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Abstract 

The dysregulation of numerous genes has been associated with the development and 

progression of cancer, many of which are being investigated as potential therapeutic targets. 

Previous work in our laboratory and others reported the elevated expression of the nuclear 

import protein Karyopherin Beta 1 (Kpnβ1) in various cancers. The inhibition of Kpnβ1 by siRNA 

silencing inhibited the proliferation of cancer cells and induced cell death via apoptosis while 

having little effect on non-cancer cells. These findings suggested that Kpnβ1 has potential as an 

anti-cancer therapeutic target. Using an in silico screening approach to identify small molecule 

inhibitors of Kpnβ1 with anti-cancer activity, a number of compounds were selected for further 

investigation in our laboratory. The aim of this study was to investigate a novel small molecule, 

Compound 60 (9-[(1-methyl-3-piperidinyl)methoxy]-4-[(6-methyl-2-pyridinyl)methyl]-7-(5-

methyl-2-thienyl)-2,3,4,5-tetrahydro-1,4-benzoxazepine); by monitoring (i) its effect on cancer 

cell biology using cervical and oesophageal cancer cell lines, (ii) its effect on nuclear import 

activities associated with Kpnβ1, (iii) its in vitro ADME pharmacokinetics and in vivo anti-cancer 

properties and (iv) performing biophysical analysis of Kpnβ1:C60 interactions. 

 

Cervical and oesophageal cancer cells were found to be more sensitive to C60 treatment 

compared to non-cancer epithelial cell. C60 treatment resulted in the inhibition of cancer cell 

proliferation, colony formation, migration and invasion. G1/S cell cycle arrest and a reduced 

expression of cell cycle regulatory proteins such as Cyclins D1, B1 and A as well as CDK4 was 

observed on treatment with C60. C60 induced cell death via apoptosis as observed PARP 

cleavage. These results suggest that C60 has an inhibitory effect on cancer cell biology. 



xviii 
 

Immunofluorescent analysis and nucleo-cytoplasmic western blot analysis showed that C60 

treatment resulted in the cytoplasmic retention of Kpnβ1. Immunofluorescent analysis and 

luciferase reporter assays showed that C60 inhibited the nuclear entry and transcriptional 

activity of a Kpnβ1 cargo, NFκB. Similarly, the transcriptional activity of cargo proteins NFAT and 

AP-1 were also inhibited. This suggests that C60 inhibits the nuclear entry of Kpnβ1 and thus its 

function as a nuclear importer of cargo proteins. 

 

In vitro ADME pharmacokinetics analysis found C60 to have high solubility, permeability and 

plasma protein binding properties and a short half-life. These findings suggest that C60 may 

have good oral absorption but rapid clearance in living systems. In vivo toxicology studies 

showed that C60 is tolerable, allowing for its testing in a xenograft nude mouse model. 

Intraperitoneal injection of C60 selectively inhibited the growth of oesophageal tumour cells 

with a significant effect observed on KYSE 30 oesophageal tumours.  

 

To investigate Kpnβ1:C60 binding interactions, Kpnβ1 was purified using the GST-tagged 

purification technique. Purified Kpnβ1:C60 interactions were monitored using the Bio-layer 

interferometry technique. Our preliminary data suggest an interaction between C60 and Kpnβ1 

with Kd values in the micromolar range. We obtained varying Kd values, hence further 

optimisation is required to arrive at a conclusive Kd value.  

 

In conclusion, this study is a first to show that Compound 60 (9-[(1-methyl-3-

piperidinyl)methoxy]-4-[(6-methyl-2-pyridinyl)methyl]-7-(5-methyl-2-thienyl)-2,3,4,5-
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tetrahydro-1,4-benzoxazepine), a small molecule identified to bind Kpnβ1 in an in silico 

screening approach interferes with the subcellular localisation of Kpnβ1, inhibits the 

localisation and transcriptional activity of Kpnβ1 cargo proteins and inhibits cancer cell biology 

in vitro and in vivo. In vitro ADME pharmacokinetics shows that C60 has tolerable drug 

properties. Biophysical analysis shows that C60 appears to bind Kpnβ1 in the micromolar range. 

Together, these results provide evidence for C60 as a compound that warrants further 

investigation as an anti-cancer agent.  
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Chapter 1: Literature review 

1.1. Cancer and its hallmarks 

Carcinogenesis in humans consists of multiple stages, and each stage has genetic alterations 

that drive the stepwise transformation of normal cells into highly malignant cells1. 

Berenblum and Schubik initially described the idea of multi-stage carcinogenesis in 1948 and 

it has been validated by other studies. Modern-day oncology identifies three major phases 

in carcinogenesis: initiation, promotion and progression and each of these phases may be 

made up of numerous stages 2,3. The hallmarks of cancer are made up of biological abilities 

gained during the multi-step development of tumours. The hallmarks make up an organising 

principle for describing the complicated nature of neoplastic diseases and are well described 

by Hanahan and Weinberg, 2011 4. These hallmarks are important changes in cell physiology 

that contribute to malignancy. They include characteristics such as evading growth 

suppression, inducing angiogenesis, activating invasion and metastasis, sustaining 

proliferative signalling and resisting cell death (Figure 1.1). Genomic instability and tumour 

promoting inflammation are essential to these hallmarks as they create the genetic diversity 

that accelerates their acquisition and promotes several hallmark functions respectively  1,4. 
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Figure 1.1. The hallmarks of cancer. These acquired abilities are essential for tumour growth and 

progression. Adapted from Hanahan and Weinberg (2011) 
4
.  

 

1.2. The global burden of cancer 

Cancer is the primary cause of mortality worldwide and it accounted for 8.2 million 

deaths in 2012, with most of these deaths arising from cancers of the oesophagus, lung, 

stomach, colon, liver, and breast 5. The incidence of cancer increased from 12.7 million in 

2008 to 14.1 million in 2012, and a 75% increase is expected over the next two decades 

with the estimated number of cancer cases expected to rise to 25 million 5,6. Over 60% of 

global cancer cases are in the developing countries of South America, Africa, and Central 

Asia with these regions accounting for about 70% of global cancer mortality 6. Figure 1.2 

shows the approximated incidence and mortality rate of the top 10 cancers in both males 

and females worldwide, and highlights the global burden of oesophageal and cervical 

cancers. Cervical and oesophageal cancers have high prevalence and high mortality rates 

in South Africa 7, and this formed the rationale for choosing them for this study. Cervical 
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cancer is the fourth most common cancer in women and it ranks as the seventh most 

common cancer when cancer incidences in both sexes are considered. Oesophageal 

cancer is the eighth most common cancer globally and the sixth most common cause of 

mortality 7. The global rise in cancer incidence is a major human health challenge, which 

demands actions on multiple fronts including improved treatment options, prevention 

and early detection 8.  
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Figure 1.2. Global estimated incidence and mortality of cancer in both males and females. Adapted from 

WHO cancer today 
9
. 
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1.2.1. Cervical cancer 

Approximately 85% of cervical cancer cases are diagnosed in developing countries, where 

it accounts for approximately 12% of all female cancers 7. Cervical cancer is the second 

most common cancer among South African women 10. There is a convincing association 

between cervical cancer and incessant infection with high-risk Human Papillomavirus 

(HPV) 16 and 18 11,12. HPV DNA is found in 99.7% of all cervical cancer cases and HPV 16 

and 18 account for 70% of these cases 13. In addition to persistent HPV infection, other 

factors that affect the progression from infection to Cervical Intraepithelial Neoplasia 

(CIN) include behaviours such as smoking, multiple partners, use of contraceptives, 

former pregnancies, immunosuppression and infection with other sexually transmitted 

pathogens such as Chlamydia trachomatis 12,14. 

 

Functionally high-risk HPV infection promotes cellular transformation and tumour 

progression via the activity of two viral oncogenes: E6 and E7. These two oncogenes 

interfere with the activity of significant cell cycle regulatory proteins such as p53 and 

Retinoblastoma protein (pRb) 11. The E6 oncogene deregulates the cell cycle through 

inhibiting p53 function. The interaction of E6 with p53 is one of the major causes of 

chromosomal instability in cells transformed by HPV E6. The association between pRb 

and E7 is critical for HPV-facilitated cancer development. E7 binds pRb and other 

members of pocket protein family resulting in the deregulation of the G1/S checkpoint 

15,16. The natural sequence of cervical cancer involves reversible alterations in normal 

cervical tissues from a state in which neoplastic changes are absent in the squamous 

epithelium to different states of cellular abnormalities that result in the development of 

cervical cancer. This sequence of transformation forms the basis for the cytological 
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screening for cervical cancer and corresponds with the basic multistep carcinogenic 

process in the development of CIN 17.  

 

All sexually active women are at risk of HPV infection with about 80% being infected with 

HPV in their lifetime. The realisation that the infection of the cervix by oncogenic HPV is 

essential but not sufficient for the development of cervical cancer led to the 

development of effective prophylactic vaccines 13. The United States Food and Drug 

Administration (FDA) endorsed the prophylactic quadrivalent HPV (types 6, 11, 16, 18) 

vaccine (Gardasil) for use in women aged 9-26 years old in 2006. The prophylactic 

bivalent HPV (types 16 and 18)  vaccine (Cervarix) was approved for use in women 

between age 10-25 years 14. Both vaccines have shown 100% efficiency against vulvar, 

cervical and vaginal intraepithelial neoplasias in virus-naive individuals 18. Gardasil 

showed preventive efficacy against pre-malignant genital lesions, external genital warts 

and cervical cancer caused by specific HPV types 18,19. As effective as the bivalent and 

quadrivalent vaccines were, they have limitations, as they were ineffective against 

unspecified HPV types that account for about 30% of all cervical cancers. This insufficient 

protection led to the license of a 9-valent HPV vaccine (types 16, 18, 31, 33, 45, 52, 58, 6 

and 11) named Gardasil-9. Gardasil-9 has demonstrated 90% protective efficacy against 

cervical cancer and genital warts 18.  

 

Although these vaccines are valuable, they do not have beneficial effects in women that 

are already infected with HPV. Studies have shown that women infected with high-risk 

HPV types 16 and 18 have a higher chance of developing invasive cervical cancer over a 

period of years 20. Cervical cancer is mostly a preventable disease owing to the fact that 
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its causal agent is known. Its identified viral activator and the well-known stages of 

disease progression makes cervical cancer an ideal model for investigating new potential 

therapies 21.  

 

1.2.2. Oesophageal cancer 

Approximately 80% of oesophageal cancer cases occur in less developed countries 7. 

Oesophageal Squamous Cell Carcinoma (SCC) is the most frequent and malignant type of 

oesophageal cancer 22,23 with high prevalence in developing nations including South Africa 

24. Oesophageal SCC arises from epithelial cells in the upper and middle portion of the 

oesophagus 25,26.  Another type is oesophageal Adenocarcinoma (AC) which arise from the 

glandular cells that are found in the lower third of the oesophagus (the junction of the 

oesophagus and stomach) 25,26. The oesophagus has a distinct anatomy that makes the 

behaviour of its malignancy different from other gastrointestinal malignancies. The wall of 

the oesophagus has no serosa and this increases the invasive property of oesophageal 

cancer. In addition, it has an extensive network of lymphatics which allows for early local 

tumour advancement 27. Oesophageal cancer if not detected and treated early has the 

ability to metastasize to nearby lymph nodes and to other body parts such as the liver 

through the bloodstream 28.  

 

Risk factors for oesophageal SCC include malnutrition, alcohol, tobacco, chemical 

carcinogens such as Polycyclic Aromatic Hydrocarbons (PAHs) 25,28,29. Smoking and alcohol 

consumption are some of the major risk factors for oesophageal cancer among South 

Africans 30. The primary risk factors for  oesophageal AC are Gastro-Oesophageal Reflux 

Disease (GORD) and Barrett’s oesophagus 28,29. GORD is a common gastrointestinal disorder 
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which develops when there is a reflux of stomach contents which ultimately leads to 

disturbing symptoms or complications including  heartburn and regurgitation 31,32. GORD 

can consequently lead to the development of a spectrum of injury which includes 

esophagitis, Barrett’s oesophagus and AC 31. The  association between carcinogenesis and 

GORD suggests that this condition must be treated early 32. Barrett’s oesophagus can 

develop as a result of GORD over an extended period, which leads to the damage of the 

inner lining of the oesophagus. In Barrett’s oesophagus, squamous cells lining the 

oesophagus are substituted with glandular cells that are more resistant to stomach acid. 

Individuals with Barrett’s oesophagus are more likely to develop oesophageal AC compared 

to those without, although, only a few people with Barrett’s oesophagus will develop AC 33. 

The understanding of the risk factors and multiple stages of various cancers is critical for 

accurate diagnosis, and development of novel and effective therapeutic strategies. 

 

1.3. Cancer and therapeutic strategies 

In spite of the new discoveries and development in the field of oncology, cancer remains a 

difficult disease to treat. This is largely due to the late detection of this disease. Diagnosis 

and accurate measurement of cancer progression are thus essential for the successful 

management of cancer 34.  Patients who were diagnosed with advanced cases of either lung, 

colorectal or breast cancer had 5-year survival rates of  3%, 5%, and 27% respectively 

compared to patients with early-stage lung, colorectal or breast cancer who had 5-year 

rates of 50%, 90% and 98% respectively 35. These figures show that the early stages of 

cancer carry the highest potential for therapeutic intervention; however, this stage is mostly 

asymptomatic resulting in delayed diagnosis 34. Various tests such as Faecal Occult Blood 

Test (FOBT) for colon cancer, Prostate-Specific Antigen (PSA) for prostate cancer, annual 
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mammogram for breast cancer and Pap smear for cervical cancer have been used for the 

detection of cancers 35. However, most of these tests are not efficient at detecting tumours 

at early stages. 

 

Cancer is a disease that has a vast molecular diversity among different individuals, so 

patients with the same clinically diagnosed cancer often have different responses to the 

same treatment because each case of cancer has a unique molecular signature 36. The 

conventional therapeutic approaches for cancer are surgery, irradiation, and chemotherapy 

37,38. Surgery and radiation therapy are used for treating primary tumours and metastases 

while chemotherapeutic approaches are generally used for disseminated tumours such as 

breast, prostate and colorectal 38. Conventional chemotherapeutic agents function by 

inhibiting cell division and DNA replication and could also affect microtubule spindle 

assembly; however, they are not efficient at treating all cancer types 38. A limitation of many 

chemotherapies is their lack of specificity for cancer cells resulting in systemic toxicity and 

also the frequent development of drug-resistant cancer cells 39. Treatment options such as 

immunotherapy, signal transduction therapy, angiogenesis therapy, nucleic acid-based 

therapy and apoptosis regulation therapy are all under investigation with recent studies 

focusing on novel approaches that involve target specific treatments 38. With advances in 

technology allowing for target identification, the field of cancer research has moved from a 

“one-size-fits-all” treatment approach to a customised medicine strategy that concentrates 

on the discovery and development of molecularly targeted drugs that take advantage of the 

specific genetic requirements and susceptibilities of cancer cells 40.  
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1.4. Targeted therapy in the treatment of cancers 

Targeted therapy refers to the generation of cancer drugs developed to interfere with 

unique molecular targets that are considered to play important roles in tumour growth and 

survival  38. Targeted therapies are hypothesised to be more effective in cancer treatment 

and have reduced side effects. The recognition of suitable targets relies on a detailed 

understanding of the molecular changes that accompany cancer development 38,39. Targeted 

therapy focuses on delivering drugs to specific genes or proteins that are essential to cancer 

cells or the tissue environment that facilitates the growth of cancer 39. Targeted therapies 

utilize various mechanisms such as inhibition of  proliferation, promotion of cell cycle 

regulation, apoptosis or autophagy induction, metastasis suppression and reversal of 

multidrug resistance 38,39. Targeted therapy includes the use of monoclonal antibodies or 

oral small-molecule drugs 41–43. 

  

i. Monoclonal antibodies 

Monoclonal antibodies that target specific tumour surface markers provide tumour specific 

and less toxic alternatives for cancer treatment 42. The conjugation of monoclonal 

antibodies to cytotoxic drugs increases the cell killing activity of these antibodies as well as 

conferring increased tumour selectivity on the cytotoxic drugs 42. Gemtuzumab, a CD-33 

specific monoclonal antibody linked to calicheamicin was used for the treatment of Acute 

Myeloid Leukemia (AML) 39. Other monoclonal antibodies that have been licensed for use 

include Trastuzumab (Herceptin), the anti-Her2 monoclonal antibody that has been 

successfully used in the treatment of Her2-positive breast cancer 39,42, Campath 

(Alemtuzumab) for specific leukemias, Avastin (Bevacizumab), Vectibix (Panitu-mumab) and 

Erbitux (Cetuximab) for the treatment of colorectal cancer 42.  Monoclonal antibodies are 
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used for the direct delivery of chemotherapeutic drugs and radioactive substances to cancer 

cells 39. 

 

ii. Small molecule inhibitors 

Small Molecule Inhibitors (SMIs) are smaller than monoclonal antibodies and are readily 

absorbed by the body. They can be directed against molecular targets that are necessary for 

proliferation, angiogenesis and metastasis of cancer cells 39. Protein kinases seem to 

exemplify essential molecular targets for cancer therapy. They are frequently found to be 

activated via mutation and/or amplification and this highlights their function in various 

forms of human cancers 37.  Such targets have become the focus in the search for newer 

anticancer treatments. Examples include, the use of Imatinib, a multi-kinase inhibitor in the 

treatment of acute promyelocytic leukemia caused by translocations in the RARα retinoic 

acid receptor gene 39, Chronic Myeloid Leukemia (CML) caused by BCR-ABL genetic 

reshuffling and Gastro-Intestinal Stromal Tumour (GIST) 37. The success of Imatinib provided 

the evidence for the use of small molecules in targeting pathogenic driver anomalies in 

clinical settings  39.   

 

Other SMIs of cancer targets include Gefitinib, an inhibitor of  Epidermal Growth Factor 

Receptor (EGFR) kinase that has been approved for the treatment of lung cancer 39,44, 

Erlotinib- inhibitor of EGFR in Non-Small Cell Lung Cancer (NSCLC) patients, Lapatinib- 

inhibitor of EGFR/ERBB2 for ERBB2-positive breast cancer and Sorafenib- inhibitor of 

Vascular Endothelial Growth Factor Receptor (VEGFR) kinase in renal cancer 39. Newer 

additions include Abiraterone- the CYP171A1 inhibitor, which blocks androgen synthesis and 

has been approved for the treatment of castration-resistant prostate cancer, Crizotinib, an 
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inhibitor of the protein kinase ALK approved for the treatment of NSCLC patients and 

Vemurafenib, an inhibitor of BRAF kinase for metastatic melanoma 39. 

 

The success of Imatinib in the treatment of CML was remarkable as it showed a 90% success 

rate in comparison to 35% that can be achieved with conventional chemotherapy. 

Furthermore, most patients taking Imatinib showed complete cytogenetic remission 41. 

