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Abstract 

 
Development of novel therapies for colorectal carcinoma using dietary indoles 

 

Alastair Forbes Brookes 

 

 

Colorectal carcinoma is the third commonest cancer in the UK and is the second 

commonest cause of cancer related death. There is a need for efficacious 

chemotherapeutic and chemopreventative agents against colorectal carcinogenesis. 

 

Indole-3-carbinol and its acid condensation product, 3,3 diindolylmethane (DIM), 

exhibit anti-tumourigenic activity in preclinical models. This study investigated their 

therapeutic potential in colorectal carcinoma. 

 

A panel of four colorectal carcinoma cell lines (HT29, HCT116, SW480 and SW620) 

was used to compare effects of DIM and I3C on cell viability, induction of apoptosis 

and cell cycle arrest. Treatment with DIM or I3C resulted in dose-dependent 

reductions in cell viability. Cell lines were sensitive to 25–75 µM DIM (GI50 = 45 

µM), but not to 200 µM I3C.  

 

DIM (40 µM) induced apoptosis in all cell lines. This was associated with 

downregulation of survivin and appeared to be independent of p53. Furthermore it 

induced G1 arrest in HCT116, SW480 and SW620 and G2/M arrest in HT29. DIM 

induced activatory phosphorylation of Chk2 in HT29 but not in HCT116. DIM 

downregulated cell cycle proteins: PLK1, cdc25C, cdc2 and cyclins B1, D1 and E. 

 

Since all colon cancer cell lines expressed significant levels of Src, their response to 

Src inhibition was investigated. Colon cancer cells were modestly sensitive to 

AZD0530 (AstraZeneca), but combination with indoles reduced viability to a greater 

extent than single agent treatment. Combining 40 µM DIM with 1 µM AZD0530 was 

particularly effective, reducing viability by half after 48 hours on average. Decreases 

were sustained and progressive over extended timepoints.  

 

Attempts were made to establish primary cultures from resected hepatic metastases 

however issues were identified with cell death, fibroblast overgrowth and slow cell 

turnover.  Potential changes to address these were identified. 

 

These data suggest chemotherapeutic potential of DIM in colon cancer, particularly in 

combination with Src inhibition. 
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1.1. Cancer 

Cancer is a major cause of mortality and morbidity worldwide. In the United 

Kingdom 250,000 new cases are diagnosed per annum and cancer is deemed the cause 

of over a quarter of all deaths, making it the second commonest cause after circulatory 

diseases, in this country. Overall it is estimated that greater than 1 in 3 people will 

develop some form of cancer within their lifetime (1,2). 

 

Tumours are classified according to their original cell type and whether they are 

malignant or benign. Examples include adenomas which are benign tumours of 

epithelial glandular tissue and adenocarcinomas which are malignant tumours derived 

from epithelial glandular tissue.  

 

Cancer occurs as a result of DNA damage leading to an imbalance between 

proliferative and pro-apoptotic signalling factors. This damage may be due to 

extrinsic environmental factors, referred to as mutagens or carcinogens, or may be 

intrinsic due errors during cell division. In order for malignant transformation to occur 

a number of mutations must be accrued by the cancer cell enabling it to acquire the 

‘hallmarks’ for full malignant potential. As described by Hanahan and Weinberg these 

are (3): 

1. Self sufficiency in growth signals 

2. Insensitivity to anti-growth signals 

3. Ability to invade tissues and to metastasise 

4. Limitless replicative potential 

5. Sustained angiogenesis 

6. Evasion of apoptosis 
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7. Reprogramming of energy metabolism 

8. Ability to evade the immune system 

Various mutations can give rise these characteristics and will vary between individual 

tumours. Over half of cancers are attributable to environmental and lifestyle factors. 

However in a small proportion of cases the genetic mutations are inherited and in 

approximately 5% of tumours a strong heritable genetic basis is identifiable (2,4). 

Examples of the later group include Li-Fraumeni syndrome, resulting from an 

inherited mutation of the p53 gene, which predisposes to a number of cancers, 

including breast, ovarian, uterine, pharyngeal and gastric carcinomas, and mutations 

in the breast cancer 1 and 2 (BRCA1 and BRCA2) genes which predispose to the 

development of breast, ovarian, pancreatic and prostate carcinomas. The genes that 

are mutated in carcinogenesis usually fall into one of two broad categories: oncogenes 

and tumour suppressor genes. Oncogenes, when mutated, upregulate the processes 

involved in the evolution of malignant change, whereas tumour suppressor genes 

retard the process of cancerous change, for example they may promote apoptosis (5).  

 

Other factors also influence the incidence of cancer, in particular age, with only 1% of 

tumours occurring in children and the majority occurring in the elderly population (2). 

This reflects the fact that cancers usually develop through the progressive build up of 

mutations, often secondary to prolonged exposure to carcinogens, and then the 

amassing of tumour bulk through replication of the mutated cells.  

 

1.1.1 Colorectal carcinoma 

Colorectal carcinoma is the third most common cancer in the UK after lung and breast 

carcinomas and is the second most common cause of cancer related death, accounting 
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for 10% of cancer related mortality. Approximately 35000 new cases of colorectal 

carcinoma are diagnosed each year (1,2,6).  

 

Colorectal cancer is an adenocarcinoma. The aetiology of colorectal carcinoma has 

undergone extensive research and recent studies have clearly shown that the 

development of colorectal cancer is determined by a series of genetic and epigenetic 

events. The genetic events may be divided into two major types: microsatellite 

instability and chromosomal instability (7). In the microsatellite instability pathway 

tumours arise as a result of alterations on tandem repeats of DNA sequences due to 

mutations in genes encoding DNA mismatch repair enzymes (7). The key pathway 

remains the chromosomal instability pathway, also called the adenoma-carcinoma 

sequence, first described by Fearon and Vogelstein (8) and subsequently refined by 

others (9). In this pathway tumours are proposed to arise within pre-existing 

adenomas through a series of genetic mutations giving rise to a progressive change in 

the epithelial cells from normality through dysplasia to invasion. There is evidence of 

cross talk between the two pathways and the likelihood is that varying combinations 

of the two occur (7). 

 

The majority of colorectal carcinomas are sporadic. However there are some 

hereditary conditions accounting for around 5% of cases and overall 20-30% are 

believed to have a familial basis where no distinct genetic basis for the predisposition 

has yet been identified (10). The commonest two genetic conditions are hereditary 

non-polyposis colorectal cancer (HNPCC) and familial adenomatous polyposis (FAP) 

accounting for approximately 3% and 1% of all colorectal carcinomas respectively 

(10-12).  FAP is transmitted in an autosomal dominant fashion and is characterised by 

the formation of a large number of colonic polyps. Mutation of a single tumour 
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suppressor gene, the adenomatous polyposis coli (APC) gene on chromosome 5, has 

been identified as being responsible for FAP, though over 300 different mutations 

have been demonstrated. HNPCC is also transmitted in an autosomal dominant 

fashion. A number of responsible genes have been identified of which 6 (MLH1, 

MSH2, MSH3, MSH6, PMS1 and PMS2) are routinely assessed in individuals and 

tumours deemed to be at increased risk (13-15). Unlike FAP, HNPCC, as its name 

implies is not characterised by extensive polyp formation. Patients with FAP have an 

almost 100% risk of developing colorectal cancer by the age of 40, whereas patients 

with HNPCC have an 80% lifetime risk (10,12). 

 

A number of lifestyle factors have been shown to correlate with an increased risk of 

developing colorectal carcinoma and specifically, epidemiological studies have shown 

a link between a diet low in vegetables and fruit and an increased risk of colorectal 

cancer (16,17). 

 

The presentation of a tumour varies according to its position - for example a right 

colonic lesion may give anaemia due to occult bleeding, weight loss or a palpable 

mass, whereas left colonic lesions may present with abdominal pain, altered bowel 

habit, rectal bleeding and, in the case of low rectal tumours, a sensation of incomplete 

defecation (tenesmus). Forty percent of tumours will present as emergencies with 

symptoms of obstruction or perforation and these cases are associated with a poorer 

outcome.  

 

Colorectal carcinoma is usually staged using the modified Dukes’ classification: 

 A: Tumour confined within muscularis propria 

 B: Tumour extends through muscularis propria 
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 C1: One or more regional lymph nodes involved but apical node free of 

disease 

 C2: One or more regional lymph nodes, including the apical node, involved 

 D: Distant metastases 

 

Currently the primary treatment modality is surgical resection of the tumour aiming to 

remove a clear margin of uninvolved tissue and the regional lymph nodes as far as the 

origin of the feeding vessel. Adjunctive treatment depends upon both the site of the 

primary tumour, evidence of spread and the condition of the patient. Prognosis is 

related to the stage of the disease at presentation ranging from 90% survival for 

patients with Dukes’ A disease to 5% for those with Dukes’ D disease (18,19). 

 

After regional lymph nodes, the liver is the commonest site for metastatic disease; at 

the time of surgery for the primary tumour 20-30% of patients will have evidence of 

hepatic metastases and a further 40-50% will subsequently develop hepatic 

metastases. At the present time, without treatment the 1 year survival rate is 31% and 

this falls to near 1% at 3 years. Surgery offers the only potentially curative treatment 

modality for these patients however only a relatively small proportion are considered 

suitable and even then the 5 year survival is 26-49% (20,21). 

 

1.1.2. Diet and Cancer 

There is increasing epidemiological evidence that diet influences the risk of 

developing cancer to the extent that dietary intake has been identified as one of the 

most readily modifiable determinants of cancer risk with up to 35% of cancers being 

attributable to dietary factors (22). Studies have demonstrated  carcinomas of the 
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colon, breast, prostate and pancreas are commoner in developed countries of Western 

Europe and North America than in Africa or Asia (23,24). Further studies of migrant 

populations have demonstrated that these trends are dependent on environmental 

factors rather than having a genetic basis (25,26). Specific risk factors have been 

identified, for example a high alcohol intake is associated with an increased incidence 

of head and neck, oesophageal and breast cancers (27-29) and a poor fruit and 

vegetable intake is associated with an increased risk of colon cancer (16,17). 

 

Following on from the epidemiological data, several dietary compounds have been 

identified which appear to exert a protective effect against the risk of malignancy 

including reservatrol, a polyphenol present in grapes; vitamin D; curcumin, a 

polyphenol found in turmeric; and indole-3-carbinol, an indole found in cruciferous 

vegetables. Several potential pathways for the bioactivity of these compounds have 

been proposed and investigation of these is ongoing (23,30-32). The potential uses of 

these bioactive compounds are two fold. Firstly they may have a chemopreventative 

role and secondly they offer the potential for the development of further treatments for 

patients with proven malignancies, particularly when one considers that a number of 

chemotherapeutic agents in current use were originally derived from natural sources, 

for example the vinca alkaloids. 

 

1.1.3. Cancer chemoprevention 

Chemoprevention is defined as the use of agents to inhibit, reverse or retard 

tumorigenesis (32). Chemopreventative agents can be divided into two subgroups: 

1. Blocking agents – these prevent DNA damage by blocking the action or 

activation of the carcinogen 
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2. Suppressing agents – these inhibit cell growth and tumour progression once 

damage has occurred (30). 

 

These actions may take place at various points throughout the progression from a 

normal cell to an established 

metastasis (see figure 1.1 below).  

 

There is considerable interest in 

the use of chemopreventative 

agents both in healthy 

populations and in treated 

patients. The key advantages of 

chemoprevention are the 

reduction in the incidence and 

therefore morbidity of the 

relevant pathologies and also the 

lower side effect profile in 

comparison with the established 

chemotherapeutic agents. 

 

Prospective chemopreventative agents should fulfil the following general criteria (33): 

 Low costs 

 Easily administered – oral ingestion 

 Acceptable to patients 

 High efficacy at achievable doses 

Normal Cell 

Preneoplasia 

Initiated Cell 

Tumour 

Metastasis 

Blocking agents 
- ROS scavenging 

- Alter carcinogen 

metabolism 

Blocking agents 

- Prevent further DNA damage 

Suppressing agents 

- Induce apoptosis 

Blocking agents 

- Prevent further DNA 

damage 

Suppressing agents 

- Induce cell cycle arrest 

- Induce apoptosis 

- Inhibit angiogenesis 

 
Blocking agents 

- Prevent further DNA damage 

Suppressing agents 

- Inhibit angiogenesis 

- Inhibit invasion 

 

Figure 1.1: Potential points of action of  

chemopreventative agents in carcinogenesis. 

Reproduced from Manson 2003 
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 Minimal or no side effects 

 Known mechanism(s) of action 

Thorough appraisal of any prospective agents is crucial as the effects can be contrary 

to expectations/preclinical data. For example contrary to preclinical data large scale 

trials of vitamin E and β-carotene as chemopreventative agents in prostate and lung 

cancer respectively actually demonstrated increased malignancy in the treatment arms 

(34). Furthermore, some agents are proving to be of limited use due to side effects. 

For example studies of vitamin D have demonstrated that its therapeutic use is 

restricted by a high incidence of hypercalcaemia (23). The main difficulty of studying 

chemopreventive agents is testing their effectiveness given the duration of the process 

of tumorigenesis (35).  

 

1.2. Cell cycle: 

A cell reproduces through a progressive series of steps which duplicate the cellular 

contents prior to the cell dividing into two daughter cells. These daughter cells then 

enter the same cyclical process. 

This regulated progression is 

termed the cell cycle and forms 

the basis of organism growth and 

reproduction. As will be explored 

later in the introduction 

aberrations within the regulation 

of this process are integral to the 

pathology of cancer.  

 

M 

G2 

S 

G1 

G0 

Two 

daughter 

cells 

formed 

Figure 1.2: Cell cycle overview 
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The mammalian cell cycle may be divided into four distinct phases. The two key 

phases are the S or synthesis phase, during which replication of the nuclear DNA 

takes place, and M or mitosis phase, during which the nucleus and subsequently the 

cell divides to form two identical daughter cells. M phase is further subdivided 5 

subphases: prophase, prometaphase, metaphase, anaphase and telophase. The duration 

of these phases and of the cell cycle in total varies significantly between cell types. 

Eukaryotic cells in culture typically have a cycle time of 16-24 hours. However, 

certain liver cells can have a cell cycle duration of greater than one year.  M phase 

typically lasts approximately one hour and S phase twelve hours (36,37). The majority 

of cells need more time to grow, double their organelles and other cellular contents 

than for DNA replication and division. In part to accommodate this, two gap phases 

are inserted into the cell cycle, G1 after the M phase and G2 after the S phase. Thus 

the sequence of the four stages of the cell cycle is M-G1-S-G2. G1, S and G2 are 

often referred to collectively as interphase with M phase also described as division. 

The description above is an over simplification of the purpose of the gap phases as 

these periods also permit the cell to scrutinise the intracellular and extracellular 

environment with respect to integrity of the genome, suitability and requirement for 

cell division, prior to committing to progression through to the next stage of the cell 

cycle. Several distinct checkpoints have been identified. This is particularly relevant 

in G1 at what is termed the restriction point. Arrest at these points can lead to delays 

in the cell cycle; instigation of DNA repair pathways; exit into a quiescent phase, 

referred to as G0, or diversion into programmed cell death, termed apoptosis (38-42). 

Cells can remain in quiescence (G0) for extended periods, even years, before 

resuming progression through the cell cycle. Indeed the majority of non-dividing cells 

in the adult body will be in G0 (43). Once a cell has progressed through the restriction 
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point in G1 DNA replication is inevitable, even if all extracellular stimuli and 

signalling pathways are removed or blocked (43).  

 

As intimated above progression through the cell cycle occurs in response to a variety 

of stimuli. However, this process is closely regulated by a variety of cellular proteins, 

key amongst which are cyclin dependent kinases (CDKs). These are a group of 

serine/threonine protein kinases whose activities rise and fall cyclically leading in turn 

to changes in phosphorylation of intracellular proteins that initiate or regulate cell 

cycle events. CDKs, as their name implies, are dependent on regulatory proteins 

called cyclins. Binding of a cyclin to CDK results in the formation of a cyclin-CDK 

complex and a conformational change in the catalytic subunit of the CDK. This 

change partially activates the CDK. However, it may then be further activated through 

phosphorylation by a separate kinase termed a CDK activating kinase (CAK).  

 

Conversely CDKs can be inhibited through inhibitory phosphorylation at the active 

site by the Wee1 protein kinase, an effect which is reversed by the phosphatase cdc25. 

CDK activity may also be inhibited by forming a complex with a CDK inhibitor 

(CKI) protein. Two distinct families of CKIs have been identified, the INK4 CKIs and 

the Cip/Kip CKIs. The INK4 family includes p15 (INK4b), p16 (INK4a), p18 

(INK4c) and p19 (INK4d) which inhibit cyclin D binding to CDKs 4 and 6 (See 

below). The Cip/Kip family includes p21  (Waf1, Cip1), p27 (Cip2) and p57 (Kip2) 

which inhibit a number of processes including binding cyclin B to CDK1, binding of 

CDKs 4 and 6 by cyclin D (all three) as well as DNA synthesis (p21)  (41,43-45). 
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The final mechanism of regulation of CDK activity is through control of the levels of 

cyclin in the cell. During the cell cycle CDK levels remain constant, whereas cyclins 

are dependent on two main factors: 

1. Transcriptional regulation determining the rate of synthesis 

2. Organised proteolysis at defined stages in the cell cycle where the CDK-cyclin 

complexes are no longer required. 

The latter of these processes occurs via activated enzyme complexes binding multiple 

copies of ubiquitin protein to the cyclin thus marking it as a target for ubiquitin ligase 

catalysed destruction in proteasomes. In the human cell there are two main ubiquitin 

ligases responsible for degradation of cyclins and other cell cycle regulatory proteins. 

The first is SCF, which acts on G1/S cyclins and some CKIs controlling S-Phase 

initiation and the second is anaphase promoting complex (APC), which acts on M-

cyclins and other 

mitosis regulators 

during M-phase. 

 

More than 20 

mammalian 

CDKs have been 

identified though 

not all are active 

during the cell 

cycle (46,47). 

Currently there 

are in excess of 

20 known cyclins, but as with the CDKs, not all are implicated in cell cycle regulation 

CDK1 

CDK1 

CDK2 

CDK2 

CDK3 

CDK4 

CDK6 

CDK7 

CDK8 

CDK9 

CDK9 

CDK11 

 

 

 

Cyclin A1/A2  

Cyclin B  

Cyclin E1/2 

Cyclin A 

Cyclin C  

Cyclin D1-3 

Cyclin D1-3 

Cyclin H 

Cyclin C 

Cyclin K 

Cyclin T1/2 

Cyclin L 

 

G2/M phase transition 

Mitosis 

G1/Sphase transition 

G2 + S phases 

G0/G1 transition 

Mitosis 

G1 

CAK, all phases 

Transcription 

Transcription 

Transcription 

RNA splicing 

Table 1.1: Cyclin-CDK complexes and their associated cell process or  

phase of cell cycle activity. This list is illustrative and research into this 

field is ongoing. (43,48-54) 

 

CDK                      Cyclin                       Associated process/Cell  

        cycle phase of activity 
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(47). Of those relevant to the cell cycle there are five classes binding differing CDKs 

and these are required for different phases of the cell cycle (See table 1) (43). Cyclins 

may also be classified according to the point at which they act during the cell cycle: 

(43,48,49,49-54) 

1. G1/S cyclins – commit the cell to DNA replication 

2. S cyclins – initiate DNA replication. 

3. M cyclins – promote mitosis 

4. G1 cyclins – promote passage through the restriction point in G1. 

 

The D type cyclins (D1-3) are the first to be produced during the cell cycle. Unlike the 

other cyclins which are expressed periodically, D cyclins are synthesised as long as 

there is growth factor stimulation. The D type cyclins bind to CDKs 4 and 6 

producing complexes required for entry into G1. The primary function of these 

complexes is inhibitory phosphorylation of the product of the retinoblastoma tumour 

suppressor gene (pRb), an inhibitor of cell cycle progression. pRb suppresses the 

activity of  the gene regulatory protein E2F, whose function is upregulation of genes 

encoding proteins functioning during S-phase or at the G1/S transition including 

cyclins as well as up regulation of its own gene in a positive feedback loop (44).  One 

of the effects of E2F upregulation is increased synthesis of cyclin E which complexes 

with CDK 2 during the latter stages of G1. Cyclin E-CDK 2 has a role secondary to 

the cyclin D-CDK complexes in phosphorylation of pRb. Cyclin E-Cdk2 complex in 

turn promotes S-phase protein activity through phosphorylation of  proteins involved 

in centrosome duplication and DNA  synthesis and repair as well as feeding back into 

cell cycle regulation through phosphorylation of the Cdk inhibitors p21 and p27 (55). 
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Cyclin A is also partially regulated via E2F and so accumulates during the G1/S phase 

transition. During S phase it initially complexes with CDK2 and in the later stages 

with CDK 1. It has been demonstrated that cyclin A is required for progression 

through S phase and that, in complex with CDK1, is required for entry into M-phase 

(43,45). During S phase cyclin A-CDK2 localises to sites of DNA replication 

indicating potential roles either in DNA synthesis or in prevention of excess DNA 

replication. Cyclin A has a further role in negative feedback on E2F via the 

phosphorylation of the E2F heterodimerisation partner, thus inhibiting the DNA 

binding activity of E2F (45).  

 

Following S phase the second interval or gap phase, G2, enables the cell to synthesise 

the proteins it requires prior to progression through M phase and mitosis. Transition 

from G2 to M phase occurs under the control of cyclin B-CDK 1. Cyclin B is 

synthesised during S phase in response to cell cycle mediated transcription. However, 

cyclin B mRNA is more stable in G2 than in G1 becoming less stable following DNA 

damage thus it is also regulated by mRNA stability providing a further check point in 

cell cycle progression (40). As cyclin B is synthesised throughout S phase cyclin B-

CDK1 complex accumulates in the cell but, despite binding with CAK, it is held in an 

inactive state through phosphorylation at neighbouring threonine sites (Thr14 and 

Thr15) by Wee1. This inhibition is reversed late in G2 through dephosphorylation by 

Cdc25 in response to Polo like kinase (Plk). The activated cyclin B-CDK 

phosphorylates Cdc25, further activating it, and Wee1, inhibiting it, thus forming a 

positive feedback loop (40,56). Commencement of and progress through mitosis 

requires the reorganisation of the architecture of the cell, during metaphase, as a result 

of cyclin B-CDK1 mediated phosphorylation of key subcellular structures.  These 

include; lamin subunits, resulting in nuclear lamina breakdown, the actin binding 
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protein caldemon, resulting in dissociation from actin microfilaments and therefore 

cell rounding, and the kinesin motor protein Eg5, leading to the formation of a bipolar 

spindle. Furthermore it appears that cyclin B-CDK1 also downregulates transcription 

during mitosis (40).  Following these structural rearrangements the duplicated 

chromatids separate. The chromatids are associated by protein complexes along their 

length termed cohesins and in order for separation to occur, these are indirectly 

degraded by the ubiquitin ligase, anaphase promoting complex (APC). APC initiates a 

protein cascade via proteolysis of the securin protein whose action is inhibition of a 

protein termed separase. The removal of this inhibition results in separase cleaving the 

cohesins. APC activation occurs through the transient binding of the co-factor Cdc20. 

