prostate carcinomas correlated with patient 

survival time? 

 Does FABP12 expression affect the malignant progression of the PCa cells? 

Malignant progression can be identified as a change in cellular behavior from benign to 

malignant, thus, the cells will acquire uncontrolled growth features, in addition to 

invasion ability (236). Malignant progression can occur in cultured cell as in the previous 

study on human prostate epithelial (HPE) cells. In that study malignant transformation of 
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HPV-18 immortalized HPE was achieved after multiple exposures to a chemical 

carcinogen (166).  

 

Aims 

 To examine FABP12 expression status in benign and malignant prostate cancer 

cell lines by Western blot analysis to assess whether FABP12 is overexpressed in 

cancer cells and whether the increased level of expression is associated with the 

increased malignancies of the cancer cells. 

 To examine FABP12 expression status in an archive set of benign and malignant 

prostate tissues by immunohistochemical staining to assess whether FABP12 is 

overexpressed in malignant prostate tissues and whether this increase is correlated 

with some common diagnostic markers. 

 To functionally characterize the role of FABP12 by knockout this gene in a highly 

malignant prostate cell model to assess whether FABP12 knockout can affect the 

malignant characteristics of the cells, so as to determine the role that FABP12 

play in malignant progression.  
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CHAPTER TWO 

    METHODOLOGY  
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2. MATERIALS AND METHODS 

2.1 Cells and Culture 

In this study, a set of six benign and malignant prostate epithelial cell lines was used. 

PNT2 is a benign prostate epithelial cells line . LNCaP is a weakly malignant PCa cell 

line; 22Rv1 is a moderate malignant PCa cell line; While DU145, PC3 and PC3M are 

highly malignant PCa cell lines (196, 205, 214). The cell culture work performed in a 

tissue culture hood (LabGard, USA) following university safety guidelines. All cells were 

cultured in RPMI 1640 medium supplied with 10% (vol/vol) foetal calf serum, penicillin 

(100 U/ml) (Bioser, East Sussex, UK), streptomycin (100ug/ml) and L glutamine 

(20mM) (Invitrogen).  LNCaP cells were supplied with sodium pyruvate (100ug/ml) 

(Sigma, Grillingham, UK) in addition to the above supplements . Cells were grown and 

maintained as monolayer cultures and were kept in a humidifier incubator (Borolabs, 

UK) at 37ºC with 5% CO2. 

 

2.1.1 Cell thawing 

Cell vials in different racks stored in a tank of liquid nitrogen were taken out of the tank 

and placed in a 37 ºC water bath to thaw slowly. Then cells were diluted with 20ml of 

fresh medium to remove the effect of DMSO, followed by centrifugation for 3 minutes at 

91×g. Supernatant was discarded, and cell pellet was resuspended in fresh medium. Cells 

were calculated by haemocytometer and cultured in a 25-cm
2
 flask. Cells were monitored 

and medium was changed every 3 days to replace supplements. 
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2.1.2 Cell Subculture 

Cells in the medium were poured into a flask and monitored daily under the microscope. 

When the cells grew to about 70-80% confluent, they were sub-cultured in tissue culture 

hood under aseptic conditions. The medium was aspirated from the flask, cells were 

washed with phosphate buffer saline (PBS), treated with trypsin in versine (2.5%: 97.5%, 

v/v) for 3 minutes inside the incubator. Thereafter, cells were checked under microscope 

to ensure they were rounded up and detached.  To deactivate trypsin action, double 

volume of fresh medium that contained 10% FBS was added, then centrifuged for 3 

minutes at 91×g. The pellet was resuspended with RPMI medium and split to 3 new 

flasks. 

 

2.1.3 Cells cryopreservation 

The storage of cells was done by placing cells in cold temperature. The growing and 

dividing cells were prepared for freezing storage by discarding medium, washing with 

PBS, trypsinzing and resuspension with fresh medium. Then cells were transferred to 

Universal tube, and counted by haemocytometer, centrifuged for 3 minutes at 91 ×g 

before the pellet was resuspended in freezing medium that was prepared by adding 

DMSO to RPMI at a ratio of 7.5 %. Special type of vials was used to prevent the 

explosion when exposed to liquid nitrogen. One ml of cells was added into each 

cryovials, a special cool box (Mr. Frosty™) was used to keep the cells at -80 for one 

night and then eventually moving the cryovials to liquid nitrogen. 
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2.2 Polymerase chain reaction 

This part of work was done by our group as described in (5). The first step of experiment 

was to isolate RNA from each PCa cell lines by using RNAeasy Mini Kit (Qiagen, USA). 

Cell pellet was prepared as described in 2.1. Then cells were lysed and centrifuged at 

1008 xg.  The mixture was added to RNAeasy mini column attached to collection tube, to 

be centrifuged at 8000 xg for 15 seconds. 

This was followed by 2 steps of washing with buffer. Then RNA was eluted through 

centrifuging at 1008 xg for 1 minute. 

NanoDrop ND-1000 spectrophotometer (Labtech, UK) was used to calculate RNA yield 

and purity. 

The integrity of total RNAs was assessed by Agilent 2100 bioanalyzer. The work was 

started by decontamination of one of electrode while filling the electrode with RNase-free 

water, and placing it in the Agilent 2100 bioanalyzer. Agilent RNA 6000 Nano gel matrix 

was placed in spin filter and centrifuged for 10 minutes at 1792 xg. The gel was then 

aliquoted and stored. RNA 6000 Nano dye was added to filtered gel and vortexed. RNA 

Nano chip was placed on the chip priming station, and gel-dye mix was added into the 

chip station. RNA Nano marker was added into the ladder for each sample. Then, the 

chip was placed in the bioanalyzer. The minimum RIN accepted in this experiment was 

9.0.  
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The primers used for FABP12 are shown in table 3. 

Table 3: forward and reverse primers for FABP12 used in PCR experiment. 

These primers were designed by using the website (perlprimer.sourceforge.net/) 

While those for β-actin were purchased from Life Technologies Ltd (Paisly, UK). 

The table  shows characteristics that applied when designing the primers: melting 

temperature between 57ºC and 63ºC, the G+C content between 30-80%, length between 

18-22 bp, less than 2ºC difference in melting temperature (Tm) between the forward and 

reverse primers. 

First strand cDNA was synthesized using total RNA from 6 PCa cell lines to be used as a 

template for qPCR. Total RNA was mixed with Oligo (dT) primer, dNTP mixture, and 

nuclease-free water. The mixture was incubated for 5 minutes at 65 ºC, then chilled on 

ice for 1 minute, followed by mixing with DTT, first strand buffer, SuperScript reverse 

transcriptase and incubating at 50 ºC for 1 hour. Then incubating at 70 ºC for 15 minutes 

to deactivate the reaction.  

gene Forward Tm reverse Tm 

FABP12 GGAAGGAAATAGCAACAGT

GG 

61.29 CTACACGCTCACCATATAAG

C 

60.66 

https://owa.liv.ac.uk/owa/redir.aspx?REF=EX7cMCGwrlUj9Q7PQv-EZ8h8q9oiJFP8zrfssGg0YWgRBFvofBvYCAFodHRwOi8vcGVybHByaW1lci5zb3VyY2Vmb3JnZS5uZXQv
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A mixture was prepared for real-time PCR containing: SYBR Green qPCR mix, forward 

primer, reverse primer, cDNA and nuclease-free water. The mixture was centrifuged and 

placed in thermocycler (Peltier thermal cycler PTC-200, GMI, USA). Then, the relative 

differences of FABP12 mRNAs between benign and malignant cells were calculated. 

Relative fold differences of all samples were calculated according to ∆Ct = Ct (gene of 

interest) – Ct (housekeeping gene), housekeeping gene was β-actin. While ∆∆Ct =∆Ct of 

sample -∆Ct of the calibrator sample (5). 

 

 

2.3 Detection of protein expression in cell lines by Western blot  

2.3.1 Collection of cell pellets  

The pellets of the cultured cells were collected when cells were 80% confluent or above. 

The old medium was discarded, and cells were washed with PBS, trypsinized in the way 

as described in cell subculture, and centrifuged. The pellet collected was lysed with a 

mixture of the CelLytic reagent plus protease inhibitor in a universal tube. The tube was 

then placed on a roller mixture shaker to shake for 15 minutes, followed by centrifuging 

at 11,200 × g for 10 minutes, and the supernatant was collected for Western blot analysis. 
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2.3.2 Bradford assay 

Bradford assay was used for measurement of protein in each sample loaded for Western 

blot analysis. When protein binds to Coomassie Blue G‐250 dye, it can change dye’s 

color from brown to blue. The color correlated with protein concentration and can be 

detected by measuring absorbance with a spectrometer (Biotech, UK).  Quantification of 

protein concentration can be made through comparing protein absorbance with a standard 

curve of serial dilutions of a common protein called bovine serum albumin (BSA) (91). 

Bradford dye was filtered through a Whatman paper, 1 ml was added to each tube of 

serial dilutions and the protein tubes. Followed by transferring the serial dilutions and cell 

proteins in triplicate into microplate reader to measure the absorbance at 595 nm by 

spectrometer. A standard linear curve of protein concentration vs corresponding 

absorbance values was plotted and used to define unknown sample concentrations. 

 

2.3.3 Western blot 

The total proteins obtained from each source were separated by electrophoresis with a 

Bio-Rad Mini-Protean gel system (Bio-Rad, UK). All buffer reagents required were 

prepared ahead according to recipes as shown in the appendix. A,  protein concentration 

from each sample was calculated based on Bradford assay results and an equal amount of 

total protein in each sample was loaded into a well of the gel for PAGE. Sample buffer 

(Laemmli buffer) was prepared in an Eppendorf tube.  β-mercaptoethanol was added to 

each protein sample to stop the formation of the disulfide bonds and hence to prevent the 

protein aggregation.  Then proteins dissolved in buffer at the reduced condition were 
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denatured by heating on a hot plate for 10 minutes at 95 °C. Then the mixture was placed 

on ice immediately for 3 minutes.  The gel was positioned in a clamping frame and 

ensured that it is locked well.  Running buffer was added to the tank. Molecular weight 

marker was loaded as a reference, and cell protein (20 µg/20 µl) was loaded into each 

separate wells. The electrophoresis was conducted for 1 hour with 100 volt. 

To transfer the separated proteins in the polyacrylamide gel onto a PolyVinylidene 

DiFluoride (PVDF) membrane for further immune-detection, the protein gel was placed 

on the membrane to form a sandwich and wrapped with a cassette.  The cassette was 

prepared by sponges, filter papers, gel, and then membrane and last is filter paper and 

sponge as shown in figure 14. Bubbles were removed by a roller to prevent displacement 

of gel. Cold ice was used to prevent overheating and gel break. PVDF membrane 

(Immobilon-P, Millipore, and USA) was activated by incubation in methanol for 2 

minutes. Then rinsed in cold transfer buffer before assembled it into the cassette with 

Whatman filter papers and sponges, the transfer is done at 4
o
C in a transfer buffer 

prepared in advance (appendix. A). Electroblotting was conducted for 1 hour at 100v, 

with ice pack changed after a half hour. One hour later, both gel and membrane were 

disassembled and washed in distilled water. 
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Figure 14. Diagrammatic illustration of Western blot transfer cassette.                 