Similarly, NSCLC patients treated with Gefitinib have a higher response rate and longer 

disease-free survival of 75% and 11 months respectively in comparison to those treated with 

conventional chemotherapy showing a response rate of 30% and disease-free survival of 5 

months 41.  In some cases, the extent of clinical success is minimal as seen with the use of 

Erlotinib for the treatment of late-stage pancreatic cancer. The addition of Erlotinib to 

conventional chemotherapy increased the one-year survival rate from 17% to 24% 43. Apart 

from increasing patients’ survival, targeted therapy also provides treatment alternatives for 

patients who cannot be treated with conventional chemotherapy. For example, NSCLC and 

non-Hodgkin’s lymphoma affects elderly individuals with health conditions that prevent the 

use of conventional chemotherapy. Targeted therapies such as Rituximab and Erlotinib are 

better tolerated and mostly less toxic giving these patients a better treatment option 43. 

 

While significant progress has been made with the development of molecularly targeted 

therapies, there are limited therapeutic options for many patients as the process of 

developing a new drug is time-consuming with high failure rates 39. Although molecular 

profiling provides guidance on appropriate treatment options for patients, the challenge 

of identifying disease-specific molecular targets still exists 45. Following the identification 

of potential new therapeutic targets, the next process involves selecting and validating 
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the most suitable targets, while establishing a relationship between target modulation 

and a therapeutically significant biological effect in an appropriate experimental 

prototype 39. 

 

1.5. Conventional and targeted therapeutic strategies for the treatment of cervical and 

oesophageal cancers 

1.5.1. Therapeutic strategies for the treatment of cervical cancer 

Cervical cancer is the fourth most common cancer in women globally, with an estimated 

incidence of 570,000 cases and mortality of 311,000 in 2018 46. In spite of the advances 

in screening, vaccination, treatment of early-stage tumour, a fraction of patients will be 

diagnosed with late-stage, recurrent cervical cancer. For this population of patients, 

chemotherapy is the major treatment option 47. Cisplatin is the most studied single agent 

for cancer treatment. Data from the Gynaecologic Oncology Group showed an overall 

response rate of 38% with Cisplatin treatment. Overall survival with the use of cisplatin 

alone was 6.5 to 9 months with a progression-free survival of approximately three 

months 48.  Cisplatin in combination with radiation therapy has been studied widely and 

is phase 2 clinical trials. Other cytotoxic agents used alone or in combination with 

radiation therapy are carboplatin, fluorouracil, etoposide, bleomycin and paclitaxel  49.   

 

Since the growth of cancer cells is largely dependent on oncogenic signal transduction 

pathways, new therapeutics are developed to alter these pathways by interfering with 

intracellular protein such as tyrosine kinases 47. A recombinant monoclonal antibody, 

bevacizumab has been targeted against VEGF-A, it inhibits VEGFR-1 and VEGFR-2 signal 

transduction pathways. Increased VEGF expression has been linked to poor prognosis 
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and early recurrence in cervical cancer 46. The tyrosine kinase inhibitors, sunitinib and 

pazopanib inhibit c-KIT, VGFR and PDGFR, however, they have not shown significant 

beneficial effect in overall survival in advanced cervical cancer 46. The increased 

expression of EGFR in cervical cancer is associated with poor clinical outcomes, based on 

this, cetuximab, a monoclonal antibody against EGFR-1 has been evaluated in preclinical 

studies. Phase 2 clinical trial data showed that cetuximab alone was not maximally 

beneficial to patients 47. Similarly, targeting EGFR with gefitinib or erlotinib did not have 

objective responses in cervical cancer patients  47. 

 

Some of the targeted therapies used alone did not have significant benefit in the 

treatment of cervical cancer; hence, they have been used in combination with 

chemotherapy. In patients with recurrent or metastatic cervical cancer, treatment with 

Bevacizumab, an inhibitor of VEGF and chemotherapy was linked to increased survival 48. 

Cetuximab and matuzumab, both monoclonal antibodies have been used in combination 

with cisplatin or cisplatin and topotecan in the treatment of persistent cervical carcinoma 

48. The combination of erlotinib, cisplatin and radiotherapy was used in a study involving 

36 patients, 34 patients responded positively and had a 3-year progression-free survival 

47. 

 

1.5.2. Therapeutic strategies for the treatment of oesophageal cancer 

Oesophageal cancer is the eight most common cancer and the sixth cause of cancer-

associated mortality globally 50,51. Most people are diagnosed with oesophageal cancer 

after the tumour has spread, and when cure is mostly impossible 51. The traditional 

standard treatment for localised oesophageal SCC and AC is surgery, especially in 
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patients with early-stage disease. However, survival rates when surgery alone is used 

remains low with a median 5-year overall survival of approximately 20% 50. 

Chemotherapeutic agents such as 5-FU, mitomycin C, cisplatin, vinorelbine, etoposide, 

irinotecan and the taxanes have been used as single agents or in combination for the 

treatment of oesophageal cancer. The response rates for the use of single agents ranged 

from 15% to 30%. Combination therapy containing cisplatin has been shown to produce 

better response rates 52. The development of resistance has been associated with the use 

of chemotherapeutic agents 53, hence the need for more effective therapeutic strategies 

for treating oesophageal cancer. 

 

The goal of targeted therapy in the treatment of oesophageal cancer is to improve the 

response rate and minimise metastasis. Some markers that have been associated with 

oesophageal cancer phenotype include EGFR, Ki-67, VEGF and HER-2 52. The 

overexpression of EGFR has been discovered in about 92% of oesophageal cancer cases 

and is associated with poor prognosis and disease progression. Cetuximab targets EGFR 

and is currently used in the treatment of oesophageal cancer 52. Lapatinib, a small 

molecule and Trastuzumab are targeted against HER-253. The use of targeted therapy in 

the treatment of oesophageal cancer is still in the early stage, promising results have 

been obtained with the use of antibodies directed against targets such as EGFR and 

VEGF52.  

 

For both cervical and oesophageal cancers, there is a need to discover more molecular 

targets that will be used in the development of novel targeted therapies. Currently, in 

the targeted therapies for both cancers are centred mostly on the use of monoclonal 
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antibodies. This current research is focused on discovering new molecular targets that be 

targeted with the use of small molecule inhibitors. 

 

 

1.6. Gene Expression analysis in the identification of therapeutic targets 

Microarray technology has been used extensively in different fields including basic biology 

and medical science. It is used particularly in the field of cancer research where a number of 

important genes involved in cancer progression have been identified 54. Deoxyribonucleic 

Acid (DNA) microarray allows the expression pattern of multiple genes to be monitored in a 

single experiment making it possible to get the molecular portrait of both normal and 

cancer tissues 55. Alizadeh et al (2000) used DNA microarray technology to carry out a 

systematic classification of gene expression in B-cell malignancies. They identified two 

molecularly different forms of Diffuse Large B-Cell Lymphoma (DLBCL) - germinal centre B-

like DLBCL and activated B-like DLBCL. Furthermore, they showed that patients with 

germinal centre B-like DLBCL had considerable better overall survival than individuals with 

activated B-like DLBCL 56. cDNA microarray analysis was used to compare the gene 

expression profiles of breast cancer tissues in comparison to normal breast tissues 57. 

Furthermore, the FDA has endorsed a custom microarray of 70 genes for the prognosis of 

breast cancer 58. 

 

Gene expression microarray analysis was previously used in our laboratory to profile 

non-cancer and cancer tissue of the cervix to identify novel cancer targets. Members of 

the Karyopherin superfamily of proteins were among the genes that showed significant 

differential expression in the cancer tissues compared to normal tissues. Included were, 
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Chromosome Region Maintenance 1 (CRM1), Karyopherin Beta 1 (Kpnβ1) and 

Karyopherin Alpha 2 (Kpnα2) which all showed elevated expression in cervical cancer 

tissue in compared to normal cervical tissue 55. The Karyopherin proteins have key roles 

in nuclear transport and in other important cellular activities such as Nuclear Envelope 

(NE) and Nuclear Pore Complex (NPC) assembly, and mitotic and cell cycle regulation 

59,60. Sub-cellular localisation is important for proper protein function as it determines 

the access of proteins to their binding partners as well as their incorporation into 

biological networks. Abnormally localised proteins have been implicated in various 

human diseases such as kidney stones, Alzheimer’s disease and cancer 61. Hence, the 

nucleo-cytoplasmic transport system has received attention in recent years especially for 

their roles in cancer development and progression. 

 

1.7. Karyopherin proteins and nucleo-cytoplasmic transport 

The nucleo-cytoplasmic transport of proteins and ribonucleic Acids (RNAs) which occurs 

through the NPC is vital for their function 62,63. There are four major role players involved in 

nucleo-cytoplasmic transport; transport receptors (also known as Karyopherins), Ran-

Guanosine Triphosphate (RanGTP), Nucleoporins (Nups-proteins of the NPC) and cargoes 63. 

The nucleo-cytoplasmic transport of proteins can alter gene expression and modify cell 

function, morphology, and composition 64.  

 

Access to the nucleus is restricted by the NE which is a double membrane structure 

containing large pore structures known as NPCs 64–66. The NPC is cramped with 

nucleoporins, which are defined by the presence of FG dipeptide (phenylalanine-glycine) 

repeats. These FG repeats are present throughout the NPC 67. The nucleoporins are direct 
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facilitators of nucleo-cytoplasmic transport 68. Various nucleoporins have been linked to 

CRM1-mediated nuclear export. The nucleoporin, Tpr serves as a primary binding site for 

CRM1-containing export complexes. Antibodies targeting Tpr resulted in the inhibition of 

nuclear export 69. Studies using human cells showed that Nup358 promotes Karyopherin α/β 

and Transportin-mediated nuclear import. Furthermore, reduced nuclear import has been 

observed in Drosophila cells lackingNup358 69. 

 

The transport of small molecules, proteins and nucleotides required for the synthesis of 

DNA and RNA occurs through the NPC. The transport of macromolecules is mediated by a 

large family of transport receptors known as Karyopherins 63,70–73. The Karyopherins are 

involved in different cellular processes such as gene expression, signal transduction, 

immune response and some pathologic processes including tumorigenesis  74. The 

Karyopherin protein family is divided into alpha and beta subfamilies. The Karyopherin beta 

family members are responsible for mediating most import and export activities, while 

Karyopherin alpha family members act as adaptors 65. There are more than 20 members of 

the Karyopherin beta family in mammals. Nine have been shown to act as export receptors 

(Exportins) while the others function as import receptors (Importins) 65,70,75,76. A few 

members of this family act as both importins and exportins and are therefore referred to as 

Transportins 76. Members of the Karyopherin beta family have molecular weights ranging 

between 90-150 kDa, and a tandem HEAT repeat structure formed by antiparallel helices 

that are connected by a short intra-repeat loop 59,77,78. Importins bind their cargoes in the 

cytoplasm through the recognition of the Nuclear Localisation Sequence (NLS), while 

Exportins bind cargoes via recognition of the Nuclear Export Sequence (NES) 70.  
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Elevated expression of Karyopherin family members has been associated with cancers of 

different cell origin. The most implicated of these family are Kpnβ1, CRM1, Kpnα2 and 

Cellular Apoptosis Susceptibility Protein (CAS) 78. Adam and Adam (1994) initially discovered 

Kpnβ1 as a cytosolic factor necessary for the NLS-mediated binding to the NE 79. Chi et al 

(1995) later described its sequence and mechanism of action using in vitro nuclear import 

assays 80.  Since Kpnβ1 is the focus of this study, its structure, mechanism of action and role 

in cancer development will be expanded on in the latter part of this review.  

 

Kpnα (an adaptor protein) recognises the classical NLS (cNLS) and also interacts with Kpnβ1 

and together they form a classical trimeric complex 72,77. Kpnα has two functional domains; 

an Importin Beta-Binding (IBB) domain at the amino terminus, and an NLS binding site which 

is made up of eight to ten Armadillo (ARM) repeats72,81,82. After recognising and binding 

cargoes containing cNLS, Kpnα binds Kpnβ1 through its IBB domain. The cargo: Kpnα: Kpnβ 

complex is transported across the NPC into the nucleus. In the nucleus, the complex 

dissociates on binding with RanGTP 65,73,77,83,84. Kpnα binds to CAS which is responsible for its 

nuclear export 63,65,70. The Kpnβ-RanGTP complex is transported back to the cytoplasm for a 

new round of import 63,65. The classical nuclear import pathway is illustrated in Figure 1.3 

 

Seven Kpnα isoforms, which bind differently to specific substrates, have been characterised 

and divided into 3 subfamilies: ɑ1, ɑ2 and ɑ3. The ɑ1 subfamily consists of Kpnα2 and 

Kpnα7, the α2 subfamily comprises Kpnα4 and Kpnα3 while the members of α3 subfamily 

include Kpnα1, Kpnα5 and Kpnα6 78,85. Two human Kpnα, α1, and α2 have been shown to 

bind the same β1: Kpnβ1. The binding domain of Kpnα1 and α2 contain binding sites for 

Kpnβ1 86. However, not all import cargoes contain a cNLS and therefore do not require an 
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adaptor protein such as Kpnα for nuclear import but rely directly on Kpnβ1 or other 

Karyopherin β members 70,77,83,87. Direct Karyopherin β: cargo transport has been found to 

be faster (has more stable nuclear accumulation and initial import rate) compared to 

karyopherin β: α: cargo transport 74. 

 

 

 

Figure 1.3. Graphic representation of the classical nuclear import pathway. Kpnα (α) recognises and binds to 

cargo containing NLS. This complex binds Kpnβ (β) and forms a trimeric complex that passes through the NPC 

into the nucleus. The binding of RanGTP causes a dissociation of the complex. Kpnβ-RanGTP complex is 

recycled into the nucleus while Kpnα is transported out of the nucleus by the export receptor CAS. Within the 

cytoplasm, the hydrolysis of RanGTP to RanGDP causes the dissociation of Kpnβ-RanGTP and Kpnα-CAS 

complexes, after which CAS is imported back into the nucleus. Adapted from Tau et al, 2004 
63

. 
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CRM1 also known as Exportin 1 (XPO1) is the most extensively characterised nuclear export 

protein 83,88. It is essential for the maintenance of correct chromosome structure 86. It 

belongs to the Karyopherin beta family of export receptors; it exports proteins containing 

leucine-rich NES from the nucleus to the cytoplasm 83,87,88. CRM1 binds to NES-containing 

cargo and then forms a complex with RanGTP. The complex moves out of the nucleus, the 

hydrolysis of RanGTP to RanGDP (Ran-Guanosine Diphosphate) by RanGAP (RanGTP-

Activating Protein) results in the dissociation of the complex and causes cargo to be 

released into the cytoplasm 63,83. The nuclear export pathway is illustrated in Figure 1.4. 

CRM1 has 20 HEAT domains that permit its binding to RanGTP, cargo binding occurs outside 

this HEAT domain ring 83. The bond between the cargo and CRM1 is weak, however, the 

collective binding of cargo protein and RanGTP to CRM1 increases CRM1 binding affinity by 

500-1000 fold 89.  

 

Nuclear transport is dependent on the energy provided by Ran, a small nuclear GTP of the 

Ras family 65,83. Ran has a molecular weight of about 25 kDa 83, and it switches between a 

GDP-bound state or GTP-bound state through nucleotide hydrolysis and exchange 77,82 . Ran 

functions in nuclear transport by maintaining the compartment-specific binding and release 

of transport cargoes 63,90,91. RanGTPase has been described to be involved in mitotic spindle 

formation and organisation. It also functions in the reorganisation of the NE after cells enter 

interphase after exiting mitosis 92–94. 
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Figure 1.4. Graphic representation of the nuclear export pathway. Within the nucleus, CRM1 recognises and 

binds to cargo bearing NES in the presence of RanGTP. The ternary complex passes through the NPC into the 

cytoplasm. The conversion of RanGTP to RanGDP results in complex dissociation and cargo is released. CRM1 is 

then taken back into the nucleus to repeat a new export cycle. Adapted from Tau et al, 2004 
63

. 

 

1.7.1. Dysregulation of nuclear transport and cancer 

The nucleo-cytoplasmic transport of proteins is necessary for the regulation of cell cycle and 

proliferation in both healthy and cancerous tissues. Dysregulation of the process may thus 

affect numerous cellular processes such as tumour growth, inflammatory response, and 
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apoptosis 95. As correct sub-cellular localisation of proteins is essential, it is not surprising 

that disruptions in the nuclear transport pathway have been associated with oncogenesis 

and for the ability of cancer cells to evade and develop resistance to chemotherapeutic 

drugs 96. Nuclear transport in cancer cells is deregulated and it has been observed that as 

cells move a dormant to proliferating and transformed state, the rate of nuclear transport 

increases 65. Alterations in the nuclear transport pathway can occur through a variety of 

ways which include: alteration in the expression of transport receptors, alteration in the 

localisation of transport receptors, alteration of RanGDP/RanGTP gradient and disruption of 

endogenous inhibitors of nuclear transport 64,78. 

 

Nucleo-cytoplasmic shuttling of cargoes in and out of the nucleus usually starts with the 

recognition of the cargo by its receptor, accompanied by docking and movement through 

the NPC. RanGTPase and its regulators control the rate of cargo movement through the NPC 

as well as the loading and unloading of cargoes. Changes in this process have been seen in 

many cancers 97,98. Studies have reported the overexpression of RanGTPase in a variety of 

cancers such as prostate 99, breast 99, ovarian 100, kidney 101 and colon 99 cancers. Low levels 

of RanGTPase have been reported to be necessary for normal cell survival while its 

overexpression causes deregulation in normal cell activity which might contribute to cancer 

development 93. Kpnα2 overexpression has been observed in breast cancer and melanoma 

where it is associated with poor prognosis and reduced disease-free survival 65,96. The 

endogenous nuclear export protein, CAS which mediates the nucleo-cytoplasmic 

translocation of Kpnα is found to be overexpressed in several cancers such as colon, breast 

and liver cancers 96,102. This aberrant expression activates the nuclear accumulation of Kpnα-

dependent transcription factors which results in pathological cell proliferation 102. Likewise, 
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overexpression of CRM1 has also been linked to various cancers such as cervical 55, ovarian 

103, glioma 104 and oesophageal cancer 105. Similarly, it has been linked to some 

haematological malignancies such as CML and Mantle Cell Lymphoma (MCL) 106. There is 

evidence in the literature showing that Kpnβ1: Kpnα-mediated nuclear transport pathways 

play significant roles in development, adaptation and disease 107. Previous work done in our 

laboratory identified multiple members of the Karyopherin family of proteins having 

elevated expression in cervical cancer cells in comparison to non-cancer cells 55. As Kpnβ1 is 

the focus of this study, its role in cancer development will be expanded on in section 1.7.  