Cdc20 binding can only occur when APC has been phosphorylated on several of its 

subunits by mitotic kinases including PLK1 and CDK1 (57). 

 

Exit from mitosis and the formation of two daughter cells requires a reversal of the 

initial cyclin B-CDK mediated steps of mitosis i.e. chromatid segregation, spindle 

disassembly, decondensation of the chromosomes and formation of the nuclear 

envelope. This occurs under the control of the ubiquitin ligase APC which degrades 

the M phase cyclins A and B. This degradation is initiated by the same binding of 

Cdc20 and APC that triggers the protein cascade leading to chromatid separation.  As 

the cyclin B-CDK complex activates APC-Cdc20, this degradation in turn leads to 

down regulation of APC and thus enables accumulation of cyclins A and B to 

recommence during G1 of the following cell cycle (40,56). 

 

1.2.1. Cell cycle checkpoints 

As indicated in the initial overview of the cell cycle there are distinct check points 

within the cell cycle which enable the cell to scrutinise the intracellular environment 
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and DNA integrity prior to further progression. If the cell and its microenvironment 

do not fulfil the criteria of the checkpoint, progression through the cell cycle is 

arrested until it does or if damage is too severe the cell undergoes death by apoptosis. 

This ensures a degree of protection of the integrity of the genome. The main 

checkpoints are the G1/S and G2/M transitions though other checkpoints have been 

identified - for example cells are also able to arrest during S phase, if DNA damage is 

detected at this stage (40), or M phase, if loss or impairment of functional connections 

between spindle microtubules and kinetochores are detected (58). 

 

The descriptions in the following sections detail the final intracellular mechanisms of 

cell cycle control. However, these are in turn mediated by complex intracellular 

pathways in response to various extracellular stimuli. These extracellular factors may 

be divided into three broad categories: 

1. Mitogens – stimulate cell division. 

2. Growth factors – stimulate an increase in cell mass by promoting protein and 

other macro-molecule synthesis and down regulating their degradation. 

3. Survival factors – promote cell survival by suppressing pro-apoptotic 

pathways. 

 

1.2.1.1. G1 Checkpoint  

At the G1 checkpoint DNA damage induces cell cycle arrest which is dependent on 

p53. DNA damage leads to rapid induction of p53 activity which in turn promotes the 

transcription of several proteins including p21, Mdm2 and Bax. As previously 

described p21, a CKI, inhibits CDK1 and thus prevents DNA replication. Mdm2 

activation leads to negative feedback on p53 by binding to p53 inhibiting its pro-
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transcriptional action and promoting proteolytic degradation of p53 by ubiquitination. 

Increased transcription of Bax leads to diversion of the damaged cell into apoptosis. 

DNA damage is detected by several protein kinases such as ataxia-telangectasia-

mutated (ATM) and ataxia-telangectasia and rad3 related (ATR). These phosphorylate 

p53 reducing its affinity for Mdm2 binding, resulting in decreased proteolytic 

degradation and therefore a potentiation of activated p53 in the cell (43).  G1 arrest 

also occurs in response to other extrinsic and intrinsic stimuli including replicative 

senescence and TGFβ signalling. These lead to activation of the INK4 family of 

CDKIs and inhibition of dephosphorylation of cdc25.  These in turn yield inhibition  
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Figure 1.3: Regulation and signalling pathways at the G1 checkpoint.  

In G1 the pRb-HDAC repressor complex binds to the E2F-DP1 transcription factors, 

inhibiting downstream transcription. pRb phosphorylation separates the complex 

enabling transcription of genes for S phase proteins and therefore cell cycle 

progression to occur. Multiple stimuli induce G1 arrest including TGF  DNA damage 

and cell senescence. Arrest is mediated by two pathways: 1) induction of members of 

the INK4 families of cell cycle kinase inhibitors and inhibition of cdc25; 2) induction 

and dissociation from Mdm2 of p53 and induction of p21. These pathways ultimately 

inhibit dissociation of the pRb-HDAC complex and thus induce cell cycle arrest. 

Adapted from www.biocarta.com /pathfiles/h_g1pathway.asp 
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of CDKs 4/6 and 2 with resultant inhibition of dissociation of phosphorylation of pRb 

and therefore of dissociation of the pRb-HDAC complex from E2F preventing 

transcription of genes encoding S phase proteins (43).  

 

1.2.1.2. G2/M or DNA damage checkpoint 

At the G2/M checkpoint DNA damage induced cell cycle arrest can occur 

independent of p53. Progression into mitosis is prevented by inhibition of the cyclin 

B-CDK1 complex either by inhibitory phosphorylation of the Cdc25 family of 

phosphatases, by protein kinases Chk1 and Chk2, or by sequestration of the complex  
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Figure 1.4: Regulation and signalling pathways at the G2/M checkpoint. 

The cdc2-cyclin B kinase is central to regulation of the transition from G2 to M 

phase. During G2 cdc2(cdk1) activation is inhibited by Myt1. Under favourable 

conditions PLK1 activates cdc25 phosphatase and inhibts Myt1 yielding cdc2 

dephosphorylation  and activation. DNA damage leads to activation of two pathways 

yielding cell cycle arrest. Increased dissociation of p53 from Mdm2 results in 

increased transcription of 14-3-3, GADD45 and p21 with subsequent destabilisation 

and increased nuclear export of cyclin B1. ATM and ATR mediated activation of 

CHK1 and CHK2 produces cdc25 inhibition with resultant decreased 

phosphorylation of cdc2.  

Adapted from www.biocarta.com/pathfiles/h_g2pathway.asp 
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outside the nuclear envelope. Chk1 and Chk2 are activated in response to DNA 

damage by ATM and ATR. p53 also plays a similar role at the G2/M checkpoint as at 

the G1/S checkpoint in terms of increased transcription of p21, 14-3-3 σ protein and 

growth arrest and DNA damage inducible protein (Gadd45). 14-3-3 σ binds to cyclin 

B-CDK1 preventing its transport into the nucleus and Gadd45 mediates dissociation 

of the complex (40,43). Furthermore as described earlier, cyclin B mRNA is 

destabilised, inhibiting cyclin B synthesis, in the presence of DNA damage, thus 

adding a further bar to progress into mitosis.  

 

1.3. Cell death: 

Cell death can be defined as an irreversible loss of plasma membrane integrity. A 

number of types of cell death, distinguished by morphological criteria, have been 

identified. These are apotoptosis, autophagy, senescence, mitotic catastrophe and 

necrosis (59-61).  

 

Apoptosis, also termed programmed cell death, is characterised by specific changes in 

nuclear morphology including chromatin condensation and fragmentation, cell 

shrinkage, blebbing of plasma membranes and formation of apoptotic bodies prior to 

the loss of cell membrane integrity. This occurs as part of embryological 

development, tissue homeostasis and in response to DNA damage (59,62).  

 

Autophagy, is a catabolic process characterised by cell digestion of cell constituents 

and the formation of double membrane, autophagic vacuoles in the cytoplasm termed 

autophagosomes. In response to cell stress, targeted cellular components are isolated 

from the remaining cell constituents in the autophagosomes. These then fuse with a 
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lysosome resulting in digestion of the contents. The process enables the cell to remove 

and recycle unnecessary or damaged cellular contents, resulting in either promotion of 

cell survival or cell death depending on the conditions (59,63). 

 

Cell senescence was initially recognised as the process by which cells terminated at 

the end of a limited number of replications and as such was also referred to as cell 

ageing. The process is characterised by shortening of the telomere with each mitotic 

division ultimately leading to the loss of the telomere and permanent cell cycle arrest 

and death. More recently it has been demonstrated that cellular senescence can occur 

in response to oncogenic activation and stressors such as ionising radiation and 

chemotherapeutic agents. In some of these scenarios the senescent cell cycle arrest 

appears to be reversible rather than permanent (61,63,64).  

 

Necrosis is predominantly defined negatively as cell death lacking the characteristics 

of the types described above. This mode of cell death is often associated with 

unwarranted cell loss in pathological processes and the uncontrolled release of cellular 

contents from dying cells into the adjacent tissues leading to an inflammatory 

response (59,65). 

 

There are no established definitions of mitotic catastrophe and there is ongoing debate 

as to whether it constitutes a mode of cell death or a process leading to other modes of 

cell death, in particular apoptosis (66). It is frequently defined as cell death occurring 

following premature or inappropriate entry into or aberrant mitosis (60,66-68).  

Mitotic catastrophe is thought to be the primary mode of cell death in response to 

ionising radiation and has been associated with a multitude of mechanisms. It 

associated with certain characteristic morphological changes including 
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micronucleation, formation of nuclear envelopes around abnormal or non-segregated 

chromosomes, prior to cell termination (60,67). 

 

1.3.1. Apoptosis 

At the outset it was anticipated that of the three types, apoptosis would be of greatest 

relevance to this project and will therefore be considered in more detail. Apoptosis 

was first described by Kerr et al in 1972 (69) and constitutes the mechanism by which 

cells normally die (70). It is a mode of programmed cell death that is critical in both 

development and tissue homeostasis (62). Apoptosis is characterised by the nuclear 

and cellular changes listed in section 1.3. The main initiators and effectors of 

apoptosis are a family of cysteine-aspartate specific proteases termed caspases. At 

present 14 caspases have been identified and these may be classified according to 

their function into three classes: 

1. Inflammatory caspases (Caspases 1, 4, 5, 11, 12, 13 and 14) – these are 

integral to the inflammatory response rather than apoptosis. 

2. Apoptotic initiator caspases (Caspases 2, 8, 9 and 10)  

3. Apoptotic effector caspases (Caspases 3, 6 and 7) – these are activated by 

upstream initiator caspases and cleave multiple cellular substrates. 

They are synthesised as an inactive procaspase, which is cleaved to form the active 

form of the enzyme following the onset of apoptosis. Apoptosis is triggered via two 

distinct pathways, namely the intrinsic (Mitochondrial) and extrinsic (Death receptor) 

pathways.  

 

The extrinsic pathway is stimulated by a wide range of proapoptotic stimuli, such as 

the binding of death inducing ligands to cell surface receptors. It is mediated by cell 
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surface death receptors such as TNF-related apoptosis-inducing ligand (TRAIL), Fas 

and tumour necrosis factor receptors. Binding of a death ligand leads to 

oligomerisation of the receptor, recruitment of the Fas associated death domain 

(FADD) and of the initiator caspase 8 to form a death-inducing signalling complex 
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Figure 1.5: Schematic overview of the apoptosis pathways.  

Apoptosis is triggered by two distinct pathways. The extrinsic pathway is triggered by 

binding of ligands to death receptors leading to formation of a death-inducing 

signalling complex (DISC) and autocleavage of caspase 8. The intrinsic pathway is 

activated by stimuli including DNA damage and cell senescence. Activation leads to 

increased mitochondrial membrane permeability and release of cytochrome C which 

complexes with Apaf1 and procasase 9 to form an apoptosome. Subsequent cleavage 

of procaspase 9 to the active caspase 9 occurs. The terminal pathway is common to 

both pathways. Caspases 8 and 9 cleave procaspase 3 to the active caspase 3 which in 

a cascade cleaves procaspases 6+7 to the active effector caspases 6+7. These cleave 

numerous intracellular target proteins yielding cell death. These processes may be 

inhibited at a number of stages including FLIP inhibition of caspase 8, Bcl-2 and Bcl-

XL inhibition of cytochrome C release and inhibition of caspase 3 by inhibitory 

apoptotic proteins (IAPs).  

Adapted from http://health.ucsd.edu/news/2003/06_30_Insel.html 
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(DISC). Caspase 8 subsequently autoactivates, enabling it to cleave the effector 

procaspases 3, 6 and 7. These act on a range of downstream targets: 

 Structural proteins – this leads to destruction of the cellular architecture. 

 DNA repair proteins – cleavage of these prevents unnecessary 

consumption of intracellular reserves which may be required by the 

apoptotic process such as ATP. 

 Cell cycle regulatory proteins – cleavage of these may have a proaoptotic 

effect for example loss of pRb leads to an accumulation of procaspases 

(71). 

The final steps of apoptosis are the formation of apoptotic bodies and subsequent 

phagocytosis of the cell. The latter is induced by the expression of prophagocytic 

signals on the cell surface for example phosphatidylserine (72). 

 

The intrinsic pathway is triggered by a range of intracellular stimuli, such as DNA 

damage, leading to the release of cytochrome c, from the mitochondria, which binds 

to apoptosis protease activating factor 1 (Apaf 1) and procaspase 9. This results in the 

formation of a DISC like structure, termed an apoptosome, within which procaspase 9 

is cleaved and activated. Caspase 9 then activates the effector caspase 3 as a cascade 

effect. The intrinsic and extrinsic pathways converge upon activation of the effector 

caspases with the subsequent terminal steps being identical (72). 

 

Apoptosis is influenced by a range of cell signalling pathways and proteins including 

Myc, MAPK/JNK, Bcl-2, p53, PI-3K/AKT and NF-κB pathways. A number of these 

interactions are complex and/or controversial, for example JNK has been proposed as 

having either a pro-apoptotic effect, an anti-apoptotic effect or even no effect on 

apoptosis, although the predominant data indicate a proapoptotic effect (62,73-77). 
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Bcl-2 principally suppresses apoptosis, however, at high concentrations this reverses 

such that it is proapoptotic. Bcl-2 also forms a target of NF- κB with respect to 

apoptosis in that it upregulates expression of Bcl2. The role of c-Myc has apparently 

conflicting functions in that it promotes cell growth by suppression of Gadd45, p15, 

p21 and p27, whereas under or overexpression of c-Myc promotes apoptosis and 

though the precise mechanism of this remains unclear it does appear to occur in both a 

p53 dependent and independent manner (62) 

 

Apoptosis usually occurs in a fine balance with cell replication. However, 

dysregulation of this homeostasis is integral to a number of pathologies including 

cancer (insufficient apoptosis) and neurodegenerative disorders (excess apoptosis) 

(78-82). Apoptosis also offers a number of potential targets for therapeutic 

interventions in these pathologies. 

 

1.3.2.2. Necrosis 

Necrosis, is primarily defined by an absence of the characteristic features of the other 

two cell death mechanisms usually occurring following metabolic failure associated 

with severe depletion of ATP, classically ischaemia, or mechanical trauma. The 

damage to or increased permeability of organellar membranes leads to release of 

proteolytic enzymes from the lysosomes and destruction of intracellular structures. It 

has previously been considered an accidental, i.e. non-programmed, cell death 

pathway however recent research indicates that it may occur in a regulated fashion 

with characteristic changes and can be triggered by death receptors such as TNFR1 

(83). The precise mechanisms of necrosis activation and its downstream effectors 

have yet to be elucidated though some mechanistic data have been reported. TNFR1 
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signalling usually induces apoptosis via downstream activation of caspase 8 but it has 

been shown that if caspase 8 is inhibited, necrosis rather than apoptosis ensues. It has 

been proposed that this is occurs through loss of PARP cleavage by caspases and thus 

cellular depletion of ATP in turn inhibiting apoptosis, which is heavily ATP 

dependent. It has also been shown that, in the absence of caspase 8, the protein 

kinases RIP1 and RIP3, which are implicated in NFκB induction of apoptosis, form a 

complex critical to the induction of necrosis. It is of note that intracellular depletion of 

ATP in a cell undergoing apoptosis will result in conversion to necrosis (59,83). 

 

1.4. Src 

The proto-oncogene c-Src, herein referred to as Src, was first identified in 1976 as the 

cellular variant of the transforming oncogene present in avian Rous Sarcoma Virus 

(RSV), encoding a 60 kDa non-receptor tyrosine kinase (84,85). Subsequently nine 

structurally and functionally related proteins referred to as Src Family Kinases (SFKs) 

have been identified (86).  

 

Increased Src activity is implicated in oncogenesis and progression of a number of 

malignancies though Src dysregulation is more commonly related to non genetic 

events yielding increased activation or persistence of an activated state rather than 

underlying mutations (86,87). In particular increased Src activity is associated with a 

worse prognosis and a tendency towards formation of metastases although data in 

bladder cancer are more equivocal suggesting a potentially protective role (85,87-91). 

 

In colorectal cancer 12% of patients have Src activating mutations and Src is 

overexpressed in up to 80% of tumours (92-94). A role for Src in colon carcinogenesis 
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has been suggested, as activity is increased in adenomas relative to normal mucosa, 

with greater increases observed in malignant polyps and those with a high malignant 

potential (95). Additionally, Src overexpression induced colonic tumour formation in 

transgenic mice (96). Furthermore, overexpression has been shown to correlate with 

Dukes staging and to be an independent indicator of a poor prognosis (97).  

 

Structurally the SFKs consist of an N terminal Src homology 4 (SH4) domain, the 

SH3 and SH2 domains, a linker sequence, the tyrosine kinase domain and the C-

terminal tail. c-Src activity is determined by inhibitory phosphorylation at tyrosine 

530 in humans (527 in avian analogues) which interacts with the SH2 domain 

enabling the protein to adopt a closed conformation. Upon dephosphorylation at 

tyrosine 530 a sequence of molecular interactions weaken, resulting in 

autophosphorylation at tyrosine 419 (416 in avian forms), allowing the molecule to 
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Figure 1.6: Activation of c-Src. Inhibitory phosphorylation at Tyr530 interacts with SH2 domain and 

induces a closed inactive closed conformation. Dephosphorylation at Tyr530 leads to destabilisation of 

molecular interactions resulting in autophosphorylation at Tyr419 and adoption of an open active 

conformation.  

Adapted from Wheeler et al The Oncologist 2009;14:667-678 
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open to a conformation in which the SH2 and SH3 domains are able to interact with 

receptor tyrosine kinases, G-protein-coupled receptors and focal adhesion kinase 

(FAK)  (figure 1.6) (84).  

 

Src has a key role in many cellular functions that contribute to tumour progression. 

Src decreases apoptosis and promotes cell survival via Akt and PI3K mediated 

pathways in addition to promoting MAPK mediated cell proliferation (98-101). Data 

also indicate a role for Src in angiogenesis, which is critical both for survival of the 

primary tumour and also for formation of metastases; cells with increased Src activity 

display a greater increase in vascular endothelial growth factor (VEGF) expression in 

response to hypoxic stimulation and greater VEGF mediated endothelial barrier 

disruption which in turn results in increased tumour extravasation and metastasis 

(102,103). Src also has a crucial function in regulation of cell adhesion and 

maintenance of the actin cytoskeleton of the cell. Src overexpression leads to 

decreased cell-cell adhesion and increased cell migration through modification of 

integrin signalling, upregulation of metallo-matrix proteinases and loss of E-cadherin 

both functionally through phosphorylation and by increased degradation (104-109).  

 

Src has been implicated in resistance to chemotherapeutic agents and data indicate 

that Src inhibition may chemosensitise previously resistant cell lines(110). EGFR is 

commonly overexpressed in colorectal cancer and current chemotherapeutic regimes 

frequently combine EGFR inhibitors such as cetuximab with cytotoxic agents. 

However, resistance to EGFR inhibition is proving a limitation to its use. Data 

indicating that Src may be implicated in acquired resistance to EGFR inhibitors and 

that Src blockade induces re-sensitisation are of particular interest (84,111,112). 
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Despite promising preclinical data, clinical trials of Src inhibitors as monotherapies 

have shown moderate benefits at best, though, as might be anticipated, combination 

therapies have shown more encouraging results (113). There is clearly scope to 

develop agents to work in conjunction with Src inhibitors or agents active on multiple 

cellular signalling pathways including Src inhibition to potentiate the effects. Dietary 

agents may have the potential to fulfil the latter requirement as it is well established 

that some bioactive dietary compounds mediate multiple intracellular pathways 

(32,35,114,115).  

 

1.5.Indoles 

Indole-3-carbinol (I3C), also known as 3-indolemethanol or hydroxymethylindole, is 

a bioactive indole formed from indolyl-methyl-glucosinate, within cruciferous 

vegetables, when they are cooked or crushed (116). It has been shown to inhibit the 

development of carcinogen-induced malignancies in rats and Min mouse models 

(117-121). In low pH conditions, as found in the stomach, I3C is converted into a 

further bioactive compound, 3,3-diindolylmethane (DIM) (122). DIM accumulates in 

the nucleus and may account for some of the effects attributed to I3C, particularly as 

DIM has been shown to spontaneously form from I3C in vitro thus rendering a degree 

of potential uncertainty to interpretation of preclinical data with I3C (116,123). 

 
Figure 1.7: Chemical structure of indole-3-carbinol and 3,3-diindoloylmethane 
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I3C, and more recently DIM, have been the subject of significant research into their 

potential therapeutic uses and the mechanisms thereof. A number of potential targets 

have been identified thus far. In terms of their possible chemopreventative use, I3C 

and DIM have been shown to induce phase I and II enzymes in human and animal 

models, giving rise to increased metabolism and excretion of carcinogens, thus 

reducing DNA adduct formation through induction of a range of hepatic enzymes 

including cytochrome p450, NADPH and NADH reductases (116-118,124-128). An 

additional cell protective effect of I3C and DIM is that they appear to induce DNA 

repair mechanisms. DIM has been shown to upregulate GADD153 gene expression 

and both I3C and DIM upregulate BRCA1 protein activity (116). 