Arranged from black to red: sponge, 2 filter papers, gel, PVDF membrane, 2 filter papers 

and sponge. The current migrates from the negative black electrode to the positive red 

electrode. 
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An additional step was taken to check the efficiency of the protein transfer. The gel was 

stained with Coomassie blue, followed by washing with distilled water overnight and 

checked to ensure that the transfer was completed. The membrane was stained with 

Ponceau S red for 3-5 minutes to ensure transfer was successful by the presence of 

protein bands.  Then the membrane was washed with TBS buffer for few times on a 

shaker plate to remove the stain. The membrane was stored at 4
o
C for antibody 

hybridization analysis later. 

 

2.3.4 Immunodetection 

The membrane was first washed with TBS-T buffer to remove any possible gel residuals 

and then incubated with the primary anti-FABP12 antibody (Abcam, ab155089) for one 

hour on a shaker, followed by 4 washes (each 5 minutes) with 1× TBS-T buffer to 

remove the unbound antibody. The membrane was then incubated with the secondary 

antibody conjugated with horseradish peroxidase for one hour on a shaking plate, 

followed by other 4 washes (5 minutes each) to remove any unbound secondary antibody 

residuals. Afterwards, the membrane was first incubated in Chemiluminescence ECL in 

dark condition. The protein bands were visualized by the ChemiDoc imaging system, 

optimizing exposure and timing to get the optimal images. 

The membrane was hybridized with an anti-β-actin to correct any possible loading 

discrepancies.  Firstly, the membrane was blocked in TBS-T milk for 30 minutes to 

prevent nonspecific binding.  Secondly the membrane was incubated with primary anti-β-

actin mouse antibody (1:50000) in 20 ml milk for 30 minutes, followed by 4 washes (5 
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minutes each) with TBS-T buffer.  The membrane was then incubated with a secondary 

rabbit anti-mouse antibody (1:10000) for 30 minutes followed by washing and the actin 

band was visualized using ECL system as described above. 

 

2.4 Evaluation of FABP12 expression in prostate tissues 

2.4.1 Sample collection  

All human prostate tissues used in this work were obtained from an archival set of 

prostate cancer cases from Royal Liverpool Broadgreen University hospital.  The cases 

were selected from diagnosed PCa patients in the period 1995-2001. These patients were 

aged between 67 and 73 years and all had transurethral resection of prostate (TURP).  

The work was conducted under the Medical Research Council guidelines and the project 

was approved by the National Science Ethics Committee (Project reference number: Ke; 

02/019). The formalin-fixed paraffin-embedded (FFPE) samples were processed in our 

Molecular Pathology Laboratory with the standard FFPE tissue processing procedures 

described previously (150). Cases were re-examined by two qualified pathologists and 

categorized according to their combined Gleason score into weakly, moderate and highly 

malignant carcinomas. Levels of PSA were classified into two groups of low (<10 ng/ml) 

and high (≥ 10 ng/ml). All patient data were obtained from the hospital patient records in 

an anonymous manner. AR index (a parameter used to measure the intensity of AR 

staining (5, 165) was categorized into low AR level (AR index below 3), moderate AR 

level (AR index 4-6), and high AR level (AR index above 6). 
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2.4.2 Tissue sections 

Tissue blocks from BPH and carcinoma cases were cooled on microtome cold plate.  The 

tissue sections from each block were cut at 4 µm thickness with a microtome. The tissue 

slice was flattened by placing it in a water bath before it was mounted on an adhesive 

glass slide (Leica, UK). The slides were labeled carefully and placed into a 37 °C oven in 

an upright position in a slide rack to dry off any water over night. 

 

2.4.3 Immunohistochemistry 

The immunohistochemical staining technique was used to detect protein expression status 

in tissues and to detect their subcellular localizations. This is achieved through binding a 

specific antibody to the tissue antigen via initiation of antigen-antibody reaction and then, 

the slides were processed through different steps according to protocols to detect 

FABP12 expression in PCa tissue. Since FABP12 is a newly discovered molecule, the 

protocol was optimized in laboratory by multiple tests to get the highest binding affinity 

of antibody. The slides were first deparaffinized in 2 racks of xylene for 5 minutes 

respectively.  Then rehydrated in 2 changes of 100% ethanol (5 minutes each) 

sequentially.  The slides were passed to the fifth rack which was 3% hydrogen peroxide 

mixed with methanol for 12 minutes to block the endogenous peroxidase. The slides were 

then washed in tap water. 
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To expose the target protein (antigen) sites, both enzymatic and heat-induced antigen 

retrieval were evaluated to assess the most effective retrieval methods for the specific 

antigen.  In this work, the slides were immersed in a sodium citrate buffer.  To prevent 

water evaporation and tissue drying out, the slides were placed in a plastic slide rack, 

sealed partially, and heated in a microwave for 15 minutes with a close monitoring. Then, 

they were left to cool down for 10 minutes and washed with tap water. 

 

2.4.4 Antibody incubation 

The hybridization of the antibody with the antigen was performed in a special incubation 

chamber that was filled with water to make humidified conditions to prevent drying out.  

The slides were washed in TBS-T 3 times, then anti-FABP12 antibody (Abcam, rabbit 

polyclonal FABP12 antibody) diluted in TBS was added to slides in humidified chamber 

which was then incubated in fridge overnight. Then the slides were washed 3 times in 

TBS-T.  For the hybridization with the secondary antibody, Dako HRP system plus the 

linker was added, incubated for one hour, and washed with TBS-T three times. Then the 

secondary antibody diluted in TBS-T was added and incubated for 1 hour at RT, washed 

3 times in TBS-T, and then incubated with Envision™ FLEX DAB
+
 chromogen mixed 

with Envision™ FLEX substrate (Dako) for 15min followed by rinsing with tap water. 

The slides were counterstained in hematoxylin, washed with tap water, then rinsed with 

acid alcohol and blue Scott water, followed by washing in water, immersed 3 times in 

xylene and mounted on glass slides with cover slip using DPX mountant. 
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2.4.5 Evaluating immunoreactivity 

The selection of controls was based on the recommendation of the stain kit manufacturer 

(Abcam, UK). For positive control, normal human testis tissue was used. For the negative 

control, the sample was stained with the same procedures except the step of primary 

antibody which was substituted with PBS. Since the applied antibodies were all 

polyclonal, the isotope control could not be applied.  

For slides examination, light microscope was used, for image acquisition, Nikon dual 

headed microscope was used. 

 

FABP12 immunoreactivity was scored by two independent observers and the staining 

intensity was evaluated through 40 × magnification and using scores of 10 fields. The 

staining intensity classification is shown as that in the table below: 

 

Table 4: Classification system to evaluate staining intensities of PCa tissues. 

 

 

Unstained -ve or 0 

Weak staining + or 1 

Moderate staining ++ or 2 

Strong staining +++ or 3 
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2.5 Gene editing 

To study the possible functional role of FABP12 in promoting malignant progression of 

the PCa cells, gene editing technique CRISPR Cas9 was used to knockout the FABP12 

gene from prostate cancer cells to assess the effect of the diminished expression of this 

gene in tumorigenicity of the cancer cells. Since CRISPR Cas9 technique is a new state- 

of-the-art method, the original protocol had to undergo several optimizations. The 

plasmid was purchased from GeneArt® CRISPR Nuclease (Invitrogen, U.K). It 

incorporates both a guided RNA and Cas9 nuclease to cleave the specifically targeted 

gene and to allow the development of clones of PCa cells with the absence of the target 

gene from both chromosomes. The techniques can be divided into two main processes: 

the knockout of the target gene and the establishment of cell lines originated from 

separated single colony with diminished expression of the target gene. The gene knockout 

was achieved by following steps: 
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Figure 15: scheme represents knock out steps starting g from designing single stranded 

oligonucleotides. Three main steps in FABP12 KO include: Design, deliver and detect. 
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2.5.1 Guided RNA sequence design 

The sequence designed inserted into the plasmid and used as guiding sequence which 

guided Cas9 to the crucial location of the target gene to initiate the knockout effect.  Once 

the guiding oligonucleotide is designed, a complementary strand was made to form a 

double stranded DNA segment which will be inserted into the cloning site of the plasmid. 

The short DNA molecule is 20 base pair long. Additional over-hanging nucleotides, 

which were complementary to the linearized plasmid over-hangs, were flanked to both 

ends so that it can be ligated with the vector as shown in figures 16, 17. The choice of 

target sequence was based on the following guidelines:  

1. The target sequence is 20 nucleotides in length that is adjacent to NGG proto-spacer 

adjacent motif (PAM) sequence, which is essential for cleavage. 

2. No significant homology with other genes (assessed on online sequence designing 

tool). 

3. The target sequence is designed in right orientation so that it meets PAM requirements 

as shown in figures 17. 
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Figure  16     : map of  Geneart CRISPR nuclease vector (Invitrogen, U.K). 

 

The crRNA and tracrRNA of the GeneArt® CRISPR Nuclease Vector 

are expressed together as a guide RNA that mimics the natural crRNA-

tracrRNA hybrid in bacterial systems. The guide RNA expression is 

driven by a U6 polIII type promoter. The vector is supplied with (OFP) 

to monitor transfection efficiency with 5 base pair 3′ overhangs on each 

strand as indicated. The ds oligos inserted as explained in 2.5.1, 

Additional over-hanging nucleotides, which were complementary to the 

linearized plasmid over-hangs, were flanked to both ends so that it can 

be ligated with the vector. 
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Figure 17. A. A scheme represents localization of guide sequence. Multiple guides were 

screened to identify the one that is efficiently active. B. Location of gRNA in FABP12 

genome. This guide will target a sequence in the gene FABP12 in the Homo sapiens 

genome. The Cas9 RNP will bind to the sense strand (+) of the gene. It will create a 

double-stranded break at location 81,531,255.    

(Scheme was generated using Synthego CRISPR design tool https://www.synthego.com/).  

 

A 

B 
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2.5.2 Annealing 

 Once both oligonucleotides sequences were designed, the products were purchased from 

the bio-synthetic company (Thermofisher, UK).  The dried oligonucleotides products 

were suspended in T.E buffer separately. To anneal the two oligonucleotides to form a 

double-stranded DNA, A mixture was prepared of equal volume of the forward- and 

reverse- strand oligos with 10× annealing buffer with DNase/RNase-free water. The 

mixture was first heated on a heating block for 4 minutes at 95 °C and then cooled to 

25°C gradually and stay at 25°C for 10 minutes. The double stranded oligos were then 

diluted in DNase/RNase-free water to make a 500 nM stock solution that was aliquoted 

and stored at -20°C. A working solution, the 500 nM oligos were diluted into 5nM ds 

oligos and the freshly prepared 5nM solution was used for experimental work. 