 

1.7.2. Targeting nuclear transport for cancer therapy 

Strategies that target host cell proteins that are essential to normal and malignant cells raise 

concerns as they may have side effects on the proliferation of non-cancer cells 65,102. It is 

thus important to determine whether targeting a specific protein presents a therapeutic 

window where the malignant cells are more affected than non-malignant cells. There are 

reports showing that cancer cells are more responsive to nuclear transport inhibition 

compared to normal cells 55,105. These studies suggest that cancer cells are more dependent 

on nuclear transport receptors for their increased proliferation and that therapies 

specifically targeting the transport machinery of tumour cells have promise as anti-cancer 

agents 64.  

 

Therapeutic agents such as small molecules targeting nucleo-cytoplasmic transport can 

interfere with the binding of transport receptors to cargoes, binding of transport receptors 

to Ran regulators and with the interaction of these with the NPC 96. The interaction between 

nucleoporins and transport receptors presents a target for the inhibition of nuclear 
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transport, and monoclonal antibodies against nucleoporins have been effectively used to 

inhibit the binding of cargo to the NPC in rat liver nuclear envelopes 108. A peptidomimetic 

inhibitor of Kpnα/Kpnβ nuclear import that imitates the FXFG structure has also been 

reported to prevent the binding of  Kpnβ to nucleoporins 96. 

 

Competitive inhibition of cargo to receptor binding is also an unconventional method of 

altering the nucleo-cytoplasmic transport of proteins. The use of peptides having transport 

sequences to displace the nuclear import or export cargoes from their transport receptors is 

a prospective therapeutic approach 96. Bimax1 and Bimax2 are two peptide inhibitors that 

have been identified as inhibitors of the classical nuclear import by Kosugi et al (2008). The 

experimental technique used was the activity-based profiling of systemically mutated NLS 

peptide templates. These peptides bind strongly to Kpnα independently of Kpnβ1 thereby 

inhibiting cargo release in the nucleus 64,96,109. 

 

CRM1 is responsible for the nuclear export of most cargoes; it controls the export of a 

reported 220 proteins to date 110. Elevated expression of CRM1 is common in many cancers 

and its inhibition results in the death of cancer cells 110,111. Leptomycin B (LMB) is a first 

generation CRM1 inhibitor while Selective Inhibitors of Nuclear Export (SINE) are second 

generation CRM1 inhibitors 111. The discovery of LMB as a cellular target of CRM1 was a key 

innovation. The binding of LMB to CRM1 occurs at a conserved cysteine residue, which 

matches the position 528 of the human protein. Disruption of CRM1-cargo binding occurs 

when LMB causes the alkylation of the cysteine residue in the hydrophobic groove of CRM1 

96. The use of LMB was discontinued in phase 1 clinical trials as it displayed severe 

cytotoxicity and absence of obvious efficacy at tolerable doses 78,112. More recently, newer 
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inhibitors of CRM1 known as SINEs have been developed and include KPT-330 (selinexor), 

KPT-335 (verdinexor), KPT-185, KPT-276 and KPT-251 110. Selinexor, a small molecule 

inhibitor of CRM1 as well other SINEs were developed using known structural activity 

relationship (SAR) and innovative computational methods 113. SINEs have high selectivity for 

CRM1 and form a covalent bond that is slowly reversible with the cysteine-528 residue in 

the binding pocket of CRM1 112,113. These SINEs have shown anti-cancer activity in various 

solid and haematologic tumour xenograft models 112. Selinexor is currently being tested as 

an anti-cancer drug in phase 2 and 3 clinical trials 114. Ryan et al (2018) reported that 

Selinexor had clinical activity but poor tolerability in metastatic castration-resistant prostate 

cancer patients’ refractory to second-generation anti-androgenic therapies 115. There is thus 

sufficient evidence in the literature that targeting members of the Karyopherin protein 

family present as novel anti-cancer targets. Research into investigating multiple members in 

this family is currently underway. 

 

1.8. Karyopherin Beta 1 (Kpnβ1), a nuclear transport protein that associates with cancer. 

1.8.1. Kpnβ1 structure and functions 

Kpnβ1 also known as Importin B or p97 is a transport protein that is involved in the nuclear 

import process 59,73,107,116. Kpnβ1 can facilitate nuclear import autonomously 107,117 or by 

associating with adaptor proteins of the Karyopherin α family such as Kpnα2 55,90,118. Kpnβ1 

imports certain cargoes on its own, examples of these include Sterol Regulatory Element 

Binding Protein-2 (SREBP2) and  Parathyroid Hormone-related Protein (PTHrP) 119. Examples 

of Kpnβ1 cargoes that require an adaptor include GATA3 and Signal Transducers and 

Activators of Transcription (STAT) family member 120. 
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Kpnβ1 is composed of 876 amino acids and has a molecular weight of 97 kDa 121. Kpnβ1 is 

composed of 19 HEAT repeats 59,75,122, 13 of these HEAT repeats are used for its interaction 

with Kpnα in the classical nuclear import 59. HEAT repeats 1-8 are used for the binding of 

Kpnβ1 to RanGTP, while HEAT repeats 7-19 (C-terminal) interact with the IBB domain of 

Kpnα. Additionally, Kpnβ1 binds to the FG-rich repeats of Nups using HEAT repeats 4-8 65,121. 

Kpnβ1 mediates the nuclear import of numerous proteins and many signalling networks. 

Several transcription factors such as Nuclear Factor Kappa B (NFκB) 117, Nuclear Factor of 

Activated T-Cell (NFAT) 123, STAT3 124 and Snail 125 are dependent on Kpnβ1 for their entry 

into the nucleus. Kpnβ1 is also involved in neuronal regeneration, which occurs in response 

to axonal injury. Kpnβ1 functions in transmitting damage signals from axons of damaged 

neurons to the cell body 126. Importantly, Kpnβ1 is a global regulator of cell cycle transitions. 

It plays key roles in mitosis (involved in mitotic spindle assembly) and replication 127,128.  

 

1.8.2. Association between Kpnβ1 and cancer 

Normal cell homeostasis depends on proper Kpnβ1 function, strict regulation, and 

expression 65. The cell cycle regulatory role of Kpnβ1 implies that its expression is associated 

with proliferation 71. Kpnβ1 has been shown to have elevated expression in tissues that 

replicated actively such as lymphocytes, testis and tumours 71. The overexpression of Kpnβ1 

has been observed in both transformed and cancer cells. The elevated expression of Kpnβ1 

has been reported in several cancers, including cervical 55, glioblastoma 129, breast 130, 

multiple myeloma 131, hepatocellular carcinoma 132 and malignant peripheral nerve sheath 

tumour 133. At the mRNA level, elevated Kpnβ1 expression in ovarian cell cancer cells in 

comparison to their normal counterparts has been reported 134.  
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The efficacies and rates of Kpnα2/Kpnβ1 and Kpnβ1-dependent nuclear import are 

increased in transformed cells in comparison with normal cells 135. Kpnβ1 might also be 

involved in cancer-related inflammation; this is because of its activity in transporting 

transcription factors associated with inflammation such as GATA3, NFκB, STAT (1, 2, 3, and 

6), Smad3 and Activator Protein 1 (AP-1) 120. The nuclear import of cAMP-Response Element 

Binding (CREB) protein, a nuclear transcription factor that has been shown to be involved in 

tumour initiation, progression and metastasis 136 is also dependent on Kpnβ1 137. 

 

Research previously done in our laboratory reported that Kpnβ1 expression in cervical 

cancer patient tissue was found to be substantially higher than what was observed in 

normal cervical tissue and, expression levels were similarly elevated in cervical cancer cell 

lines compared to non-cancer cells 55. Kpnβ1 has been shown to have elevated levels in 

Hepatocellular Cancer (HCC) and it had a significant correlation to tumour size, metastasis 

and histological grade132. Zhu et al (2016), reported that Kpnβ1 was significantly 

upregulated in gastric cancer patient tissues in comparison to adjacent non-cancer tissues 

138. A recent study by Kodama et al (2017) also demonstrated that ovarian cancer patients 

with increased levels of Kpnβ1 had worse prognosis than patients with lower expression 139. 

In addition, it is one of the genes essential for the survival of NSCLC and Head and Neck 

Squamous Cell Carcinoma (HNSCC) 140. 

 

The increased expression and functional reliance on Kpnβ1 in both transformed and cancer 

cells suggest that this nuclear importer might be a therapeutic target for cancers 65. There is 

evidence in the literature to support this hypothesis. Sekimoto et al (2017) identified Kpnβ1 

as a likely target for lung adenocarcinoma. Their study showed that inhibition of Polo-Like 
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Kinase 1 (PLK1), an important mitotic kinase decreased the expression level of Kpnβ1 which 

resulted in decreased cell proliferation and cell death via apoptosis 141.  

 

1.8.3. Kpnβ1 as an anti-cancer target 

The significance of targeting Kpnβ1 as an anti-cancer target derives from the fact that Kpnβ1 

is necessary for the survival and progression of tumours as many processes associated with 

tumorigenesis depend on Kpnβ1-mediated nuclear import 142. Lin et al (1995) in a search for 

inhibitors of Kpnα/Kpnβ1 report that cell-permeable peptides having the NLS of NFκB/p50 

subunit inhibited the nuclear import of NLS-bearing transcription factors such as NFκB, 

NFAT, AP-1 and STAT1 143,144. This peptide was named cSN50.1 and has been found to inhibit 

both SREBP/Kpnβ1 and Kpnα/NLS-cargo mediated import via two different mechanisms. It is 

assumed that cSN50.1 inhibits SREBP/Kpnβ1-mediated import via the binding of its Signal 

Sequence Hydrophobic Region (SSHR) motif to Kpnβ1  78. Ivermectin, an anti-parasitic agent 

has been shown to inhibit only Kpnα/Kpnβ1 mediated nuclear import with no effect on 

other nuclear import pathways including nuclear import mediated by Kpnβ1 alone 145,146. 

 

The concentration of RanGTP controls the dissociation of the nuclear import complex as well 

as the assembly of the export complex in the nucleus. Various studies have identified small 

molecules that are capable of inhibiting Kpnβ/RanGTP binding.  Karyostatin 1A, a pyrrole 

compound was identified using affinity-based screening by confocal nanoscanning. This 

small molecule was able to impede the binding between Kpnβ1 and RanGTP and this 

resulted in the inhibition of the nuclear import of Green Fluorescent Protein-NFAT (GFP-

NFAT). Ambrus et al (2010) identified another potential inhibitor of Kpnβ1, 58H 5-6 147. It 

was identified via the analysis of peptidomimetic libraries and was reported to inhibit 
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Kpnβ1/Kpnα mediated nuclear import without affecting Transportin-mediated nuclear 

import. However, this compound lacks in vivo efficacy, which is probably due to inadequate 

cell permeability 147. 

   

Soderholm et al (2011) identified Importazole, a 2,4 diaminoquinazoline through a FRET-

based, high throughput screen for small molecules that had the potential to inhibit the 

binding between RanGTP and Kpnβ1 123. Importazole inhibited the binding of RanGTP to 

Kpnβ1 specifically without disrupting CRM1-mediated nuclear export or Transportin-

mediated nuclear import 78,96. Yan et al (2015) reported that Importazole inhibited the 

nuclear import of NFκB/p65 in multiple myeloma cells 131. The preliminary data obtained 

from these various inhibitors are encouraging and support the investigation of novel 

inhibitors of Kpnβ1 with anti-cancer potential. 

 

1.8.4. Identification of novel Kpnβ1 inhibitors 

Previous work done in collaboration with researchers at the Brown Cancer Centre 

(University of Louisville, Kentucky, USA) used a structure-based computational screen to 

identify novel small molecules that may bind and inhibit Kpnβ1 function. A library of 

12,662,570 compounds in the 2010 ZINC database was screened to identify small molecules 

that had the ability to bind the overlapping RanGTP and Kpnα2 binding region of Kpnβ1 142 

(Figure 1.5). This region is necessary for the proper functioning of Kpnβ1 and has been 

shown to be between amino acids residue 331-364 of Kpnβ1 which is the common binding 

region of RanGTP, Kpnα2 and SREBP-2 148,149. The search yielded 74 hits and 47 top scoring 

compounds were chosen for further investigation. A total of 16 compounds were found to 

have cancer cell killing effects and of this, C43 (now known as INI-43), C53 and C60 had 
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effects on the nuclear import functions of Kpnβ1 using an NFAT activity assay to monitor 

inhibitory effects. 3-(1H-1, 3-benzimidazol-2-yl)-1-[3-(dimethylamino) propyl]-1H-

pyrrolol[2,3-b]quinoxalin-2-amine, which has been named  Inhibitor of Nuclear Import-43 

(INI-43) interfered with the nuclear localisation of Kpnβ1 and its known cargoes, which 

include AP-1, NFkB, NFAT and NFY. It also had inhibitory effects on the proliferation of 

cancer cells, showed reduced effects on non-cancer cells at the same concentration with 

which it killed cancer cells and reduced tumour growth in in vivo mouse models 142,150. 

 

 

Figure 1.5. Structure of Kpnβ1 showing the overlapping binding site of Kpnα2 and RanGTP. Kpnβ1 is made up 

of 19 HEAT repeats, each consisting of A and B helices that are connected by a short run.  HEAT repeat 8 is 

replaced by an acidic loop, which is important for substrate binding and release. The HEAT repeats 1-8 are 

necessary for its binding to RanGTP while HEAT repeats 7-19 are for its binding to Kpnα. The binding sites for 

nucleoporins which lie between HEAT repeats 4-8 
122

. 

 

The focus of this study is on one of the three compounds identified as having the potential 

to kill cancer cells and inhibit Kpnβ1-mediated nuclear import, Compound 60 (9-[(1-methyl-

3-piperidinyl)methoxy]-4-[(6-methyl-2-pyridinyl)methyl]-7-(5-methyl-2-thienyl)-2,3,4,5-

tetrahydro-1,4-benzoxazepine) (Figure 1.6). Compound 60 (C60) is a derivative of piperidine 

and benzoxazepine. Benzoxazepine is a bi-cyclic heterocyclic compound made up of 
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benzene ring fused to an oxazepine ring. Different benzoxazepine derivatives have been 

used for numerous biological activities some of its derivatives have displayed good 

biological activities and have been considered as a lead molecule for the synthesis of future 

drugs. Benzoxazepine derivatives are well-known pharmacophores in medicinal chemistry 

and have been used in anticonvulsants, antimicrobials, antipsychotic agents and anti-cancer 

drugs 151,152. One of the benzoxazepine derivatives has been discovered to target 

microtubule assembly to induce anti-cancer activity 152–154. A benzoxazepine derivative has 

been shown recently to have synergistic antitumour effect when used with Oxaliplatin and 

5-Fluorouracil (5-FU ) in colorectal cancer cells 155. There is thus evidence in the literature 

that benzoxazepine derivatives have anti-cancer activity.  Although, another compound (INI-

43) from the same in silico screening has been previously described, the rationale for 

investigating C60 in this current study based on the need for the development of more 

targeted therapies that can be used alone or in combination with other therapies. 

Furthermore, data obtained from this study might result in the development of small 

molecule inhibitors that will be used in the treatment of cervical and oesophageal cancers, 

which currently are largely dependent on the use of monoclonal antibodies.    
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Figure 1.6.  Structure of the small molecule inhibitor Compound 60 (C60). 

 

1.9. Significance 

This project is based on the hypothesis that the nuclear import protein Kpnβ1 is necessary 

for the growth and survival of cancer cells and that identified small molecule inhibitors of 

Kpnβ1 may have potential as anti-cancer therapies. Novel Kpnβ1 inhibitors can be further 

developed for use in clinical settings for the treatment of cancers of different tissue origins 

either as a monotherapy or in combination with other drugs. 

 

1.10. Project aims  

This project aims to:  

(i) Investigate the effect of C60, a potential inhibitor of Kpnβ1 on the biology of 

cancer cells. 
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(ii) Investigate the ability of C60 to interfere with the cellular localisation of Kpnβ1 

and on the nuclear import and function of some of its known cargoes. 

(iii) Investigate the in vitro ADME pharmacokinetic properties of C60 to determine its 

solubility, lipophilicity, permeability, plasma protein binding and metabolic 

stability. 

(iv) Investigate the in vivo toxicity of C60 and its effect on tumour growth using a 

mouse xenograft model. 

(v) Purify Kpnβ1 for investigating Kpnβ1: C60 binding kinetics using Bio-layer 

interferometry. 
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Chapter 2: Effect of C60, a potential small molecule inhibitor of Kpnβ1 on the 

biology of cancer cells 

2.1. Introduction 

Cancer is a disease with molecular heterogeneity and there are various tumour types with 

diverse histopathologies, genetic and epigenetic differences and even clinical outcomes. All 

these factors make the understanding of cancers difficult 156. Molecularly targeted therapies 

take advantage of the major addictions and vulnerabilities of cancer cells 40. Targeted drugs 

are classified according to their individual effects on one or more hallmarks of cancer 4.  The 

efficacy of an anti-cancer drug is a validation of a particular hallmark; if a hallmark is 

necessary for cancer survival, then targeting it should result in the inhibition of tumour 

proliferation and growth. Most anti-cancer drugs targeting hallmarks of cancer have been 

aimed at specific molecular targets that drive tumour growth 4. 

 

The transition from the use of anti-cancer drugs that display broad cytotoxicity to the 

discovery and use of molecularly targeted drugs has resulted in an increased number of 

therapies anticipated to improve treatment outcome. The BCR-ABL inhibitor Imatinib, 

usually referred to as a trailblazer drug validated the idea of designing small molecule drugs 

to treat a classified population of patients 40. This development was followed by the 

discovery of other small molecules inhibiting important cancer targets such as EGFR kinase 

which is inhibited by gefitinib and is used for patients with NSCLC; VEGFR kinase which is 

targeted by Sorafenib and is used in treating renal cancer 40.  
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Our laboratory has an interest in identifying genes that associate with cancer as novel anti- 

cancer targets. We identified Kpnβ1 a nuclear import receptor, which has been shown to  

have elevated expression in cervical and oesophageal cancers at both the mRNA and protein  

levels. Furthermore, the inhibition of Kpnβ1 using small interfering RNA (siRNA) silencing 

resulted in significantly reduced cell proliferation as well as cell death via apoptosis. This 

was observed in cancer cells with minimal effect on normal cells 55,142.  The elevated 

expression of Kpnβ1 in cancer cells, as well as the effect of its inhibition on their biology 

suggests that cancer cells are functionally dependent on the elevated expression of Kpnβ1.   

 

As very few inhibitors of Kpnβ1 are commercially available, our laboratory in collaboration 

with researchers at the University of Louisville, Kentucky, used a computational screening 

approach to identify potential small molecule inhibitors of Kpnβ1. A number of compounds 

were identified including compounds C43 (now known as INI-43) and C60. INI-43 has shown 

anti-cancer properties in vitro and in vivo as well as nuclear import inhibitory properties 142. 