 

Uncontrolled cell proliferation is one of the recognised features of tumours and there 

is growing evidence that indoles suppress this. Increasing evidence indicates that 

indoles induce a predominantly G1 cell cycle arrest in carcinomas of the breast and 

prostate (121,129-135). This may be via inhibition of CDKs acting at G1/S transition 

as I3C and DIM have been shown to upregulate transcription of the p21 and p27 

genes and downregulate CDK6 gene expression via changes in the binding of the Sp1 

transcription factor to the gene promoter region (134-138). Additionally I3C and DIM 

are able to inhibit the phosphorylation of pRb (133,138). 

 

I3C and DIM also exhibit pro-apoptotic actions which contribute to their overall 

growth inhibitory effect. They have been shown to downregulate Bcl2, suppressing 

it’s inhibitory binding to Bax as well as directly upregulating Bax (130,138,139). It 

has been proposed that this may at least in part be due to suppression of NF- κB 

activation (140,141).  
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EGFR and Src have both been implicated in I3C-induced cell cycle arrest and 

apoptosis in breast carcinoma cell lines. Specifically EGFR appears to be of greater 

importance in apoptosis, whereas Src is of greater relevance in cell cycle arrest (142). 

It has been shown that the combination of I3C and an EGFR inhibitor was effective 

against a number of breast carcinoma cell phenotypes, at concentrations which are 

ineffective individually and the combination of I3C and a Src inhibitor was more 

efficacious than treatment with either agent alone against two breast carcinoma 

phenotypes. DIM has been shown to induce apoptosis via downregulation of EGFR 

signalling pathways in breast and lung cancers, these effects occurred irrespective of 

EGFR mutation status (143). Additionally combination of DIM, with the EGFR 

inhibitor, erlotinib augmented EGFR downregulation and resultant apoptosis in 

pancreatic cancer cells (144). The effect of DIM on Src expression and Src mediated 

pathways has not been explored to date. These findings indicate a potential for 

therapeutic use of indoles in conjunction with EGFR and Src inhibitors (145,146). 

 

Anderton et al.  have shown in mice that following oral administration of I3C, both 

I3C and DIM were detectable in plasma at 15 minutes with I3C dissipating by 1 hour 

and DIM remaining at detectable levels after 6 hours. They demonstrated that both 

compounds concentrated in the tissues with concentrations of I3C in the liver and 

kidney 6 and 4 fold greater than plasma levels respectively. I3C concentrations in the 

heart and lungs were only slightly elevated relative to plasma levels. Similar 

distributions were observed with DIM although concentrations were lower but as with 

plasma levels they were sustained for more than 6 hours (147).  In a separate murine 

study, Anderton et al. also demonstrated a rapid rise in plasma and tissue 

concentrations of DIM following oral administration of an absorption enhanced 

formulation of DIM (BR-DIM, Bioresponse, USA) with detectable levels persisting 
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beyond 24 hours post administration. As with I3C, DIM concentrated in the tissues 

with levels ≥3x plasma concentrations in all tissues examined other than brain. The 

highest DIM concentrations were detected in the liver with concetrations 8x plasma 

levels (148). Subsequent data in humans have shown oral administration BR-DIM 

was well tolerated at doses of up to 200mg, yielded plasma concentrations of up to 

104ng/ml and undergoes renal excretion (149,150).  

 

In clinical trials both I3C and DIM have been shown to be associated with minimal, 

minor side effects (149-151). Thus I3C and DIM may be considered safe potential 

agents both for chemopreventative and chemotherapeutic use. At present there are 

ongoing clinical trials into using DIM as a therapeutic agent in cervical intraepithelial 

neoplasia and prostate carcinoma and chemoprevention in patients with a high genetic 

risk for breast carcinoma (152).  

 

Despite the extensive preclinical data relating to indoles, DIM especially, in breast 

and prostate cancer there is a relative paucity of studies regarding indoles in colorectal 

carcinoma. Within this limitation, recent data has shown a significant potential for 

DIM in colorectal carcinoma that warrants further investigation. DIM has been shown 

to reduce colonic inflammation and colitis associated malignancy in murine models  

(153). In line with this, it has been shown that DIM enhances butyrate induced 

apoptosis, in mice expressing mutant APC genes, and promotes HDAC degradation, 

with subsequent promotion of apoptosis, in colorectal carcinoma in vitro (154,155).  

 

Given the link between dietary intake of cruciferae with a reduced colorectal cancer 

incidence, their proven effects in other cancer types and low side effect profile indoles 

constitute attractive potential agents both for chemoprevention and chemotherapy in 
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colorectal malignancy meriting further investigation. The potential role of indoles in 

the treatment of colorectal liver metastases is of particular interest, as in 

pharmacokinetic studies outlined above the highest concentrations of these agents 

were found in hepatic tissue (147,148). Furthermore as outlined previously a large 

proportion of colorectal carcinoma cells are EGFR-dependent and stage-dependent 

activation of Src is a feature of colorectal carcinoma (119,156). Therefore any effect 

of I3C or DIM on colorectal carcinoma is likely to be augmented by combination with 

a Src and/or an EGFR inhibitor. 

 

1.6. Aims and objectives 

The overall objective of this project is to develop effective, novel treatments for 

colorectal carcinoma using indoles.  

 

Using a panel of four phenotypically different colon carcinoma cell lines the effects of 

I3C and DIM, on cell proliferation, apoptosis and cell cycle arrest, at doses 

anticipated to be achievable in vivo, will be studied. The involvement of EGFR and 

Src in the response to indoles in colorectal carcinoma will be examined with the aim 

of potentiating their effect by combination with commercially available EGFR and 

Src inhibitors. These data will be used to develop a potentially therapeutic 

combination of agents. 

 

In order to evaluate indole induced cell cycle arrest and apoptosis in colorectal 

carcinoma hepatic metastases primary cultures will be obtained perioperatively from 

the resected tissue of patients undergoing elective resection of hepatic colorectal 

carcinoma metastases at the University Hospitals of Leicester NHS Trust. A 
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reproducible method for establishing primary cultures will be developed. Cultures 

established will then be utilised to test the most efficacious treatments identified by 

the in vitro studies.  

 

 

 

 

 

 

 

  



49 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

 

Materials and Methods 
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2.1 Materials 

2.1.1 Chemicals 

Unless otherwise stated chemicals/materials were sourced from Sigma-Aldrich, UK. 

 

30% Acrylamide 

Annexin V Kit 

Antibiotic Antimycotic Solution (100x) stabilised 

ATPLite Viability assay 

AZD0530, Astra-Zeneca 

Bio-Rad protein assay reagent 

Caspase-Glo assay 

DMEM containing 4.5g Glucose  

Dried Milk Powder 

ECL Detection kit 

ECL Hyperfilm 

Foetal Calf Serum 

Iressa
TM

, Astra-Zeneca 

Page Ruler Plus, Fermentas 

PP2 

2.1.2 Antibodies 

Primary Antibodies against the following proteins: 

Actin, Santa Cruz sc-1616 

Akt1, Santa Cruz sc-1618 

Bax, Calbiochem AM32 
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Bcl2, Calbiochem AM59 

Bcl-XL, Calbiochem AM05 

Bid, Santa Cruz sc-6539 

Bim, Calbiochem 202000 

Cdc2, Cell Signalling #9112 

Cdc25A, AbCam ab2357 

Cdc25B, BD Pharmingen 610527 

Cdc25B, Cell Signalling #9525 

Cdc25C, Santa Cruz sc-13138 

CDK6, Santa Cruz sc-177 

CHK1, Cell Signalling #2345 

CHK2 , Cell Signalling #2662 

cSrc, Santa Cruz sc-5266 

Cyclin B1, Santa Cruz sc-245 

Cyclin D1, Santa Cruz sc-8396 

Cyclin E, Santa Cruz sc-247 

NFκB (p65 subunit), Cell signalling #3034 

p16, BD Pharmingen 554070 

p21, Santa Cruz sc-397 

p27, Santa Cruz sc-1641 

PARP, Cell Signalling #9542 

phospho Akt (Ser473), Cell Signalling #9271 

phospho Cdc2 (Tyr15), Cell Signalling #9111 

phospho CHK2 (Thr68), Cell Signalling #2661 

phospho Src (Tyr416), Cell Signalling #2101 

phospho Src (Tyr527), Cell Signalling #2105 
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Plk1, Santa Cruz sc-17783 

Survivin, Novus NB500-201 

α-Tubulin, Oncogene CP06 

 

Secondary Antibodies 

Anti-goat, donkey IgG-HRP conjugated, Santa Cruz sc-2020 

Anti-mouse, goat IgG-HRP conjugated, Sigma A8924 

Anti-rabbit, goat IgG-HRP conjugated, Sigma A8275 

 

2.1.3 Suppliers Addresses 

BD Pharmingen, San Diego, California, USA 

Bender Medsystems, Vienna, Austria 

Bio-Rad, Hemel Hempstead, Hertfordshire, UK 

Cell SignalingTechnology, Boston, USA 

Fermentas, Ontario, Canada 

GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK  

Promega, Mannheim, Germany. 

Santa Cruz Biotechnology, California, USA 

Sigma-Aldrich, Dorset, UK 

 

2.2 Buffers 

Cell lysis buffer 

This was prepared as a 10x stock consisting of: 

200mM Tris (pH7.5) 
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1.5M NaCl 

10mM EDTA – only soluble under alkaline conditions 

10% Triton X-100 

25mM Sodium pyrophosphate 

10mM β-glycerophosphate 

10mM Sodium orthovanadate 

Made up to 500ml with distilled H20. 

 

Immediately prior to use 10x stock was diluted to 1x with distilled H20 and protease 

inhibitor cocktail was added to a final concentration of 1x.  

 

Polyacrylamide denaturing running gel 

Volumes of water, acrylamide and TEMED varied according to the percentage gel 

cast as per the table below. 

Percentage Gel Volume distilled 

H20 (ml) 

Volume 30% 

acrylamide (ml) 

Volume TEMED 

(µl) 

6 5.3 2.0 8 

8 4.6 2.7 6 

10 4.0 3.3 4 

12 3.3 4.0 4 

15 2.3 5.0 4 

 

The following did not vary between gel percentages: 

2.5ml 1.5M Tris.HCl (pH8.8) 

100µl Sodium dodecyl sulphate (SDS) 
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100µl Ammonium Persulphate (APS) 

 

Gel polymerisation was induced by the addition of the APS and TEMED. 

 

Polyacrylamide denaturing stacking gel (10ml) 

6.8ml H20 

1.7ml 30% acrylamide 

1.25ml 1.0M Tris.HCl (pH 6.8) 

100µl 10% Sodium dodecyl sulphate (SDS) 

100µl 10% Ammonium Persulphate (APS) 

10µl TEMED 

 

Gel polymerisation was induced by the addition of the APS and TEMED. 

 

SDS-PAGE running buffer 

25mM Tris 

192mM Glycine 

0.1% Sodium dodecyl sulphate (SDS) 

20% Methanol 

 

Running buffer is available as a 10x stock from Geneflow, UK. 

 

Gel stripping buffer 

0.2M Glycine 

0.4% Sodium dodecyl sulphate (SDS) 

pH2.0 
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4x SDS loading buffer 

200mM Tris.HCl (pH 6.8) 

400mM Dithiothreitol (DTT) 

8% Sodium dodecyl sulphate (SDS) 

0.4% Bromophenol blue 

40% Glycerol 

 

High concentrations of SDS are poorly soluble, therefore the SDS should be dissolved 

in the required volume of distilled H20 in a waterbath heated to 30-40ºC prior to the 

addition of the other components. 

4xSDS loading buffer lacking DTT may be stored at room temperature. However 

DTT is relatively unstable at room temperature so the appropriate volume should be 

added to the buffer immediately prior to use. 

 

Western transfer buffer 

20mM Tris 

150mM Glycine 

 

Transfer buffer is available as a 10x stock from Geneflow, UK. 

2.3 Cell Lines 

HT29, SW480 and SW620 colorectal carcinoma cell lines originating from ATCC 

were kindly provided by Dr. Elena Moiseeva (Department of Cancer Studies and 

Molecular Medicine, University of Leicester).  HCT116 wt, p53
-/- 

and p21
-/- 

lines were 

a kind gift from Dr Bert Vogelstein.  HCEC colonic epithelial cells originally from 
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Nestec, were kindly provided by Mr. Chris Briggs (Department of Cancer Studies and 

Molecular Medicine, University of Leicester). 

HeLa cervical adenocarcinoma cells were kindly provided by Dr. Karen Bowman 

(Department of Cancer Studies and Molecular Medicine, University of Leicester). 

J82 bladder adenocarcinoma cells (ATCC) were kindly provided by Dr. Mai-Kim 

Cheng (Department of Cancer Studies and Molecular Medicine, University of 

Leicester). 

MDA 468 breast carcinoma cells (ATCC) were kindly provided by Dr Louise 

Blakemore (Department of Cancer Studies and Molecular Medicine, University of 

Leicester). 

 

HT29: Human primary colorectal adenocarcinoma  

HCT116: Human primary colorectal adenocarcinoma 

SW480: Human primary colorectal adenocarcinoma. 

SW620: Human colorectal nodal metastasis (from same patient as SW480). 

 

HCEC: Human colonic normal epithelium, SV40 transformed. 

HeLa: Human cervical adenocarcinoma. 

MDA 468: Human breast carcinoma derived from pleural effusion of patient with 

metastatic breast carcinoma. 

J82: Human primary bladder transitional cell carcinoma 

All cell culture procedures were performed in a class II laminar flow cabinet. Cell 

lines were mycoplasma negative. 
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2.3.1 Maintenance of cell lines 

All cell lines were maintained in DMEM culture medium containing 4.5g/l glucose 

and supplemented with 10% FCS. Cells were incubated at 37ºC, 5% CO2 and 100% 

humidity. 

 

2.3.1.1  Resurrection of cells from liquid nitrogen storage 

Cells not required for immediate experimental use were stored in liquid nitrogen.  

Cells were removed from liquid nitrogen and warmed, until the storage medium was 

in liquid phase, in a water bath at 37ºC. The cell suspension was then added to 10 mls 

of culture medium in a universal tube prior to centrifugation at 1000rpm for 5 

minutes. The supernatant was then aspirated to remove the majority of the freezing 

medium. The pellet was then resuspended in culture medium with 10% FCS and 

transferred to a fresh culture flask. The cells were  incubated for 24 hours or until 

visibly attached, after which the culture medium was aspirated and replaced with fresh 

culture medium containing 10% FCS.  

Resurrected cells were passaged once prior to experimental use. 

 

2.3.1.2  Passaging of cells 

Cells were passaged at 70-80% confluence and a frequency of twice per week.  

Cells were washed x3 with 10 mls PBS to remove all culture medium. Trypsin EDTA 

(TE) (1x) was then added (3 and 5 mls in 75 cm
2
 and 175cm

2
 flasks respectively). 

Flasks were then incubated until all cells were detached by a firm tap to the flask, 

usually 5 to 10 minutes). The TE was then neutralised by the addition of 10 mls 

medium containing 10% FCS which also served to wash off the detached cells. The 
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cells were then pelleted from the resultant suspension by centrifugation at 1000rpm 

for 5 minutes. The supernatant was removed and the pellet re-suspended in 10-15mls 

of culture medium containing 10% FCS. One ml was then seeded in a fresh flask 

containing culture medium with 10% FCS (14 and 24 mls in 75 cm
2
 and 175cm

2
 

flasks respectively).  

 

Cells were passaged no more than 40 times following resurrection from liquid 

nitrogen storage. 

 

2.3.1.3  Preparation of cells for storage in liquid nitrogen 

Cells were washed in PBS, detached by trypsinisation and pelleted as for passaging of 

cells described above. After centrifugation the pellet was resuspended in cell freezing 

medium consisting of 90% FCS and 10%DMSO. The resultant cell suspension  was 

placed in cryotubes and stored at -20 ºC for 24 hours. After 24 hours the tubes were 

transferred to liquid nitrogen storage. 

 

2.3.2 Treatment of cells with indoles or inhibitors 

Cells were seeded at the required density and incubated for a minimum of 12 hours to 

allow the cells to adhere prior to treatment.  

 

Stock solutions of the indoles and inhibitors were prepared in DMSO such that the 

final solutions made up for treatment would contain less than 0.1% DMSO. The stock 

solutions were aliquoted and frozen. Aliquots were discarded after one cycle of 
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freezing and thawing. For each experiment an equivalent DMSO control was 

included. 

2.4 Primary cultures 

2.4.1 Patient recruitment 

Inclusion criteria 

 Patients must be over 18 years of age. 

 Patients must be of sound mind to give written informed consent 

 Patients must have a diagnosis of colorectal liver metastases.  

 All patients must have disease amenable to surgical exploration  resection. 

 

2.4.2 Collection of tissue samples from resected tissue 

Fresh tissue samples were collected for immediate culture and for freezing and 

storage in liquid nitrogen. Tissue samples were obtained from freshly resected hepatic 

tissue containing metastatic colonic carcinoma. Tissue was transected through the 

metastasis by the operating surgeon following resection. The central core of the 

exposed metastatic tissue was excised with a scalpel ensuring that the margin of the 

metastasis was not breached to prevent any deleterious impact on subsequent 

hisotological analysis of the resected specimen.  

 

If sufficient tissue was obtained the excised core was divided into two with one half 

being set aside for immediate culture and the remaining tissue was frozen in nitrogen. 

If insufficient tissue was available for such a division all of the tissue was cultured. 
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2.4.3 Freezing and storage of tissue samples in liquid nitrogen 

The tissue for freezing in liquid nitrogen was divided into blocks of no greater than 

4x4x3mm. Small pieces of cork were prepared with one drop of the adhesive, 

embedding compound OCT. Isopentane 20mls was placed in a beaker and cooled in 

liquid nitrogen until syrupy with a layer of solid in the bottom. The tissue blocks were 

placed onto the OCT coated side of the cork (1 block per cork piece). These were then 

snap frozen for 30 seconds in the syrupy isopentane using long metal forceps. The 

frozen blocks were removed from the isopentane and immediately placed in labelled 

eppendorfs with no more than three blocks per eppendorf. The labelled eppendorfs 

were placed into the liquid nitrogen.  

 

2.4.4 Transport of tissue 

Fresh tissue samples for immediate culture were suspended in culture medium with 

10% FCS, in a universal container. The universal was placed on dry ice for transport 

to the laboratory to prevent further cellular degradation during transfer. 

 

Fresh frozen samples were placed in eppendorfs and transported in a Dewar flask, 

containing liquid nitrogen. 

 

2.4.5 Preparation of tissue for culture 

All tissue was treated as potentially infected and therefore was processed in a class 1 

hood.  The universal containing the resected tissue was removed from dry ice and the 

medium allowed warm to room temperature over 5-10 minutes.  The tissue was then 

gently washed with 10 mls of culture medium containing 10% FCS. Culture medium 
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used for transport of tissue and washing was retained and centrifuged at 1000rpm for 

5 minutes to retrieve any floating cells. The supernatant was aspirated and discarded. 

The pellet was re-suspended in 50:50 Hams F12:DMEM 4500, with gentle agitation 

to disperse, and transferred to a fresh culture flask. The flask was then incubated at 

37ºC, 5% CO2 and 100% humidity. 

 

The resected tissue was then considered ready for cell dispersal. The subsequent steps 

were not universal across all specimens as discussed in chapter 3, section 1.2.2.. The 

tissue was either disaggregated manually or mechanically with a Medimachine
TM

 (BD 

Biosciences). Where sufficient tissue was obtained equal volumes were dissagregated 

by each technique.  However where there was insufficient tissue for this, manual 

dissociation was used preferentially. 

 

2.4.5.1. Mechanical tissue disaggregation: 

The resected tissue was dissected into blocks of approximately 2mm
3
. The Medicon

 

TM
 (BD Biosciences) was prerinsed x2 with culture medium. 1ml of culture medium 

and 3-6 blocks of tissue were then placed in the Medicon. The lid was then placed on 

the Medicon and it was inserted into the Medimachine. The tissue was then 

dissagregated with 2 pulses of either 15 or 20 seconds (See chapter 3, section 1.2.2). 

Following disaggregation the suspension was removed with a syringe via the syringe 

port. The Medicon was then flushed x3 with 1ml of culture medium and the 

suspension obtained was retained. This was then resuspended in culture medium in a 

fresh culture flask for  incubation. 
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2.4.6 Cell culture conditions 

The cells were maintained in culture medium supplemented with 10% FCS and 1x 

antibiotic antimycotic solution (Sigma-Aldrich). The culture media used are discussed 

in chapter 3. The cells were incubated at 37ºC, 5% CO2 and 100% humidity. Cells 

were passaged when at approximately 70% confluence and the culture medium was 

refreshed every 72-96 hours. All passaged cells were retained and seeded to flasks. 

 

2.5 Assessment of cell proliferation and cell death 

2.5.1 Cell viability assay 

ATP may be used as a marker for cell viability as it is integral to cell metabolism and 

decreases markedly in cells undergoing cell death by apoptosis/necrosis. Given the 

latter it may also be used as a surrogate marker for cell proliferation. 

An ATP assay (ATPLite, Perkin Elmer) was used to study the effect of indoles and 

inhibitors on cell viability and proliferation. The assay functions by chemically lysing 

the cells enabling quantification of ATP levels on the basis of luminescence caused by 

the reaction of ATP, an added firefly luciferase and D-luciferin. The light emitted is 

proportional to ATP concentration. 

 

White 96 well plates (Packard Viewplate-96) were seeded with 1x10
4 

cells/well in 

100µl medium. To prevent cross contamination of luminescence at time of assay cells 

were seeded to alternate lines on the plate. Plates were then incubated overnight. After 

12 hours the culture medium was aspirated and replaced with culture medium 

containing either the treatment solution or DMSO with 8 wells per treatment. Plates 
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were then incubated for the required time interval prior to assay (12, 24, 48, 72 and 96 

hours). 

 

The assay was performed as per the manufacturer’s protocol and the luminescence 

was measured using an Optima FLUOstar Microplate reader (BMG Labtech) at 21ºC. 

The assays were repeated on three separate occasions.  

 

2.5.2 Cell proliferation assay 

In order to validate the results obtained from the ATPLite assay cell proliferation was 

also measured directly by cell counting. 

 

Cells were seeded on 12 well plates (Nunc) at 1x10
4
 cells/well in 1ml culture medium. 

The plates were incubated at 37ºC for 12 hours to allow the cells to adhere. The 

culture medium was then aspirated and replaced with 1ml culture medium containing 

either the treatment solution or DMSO with two samples per treatment. The plates 

were then incubated at 37ºC for 48 hours. The cells were washed x3 with PBS and 

harvested with 500µl of trypsin which was neutralised with 500µl of culture medium. 