 

2.5.3 Ligation reaction and transformation 

To insert the ds oligonucleotides into the linearized plasmid (Invitrogen, UK) by DNA 

ligase:  The ds oligos ligated to the plasmid in a reaction mixture of oligos, linearized 

plasmid, ligation buffer (final concentration 1×) and T4 DNA ligase. The reaction 

mixture was incubated at 25°C for 10 minutes to complete the ligation reaction. The 

ligation mixture was stored at 4 
o
C , ready for transformation to the One Shot® TOP10 

competent E. coli cells supplied with the plasmid kit (Thermofisher, UK).  
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At least one day before the transformation experiment, agar plates were prepared for 

bacterial growth. The heat melted LB agar was cooled down and ampicillin (100 µg/mL) 

was added and mixed. The mixture was poured into Petri dishes and stored in 4 °C fridge. 

The LB plates were pre-warmed for 30 minutes in a 37 °C incubator before used for 

transformation. 

A vial of One Shot® TOP10 competent E. coli was thawed on ice, the ligation reaction 

mixture (5µl) was added into that vial, the tube tapped gently, placed on ice for 30 

minutes, the step of heat shock was performed by placing the tube for 30 seconds at 42 

°C and immediately placing it on ice. S.O.C medium was added to the tube before it was 

taken to a shaking incubator and incubated for 60 minutes at 37°C with a shaking speed 

of 200 rpm. The E.coli cells in the S.O.C medium was then pipetted and spread with a 

spreader onto a pre-warmed LB agar plate and incubated in a 37°C oven overnight. The 

transformation efficiency was calculated by the number of colonies produced per µg of 

DNA.  

 

2.5.4 Mini-preparation of DNA and sequencing 

To confirm the guiding RNA sequence was successfully inserted into the plasmid in a 

correct orientation, DNA was extracted from each of the individual E. coli transfectant 

colonies with a mini-prep procedure. For each mini-DNA preparation, several colonies 

grown up from the ampicillin resistant LB agar plate were picked by a flame-sterilized 

loop, each was separately cultured in a flask containing LB medium with 100ug/ml 

ampicillin and incubated overnight in a shaking oven at 37 °C. The plasmid DNA was 
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isolated from the bacterial pellet using a DNA Mini-Prep kit (PureLink® HQ Mini 

Plasmid Purification Kit, Invitrogen, UK), following the manufacturer’s instruction. The 

plasmid DNA was sent to Source BioScience (U.K) for nucleotide sequence analysis (the 

full sequence is presented in results, figure 3.14) to confirm the guiding sequence is 

inserted to the plasmid and the inserted fragment was in a correct orientation. 

 

2.5.5 Delivery of transfection component 

Once the successful cloning and the correct insertion orientation of the guiding sequence 

were confirmed, sufficient quantity of plasmid DNA was produced and purified from the 

E.coli cells and transfected into the highly malignant PCa cell line PC3M to yield the 

genetic deletion of the FABP12 gene. Before the transfection, the purity of plasmid DNA 

was checked by the NanoDrop™ One spectrophotometer (Thermo Scientific, UK) to 

ensure that it was free from contamination. we used the cationic lipid based 

Lipofectamine® 2000 Reagent (Cat. no. 11668-027, Invitrogen, UK) as a delivery cargo.  

The cells were grown in 6 wells plate and when they became about 70 % confluent; the 

mixture of plasmid and Lipofectamine was added to cell lines and monitored.  

 

 

2.5.6 Identifying of cells harboring plasmid   

Transfection efficiency for PC3M cell lines was monitored by fluorescence microscope 

(Zeiss Axio Observer Z.1. Zeiss, Germany). The cells harboring the plasmid were sorted 
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by fluorescence activated cell sorting (FACS) machine (BD FACSAria™ III, 

BDbiosciences , USA). Since the plasmid used in this work contains an orange 

fluorescent protein (OFP) gene, any cells that had successfully taken up the plasmid 

should express OFP and were picked up by FACS.  Thus, using the FACS machine, –ve 

OFP cells were discarded, +ve OFP cells were collected in FACS buffer, suspended in 

culture medium with 100µg/ml ampicillin (Ampicillin is a broad antibiotics against 

bacterial growth thus preventing potential bacterial contamination in cell culture), and 

incubated in incubator at 37
o
C.  

 

2.5.7 Generation of single cell colonies 

To generate a knockout colony originated from a single transfectant cell, two methods 

were used: machine based FACS sorting and limited cell dilution. A summary of the 

procedures was illustrated in following flowchart: 
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Figure 18: flowchart represents different steps applied in cell transfection.  
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2.6 In vitro tests for malignant characteristics 

2.6.1 Proliferation assay 

A proliferation assay was used to test the effect of gene knockout on the growth of the 

PCa cells. The numbers of cells at different experimental time points were calculated 

through evaluating cell viability which was based on the measurement of cell metabolic 

activity with a Resazurin assay kit (Thermofisher, UK) which was designed specifically 

for detections of cell viability and cell death. Once this compound enters live cells, the 

cytosol of live cells will chemically reduce resazurin (a blue, non-fluorescent compound) 

to red resorufin. Live cells continue the chemical reducing reaction. This reducing 

activity is proportional to metabolically active cells.  Which will result in colour change 

that can be detected either by absorbance or fluorescence plate readers, to measure cell 

viability quantitatively. Since the dead cells cannot reduce the resazurin, the colour 

change can be used as an indicator of live cells only. The PrestoBlue® Cell Viability 

Reagent is time-saving viability reagent, as it provides robust data in only 10 minutes 

following reagent addition. 

The assay was performed in a 96-well plate, in which cells with 100% gene KO, cells 

with 50% gene KO (only one allele was knocked out), and control cells were growing in 

different wells for 6 days. On each day, the PrestoBlue reagent was added to wells and 

incubated in cell culture incubator for two hours, then the absorbance at 570 nm was read 

by a spectrophotometer (Labtech, UK), the absorbance at 600 nm was read and used as a 

baseline wavelength. 
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The assay was run in triplicate, and two controls were used: the parental cells growing in 

the wells; and those wells which only culture medium, but no cells were added.  

 

2.6.2 Motility assay 

This assay is used to assess the effect of the gene knockout on cell migration ability. In 

this experiment, Ibidi culture-Insert (Ibidi TM, Germany) was used to evaluate cell 

migration behaviour. These insertions consist of two cell culture reservoirs, with a wall in 

between, whenever cell suspension added to reservoirs, cell growth will be followed. 

Then the insert will be removed after cell attached, this will generate a gap of 500 µm. 

The cell migration ability is measured by monitoring the speed of the wound-healing.   

Cell suspension was prepared as described in cell culture section, 70 µl of suspension was 

added carefully to each well of cell cultures, followed by incubation in cell culture 

incubator in humidified condition at 37 °C and 5% CO2 for at least 24 hours. Cells were 

allowed to grow to fully confluent and a complete monolayer is formed, sterile tweezers 

was then used to remove the insert gently without disturbing cell layer. The dish was 

observed under microscope and pictures acquisition done at certain time points to assess 

cell migration by the sizes of the narrowing gaps. The images were obtained by 

microscope and quantitatively analysed by Image J software. 
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2.6.3 Invasion assay 

The invasion assay was used to measure the ability of cells to invade extracellular matrix. 

This was achieved through a Boyden chamber system. It came in the shape of chambers 

with plate and inserts, the latter has 8-micron pore size membrane with the Matrigel 

basement membrane matrix. Cells were placed in upper chamber, and their migratory 

capability into lower chamber was assessed. Cells with invasive properties were able to 

detach and invade through Matrigel pores; however, non-invading cells were blocked by 

pores. 

On day of the assay, chambers were pre-warmed by adding warm medium and placing in 

a cell culture incubator at 37
o
C for two hours. Then medium was aspirated carefully. 

Medium with FBS was added to lower chamber, the FBS in the medium works as a 

chemoattractant. Cell suspension, prepared as 1.25x10
5
 cells /ml, was added with serum 

free medium into upper chamber, and incubated for 22 hours in a cell culture incubator. 

On the following day, cells that did not invade through the membrane were removed 

from upper chamber by scrubbing gently using cotton swab; the invaded cells on the 

opposite side of the membrane were stained using crystal violet. The invaded cells were 

counted under a microscope (EVOS, Thermo Scientific, UK). Nine random fields were 

counted for cell quantification analysis. 
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2.6.4 Soft agar assay 

To test the anchorage-independent growth of the cells, the soft agar assay was used to 

assess effect of the gene knock out on the colony formation ability (as an indication of 

tumorigenicity) of the cells in soft agar. 

The experimental procedures included preparation of two agarose layers, bottom, and top 

layers; the former is prepared by dissolving agarose powder in distal water and mixed it 

with FBS and 10× DMEM solution. The bottom layer mixture was added to each well of 

96 well plates before it was transferred to 4°C fridge for 15 minutes to solidify the 

agarose. The second layer was prepared by mixing agarose in dH2O, FBS, 10× DMEM 

and the cells in 1X DMEM/10% FBS. The second layer mixture was added onto the 

solidified bottom layer, the plate was kept in a fridge until the second layer solidifies. The 

test was run in triplicates with control included. The plate was eventually incubated in 

cell incubator for 10 days, and colonies were viewed and counted under the microscope. 
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2.7 Data analysis 

In this work, data analysis was carried out using the following software: Microsoft Excel, 

ImageJ, and Statistical Package for Social Sciences (SPSS). In all statistical tests:  the 

significance was determined by p value < 0.05. The following tests were used 

accordingly: 

A. Chi-square (χ2) 

This test is used measure the association between two categorical variables (212). It was 

used in this study to assess if the difference is significant between the expected 

frequencies and the observed frequencies. Correlation between benign and malignant PCa 

tissues staining was assessed using χ2. 

B. Kaplan-Meier curve 

This test is used to assess the probability of surviving in a given period of time (75). In 

this work, Kaplan-Meier survival curve was used to analyze correlation between survival 

and expression of FABP12, GS, AR level and PSA level. 

 

C. Log Rank test 

This test is used to assess the null hypothesis that there is no difference between the 

populations in the probability of survival (17). In this study, log rank test was applied to 

assess the significance association between survival time and FABP12 expression. 
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D. Student's t-test 

This test is one of the most frequently used statistical tool to analyse data. It compares the 

means between two groups when the variables follow normal distribution (149). In this 

work, Student's t-test was used to compare the difference between experimental and 

control groups in western blot, proliferation assay, invasion assay, soft agar and motility 

assays. 
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3.1: Assessment of FABP12 expression at the mRNA level 

 

The previous work by our group measured FABP family RNA levels in benign and 

malignant prostate cell lines; it was found that FABP12 was one of the RNAs that is 

highly expressed in PCa cells. 