In this study, the anti-cancer potential of C60 will be investigated in cervical and 

oesophageal cancer cell culture models. This will be done by determining the half-maximal 

effective concentration (EC50) of C60 and monitoring its effect on cancer cell proliferation, 

colony-forming ability and cell cycle progression. Furthermore, the mode of cell death 

induced by C60 will be investigated by PARP cleavage.  
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2.2. Results  

To examine the effects of C60 on cancer cell biology, its effect on cell proliferation, cell cycle 

progression and its mechanism of inducing cell death were analysed using a cervical and 

oesophageal cancer cell lines. 

 

2.2.1. Investigating C60 cytotoxicity and its effect on cancer cell proliferation and survival 

2.2.1.1. Determination of the cytotoxicity of C60 

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to 

determine the Effective Concentration 50 (EC50) value of C60. EC50 is the concentration of an 

agent that is needed to obtain 50%  of the maximum response  157. The anti-proliferative 

effect of C60 was tested in a panel of cervical (HeLa, CaSki and SiHa), oesophageal (WHCO1, 

WHCO5, WHCO6, KYSE 30 and KYSE 150) cancer cell lines.  Normal epithelial cells (ARPE-19 

and hTERT RPE-1) were used as non-cancer control cells. Cells were treated with increasing 

concentrations of C60 for 24 or 48 hours, surviving cells monitored using the MTT assay and 

EC50 values with 95% Confidence Intervals (CIs) calculated using GraphPad Prism Software.  

 

Representative EC50 hill curves of experiments performed at least three independent times 

for every cell line at 24 hours and 48 hours of treatment are shown in Figure 2.1 and Figure 

2.2 respectively. The EC50 values obtained for the cancer cells at 24 hours ranged between 

11-14 μM (Table 2.1). In the normal epithelial cells, EC50 was in the range of 40-60 µM (Table 

2.1). At 48 hours, the EC50 values ranged between 6-10 μM in cancer cell lines and between 

~25 -36 µΜ in normal epithelial cells (Table 2.1). At both 24 and 48 hours, the selectivity 
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index (SI, obtained by dividing the EC50 value of normal cells by that of cancer cells) was 

between 2.5-4. SI of less than 2 is reported as suggestive of general toxicity, while the 

greater the SI value is thought to be indicative of a more selective drug 158. SI values of 2.5-4 

for C60 suggest that C60 has more selective cytotoxicity for cancer cells.  

 

Alongside EC50 calculations for C60, we performed similar experiments using HeLa, ARPE-19 

and hTERT RPE-1 cells for Importazole, a commercially available Kpnβ1 inhibitor. The EC50 

value of Importazole at 24 hours was 30.55 µM, 81.50 µM and 72.41 µM in HeLa, ARPE-19 

and hTERT RPE-1 respectively. At 48 hours, values were 19.99 µM, 62.08 µM and 55.18 µM 

in HeLa, ARPE-19 and hTERT RPE-1 respectively (Table 2.2).  Importazole showed selectivity 

for cancer cells with SI of ~2.3-3 at both time points. This is in line with what was 

determined for C60 showing that a higher dose of this drug (2-3 fold) was required to kill 

non-cancer in comparison to cancer cells. 

 

For comparative purposes, the EC50 value of Cisplatin, a commercially available platinum-

based anti-cancer drug in clinical practice was determined at 24 and 48- hour time points in 

HeLa cervical cancer cell and two non-cancer epithelial cells (ARPE-19 and hTERT RPE-1). The 

EC50 value of Cisplatin at 24 hours was 28.01 µM, 152.8 µM and 147.75 µM in HeLa, ARPE-19 

and hTERT RPE-1 respectively. At 48 hours, values were 10.33 µM, 73.8 µM and 46.6 µM in 

HeLa, ARPE-19 and hTERT RPE-1 respectively (Table 2.3). At both time points, the EC50 value 

of Cisplatin in HeLa cells was about 1.5-2 fold higher than that obtained in C60, suggesting 

that lower concentrations of C60  have similar cell killing effects to that of Cisplatin. Cisplatin 
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showed good selectivity for HeLa cancer cell in comparison to the non-cancer cells with SI of 

~4.5-7. 

 

Together, these results suggest that lower doses of C60 results in cervical and oesophageal 

cancer cell killing effects compared to a commercially available Kpnβ1 inhibitor, Importazole 

as well as the alkylating agent, Cisplatin.   
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Figure 2.1: EC50 curves showing the sensitivity of cervical cancer, oesophageal cancer and non-cancer 

epithelial cells to C60 after 24 hours treatment. Cervical cancer cells (HeLa, CaSki and SiHa), oesophageal 

cancer cells (WHCO6, KYSE 30 and WHCO1), immortalised epithelial cells (hTERT RPE-1) and normal epithelial 

cells (ARPE-19) were treated with increasing concentration of C60 for 24 hours after which MTT assay was 

carried out.  EC50 values and hill plots were calculated using GraphPad Prism software.  Hill plots shown are 

representative of the mean ± SEM of experiments performed in triplicate and repeated at least three 

independent times. 
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Figure 2.2: EC50 curves showing the sensitivity of cervical cancer, oesophageal cancer and non-cancer 

epithelial cells to C60 after 48 hours treatment. Cervical cancer cells (HeLa, CaSki and SiHa), oesophageal 

cancer cells (WHCO6, KYSE 30 and WHCO1), immortalised epithelial cells (hTERT RPE-1) and normal epithelial 

cells (ARPE-19) were treated with increasing concentration of C60 for 48 hours after which MTT assay was 

carried out.  EC50 values and hill plots were calculated using GraphPad Prism software.  Hill plots shown are 

representative of the mean ± SEM of experiments performed in triplicate and repeated at least three 

independent times. 
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Table 2.1: Average EC50 values of C60 in a panel of cervical and oesophageal cancer cells (24 and 48 hours) 

MTT assay and GraphPad Prism software were used to determine the EC50 values and the 95% confidence 

interval of C60 in a panel of cervical and oesophageal cancer cell lines as well non-cancer epithelial cells after 

24 and 48 hours treatment. Cells were plated in triplicate and each experiment was performed at least three 

independent times. 

  24 hours 48 hours 

Origin Cell line EC50 (µM) 95% Confidence 

interval 

EC50 (µM 95% Confidence 

interval 

Cervical cancer HeLa 13.82 12.58 -15.19 6.66 6.09 -7.34 

Cervical cancer SiHa 10.70 9.00 -12.73 10.06 9.02 -11.23 

Cervical cancer CaSki 13.03 12.02 -14.09 9.61 8.10 -11.55 

Oesophageal cancer WHCO5 14.50 11.92 -17.77 8.14 6.26 -10.59 

Oesophageal cancer WHCO6 10.01 9.14 -11.09 7.94 7.24 - 8.53 

Oesophageal cancer KYSE 30 11.45 10.85-12.08 8.40 7.65 -11.47 

Oesophageal cancer KYSE 150 11.98 11.08 -13.00 7.77 5.65 -10.86 

Oesophageal cancer WHCO1 10.30 9.35 -11.33 8.94 6.97 -11.73 

Primary epithelial 

cell 

ARPE-19 61.37 50.72-74.27 36.04 32.32-40.40 

Immortalised 

epithelial cell 

hTERT 

RPE-1 

41.43 35.46 - 48.45 25.44 23.27-27.81 
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Table 2.2: Average EC50 values of Importazole in HeLa cervical cancer cells and non-cancer epithelial cells. 

MTT assay and GraphPad Prism software were used to determine the EC50 values and the 95% confidence 

interval of Importazole in HeLa cervical cancer cells and two non-cancer epithelial cells after 24 or 48 hours of 

treatment. Cells were plated in triplicate and experiment was performed three independent times. 

  24 hours 48 hours 

Origin Cell lines EC50 (µM) 95% Confidence 

Interval 

EC50 (µM) 95% Confidence 

Interval 

Cervical cancer 

 

HeLa 

 

 

30.55 

 

24.39 - 38.49 

 

 

19.99 

 

13.36 - 30.23 

Primary Epithelial cell ARPE-19 81.50 70.60 - 94.39 62.08 56.19 - 68.60 

Immortalised epithelial 

cell 

hTERT RPE-1 72.41 58.29 - 90.03 55.18 43.24 - 71.60 

 

 

Table 2.3: Average EC50 values of Cisplatin in HeLa cervical cancer cells and non-cancer epithelial cells. 

MTT assay and GraphPad Prism software were used to determine the EC50 values and the 95% confidence 

interval of Cisplatin in HeLa cervical cancer cells and two non-cancer epithelial cells after 24 or 48 hours of 

treatment. Cells were plated in triplicate and experiment was performed three independent times. 

  24 hours 48 hours 

Origin Cell lines EC50 (µM) 95% Confidence 

Interval 

EC50 (µM) 95% Confidence 

Interval 

Cervical cancer 

 

HeLa 

 

 

28.01 

 

20.88 - 37.71 

 

 

10.33 

 

4.22- 25.99 

Primary Epithelial cell ARPE-19 152.8 114.69 - 212.05 73.8 31.93 - 174.3 

Immortalised epithelial 

cell 

hTERT RPE-1 147.75 91.49 - 268.4 46.6 31.09 - 73.80 
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2.2.1.2. Effect of C60 on anchorage-dependent proliferation  

Having established the EC50 values of C60 in a panel of oesophageal and cervical cancer cell 

lines, anchorage-dependent proliferation assay was performed.  The proliferation of C60 or 

Dimethyl Sulphoxide (DMSO, vehicle control) treated cells was monitored over a period of 

five days. Cells were treated with 5 µM C60 or 10 µM C60 (10 µM was chosen as it was the 

closest to the EC50 value obtained across the panel of cell lines considered).  

  

A significant reduction in proliferation on treatment with 10 µM C60 was observed in all  

cancer cell lines; HeLa, CaSki, WHCO6, KYSE 30)  while little to no effect was observed on 

normal epithelial cells, hTERT  RPE-1 and  ARPE-19 (Figure 2.3.A). A bar graph representation 

of the effects of C60 on all the cell lines on day 5 of treatment is shown in Figure 2.3.B. 

Results show that C60 at 10 µM had a significant effect on the proliferation of cancer and 

transformed cells in comparison to normal cells. These results provide evidence that cervical 

and oesophageal cancer cells lines are more sensitive to C60 treatment compared to normal 

cells.   
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A 
 

 

Figure 2.3.A. C60 inhibits anchorage-dependent cancer cell proliferation. Adherent cells were plated at 1000 

per well in each well of a 96-well plate and allowed to settle overnight prior to treatment with either DMSO 

(vehicle control), 5 µM or 10 µM C60. Proliferation was monitored every 24 hours using the MTT reagent for a 

period of 5 days. Results displayed are mean ± SEM of 4 replicates, and each experiment was repeated at least 

two independent times, *p≤0.05 
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B 
 

 

Figure 2.3.B Relative cell proliferation on Day 5. Proliferation in each treated cell line was expressed relative 

to its untreated counterpart for day 5 of proliferation assay. Results displayed are mean ± SEM of 4 replicates, 

and each experiment was repeated at least two independent times. Statistical significance was determined 

using student paired t-test, *p≤0.05 

 

2.2.1.3. Effect of C60 on anchorage-dependent colony formation  

Having observed a significant reduction in the proliferation of cancer cells after C60 

treatment, the effect of C60 on the colony forming ability of cancer cells was investigated 

using the colony formation assay. The colony formation assay was established based on the 

ability of a single cell to proliferate indefinitely thus maintaining its ability to form a colony. 

This assay has been used to investigate the cytotoxicity induced by different 

chemotherapeutic agents  159,160. Experiments were set up as described in the materials and 

method section (Section 7.2.6). Cells were grown for 8 days with media changes every two 
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days. Cells were fixed, stained with 0.5% crystal violet and colonies photographed. Area 

covered by cells was measured to determine colony number. Colony area determined using 

Colony Area ImageJ plugin as described in the literature 161. A significant reduction in colony 

formation in response to C60 treatment was observed (Figure 2.4.A). A bar graph 

representation of the effects of C60 on colony formation in the cancer cell lines is shown in 

day 5 of treatment is shown in Figure 2.4.B. 

 

The colony formation assay was also performed using a different approach where DMSO 

and C60 treatment was retained in cells for a period of 8 days without media change. The 

results showed that C60 completely inhibited colony formation (Figure 2.4.C). 
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A 

 

B 

 

C 

 

Figure 2.4. C60 reduces colony formation in cancer cells. Significant reduction in colony formation was 

observed when cells were treated with 10 µM C60 for 24 hours and media replaced every second day over a 

period of 8 days (A). Graphs represent relative survival fraction in treated compared to untreated cells (B). 

Complete inhibition of colony formation was observed when cells were treated with 10 µM C60 without media 

change for a period of 8 days (C). Results are the mean ± SEM of experiments done in triplicate and performed 

three independent times. Statistical significance was determined using student paired t-test, *p≤ 0.05. 
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2.2.1.4. C60 induces G1 cell cycle arrest in cancer cells 

Components of the cell cycle machinery are often times altered in most human cancers. As 

cancerous cells develop, both genetic and epigenetic mechanisms alter the expression of 

cell cycle regulatory proteins, which confers a selective growth advantage on cancer cells 162. 

Some anti-cancer agents prevent cancer cell proliferation via the initiation of cell cycle 

arrest 159. 

 

In order to determine if the reduced proliferation observed after C60 treatment associated 

with changes in cell cycle progression, DNA based flow cytometry analysis was performed 

after CaSki and HeLa cervical cancer and WHCO6 oesophageal cancer cells were treated 

with 10 μM or 15 μM C60 for 6, 12 or 24 hours. No significant change in cell cycle 

progression of CaSki cells was observed at 6 hour treatment with C60 (Figure 2.5.A). At 12 

hours C60 treatment, a significant increase in the percentage of cells at the G1 phase with a 

concurrent significant decrease in the percentage of cells at S phase was observed (Figure 

2.5.B). At 24 hours, C60 treatment similarly showed a significant increase in the percentage 

of cells at the G1 phase and a significant decrease in the percentage of cells at S and G2/M 

phases of the cell cycle (Figure 2.5.C). 

 

HeLa cells showed similar results to that obtained for CaSki cells with treatment for 6 hours 

having no effect on cell cycle progression (Appendix, Figure A.1.A.A).  A 12-hour treatment 

resulted in an increase in the percentage of cells in G1 phase and a concurrent decrease in 

the percentage of cells at S and G2/M phases of the cell cycle (Appendix, Figure A.1.A.B). 24 

hours treatment with C60 resulted in a significant increase in the percentage of cells in sub 
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G1, G1 phase, and a simultaneous increase in the cells at S and G2/M phase of the cells cycle 

(Appendix, Figure A.1.A.C).  

 

Results obtained in WHCO6 cells showed a trend towards an increase in the percentage of 

cells in G1 phase, a significant decrease in the percentage of cells in S phase at 6 hours 

treatment (Appendix, Figure A.1.B.A). The treatment of cells for 12 hours resulted in an 

increase in the percentage of cells in G1 and a decrease in the percentage of cells in the S 

phase (Appendix, Figure A.1.B.B). At 24 hours, there was an increase in the percentage of 

cells in sub-G1 and G1 phase. This was accompanied by a decrease in the percentage of cells 

in S and G2/M phases of the cell cycle (Appendix, Figure A.1.B.C).  Together, these results 

suggest that C60 treatment induces G1/S cell cycle arrest.  
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Figure 2.5.  C60 suppresses cell cycle progression. Cell cycle analysis was done after Propidium iodide staining 

in cell treated with C60 for 6 hours (A), 12 hours (B) and 24 hours (C). Modfit software was used to generate 

cell cycle profile and student paired t-test was used to calculate statistical significance. Results are shown as a 

mean ± SEM of experiments performed in triplicate and repeated at least three independent times (*p ≤ 0.05). 
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2.2.1.5. Effect of C60 on cell cycle regulatory proteins 

As C60 had effects on cell cycle progression, we next monitored its effects on cell cycle 

regulatory proteins including cyclin B1, cyclin D1, Cyclin-Dependent Kinase 4 (CDK4) and 

cyclin A. In CaSki cervical cancer cells, 6 hours treatment resulted in an increase the levels of 

cyclin D1, CDK4 and cyclin A, with no effect on cyclin B1 level (Figure 2.6). At 12 hours, a 

decrease in cyclin D1 was observed with no noticeable effect on cyclin B1, CDK4 and cyclin A 

levels. At 24 hours, C60 treatment in CaSki cells resulted in a decrease in cyclin B1, cyclin D1, 

CDK4 and cyclin A levels (Figure 2.6).     

 

In HeLa cervical cancer cells, 6 hours treatment had no effect on cyclin B1, cyclin D1, CDK4 

and cyclin A levels. At 12 hours, C60 treatment caused a decrease in cyclin B1, CDK4 and 

cyclin A levels but no apparent difference in the level of cyclin D1. 24 hours C60 treatment 

resulted in a decrease in cyclin B1, cyclin D1, CDK4 and cyclin A levels (Appendix, Figure 

A.2.A).  

 

In WHCO6 oesophageal cancer cells, 6 hours treatment with C60 resulted in an increase in 

cyclin B1 and cyclin D1 levels but there was no noticeable change observed in CDK4 and 

cyclin A levels. At 12 hours, C60 treatment caused a decrease in cyclin B1, cyclin D1, CDK4 

and cyclin A levels. C60 treatment for 24 hours resulted in a decrease in cyclin B1, cyclin D1, 

CDK4 and cyclin A levels (Appendix, Figure A.2.B). These results suggest that the G1/S cell 

cycle arrest induced by C60 associated with changes in the expression of cell cycle 

regulatory proteins predominantly 24 hours after treatment with changes in the cell cycle 

proteins varying between the cell lines. 
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Figure 2.6. Effect of C60 treatment on cell cycle regulatory proteins. CaSki cells were treated with DMSO 

(vehicle control), 10 µM or 15 µM C60 for 6, 12 or 24 hours. The effect of treatment on cell cycle markers was 

investigated via western blot analysis with GAPDH as the loading control. Results shown are representative of 

experiments performed three independent times. 
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2.2.2. C60 treatment results in cell death via apoptosis 

Apoptotic cell death is a cell-specific and well-described mode of cell death also named as 

type 1 Programmed Cell Death (PCD)163. Apoptosis is distinguished by a number of 

morphological characteristic such as cell shrinkage, nuclear condensation and 

fragmentation, DNA fragmentation and presence of apoptotic bodies 163,164. It is further 

defined by Phosphatidyl Serine (PS) exposure on cell membranes 164. Apoptosis occurs 

through two distinct pathways; extrinsic and intrinsic pathways both of which result in the 

activation of Caspase 3 and 7 (executioner caspases) via proteolytic cleavage 165. These 

caspases are involved in the subsequent cleavage of Poly (ADP) Ribose Polymerase (PARP) 

which is involved in DNA damage repair 166. 