The resultant single cell suspension was then diluted with 9mls of isoton buffer 

(Beckman Coulter). Cells were counted using a ZM particle counter (Beckman 

Coulter). The assays were repeated on three separate occasions. 

 

2.5.3 Cell cycle analysis 

Propidium iodide (PI) is a DNA binding dye detectable on flow cytometry. The 

quantity of bound PI and therefore fluorescent signal is directly proportional to the 

amount of DNA present in the cell. Flow cytometry analysis of a cell population 
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prestained with PI allows the proportion in each phase of the cell cycle to be 

determined. 

 

Cells were seeded onto 9cm
2
 culture plates at a density of 1x10

6
 per plate in 10 mls of 

DMEM containing 10% FCS. Cells were then incubated at 37ºC for 24 hours prior to 

treatment. The culture medium was then replaced with 10mls of the treatment medium 

and the cells were incubated for the required time period.  

 

The cells were then washed x3 with PBS before the addition of 1ml of 1xTE. The 

cells were then incubated at 37ºC for 5 minutes or until cells were fully detached. Five 

mls culture medium was then added to neutralise the trypsin. The cells were pelleted 

by centrifugation at 1000rpm for 5 minutes. The supernatant was discarded, the pellet 

washed with 10mls PBS and centrifuged at 1000rpm for 5 minutes. The supernatant 

was discarded and the pellet was resuspended in 2mls ice cold 70% ethanol using a 

vortex. Samples were incubated for a minimum of 12 hours at 4ºC to fix the cells. 

Fixed samples may be stored for up to 4 weeks prior to analysis. 

 

The samples were centrifuged at 1000rpm for 10 minutes before resuspending the 

pellet in 800µl PBS. 100µl of Rnase A (1mg/ml) and 100µl of PI (50mg/ml) were 

added. Samples were incubated overnight at 4ºC before analysis of DNA content. 

Samples were transferred to 5ml Falcon tubes and analysed on a FACScan 

Flowcytometer (Becton-Dickinson) using the Cell Quest program.  

 

2.5.4 Caspase-Glo assay for apoptosis 

The Caspase-Glo 3/7 assay (Promega) was used to study the effect of indoles on 
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induction of apoptosis. Caspases 3 and 7 play key effector roles in apoptosis and thus 

can be used as markers of this process. The assay kit contains a luminogenic caspase 

3/7 substrate in a reagent optimised for caspase activity, luciferase activity and cell 

lysis. Caspase cleavage of the substrate  liberates free amino-luciferin resulting in the 

production of light. The luminescence is proportional to the caspase activity. 

White 96 well plates (Packard Viewplate-96) were seeded with 1x10
4 

cells/well in 

100µl medium. To prevent cross contamination of luminescence at time of assay cells 

were seeded to alternate lines on the plate. Plates were then incubated overnight. After 

12 hours the culture medium was aspirated and replaced with medium containing 

either the treatment solution or a DMSO control with 4 wells per treatment. Plates 

were the incubated for the required time interval prior to assay.  

 

The assay was performed as per the manufacturer’s protocol and the luminescence 

was measured using an Optima FLUOstar Microplate Reader (BMG Labtech) at 

21ºC. All assays were performed in triplicate. 

 

2.5.5 Annexin V staining for cell death 

The Annexin V:FITC apoptosis assay (Bender Medsystems) was used to study the 

effect of treatment with indoles on cell death. The assay identifies live, apoptotic and 

necrotic cells within the sample population.  

 

Apoptotic cells undergo a number of changes including the translocation of 

phosphatidylserine from the inner surface to the outer surface of the cell membrane. 

Annexin-V is a protein capable of binding to phosphatidylserine and therefore 

apoptotic cells. In necrotic cells the cellular architecture and membrane is disrupted 



66 

 

thus exposing both surfaces of the cell membrane therefore Annexin-V also binds to 

necrotic cells. The assay kit contains Annexin-V conjugated to fluoroscein 

isothiocyanate (FITC) which renders it detectable on flow cytometry.  

 

The assay also contains propidium iodide (PI) which is excluded by intact cellular 

membranes. Thus PI uptake distinguishes between viable and non-viable cells. 

 

Flow cytometry of treated cells detects three cell populations  

1. Cells negative for Annexin V and PI staining – viable cells 

2. Cells positive for Annexin V staining negative for PI staining – cells in the 

early stages of apoptosis 

3. Cells positive for both Annexin V and PI staining – cells undergoing necrosis 

or in the late stages of apoptosis 

 

Cells were seeded onto 9cm
2
 culture plates at a density of 1x10

6
 per plate in 10 mls of 

DMEM containing 10% FCS. Cells were then incubated at 37ºC for 24 hours prior to 

treatment. The culture medium was then replaced with 10mls of the treatment medium 

and the cells were incubated for the required time period.  

 

After incubation the culture medium was aspirated and retained to collect any floating 

cells. The adherent cells were then harvested by trypsinisation in 1xTE. The floating 

cell and harvested adherent fractions were combined and pelleted by centrifugation at 

1000rpm for 5 minutes. The cell pellet was resuspended in 10 mls of culture medium 

containing 10% FCS. The cells were then incubated at 37 ºC for 30 minutes to allow 

the cells to equilibrate and the cell membranes to stabilise following trypsinisation, 

thus avoiding false positive results for apoptosis. After 30 minutes the cells were 
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repelleted and suspended in 1ml of 1x annexin binding buffer. 1µl of Annexin V 

FITC conjugate was added and the cells were incubated for 10 minutes at room 

temperature. PI was then added to a final concentration of 1.5 µl/ml and the cells were 

incubated for a further 1 minute at room temperature prior to placement on ice. The 

cells were analysed on a FACScan Flowcytometer (Becton-Dickinson) using the Cell 

Quest program.  

 

The assay was performed on three separate occasions for each timepoint and 

treatment. 

 

2.6 Preparation of cell lysates 

 

2.6.1 Preparation of whole cell lysates 

Cells were seeded to 9cm plates at densities of 2 and 1.5 x10
6
 cells per plate for 24 

and 48 hour treatments respectively or at 10-20% confluence in 75cm
2
 flasks. The 

cells were incubated for 12-24 hours to allow them to adhere prior to treatment. 

Following the required treatment period the plates were placed on ice and the culture 

medium was aspirated and retained. The cells were then washed with 5-10mls PBS 

and the irrigated PBS was combined with the retained medium. The cells were then 

washed x2 with PBS which was aspirated to dryness. Cell lysis buffer (200-400ul) 

was added and the plates were incubated on ice for 10 minutes. The plates were then 

scraped and the collected residue was aspirated and transferred to a cold eppendorf 

tube. 

The previously retained medium was pelleted by centrifugation at 1000rpm and 4ºC 

for 10 minutes to collect the floating cell fraction. The supernatant was removed and 
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the pellet washed with 10 mls PBS. The cells were then repelleted. The supernatant 

was removed and 20µl of cell lysis buffer was added to the pellet before incubation on 

ice for 10 minutes. The pellet/buffer was then added to the above cold eppendorf tube.  

The combined fractions were then centrifuged for 10 minutes at 13000rpm and 4ºC. 

The supernatant, containing the purified cell lysate, was then aspirated and stored at -

20ºC. 

 

2.6.2 Quantitative determination of protein concentration using the 

Bradford assay  

In order to ensure equal loading of protein on gels for blotting the protein 

concentration of the cell lysates was determined before use. 

 

2.6.2.1 Preparation of a standard curve 

In order to determine the protein concentration by absorbance a BSA calibration curve 

was generated.  

 

A stock solution of Bio-Rad staining dye was prepared by diluting 5x Bio-Rad dye in 

distilled water in a ratio of 1 ml dye to 3.9 mls water. BSA solution (1mg/ml) was 

diluted to the concentrations in the table below. For each concentration two samples 

were produced. The required volume of water was added followed by the required 

volume of BSA solution. Bio-Rad dye stock solution (980µl) was added and the 

mixture was vortexed for 30 seconds. The mixture was transferred to a plastic cuvette 

and incubated for 5 minutes at room temperature.  

 



69 

 

The absorption at 595nm against a distilled water sample was then measured using an 

Hitachi U-3010 spectrophotometer. For each of the BSA standards if the difference in 

absorption between the two duplicates was greater than 0.05 the sample was repeated. 

For determination of the curve the average absorption of the two duplicate samples 

was used. 

 

Concentration 

BSA 

(mg/ml) 

Volume 

1mg/ml BSA 

(µl) 

Volume 

water 

(µl) 

Volume Bio-Rad Dye 

stock solution 

(µl) 

Final 

volume (µl) 

0 0 20 980 1000 

0.004 4 16 980 1000 

0.008 8 12 980 1000 

0.012 12 8 980 1000 

0.016 16 4 980 1000 

0.02 20 0 980 1000 

 

For the most accurate results the BSA calibration curve should repeated each time the 

protein concentrations are determined in order to minimise the effects of temperature 

variations. 

 

2.6.2.2 Measuring the samples 

A stock solution of Bio-Rad staining dye was prepared by diluting 5x Bio-Rad dye in 

distilled water in a ratio of 1 ml dye to 3.98 mls water. 
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For each whole cell lysate, two samples were prepared. Bio-Rad staining dye stock 

solution (998µl) was added to an eppendorf. Whole lysate (2 µl) was then added and 

the mixture vortexed for 30 seconds. The mixture was then transferred to a plastic 

cuvette and incubated for 5 minutes at room temperature. The absorption at 595nm 

against a distilled water sample was then measured using a Hitachi U03010 

spectrophotometer. Any with a difference in absorbance of greater than 0.05 were 

repeated. The average of the two duplicates was taken and the BSA calibration curve 

generated as described above was used to calculate the protein concentration. 

 

2.7 Western blotting 

Whole cell lysates of known protein concentration were combined with distilled water 

and 4x loading buffer to give a final concentration of 1mg/ml protein and 1xSDS. The 

tops of the eppendorf tubes were punctured with a 22G needle then the eppendorfs 

were placed in a heating block,  preheated to 100 ºC, for 5 minutes. 

 

The samples were loaded onto a polyacrylamide gel made up of a 5% stacking gel and 

a running gel of percentage determined by the molecular weight of the target protein 

as per the table below. One well per gel was loaded with 3µl of a pre-stained protein 

ladder to facilitate protein identification after blotting. 

Gel Percentage Linear range of separation (kD) 

15 12-43 

10 16-68 

7.5 36-94 

5 57-212 
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The samples were electrophoresed in 1x western running buffer for approximately 1 

hour at 100V using a Bio-Rad Protean vertical gel system. 

The proteins were transferred from the gels to nitrocellulose membrane in 1x western 

transfer buffer using a Bio-Rad Trans-Blot wet blotting system for 1 hour at 100V. 

The quality of the membranes following transfer was confirmed by washing in 

Ponceau Red stain and subsequent visual inspection for bubbles or other anomalies. 

The membranes were washed x3 in PBST and blocked by immersion in 5% milk or 

5% BSA on a rocking plate for 1 hour. The membranes were washed x3 in PBST 

prior to addition of the primary antibody overnight at 4ºC on a rocking plate. The 

membranes were then washed x3 in PBST before addition of the relevant secondary 

antibody for 1 hour at room temperature on a rocking plate. The membranes were then 

washed a further three times in PBST. 

 

Proteins bands were then visualised by chemiluminscence and exposure to 

undeveloped photographic film. The membranes were covered in ECL reagent for 1 

minute prior to removal of the excess fluid and wrapping in Saran wrap with care to 

ensure the absence of bubbles under the wrap. The wrapped membranes were placed 

protein side up in an autoradiographic cassette. These were subsequently exposed to 

ECL Hyperfilm in a dark room and the film developed using an automated developer. 

 

In order to probe the membranes for a loading control (actin) they were placed in 

stripping buffer on a shaking plate for 30-60 minutes at room temperature. These were 

then washed for 10 minutes  3 times in PBST prior to re-blocking and probing with 

the loading control primary antibody. These were then processed as described above. 

Actin was used as a loading control as experiments demonstrated that neither I3C nor 

DIM  affected its expression. 
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When indicated blots were quantified using Quantity One
TM

 (BioRad, USA). 

2.7.1 Antibody conditions 

Unless otherwise stated the following standard conditions were applied:  

 Wells were loaded with 40 µg whole cell lysate 

 Membranes were blocked for 1 hour in 5% milk  in PBST at room 

temperature,  

 Primary antibodies were suspended in 5% milk in PBST at a concentration of 

1 in 1000, 

 Secondary antibodies were suspended in 5% milk in PBST at a concentration 

of 1 in 1000, 

 Primary antibodies were incubated overnight at 4 ºC, 

 Secondary antibodies were incubated for 1 hour at room temperature. 

 

Primary 

antibody 

against 

Secondary 

antibody 

Conditions Molecular weight 

(kDa) 

Actin Anti-rabbit Dilute primary antibody 1:4000 43 

Akt1 Anti-goat Standard conditions as stated 62 

Bax Anti-mouse Dilute primary antibody 1:500 21 

Bcl-2 Anti-mouse Dilute primary antibody 1:500 24-26 

Bcl-XL Anti-mouse Standard conditions as stated 34 

BID Anti-goat Dilute primary antibody 1:2000 22 

Bim Anti-rabbit Standard conditions as stated 19-24 

Cdc2 Anti-rabbit Dilute primary antibody 1:2000 34 
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Cdc25A Anti-mouse Standard conditions as stated 65 

Cdc25B Anti-mouse Standard conditions as stated 63 

Cdc25C Anti-mouse Dilute primary antibody 1:2000 55 

CDK6 Anti-rabbit Standard conditions as stated 37 

Chk1 Anti-rabbit Standard conditions as stated 56 

Chk2 Anti-rabbit Standard conditions as stated 62 

Cyclin B1 Anti-mouse Standard conditions as stated 60 

Cyclin D1 Anti-mouse Dilute primary antibody 1:500 35 

Cyclin E Anti-mouse Dilute primary antibody 1:500 Single 42 

Doublet 50 

Hyper-

phosphorylated 55 

(157) 

NF- B p65 Anti-rabbit Standard conditions as stated 65 

PARP Anti-rabbit Standard conditions as stated Uncleaved 116 

Cleaved 85 

p16
INK4 

Anti-mouse Dilute primary antibody 1:500 16 

p21 Anti-rabbit Standard conditions as stated 21 

p27 Anti-mouse Dilute primary antibody 1:500 27 

Phopsho-

Akt 

(Ser473) 

Anti-rabbit Dilute primary antibody 1:1000 

in 5% BSA 

60 

 

Phospho-

cdc2 

(Thr161) 

Anti-rabbit Standard conditions as stated 34 
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Phospho-

cdc2 

(Tyr15) 

Anti-rabbit Dilute primary antibody 1:2000 

in 5% BSA 

34 

Phospho-

Chk2 

(Thr68) 

Anti-rabbit Dilute primary antibody 1:500 62 

Phospho-

Src 

(Tyr416) 

Anti-rabbit Dilute primary antibody 1:500 

in 5%BSA 

60 

Phospho-

Src 

(Tyr527) 

Ani-rabbit Dilute primary antibody 1:1000 

in 5%BSA 

60 

Plk1 Anti-mouse Standard conditions as stated 66 

cSrc Anti-mouse Dilute primary antibody 1:200 60 

Survivin Anti-rabbit Standard conditions as stated 16.5 

 

2.8 Assessment of cell adhesion 

A 0.2% solution of crystal violet in 10% ethanol was prepared and filtered through a 

0.22 µm filtration paper. A solubilisation buffer consisting of 250ml 0.2M NaH2PO4 

(pH4.5), 125ml ethanol and 125ml distilled water was prepared and filtered through a 

0.22 µm filtration paper. These stock solutions were stored at room temperature until 

required. 

 

Four wells per cell line, per treatment on 96 well plates were coated with 80µl of 

50µg/ml collagen in 0.02N acetic acid for 12 hours at 4ºC. The plates were washed x3 
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with 150 µl PBS then 8 (4 collagen treated and 4 untreated) wells per cell line per 

treatment were blocked with 200 µl of 0.1% heat inactivated BSA in serum free 

medium for 1 hour at 37ºC. 

 

Cells were washed x3 with PBS then harvested with 5mls versene (SW620 and J82) 

or 1xTE (HT29). Once the cells were detached,  the flasks were washed with 10mls 

serum free medium and the cells pelleted by centrifugation at 1000rpm for 5 minutes. 

The supernatant was discarded and the pellet was gently agitated before resuspending 

in serum free culture medium containing 0.1% heat inactivated BSA.  

 

The blocking medium was discarded and the plates were seeded at a density of 3x10
4
 

cells per well in 200 µl of serum free culture medium containing 0.1% heat 

inactivated BSA and either 40 µM DIM or an equivalent concentration DMSO.  

 

The cells were then incubated for the required time interval before the assay. Cells 

were washed x3 with 150 µl serum free medium prior to adding 100 µl 0.2 % crystal 

violet solution, after which they were incubated for 5 minutes at room temperature 

before washing x3 with 300 µl serum free medium. Solubilisation buffer (100 µl) was 

then added and the plates incubated on a shaker at room temperature for 15 minutes. 

Four empty wells were also included to determine the background absorbance. The 

absorbance at 550nm was then measured using a FLUOstar Microplate Reader (BMG 

Labtech). The background absorbance was subtracted from the absorbance in the 

treated wells to give the final measure of adhesion. 
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2.9 Statistical analysis 

Statistical analyses were undertaken using SPSS 9.0. Data were checked for normal 

distribution using the Kolmgorov-Smirnov test. Data were assessed for statistical 

significance using student t-test or one way ANOVA with Bennets test post hoc as 

appropriate. Results were considered significant if p≤0.05. 
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Chapter 3 

 

Primary cultures 
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3.1 Development of reproducible method for establishing ex vivo 

cell lines 

The aim of this section of the project was to develop an effective, reproducible 

method for ex vivo culture of metastatic colorectal tissue. Once established the 

cultured cell lines would be incubated with chemopreventative agents identified from 

experiments with immortalised cell lines. 

 

3.1.1 Review of literature  

A literature search for articles, which included a description of a technique for 

establishing primary cultures from colorectal carcinomas, was performed on ISI web 

of science.  The Mesh headings primary culture and colorectal were used with no 

search restrictions.  

 

There was a paucity of relevant literature however six papers including methodology 

for establishing primary cultures were identified (158-163) and are summarised in the 

table below. These papers demonstrated that a low yield of cultured cell lines was to 

be expected and identified a number of obstacles to establishing lines; these included: 

 Infection/microbial contamination 

 Stromal overgrowth 

 Cell death secondary to mechanical dissociation 

 Slow cell growth 

 

There was a wide heterogeneity of the source tissue for the primary cultures between 

the papers including primary tumours, nodal and distant metastases and in 1 study an 
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orthotopic murine model. The degree to which they can therefore be extrapolated to 

hepatic colorectal metastases is debatable. 

 

The precise constituents of the culture media used varied between the papers however 

the base medium was either RPMI 1640 or a 1:1 solution of Hams F12 and DMEM 

4500 and with one exception these were supplemented with 10% FBS. Two of the six 

papers reported adding antibiotics and antifungal agents to the culture medium 

(158,159). Only one paper specifically reported using a separate collecting medium, 

which differed from the culture medium in that FBS was not added (158). 

 

Four papers described the techniques used for tissue dissociation prior to culture and 

manual dissociation was used in each of these (158,159,162,163). In one study 

mechanical dissociation was also used although it was only successful in one cell line 

and resulted in cell death in the remaining lines (41 assuming all lines were prepared 

by both techniques although this is not confirmed in the text) (159). 

 

Stromal overgrowth was reported as a significant issue when establishing a pure cell 

line for culture. Four papers stated that differential trypsinisation was used to counter 

this and one also added Isobutylmethylxanthine (IBMX) to the culture medium to 

inhibit fibroblast growth (158,159,162,163). 
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Table 3.1 Summary of studies identified in literature search on techniques for establishing ex vivo colorectal carcinoma cell cultures

Study Tumour type Collecting medium Growth Medium Dissociation 

technique 

Technique to prevent 

stromal overgrowth 

Success rate 

Douglas-

Marie et al 

(2007) 

Primary  DMEM + 10% HEPES +  

sodium pyruvate+penicillin+ 

streptomycin+gentamycin+ 

ciprofloxacin+metronidazole+ 

vancomycin +fungizone 

Collecting medium + 10 % FBS 

 

After P8 +vancomycin, 

gentamycin+fungizone only. 

Manual Diffferential trypsinisation 3 of 31 (9.7%) 

Farrell et 

al (2000) 

Primary, 

metastases 

and recurrent  

 1:1 Hams F12/DMEM +10% 

FBS+penicillin+streptomycin 

+amphotericin 

Manual or 

mechanical 

Differential trypsinisation 

Isobutylmethylxanthine in 

growth medium 

9 of 32 (35.5%) primary  

0 of 3 (0%) recurrences 

2 of 6 (33%) metastases 

Flatmark 

et al 

(2004) 

Orthotopic 

murine model 

 R10 – RPMI 1640+10% FBS   Not given – 12 lines studied 

Gazdar  et 

al  (1986) 

Primary   ACL4 - RPMI 1640 or 1:1 Hams 

F12/DMEM +10% FBS+insulin+ 

transferrin+sodium selenite 

+EGF+ethanolamine+ 

phosphorylethanolamine+ 

triiodothyronine+BSA+ 

glutamine+sodium pyruvate+ 4-(2-

hydroxyethyl)-1-piperazine –ethane 

sulfonic acid buffer  

  6 of 10 (60%) 

Oh et al 

(1999) 

Primary and 

metastases 

 AR5 – ACL4+5%FBS 

R10 

Manual Differential trypsinisation Not given – 12 lines 

established 6 primary + 6 

metastatic 

Park  et al 

(1987) 

Primary and 

metastases 

 ACL4 

R10 

Manual Differential trypsinisation ACL4: 

2 of 16 primary (12.5%) 

3 of 8 metastases (37.5%) 

R10: 

4 of 16 primary (25%) 

5 of 8 metastases (62.5%) 
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3.1.2 Techniques attempted for culture 

3.1.2.1 Selection of culture media 

Following the review of the literature detailed in section 3.1.1 the decision was made 

use 3 culture media for establishing primary cultures. These were: 

 50:50 Hams F12: DMEM 4500 supplemented with 10% FCS 

 RPMI supplemented with 10%FCS 

 DMEM 4500 supplemented with 10% FCS 

The first two media were selected as these had been shown to be effective in the 

reported studies. DMEM 4500 was also included as it had previously been used 

successfully within the laboratory to establish primary cultures of breast carcinoma. 