The result confirmed that the differences in levels of the mRNAs for FABP 1,3,7, and 8 

between benign and malignant cell lines were not detectable (Fig 3.1.D). For FABP4 

mRNA, its level was higher in two high malignant cells (PC-3 and PC3-M) but was not 

different between the benign and other malignant cell lines. FABP5 mRNA level was 

significantly increased in all 5 prostate cancer cell lines compared with that detected in 

the benign PNT-2 cells. FABP6 showed similarities to FABP4 in their mRNA levels, 

thus, their mRNA levels were highly expressed in malignant cells, while no expression in 

benign cell line was detected. This led to conclusion that FABP6 is predominantly 

expressed in prostate cancer cells, as that showed in previously (5). FABP9 mRNA level 

showed an elevation of 5 to 47-fold in cancer cell lines when compared to that in the 

benign cell line PNT-2. 

As shown in Figure 3.1, the total RNA was in high quality, the quality and integrity of 

mRNA were assessed using Agilent 2100 Bio-analyzer (A), the RNA integrity numbers 

(RIN) obtained from different cell lines were either equal or above 9 (B).  The levels of 

FABP12 mRNA detected in different cell lines were shown in (C). When the level of 

FABP12 mRNA in the benign PNT-2 cells was set at 1, the levels of the transcripts in the 

weakly malignant cell line LNCaP, moderately malignant cell line 22Rv1 and the highly 
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malignant cell lines DU145, PC3 and PC3-M were remarkably increased by 45 to 108 

fold.  

Figure 3.1: FABP12 mRNA level is increased in all prostate cancer cell lines 

measured. 

Quantitative PCR analysis of FABP12 mRNA levels in the benign cell line PNT-2, 

weakly malignant cell line LNCaP, moderately malignant and androgen-responsive cell 

line 22Rv-1 and highly malignant androgen-independent cell lines DU145, PC-3 and 

PC3-M. A) The electropherograms of mRNAs plot from 6 cell lines and from the RNA 

ladder markers (green band). B)  The fluorescence plots with double peaks representing 

ribosomal RNA 18S and 28S sub-units and the RNA integrity numbers (RIN) of the 

samples from different cell lines. Total RNA quantification was assessed using Agilent 

2100 bioanalyzer. C) Relative levels of FABP12 mRNA detected in benign and 

malignant prostate cell lines (5). 
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Figure 3.1. D. Quantitative PCR analysis of relative levels FABPs  mRNAs in both 

benign and malignant PCa. cell lines (5). 

The x axis shows the prostate cell lines PNT-2, LNCaP, 22Rv-1 , DU145, PC-3 and PC3-

M. While the Y axis shows the relative level of mRNA of FABPs family. 
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3.2: Expression of FABP12 in prostate cells at protein level 

 

Western blot was performed to analyse the level of FABP12 expressed in the benign  

PNT-2 cells, and the malignant PCa cell line LNCaP, the moderately malignant cell line 

22Rv1 and the highly malignant cell lines DU145, PC3, PC3-M. As shown in Figure 3.2, 

the FABP12 protein band at 15 kDa was detected in all six cell lines analysed. The 

intensities of the bands seem to be different amongst the different cell lines.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Expression of FABP12 in prostate cancer cell lines. A) Western blot 

analysis of FABP12 in benign and malignant prostate cancer cell lines. B) Quantitative 

assessment of the intensities of the peak area of bands on the blot by densitometry 
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scanning. The results (Mean ± SD) were obtained from 3 separate measurements. 

Relative levels of FABP12 were analysed by measuring the band intensities with the 

ImageJ.The specificity of antibody was evaluated by different methods by manufacturer. 

 

 

 

The levels of FABP12 in malignant cells are higher than that in the benign PNT-2 cells, 

and this level was gradually increased as the increasing malignancies of the PCa cell 

lines. When the level of FABP12 protein in the benign PNT-2 cells was set at 1, its 

relative levels in the weakly (LNCaP), moderately (22Rv1), and highly (DU145, PC3, 

PC3-M) malignant prostate cancer cells were increased to 4.5 ± 2, 3.6 ± 1.5, 12.8 ± 3.1, 

10.8 ± 2.1, 16.3 ± 2.3, respectively. Thus, at the protein level, the expression of FAB12 in 

PCa cells was increased by 4.5 to10.8 times.  

 

 

3.2.1 Blocking the anti-FABP12 antibody by recombinant human FABP12 

 

FABP12 is a newly discovered protein and the antibody is a new product. To exclude the 

possibility that a non-specific band has been detected, three separate Western blot 

analyses were performed on cell extracts from PC3-M cells which expressed the highest 

level of FABP12. One analysis was performed as normal. In the other two Western 

analyses, recombinant human (rh) FABP12 (Abcam, UK) was used to hybridize the anti-

FABP12 for overnight at 4
o
C at a concentration of 0.5µM. Both rhFABP12 (product No: 

ab126660) and anti-FABP12 (Product No: ab155089) were purchased from Abcam (UK). 

As shown in Figure 3.3, pre-hybridization with rhFABP12 for two hours blocked the 

most anti-FABP12 (Figure 3.3b), and pre-hybridization with RhFABP12 for overnight 
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completely blocked the anti-FABP12 (Figure 3.3c). When rhFABP12 was hybridized 

with the anti-FABP12 antibody for 2 hours before Western blot, most of the antibody was 

blocked. Whereas overnight pre-hybridization with rhFABP12 almost blocked all 

antiFABP12 antibody.   This result indicated that the band detected in our preliminary 

study is indeed FABP12, not a non-specific molecule. 

 

 

 

 

 

 

 

Figure 3.3: Blocking of anti-FABP12 antibody by rhFABP12.  Western blot analysis 

of anti-FABP12 antibody specificity and the quantitative analysis of the blocking effect 

of the rhFABP12. The FABP12 level in 3 was set at 1.   1) No rhFABP12 is added to 

hybridize the first antibody anti-FABP12. 2) RhFABP12 is added to hybridize the anti-

FABP12 for 2 hours before Western blot analysis. 3) RhFABP12 is added to hybridize the 

anti-FABP12 for over/night before Western blot analysis.  
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3.3: FABP12 expression at tissue level 

 

Formalin fixed paraffin embedded (FFPE) tissues that were obtained from an archival set 

of prostate cancer as described in methodology, the cases were categorized according to 

their Gleason scores as shown in Table 3. 

Anti-FABP12 antibody immunohistochemical staining was conducted to examine the 

expression status of FABP12 in different categories of prostate tissues. Slides were 

examined under microscope by two independent examiners. The results showed that 

FABP12 is expressed mostly in cytoplasm. No nuclear staining was found except that one 

case (GS 6) exhibited a weakly staining. A representative slide from each category of the 

stained tissues was displayed in Figure 3.5 and appendix C. As showed in the figure, 

FABP12 cytoplasmic staining was observed in all cases and the staining intensity of each 

case was recorded and shown in Table 5.  
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Table 5: Immunohistochemical staining of human prostate tissues with an antibody 

against FABP12. The tissues are classified as benign and malignant. Malignant tissues or 

carcinomas are further classified as weakly, moderately, and highly malignant carcinomas 

according to their combined Gleason scores (GS).  

 

 

 

  -ve + ++ +++ -ve + ++ +++ 

BPH 27 25 2 _ _ 27 _ _ _ 

Carcinoma 

(total) 

88 19 23 28 18  

GS 6 and 

below 

37 14 10 7 6  1 _ _ 

GS 7 18 4 3 8 3  _ _ _ 

GS 8-10 33 1 10 13 9  _ _ _ 

Tissue No. of 

cases 

Cytoplasmic staining intensities Nuclear stain intensities 
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Figure 3.5. Representative anti-FABP12-stained slides from different categories of 

the prostate tissues. A) BPH tissue stained negatively in both cytoplasm and the nucleus. 

B) A weakly malignant carcinoma tissue (GS6) was stained weakly positive. C) a 

moderately malignant carcinoma (GS7) was stained moderately. D) A highly malignant 

carcinoma (GS10) was strongly stained. E) A highly malignant carcinoma was stained 

strongly in cytoplasm but stained negatively in nucleus. F) Negative control. 
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3.4: Association of FABP12 expression to combined Gleason scores 

 

When the relationship between the FABP12 staining intensity and the combined GS was 

assessed, it was noticed that the staining intensity was the highest in the highly malignant 

carcinoma cases, as shown in figure 3.6.  For the highly malignant cases, 27% were 

stained strongly positive (+++), 39% were moderately positive (++), and 30% were 

weakly positive (+). There was a small percentage of highly malignant carcinomas did 

not express FABP12 and thus, stained negatively. 

Figure 3.6:  

A. FABP12 staining intensities in prostate carcinomas with different categories of 

the combined GS. 

B. Box plot of FABP12 cytoplasmic staining intensity of the carcinoma cases of low 

(≥6), moderate (7), and high GS (8-10). X axis represents Gleason score while Y 

axis represents cytoplasmic staining. 

 

N=88 
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For those moderately malignant carcinomas with a combine GS 7, 16.6% were stained 

strongly positive, 44.4% were moderately positive, and 16% were weak positive. There 

were 23% of the moderately malignant prostate carcinomas did not express FABP12 and 

thus, stained negatively. A decreased FABP12 cytoplasmic staining was observed in 

weakly malignant carcinomas with a combined GS ≤ 6. Only 6 % of the weakly 

malignant carcinomas were stained strongly positive. Nineteen and 27% of the weakly 

malignant carcinomas stained moderately and weakly positive, respectively. Fifty two 

percent of the weakly malignant carcinomas did not express FABP12 and thus, stained 

negatively. Amongst the 27 prostate BPH tissue samples, only 2 (7.4%) stained weakly 

positive, 25 (92.6%) samples were unstained.  

Comparing FABP12 expression in BPH to that in prostate carcinomas with χ
2
 test (χ

2
 = 

44.0931), the FABP12 staining intensities of the carcinomas was significantly higher than 

that in BPH tissues (χ
2
 test, p<0.00001). Comparing the staining intensities amongst 

carcinoma tissues, a significantly higher staining intensity was observed in high 

malignant carcinomas than that observed in weakly malignant carcinomas (χ2 test, χ2 = 

12.55, p<0.0005). The staining intensity of the highly malignant carcinomas was 

significantly higher than that observed in the moderately malignant carcinomas (χ
2
 test, 

χ
2
=4.8514, p<0.05). Although the staining intensity observed in the moderately malignant 

carcinomas was higher than that observed in the weakly malignant carcinomas, this 

difference was not significant (χ
2
 test, χ

2
=1.34, p>0.1). 
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3.5: Association of FABP12 expression with patient survival 

 

As showed in figure 3.7, Kaplan-Meier surviving curve was used to assess the 

relationship between the level of FABP12 expression and the patient survival time. Those 

patients with a high FABP12 expression had a median survial time of 25 months, 

whereas those cases with a low FABP12 expression had a median survival of 60 months. 