 

2.2.2.1. C60 induced morphological changes in cancer cells 

We observed that C60 treatment of CaSki cervical cancer cells resulted in the appearance of 

rounded cells, which showed signs of dying via apoptosis such as cytoplasmic shrinkage 

(Figure 2.7). HeLa (Appendix, Figure A.3.A) and WHCO6 (Appendix, Figure A.3.B) cancer cell 

lines showed similar changes in morphology following treatment with C60.  
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Figure 2.7. Effect of C60 treatment on cell morphology. Images of CaSki cells treated with 10 µM and 15 µM 

C60 or DMSO (vehicle control) at different time points were captured using Primovert inverted microscope 

with Axio cam ERC 5s (Zeiss, Göttingen, Germany) at 20X magnification.  
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2.2.2.2. C60 induces apoptotic cell death 

PARP cleavage monitored by western blot analysis 

To further investigate the mechanism of cell death induced by C60, PARP cleavage was 

monitored after 24 hours of treatment. PARP is a nuclear enzyme with a molecular weight 

of 116 kDa 167. During apoptosis, Caspases 7 and 3 cleave PARP into two fragments of 

molecular weight 89 and 24 kDa. The cleavage of PARP suppresses its activity because the 

89 and 24 kDa fragments cannot bind to DNA 167,168. Cleaved PARP was observed after 

treatment with 10 µM C60 for 24 hours in CaSki, HeLa, WHCO6 and KYSE 30 cells (Figure 

2.8.A). 5 µM and 10 µM C60 had no effect on PARP in the normal epithelial, ARPE-19 cell 

cultures (Figure 2.8.B). These results further suggest that the cancer cell lines monitored in 

our study are more sensitive to C60 treatment than non-cancer cells.   

 

We also monitored the effects of C60 on Myeloid Cell Leukemia 1 (MCL-1). MCL-1 is a B-cell 

Lymphoma Leukemia 2 (BCL-2) homologue and it is a known anti-apoptotic protein 169. A 

decrease in the expression level of MCL-1 was observed after C60 treatment in the cervical 

and oesophageal cancer cell lines (Figure 2.9) 
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Figure 2.8.  C60 induces PARP cleavage in cancer cells. Cervical (HeLa and CaSki) and oesophageal (WHCO6 

and KYSE 30) cancer cells were treated with 10 µM C60 for 24 hours (A). The effect of 5 µM or 10 µM C60 

treatment for 24 hours on PARP cleavage in HeLa cells was compared to ARPE-19 non-cancer epithelial cells 

(B). Results shown are representative of experiments performed at least three independent times. 
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Figure 2.9. Effect of C60 on MCL-1 expression. Cervical (HeLa and CaSki) and oesophageal (WHCO6 and KYSE 

30) cancer cell lines were treated with 10 µM C60 for 24 hours. MCL-1 level was analysed by western blot. 

Results shown are representative of experiments performed at least three independent times. 

 

 

2.2.3. The effect of C60 on migration and invasion of cancer cells 

In addition to monitoring the effect of C60 on cancer cell phenotypes such as proliferation, 

survival and cell cycle progression, we also investigated its effect on other biological 

phenotypes associated with cancer cells such as migration and invasion.  

 

2.2.3.1. Effect of C60 on the migration of cancer cells 

The migration of cells is important for physiological development, immune response, tissue 

homeostasis, tissue repair and renewal 170. Migration is also involved in metastasis which is 

the major cause of mortality in cancer patients 171. The effect of C60 on the migratory ability 

of cancer cells was investigated using the transwell migration assay. This assay permits the 

movement of cells with migratory capacity to move from the upper chamber of the 

transwell plate through the 8 µm to the lower chamber containing a chemoattractant e.g. 
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high serum concentration growth medium. Cervical and oesophageal cancer cells were pre-

treated with C60 for 6 hours and migration through the transwell monitored after 24 hours. 

A 6-hour treatment time was selected, as at this timepoint C60 did not cause significant 

cytotoxic effects as shown by its effect on cell morphology and cell cycle progression. MTT 

cell viability assays were performed alongside migration assays to correct for migration 

relative to viable cells. Migrated cells were stained with crystal violet, photographed and 

quantified. Visual images and quantification of the results showed that C60 significantly 

reduced HeLa and Caski cervical cancer cell migration (Figure 2.10. A,B). Similar results were 

obtained in WHCO6 and KYSE 30 oesophageal cancer cell lines (Figure 2.10.C, D). 

 

 

 

 

 

 

 

 

 

 

 



60 

 

 

 

 

 

 

Figure 2.10.  C60 inhibits migration of cancer cells. Representative images from the transwell migration assay 

showing reduced migration of cells after 10 or 15 µM C60 treatment for 6 hours (x100 magnification) in HeLa 

and CaSki cervical cancer cells (A) and WHCO6 and KYSE 30 oesophageal cancer cells (C). Quantification of 

relative migrated cells normalised to viable cells as measured by MTT assays for the cervical cell lines (B) and 

oesophageal cancer cell lines (D). Results are the mean ± SEM of experiments performed in triplicate and 

repeated two independent times. Statistical significance was determined by student paired t-test (*p ≤ 0.05).   
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2.2.3.2. Effect of C60 on cancer cell invasion 

The invasiveness of cancer cells is a critical attribute that differentiates benign lesions from 

malignant ones 172. A malignant progression involves the invasion of cells into surrounding 

tissues which results in the development of distant metastasis 173. The effect of C60 on the 

invasiveness of cancer cells was investigated using an in vitro invasion assay using matrigel 

covered transwell membranes and experimental conditions as for migration assays. 15 µM 

C60 was found to significantly inhibit the invasiveness of HeLa, CaSki cervical cancer cell 

lines (Figure 2.12.A) and WHCO6, KYSE 30 oesophageal cancer cell lines (Figure 2.12.B). 

 
A 

 

B 

 
 

Figure 2.11.  C60 inhibits invasion of cancer cells. Quantitative graph of the invasion assay following 6 hours 

15 µM C60 treatment of cervical (HeLa and CaSki) cancer cells (A) and oesophageal (WHCO6 and KYSE 30) 

cancer cells (B). Results are the mean ± SEM of experiments performed in triplicate, Statistical significance was 

determined by student paired t-test (*p ≤ 0.05). 
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2.3. Discussion 

An association between the nuclear transport family of proteins and cancer development 

has been described in many cancers 55,132,174 and newer therapies that target members of 

this family are under investigation as anti-cancer treatments. Selinexor (KPT-330), a 

selective inhibitor of CRM1 has been tested in  phase I clinical trials as a therapy for  solid 

tumours including prostate, ovarian, cervical and colorectal cancer 175. Selinexor has also 

been tested in phase I clinical trials in children with refractory leukemia 176. The potential for 

the treatment of various cancers via the inhibition of the nuclear export protein, CRM1 has 

generated much interest in targeting other nuclear transport proteins for cancer treatment. 

Previous studies in our laboratory identified Kpnβ1 and CRM1 as the genes necessary for the 

survival of cervical cancer cells 55. Van der Watt et al (2016) showed that non-cancer 

fibroblasts; WI38, CCD-1068SK, FG0 and EPC2 epithelial cells were largely unaffected by 

Kpnβ1 inhibition via siRNA interference 55,142.  

 

In the present study, we investigated the anti-cancer properties of C60 a small molecule 

identified via in silico screening of the ZINC 2010 drug-like database as a potential inhibitor 

of Kpnβ1142. Our results showed that C60 was significantly more toxic to cancer cells in 

comparison to non-cancer epithelial cells. The effect of C60 on cancer cell survival was 

investigated using multiple techniques. EC50 values of C60 obtained in different cancer cell 

lines were significantly lower than that obtained in non-cancer epithelial cell lines showing a 

selectivity index of 2.5–4. A selectivity index of less than 2 is an indicator that a drug is likely 

to have general toxicity 158. Other studies reporting selectivity indexes for potential anti-

cancer drugs include a study by He et al (2015) showing that FPB, a novel bifunctional 

mitochondria-targeted anti-cancer agent had selective cytotoxicity for the human gastric 
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carcinoma cells in comparison to its non-cancer counterpart, a selective index of 6.58 was 

reported 177. Similarly, Liu et al (2015) showed that RY-2F, an isoflavone analogue has 

selective cytotoxicity for ovarian cancer cells in contrast to non-cancer ovarian cells with a 

selective index of approximately 6.9 159. Our data showed that C60 was more effective at 

killing cancer cells compared to the commercially available Kpnβ1 inhibitor Importazole at 

comparable doses. Soderholm et al (2011) reported that Importazole had an EC50 value of 

22.5 µM in HeLa cells after 24 hours treatment 123 while our results found an EC50  value of 

30.55 µM with a confidence interval of 24.39-38.49. Our results showed that Importazole 

had a selectivity index of 2-3 similar to that of C60.  

EC50 values obtained for C60 showed that a lower concentration was required to kill 50% of 

the cells when treatment time was extended from 24 to 48 hours. These results are similar 

to that reported by Deepa et al (2011) reporting that the IC50 of three anti-lipogenic 

inhibitors of Fatty Acid Synthase (FASN); cerulenin, triclosan and orlistat reduced when 

treatment time was increased from 48 to 96 hours 178. 

 

C60 showed significant inhibitory effects on anchorage-dependent cell proliferation and 

colony formation, which are key hallmarks of cancer cells. Other determinants of cancer 

spread include invasion and migration as these play important roles in the ability of cancer 

cells to metastasise 179. Our results showed that C60 significantly reduced the migratory and 

invasive ability of cervical and oesophageal cancer cells. In addition to inhibiting key 

biological features of cancer cells, C60 altered the progression of cells through the different 

phases of the cell cycle.  In most cancers, cell cycle progression is altered, resulting in 

uncontrolled proliferation 180. Progression of cells through the cell cycle is controlled by 

checkpoints that recognize potential defects during DNA synthesis. The activation of these 
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checkpoints results in cell cycle arrest which allows for the repair of defects thereby 

preventing their transmission to new daughter cells 181. Our study found that C60 induced 

G1 cell cycle arrest with a corresponding decrease in the percentage of cells at the S and 

G2/M phase of the cell cycle after 12 and 24 hours treatment. The G1 cell cycle arrest was 

accompanied by a dose-dependent down-regulation of Cyclins D1, A, B and CDK4 at 24 

hours.  The binding of Cyclin D to CDK has been reported to be necessary for the entry of 

cells into the next phase of the cell cycle 180. Cyclin A/ CDK2 complex is required for the 

progression of cells from late S phase into G2 phase 159. CDK1/Cyclin B complex is involved in 

controlling the progression of cells from mitosis to the next phase in the cell cycle 181. The 

results obtained in this study are similar to a study by Yim et al (2005) showing that 

Decursin, a coumarin compound induced G1 cell cycle arrest in human prostate cancer cells 

after 24 and 48 hours treatment. Decursin did not alter the level of CDK4 and cyclin D1 at 24 

hours; however, treatment for 48 hours showed a dose-dependent decrease in the 

expression CDK4 and cyclin D1 182.  

 

Most anti-cancer drugs display their cytotoxic effects by inducing cell cycle arrest at precise 

checkpoint thereby provoking apoptosis 162. Apoptosis is a form of programmed cell death, 

which is controlled by various signalling cascade. Cleavage of PARP, as well as the effect on 

the morphology of cells, showed that C60 induced cancer cell death via apoptosis.  

Additionally, the decreased expression of MCL-1 in C60 treated cells further confirmed the 

induction of cell death via apoptosis. MCL-1 is an anti-apoptotic member of the BCL-2 family 

183. Cisplatin has also been shown to decrease the expression of MCL-1 in a time and dose-

dependent manner and this reduced expression is associated with proteasome-dependent 

degradation. This proteasomal degradation of MCL-1 is important in the cisplatin-mediated 
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apoptosis through the mitochondrial apoptotic pathway  184,185. The elimination of MCL-1 

results in the initiation of cytochrome c release and caspase activation, which precedes cell 

death via apoptosis evidenced by the cleavage of PARP 186,187. While the data in this study 

suggests that C60 did not induce PARP cleavage in the non-cancer cell line, ARPE-19, it is 

important to note that there is a vast difference between the expression level of PARP in 

cancer and non-cancer cells. The overexpression of PARP has been reported in numerous 

human cancers including breast cancer 188. The effect of C60 on non-cancer cells can be 

investigated in an Annexin V assay to confirm that C60 does not induce apoptotic cell death 

in non-cancer cells. 

 

In this chapter, the concentration of C60 was changed from 5 µM and 10 µM concentrations 

initially used in the proliferation assay to 10 µM and 15 µM in other assays such as cell cycle 

analysis, migration and invasion since a shorter treatment time of 6 hours was included in 

these assays, therefore, a  higher treatment concentration was required. Data obtained 

showed that while 10 µM and 15 µM C60 treatment for 6 hours did not have obvious effects 

on cell cycle progression and morphology, it was sufficient to inhibit migration and invasion 

of cancer cells. Collectively, the results described in this chapter using data from in vitro 

experiments showed that C60 had greater cytotoxicity in oesophageal and cervical cancer 

cells in comparison to non-cancer cells; it induced cell death via apoptosis, caused a G1 cell 

cycle arrest and significantly reduced cell migration and invasion. These anti-cancer effects 

of C60 suggest it has potential as a candidate for further development as a 

chemotherapeutic drug. 
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Chapter 3: Investigating the effect of C60 on Kpnβ1 sub-cellular localisation 

and on the nuclear activity of Kpnβ1 cargo proteins. 

3.1. Introduction 

Various studies have demonstrated that Kpnβ1 has elevated expression in cancer and 

transformed cells. There is also evidence that supports a requirement of Kpnβ1 for 

maintaining aspects of the cancer phenotype142 most likely via its role in the nuclear 

transport of oncogenic transcription factors and its involvement in cell cycle transition, 

mitosis and replication. It has also been reported that the frequency of nuclear transport is 

increased in transformed and cancer cells in order to maintain increased metabolism and 

proliferation 65. Inhibition of Kpnβ1 expression resulted in cell death via apoptosis in cancer 

cells which further emphasises its role in carcinogenesis 142. In the previous chapter, we 

showed that C60, a potential inhibitor of Kpnβ1 has inhibitory effects on the proliferation of 

cancer cells of oesophageal and cervical origin. Here, we set out to investigate the effects of 

C60 on the sub-cellular localisation of Kpnβ1 and on the nuclear activity of known Kpnβ1 

cargo proteins including that of oncogenic transcription factors. 

 

             Kpnβ1 imports numerous transcription factors including NFκB, NFAT, AP-1 and STAT into the 

nucleus. NFκB plays a crucial role in cell proliferation, apoptosis and inflammation. Aberrant 

activation of NFκB is associated with various cancers 117. The NFκB family is made up of five 

distinct members: c-Rel, p65 (Rel A), Rel B, p50/p105 (NFκB1) and p52/p100 (NFκB2) with 

the p50/p65 heterodimer being the most common NFκB complex 117. The nuclear import of 

NFκB complexes occurs after the degradation of its inhibitor protein IκB 131,189. Stimulation 

of NFκB nuclear translocation and activity can be triggered by various agents such as 
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Tumour Necrosis Factor α (TNF-α) and Phorbol 12-Myristate 13-Acetate (PMA) 190. 

Fagerlund et al (2005) showed that Importin α3 and Importin α4 are the major Importins 

involved in the nuclear import of TNF-α induced NFκB p50/p65 heterodimer 191. NFκB 

nuclear import has been reported to occur via Kpnβ1, XPO7 and IPO8 117.  

 

Another known cargo of Kpnβ1 is NFAT. NFAT is a family of transcription factors that have a 

role in the regulation of immune response and include four calcium/calcineurin-responsive 

proteins (NFATc1-c4) 192,193. The NFAT pathway is calcium-dependent and when activated, 

NFAT is dephosphorylated by the phosphatase Calcineurin. This results in the nuclear 

translocation of NFAT and transcriptional activation of its downstream target genes 192.  

Dephosphorylation of NFAT exposes its NLS and allows its translocation via interaction with 

nuclear transport proteins 194. The NFAT signalling pathway controls many parts of cellular 

functions by acting as a calcium sensor and it also involved in growth and development, 

inflammatory and immune responses 195. Multiple studies have implicated the NFATs in 

various aspects of cancer such as proliferation, metastasis, angiogenesis and drug resistance 

194,195. NFAT is imported into the nucleus in the classical nuclear import pathway by Kpnβ1 

and Kpnα and exported by CRM1 123,196. 

 

As C60 was discovered via a rational drug design approach to identify small molecules with 

the potential to bind and interfere with Kpnβ1 activity, we investigated its effects on Kpnβ1 

itself and on the nuclear activity of known Kpnβ1 cargo proteins, NFκB, NFAT and AP-1. 
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3.2. Results 

3.2.1. Expression of Kpnβ1 and Kpnα2 in cancer cells versus non-cancer cell lines  

Previous studies in our laboratory and others reported the elevated expression of Kpnβ1 in 

cervical 55, gastric 71 and breast 130  cancer cell lines and tissues in comparison to non-cancer 

cell cultures and tissue. In this study, we independently validated the expression of Kpnβ1 

and its adaptor protein Kpnα2 in HeLa (cervical) and WHCO6 (oesophageal) cancer cell lines 

in comparison to that in normal primary retinal epithelial cell culture, ARPE-19 and its 

immortalised counterpart hTERT RPE-1. 

 

Western blot analysis showed that both Kpnβ1 and Kpnα2 expression levels were higher in 

the HeLa and WHCO6 cancer cells in comparison to the non-cancer epithelial cells (Figure 

3.1.A). Quantification by densitometric analysis of Kpnβ1 and Kpnα2 band intensities 

normalised to GAPDH as a loading control of western blot analysis performed three 

independent times is shown in Figure 3.1.B and C. These results support previous studies 

reporting that cancer cell lines have elevated Kpnβ1 and Kpnα2 expression. 
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Figure 3.1. Kpnβ1 and Kpnα2 expression in cancer cells versus non-cancer cells. Western blot analysis was 

done to determine the expression levels of Kpnβ1 and Kpnα2 expression in cancer cells (HeLa and WHCO6) in 

comparison to non-cancer cells (ARPE-19 and hTERT RPE-1) (A). Densitometric analysis of Kpnβ1 (B) and Kpnα2 

(C) relative to GAPDH (loading control). Densitometric values of WHCO6, ARPE-19 and hTERT RPE-1 were 

normalised to that of HeLa. Results are representative of experiments performed at least three independent 

times. 
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3.2.2. Investigating the effect of C60 on Kpnβ1 and Kpnα2 nuclear localisation 

3.2.2.1. The effect of C60 on Kpnβ1 and Kpnα2 using nucleo-cytoplasmic separation 

To determine whether C60 acts on Kpnβ1, we investigated its effect on the sub-cellular 

localisation of Kpnβ1. HeLa cervical cancer cells were treated with 10 µM or 15 µM C60 for 6 

hours and cytoplasmic and nuclear proteins were harvested. Western blot analysis showed 

a noticeable decrease in nuclear, and an associated increase in cytoplasmic Kpnβ1 (Figure 

3.2). The effect of C60 on the localisation of Kpnα2, the adaptor protein of Kpnβ1 was also 

investigated. Result showed that the nuclear entry of Kpnα2 was not inhibited by C60; 

instead, there was a dose-dependent increase in nuclear Kpnα2 and a concurrent decrease 

in cytoplasmic Kpnα2. The TATA-Binding Protein (TBP) served as the loading control for the 

nuclear fraction while GAPDH served as the loading control for the cytoplasmic and whole 

cell fractions.  
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Figure 3.2. Effect of C60 on the sub-cellular localisation of Kpnβ1 and Kpnα2. Nuclear and cytoplasmic protein 

fractions were harvested from HeLa cells after C60 treatment for 6 hours. Kpnβ1 and Kpnα2 levels in the two 

fractions were examined via western blot. TBP and GAPDH served as the loading controls for the nuclear and 

cytoplasmic fractions respectively. Densitometric analysis was normalised to loading controls for each fraction. 