For specimens where resected tissue was limited RPMI and DMEM:Hams were to be 

used preferentially as these were the culture media supported by the available 

literature. Subsequently following a poor overall yield DMEM 4500 with 10% FCS 

was replaced with McCoys 5A supplemented with 10% FCS in order to continue to 

develop the culture technique. McCoys 5A had been successfully used in other tissue 

types and a report of its use in colonic primary cultures was identified (164,165) 

 

The quantity of FCS required for supplementation was assessed. Tissue from a sample  

was divided between separate flasks containing each of the base culture media and 

either 2%, 5% or 10% FCS. These were then incubated at 37ºC, 5% CO2 and 100% 

humidity.  The samples cultured in less than 10% FCS showed evidence of a loss of 

integrity and cell breakdown by 72 hours. This supported the results of the literature 
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review and therefore 10% FCS supplementation was utilised throughout the 

remainder of the project. 

 

As the tissue was potentially infected at source all of the culture media were also 

supplemented with 1x antibiotic antimycotic solution (Sigma-Aldrich, UK).  

 

3.1.2.2 Selection of techniques for tissue dissociation 

The literature review showed a consensus towards manual dissociation and dispersal 

techniques of cells from the source tissue prior to culture. There were no reports of 

enzymatic dispersal in the articles reviewed although these techniques have been 

utilised in other cell types (166). As detailed in section 3.1.1 mechanical dissociation 

was only reported in one study and in that instance it only yielded one successful line 

with cell death resulting in the other lines. Conversely one of the investigators (Dr. 

Elena Moiseeva) had previous experience of successfully establishing primary 

cultures from breast carcinoma lines using mechanical dispersal techniques. 

 

The decision was therefore made to explore manual and mechanical dispersal 

techniques initially however in light of the consensus towards manual techniques in 

the literature this would be used preferentially in instances where tissue was limited. 

 

Manual dissociation was performed by dividing the tissue, into sections of 

approximately 0.5-1mm
3
, using a fresh scalpel and non-tooth forceps. Although 

ideally the specimens would have been further divided this proved technically 

unfeasible. The dispersed tissue was then divided into 3 equal volumes which were re-

suspended in the three culture media detailed in section 3.1.2.1. and transferred to 

fresh culture flasks for incubation. 
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Mechanical dissociation was performed with a Medimachine
tm

 (BM Medscience). 

Tissue blocks were placed in the machine and disaggregated with 2 pulses of either 15 

or 20 seconds. Samples for each time interval were obtained from each resection 

specimen as far as possible. These timings were selected as per the manufacturers 

recommendations for hepatic and colorectal tissue respectively. As with the manually 

dissociated samples, the resultant cells were divided and re-suspended in the 3 

selected culture media for incubation. 

 

 The selected timings were confirmed by a qualitative observation with the first 

specimen. The tissue was separated into 5 equal volumes and these were 

disaggregated with 2 pulses of 10, 15, 20, 25 or 30 seconds. The resultant samples 

were examined and the specimens disaggregated with 25 and 30 second pulses were 

felt to show evidence of excessive disruption whereas the sample disaggregated for 10 

seconds was felt to be inadequately dispersed although this was equivocal and the 

sample was cultured. Subsequent culture of these samples failed to yield a single 

viable colony for any time point and therefore the decision was made to proceed using 

pulse durations of 15 and 20 seconds as recommended in the manufacturer’s literature 

in order to limit the number of techniques being utilised and therefore the volume of 

tissue required for processing. 

 

3.2 Results 

8 patients were recruited and tissue was obtained from 7. 1 patient was excluded as 

per the protocol as the resected tumour was too small to allow tissue sampling without 

compromising histological assessment. The patient details for the patients from whom 

tissue was obtained are summarised in Table 3.2. 
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Pt Age (yrs) Operation Ischaemic time  (mins) 

1 62 Open segmentectomy 60 

2 57 Open segmentectomy 60 

3 
60 Laparoscopic 

segmentectomy 

115 

4 62 Open segmentectomy 20 

5 62 Open biopsy 0 

6 66 Open segmentectomy Unknown 

7 75 Open segmentectomy Unknown 

 

Table 3.2: Details of patients from whom tissue was obtained for establishing ex vivo 

cultures.  

 

From these specimens sufficient tissue was obtained for 64 attempts at culture by a 

combination the techniques outlined in the preceding sections. The full results for 

these are listed in table 3.3. From the specimens 11 cell populations were established 

in culture of which 2 were scattered cell  

clusters, that may or may not have subsequently progressed to form confluent 

populations, 5 were adherent, confluent populations, 2 were floating cell populations 

and a further 2 were a mix of both adherent and floating cell populations. 

 

Of the solely adherent cell populations 3 were a single cell type and these were 

morphologically likely to represent fibroblasts. The remaining 2 solely adherent 

populations both contained 2 morphologically distinct cell types and these were 

thought potentially represent a mix of fibroblasts and colorectal carcinoma cells. This 

would be consistent with the issue of fibroblast overgrowth highlighted by the 

literature review. The 2 floating cell populations did not resemble fibroblasts 

morphologically and were thought to be the most likely to contain colorectal 

carcinoma cells. Two flasks were found to contain a mixture of an adherent and a 

floating cell population. In both of these the adherent cell population were thought to 

be likely to represent fibroblasts whereas the floating populations were 

morphologically  distinct  from  the  adherent  populations.  These resembled the other   
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Patient 
Dissociation 

technique 
Culture Medium Passages Outcome 

1 

Mechanical 
(10 Seconds) 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

Mechanical 
(15 Seconds) 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

Mechanical 
(20 Seconds) 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

Manual 

DMEM 1 No growth 

DMEM:Hams F12 1 No growth 

RPMI 1 No growth 

Floating 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

2 

Manual 

DMEM 1 No growth 

DMEM:Hams F12 2 2 adherent cell types  

RPMI 2 No growth 

Floating 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

3 

Manual 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

Floating 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

4 

Mechanical 
(15 Seconds) 

DMEM 0 No growth 

DMEM:Hams F12 1 
Adherent cell 

colonies  

RPMI 1 
Adherent cell 

colonies  

Mechanical 
(20 Seconds) 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

Manual 

DMEM 2 No growth 

DMEM:Hams F12 3 No growth 

RPMI (Sample 1) 2 Floating colonies  

RPMI (Sample 2) 2 Floating colonies  

Floating 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

5 

Manual 
DMEM:Hams F12 2 

Adherent cell 

population  

RPMI 2 Scattered cells 

Floating 
DMEM:Hams F12 0 No growth 

RPMI 0 No growth 
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Table 3.3: Results of attempts to establish ex vivo hepatic metastatic colorectal 

carcinoma cell culture populations by patient, tissue dissociation technique and 

culture medium. None of the cell cultures developed evidence of infection therefore 

this data has not been included. This table demonstrates the poor overall success rate 

with a maximum of 11 possible colorectal cell populations from 64 preparations.  

 

floating cell populations obtained from other samples and were thought to be 

consistent with carcinoma cells. It is worth noting that the floating and adherent cell 

populations derived from the same tissue sample and culture technique are both 

colorectal carcinoma cell populations as there are reports of investigators deriving two 

sub-lines from single colorectal primary cultures (165,167). 

 

Tissue typing was not performed due to this section of the project, as explained 

below, being stopped prior to this so the precise yield of colorectal carcinoma lines is 

unconfirmed. Overall these results represent a potential maximum yield of 11 from 64 

(17.2 %) and a more likely yield of 4 from 64 (6.2%). 

 

6 

Mechanical 
(15 Seconds) 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

Mechanical 
(20 Seconds) 

DMEM 0 No growth 

DMEM:Hams F12 1 No growth 

RPMI 0 No growth 

Manual 

DMEM 1 No growth 

DMEM:Hams F12 2 2 adherent cell types  

RPMI 2 No growth 

Floating 

DMEM 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 

7 

Mechanical 
(15 Seconds) 

McCoys 5A 1 Scattered Cells 

DMEM:Hams F12 1 No growth 

RPMI 1 No growth 

Manual 

McCoys 5A 1 
Adherent + floating cell 

colonies  

DMEM:Hams F12 1 No growth 

RPMI 1 
Adherent + floating cell 

colonies  

Floating 

McCoys 5A 0 No growth 

DMEM:Hams F12 0 No growth 

RPMI 0 No growth 
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The observed cell turnover in all of the cell cultures was very slow, in the order of 

weeks, with several media changes required prior to the cells achieving sufficient 

confluence for passaging. Furthermore the total number of cells obtained was low as 

all of the results reported above were based on culture in 12.5cm
2
 flasks. 

 

It is interesting to note that, within this very small population, the tissue samples that 

had been exposed to a shorter peri-operative ischaemic time appeared to have a higher 

yield in terms of with establishing a cell line in culture. The two samples giving the 

highest percentage yield, in terms of number cell populations of any type established 

relative to number of techniques attempted and therefore flasks seeded, derived from 

patients 4 (33%) and 5 (50%). These patients had the shortest and no ischaemic times 

respectively. Conversely the tissue from the patient with the longest recorded 

ischaemic time, patient 3, did not yield any viable cells. This data may be skewed 

firstly by the lack of a recorded ischaemic time for patients 6 and 7 and secondly by 

the small volume of tissue obtained from patient 5. The result of the latter was that 

only the preparation and culture techniques anticipated to have the highest chance of 

success were ultilised. This finding would be expected given that ischaemia would be 

likely to activate cell apoptosis or at least be associated with cellular damage. This 

finding may be confounded by the apparent trend towards more successful cell culture 

in tissue obtained later in the project. This, in turn, could be taken to indicate that 

although the tissue handling and preparation was performed by the same investigator 

and by the same techniques in each case there may be an improvement in the 

performance of this process with repetition. 

 

Of the culture media utilised four cultures were successfully established with 50:50 

DMEM:Hams F12 mixture + 10 FCS, five with RPMI + 10% FCS and two with 
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McCoys 5A. No populations were established with DMEM 4500 + 10% FCS. This 

supports the findings of the literature review although the numbers are too small to 

draw any definitive conclusions at this stage although it is of note that McCoys was 

only used for tissue from one patient and thus had the highest percentage yield. 

 

Mechanical dissociation yielded 3 populations from 24 flasks (12.5%) whereas 

manual dissociation yielded 8 populations from 20 flasks. This data may be skewed 

by the bias towards manual preparation of samples, where source tissue was limited, 

on the assumption of higher success rate thus only 4 of 7 patient’s tissue was 

subjected to mechanical dissociation whereas all 7 patients’ tissue underwent manual 

dissociation. In particular manual preparation was used for tissue from patient 5 - the 

patient noted previously to have undergone no ischaemic time and to have the highest 

individual percentage yield. Within the limitations of these very small numbers it is 

also of note that the 3 populations derived from mechanically dissociated tissue were 

all from samples dissociated with the shorter pulses of 15 seconds. Put together these 

data imply that minimal tissue preparation and therefore minimisation of potential 

physical cell damage is more likely to result in establishing a viable cell culture. This 

finding might be anticipated as physical cell damage or loss of cell integrity would 

lead to cell cycle arrest and activation of cell apoptosis.  

 

The floating cells obtained from the transport medium and initial washing of the 

resected tissue failed to yield any viable cells when the flasks were examined at 72-96 

hours. Possible reasons for this include: 

 Presence of necrotic tissue within the resected metastasis which may not be 

apparent macroscopically but would be more likely to be separated from the 
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underlying viable tissue through the process of washing or immersion in 

transport medium. 

 Damaged cells/cells undergoing apoptosis are more likely to be poorly 

adherent to adjacent cells than undamaged, viable cells.  

 Loss of cell integrity during processing of tissue/removal of specimen 

 Ischaemic damage during resection  

Alternatively the failure to establish a single ex vivo culture from the floating cells 

may reflect the overall poor yield demonstrated throughout this project and as might 

be anticipated given the data in the literature. 

 

As reported above the cell turnover demonstrated by the ex vivo cultures was very 

slow with clear implications for the proposed experiments dependent on cell turnover 

such as analysis for cell cycle arrest. Furthermore the yield in both in terms of number 

of cells obtained per cell line and number of established lines was far lower than 

initially had been anticipated and therefore it was unlikely that a large enough panel 

of cell lines to obtain significant results would be established within the time limits of 

the project. These reasons in conjunction with the impact this section of the project 

was making on time for experiments on immortalised cell lines led to the decision 

being taken to focus on the latter experiments. 

 

3.3 Potential developments and improvements 

Although the data is insufficient to draw any definitive conclusions a number of key 

issues were identified: 

 Early indications are that a prolonged ischaemic time during the initial 

resection appears to decrease the likelihood of obtaining viable cells in culture. 
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 Fibroblast overgrowth is a potential problem 

 Extent of tissue disruption during preparation may inversely correlate with 

likelihood of establishing a cell population in culture. 

 Cell turnover demonstrated was very slow potentially limiting the 

experimental use of the cell lines as well as making it difficult to obtain a large 

enough cell population to utilise. 

 

Although the project was stopped at this stage the anticipated next stages in 

development of the technique would have been: 

 Tissue typing of established cell cultures using epidermal cellular markers 

cytokeratins 8 and 18 to identify if the cells were of epithelial origin and 

therefore likely to represent metastatic tissue rather than fibroblasts or 

hepatocytes. 

 Exploring feasibility of obtaining tissue with short or no ischaemic time – this 

would entail a review of the ethical approval for the project. 

 Enzymatic disaggregation with collagenase and hyalurodinase digestion 

 Fibroblast depletion by passing the suspensions through antibody coated beads 

 Separation of mixed adherent cell populations by differential tryspinisation 

 Separation of mixed floating and adherent cell populations for further culture 

 Inhibition of fibroblast overgrowth using inhibitors such as 

Isobutylmethylxanthine (IBMX) 

 Addition of growth factors IGF-1 and EGF to the cell culture medium to 

stimulate cell growth. Depending on results consider addition of VEGF and 

PDGF. 
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Chapter 4 

 

Indole-3-carbinol in colorectal carcinoma 
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As outlined in detail in the introduction there is epidemiological evidence that dietary 

intake of vegetables, including those of the genus cruciferae, influences the risk of 

colorectal carcinogenesis (16,17). The indoles, a group of bioactive compounds found 

in cruciferous vegetables have been proposed as contributing to this effect. Indole-3-

carbinol (I3C) has been shown to exhibit pro-apoptotic effects and induce cell cycle 

arrest in malignant cell lines. EGFR and Src have been implicated mechanistically in 

these effects (142). Pharmacological data shows that the greatest concentrations of 

I3C and its bioactive metabolites are found in the liver, with levels 6x plasma 

concentrations, following oral ingestion indicating a role in the treatment or 

prevention of hepatic metastases (147). 

 

Although there has been extensive research into the effect of indoles in other 

carcinoma types there is a relative paucity of data relating to the effects of indoles in 

colorectal carcinoma. The aim of this section of the project, therefore, was to 

investigate using a panel of immortalised cell lines the effect of I3C, both as a sole 

agent and in conjunction with inhibition of EGFR and Src, in colorectal carcinoma. 

 

4.1 Effect of I3C on colorectal carcinoma cell viability 

As outlined in the methods a panel of 4 immortalised colorectal carcinoma cell lines 

(HT29, HCT116, SW480 and SW620) weas utilised for in vitro experiments. 

Treatment with I3C resulted in a dose dependent decrease in cell viability (ATPLite) 

versus DMSO control after 48 hours incubation (Figure 4.1). Statistically significant 

decreases were yielded by doses of 200 µM and above. This indicates a response at 
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doses higher than are anticipated to be achievable in vivo (147). 

 

 

 

 

 

 

4.1.1 Effect of I3C on apoptosis in colorectal carcinoma 
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Figure 4.1: Cell viability (ATPLite) in 4 colorectal carcinoma cell lines.  

I3C induced decreased cell viability, at 48 hours, in a dose dependent manner. 

Significant decreases were observed at doses of 200 µM and above which are 

likely to be unachievable in vivo. Results normalised to DMSO control. n=24 over 

3 repetitions *=p<0.05 versus DMSO control 

 

Figure 4.2: Caspase 3/7 activity (Caspase-Glo) in 4 colorectal carcinoma cell 

lines.  

Increased caspase activity, indicating induction of apoptosis, was observed 

following treatment with 250 µM I3C in 3 of 4 cell lines at 48 hours and in the 

remaining cell line, HCT116, after 24 hours treatment.  Results normalised to 

DMSO control. n=24 over 3 repetitions 

*=p<0.05 versus DMSO control 
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Treatment with 250 µM I3C induced apoptosis in the panel of colorectal carcinoma 

cell lines evidenced by increased activation of caspases 3 and 7 (Caspase-Glo). In 3 of 

4 cell lines statistically significant caspase activation was observed at 48 hours. 

However, these increases were small (130.8-150.4% of DMSO control). The fourth 

cell line, HCT116, exhibited a small but significant increase in caspase 3/7 activation 

following 24 hours treatment (120% of control) (Figure 4.2). 

 

4.2 Effect of I3C with receptor inhibitors in colorectal carcinoma 

As detailed in the introduction EGFR and Src have both been implicated in I3C 

induced cell cycle arrest and apoptosis in breast carcinoma cell lines (143). The 

combination of I3C and an EGFR inhibitor was effective at concentrations which are 

ineffective individually and the combination of I3C and a Src inhibitor was more 

efficacious than either agent individually against two breast carcinoma phenotypes. 

Phenotyping of the panel of four colorectal carcinoma cell lines confirmed 

overexpression of EGFR in all bar one (SW620) and Src overexpression in all four 

(Figure 4.3). I3C was therefore combined with inhibitors of EGFR and Src to 

ascertain if combination therapy would yield reductions in cell viability at I3C doses 

anticipated to be achievable in vivo. 
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Figure 4.3: EGFR and Src expression in four colorectal carcinoma cell lines.  

Western blotting showed EGFR was overexpressed in 3 of 4 lines and Src was 

overexpressed in all four lines. 
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4.2.1 Effect of I3C with EGFR inhibition on colorectal carcinoma cell 

viability  

Treatment with 150 µM I3C failed to yield a decrease in cell viability in the panel of 

four colorectal carcinoma cell lines (data presented in chapter 4.1). Combination with 

the commercially available EGFR inhibitor, ZD1839 (Iressa, Astra Zeneca UK), 

resulted in decreased viability following 48 hours treatment in 3 of the 4 colorectal 

cell lines relative to both DMSO control and ZD1839 as a sole agent (p<0.05 vs 

DMSO control in HT29 and vs DMSO control and ZD1839 in HCT116 and SW480) 

(Figure 4.4).  

 

As would be anticipated from cell phenotyping SW620 failed to exhibit a response to 

EGFR inhibition. This data demonstrated that doses of I3C which are subtherapeutic
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Figure 4.4: Cell viability (ATPLite) in 4 colorectal carcinoma cell lines after 48 

hours treatment with a combination of 1 µM ZD1839 (Iressa, Astra Zeneca UK) 

+150 µM I3C versus DMSO control and 1 µM ZD1839 alone. An increased 

response was observed with combination treatment in 3 of 4 cell lines .As 

anticipated from cell phenotyping  SW620 does not exhibit an increased response 

with EGFR inhibition. Results normalised to DMSO control. n=24 over 3 repetitions 

* = p<0.05 vs DMSO control      # = p<0.05 vs DMSO control and ZD1839  
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in isolation can be efficacious in combination with EGFR inhibition although the 

effect is restricted to cells which constitutively overexpress EGFR. 

 

4.2.2 Effects of I3C with Src inhibition on colorectal carcinoma cell  

viability 

Doses of 100 and 150 µM I3C, which had proved subtherapeutic as a sole agent (data 

presented in section 4.1) in combination with 5 µM PP2, a commercially available 

selective Src inhibitor, induced loss of cell viability in the panel of four cell lines 

(67.6-89.6% of control and 67.0-93.0% of DMSO control for combinations 

incorporating 100 and 150 µM I3C respectively). These decreases were greater than 

that achieved with PP2 alone (p<0.05) (Figure 4.5). These data demonstrated that 

doses of I3C which are subtherapeutic in isolation can be efficacious in combination 

with Src inhibition.  
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Figure 4.5: Cell viability (ATPLite) in 4 colorectal carcinoma cell lines. 

An increased response was observed after treatment for 48 hours with a 

combination of 5 µM PP2 with 100 µM or 150 µM I3C, relative to DMSO control 

and 5 µM PP2 alone,  in all 4 cell lines demonstrating that doses of I3C which are 

subtherapeutic in isolation can be efficacious in combination with Src inhibition. 

Results normalised to DMSO control. n=24 over 3 repetions. * = p<0.05 vs 

DMSO control      # = p<0.05 vs DMSO control and ZD1839  
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I3C was also combined with AZD0530 (Astra Zeneca, UK) a Src inhibitor under 

development.  

 

There were no definitive data regarding therapeutic dosing for AZD0530 in colorectal 

tissues. Guidance from Astra Zeneca indicated that concentrations greater than 1.0 

µM were potentially achievable (168). In preclinical studies 50 µg/kg AZD0530 

proved insufficient to inhibit tumour volume in mice inoculated with HT29 colorectal 

carcinoma cells (169) whereas 1 µM AZD0530 induced apoptosis and inhibited cell 

growth in non-small cell lung carcinoma in vitro (170). Dose response data for 

AZD0530 in colorectal carcinoma cells was therefore obtained. 

 

Treatment with AZD0530 resulted in a dose dependent decrease in cell viability 

(ATPLite) versus DMSO control after 48 hours incubation. Statistically significant  

decreases were yielded by doses of ≥0.25 µM in two of four cell lines, by doses of 

≥0.5 µM in one cell line and ≥1.0 µM in the fourth cell line (Figure 4.6). On the basis 
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Figure 4.6: Cell viability (ATPLite) in four colorectal carcinoma cell lines.  

A dose related decrease in cell viability was observed following 48 hours 

treatment with increasing doses of Src inhibitor AZD0530 (Astra Zeneca, UK). 

Doses ≥1.0 µM yielded significant decreases in all four cell lines.  