Thus, the increased FABP12 expression in prostate carcinoma has siginificantly (log rank 

test, p<0.05) reduced the patient survival time by an average of 35 months. 

 

Figure 3.7 : Kaplan-Meier survival curve of stained cases. X axis and Y axis represent 

the cumulative survival time in months against FABP12 expression levels, for two 

groups, highly and moderately stained groups.  Log-rank test, P value < 0.05. 

 

 

N=87 
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3.6: Association of the combined GS with patient survival 

 

Kaplan-Meier survival curve of prostate cancer patients was plotted according to their 

Gleason score and the result was shown in Figure 3.8.  The low malignancy cases with 

GS ≤6 had survived more than 80 months. While those cases with moderate GS 7 had 

survived for 80 months. The high malignant cases with GS ≥ 8 had survived for 18 

months only. The combined GS was significantly correlated with reduced patients’ 

survival time (log-rank test, p < 0.0001). 

 

 

 

 

Figure 3.8: Kaplan-Meier surviving curve of patients with prostate cancer. This curve 

shows the patients cumulative survival in months for different combined GS, 3 groups are 

presented, GS<6, GS 7, and GS ≥ 8 (Log-rank test, P <0.0001). X axis represents 

survival (in months) while Y axis represents cumulative survival. 

N=88 

Survival time (months) 
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3.7: Association of AR index with patient survival 

 

The association of AR index with PCa patient survival was assessed and the result is 

shown in Figure 3.9. Cases were categorized into three groups according to AR index: 

low AR level (AR index below 3), moderate AR level (AR index 4-6), and high AR level 

(AR index above 6). Patients with a low AR level had a median survival of 60 months.  

Patients with high AR levels had median survival of 24 Months. Although AR level had 

borderline correlation with patient survival, the differences in survival time are not 

statistically significant (Log-rank (Mantel Cox) test, p=0.06). 

 

 

 

 

 

 

 

 

 

Figure 3.9: Kaplan-Meier survival curve for prostate cancer cases. The association 

between the AR level and the patient survival.  X axis represents survival (in months) 

while Y axis represents cumulative survival. 

 

N=88 
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3.8: Association of PSA with patient survival 

 

PCa patients’ survival association to PSA was assessed through Kaplan-Meier survival 

curve. The cases were categorized according to PSA levels, into low PSA group (<10 ng) 

and high PSA group (>10 ng). In the low PSA group, the average patient survival time is 

60 months. Whereas in the high PSA group, the average patient survival time was 

reduced to 48 months. Although the average survival was different between the two 

group with low and high levels of PSA respectively, this difference was not statistically 

significant (Log-rank test, p=0.4). Thus the patient PSA level is not significantly 

correlated with the length of the patient survival time.   

 

 

 

 

 

 

 

 

Figure 3.10: Kaplan-Meier survival curve of PCa patients with low and high levels of 

PSA.  Patients’ cumulative survival was plotted against time in months for PSA. Two 

groups are presented: group 1, PSA level < 10 ng/ml, and group 2, PSA level >10 ng/ml. 

N=88 
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3.9: Correlation of FABP12 staining intensity to AR 

 

Box plot was used to analyze the correlation between FABP12 staining intensity and AR 

index levels. The FABP12 staining intensities were categorized into weak-, moderate- 

and high- staining groups as shown in Figure 3.11.  Mann Whitney U test showed that 

AR levels were not correlated with the FABP12 staining intensities in all three different 

group. The differences in AR indices either between low and moderate FABP12 stains 

(p=0.4), between moderate and high stains (p=0.6), or between low and high stains 

(p=0.1) are not significantly different. Thus, the FABP12 staining intensities of the 

carcinomas were not significantly correlated to their AR indices. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Box plot of FABP12 staining intensities against their AR indices. X axis 

represents 3 categories of FABP12 staining (weak, moderate and high), while Y axis 

represents AR index.  

 

N=88 

N=88 



109 
 

 

 

 

3.10: Correlation of FABP12 staining to PSA 

 

PSA levels of the carcinoma cases against the FABP12 staining intensities are shown by 

box plot in Figure 3.12. The correlation of FABP12 staining intensities with PSA levels 

was assessed by Mann-Whitney U test. The differences in the PSA levels between the 

low and moderate FABP12 stains (p=0.05), between moderate and high stains p=0.06, or 

between the low and high stains (p=0.08) were not significant. Thus, the FABP12 

staining intensities were not significantly correlated to the PSA levels of these tested 

carcinoma cases.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12:  PSA levels of the prostate carcinomas are not significantly correlated with 

FABP12 staining intensities. X axis represents FABP12 staining intensity while Y axis 

represents PSA in (ng/ml).  
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3.11 Gene knockout 

 

FABP12 gene knockout (KO) in PC3-M cells was achieved with CRISPR-Cas9 method , 

which is a state-of-the-art technique in gene editing. The gRNA was purchased from 

(Life Technologies, UK) and KO procedures were performed following the instructions 

of the manufacturer in the company protocol as described in methodology. 

Sequences were analysed to select the one which had the edited genomic material. The 

selected sequence that is shown in figure 3.13 was used for following experiments. It was 

used to transfect high malignant prostate cancer cell line PC3M to knockout FABP12 

gene. 
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.  

Figure 3.13: Nucleotide sequence of the CRISPR nuclease plasmid. The red letters are 

the guide sequence. This sequence was obtained from the plasmid DNA of a positive 

transformant colony and this sequencing analysis result confirmed that the guide 

sequence is successfully inserted into the plasmid in a correct orientation.   
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The transfection process was monitored through a fluorescence microscope (Zeiss Axio 

Observer Z.1. Zeiss, Germany). As shown in Figure 3.14, cells harbouring the plasmid 

exhibited an orange fluorescence due to the expressed orange fluorescent protein (OFP).  

 

Figure 3.14: Transfection of the PC3-M cells with plasmid containing the OFP gene. 

The appearance of the positively transfected cells expressing OFP in an orange colour. 

These images were obtained with a fluorescence microscope (Zeiss Axio Observer Z.1. 

Zeiss, Germany). 

 

Western blot was performed to assess FABP12 expression in parental PC3M cells and in 

the 4 sub-lines, named C2, C6, C13 and C27, respectively.  As shown in Figure 3.15.A, 

parental PC3-M cells expressed a very high level of FABP12. For the sub-lines, C6 and 

C27 did not express FABP12, but both C2 and C13 expressed FABP12, although the 
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levels were much lower than those seen in the parental control cells. The quantitative 

analysis of the intensities of the peak areas of the bands on the blot was shown in Figure 

3.16.B. When the level of FABP12 expression in PC3-M cells was set at 1, the relative 

FABP12 levels of C2 and C13 were 0.49±0.18 and 0.48±0.17, respectively. Thus, sub-

lines C2 and C13 expressed about 50% of the level of FABP12 detected in the parental 

PC3-M cells. For C6, the expression of FABP12 was completely abrogated. 
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Figure 3.15: Detection of the FABP12 expression in the parental PC3-M cells and in 

different sub-lines. 

A. Western bot analysis of the FABP12 expression in different cell lines 

B. Quantitative analysis of the relative levels of FABP12 in the control and in 

different sub-lines by densitometry scanning of the peak areas of the bands on 

the blot. Results were obtained from three different measurements (mean ± 

SD). 
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3.12 In Vitro assays 

 

3.12.1 Proliferation assay 

 

Presto blue proliferation assay was performed to study the effect of FABP12 gene KO on 

cell proliferation. Each of two sub-lines C6 and C13, and the parental control cell line 

PC3-M were assessed. The results were shown in Figure 3.16. When the number of cells 

(5000 cells) at the start of the assay was set at 1 for each cell line, the relative cell number 

reached the maximum at day 4. Whereas the maximum relative number of PC3-M cells at 

day 4 was 26000 ± 5468, the relative cell numbers of complete KO cell line C6 and the 

50% KO line C13 were 18827 ± 8350, 20980 ± 3882, respectively. Comparing with the 

cell number of PC3-M, the numbers of C6 and C13 cells were reduced by 1.38 and 1.24 

fold, respectively. It was significant for C6 (Student t-test, p=0.013, p=0.18). Comparing 

mean cell numbers of PC3M throughout the 6 days, the reductions of growth rates of both 

C6 and C13 were significant for C6 (P value =0.020, p =0.32), respectively. Moreover; 

the difference between C6 and C13 were also significant (Student t-test, p=0.030). 

 

 

 

 

 

50% KO Control.PC3M  
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Figure 3.16. Cell proliferation assay: 5000 from each cell line was cultured in triplicate 

in six 96 well plates and in each day one plate were removed to make cell number count.   

Assay was carried in triplicates for 6 days and the 3 tested cell lines were the parental 

PC3-M, C6 and C13, respectively. The difference was assessed by Student t-test. X axis 

shows the time (in days), while Y axis shows cell number. 
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3.12.2 Soft agar assay 

The assay to test cell anchorage independently growth in soft agar as an indication of 

tumorigenicity was performed using sensitive kit (Abcam, U.K) with the control PC3-M 

cells , C6 and C13 cells. At the end of the test, colonies formed by different cells in soft 

agar were scanned with a colony counter (Oxford Optronix, UK). As shown in Figure 

3.17, the number of colonies produced by the parental control cells PC3M was strikingly 

higher than those produced by the FABP12 KO cell lines C6 and C13. PC3M cell lines 

produced 80±20 colonies, whereas C6 and C13 produced only 7±3 and 15 ± 2 colonies, 

respectively (Figure 3.20).  When assessed with Student t-test, the differences between 

the colony number produced by PC3M and those produced by C13 and C6 are highly 

significant (p=0.009, p=0.01). However, when the colony numbers produced by (C6) and 

(C13) cells were tested, the difference is not statistically significant (Student t-test, p= 1). 
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Figure 3.17. Plates of soft agar colony formation assay. Colonies formed by 3 different 

cell lines:  PC3M cells,  C13 cells and  C6 cells.  

 

 



119 
 

A  

B 

 

Figure 3.18: Soft agar assay data analysis 

A. Quantification of soft agar data. 

B. Number of colonies by three different cell lines.  
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Cell line No of colonies + SD    P value 

Control PC3M 80 ± 20  

C6 7 ± 3 0.01 

C13 15 ± 2 0.009 
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3.12.3 Invasion assay 

 

The invasiveness of the 3 cell lines was tested with the cell invasion assay and the 

number of the invaded cells from each of the 3 cell lines was shown in Figure 3.19. As 

shown in the table, the number of the invaded cells from the parental PC3-M line was 31 

±9. The numbers of invaded cells from C6 and C13 were 14 ±7 and 10 ±6, respectively. 

Comparing with the number of the invaded cells from PC3-M, the invaded cells from 

both C6 and C13 were significantly reduced (student t-test, p=0.04 and p=0.02). But the 

difference between the number of the invaded cells produced by C6 and that produced by 

C13 is not statistically significant (student t-test, p=0.47). 