Results shown are representative of western blot analysis done three independent times. 
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3.2.2.2. The effect of C60 on Kpnβ1 and Kpnα2 monitored using immunofluorescent 

microscopy 

To independently monitor the effect of C60 on Kpnβ1 sub-cellular localisation, Kpnβ1 was 

immunofluorescently labelled and its localisation viewed using confocal microscopy. Control 

cells showed a strong nuclear localisation of Kpnβ1, which became cytoplasmic after 

treatment with 10 µM and 15 µM C60 (Figure 3.3.A). Fluorescent intensities of Kpnβ1 (Cy3) 

and DAPI (nucleus) across single cells confirmed a reduction in nuclear Kpnβ1 fluorescent 

intensity in 10 and 15 µM C60 treated cells (Figure 3.3.B). We also confirmed the effect of 

C60 on Kpnα2 sub-cellular localisation. C60 resulted in an increase in Kpnα2 nuclear staining 

(Figure 3.4.A). Fluorescent intensities of Kpnα2 (Alexa Fluor 647) and DAPI (nucleus) across 

single cells confirmed increased nuclear Kpnα fluorescent intensity in 10 and 15 µM C60 

treated cells (Figure 3.4.B). The fluorescent intensities of various cells representative of each 

treatment were measured for random cells for three independent experimental repeats 

however; images shown in results are illustrative images from one experiment.  Together, 

these results show that C60 treatment altered the sub-cellular localisation of Kpnβ1, making 

it more cytoplasmic while altering the localisation of Kpnα2 to being more nuclear. 
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Figure 3.3. C60 treatment inhibits the nuclear accumulation of Kpnβ1. HeLa cells were treated with C60 for 6 

hours prior to fixation and staining with Cy3 (Kpnβ1) and DAPI (nucleus). Images were captured using a 

fluorescent microscope (A). Association between Kpnβ1-Cy3 and DAPI (nucleus) fluorescent intensities was 

done using Image J software (B). Experiment was performed three independent times and an illustrative image 

from one experiment is shown. 
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Figure 3.4. C60 treatment induced nuclear accumulation of Kpnα2. HeLa cells were treated with C60 for 6 

hours prior to fixation and staining with Alexa Fluor 647 (Kpnα2) and DAPI (nucleus). Images were captured 

using a fluorescent microscope (A). Association between Kpnα2-Alexa Fluor and DAPI (nucleus) fluorescent 

intensities was done using Image J software (B). Experiment was performed three independent times and an 

illustrative image from one experiment is shown. 
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3.2.3. Effect of C60 on the half-life of Kpnβ1 and Kpnα2 

To investigate the effect of C60 on the stability of Kpnβ1, half-life assays using 

cycloheximide to inhibit new protein synthesis was performed. HeLa cells were pre-treated 

with DMSO (vehicle) or 5 µM C60 for 3 hours prior to treatment with 50 µg/mL 

Cycloheximide (CHX). 5 µM C60 concentration was chosen for this experiment as it showed 

a less cytotoxic effect in the proliferation assay experiment (Figure 2.3.A) in comparison to 

the 10 µM concentration, thus allowing us to monitor the effect of C60 on Kpnβ1 half-life 

over a long period.  CHX is a known inhibitor of de novo protein synthesis and it has been 

reported to inhibit the elongation phase of eukaryotic translation 197. Protein was harvested 

at different time points after CHX treatment and western blot analysis used to monitor the 

effect of C60 on Kpnβ1 stability. Since Kpnα2 was accumulating in the nucleus, we 

investigated the possibility of increased protein stability following C60 treatment. The 

expression of Kpnα2 was monitored alongside that of Kpnβ1 (Figure 3.5.A). Quantification of 

Kpnβ1 or Kpnα2 levels expressed relative to GAPDH was done and its half-life (Log2/slope) 

determined by plotting band intensities relative to time. In the absence of C60, the half-life 

of Kpnβ1 was approximately 67 hours which was reduced by roughly 2.3 fold to 29 hours in 

the presence of C60 (Figure 3.5.B). The reduction in the half-life of Kpnβ1 suggests that C60 

causes increased degradation of Kpnβ1. Interestingly, C60 treatment resulted in a 2.5 fold 

increase in the half-life of Kpnα2 from approximately 18 hours to 45 hours (Figure 3.5.C). 

Since Kpnα2 was accumulating in the nucleus of C60-treated cells, it is likely that this 

nuclear accumulation protected it from degradation thereby increasing its half-life. 
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Figure 3.5. Effect of C60 on the stability of Kpnβ1 and Kpnα2. The half-life of Kpnβ1 and Kpnα2 was 

determined after HeLa cells were treated with 5 µM C60 or DMSO (vehicle) for 3 hours followed by treatment 

with 50 µg/mL CHX. Proteins were harvested at various time points after CHX treatment, Kpnβ1 and Kpnα2 

expressions were analysed by western blot. GAPDH served as loading control (A). Quantitative analysis of 

Kpnβ1 and Kpnα2 was done using densitometric scanning and band intensities were plotted in log scale 

relative to Kpnβ1(B) or Kpnα2 (C)  at time 0 hour. Half-life was determined using the equation (Log2/ slope). 

Graph shown is representative of single experiment. Half-life is the average of experiments done three 

independent times. 
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3.2.4. Effect of C60 on the sub-cellular localisation of Kpnβ1-dependent cargo proteins 

3.2.4.1. C60 inhibits the nuclear import of NFκB/p65 

Previous studies have shown that Kpnβ1 is a major nuclear import receptor of the 

transcription factor NFκB/p65 and this import is reliant on the NLS of NFκB/p65 117.  

 

i. Effect of C60 on NFκB/p65 nuclear import using immunofluorescent microscopy 

We investigated the ability of C60 to interfere with the nuclear import of NFκB/p65 in 

response to PMA (phorbol ester) stimulation. HeLa and WHCO6 cells were pre-treated with 

10 µM or 15 μM C60 for 6 hours and treated with 0.5 µM PMA for 1 hour to stimulate 

NFκB/p65 nuclear entry before the termination of C60 treatment. NFκB/p65 localisation was 

monitored using immunofluorescence.  

 

Our results show that NFκB/p65 (Cy3) is predominantly localised to the cytoplasm of 

untreated cells (Figure 3.6.A). Stimulation with PMA led to the nuclear translocation of 

NFκB/p65 and C60 treatment resulted in the cytoplasmic retention of NFκB/p65 in HeLa 

cells. Quantification of NFκB/p65 fluorescent intensity (Cy3) across randomly selected single 

cells showed elevated intensities that it overlapped with DAPI staining of the nucleus in 

PMA stimulated cells (Figure 3.6.B). In the 10 µM and 15 µM C60 treated cells, the 

NFκB/p65 intensity was significantly reduced in the nuclear compartment (Figure 3.6.B). 

Similar observations were made in WHCO6 cells where PMA stimulation resulted in the 

nuclear localisation of NFκB/p65, which was inhibited by C60 treatment (Figure 3.7. A). 

Fluorescent intensities were measured for random cells representing each treatment 

condition (Figure 3.7.B). The fluorescent intensities of various cells representative of each 
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treatment were measured for random cells for three independent experimental repeats 

however; images shown in results are illustrative images from one experiment. These 

results support that Kpnβ1 is required for the nuclear import NFκB/p65 in cervical and  

oesophageal cancer cells.  
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Figure 3.6. The effect of C60 on NFκB/p65 cellular localisation in HeLa cervical cancer cells.  

Immunofluorescent microscopy was used to monitor the effect of 6 hours C60 treatment on PMA-induced 

NFκB/p65 nuclear import in HeLa cells. An illustrative image for each treatment type is shown (A). Fluorescent 

intensities for NFκB/p65-Cy3 and DAPI (nucleus) are plotted as previously described (B). 
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Figure 3.6. The effect of C60 on NFκB/p65 cellular localisation in WHCO6 oesophageal cancer cells. 

Immunofluorescent microscopy was used to monitor the effect of 6 hours C60 treatment on PMA-induced 

NFκB/p65 nuclear import in WHCO6 cells. An illustrative image for each treatment type is shown (A). 

Fluorescent intensities for NFκB/p65-Cy3 and DAPI (nucleus) are plotted as previously described (B). 

 

B 

C 
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i. Monitoring the effect of C60 on NFκB/p65 nuclear activity using luciferase 

reporter assays 

Luciferase reporter assays were used to monitor the effect of C60 on the functional activity 

of NFκB/p65. Treatment of cells with 10 µM and 15 µM C60 resulted in a significant 

reduction in PMA-induced NFκB/p65 luciferase activity in HeLa (Figure 3.8.A) and WHCO6 

(Figure 3.8.B) cancer cells. C60 treatment in ARPE-19 normal epithelial cells had no 

significant inhibitory effect on PMA-induced NFκB/p65 transcriptional activity (Figure 3.8.C).  

 

Importazole, a commercially available inhibitor of Kpnβ1/Kpnα2 mediated nuclear import 

had no inhibitory effect on NFκB/p65 transcriptional activity when using the same 

concentration and time points at which C60 inhibited NFκB/p65 transcriptional activity 

(Figure 3.9.A). Increasing Importazole concentrations to 20 µM or 40 µM similarly had no 

significant effect on NFκB/p65 transcriptional activity (Figure 3.9.B). However, a significant 

reduction in NFκB/p65 transcriptional activity was only observed when cells were treated 

with 40 µM Importazole for a longer period of 24 hours (Figure 3.9.C). These results suggest 

that C60 is more effective at inhibiting the activity of Kpnβ1 cargo such as NFκB. 
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Figure 3.8. Effect of C60 on NFκB/p65 transcriptional activity in cancer cell lines versus non-cancer epithelial 
cell line. NFκB/p65 transcriptional activity using NFκB binding site luciferase reporter was measured after 
transient transfection in cells. Cells were pre-treated with C60 followed by 0.5 µM PMA stimulation for 3 hours 
(6 hours overall treatment time). The effect of C60 treatment on NFκB/p65 transcriptional activity was 
monitored in HeLa (A) and WHCO6 (B) and ARPE-19 non-cancer epithelial cell line (C). Results shown are 
representative of the mean ± SEM of experiments done in quadruplicate and repeated at least twice. Statistical 
significance was determined by student paired t-test, *p≤ 0.05. 
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Figure 3.9. Comparison of the effect of C60 or Importazole on NFκB/p65 transcriptional activity. Comparison 

of the effect of 10 µM or 15 µM C60 versus Importazole treatment for 6 hours in HeLa cells (A).  Treatment of 

HeLa cells with 20 µM or 40 µM Importazole for 6 hours did not result in the inhibition of NFκB/p65 

transcriptional activity (B). Exposure of HeLa cells to 40 µM Importazole treatment for 24 hours resulted in a 

significant reduction in NFκB/p65 transcriptional activity (C). Results shown are representative of the mean ± 

SEM of experiments done in quadruplicate and repeated at least twice. Statistical significance was determined 

by student paired t-test, *p≤ 0.05. 
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3.2.4.2. C60 inhibits the nuclear import of NFAT 

We investigated the effect of C60 on NFAT transcriptional activity, as it is a reported Kpnβ1 

cargo. A NFAT-luciferase reporter plasmid was transfected into cells and Ionomycin used to 

increase intracellular calcium levels that stimulate NFAT nuclear translocation as previously 

described 123,198.  PMA and ionomycin were used to co-stimulate NFAT as their combination 

has been previously used to induce synergistic stimulation of NFAT luciferase activity 142 and 

cells were exposed to 10 µM or 15 µM C60 treatment for 6 hours. Results show that C60 

significantly reduced PMA-induced NFAT activation in HeLa and WHCO6 cell lines (Figure 

3.10.A and B). In comparison, Importazole the commercially available inhibitor of 

Kpnβ1/Kpnα2 mediated nuclear import had no inhibitory effect using the same 

concentration and time point (Figure 3.10.C). Importazole significantly reduced NFAT 

activity at 40 µM concentration after 6 hours treatment (Figure 3.10.D).  

These results provide evidence that C60 has a significant inhibitory effect on the nuclear 

activity of NFAT, a Kpnβ1 cargo protein. 

 

3.2.4.3. C60 inhibits the nuclear activity of AP-1 

The effect of C60 on the transcriptional activity of AP-1 was investigated using AP-1 

luciferase reporter construct comprising four artificial AP-1 binding sites fused to the 

luciferase reporter. For AP-1 to be activated, its cJUN component must undergo 

phosphorylation by JNK within the nucleus. However, the nuclear import of JNK does not 

rely on Kpnβ1 as it is NLS-independent 150. In addition to investigating AP-1 activity in 

response to C60, we also investigated whether C60 had an effect on the phosphorylation of 

cJUN. Our results show that C60 significantly inhibited PMA-induced AP-1 transcriptional 
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activity as well as PMA-induced phosphorylation of cJUN in WHCO6 cells (Figure 3.11.A and 

B). Interestingly, C60 had no effect on AP-1 transcriptional activity and cJUN 

phosphorylation in HeLa cervical cancer cells (Figure 3.11.C and D). Similar to what was 

observed in HeLa cells, C60 did not inhibit AP-1 transcriptional activity in another cervical 

cancer cell line, CaSki (Figure 3.11.E). 

  

Together, these results show that C60 inhibits the nuclear import and activity of AP-1 in a 

differential manner depending on the cancer type. While AP-1 is negatively affected by C60 

in oesophageal cancer cells, C60 had no effect on the cervical cancer cells analysed in this 

study. This suggests that for cervical cancer cells in this study the nuclear translocation of 

AP-1 occurs via mechanisms not reliant on Kpnβ1.    
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Figure 3.10. Effect of C60 on NFAT transcriptional activity. Cells were transiently transfected with NFAT 

reporter and expression plasmids after which they were treated with DMSO (vehicle control), 10 µM or 15 µM 

C60 for 6 hours. Cells were stimulated with 0.5 µM PMA and 1.3 µM Ionomycin for 3 hours before termination 

of drug treatment. The effect of C60 on PMA and ionomycin induced NFAT activity was monitored in HeLa (A) 

and WHCO6 (B) cells. The effect of 10 µM or 15 µM C60 treatment for 6 hours on NFAT activity was compared 

to that of Importazole in HeLa cells (C). Exposure of HeLa cells to 40 µM Importazole treatment for 6 hours 

resulted in a significant reduction in NFAT promoter activity (D).  Results shown are representative of the mean 

± SEM of experiments done in quadruplicate and repeated at least twice independently. Statistical significance 

was determined by student paired t-test, (*p≤ 0.05).  
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Figure 3.11. Effect of C60 on AP-1 transcriptional activity. AP-1 transcriptional activity was monitored after 

0.5 µM PMA stimulation for 3 hours and 3 hours pre-treatment with 10 µM or 15 µM C60 (6 hours total 

treatment time) in WHCO6 (A), HeLa  (C) and CaSki (E)cancer cells.  Western blot was used to analyse the 

effect of C60 on PMA induced P-cJUN levels in WHCO6 cells (B) and HeLa cells (D). Densitometry analysis 

shows phosphorylated levels of cJUN (P-cJUN) normalised to total cJUN.   Results shown are representative of 

the mean ± SEM of experiments done in quadruplicate and repeated at least twice. Statistical significance was 

determined by student paired t-test, *p≤ 0.05. 
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3.3. Discussion 

Our data in the previous chapter demonstrated that C60, a potential novel small molecule 

inhibitor of Kpnβ1 had inhibitory effects on the biology of cancer cells that were similar to 

the effects obtained when Kpnβ1 was knocked down using siRNA 127,150. This suggested that 

C60 might be inhibiting cancer cell biology by targeting Kpnβ1. In this chapter, we 

investigated the effect of C60 on the sub-cellular localisation of Kpnβ1 and some of its cargo 

proteins. We investigated the level of Kpnβ1 and Kpnα2 expression in cervical, oesophageal 

and non-cancer epithelial cells. Our result showed that both Kpnβ1 and Kpnα2 had elevated 

expression in the cancer cells in comparison with normal epithelial cells which supports 

what has been reported in the literature that nuclear transport proteins have elevated 

expression in cancer cells  55,71,73.  

 

Our results using western blot analysis and immunofluorescent analysis showed that C60 

inhibited the nuclear entry of endogenous Kpnβ1. A decrease in the nuclear localisation of 

Kpnβ1 and a concurrent increase in cytoplasmic Kpnβ1 level was seen in C60-treated cells. 

The altered sub-cellular localisation of Kpnβ1 as a result of C60 might be due to the binding 

of C60 to the functional sites of Kpnβ1.  C60 was identified based on its predicted potential 

to bind to the RanGTP and Kpnα2 binding sites on Kpnβ1, thereby acting as a Kpnβ1 

inhibitor. These results are similar to previous studies done in our laboratory on INI-43 that 

has inhibitory effects on the nuclear translocation of Kpnβ1 142. However, we also observed 

a dose-dependent increase in the nuclear level of Kpnα2, the adaptor protein of Kpnβ1. 

These results suggest that although C60 was able to inhibit the nuclear entry of Kpnβ1 it did 

not have a similar effect on Kpnα2.  
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A study by Miyamoto et al (2002) showed that Kpnα2 is capable of being constitutively 

translocated into the nucleus in an Importin Beta Binding (IBB)-domain independent manner 

when it is not bound to a basic-type NLS cargo protein 199. Another study by Kose et al 

(1997) showed that a mutant of Kpnβ1, which was known to inhibit the nuclear import of 

Kpnβ1/Kpnα2-NLS cargo and that of Kpnβ1-cargo, had no effect on the nuclear 

translocation of Kpnα2 200. This further implied that C60 was able to inhibit nuclear import 

mediated by Kpnβ1 alone or in association with Kpnα2 but it was unable to prevent the 

nuclear import of Kpnα2. A likely explanation for the dose-dependent nuclear accumulation 

of Kpnα2 following C60 treatment is that since both Kpnα2 199 and Kpnβ1 200 get into the 

nucleus through the gated channels of the NPC, the binding of C60 to Kpnβ1 not only 

inhibited its binding to its cargoes, but also to the nucleoporins of the NPC thereby making 

more sites available for the nuclear entry of Kpnα2. Furthermore, C60 was identified based 

on its potential to bind Kpnβ1 therefore, it might not have an inhibitory effect on the 

nuclear translocation of Kpnα. Immunoprecipitation experiments can be performed to 

investigate the effect of C60 on Kpnα2. 