Results normalised to DMSO control. n=8  *=p<0.05 versus DMSO control. 
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of these data 1.0 µM was deemed to be therapeutic and 0.25 µM was deemed to be 

sub-therapeutic. 

Treatment for 48 hours with a combination of AZD0530 and I3C at doses deemed 

subtherapeutic as sole agents (0.25 µM AZD0530 and either 100 or 150 µM I3C) 

showed a trend towards greater decreases in cell viability than monotherapy in the 

panel of four colorectal cell lines (Figure 4.7). Only HCT116 reached statistical 

significance. 48 hours treatment with a combination of a subtherapeutic I3C dose (100 

µM) and a therapeutic AZD0530 (1.0 µM) induced increased loss of cell viability in 

the panel of four colorectal carcinoma cell lines (58.2-89.0% of DMSO control) in 

comparison with AZD0530 monotherapy (66.4-90.3% of control). These reached 

statistical significance in HCT116 and SW620 (Figure 4.8).  
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Figure 4.7: Cell viability (ATPLite) in four colorectal carcinoma cell lines.  

A trend towards greater decreases in cell viability was observed following 48 hours 

treatment with a combination of AZD0530 and I3C, at doses which were sub-

therapeutic in isolation, relative to AZD0530 alone though only statistically 

significant in HCT116. Results normalised to DMSO control. n=24 over 3 

repetitions. * = p<0.05 vs DMSO control # = p<0.05 vs DMSO control and 

AZD0530.  
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The decrease in viability in response to combination therapy with 150 µM I3C and 1.0 

µM AZD0530  was progressive and sustained over extended time points (72 and 96 

hours) in all the cell lines (Figure 4.9). These data, with the data obtained using PP2, 

indicate that doses of I3C likely to be achievable in vivo but subtherapeutic in 

isolation can be efficacious in combination with Src inhibition. 

 

Treatment with a combination of 1.0 µM AZD0530 and 150 µM I3C showed a slight 

trend (p>0.05) towards increased caspase 3/7 activation and therefore induction of 

apoptosis at 12 hours (Figure 4.10).  
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Figure 4.8: Cell viability (ATPLite) in 4 colorectal carcinoma cell lines.  

Greater decreases in cell viability were observed following 48 hours treatment with 

a combination of AZD0530 and I3C compared with AZD0530 alone, indicating 

that doses of I3C likely to be achievable in vivo but subtherapeutic in isolation can 

be efficacious in combination with Src inhibition. Results normalised to DMSO 

control. *= p<0.05 vs DMSO control   # = p<0.05 vs DMSO control and AZD0530 

alone 
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Figure 4.9: Cell viability (ATPLite) in four colorectal carcinoma cell lines.  A 

combination of AZD0530 and I3C induced progressive loss of cell viability 

compared with AZD0530 alone, following 72 and 96 hours treatment, indicating 

that doses of I3C likely to be achievable in vivo but subtherapeutic in isolation can 

be efficacious in combination with Src inhibition. Results normalised to DMSO 

control. 

*= p<0.05 vs DMSO control   # = p<0.05 vs DMSO control and AZD0530 alone 
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At this stage in the project data showing the comparative effects on cell viability with 

I3C and DIM (detailed in chapter 5) led to the decision to focus subsequent research  

on the latter compound and therefore caspase 3/7 activation at subsequent timepoints 

was not assessed. 

 

4.3 Conclusion 

In summary it was demonstrated that although treatment with I3C yielded a loss of 

cell viability and induction of apoptosis in colorectal carcinoma cells this only occurs 

with doses unlikely to be achievable in vivo (≥200 µM) and is therefore of limited 

clinical relevance. This data contrasts with data in breast carcinoma in Tag mice at 

which effects were observed with doses of 100 µM I3C (171). The effects of I3C can 

Figure 4.10: Caspase 3/7 activity (Caspase-Glo) in 4 colorectal carcinoma cell 

lines.  

A non-significant trend towards increased activation, and therefore induction of 

apoptosis was observed following 12 hours treatment with AZD0530 and I3C. 

Results normalised to DMSO control. 
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be augmented by combination with inhibitors of EGFR and Src in line with cell 

phenotyping however the effects remain modest. Putting these limited data together 

with the pharmacokinetic data that indicates a relatively short half-life for I3C in vivo 

(147) means that I3C is unlikely to constitute an attractive, potential 

chemopreventative nor chemotherapeutic agent for colorectal carcinoma. 
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Chapter 5 

 

3,3 Diindolylmethane in colorectal 

carcinoma 
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As outlined in detail in the introduction there is epidemiological evidence that dietary 

intake of vegetables, including those of the genus cruciferae, influences the risk of 

colorectal carcinogenesis (16,17). The indoles, a group of bioactive compounds found 

in cruciferous vegetables have been proposed as contributing to this effect. 3,3 

diindolylmethane (DIM), an acid condensation product of I3C, has been shown to 

exhibit pro-apoptotic effects and induce cell cycle arrest in malignant cell lines 

(130,133-135).  

 

Although there has been extensive research into the effect of indoles in other 

carcinoma types there is a relative paucity of data relating to the effects of indoles in 

colorectal carcinoma. Pharmacological data shows that the greatest concentrations of 

DIM are found in the liver, with levels 8x plasma concentrations, following oral 

ingestion making it an attractive proposition for the treatment or prevention of 

colorectal hepatic metastases (147). The aim of this section of the project, therefore, 

was to investigate using a panel of immortalised cell lines the effect of DIM in 

colorectal carcinoma.  

 

There is data on the role of Src in I3C mediated apoptosis and cell cycle arrest. It has 

been demonstrated that combination of I3C with Src inhibition was more efficacious 

than either agent alone. To date there are no data on the effect of DIM on Src 

expression however there is a degree of uncertainty in the interpretation of preclinical 

data with I3C as DIM has been shown to form spontaneously from I3C in vitro . A 

further aim of this project was therefore to explore the effect of DIM on Src 
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expression and Src mediated pathways and to investigate whether combination of 

DIM with a Src inhibitor could augment any potential therapeutic effect. 

5.1 Effect of DIM on colorectal carcinoma cell viability 

As described in the methods a panel of four immortalised colorectal carcinoma cell 

lines (HT29, HCT116, SW480 and SW620) were utilised for in vitro experiments.  

 

Treatment with DIM resulted in a dose dependent decrease in cell viability (ATPLite) 

versus DMSO control after 48 hours incubation (Figure 5.1). Statistically significant 

decreases were yielded by doses of 25 µM and above in three of four cell lines and by 

doses of 40 µM in the fourth cell line, SW620. These data indicate significant effects 

at levels anticipated to be achievable in vivo. 

 

Previous research with resveratrol, a potential chemopreventative, polyphenolic 

phytoalexin derived from grapes, demonstrated direct inhibition of firefly luciferase, a  

 
 

Figure 5.1: Cell viability (ATPLite) in 4 colorectal carcinoma cell lines.  

A dose related decrease in cell viability was observed following 48 hours treatment 

with DIM. Results normalised to DMSO control. n=8 *denotes p<0.05 versus DMSO 

control 
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component of several luminescence assays including ATPLite (172). The ATPLite 

viability assay was therefore validated for use with DIM by comparing it with an 

alternative measure of viability using a Coulter Cell Counter (Figure 5.2). These data 

confirm statistically significant decreases in cell viability following 48 hours 

treatment in all four cell lines with 40 µM DIM. Although the results were not 

identical between the two assays the difference relative to the demonstrated decreases 

was such that this was taken to validate ATPLite as a viability assay and as a 

surrogate measure for cell number for DIM treatments. 

 

On the basis of the data from the ATPLite viability assay 40 µM DIM was selected 

for further experiments as this demonstrated a significant response in all the cell lines 
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Figure 5.2: Cell viability (Coulter Cell Count) in 4 colorectal carcinoma cell 

lines.  

A significant decrease in viability was observed following treatment, for 48 hours, 

with DIM in all 4 cell lines. This validated the data obtained using the ATPLite 

assay. Results normalised to DMSO control. n=6 over 3 repetitions *= p<0.05 vs 

DMSO control. 
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Figure 5.3: Cell viability (ATPLite) over time in 4 colorectal carcinoma cell lines. 

A progressive and sustained decrease in cell viability was observed following treatment with 40 µM DIM. Results normalised to DMSO 

control. n=24 over 3 repetitions.  *denotes p<0.05 versus DMSO control 
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in the panel and furthermore was a dose anticipated to be achievable in vivo(148,173).  

 

The decrease in viability in response to treatment with DIM was progressive and 

sustained over extended time points all the cell lines, with exception of one cell line, 

yielding cell populations of 69.2-72.8% of control and 19.1-47.0% of control at 24 

and 96 hours respectively (Figure 5.3). SW480 failed to exhibit a progressive viability 

decrease at the longest treatment time point (96 hours) and in SW620 the cell viability 

decrease between the 72 and 96 hour timepoints failed to achieve statistical 

signifcance. 

 

5.1.1 Effect of DIM on cell death in colorectal carcinoma 

Treatment with 40µM DIM induced apoptosis evidenced by increased activation of 

caspases 3 and 7 (Caspase-Glo). In 3 of 4 cell lines statistically significant caspase 

activation occurred by 12 hours. However these increases were small (112-131% of 

control). There was not a pronounced increase (155-368% of control) until the 24 

hour time point. The fourth cell line, HT29, also demonstrated increased caspase 

activation (217% of control) but only at the 48 hour time point (Figure 5.4). 

 

FACS analysis with annexin V and propidium iodide (PI) staining confirmed 

increased cell death in all cell lines in the panel following treatment with 40µM DIM 

at both 24 and 48 hours (Table 5.5). Early apoptosis was significantly increased in 2 

and 3 cell lines at 24 and 48 hours respectively. Necrosis/late apoptosis was increased 

in 3 and 4 cell lines at 24 and 48 hours respectively. Given that one cell line did not 

demonstrate increased early apoptosis at either time point these data may indicate that 

treatment  with  DIM  induces  cell  death  through  both  necrosis  and  apoptosis   or,  
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Figure 5.4: Caspase 3/7 activity in 4 colorectal carcinoma cells 

lines. 

Increased caspase 3/7 activity, indicating apoptosis, was 

observed at 12 hours and increasing at 24 hours in 3 of 4 cell 

lines following treatment with DIM. This increase was 

sustained in a single line (SW620) at 48hours. The remaining 

cell line (HT29) demonstrated increased caspase 3/7activity at 

48 hours. Results normalised to DMSO control. 

n=24 over 3 repetitions.*= p<0.05 versus DMSO control. 
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Figure 5.5: Annexin assay for 4 colorectal carcinoma cell lines. 

Increased cell death was observed in all four cell lines after 24 and 48 hours 

treatment with DIM. At 24 hours treatment early apoptosis (apo) was increased in 

2 lines (HT29 and SW620) and necrosis/late apoptosis (nec) increased in 3 lines 

(HCT116, SW480 and SW620). At 48 hours treatment early apoptosis was 

increased in all lines except SW480 and necrosis/late apoptosis was increased in 

all cell lines. n=6 over 3 repetitons . * denotes p<0.05 versus DMSO control. 
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alternatively, may reflect the rate of the apoptotic process in these cells as both late 

apoptosis and necrosis yield cells positive for both annexin V and PI staining.  

5.1.2 Effect of DIM on cell cycle arrest in colorectal carcinoma 
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Figure 5.6: Cell cycle analysis (FACS) in 4 colorectal carcinoma cell lines. 

Following treatment with 40 µM DIM, three of the four cell lines demonstrated G0-1 

cell cycle arrest at 24 and 48 hours, whereas HT29 demonstrated G2-M phase arrest at 

both time points.  n=9 over 3 repetitions  * denotes p<0.05 versus DMSO control 
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Treatment with 40 µM DIM induced cell cycle arrest in the panel of colorectal 

carcinoma cell lines on FACS analysis at 24 and 48 hours incubation. Three of the 

four cell lines (HCT116, SW480 and SW620) exhibited arrest at the G1-S checkpoint 

whereas the fourth cell line (HT29) arrested at the G2-M checkpoint (Figure 5.6). 

 

5.2 Effect of DIM on cellular adhesion in colorectal carcinoma 

 

 

 
Figure 5.7: Cell adhesion over time in colorectal carcinoma cell lines, SW620 and 

HT29. 

Adhesion is proportional to relative absorbance at 550nm. Inhibition of cell adhesion 

was observed, following treatment with 40 µM DIM, at all time points in SW620 

and at all time points except 30 minutes in HT29. * denotes p<0.05 vs DMSO 

control. 
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The effect of treatment with DIM on cellular adhesion, and therefore on the potential 

formation of tumour metastases, was examined. HT29 and SW620 cell lines were 

selected for the assay. HT29 as it had previously demonstrated a high sensitivity to the 

effects of DIM in both cell viability and cell cycle arrest experiments and SW620 as it 

was originally derived from a colorectal carcinoma lymph node metatstasis. 

 

Treatment with 40 µM DIM yielded a greater than 50% decrease (53.3-68.3%) in 

relative adhesion versus DMSO control at all four time points (30, 60, 120 and 180 

minutes) in SW620 cells (p<0.05) thus demonstrating a significant and sustained 

inhibition. The maximal effect was seen at 60 minutes incubation (Figure 5.7). 

 

The HT29 cells also demonstrated a sustained inhibition of cellular adhesion across 

all four time points with a greater than 50% decrease (51.8-100%) in relative adhesion 

versus DMSO control, although this failed to reach statistical significance at 30 

minutes incubation (Figure 5.7).  

5.3 DIM and Src inhibition using AZD0530 in colorectal carcinoma 

 

DIM was combined with AZD0530 (AstraZeneca, UK) a Src inhibitor undergoing 

clinical trials prior to full commercial release to ascertain if the effect on carcinoma 

cell viability could be augmented through combination therapy. As previously 

described a dose of 1.0 µM of AZD0530 was utilised, as per the manufacturers 

guidance. 

5.3.1 DIM with Src inhibition using AZD0530 and effects on colorectal 

carcinoma cell viability  

Treatment with a combination of 40 µM DIM and 1.0 µM AZD0530 yielded 

increased loss of cell viability versus DMSO control, DIM and AZD0530 as single 
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agents at 48 hours incubation. These effects were progressive and sustained across 48, 

72 and 96 hour timepoints yielding cell populations of 28.5-69.6% and 6.6-29.9% of 

control at 48 and 96 hours treatment respectively (Figure 5.8). As previously for data 

obtained using the ATPLite assay this data was validated with Coulter Cell Count 

data (not shown). 

5.3.2 DIM and Src inhibition using AZD0530 and effects on cell death in 

colorectal carcinoma 
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Figure 5.9: Caspase 3/7 activity (Caspase-Glo) in 4 colorectal carcinoma cell lines.  

A small increase in caspase activity, indicating induction of apoptosis, was observed 

in 3 of the 4 cell lines following 12 hours treatment with a combination 1.0µM 

AZD0530 and 40µM DIM relative to AZD0530 alone and DMSO control. n=24 over 

3 repetitions.   * denotes p<0.05 versus DMSO control and AZD0530. 
 

Figure 5.8 (Previous page): Cell viability (ATPLite) in 4 colorectal carcinoma cell 

lines. 

Greater decreases in cell viability were observed following treatment with a 

combination of 1.0 µM AZD0530 and 40 µM DIM relative to DIM and AZD0530, 

as sole agents. The decrease with combination treatment was sustained and 

progressive over time (24-96 hours). Note no data for AZD0530 as sole agent at 24 

hours. n=24 over 3 repetitions. Results normalised to DMSO control. *denotes 

p<0.05 versus DMSO control    $ denotes p<0.05 versus DMSO control and DIM # 

denotes p<0.05 versus DMSO control, AZD0530 and DIM as sole agents 
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Figure 5.10: Annexin assay (FACS) in 4 colorectal carcinoma cell lines. 

Increased cell death was observed in all four cell lines following treatment, for 24 and 

48 hours, with 1.0 µM AZD0530 and 40 µM DIM in combination versus both 

AZD0530 and DIM, as sole agents, and DMSO control, with the exception of SW480 

following 24 hours treatment.  

n=6 over 3 repetitions  * = p<0.05 versus DMSO control $=p<0.05 versus DMSO 

control and AZD0530. #=p<0.05 versus DMSO control, DIM and AZD0530 as sole 

agents. 
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Treatment with a combination of 40 µM DIM and 1.0 µM AZD0530 induced 

apoptosis in the panel of colorectal carcinoma cell lines evidenced by  increased 

activation of caspases 3 and 7 (Caspase-Glo) at 12 hours (Figure 5.9). In 3 of 4 cell 

lines (HCT116, SW480 and SW620) these small increases (111-156% of DMSO 

control) were statistically significant versus both DMSO control and AZD0530 

monotherapy. 

 

FACS analysis with annexin V and propidium iodide (PI) staining confirmed 

increased cell death by apoptosis and late apoptosis/necrosis, versus DMSO control 

and both AZD0530 and DIM as sole agents, in the panel of four colorectal carcinoma 

cell lines, with one exception, following treatment with a combination of  1.0µM 

AZD0530 and 40µM DIM at both 24 and 48 hours (Figure 5.10) (p<0.05). SW480 

failed to demonstrate increased cell death relative to cells treated with DIM alone 

after 24 hours. However an increase in cell death by apoptosis and late 

apoptosis/necrosis was exhibited following 48 hours treatment (p<0.05). 

 

5.4 DIM, AZD0530 and protein expression in colorectal carcinoma 

On the basis of the results of the cell cycle analysis and cell death experiments in 

response to treatment with DIM the decision was made to focus on HT29 and 

HCT116 for subsequent experiments into cellular protein expression. Specifically 

these two cell lines were selected as firstly they yielded the greatest sensitivity to 

treatment, in terms of change in cell viability. Thus one would anticipate a greater 

change in protein expression would be demonstrated and secondly HT29 

demonstrated arrest at a different cell cycle phase in comparison with the other three 
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cell lines, thus a different mechanism may be responsible. Concentrations of 40 µM 

DIM and 1.0 µM AZD0530 were utilised for the reasons outlined in previous 

sections.  

 

Initially, the influence of p53 status on response to DIM was examined. Treatment 

with a range of doses of DIM (0-75 µM) for 48 hours yielded a small, but statistically 

significant, reduction in the viability decrease in an HCT116 p53 knockout cell line in 

comparison with an HCT116 wild type cell line at the highest dose examined (80.9% 

of control versus 86.7%). No other statistically significant changes in the response 

were observed although a slight reduction in the decrease was also observed at 25 µM 

(Figure 5.12).  This demonstrates that the effect of DIM on overall cell viability 

occurs, at least predominantly, independent of p53 mediated pathways. 
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Figure 5.11: Cell viability (ATPLite) in HCT116 p53 wild type (WT) and HCT116 

p53 knockout (-/-).  

Following 48 hours treatment with DIM at increasing doses, a decreased reduction in 

cell viability was observed in HCT116 p53 -/- relative to HCT116 p53 WT with 75 

µM DIM only. These data indicate that the effect of DIM on colorectal carcinoma cell 

viability predominantly occurs independent of p53. Results normalised to DMSO 

control. n=8  * = p<0.05 versus HCT116 p53 WT 
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Western blotting was performed to establish the effects of treatment with DIM and 

AZD0530 on cellular protein expression. Treatment intervals of 24 and 48 hours were 

used and blots were loaded in the following order unless otherwise stated in the 

accompanying  text: 

24 Hours Treatment 48 Hours Treatment 

DMSO 

Control 

AZD0530 DIM 

AZD0530+ 

DIM 

DMSO 

Control 

AZD0530 DIM 

AZD0530+ 

DIM 

 

Unless otherwise stated results are reported for both time points. Where both cell lines 

demonstrated a similar response to treatment, a representative blot from only one of 

the two lines is included for illustration and this is stated in the figure legend. For 

each blot the actin loading control is shown immediately below. 

 

Figure 5.12: cSrc (molecular weight 60kDa) expression in HT29 colorectal 

carcinoma cells. 

No change in protein expression was exhibited following treatment for 24 and 48 

hours with AZD0530 and DIM. Similar results were obtained with HCT116 cells. 
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 Figure 5.13: Src tyrosine 419 and tyrosine 530 phosphorylation status in HT29 and HCT116 

colorectal carcinoma cell lines.  

Western blots demonstrate: 1) decreased phosphorylation at tyrosine 419, indicating 

downregulation of Src in HT29 colorectal carcinoma cells following treatment with AZD0530 and 

DIM; and 2) increased phosphorylation at tyrosine 530, indicating downregulation of Src, in 

response to treatment with DIM in HCT116 colorectal carcinoma cells. These data show that 

AZD0530 and DIM act in a complimentary fashion in down regulating Src in colorectal 

carcinoma cell lines. Similar results were obtained with both cell lines. MDA468 was included as 
a positive control for phospho-Src (Tyr419).  

n=2 (Src (Tyr530)) and 1 (PhosphoSrc (Tyr 419)) 
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Treatment with DIM and AZD0530 both alone and in combination did not yield a 

significant change in the expression of the oncogene cSrc (Figure 5.12). cSrc activity 

is regulated through tyrosine phosphorylation at two sites with opposing effects: 

phosphorylation at Tyr419 upregulates the enzyme activity, whereas phosphorylation 

at Tyr530 is inhibitory. Both DIM and AZD0530 yield decreases in the upregulatory 

phosphorylation at Tyr419, although this effect is greater with AZD0530 however 

treatment with DIM also increases inhibitory phosphorylation at Tyr530 (Figure 

5.13). Thus DIM and AZD0530 may act in a complimentary fashion in 

downregulation of Src activity. These data are based on single blots for Src 

phosphorylated at Tyr419 and two blots for Src phosphorylated at Tyr530. 

 

5.4.1 DIM, AZD0530 and effects on cell cycle protein expression in 

colorectal carcinoma 

An HCT116 p21 knockout cell line treated with 40 µM DIM yielded increased G1 

cell cycle arrest (46.8% versus 36.7%)(p,0.05) and a small increase in G2-M  arrest 

relative to DMSO control though the latter did not achieve statistical significance 

(p=0.09). However there was a decrease in G1 cell cycle arrest compared  (46.8% 

versus 58.6%) to HCT116 wild type (Figure 5.14) (p<0.05).  

 

An HCT116 p53 knockout cell line also yielded increased cell cycle arrest versus 

DMSO control (49.6% versus 32.1%) but a decrease versus the wild type cell line 

(49.6% versus 58.6%) (Figure 5.15). 