 

Table 6.  Number of invaded cells from three different cell lines. The results are from 

three separate tests (Mean ±SD).  

 

      

Cell line No. of invaded cells P value 

Control PC3M 31 ----- 

Colony 6 14 P value equals 0.04 

Colony 13 10 P value equals 0.02  when 

comparing to PC3M 
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Figure 3.19: Invasion assay 

A. Invaded cells under microscope, representing three groups of cell lines: PC3M, C6 and 

C13 cells.   

B. Numbers of the invaded cells from 3 cell lines.  
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3.12.4 Motility assay 

 

Migration is a fundamental characteristic for live cells. High migration ability is an 

indication of the metastatic potential of the cancer cells (106). In this work, Ibidi inserts 

were used to mimic the natural wound healing process. Then wound area was assessed in 

three different time points and quantified to evaluate cell migration ability of PC3M, C13 

and C6 cells. As shown in Figure 3.20 A, the wound healing speeds of the 3 cell lines 

were different. 

Data analysis at 24 hours showed significantly higher migration rate for PC3M compared 

to C6 cells (Student t-test, p=0.0014). Similarly, Migration rate for PC3M was 

significantly higher than C13 cell (Student t-test, p=0.0052). 

After 48 hours, the gap in PC3M cells was almost completely closed, whereas in C13 and 

C6 cells, the gaps were only partially closed.  The migration rate of the PC3-M cells is 

significantly higher that of the C6 Cells (Student t-test, p=0.02), its migration rate is not 

significantly higher than that of the C13 cells (Student t-test, p = 0.08). 
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Figure 3.20: Motility assay 

A. Speed of wound healing in three cell lines (PC3-M, C6 and C13), measured in three 

time points: 0, 24 and 48 hours.  

B. Quantitative assessment of the wound healing data with ImageJ software. X axis 

shows time (in hours), while Y axis shows wound area.  
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The growth and spread of prostate cancer (the most common male cancer) is caused by 

the increased activity of cancer-promoting genes. Thus, identification of these genes is an 

essential step for discovering reliable treatment targets. FABPs are a family of 

cytoplasmic proteins that act as lipid chaperones. They facilitate fatty acids transport; 

regulate cellular signaling and transcriptional activity (48). Over the past decade, 

involvements of FABPs in cancer pathogenesis have been investigated by different 

groups of scientists. It was proved that FABP1 played a role in hepatocellular carcinomas 

(41). FABP3 was suggested to play a role in non-small cell lung carcinomas (203), 

gastric cancer (88), leiomyosarcoma (49) and melanoma (127). FABP5 was proved to act 

as a PCa promoter and metastasis inducer (84). And it was detected in urine samples in 

cases with bladder cancer (48).  

Extensive studies are ongoing to target metabolic pathways that were disrupted in PCa. It 

was reported that PCa is associated with increased expression of the enzyme fatty acid 

synthase (FASN). This enzyme regulates palmitate synthesis and had a role in energy 

balance. It was detected in all types of PCa (6, 64), suggesting possible role of fatty acids 

in PCa. 

PCa may evolve to incurable CRPC. Previous research provided evidence on the 

association between these severe forms of PCa with disturbed fatty acids metabolism. It 

was found that tissues from CRPC patients showed high expression of FASN. One of 

characteristic features of cancer cells is their ability to produce endogenous fatty acids 

and cholesterol. These fatty acids will then be used by cancerous cells to promote growth, 
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and to resist treatment. Therefore, targeting fatty acids pathway could be a promising way 

for treatment of PCa (64, 246).  

Previous work of our group found that FABP4, FABP5, FABP6, FABP9 and FABP12 

exhibited clearly higher levels in part or all tested malignant cell lines compared to the 

level in the benign PNT-2 cells. Amongst these differentially expressed FABPs, FABP4 

was previously shown to be involved in promoting tumorigenicity of prostate cancer cell 

line DU145 (211).  Further investigation in human tissues showed levels of FABP4, 

FABP6 were not significantly different between BPH and prostate carcinomas. The study 

also showed that the increased FABP9 is significantly associated with the increasing 

malignancy of the carcinomas, and its increased expression is significantly correlated to 

the reduced patient survival. However, FABP9 knockdown by siRNA failed to show a 

significant suppression on tumorigenicity and metastasis (5).  Despite the previous work 

on FABPs involvement in carcinogenesis, no studies were conducted to investigate the 

possible role of FABP12 in prostate cancer. This may be partially because FABP12 gene 

is the most recently discovered member of the FABP family, and its functional role has 

not yet been explored. The current study conducted a systematic assessment of the 

expression status of FABP12 in benign and malignant prostate tissues and proved 

FABP12 overexpression in PCa cells and tissues. Moreover, this study demonstrated the 

possible functional role of FABP12 in PCa pathogenesis. 

4.1 Technical considerations 

This part will discuss the technical consideration in relation to gene editing technique and 

motility experiment. 
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A. CRISPR/Cas9 

  

RNA Interference (RNAi) has been used for years to transiently repress gene expression 

(213). The discovery of CRISPR/Cas9 has revolutionized the biomedical research for 

being robust, efficient and precise gene editing tool (18). Both techniques can be useful 

depending on the experimental design and question to be addressed. 

The aim of the current work was to assess the malignant role of FABP12 in PCa. 

According to (Figure 3.1.D), qPCR analysis shows relative level of FABP12 mRNA is 

higher than any other FABPs expression in PCa cell lines, if we chose to knockdown 

FABP12, it will be very difficult to reduce its expression or may leave residual 

expression, thus; the choice of CRISPR-Cas9 technique was to achieve knockout of the 

gene effect and study its functional role in PCa. Previous studies suggested that loss-of-

function phenotype may not be achieved through decreased protein levels, while 

knockout technique will lead to fully depleted functional protein (18).  

CRISPR technique was required to functionally characterize the role of FABP12 by 

knockout this gene in a highly malignant prostate cells model to assess whether FABP12 

knockout can affect the malignant characteristics of the cells, so as to determine the role 

that FABP12 plays in malignant progression. 

Moreover, CRIPSR is widely used technique in research, particularly cancer research. 

There is a need to establish it in our lab and assess its functionality in PCa to pave the 
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way for more advanced gene manipulations research in PCa. After this work on FABP12, 

future work will explore the knockout of more than one gene of FABPs family and assess 

their correlation with PCa.  

 

 B. Motility assay 

In this work, motility assay was applied to assess FABP12 KO effect on cell migration in 

PCa. After the inserts were removed, cells were monitored for wound closure. In order to 

ensure cell migration is due to cell migration not proliferation, cells were serum starved 

before the start of assay, to inhibit cells' ability to proliferate. Protocol was optimized to 

choose the most suitable duration, and serum free medium was used to rule out 

proliferative effects. 

In addition to the 48 h analysis, images were analyzed at 24 h to ensure the proliferation 

rate at lowest level. 24 h data analysis gives significant result as shown in section 3.12.4. 
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4.2 FABP12 was overexpressed at mRNA and protein levels 

The preliminary study using q-PCR showed that its mRNA level is 3.6- to 105- fold 

higher in malignant cell lines than that in the benign PNT-2 cells.  Western blot analysis 

showed that FABP12 is expressed in all cell lines detected. Although at the protein level, 

the increase of FABP12 in cancer cells are not as dramatic as that observed at the mRNA 

level, the results showed a strikingly high expression of FABP12 in three malignant cell 

lines (DU145, PC3 and PC3M) when compared to benign PNT2 cells. With values of 

12.8 ± 3.1, 10.8 ± 2.1, 16.3 ± 2.3; respectively. Both the weakly and the moderately 

malignant LNCaP and 22Rv1 cells had relatively lower FABP12 increases of 4.5 ± 2 and 

3.6 ± 1.5, respectively (figure 3.2).  These results did not only confirm that FABP12 level 

was greatly increased in all PCa cell lines as compared to the benign PNT-2 cells, but 

also suggested that the level of FABP12 expression was correlatively increased as the 

increasing malignant malignancies of the cancer cells. This result showed that in cell 

lines, the difference in FABP12 levels between benign and malignant phenotypes is as 

great as that observed in FABP5, whereas the general expression of FABP12 is more 

abundant than FABP5, since FABP5 is hardly detectable in PNT2 and LNCaP cells at the 

protein level (67). 
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4.3 FABP12 was overexpressed in PCa tissues 

 

The immunohistochemical staining of PCa cases showed that FABP12 is highly 

expressed in prostate carcinomas tissues. Compared to the BPH cases, FABP12 

expression was significantly higher in prostate carcinoma tissues (χ
2
 -test, p< 0.00001). 

The increased expression of FABP12 was correlated with the increasing GS, moreover; 

highly malignant and low malignant cases showed striking correlation significance (χ
2
 = 

12.55, P=0.000396) (Figure 3.6). Thus, this may reflect the feasibility to use FABP12 

alone or with GS as an indicator of high malignant cases. 

The association of the increased FABP12 expression with the high level of malignancy 

indicated that the elevated FABP12 may play a promoting role in malignant progression 

of the prostate carcinoma cells.  

The immunohistochemical staining pattern of FABP12 in prostate carcinoma tissue was 

almost all cytoplasmic staining. FABPs are lipid transporters and most of them are in 

cytoplasm. The example for this is FABP9 reported recently, which is also located in 

cytoplasm and which was proved to be associated with the prostate carcinoma tissues (5). 

However, in most studies, one member of the FABP family: FABP5 was stained in both 

cytoplasm and nucleus (67, 150), indicating that FABP5 may play a more complicated 

role in cancer cells than other members of the FABP family.  
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4.4 Poor patient survival was correlated with FABP12 overexpression and GS  

The results in this work showed that the average survival time of the low FABP12 

staining (most are weakly malignant carcinomas) was 60 months; whereas that of the 

carcinoma cases with relatively high FABP12 staining (most are highly malignant 

carcinomas) was 25 months (Figure 3.7). Thus, the patients with a low FABP12 

expression level survived longer than those with a high FABP12 level by an average of 

35 months. The increased FABP12 expression was significantly associated with poor 

patient survival (log rank test, P=0.05). These results suggested that FABP12 is a 

prognostic factor which can be used as a biomarker to predict the patient survival. 

Although previous work found a few members of FABP family were highly expressed in 

prostate cancer tissues, only FABP5 and FABP9 were significantly correlated with 

patient survival (67, 5). In this study, we found FABP12; the most recently discovered 

member of the FABP family, FABP12, is also a prognostic marker for prostate cancer.  

The roles of AR as both diagnostic and prognostic markers for PCa have been in dispute 

for a long time. In the current study, our results in this specific archival set of tissue 

samples showed that the AR index was increased in prostate carcinomas (figure 3.12). 

Although the increased AR index had a borderline correlation with patient survival, this 

correlation was not statistically significant (Log-rank test, p=0.06). 