 

Our result revealed that the half-life of Kpnβ1 was decreased by 2-fold in response to C60 

treatment. Quensel et al (2004) showed that Kpnβ1 was stable after 48 hours cycloheximide 

treatment 201, which is similar to our results which showed Kpnβ1 stability after 67 hours 

cycloheximide treatment, however, C60 reduced this half-life to 29 hours. The half-life of 

Kpnα2 was increased from 18 to 45 hours in C60-treated cells. These results suggest that 

C60 prevented the nuclear entry of Kpnβ1 and over time resulted in the degradation of 

cytoplasmic Kpnβ1. A recent study in our laboratory showed that INI-43 similarly decreased 
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the stability of Kpnβ1 while CRM1 and Kpnα2 remained mostly unaffected (S. Carden, MSc 

Dissertation, 2017ⱡ1). Our results further imply that the increased stability of Kpnα2 might be 

because of its nuclear accumulation, which resulted in its protection from protein 

degradation. Previous study in our laboratory showed that the inhibition of CRM1 via siRNA 

silencing resulted in the nuclear accumulation p53 as well an increased protein half-life (P. 

van der Watt, PhD Dissertation, 2009ⱡ2). 

 

NFκB, NFAT and AP-1 are transcription factors that have been reported to be dependent on 

Kpnβ1 for their import into the nucleus117,123,137. We hypothesised that if these transcription 

factors are dependent on Kpnβ1 for their nuclear entry, inhibiting Kpnβ1 by C60 treatment 

will interfere with their nuclear activities. Our results suggest that C60 inhibited the nuclear 

entry of NFκB/p65 and its transcriptional activity. In addition, C60 significantly reduced 

NFAT promoter activity in a dose-dependent manner. C60 was found to be more effective 

than Importazole, a previously described inhibitor of Kpnβ1-mediated nuclear import NFAT 

123. The effects of C60 on NFκB and NFAT activity was similar to that described for INI-43 

142,150. 

 

C60 treatment had differing effects on AP-1 activity depending on the cell type. Our results 

showed that AP-1 transcriptional activity and nuclear translocation of cJUN might take place 

via different nuclear import mechanism in different cancer types. While AP-1 activity was 

                                                           
ⱡ1

 S. Carden, “Modulating the expression and activity of the nuclear import protein, Karyopherin B1, in cancer 

cells”. MSc Dissertation, University of Cape Town, 2017 

ⱡ2
 P. van der Watt, “Expression and regulation of nuclear transport proteins Crm1 and Kpnβ1 in cervical and 

transformed cell lines”. PhD Dissertation, University of Cape Town, 2009 
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inhibited by C60 treatment in the oesophageal cancer cell line this was not observed in the 

cervical cell lines assayed. cJUN is capable of translocating into the nucleus through multiple 

pathways; therefore, its import is independent of the availability of individual importins, 

which assures its efficient transport under all conditions. cJUN has been reported to be 

imported by Kpnβ1, Transportin, Importin 5, Importin 7, Importin 9 and Importin 13 202. 

Furthermore, cJUN may dimerize with other cellular proteins that contain basic leucine 

zipper such as cFOS and travel into the nucleus using the interacting importins of its binding 

partners 202. This suggests that the oesophageal cancer line might be more dependent on 

Kpnβ1 for the nuclear import of cJUN while cervical cancer cells imports cJUN via other 

importins other than Kpnβ1 or through the importins responsible for the nuclear import of 

its binding partners.   

 

In conclusion, the results presented in this chapter supports that C60 acts on Kpnβ1 as it 

altered the sub-cellular localisation of Kpnβ1 by preventing it from entering the nucleus. 

Furthermore, C60 decreased the half-life of Kpnβ1 and had an inhibitory effect on the 

nuclear activity of Kpnβ1 cargo proteins such as NFκB/p65, NFAT and AP-1. These findings 

are in line with that of Togerson et al (1998), showing that SN50 an inhibitory peptide 

interfered with the nuclear import of NFκB, AP-1 and NFAT by disrupting the Importin α/β-

transcription factor binding 143. Although our data showed that C60 had inhibitory effects on 

the nuclear import and activity of NFκB, AP-1 and NFAT, conclusions cannot be drawn from 

this data as the total level of these proteins are not known, and therefore it is impossible to 

state that only nuclear import is affected. Our findings also provide evidence that C60 is 

capable of inhibiting nuclear import of Kpnβ1; however, it is unable to inhibit the nuclear 

import of Kpnα2 into the nucleus. Although C60 did not inhibit the nuclear localisation of 
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Kpnα2, we do not know if there was a form of direct or indirect interaction between them. 

Investigation of the biophysical interaction between purified Kpnα2 and C60 might provide 

insight into the C60-induced Kpnα2 nuclear translocation. Taken together, these results 

suggest a possible specificity of C60 for Kpnβ1. Investigation of the biophysical interaction 

between Kpnβ1 and C60 will thus be explored in subsequent chapters.   
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Chapter 4: Investigating the in vivo toxicity and in vitro pharmacokinetic 

properties of C60 

4.1. Introduction  

For drugs or chemical compounds to reach clinical testing they require three major 

properties; a primary action on the therapeutic target, a promising Absorption, Distribution, 

Metabolism, Excretion and Toxicology (ADMET) properties to enter and stay in the body to 

provoke an effect; and a safety boundary that ensures that the drug causes no harm 203. 

ADMET studies are important at the early drug discovery stage 204. The aim of drug therapy 

is to achieve a specific pharmacologic response of required intensity and duration while 

preventing harmful drug reactions 205.  

 

The principal causes of failure in drug discovery have been linked to poor PK/ADME, 

toxicological properties and undesirable effects rather than the lack of therapeutic 

efficiency 206. In the past decade, the assessment of the ADMET properties and the efficacy 

of New Chemical Entities (NCEs) have been generally accepted as a necessity for the 

discovery of novel drugs and for the optimisation of the ADME properties of drug candidates 

206. An ideal drug candidate should be able to provide prolonged exposure, go through 

steady clearance pathways having numerous enzymes and not hinder the action of Drug-

Metabolizing Enzymes (DMEs) and transporters 207.  

 

Absorption of a drug refers to the procedures involved in the transfer of the drug from the 

Gastrointestinal (GI) fluid across segments of the small intestine into the portal blood 

system. Therefore, a drug must go through a layer or layers of membranes either via 
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passive diffusion or active transport to get to the systemic circulation 207. The rate at 

which drugs reach and leave the site of action determines the total concentration in that 

compartment 203. The degree and frequency of absorption are reliant on physicochemical 

properties, drug formulation and the anatomy and physiology of the site of absorption 

207. Distribution of a drug refers to the reversible transmission of a drug from one 

position to another within the body. The compound is circulated to various tissues of the 

body after entering into the systemic circulation. The Volume of Distribution at Steady 

State (VDSS) is used in most cases to describe the distribution of a compound in the 

body. The distribution of a drug is an essential factor in determining its pharmacological 

action 207. Metabolism of a drug refers to the biochemical procedure through which 

pharmacologically inactive compounds are transformed to pharmacologically active 

metabolites which increases their removal from the body 207,208. A wide class of 

hydrolytic enzymes such as esterases, amidases and phosphatases generally facilitates 

these reactions. Cytochrome P450 (CYP) enzymes are the most important enzymes 

necessary for the pharmacological activation of many drugs; however, the 

transformation of a prodrug to its resultant active drug can happen non-enzymatically 

208. Metabolism occurs majorly in the liver and can take place in other organs such as 

lung, kidney and intestinal epithelium. The rate and degree of the metabolism of a drug 

determine the dose of the drug as well the duration of its effect 207. Excretion of a drug 

refers to the irreversible removal of a drug from the body under the control of the liver, 

kidney and other organs. Following oral absorption, drugs are removed from the body 

through excretion as unchanged forms in urine and bile. For drugs whose clearance is 

based on metabolism, its intrinsic metabolic stability determines the unbound drug 

concentrations and the length of its pharmacological effects 207.  
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It is unreasonable to assume that excessive amounts of virtually any substance will not 

be harmful and according to Paracelsus (1493-1541) which states; “. . . all things are 

poison and nothing is without poison. Solely the dose determines that a thing is not 

poison . . .”203. Toxicity and adverse reactions of small molecules present a public health 

risk and result in severe attrition rates in advanced stages of drug development. Toxicity 

and harmful effects of small molecules cause a serious drawback in drug development 

209. The toxicity of a substance can be investigated by in vitro studies using cell lines, in 

vivo studies using experimental animal models or by studying the effect of accidental 

exposure to such substance 210. These studies are done with a control group, low dose, 

intermediate dose and high doses. The intermediate and high dose helps to determine 

dose responsiveness and organ toxicity respectively. Safety studies are anticipated to 

give an idea of the range between efficacy and toxicity, maximum achievable dose and 

expected toxicity 203. 

 

 In this chapter, the ADME pharmacokinetic properties of C60 was investigated in vitro by 

carrying out kinetic solubility, metabolic stability, lipophilicity, permeability and plasma 

protein binding assays. The in vivo toxic side effects of C60, as well as its effect on tumour 

growth in a nude mouse model were also investigated. 
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4.2. Results 

In vitro ADME assays done to determine the pharmacokinetic properties of C60 were 

performed with assistance from H3D Africa based at the University of Cape Town. The in 

vivo toxicology study and tumour xenograft studies were performed using a nude mouse 

model. 

 

4.2.1. C60 shows high kinetic solubility 

Solubility and permeability are the determining factors of a compound’s absorption 

following its oral administration as well as determining its Oral Bioavailability (OBA) 207. 

The kinetic solubility assay was carried out to establish the degree of solubility of C60. 

The solubility ranking of a 200 µM preparation in 2% DMSO is shown in Table 4.1 and was 

used to determine the solubility class of C60. Results obtained showed that C60 had a 

solubility ranking of 180 µM, which indicates high solubility. This suggests that C60 has a 

high bioavailability. 

 

Table 4.1. Solubility ranking based on 200 µM preparation in 2% DMSO  

 
Solubility class Concentration (µM) C60 

 
High ≥150 

 
180 µM 

 
Moderate 50-150  

 
Low 

5-49 
 

 
Very low 

<5 
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4.2.2. Investigating the metabolic stability of C60 using liver microsome assay 

A major hindrance to achieving a stable steady-state drug concentration for treatment is 

metabolic degradation 203. Liver microsome assay was used to determine the stability of the 

parent drug in the presence of transforming enzymes from the liver. Briefly, the compound 

of interest, which is C60, was incubated in liver microsomes containing concentrated liver 

enzymes. Following the incubation of the compound in liver microsomes, HPLC-MS/MS 

(Tandem Mass Spectrometry) was used to establish the percentage of untransformed C60. 

The microsomal stability of C60 was determined in human, rat and mouse liver microsomes 

and the percentage of the parental C60 remaining was used to calculate its half-life. Results 

obtained were used to predict the in vivo intrinsic clearance of C60 in humans, rats and 

mice. As shown in Table 4.2, C60 has a predicted in vivo clearance of 106 mL/min/kg protein 

and a half-life 19 minutes in humans. In rats, the predicted clearance was 158 mL/min/kg 

protein and half-life of 19.8 minutes, while in mice it has a predicted clearance of > 250 

mL/min/kg protein and half-life of 15 minutes. The results showed that C60 has a high 

hepatic extraction ratio which ranged between 0.7- 0.8. The results obtained from this in 

vitro assay suggest that C60 would likely have a short half-life and rapid clearance in vivo. 

 

Table 4.2. Metabolic stability of C60 in human, rat and mouse liver microsomes 

Liver microsomal species Half-life  (min) Predicted in vivo CL 
(mL/min/kg protein) 

Hepatic extraction 
ratio (EH) 

 
Human 

 
19.0 

 
106 

 
0.8 

 
Rat 

 
19.8 

 
158 

 
0.7 

Mouse 

 
15.0 

 
>250 

 
0.8 
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4.2.3. C60 showed moderate lipophilicity 

Lipophilicity refers to the ratio of the compound’s concentration between an organic and an 

aqueous phase at equilibrium 207. It is a measure of the ability of a drug to dissolve in lipids 

or organic solvents such as octane in contrast to water 203. Lipophilicity values are termed 

Log P and Log D. Log P is the Log of the partitioning coefficient of the compound between an 

organic phase and an aqueous phase at a pH where all of the compound molecules are in 

the neutral form. Log D refers to the distribution coefficient of the compound between an 

organic phase and an aqueous phase at a pH where a part of the compound’s molecules 

may be in the ionic form and a part in the neutral form 211. Generally, a LogP of < 1 implies 

that a compound or drug will have good solubility but poor permeability 207. Table 4.3 shows 

the influence of Log D7.4 on drug-like properties in drug development and discovery 211. The 

lipophilicity of C60 was determined using a sealed down shake flask method. Briefly, octanol 

was added to C60 followed by the addition of PBS. Incubation was done followed by 

centrifugation. HPLC was used to determine the concentration of C60 in each phase. Results 

obtained showed that C60 had a Log D7.4 of 1.6, which suggests that C60 has moderate 

solubility and permeability. Based on this value, its oral absorption and BBB (Blood-Brain 

Barrier) penetration are viewed to be favourable in vivo. 
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Table 4.3. Impact of Log D7.4 on drug-like properties 
211

 

Log 
D7.4 

Common impact on drug-like properties 
Common impact in vivo 

<1 
 

Solubility high 
Volume of distribution low 
Permeability low by passive trans-cellular diffusion 
Permeability possible via Para cellular if MW < 200 
Metabolism slow. 

Volume of distribution low 
Oral absorption blood brain barrier (BBB) 
penetration unfavourable 
Renal clearance may be high 

1 to 3 
 

Solubility moderate 
Permeability moderate 
Metabolism slow 
 

Balanced volume of distribution  
Oral absorption and BBB penetration 
favourable 
Renal clearance may be high 

3 to 5 
 

Solubility low 
Permeability high 
Metabolism moderate to high 

Oral bioavailability moderate to low 
Oral absorption variable 

>5 Solubility low 
Permeability high 
Metabolism high 

High volume of distribution (especially 
amines) 
Oral absorption unfavourable and variable 

 

4.2.4. C60 displayed high permeability 

Solubility and permeability are important factors that determine a drug’s absorption and 

oral bioavailability. Various cell-free and cell-based systems have been used to study 

permeability and the role of transporters in permeability of new chemical entities. The 

Parallel Artificial Membrane Permeability Assay (PAMPA) has been used extensively as a 

high throughput, inexpensive and straightforward tool for screening discovery compounds 

for their capacity for passive permeability 207. For passive lipid membrane diffusion, this 

assay measures the rate of passage through a phospholipid-coated filter 211. PAMPA results 

showed that C60 has a passive permeability of -4.7 at pH 6.5, which is considered a high 

permeability value. This result suggests that C60 would be easily absorbed in a living system 

and should be suitable for oral absorption. 
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4.2.5. C60 displayed high plasma protein binding affinity 

Plasma Protein Binding (PPB) is a necessary factor in predicting drug distribution because it 

may result in reduced bioactivity and insufficient drug-drug interactions 204. PPB has a major 

influence on the rate of drug diffusion between plasma and tissues and therefore affects the 

in vitro intrinsic clearance (CL) and Volume of Distribution at Steady State (VDSS) of drugs. 

Drugs with high PPB are generally avoided since small changes in the PPB can result in 

significant changes in the free fraction. PPB information is also necessary to estimate the 

effective concentration of drugs that facilitate inhibition of DMEs and transporters 207. PPB 

assays showed that C60 has a protein binding affinity of 98% with a free drug fraction of 

0.02%. This suggests that C60 will be more retained in the vascular system thereby having a 

lower volume of distribution.     

In summary, the results of the ADME pharmacokinetic studies showed that C60 has high 

solubility, permeability and protein binding affinity; it also has moderate lipophilicity, 

short half-life and rapid in vivo clearance. Results suggest that while C60 might be soluble 

and useful as a potential oral drug, its short half-life and rapid clearance might interfere 

with its therapeutic efficacy in a living system.  
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4.2.6. Investigating the toxic side effect of C60 in athymic nude mice 

The potential toxic side effects of C60 were investigated in nude mice over a period of 28 

days. Nude mice were used for investigating the in vivo toxic side effect of C60 because it 

was important for us to use immunocompromised mice for the downstream tumour 

xenograft study. The use of nude mice for the toxicity study was to minimise 

experimental variations. Vehicle (7.5% DMSO in PBS) or C60 were administered via the 

intraperitoneal (i.p.) injection twice in a week for 4 weeks (8 treatments). Body mass was 

measured 4 times per week and welfare monitoring was carried out daily to detect any 

side effects. In this experiment, treated mice received 10 µg/g, 30 µg/g or 50 µg/g C60, 

while control mice received 7.5% DMSO in PBS. Throughout the course of the study, the 

animals showed no abnormal behaviour and signs of distress; however, we observed that 

animals receiving the 30 µg/g and 50 µg/g C60 doses showed signs of slight discomfort. 

Animals showed signs of discomfort by raising their legs at the site of injection following 

which recovery was observed. Fluctuations in body mass were observed between the 

control, 10 µg/g and 30 µg/g C60 mice. The control mice showed an approximate 10% 

gain in body mass and the 10 µg/g, 30 µg/g and 50 µg/g treated groups, had a 27%, 20%, 

and 12% gain in body mass respectively (Figure 4.1. A, B, C). The gain in body mass at the 

end of the study showed an increase in body mass for 10 µg/g and 30 µg/g C60 treated 

mice compared to control mice, while the 50 µg/g mice showed a similar gain in body 

mass to the control (Figure 4.2). Overall, mice that received C60 gained more weight in 

comparison to control mice; however, the gain in body mass was not significant. The 

difference in the body mass gain between the groups may have been due to the different 

eating and drinking habits of individual animals within the different groups. Therefore, 
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body mass was not the only factor used for evaluating the toxicity of C60 and animal 

welfare. 