 

These data indicate that cell cycle arrest in response to treatment with DIM is 

probably partially mediated via p21 and p53 pathways. It is of note that the decrease  
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Figure 5.14: Cell cycle analysis (FACS) for HCT116 wild type (WT) and 

HCT116 p21 knockout (-/-). 

Decreased G1 cell cycle arrest was observed following 48 hours treatment with 

DIM in HCT116 p21 -/- relative to HCT116 p21 WT (A) however G1 cell cycle 

arrest was increased in HCT116 p21 -/- following 48 hours treatment with DIM 

relative to DMSO control (B). These data indicate that DIM induced cell cycle 

arrest in colorectal carcinoma is probably partially mediated via p21. n=12 *= 

p<0.05 
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Figure 5.15: Cell cycle analysis (FACS) for HCT116 wild type and HCT116 

p53 knockout.  

Decreased G1 cell cycle arrest was observed following 48 hours treatment with 

DIM in HCT116 p53 -/- relative to HCT116 p53 WT (A) however G1 cell 

cycle arrest was increased in HCT116 p53 -/- following 48 hours treatment 

with DIM relative to DMSO control (B). These data indicate that DIM induced 

cell cycle arrest in colorectal carcinoma is probably partially mediated via p53. 

n=12 *= p<0.05 
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The data reported in section 5.1.2 showed that treatment with DIM induced G2/M 

phase cell cycle arrest in HT29 cells and G1/S phase cell cycle arrest HCT116 and the 

other colorectal carcinoma cell lines examined. 

 

PLK1 is involved in promoting progression through the G2-M cell cycle checkpoint 

via phosphorylation of cdc25C at serine 198, resulting in translocation of cdc25C 

from the cytoplasm to the nucleus, where it is able to interact with cdc2 and cyclin B1 

thus decreases in PLK1 expression could contribute to G2-M arrest. Treatment with 

DIM decreased PLK1 expression, both alone and in combination with AZD0530. Blot  

quantification established that this was an additive effect although insufficient to 

reach statistical significance (Figure 5.16). In conjunction with the potential effect 
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Figure 5.16: PLK1 expression in HCT116 colorectal carcinoma cells. 

Western blotting demonstrated PLK1 was downregulated following treatment for 

24 and 48 hours with DIM and AZD530 as sole agents and in combination, 

potentially promoting G2/M cell cycle arrest and cell death. Similar results were 

observed in HT29 cells. n=3 
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Figure 5.17: Cdc25C expression in HCT116 colorectal carcinoma cells.  

Following treatment with DIM for 24 and 48 hours downregulation of Cdc25C was 

observed promoting G2/M cell cycle arrest. Similar results were observed in HT29 

cells. n=3 

Figure 5.18: CHK1 expression in HCT116 colorectal carcinoma cells. 

Western blotting demonstrated CHK1 was downregulated following treatment for 

24 and 48 hours with DIM and AZD530 as sole treatments and in combination. 

Similar results were observed in HT29 cells. n=3 
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of decreased PLK1 expression on cdc25C nuclear translocation treatment with DIM 

also resulted in decreased total levels of cdc25C at 24 and 48 hours (Figure 5.17). 

Cdc25C activity is also regulated via inhibitory phosphorylation at serine 216 by the 

checkpoint kinases CHK1 and CHK2 in response to stimuli such as DNA damage. 

CHK1 expression, in both HT29 and HCT116, is decreased in response to treatment 

with DIM (Figure 5.18) thus promoting cdc25C activity and therefore progression 

through the G2/M checkpoint. CHK2 expression is unchanged in either cell line in 

response to treatment with DIM however DIM induces increased phosphorylation at 

threonine 68 in HT29 cells, after 48 hours, yielding increased CHK2 activation and 

therefore G2/M arrest.  This phosphorylation and resultant upregulation is absent in 

HCT116 cells (Figure 5.19) and this may in part account for the discrepancy in the 

phases of cell cycle arrest exhibited by cell lines examined. 

 

The critical final steps for progression through the G2/M checkpoint are 

dephosphorylation of cdc2 at two sites (threonine 14 and tyrosine 15) and binding to 

cyclin B1. Cdc25C is responsible for dephosphorylation of cdc2(174). Treatment with 

DIM yielded decreases in total level of cdc2 and in the level of tyrosine 15 

phosphorylated cdc2 (Figure 5.20). The latter data could indicate an increase in, or 

maintenance  of   pre-treatment,  cdc2  activity,  however,  it  is  likely  to  reflect   the 

Figure 5.19 (Previous page): CHK2 expression in HT29 and phospho-CHK2 (Thr68) 

expression in HT29 and HCT116 colorectal carcinoma cells. 

 Following treatment with AZD0530 and DIM for 24 and 48 hours CHK2 expression 

did not change on western blotting in HT29 or HCT116 (not shown) but increased 

phosphorylation was observed at 48 hours in HT29, implying increased CHK2 

activation, but not in HCT116. This difference may account for the difference in the 

phases of cell cycle arrest observed in these cell lines in response to treatment with 

DIM. n=3 



128 

 

 

 

 

 

 

                 24 hours                           48 hours  

DMSO     AZD     DIM       AZD+     DMSO     AZD       DIM      AZD+ 

Control                                    DIM       Control                                  DIM 

Cdc2 

Actin 

Phospho- 

cdc2 

Actin 

MWM 

34 - 

MWM 

34 - 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

C
on

tr
ol

A
Z
D
05

30
D
IM

A
Z
D
05

30
+D

IM

C
on

tr
ol

A
Z
D
05

30
D
IM

A
Z
D
05

30
+D

IM

24 Hours 48 Hours

                 24 hours                            48 hours  

DMSO      AZD    DIM       AZD+     DMSO      AZD       DIM       AZD+ 

Control                                  DIM        Control                                  DIM 

0

0.2

0.4

0.6

0.8

1

1.2

C
on

tr
ol

A
Z
D
05

30
D
IM

A
Z
D
05

30
+D

IM

C
on

tr
ol

A
Z
D
05

30
D
IM

A
Z
D
05

30
+D

IM

24 Hours 48 Hours

Figure 5.20: Cdc2 and phospho-cdc2 (Tyr15) expression in HT29 colorectal 

carcinoma cells.  

Decreased levels of cdc2 and phosphorylated cdc2 were observed on western 

blotting following treatment with DIM, both as a sole agent and in combination with 

AZD0530, for 24 and 48 hours. Decreases in cdc2 lead to G2/M arrest. 

Dephosphorylation of cdc2 activates it however the fall in phosphorylated cdc2 may 

represent the fall in total cdc2 in this scenario. Similar results were observed with 

HCT116. n=3 
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decrease in total cdc2 in response to DIM treatment. The decrease in cdc2 expression 

with DIM was increased by combination with AZD0530. DIM treatment also yielded 

a decrease in cyclin B1 expression (Figure 5.21) further promoting G2-M arrest.  

At the G1-S cell cycle checkpoint the cyclin dependent kinase cdk6 associates with 

cyclin D1 and p27. The resultant complex phosphorylates the retinoblastoma (Rb) 

protein thus inhibiting its activity leading to release of E2F transcription factor and 

ultimately cell cycle progression. Treatment with DIM down regulated cdk6 after 48 

hours treatment (Figure 5.22) and therefore potentially promoted G1-S cell cycle 

arrest. DIM also downregulated cyclin D1 in HT29 cells but the effect was equivocal 

in HCT116 with changes in expression observed in 1 of 3 blots only (Figure 5.23). 

Akt activity has been proposed as an upstream mediator of cdk6 and cyclin D 

downregulation in response to DIM in prostate cancer. DIM failed to induce changes 

in expression of either Akt or its phosphorylated form in the colorectal carcinoma cell 
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Figure 5.21: Cyclin B1 expression in HCT116 colorectal carcinoma cells. 

Decreased levels of cyclin B1 were observed on western blotting following 

treatment with DIM for 24 and 48 hours. Similar results were observed with HT29. 

n=3 
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Figure 5.22: Cdk6 expression in HCT116 colorectal carcinoma cells. 

Decreased levels of cdk6 were observed on western blotting following 48 hours 

treatment with DIM. Similar results were observed with HT29. n=3 
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Figure 5.23: Cyclin D1 expression in HT29 colorectal carcinoma cells. 

Decreased levels of cyclin D1 were observed on western blotting following 48 

hours treatment with DIM. Similar results were observed with HCT116. n=3 
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lines (Data not shown).  

 

Under favourable conditions for cell cycle progression Rb protein is further 

phosphorylated by cyclin E promoting progress to S phase. DIM treatment yielded a 

small decrease in cyclin E expression (Figure 5.24) thus further promoting cell cycle 

arrest through Rb activation. The antibody against cyclin E exhibits three bands on 

blotting (singlet 42kDa, doublet 50 kDa, hyperphosphorylated form 55kDa) (157) and 

decreases were observed in all bands. These changes in expression at the G1-S 

checkpoint are regulated upstream through the activity of p16 (inhibitory), p21 

(inhibitory) and cdc25A (promoter). p16 was not reliably detected on blotting in this 

instance. Cdc25A expression did not alter in response to DIM or AZD0530 (data not 

shown). Expression of p21 was increased in response to DIM in HCT116 in one of 

two blots though the expression in the other blot was high thus rendering 

interpretation difficult (Figure 5.25). The data presented earlier indicating partial 

dependence on p21 expression for G1-S arrest in HCT116 cells would support the 

hypothesis that p21 expression is increased with resultant downstream promotion of 

G1-S arrest.  
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Figure 5.24: Cyclin E1 expression in HT29 colorectal carcinoma cells. 

Decreased levels of cyclin E were observed on western blotting following treatment 

for 24 and 48 hours with DIM. Similar results were observed with HCT116. The 

cyclin E antibody yields three bands (singlet 42kDa, doublet 50 kDa, 

hyperphosphorylated form 55kDa). n=3 
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5.4.2 DIM, AZD0530 and effects on apoptotic protein expression in 

colorectal carcinoma 

Cell death is induced by a diverse range of proteins and molecular pathways. Indoles, 

including DIM, have been shown to affect a number of these in a range of malignant 

cell types (130,138-141).  

 

DIM has been shown to inhibit activation and translocation of nuclear factor kappa B 

p65 (NfκB p65), an inhibitor of apoptosis in breast and pancreatic tumours (140,141). 

Treatment with DIM failed to demonstrate a similar inhibition in either of the 

colorectal carcinoma cell lines examined (data not shown). 

 

Survivin, a member of the inhibitory apoptosis protein (IAP) family frequently 

overexpressed in tumour cell lines, inhibits caspase activation and therefore 

negatively regulates apoptosis (175,176). Treatment with DIM and AZD0530 led to 

downregulation of survivin expression both as sole agents and in combination (Figure  
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Figure 5.25: p21 expression in HCT116 colorectal carcinoma cells. 

Increased levels of p21 were observed on western blotting following treatment with 

DIM, for 24 and 48 hours, in 1 of 2 blots. The remaining blot showed high 

expression throughout. The data presented in Figure 5.16 in combination with this 

data would support the involvement of, and therefore upregulation of, p21 in DIM 

induced GI arrest in HCT116. n=3. 
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5.26). The effect of combining the two agents was additive, on blot quantification, 

though not statistically significant. 

 

DIM has been shown, in various cancer cell types, to downregulate antiapoptotic 

members of the Bcl-2 protein family, including Bcl-2 and Bcl-XL, and upregulate 

proapoptotic members, including Bax, Bid and Bim (130,139). In the colorectal 

carcinoma lines tested there was no demonstrable change in the expression of these 

proteins in response to treatment with DIM or AZD0530 (blots not shown). These 

data indicate that the previously reported cell death occurs independently of these 

pathways in colorectal carcinoma cells. 

 

As reported in chapter 5.4.2 a decrease in PLK1 expression is induced by treatment 

with DIM and AZD0530, potentially promoting G2-M arrest via inhibition of nuclear 
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Figure 5.26: Survivin expression in HT29 colorectal carcinoma cells.  

Decreased survivin expression was observed on western blotting following with 

DIM alone or in combination with AZD0530 for 24 an 48 hours. Similar results 

were observed with HT29. n=3 
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translocation of cdc25C. Decreases in PLK1 expression are also implicated in the 

induction of apoptosis (177,178) 

 

CHK2 activation, as demonstrated in response to treatment with DIM in chapter 5.4.2. 

is also associated with p53 independent induction of apoptosis and cell death by 

senescence (179). 

 

5.5 DIM and AZD0350 treatment in normal colorectal cells 

In order for DIM and AZD0350 to be of clinical use as treatments for colorectal 

carcinoma either in combination or as sole agents it is necessary for there to be 

significantly greater therapeutic response to treatment in malignant cells than in 

adjacent, normal, healthy tissue. The drugs also need to be adequately tolerated by 

patients with an acceptable side effect profile.  

 

BR-DIM is currently marketed as a dietary supplement as such has been since before 

1994. It therefore has not been required to undergo testing for FDA approval. MHRA 

approval has also not been required. However, it has been demonstrated to be 

tolerated with minimal side effects in two small studies (150,151). AZD0350 has 

passed phase II preclinical trials and is in use in phase III trials. It has therefore 

undergone testing in vivo for toxicity. 

 

To support the specific purposes of this project however the effect of these agents on 

SV40 transformed human colonic epithelial cells (HCEC) in vitro was examined, as a 

surrogate for normal epithelial cells (Figure 5.27). Sole treatment with AZD0350 or 

DIM resulted in a reduction in cell viability (ATPLite) of 0% and 12.2% versus 
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DMSO control at 24 hours and 0.9% and 15.3% at 48 hours respectively. 

Combination treatment with both agents had a greater effect on cell viability with 

decreases in cell viability versus DMSO control of 13.2% and 29.3% at 24 and 48 

hours respectively.  
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Figure 5.27: Cell viability (ATPLite) in HCEC cells. 

 Decreases in cell viability were observed following 48 hours with DIM alone and in 

combination with AZD0530 though these decreases were less than previously 

recorded in malignant colorectal cell lines indicating a degree of selectivity for 

malignant cells with the treatments. Results normalised to DMSO control.  n=24 over 

3 repetitions. 

* = p<0.05 vs DMSO control 

+ = p<0.05 vs DMSO control and AZD0530 alone 

# = p<0.05 vs DMSO control, AZD0530 alone and DIM alone 
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The minimal change observed with treatment with AZD0350 did not achieve 

statistical significance. Treatment with DIM, as a sole agent, only demonstrated a 

relatively mild effect.  Combination therapy exhibits a more significant effect. When 

compared to the effect of the same treatment on the panel of 4 immortalised colorectal 

carcinoma cell lines however, in which decreases of 59.4-66.9% at 48 hours were 

observed, there does appear to be a substantially greater toxicity in the malignant cell 

lines indicating a degree of selectivity, as required for therapeutic use. 

5.6 Conclusion 

In summary we demonstrated that DIM induced dose related loss of cell viability in 

colorectal carcinoma cells at doses of 25-75 µM (GI50 45 µM) that was progressive 

and sustained. These data contrast with findings in breast carcinoma in Tag mice 

which were sensitive only to doses of 75 µM (171).  

 

Treatment with 40 µM DIM induced apoptosis in all four cell lines as demonstrated 

on FACS analysis and by caspase 3/7 activation, in line with findings in other 

carcinoma types (180-182). The data did not exhibit the striking rises in apoptosis that 

the decreases in cell viability would suggest although large late apoptosis/necrosis 

populations observed on FACS analysis may indicate DIM induction of necrosis. This 

needs further data for clarification.  

 

Apoptosis in response to DIM independent of p53 status and was associated with 

decreased expression of PLK1 and survivin. The latter finding was in line with data 
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reported in prostate carcinoma cancer (183). Conversely expression of NFκB and the 

Bcl-2 family of apoptotic proteins were unchanged. 

 

Treatment with 40 µM DIM induced G1 cell cycle arrest in 3 colorectal carcinoma 

cell lines and G2/M arrest in the remaining colorectal cell line (HT29). G1 arrest was 

partially mediated by p21 and to a lesser degree by p53. At the GI cell cycle 

checkpoint DIM treatment was associated with decreased expression of cdk6 and 

cyclins D1 and E. In contrast with findings in other cell lines Cdc25A and Akt 

statuses were unchanged (134,184,185). At the G2/M checkpoint DIM was associated 

with activatory phosphorylation of Chk2 (in HT29 only), inhibitory phosphorylation 

of cdc2 and decreased expression of cdc2, cdc25C, cyclin B1 and PLK1. 

 

Treatment with DIM was associated with inhibitory changes in Src phosphorylation 

status. We also demonstrated that the effects of DIM on cell viability and number of 

the mechanistic effects could be augmented by combination treatment with the Src 

inhibitor AZD0530. 

 

 These effects on cell viability in response to DIM and AZD0530 showed selectivity 

for colonic malignant cells relative to normal colonic epithelial cells. These findings 

will be discussed in greater depth in chapter 6 however they clearly demonstrate 

promise for DIM as a chemopreventative and chemotherapeutic agent in colorectal 

carcinoma. 
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Colorectal carcinoma is the third most common cancer in the UK and is the second 

most common cause of cancer related death, accounting for 10% of cancer related 

mortality. Epidemiological studies have shown a link between a diet low in 

vegetables, especially cruciferous vegetables, and an increased risk of colorectal 

cancer (16,17). The indoles have been identified as a group of bioactive compounds 

that may be responsible for these effects. 

 

The primary aim of this project was to establish, using immortalised cell lines, 

whether treatment with the dietary indole indole-3-carbinol (I3C) or its acid 

condensation product, 3,3 diindolymethane, would prove efficacious in the treatment 

of colorectal carcinoma and if any effects demonstrated could be potentiated through 

inhibition of EGFR or Src.  

 

The second aim was to establish primary cultures from liver tissue of patients 

undergoing hepatic resections for colorectal metastases. Any cell lines successfully 

established in ongoing culture would then be utilised for experiments into cell 

viability in response to treatment regimes developed in the immortalised cell lines. 

 

6.1 Establishing primary cultures from colorectal carcinoma tissue 

As discussed in detail in chapter 3 attempts to establish primary cultures from 

resected colorectal hepatic metastases had a low yield and a number of potential 

obstacles were identified. Though data interpretation is limited by the number of 

resection specimens obtained, early indications were that manual dissociation is likely 

to have a greater success rate. Consistent with the literature, fibroblast overgrowth is 

likely  to  be  an  issue.  The  other  potential  issues  identified  were  exposure  of the 
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resected tissue to prolonged ischaemia and the slow cell growth observed. 

 

Since the completion of this aspect of the project further literature on the subject has 

been published with concomitant refinements in the techniques for establishment of in 

vitro cultures.  These papers also identified further obstacles to successful establishing 

cultures from resected tissue. 

 

Oikonomou et al. (186) successfully established two cell lines in culture from primary 

colorectal tumours. However, consistent with our experience, they observed that after 

24 hours incubation, the majority of cells were non-viable and where viable cultures 

were obtained, cellular turnover was such that cultures could be maintained for four 

weeks prior to passaging becoming necessary. Furthermore, as in the previously 

reviewed literature, fibroblast contamination was identified in the majority of 

samples. Percol gradient purification was utilised to obtain purified colorectal 

carcinoma cells with limited success. They also found that protein expression varied 

between the source tissue in vivo and subsequently established cultures in vitro thus 

consideration should be given to establishing comparative oncogene expression by 

immunohistochemistry and/or western blot analysis prior to interpreting experimental 

results obtained from any cultures successfully established. 

 

Dalerba  et al. (187) observed that primary cultures established from colorectal 

tumours  often display a short life span in vitro characterised by progressive telomere 

shortening and irreversible cell cycle arrest after a defined and reproducible number 

of passages in a manner resembling cellular senescence in non-malignant 

differentiated tissue in vivo. They demonstrated that this characteristic, which differs 

from the source primary tumours in vivo, was due to loss of human telomerase reverse 
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transcriptase (hTERT) expression and re-constitution of expression via retroviral gene 

transfer reversed the effect with resultant cell line immortalisation. This technique 

was not attempted in this project and any further studies to establish primary cultures 

from colorectal hepatic metastatic tissue would potentially need to incorporate a 

technique to maintain hTERT expression to improve the yield.  

 

Contrary to the prevailing trends, Broquet et al. (188) reported a high yield of 71% 

overall in establishing in vitro cultures from resected colorectal carcinoma tissue. It is 

of note given the potential issues, identified in chapter 3, with peri-operative 

ischaemia, that 30 specimens were obtained from resected liver metastases, although 

the success rate by anatomical location of the source tissue is not given in the paper. 

Fibroblast overgrowth was successfully inhibited in all cases by precoating culture 

plates with polyHEMA. 

 

Other than Brouquet et al. (188) only one paper reported overall success rates in 

establishment of cultures which, with a rate of 23%, was consistent with the  

previously discussed literature (189). Of the four papers one utilised manual 

dissociation (186), two manual dissociation with subsequent enzymatic digestion 

(188,189) and one mechanical dissociation (187). These trends are consistent with 

previously published techniques and correlate with our experience that within the 

small numbers of our data set manual dissociation appeared to yield a greater number 

of viable cells in culture. Three groups used DMEM as the culture medium, 2 

supplemented with 10% FCS (186,187) and one did not state inclusion of FCS (188), 

and one MEM supplemented with 10% FCS (189). Antibiotic and antimycotic 

solutions were used all in cases however Brouquet et al. (188) reported that their yield 

increased to 100% following the addition of gentamycin to the protocol. 
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Overall, with the exception of Brouquet et al. (188) the prevailing trend in the 

literature is that establishing primary cultures from resected colorectal carcinoma 

tissue remains challenging with a comparatively low yield. We identified a number of 

refinements to the technique we described in chapter 3 that may increase our yield and 

given the literature, indications are that focus should be on manual and enzymatic 

dissociation techniques. On the basis of the experience of Brouquet et al. (188) 

precoating culture flasks/plates with polyHEMA should be considered in the first 

instance as should immortalisation by activation of hTERT. The addition of 

gentamycin to the antibiotic/antimycotic solution used is not indicated at this stage as 

no bacterial infections were observed in our samples, suggesting the antimicrobial 

cover was adequate. These adaptions might address some of the issues identified in 

chapter 3 although, if this project is continued, consideration should be given to 

reviewing the ethical approval with respect to potentially obtaining tissue with little or 

no ischaemic exposure. 