A previous study suggested that for PCa patients undergoing androgen deprivation 

therapy, PSA level, may be an indication of better survival (126). However, some other 

studies suggested that PSA can predict survival only when combined to other factors 

forming a nomogram, in which several factors were collected to predict patient survival. 
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PSA was not considered as an ideal marker. Since PSA can be produced and secreted by 

both benign and malignant prostate cells, high serum PSA level can only reflect the 

enlargement of prostate size; it cannot discriminate benign from malignant disease (73). 

Thus, previous work showed that as a prognosis marker, PSA needs to be combined with 

other factors. In this current study, we found that the average survival time for low PSA 

(<10 ng) was 60 months (Figure 3.10). Whereas the high PSA (>10 ng) cases was 48 

months. Although it seemed to have a 12 months difference, statistical assessment 

showed that the increased PSA level was not significantly correlated with the patient 

survival (Log-rank test, P =0.4). 

Apart from the problem of lacking biomarker for prostate cancer diagnosis and prognosis, 

over biopsies is a problem in initial diagnosis of PCa. GS remains one of the major 

valuable factors for PCa prognosis (63). More accurate biomarkers which may be used to 

predict the malignant tendency of the cases are urgently required to replace GS and hence 

to avoid this invasive biopsy procedure. To study further the prognostic value of 

FABP12, we assessed the possible correlation between the increased FABP12 expression 

and the GS. When FABP12 staining intensity was analyzed among low and high GS 

cases of prostate carcinomas (Figure 3.6/B), a significant correlation was found between 

GS and FABP12 staining intensity (Mann Whitney P≤0.003). This result suggested that 

FABP12 may have a potential to be used as an independent biomarker for diagnosis and 

prognosis of PCa cases. It may provide a foundation for development of a new diagnosis 

or prognosis method, independent of the biopsies and GS diagnostic procedures. 

Our analysis of correlation of staining intensities between AR and FABP12 or between 

PSA and FABP12 in PCa cases yielded non-significant correlations (P=0.8) and 
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(P=0.08). These results, in combination with the assessment that the expression of 

FABP12 was significantly correlated with the increasing GS, suggested that FABP12 is 

closer to GS as a biomarker, which is far better in predicting the patient outcome than 

either AR index or PSA level. 

 

4.5 Role of FABP12 in PCa metastasis 

The development of cancer metastasis is a multi-step process in which different cellular 

characteristics are modified. Moreover, cells will acquire new features. Examples of these 

features of the cancer cells are the increases in cellular proliferation, migration, invasion, 

and colony formation (249). To assess the possible promoting role of FABP12 in PCa 

carcinogenesis, we have systematically assessed the effect of FABP12 KO on these 

malignant characteristics of the highly malignant PCa cells. Since each gene has two 

alleles, we hypothesized that our KO work has produced a colony (C6) with both alleles 

being knocked out and produced approximately 100% FABP12 suppression. Another 

colony (C13) exhibited about 50% reduction in FABP12 level, it was hypothesized that 

only one allele of the FABP12 gene was knocked out. Proliferation assay results showed 

that the cell numbers from C6 and C13 at day 6 of the assay were reduced by 1.38 and 

1.24 fold (p=0.02, p=0.32), respectively, compared with the control PC3-M cells. These 

results indicated that even a single allele KO or partially suppressed FABP12 expression 

had inhibited the cell proliferation.  This proved that FABP12 was promoting growth in 

highly malignant PCa cells and targeting FABP12 by either a complete KO or a single 

allele KO will result in reduced cancer cell proliferation. It was proved previously that 
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cancer cells can synthesize endogenous fatty acids to promote cancer cell growth via 

glycolysis and other pathways (250). This previous work combined with our results in 

this study suggested that FABP12 plays a promoting role to cancer cells and it promotes 

the cancer cells growth by transporting fatty acids into cancer cells. 

Comparison of the cell migration showed that cells migrated through wound gap were 

reduced significantly in C6 compared to PC3M (p=0.02). Analysis of invasion assay 

showed that cellular invasion was highly affected by FABP12 KO. C6 cells produced 

54.8 % decrease in invaded cells comparing to PC3M and C13 cells produced 67% 

decrease in invaded cells as compared to PC3M cells. When tested in soft agar for 

anchorage independent growth, both C6 and C13 cells produced significant reductions in 

colony formation as compared to parental PC3M (p=0.01, p=0.009). Like that from 

proliferation assay, all these results obtained from invasion assay, migration assay and the 

soft agar assay confirmed a significant suppressive effect by FABP12 KO in PCa cells. 

Since the suppression on colony formation in soft agar is so great, the colonies produced 

by C6 and C13 cells is only 7 and 15 respectively, it is unlikely that these cells are able to 

produce tumors in nude mouse. These results firmly established a promoting role of 

FABP12 in PCa cells. Although further investigation is needed on the exact molecular 

mechanisms of how FABP12 promoted tumorigenicity, it is reasonable to hypothesize 

that the greatly increased FABP12 expression may transport large amount of intra- and 

extracellular fatty acids to cytoplasm of the cancer cells to enhance the fatty acid-signal 

transduction and eventually lead to the promotion of the malignant progression of the 

cancer cells. Thus, FABP12 is a novel therapeutic target for treatment intervention. 
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4.6 Mechanistic model of FABP12 involvement in PCa  

 

 

Previous studies on other FABPs family members identified an association of peroxisome 

proliferator-activated receptors (PPARs) in PCa pathogenesis. PPARs are fatty acids 

receptors of three isotypes (PPARα, PPARβ/δ and PPARγ). Their main function is to 

control lipid metabolism (7, 119, 136). Their role in carcinogenesis was previously 

explored, particularly PPARγ. Increased expression of PPARγ was correlated with 

bladder and prostate cancers (137, 190). 

It was speculated that highly expressed FABP5 interacts with increased PPARγ in a 

coordinated manner to induce progression of PCa (67). Numerous studies showed the 

positive association between PCa and PPARγ overexpression. Moreover,                      

elevated level of PPARγ drives PCa metastasis (4, 129). 

The correlation between the newly discovered FABPs member FABP12 and PPARγ was 

assessed in a recent study, which hypothesized that FABP12 promotes PCa through 

PPARγ pathway. Additionally, FABP12 induces EMT which increases cellular motility 

and migration (129). 

Liu et al. suggested the role of FABP12 in PCa metastasis as the following: FABP12 

overexpression         activated PPARγ           disrupted lipid metabolism               EMT, 

increased migration and invasiveness (129).  

Both PPARγ and AR are nuclear receptor that involve in normal prostate development 

and PCa, both influence each other within prostate cells. Previous study suggested that 
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PPARγ activation is induced by suppressing AR signaling in PCa (60,160, 161). It was 

hypothesized that CRPC development in late stage PCa.  may be attributable to FABP12 

expression and PPARγ pathway activation (129). However, further studies are required to 

fully understand the correlation of FABP12 and PPARγ in PCa.   
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Conclusion 

In this study, I proved that FABP12 expression level is significantly increased in PCa cell 

lines and its level of increase is associated with the increasing malignancies of the cells. 

The results of this work also showed that the level of FABP12 in prostate carcinomas is 

significantly increased when compared with that in the BPH tissues. While the level of 

FABP12 in moderately malignant prostate carcinomas (GS 7) is significantly higher than 

that expressed in weakly malignant carcinomas cases (GS 2-6), its level in moderately 

malignant carcinoma is significantly lower than that expressed in the highly malignant 

carcinoma cases (GS 8-10).   

When it was correlated with other currently used diagnostic biomarkers, the increased 

FABP12 in prostate carcinomas is significantly associated with the increased combined 

GS, but not with the increased levels of PSA and AR index. Similar to the increased level 

of combined GS, the increased FABP12 is significantly associated with a shorter patient 

survival time. However, the increased PSA or AR index are not significantly associated 

with the patient survival time. Thus, like the combined GS, FABP12 may be used as a 

new marker for PCa diagnosis and a novel prognostic marker to predict the PCa patient 

outcomes.  

In this work, I have characterized the FABP12’s functional role in PCa cells and found 

that the increased FABP12 promoted the malignant progression of the cancer cells and 

the malignant progression of prostate cancer can be suppressed by either completely 

knocking out the FABP12 gene or partially suppressing its level of expression.  Thus 

FABP12 is a novel target for PCa therapeutic intervention.  
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Future Work 

-To investigate the molecular mechanisms on how FABP12 promoted the malignant 

progression of the cancer cells by studying its possible association with PPAR-γ or other 

metabolic pathways. 

-To measure the levels of FABP12 in blood and urine samples of healthy men and PCa 

patients to assess whether serum or urine FABP12 level can be used as a novel diagnostic 

or prognostic biomarker.  

-To investigate the possible relationship between FABP5 and FABP12 and to assess 

whether these two FABPs promote tumorigenicity of PCa cells in a coordinated manner. 

-To identify or synthesize possible FABP12 inhibitors and to study the possibility of 

using these inhibitors as therapeutic agents to suppress the malignant progression of PCa 

cells. 
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Appendix. A 

 

Equipment .1 

BD BioCoatTM Growth Factor Reduced (GFR) Matrigel TM Invasion Chamber Carbon 

Steel 

BD Biosciences, USA 

………………………………………………………………………………………… 

CO2 incubator Model TC2323 

Borolabs, Basingstoke, UK 

……………………………..…………………………………………………………… 

Cell culture filter cap flasks 

Cell culture plates 

Cryogenic vial 

Nunc, Denmark 

………………………………………………………………………………………… 

Coverslip 20×40mm 

Shandon, UK 

………………………………………………………………………………………… 

Carbon steel surgical blades 

Swann-Morton, Sheffield, UK 

…………………………………………………………………………………………. 

Falcon 2059 tube 

Becton Dikinson, USA 
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………………………………………………………………………………………… 

Gel electrophoresis 

Bio-Rad, UK 

..………………………………………………………………………………………… 

GelCount 

OXFORD OPTRONIX, Oxford, UK 

………………………………………………………………………………………..… 

Haemocytometer slide 

Weber scientific International, NJ, USA 

..………………………………………………………………………………………… 

Hot plate (Ori-Block 08-3) 

Techne, England, UK 

..………………………………………………………………………………………… 

Haemocytometer 

SLS Ltd., Nottingham, UK 

………………………………………………………………………………………… 

Immobilon, Transfer membrane 

Millipore, UK  

………………………………………………………………………………………... 

Microtome HM355 

Microm, Oxford, UK 

..………………………………………………………………………………………… 

Microtubes 

Starlab, Milton Keynes, UK 

………………………………………………………………………………………… 
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Microslide 

Surgipath, UK 

..………………………………………………………………………………………… 

Multiskan MS plate reader 

Labsystem, Finland 

………………………………………………………………………………………… 

Microcentrifuge 

Beckman coulter, UK 

..………………………………………………………………………………………… 

Needle 

BD Microlance, Ireland 

..………………………………………………………………………………………… 

NanoDrop spectrophotometer 

Labtech International, Ringmer, UK 

………………………………………………………………………………………… 

Pipette tips 

QIAGEN, Crawley, UK 

………………………………………………………………………………………… 

Syringes 

BD Microlance, Ireland 

..………………………………………………………………………………………… 

Spectrophotometer 

BioTec, Brigend, UK 

 

..………………………………………………………………………………………… 
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Superior Adhesive slide 

Leica, Germany 

………………………………………………………………………………………. 

Cell culture pipettes 5-50 ml 

Greiner Bio-One bio-one, UK 

..………………………………………………………………………………………… 

Universal tube 

Greiner Bio-One, UK 

..………………………………………………………………………………………… 

Water bath 

Grant Instruments, UK 

..………………………………………………………………………………………… 

Whatman filter paper 

Whatman, England, UK  

 

Reagents  .2 

 

Reagents for cell culture 

 

DMSO                                   Sigma-Aldrich, Germany 

Foetal calf serum                   Gibco, Invitrogen, Paisley, UK 

L-Glutamine                          Lonza, Belgium 

Opti-MEM I medium            Gibco, Invitrogen, Paisley, UK 

Penicillin/ Streptomycin        Lonza, Belgium 

Phosphate buffered saline (tablet)  Gibco, Invitrogen, Paisley, UK 
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RPMI 1640                            Gibco, Invitrogen, Paisley, UK 

Sodium pyruvate                   Sigma, USA 

Trypsin                                  Gibco, Invitrogen, Paisley, UK 

Versene                                    Gibco, Invitrogen, Paisley, UK 

Zeocin                                      Invitrogen, CA, USA 

 

Reagents for Western blot 

                                             

                                      Sigma, USA  β-mercaptoethanol                     

Ammonium persulfate (APS)    Sigma, USA 

Bradford reagent                        Sigma, USA 

Bromophenol blue                     Sigma, USA 

CelLytic-M                                Sigma, USA 

Coomassie blue                          Bio-Rad GmbH,UK 

ECL detection kit                       GE Healthcare, Buckinghamshire, UK 

Glycine                                       Melford, UK 

Methanol                                    Fisher scientific, Loughborough, UK 

 

Reagents for IHC 

 

EnVisionTM FLEX/DAB Chromogen       Agilent Technologies, UK 

EnVisionTM FLEX/HRP                           Agilent Technologies, UK  

Ethanol                                                        Sigma, UK 

Haematoxylin                                              Sigma, UK 

Hydrogen peroxide 30% (w/w)                   Sigma, UK 
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Sodium citrate                                             Sigma, UK 

Sodium chloride                                          Melford, UK 

Tris base ultrapure                                       Melford, UK 

Tween-20                                             Sigma-Aldrich, Germany 

Xylene                                                  GENTA, Tockwith, UK 

 

Reagents for general molecular biology 

 

Ampicillin                                              Sigma, USA 

Agarose                                                  Genflow, Fradley, UK 

Glucose                                                  Sigma, USA 

Glycerol                                                  Sigma, USA 

Isopropanol BDH, England, UK 

LB agar                                                   Sigma, USA 

LB broth                                                 Sigma, USA 

Magnesium chloride                              Sigma, USA 

Magnesium sulphate                              Sigma, USA 

Zeocin                                                    Invitrogen, CA, USA  

 

Reagents for cell invasion assay 

Crystal violet                                         Sigma, USA 

Reagents for soft agar assay 

 Cell Transformation Assay Kit              Abcam, UK 
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BUFFERS3. 

 

Cell Culture 

Routine cell culture medium 

RPMI medium 1640……….500ml 

Foetal calf serum…………. 10% (v/v) 

Pen-Strep (5000 U/ml) …... 5ml 

L-Glutamine (20mM) …… 5ml 

Sodium pyruvate (100mM) ... 5ml 

Selective medium 

Routine medium with ZeocinTM… (100μg/ml) 

Trypsin/EDTA solution (T/E) (2.5%) 

1 ×Versene……………. 100ml 

Trypsin…………………2.5ml 

MTT solution (5mg/ml) 

MTT…………………….50mg 

PBS……………………...10ml 

PBS 

PBS………………………1 tablet 

dH2O…………………… 500ml 

Autoclaved 

Western Blot 

M Tris pH 6.8 

Tris base………………...12.1gr 

dH2O…………………. 100ml 
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pH adjusted with HCl 

 

10% (w/v) SDS solution  

Sodium Dodecyl Sulfate…10gr 

dH2O…………………100ml 

  (w/v) APS solution 10 % 

Ammonium  persulfate...100mg 

dH2O…………………...1ml  

2) ×SDS-PAGE sample loading buffer (SLB 

M Tris-HCl (pH 6.8) …2.5ml 

Glycerol 40% (v/v) …... 4ml 

Bromophenol blue 0.5% (w/v) …...0.8ml 

SDS 10%........................2ml 

β-mercaptoethanol…….0.5ml 

dH2O…………………. 4.7ml 

5) ×SDS-PAGE sample loading buffer (SLB 

M Tris-HCl (pH 6.8) …1.25ml 

Glycerol 40% (v/v) …….15ml 

Bromophenol blue 0.5% (w/v) …2.5ml 

SDS 10% ……………………….5ml 

β-mercaptoethanol …………….1.25ml 

Transfer buffer (pH 8.3) 

Glycine ……………………….14.4g (192mM) 

Methanol …………………… 20% (v/v) 

Tris base ……………………. 3.03g (25mM) 
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dH2O ………………………. up to 1Lit 

pH adjusted with HCl 

10) ×TBS buffer (pH 7.6 

Sodium chloride …………... 87.66gr (1500mM) 

Tris base …………………... 60.58gr (500mM) 

dH2O ……………………… up to 1 Lit  

pH adjusted with HCl 

Autoclaved 

TBS-Tween 1% x1 

x10 TBS buffer …………… 100ml 

Tween 20 …………………. 1ml 

dH2O ………………….…. up to 1 Lit 

TBS-T-milk 5% 

Dried milk ………………. 5gr 

TBS-T ………………... 100ml x1 

 

Immunohistochemistry 

Hydrogen peroxide-Methanol solution 

Hydrogen peroxide 30% (w/w) ….12ml 

Methanol ………………………... 400ml 

Sodium citrate buffer (10mM) 

Tris sodium citrate……………. 29.41gr 

dH2O …………………………. up to 10 Lit 

pH 6; adjusted with HCl 
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EDTA buffer (pH 7) 

EDTA …………………………37.2gr 

Sodium hydroxide …………… 3.2gr 

dH2O …………………………. up to 10 Lit  

 

TBS-Tween 5% 

Sodium chloride ……………... 87.66gr (1500mM) 

Tris base ……………………... 60.58gr (500mM) 

Tween 20 ……………………. 5ml 

dH2O …………………………. up to 10 Lit 

pH adjusted with HCl 

 

Acid/alcohol 1% 

HCl …………………………… 20ml 

IMS …………………………... 1400ml 

dH2O …………………………. 60ml 

 

Scott’s tap water 

MgSO4…………………….…. 20gr 

NaHCO3……………………... 3.5gr 

dH2O ………………………... up to 1 Lit 

 

Molecular Biology 

LB medium 

LB broth ……………………20gr 
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dH2O ……………………… 1 Lit 

Autoclaved 

LB agar 

LB agar …………………….35gr 

dH2O ……………………… 1 Lit  

Autoclaved 

 

Glycerol ………………… 5ml 

LB medium ……………. 4ml 

Bacteria culture ………... 3ml 

10 ×TBE stock solution 

Tris base ………………. 108gr (890mM) 

Boric acid ……………... 55gr (890mM) 

EDTA 0.5M, pH 8 ……. 40ml (20mM) 

dH2O …………………. up to 1 Lit 

Adjust the pH and sterilized by autoclave  

50x TBE stock solution 

Tris base ……………… 242gr 

Glacial Acetic Acid …... 57.1gr 

EDTA 0.5M, pH 8 …… 100ml 

dH2O …………………. up to 1 Lit 

Adjust the pH and sterilized by autoclave 

TE buffer (pH 7.6) 

Tris-HCl ……………… 1.21gr (10mM 

EDTA ………………… 0.3722gr (1mM 
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dH2O …………………. up to 1 Lit 

Adjust the pH and sterilized by autoclave 
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Appendix .B  

STR profile for cell lines used in this project 
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Appendix C. Supplementary materials Western blot 

Expression of FABP12 in PCa cells 

 

 

Figure C.1 This figure represents FABP12 expression in PCa cells. Anti-FABP12 

antibody (Abcam, ab155089) was applied and  PC3M highly malignant cell line was used 

as a control. This blot shows how antibody detects FABP12 (15 KDa) in PC3M cells, as 

compared to reduced exression in edited colonies . The image on left represents anti B-

actin that was used as a loading reference as described in methods.  
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Figure C2 . Expression of different FABPs in PCa cell lines (5, 67). 

A 

B 

C 

D 
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This figure compares expression of different FABPs in prostate cell lines A.FABP5, 

B.FABP6,  C. FABP9 , D. FABP12  

The pattern of expression was different between the members of FABPs family; FABP5 

expression in PNT2 and LNCaP cells was not detectable. While in FABP12, there was 

clear expression in these two cell lines. 

FABP9 was expressed only in high malignant PCa cell lines PC3, PC3M.  For FABP6, 

and although it was expressed in low and moderate cell lines, it was slightly expressed in 

high malignant PCa cells: PC3 and PC3M; while FABP12 showed high expression in 

high malignant cell lines. 
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Figure C.3 Blocking of anti-FABP12 antibody by rhFABP12.  

A supplementary image to figure 3.3 showed detection of FABP12 in control group (left 

image), in which no rhFABP12 is added to hybridize the first antibody anti-FABP12. 

Three cell lines were used PNT2, PC3, and PC3-M. FABP12 represented as single band 

(red arrow), β-actin band (blue arrow).  

While the right image showed the suppression of FABP12 with rhFABP12 for 48 h. in 3 

cell lines PNT2, PC3 and PC3-M. 
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Appendix D. Supplementary analysis for CRISPR/Cas9 gene KO 

In this part, figures from genomic analysis of PCa KO clone are shown.  

Sample from colony 6 (which is PC3M KO clone) was sent to GENEWIZ company to 

run PCR and sanger sequence, results from genomic analysis are presented below. The 

PCR done on a lysate of the prostate cell line colony 6, which showed the highest 

reduction in FABP12 expression as indicated in figure 3.15. Primers were supplied by 

company (not shared with consumer for commercial reasons). Then, amplicons sent for 

Sanger Sequencing using the same primers that have been used to generate the 

amplicons. The data were then analyzed as below :  

A 

 

 

B 
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Figure D1: Genomic analysis of PC3M KO clone 6. (A more detailed schematic figure is 

presented Figure 17.A in methodology). A represents reverse strand while B. shows the 

forward strand, each consists of 20 nucleotides. The sequence inserted is clearly shown. 

The inserted sequence is attaching to PAM sequence (AGG) that will guide Cas9 to 

initiate the cut.  
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