 

6.2 Indoles in treatment of colorectal carcinoma 

As outlined in the introduction and chapter 5, Anderton et al. (147) demonstrated that 

in mice levels of DIM in the liver were 8-10 times plasma concentrations following 

oral administration of the increased bioavailability form of DIM (BR-DIM, 

Bioresponse, USA) and it was anticipated that concentrations of 40 µM would be 

achievable in the liver of humans. Reed et al. (150) subsequently demonstrated, after 

the commencement of this project, that a well tolerated oral dose of 200 µg BR-DIM 

yielded average peak plasma concentrations of up to 3.2 µM (104 ng/ml) thus 

concentrations in the liver may lie in the range of 25-41 µM which indicates that 
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average concentrations are likely to be slightly lower than the concentrations used for 

experiments throughout this thesis. However, given we have shown that DIM yields 

significant reductions in colorectal carcinoma cell viability down to concentrations of 

10 µM, the achievable average concentration remains likely to lie well within the 

therapeutic range of DIM (see figure 5.1). There are no data for colonic tissue 

concentrations of DIM following oral administration. However, Anderton et al. 

showed concentrations of ≥3x plasma concentrations in all the tissues examined with 

the exception of brain tissue (148). Colonic tissue concentrations may follow a similar 

pattern although this is clearly supposition. Furthermore, given that DIM is relatively 

poorly absorbed, it would be anticipated that faecal concentrations, and therefore 

environmental conditions for colonic mucosa, are likely to be relatively high in 

comparison with plasma. These hypotheses could easily be tested by measuring faecal 

concentration of DIM post oral ingestion and colonic mucosa could be readily 

obtained endoscopically following administration. 

 

Given the doses expected to be achievable in vivo of DIM and I3C (100-150 µM ) 

(147,148,150), DIM showed far greater therapeutic effect on cell viability than I3C in 

colorectal carcinoma cells with significant responses to doses of 10-25 µM and 200 

µM respectively.  These data contrast strikingly with previously published data in 

breast carcinoma in which I3C and DIM induced apoptosis in primary Tag mouse 

mammary tumours at doses of 100 µM and 75 µM respectively (171). Treatment with 

DIM as a sole agent clearly yields a profound decrease in cell viability in colorectal 

carcinoma and this effect was shown to be sustained and progressive over time. DIM 

also demonstrated a significantly greater effect on, and therefore selectivity for, 

malignant colorectal tissue. This correlates with findings in other tumour types 
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including prostate and pancreatic carcinoma (190,191). This data in combination with 

the very low side effect profile of DIM (150,151) indicate potential for DIM as both a 

chemopreventative and a chemotherapeutic agent in colorectal carcinoma. 

 

The effect of DIM on colorectal cancer cell viability is mediated through a 

combination of induction of cell cycle arrest and initiation of cell death.  

 

There is evidence of induction of apoptosis by DIM both on Annexin V/propidium 

iodide FACS data and caspase 3/7 activation. However these assays did not indicate 

the dramatic increases one might anticipate given the changes in cell viability over 

similar time frames although the contribution from cell cycle arrest may account for 

some of the apparent shortfall. The FACS data revealed large populations in the late 

apoptosis/necrosis population raising the possibility that DIM may induce both 

apoptosis and necrosis. It is conceivable that DIM also induces cell death through 

promotion of cellular senescence as Chk2 activation was clearly demonstrated in this 

study and Chk2 activation has been reported to induce cell senescence(192). 

However, to date, DIM has not been reported to induce cell senescence in any cell 

line. DIM induction of apoptosis correlates with data in a range of other carcinoma 

types including thyroid, prostate, and pancreatic (180-182). Conversely DIM has not 

been reported to induce necrosis in isolation, although it has been reported in 

combination with taxotere (183).  The mode of induced cell death in response to DIM 

treatment thus warrants further elucidation. 
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DIM induced G1 arrest in three of four colorectal carcinoma cell lines examined and 

G2-M arrest in the fourth (HT29). The latter finding has since been confirmed by 

Choi et al although they demonstrated both G1 and G2-M arrest occurring in HT29 in 

response to DIM (193). The reason for the discrepancy between the cell lines in terms 

of the points of cell cycle arrest is undefined, although possiblities are discussed in the 

text below. It is of note that the point of DIM induced cell cycle arrest occurring in 

other cancer lines is predominantly G1 (133-135,180) although Kandala and 

Srivastava demonstrated DIM induction of G2-M arrest in three ovarian carcinoma 

cell lines (194). 

 

At the G1 checkpoint we demonstrated DIM yields decreased expression of the kinase 

cdk6 and its associated cyclin, cyclin D1. Under normal cell conditions these form a 

complex which in turn inhibits pRb protein, an inhibitor of cell cycle progression, by 

phosphorylation yielding downstream promotion of progression through G1. Thus, 

DIM induced downregulation should increase pRb activation resulting in G1 arrest. 

These findings correlate with published data in breast and prostate cancer (134,185). 

We also demonstrated that DIM decreased cyclin E expression, further promoting G1 

phase arrest as cyclin E is critical for transition from G1 to S through its role, in a 

complex with cdk2 in inhibitory phosphorylation of p27. Any upstream effectors of 

these changes remain unclear. Cdc25A is the most striking candidate to mediate these 

and this has been shown to be the case in breast carcinoma (134,184) however as 

stated in section 5.4.1 we showed that cdc25A expression did not change in response 

to DIM in colorectal carcinoma. Garikapatay et al. (185) proposed downregulation of 

Akt and phosphorylated Akt as the upstream mediators of changes in cyclin D and 

cdk6 expression in prostate cancer. However we found that in colon carcinoma these 
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remained unchanged (data reported but not shown). Additionally p21 has been 

implicated in DIM induced G1 arrest (135,193,195). Western blotting was 

inconclusive as to the role of p21 in the cellular response to DIM in colorectal 

carcinoma cells as the results were equivocal between a rise in p21 expression and a 

background high expression. Comparison of the response in terms of cell cycle arrest 

between HCT116 p21 wild type and p21 -/- cell lines supports the hypothesis that p21 

is integral to G1 arrest in this scenario as the HCT116 p21 -/- line demonstrated a 

significant decrease in the G1 population relative to wild type. Furthermore the 

HCT116 p21 -/- demonstrated a small increase in G2/M arrest relative to DMSO 

control though this did not achieve statistical significance.  Putting these data together 

it is likely, but not conclusive, that increased p21 expression is involved in 

determining and mediating G1 arrest in colorectal carcinoma cells in response to 

DIM. In contrast HCT116 p53 -/- cells demonstrated a smaller decrease in G1 arrest 

in comparison with HCT116 p53 wild type cells, although significant G1 arrest still 

occurred, and did not show a significant increase in G2/M arrest relative to DMSO 

controls in response to treatment with DIM. These data indicate that p53 is also likely 

to partially mediate G1 arrest in response to DIM. However, as p21 knockout had a 

greater effect and p21 is downstream of p53 it may well be that p21 is activated by 

multiple pathways in this scenario and being closer to the final effectors in any, as yet 

to be fully defined, cascade has a more critical role. 

 

The overall effects of DIM at the G2/M checkpoint are summarised in figure 6.1. At 

the G2-M checkpoint DIM activates Chk2 through phosphorylation at threonine 68 in 

HT29 colorectal carcinoma cells, although total cellular levels of Chk2 remained 

unchanged. Choi et al did not remark upon Chk2 status in their study of DIM induced  
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cell cycle arrest in HT29 (193). Chk2 activation leads to inhibition of cdc25C 

phosphatase through phosphorylation at serine 216 (196). We demonstrated that DIM 

also induced a decrease in total cdc25C expression further potentiating the Chk2 

mediated inhibition of cdc25C in response to DIM. The increased phosphorylation of 

Chk2 and decreased cdc25C expression in response to DIM correlates with the 

findings of Kandala and Srivastava in ovarian carcinoma cell lines undergoing DIM 

induced G2/M arrest, although they also demonstrated increased total Chk2 

expression (194). It is of note that recently there has been extensive debate as to the 

relevance of Chk2 in initiation and propagation of G2/M arrest with some authors 

proposing that it is redundant and G2/M arrest is mediated via p53/p21 and/or Chk1 

pathways (197-201), whereas Stracker et al. (202) found that Chk2 activity 

augmented the Chk1 mediated pathway and Rheinhart et al. (203) and Toetcher et al. 

Figure 6.1: Simplified diagram of actions of DIM at the G2/M checkpoint in 

colorectal carcinoma. Dotted lines indicate effects of DIM, solid lines indicate 

effects of cell proteins. DIM promotes CHK2 activity via phosphorylation and 

inhibits expression of PLK1, cdc25c, cdc2 and cyclin B1. Data indicates DIM may 

upregulate p21 but this was not conclusive. 
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(204) showed that Chk2 activation initiated arrest independently of the other 

pathways. Furthermore Taylor and Stark ascertained that Chk2 activation not only 

directly promoted G2/M arrest, it also promoted p53 activation thus indirectly 

promoting mitotic arrest (205).   Additionally Toettcher et al found that although p53 

activation initiated G2/M arrest, Chk2 activation was required for sustained arrest 

leading to DNA repair or induction of cell death (204).  Our data indicate that Chk2 

activity is not redundant in G2/M arrest as we demonstrated Chk2 activation and 

G2/M arrest occurring without activation of p21 or Chk1 in HT29 cells. Conversely 

HCT116 cells which did not exhibit Chk2 activation also failed to undergo G2/M 

arrest. These data are not conclusive and would require further experiments with 

Chk2 knockout lines for validation. 

 

In this study it was shown that DIM decreased expression of the mitotic kinase PLK1. 

This novel finding has a number of significant implications for cell cycle arrest and 

induction of apoptosis. PLK1 mediates the activity of a number of key proteins at the 

G2/M cell cycle checkpoint. PLK1 activates cdc25C and promotes its nuclear 

translocation (206). Thus decreases in PLK1 in response to DIM will further 

potentiate the decrease in cdc25C activity and expression described above. PLK1 also 

phosphorylates cyclin B1 resulting in nuclear translocation where it complexes with 

cdc2 (cdk1), a critical step in checkpoint progression (207). Plk1 also promotes cyclin 

B1/cdc2 complexing via activatory phosphorylation of cdc2 and downregulation of 

the cdc2 inhibitory kinase myt1 (208-211). Therefore DIM induced downregulation of 

PLK1 promotes G2/M arrest via alteration of a range of cell cycle proteins. PLK1 also 

has a role in cell cycle progression through G1 via inhibition of p53 (212) and 

therefore decreased PLK1 expression may contribute to DIM induced G1 arrest 
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observed in the HCT116, SW480 and SW620 cell lines although Liu and Erikson 

demonstrated that PLK1 depletion in HeLa cells  induced G2/M arrest with 

subsequent apoptosis indicating G2 as the predominant phase of PLK1 activity (213).  

 

PLK1 downregulation, as outlined previously, is also associated with induction of 

apoptosis although the downstream mechanism of this remains unclear (209,214-216). 

It has been proposed that this may be mediated via survivin although this is 

controversial. Zili et al. showed that PLK1 depletion induced G2-M arrest and 

apoptosis via downregulation of survivin activity. Conversely Colnaghi  et al. found 

that activatory phosphorylation of survivin was critical for induction of cell cycle 

arrest. However TRAIL induced apoptosis occurred independently of PLK1 

(217,218). Ando et al. (212) demonstrated that PLK1 inhibited the proapoptotic 

effects of p53 and Komatsu et al (214) showed that PLK1 regulated apoptosis in liver 

tumour cells via modulation of TAp63, a member of the p53 protein family, and 

PLK1 depletion yielded increased activity of downstream effectors of p53 including 

PUMA, p21 and 14-3-3. 

 

PLK1 downregulation by DIM is of particular relevance in colorectal carcinoma as 

PLK1 is commonly overexpressed in colorectal cancers but not in normal colonic 

mucosa and overexpression is associated with a worse prognosis (219,220). DIM 

downregulation of PLK1 is of particular clinical interest as, whilst it has been 

demonstrated that silencing of PLK1 expression leads to cell death in malignant cells, 

non-malignant cells appear to be spared which may contribute to the greater impact of 
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DIM on colorectal cancer cell viability relative to normal colorectal epithelium 

(HCEC) cells shown in this thesis (215). 

 

In addition to the effects mediated via PLK1 downregulation described above DIM 

further promotes G2-M arrest through decreased expression of cyclin B1 and cdc2. As 

outlined previously, complexing and subsequent nuclear translocation of cyclin B1 

with cdc2 is the critical final stage cell progression through the G2-M checkpoint. 

These findings correlate in part with those of Choi  et al in HT29 cells in that they 

also demonstrated decreased cyclin B1 expression. However they found that cdc2 

levels were unchanged although activity was decreased (193). In support of our 

findings Kandala and Srivastava (194) and Jin (184) found similar changes in ovarian 

and breast carcinoma cells respectively. 

 

We demonstrated that DIM treatment downregulates survivin expression in colorectal 

carcinoma cells. This is in line with data obtained in prostate cancer (183). This is 

potentially of particular significance from a therapeutic point of view and may 

account for a number of the observed effects of DIM. Survivin, a member of the 

inhibitory apoptosis protein family, is rarely expressed in differentiated adult tissues 

but is commonly overexpressed in malignant tissues and is believed to contribute 

significantly to cancer progression (221-223). It inhibits apoptosis, in response to 

diverse apoptotic stimuli, through formation of a complex with XIAP leading to 

promotion of XIAP stability and thus synergistic inhibition of caspase 9 and 

inactivation of the mitochondrial protein, SMAC (224,225). Additionally it has been 

proposed that survivin is likely to contribute to progression of malignant, and 
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therefore aberrant, cells through the G2-M checkpoint. This is on the basis that 

expression of survivin is increased tenfold during G2-M relative to either the 

preceding or subsequent phases (226) and inhibition of survivin led to delayed 

metaphase (227). Combining these factors DIM suppression of survivin is likely to 

contribute to both the induction of cellular apoptosis exhibited in all the four cell 

colorectal carcinoma cell lines and also to the G2-M arrest in HT29 cells.  

 

Kawasaki et al. (228) and Sarela et al. (229) established that high levels of survivin 

are associated with a poor prognosis in colorectal tumours which in addition to the 

above mechanisims may be related to radioresistance. Rodel et al. (230) showed that 

survivin expression was related to resistance to radiotherapy. Furthermore survivin 

expression has been associated with resistance to chemotherapy agents, including 

Taxol and Paclitaxel, with a concordant sensitisation with survivin inhibition (231-

233). DIM therefore is of particular clinical interest as it may have potential for 

treating a poor prognosis patient group both as a chemotherapeutic agent in itself and 

also in conjunction with other chemotherapy agents and radiotherapy as a 

chemosensitising and radiosensitising agent.  

 

DIM induced survivin downreguation may also be relevant from a chemopreventative 

perspective as Kawasaki et al. (234) found that the likelihood of survivin 

overexpression increased in line with the degree of dysplasia present in colonic 

polyps, indicating a potential mechanism for DIM to suppress progression to invasive 

malignancy in premalignant colonic tissue. 
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A number of other proteins have been implicated in the pro-apoptotic effects of DIM 

in other cancer types. Amongst these, NFκB p65 (RelA) has been reported to mediate 

DIM induced apoptosis in breast and prostate cancer as well as decreased 

angiogenesis and invasion in the latter; (141,235,236), however in colon carcinoma 

we showed that NFκB p65 expression remained unchanged (data reported but not 

shown). Downregulation of the antiapoptotic protein Bcl-2 and complimentary 

upregulation of the proapoptotic protein Bax in response to DIM have been reported 

in breast cancer (130,139) however, in prostate cancer DIM induced apoptosis occurs 

independently of either of these mediators (237). Our data indicate that in colon 

carcinoma DIM induced apoptosis was independent of both Bcl-2 and Bax (data 

reported but not shown). These findings partially correlate with the findings of Ji et al 

who found that Bax expression was unchanged in HCT116 and HT29 and Bcl-2 

expression was unchanged in HCT116, but decreased in HT29 following 

administration of DIM (238). Downregulation of Bcl-XL has been implicated in DIM 

induced apoptosis in murine models of prostate carcinoma (239) though our data did 

not replicate these changes in colon carcinoma. We also demonstrated that Bid and 

Bim levels did not change significantly in response to DIM. Cytochrome c release 

following DIM induced disruption of the mitochondrial membrane has been proposed 

as a mechanism by which DIM induces apoptosis independent of p53 and the Bcl-2 

protein family (240) and Ji et al found an increase in cytosolic concentrations of 

cytochrome c consistent with this hypothesis. This potential mechanism provides an 

attractive explanation for the absence of changes in pro and antiapoptotic proteins 

reported here although as described previously the downstream effectors of PLK1 in 

apoptosis still require elucidation and may prove relevant to this scenario. 
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We presented early data indicating DIM is likely to decrease Src activity through 

inhibitory phosphorylation at tyrosine 530 and decreased activatory phosphorylation 

at tyrosine 419. The finding of decreased tyrosine 419 phosphorylation supports the 

data indicating increased tyrosine 530 phosphorylation as the latter causes the Src 

protein to adopt the inactive, closed conformation which in turn prevents 

autophosphorylation at tyrosine 419. Beyond the potential effects on cell proliferation 

downregulation of Src is of particular clinical relevance as in theory it will decrease 

the metastatic potential of a treated tumour through stabilisation of cellular adhesion 

and decreases in VEGF mediated endothelial permeability. Additionally Src 

downregulation is relevant to possible chemopreventative use of DIM as stage related 

increases in Src activity have been implicated in colorectal carcinogenesis (95,96). 

 

We have also presented preliminary data indicating that DIM substantially decreases 

cellular adhesion in colorectal carcinoma. These promising data suggest that DIM has 

the potential to decrease formation of metastases in  vivo. These correlate with the 

reported effect of administration of Brussels sprout juice in colorectal carcinoma 

(241) and tie in with findings of decreased metastases, with DIM treatment, from 

thyroid and breast tumours (143,242,243). 

 

As mentioned previously in this section we demonstrated that although administration 

of DIM induced a small but statistically significant decrease in cell viability in HCEC 

cells, used as an immortalised surrogate for normal colonic mucosa, this effect was 

significantly less than the effect observed in the malignant cell lines at the same time 

point (decreases of 15% versus 34-41% of control for HCEC and the panel of four 
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colorectal carcinoma lines respectively). It is worth noting that HCEC cells have 

undergone immortalisation by SV40 transformation and this means that they display 

some characteristics more consistent with malignant cell lines than normal tissue in 

particular SV40 transformation has been shown to alter p53 and Rb expression and 

activity in cultured cells lines (244,245). The impact of this on our data is likely to be 

limited as we demonstrated that DIM induced apoptosis independent of p53 status and 

DIM induced cell cycle arrest was only partially mediated via p53. Furthermore these 

data correlate with findings in other tissue types (190,191,246). Thus, we conclude 

that DIM demonstrates a degree of selectivity for malignant tissue in its effect, 

supporting its potential as a therapeutic agent. 

 

6.3 Indoles and kinase inhibitors 

We clearly demonstrated that combining I3C with Src and EGFR inhibitors and DIM 

with the Src inhibitor AZD0530 can significantly potentiate their effects on cell 

viability in vitro. These effects occurred in line with oncogene overexpression on cell 

phenotyping and thus appropriate combinations are anticipatable in vivo on the basis 

of histological staining of resected tissue. 

 

Since the completion of this project Astra Zeneca have withdrawn AZD0530 on the 

basis of the OVERT1 trial in patients with advanced ovarian malignancy (247). 

However the results achieved using indole-3-carbinol and Src inhibition with either 

AZD0530 or PP2 were similar. Furthermore, both the upregulation of inhibitory 

tyrosine phosphorylation of Src and the downregulation of activatory tyrosine 

phosphorylation by DIM are partial. Therefore, it is likely that combination with an 
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alternative Src inhibitor would also yield increased therapeutic effect. It would be 

interesting to combine DIM with other Src inhibitors to confirm or disprove this 

hypothesis. 

 

6.4 Conclusions and scope for further research 

In summary, the dietary indole, DIM is clearly established as a well tolerated 

chemopreventative agent that is commercially available as a dietary supplement. We 

have established that it has a high efficacy, in vitro, as a therapeutic agent for 

colorectal carcinoma both as sole agent and in combination with Src inihibition, with 

significant loss of cell viability in treated cells through increased cell death and 

induction of cell cycle arrest. Furthermore there are strong indications that DIM 

decreases cellular adhesion in colorectal carcinoma cells potentially decreasing the 

risk of formation of metastases. Given that DIM concentrates in the liver following 

oral administration this is potentially of particular relevance as colorectal tumours 

predominantly metastasise to the mesenteric lymph nodes and the liver. DIM exhibits 

selectivity for malignant cells in its effects which in combination with its low side 

effect profile makes it an attractive prospect for further development as a therapeutic 

agent both in the treatment of primary colorectal carcinoma and in hepatic metastases, 

given the aforementioned hepatic drug concentration.  

 

In line with the findings of another group we found that DIM induced apoptosis in 

colorectal carcinoma appears to occur independently of the Bcl-2 protein family and 

also that it does not appear to be mediated via NfκB p65 nor Akt as is the case in 

other cell types.  
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We demonstrated DIM downregulates PLK1 and survivin as well as activating Chk2; 

changes which are likely to mediate the induced apoptosis and cell cycle arrest. 

Downregulation of PLK1 and survivin indicate that DIM may have a role in the 

treatment of patient group with a poor prognosis. 

 

Although indicative data have been described in this thesis, the specific intracellular 

pathways of action of DIM underlying the effects on cell death, and to a lesser extent 

cell cycle arrest, in colorectal carcinoma still merit further elucidation. This may yet 

disclose additional prospective targets for combination therapy further potentiating 

the cytotoxic effects. 

 

It would be interesting to progress with DIM to 3D and primary cultures and murine 

models in order to further elucidate any effects on invasion, migration and metastasis. 

 

Overall, although any potential combinations with alternative Src inhibitors would 

need further preclinical assessment to confirm additive effects, these data clearly 

demonstrate promise for DIM as a chemopreventative and chemotherapeutic agent in 

colorectal carcinoma and are sufficient to support taking DIM forward as a treatment 

for colorectal carcinoma into murine studies. 
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