 

Post mortem analysis of the internal organs of control and C60 treated mice was done 

with assistance from a trained animal technician. No abnormalities such as discolouration 

or inflammation of organs (including liver, spleen, heart, lung, kidneys and ovaries) were 

detected. No visible difference was observed in the appearance of internal organs 

between the control and C60- treated animals (Figure 4.3.A). The liver is a vital target for 

foreign substances such as drugs which are metabolised and excreted by the liver 212.  An 

enlargement of the liver as a result of drug toxicity has been reported 213. We measured 

the liver mass of control and treated animals at the end of the study. Relative liver mass 

was calculated by normalising liver mass to body mass for each animal (           

          . Results of the relative liver mass showed no substantial difference between 

the control and C60-treated animals (Figure 4.3.B). Together, these results suggest that 

nude mice tolerated C60 up to the 50 µg/g dose. 
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A 

 

B 

 
 

C 

 
 

Figure 4.1.  Effect of C60 on body mass in nude mice. The toxic side effect of C60 was monitored by 

investigating the effect of C60 on body mass over a period of 28 days (4 weeks). Mice were randomly 

divided into 4 groups (control, 10 µg/g C60, 30 µg/g C60 and 50 µg/g C60) of 6 animals per group. Change 

in body mass was calculated as a percentage increase from the first day of treatment for control mice 

versus 10 µg/g (A), 30 µg/g (B) and 50 µg/g (C) C60-treated mice. Results shown are the mean ± SEM for 

each group (n=6). Statistical significance was determined using the non-parametric Mann-Whitney U test. 
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Figure 4.2. Gain in body mass on the final day. The overall gain in body mass was calculated as a fold 

change in body mass between the first and last day of measurement for each treatment group. Box and 

whisker plot showing minimum, median and maximum values represents the gain in body mass at the end 

of the study for each group. Results shown are the mean ± SEM for each group (n=6). Statistical 

significance was determined using the non-parametric Mann-Whitney U test. 
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B 

 
 

 

Figure 4.3. Post-mortem analysis of and liver size measurement. Images representative of mice from each 

group indicate that there was no difference in organ morphology between the mice in treatment groups 

and those in the control group (A). Mice livers were weighed at the end of the study, and liver mass was 

normalised to the body mass of each mouse. Bar graph represents the relative liver mass for each group, 

which showed no significant difference (B). Statistical significance was determined using the non-

parametric Mann-Whitney U test. 
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4.2.7. The effect of C60 treatment on xenograft tumour growth in nude mice  

An ectopic xenograft model approach was used to determine the in vivo effects of C60 on 

the growth of oesophageal (KYSE 30 and WHCO6) and cervical (CaSki) cancer tumour 

growth. Five million cancer cells have been previously described as the optimal number of 

cells to be inoculated to induce tumour formation (A. Chi, PhD thesis, 2016ⱡ3). The hind 

flanks of mice were subcutaneously inoculated with 5 million cancer cells, allowed to reach 

palpable size before treatment commenced. While investigating the toxic side effects of 

C60, we observed that mice receiving the30 µg/g or 50 µg/g doses of C60 showed signs of 

discomfort after C60 was injected into them, hence 10 µg/g dose of C60 was used for the 

tumour xenograft study. Tumour-bearing mice of each cancer type were randomised into 

control and 10 µg/g C60 treatment group. The rate of tumour formation for the different 

cell lines varied, therefore day 0 was marked as the first day of treatment for each cell line. 

Tumour measurement, as well as treatment, was done twice a week for 19 days, 26 days 

and 16 days for KYSE 30, WHCO6 and CaSki-tumour bearing mice respectively. 

 

Body mass was measured four times a week and welfare monitoring was done daily. No 

abnormal behaviour was observed in both control and C60-treated mice. Fluctuations in 

body mass were similar between the control and C60-treated mice in KYSE 30, WHCO6 and 

CaSki (Figure 4.4.A, B, C). The overall change in body mass was within the tolerable range 

and was not statistically different between control and C60-treated mice for KYSE 30, 

WHCO6 and CaSki (Figure 4.4.D, E, F) tumours. 
                                                           
ⱡ
3
 A. Chi “Investigating a novel small molecule inhibitor of nuclear import as an anti-cancer approach” PhD 

Thesis, University of Cape Town, 2016. 
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Figure 4.4.  Change in body mass. In the course of the tumourigenesis assay, change in body mass was 

monitored in both control and C60 treatment groups for KYSE 30 (A), WHCO6 (B) and CaSki (C) tumour bearing 

mice. Body mass was calculated as percentage change to the body mass measured on day 0 of each 

experiment. The percentage overall gain in body mass for control and C60-treated mice are shown for each 

cell line (D -F). Results are shown as mean ± SEM for 6 mice in each group. Statistical significance was 

determined using the non-parametric Mann-Whitney U test. 
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Our results showed that C60 treatment of KYSE 30 oesophageal tumours resulted in a 

significant decrease in tumour volume (Figure 4.5.A). A trend towards a decrease in tumour 

volume was observed for WHCO6 (Figure 4.5.B) while no change was observed with the 

CaSki tumours (Figure 4.5.C). The fold change in tumour volume on the last day relative to 

day 0 of the study for each tumour type showed a significant decrease in KYSE 30 tumour 

volume. In the mice bearing KYSE 30 tumours, the control mice had an 18.4-fold increase in 

tumour volume while the C60-treated mice had a 9.4-fold increase. While not significant, 

mice bearing WHCO6 tumours showed a trend towards a decrease in tumour volume 

(Figure 4.6.A). Comparisons of tumour mass at the end of the study also showed a 

significant reduction in tumour mass in the KYSE 30 and a trend towards a decrease for 

WHCO6 tumours (Figure 4.6.B). Images of the control and C60-treated tumours on the last 

day of the study for each cancer type are shown in Figure 4.7. These results show that C60 

has selective effects on tumour growth in vivo, with KYSE 30 oesophageal tumour cells being 

the most responsive of the cell types analysed.  
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B 

 

C 

 
Figure 4.5. The effect of C60 treatment on oesophageal xenograft tumour growth in nude mice. Tumour 

growth for control (DMSO) and C60- treated mice bearing KYSE 30 (A), WHCO6 (B) and CaSki (C) tumours. 

Results shown are the mean ± SEM for 6 mice in each group. Statistical significance was determined using the 

non-parametric Mann-Whitney U test, *p ≤0.05.   
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A 

 

B 

 

Figure 4.6. Evaluation of tumour size at the end of the study. Fold increase in tumour size on the last day of 

the study relative to the starting tumour size on Day 0 (A). Tumour mass at the end of the study (B). Results 

shown are mean ± SEM for 6 mice in each group. Statistical significance was determined using the non-

parametric Mann-Whitney U test, *p≤ 0.05.   
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B 

 
 

C 

 
 
Figure 4.7. Images of tumours at the end of the study. On the last day of the study, mice were euthanised and 
tumours were excised. Images of tumours from both control and C60- treated groups were taken for KYSE 30 
(A), WHCO6 (B) and CaSki (C) tumours. Asterisk marks indicate the presence of necrosis in the tumour mass. 
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4.3. Discussion 

A review by van de Waterbeemd and Gifford (2003) describe that 39% of failure in drug 

development can be attributed to poor pharmacokinetics, while 11% was attributed to 

animal toxicity, hence pharmacokinetic and pharmacodynamic assessment early on in the 

drug discovery process is required 214.  

In this study, we investigated the ADME pharmacokinetic properties of C60 by examining its 

in vitro solubility, metabolic stability, lipophilicity, permeability and plasma protein binding. 

Our results showed that C60 has high solubility and optimal lipophilicity as well as a high 

permeability. The significance of solubility as a pharmacokinetic property was established in 

the BCS (Biopharmaceutical Classification System), a scientific framework for grouping drugs 

based on their aqueous solubility and intestinal permeability. According to this classification 

system, drugs are classified as Class 1 drugs if they have high solubility and high 

permeability 215.  

Metabolic studies done using liver microsomes showed that C60 has high hepatic clearance, 

and a short half-life in human, mouse and rat. The half-life is the time it takes to achieve a 

50% reduction in the plasma concentration or the amount of drug in the body. It also  

describes the time it takes for drug concentration to reach 50% of the expected steady-state 

concentration 216,217. Metabolic stability is one of the major determinants of drug 

concentration and has been used to evaluate bioavailability and toxicokinetics.  

Metabolically unstable drugs have limitations in that the desired therapeutic concentration 

may not be achieved. On the other hand, a measure of instability is advantageous for a 

prodrug where a metabolite is more effective than its parent compound 218. 
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For example, the half-life of N-desmethyl-imatinib the metabolite of imatinib significantly 

exceeds that of its parent compound 219. The short half-life obtained for C60 could be as a 

result of the metabolic breakdown of the parent compound. Therefore, future analysis of 

the metabolic products of C60 may lead to the discovery of pharmacologically effective 

metabolites with significantly longer half-lives. In addition, to note is that the half-life of a 

drug may not necessarily have an influence on its degree of potency. Alavijeh et al (2005) 

reported a group of Benzodiazepines with varying potencies not associated with their half-

lives. They report that Alprazolam, Lorazepam and Triazolam all have short half-lives but 

display high potency while Diazepam, Flurazepam and Clorazepate have long half-lives but 

show low potency 220.  

 
Clearance refers to the capacity of the body to eliminate a drug and, can be classified as 

plasma clearance, blood clearance or clearance dependent on the concentration of 

unbound or free drug. The extraction ratio of an organ is described as the ratio of the rate of 

elimination to the rate of presentation. The ratio of 1 occurs when no drug is released into 

the venous blood after passing through the eliminating organ. Drugs with a ratio of more 

than 0.7 are regarded as high extraction ratio drugs 216. C60 has an extraction ratio that 

ranged between 0.7-0.8, which makes it a drug with a high extraction ratio. The plasma 

protein binding of C60 was shown to be 98%. This is in line with that of some commercially 

available chemotherapeutics. Literature reports have shown a few clinically used anti-cancer 

drugs that have high plasma protein binding. Small molecule inhibitors of EGFR used in the 

treatment of NSCLC such as Gefitinib, Erlotinib, and Dacomitinib have plasma protein 

binding of 90%, 95% and 98% respectively 221. 
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Clinically, the differences between the pharmacokinetic properties of drugs are important 

because they influence the possibility of drug-drug interaction, and consequently the 

efficacy, ideal dose and tolerability of treatment 221. For example, development of resistance 

has been reported for Imatinib, hence, detailed pharmacokinetic data associated with 

clinical response is required for the likelihood of identifying mechanisms of resistance in 

non-responders 219.  

We investigated the potential toxic side effects of C60 in vivo. Results indicated that nude 

mice tolerated C60 up to a dose of 50 µg/g; however, the dose of 10 µg/g was found to be 

more suitable for tumour-bearing mice as there was no sign of discomfort at this dose. An 

increase in body mass was within tolerable range and internal organs were not affected by 

C60 treatment. Subsequent tumorigenesis assays done using an ectopic xenograft mouse 

model showed that C60 had anti-tumour effects on the more aggressive KYSE 30 

oesophageal cancer tumours in vivo, but not all tumour types assayed in this study. There 

are thus similarities and dissimilarities between C60 and INI-43 a small molecule inhibitor of 

Kpnβ1 recently described by our laboratory. While C60 inhibited in vivo tumour 

development in a cell/tissue-specific manner, INI-43 significantly reduced in vivo growth of 

both cervical and oesophageal tumours cells. C60 like INI-43 had no significant adverse toxic 

effect on the animals 142. Other in vivo studies showing that targeting nuclear import 

pathways in tumour development include a study by Kodama et al (2017) reporting 

Ivermectin, an anti-parasitic that also inhibits Importin α/β-mediated nuclear import 

reduced ovarian cancer tumour growth in nude mice 139. Ivermectin, however, does not 

specifically target Kpnβ1 and may have other cellular targets. 
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The inhibition of other Karyopherins such as CRM1 has been shown to have in vivo 

inhibitory effects on cancers of different origin. Selective inhibitors of nuclear export, KPT-

276 and KPT-330 significantly reduced melanoma growth in vivo in nude mice 222. 

In brief, this chapter showed that C60 has a high solubility, permeability and lipophilicity in 

vitro which translates to good oral absorption; however, it had high plasma protein binding 

and a short half-life that indicate that it could be readily cleared from the body which might 

prevent it from been a therapeutically relevant drug if used in a living system. The in vitro 

and in vivo half–life of Importazole, a commercially available inhibitor of Kpnβ1 has not 

been reported in any literature to the best of our knowledge. Selinexor, an inhibitor of 

CRM1, which is currently in phase 1 clinical trials for the treatment of Acute Myeloid 

Leukemia (AML), was reported to have an in vitro half-life of 6 hours 223. Further 

investigation is required to identify the pharmacologically active metabolites of C60, which 

may possibly have longer half-lives. Since the lipophilicity range of C60 predicted that it 

might have a short half-life, the use of Quantitative Structure-Activity/Property 

Relationships (QSAR) models may provide guidance towards identifying the positions on 

compounds where metabolically inert lipophilicity may be included to improve half-lives 

while making sure unbound clearance remains low 224. The lack of adverse effects and 

reduced in vivo tumour growth of certain tumour types suggest that C60 may have value as 

a therapeutic agent for specific tumours. Further investigation into its efficacy on tumour 

types of different tissue origin and aggressiveness is required.  
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Chapter 5: Kpnβ1 purification and investigating Kpnβ1: C60 binding kinetics 

5.1. Introduction 

An in silico screening approach was used to identify C60 as a potential small molecule 

inhibitor of Kpnβ1. Our results in the previous chapters presented data showing that C60 

alters Kpnβ1 sub-cellular localisation and may inhibit the nuclear import of Kpnβ1 cargoes. 

This suggested that C60 inhibits cancer cell biology by targeting Kpnβ1. In this chapter, we 

describe the purification of Kpnβ1 in sufficient quantities for the investigation of the 

potential of C60 to interact directly with Kpnβ1 via protein-drug (Kpnβ1: C60) interactions. 

 

There are various techniques for protein purification including chromatographic and non-

chromatographic methods 225. The method of purification used in this study was an affinity 

chromatography technique, which uses a precise interaction that takes place between a 

molecule in the solute phase and another in the stationary phase. This method is suitable 

for exploiting the high affinity binding that occurs between protein molecules and their 

individual ligands 226,227. Affinity chromatography is based on the molecular recognition of a 

target molecule by a molecule bound to a column 228. It makes use of affinity tags, which 

range from single amino acid to entire proteins and are often attached to the N-terminus or 

C-terminus of the target protein. The target protein can then be selectively trapped and 

purified through association with the tag-specific affinity resin, aside from aiding protein 

purification, these tags also enhance protein solubility and stability 229,230.  
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Kpnβ1 fused with GST was purified using affinity chromatography spin columns. Different 

biological ligands such as Glutathione S-Transferase (GST) have been used as tags. GST is a 

26 kDa protein that is found naturally in eukaryotic cells. GST binds reversibly to glutathione 

attached to a Sepharose matrix.  The engineering of a unique protease site between the GST 

moiety and the protein of interest which allows the GST moiety to be removed from the 

target recombinant protein 230–232.  

 

Protein-protein interactions are a wide class of therapeutic and biological targets that were 

initially thought to be resistant to small molecule modulation 233. A key challenge in the 

identification of compounds capable of interfering with protein-protein interaction is the 

development of efficient techniques to investigate such interactions. There are multiple 

complexities involved in carrying out binding measurements that underlie drug-protein 

interactions 234. Biophysical and computational techniques for investigating small ligand 

screening and drug design are available. These biophysical methods allow the qualitative 

identification of a small molecule to target binding as well as the quantitative determination 

of physical factors related to binding 235. Biophysical methods that have been used in drug 

discovery process include Surface Plasmon Resonance (SPR), Mass Spectrometry (MS), 

Nuclear Magnetic Resonance (NMR), Bio-layer Interferometry (BLI), Circular Dichroism (CD) 

and Isothermal Titration Calorimetry (ITC) 234,236.  
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In this study, Bio-layer Interferometry (BLI) was used to investigate the binding kinetics 

between C60 and Kpnβ1. BLI is an exceptionally sensitive method for investigating protein-

small molecule interactions 234. The Octet Red system (FortéBio, Pall Life Sciences, Menlo 

Park, CA, USA) uses BLI, a label-free technique that measures molecular interactions in real 

time. BLI measures interference patterns between waves of light 237. This technique utilises 

fibers (biosensors) which have an upper surface and a lower surface. The lower surface of 

the tip is coated with a unique material, creating an optical layer that can bind various 

molecules. The binding of a molecule to the lower surface of a biosensor causes a shift in 

the interference pattern, which can be measured in real-time 238. The instrument moves the 

biosensor into a well containing assay buffer to obtain a baseline after which it moves it into 

a well containing the compound. If binding occurs; the instrument detects the difference in 

light reflected from the target surface relative to the response in the assay buffer, and 

response is reported as a change in wavelength shift for the interference pattern. The 

biosensor is moved back into a well containing assay buffer and the dissociation of the 

compound from the sensor is examined 239. 

  

Kinetic analysis of protein-protein and small molecule interaction is an important 

application upon which the Octet instrument family were designed. It is used to measure 

the affinity of an interaction and quantify association and dissociation rate constants for 

reversible, non-covalent binding 237,240. The Octet platform is presently being used in many 

sectors of the pharmaceutical and biotherapeutic drug development processes such as early 

discovery, process development and late-stage clinical trials 240 The equation below is used 

to describe the interaction between two biomolecules 237. 
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Where, 
 

A represents the ligand molecule immobilised on the surface of the biosensor 

B represents the analyte in solution 

Ka represents the equilibrium association constant 

Kd represents the equilibrium dissociation constant 241 

The Kd, which is the affinity constant or equilibrium constant, measures how tightly the 

ligand binds to its analyte (small molecule). The number of ligand molecules with analyte 

bound equals the number of ligand molecules without analyte bound at this concentration. 

There is an inverse relationship between Kd and affinity- the smaller the Kd value the tighter 

the affinity of the analyte to the ligand.  It is expressed in molar units (M) 237,242.  

At the time of this study, purified Kpnβ1 was commercially available but it was not cost-

effective to purchase it for the biophysical analysis. For the purpose of our study, Kpnβ1 was 

purified in sufficient quantities using the GST tag system for the biophysical investigation of 

Kpnβ1: C60 binding interaction using the BLI technique. 
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5.2. Results 

5.2.1. Kpnβ1 protein purification using GST-tag affinity chromatography 

To prepare purified Kpnβ1, a plasmid pGEX-6P1-Kpnβ1 was prepared and transformed into 

E. coli (JM109) bacteria cells as previously described (E. Strydom, PhD thesis, 2016ⱡ4). The 

pGEX vector is an expression vector that makes up the core of the GST expression system243. 

E. coli bacterial cells containing pGEX-6P1-Kpnβ1 grown in Terrific Broth were treated with 

IPTG (Dioxane-Free, Promega™) to induce GST-Kpnβ1 expression. Protein purification was 

done using the batch-binding technique according to the manufacturer’s instructions. GST-

Kpnβ1 was eluted by adding reduced glutathione to the equilibration buffer (Materials and 

Methods) and eluates containing GST-Kpnβ1 alongside flow-through and washes were 

electrophoresed using SDS-PAGE followed by staining the gels with coomassie brilliant blue 

to assess the efficacy of purification.  

Our results showed the induction of Kpnβ1-GST expression as a result of IPTG stimulation in 

the crude lysate compared to the unstimulated lysate (Figure 5.1.A). Eluates were collected 

and quantified alongside BSA standards. A predominant band at ~123 kDa was observed, 

which corresponds to the molecular weight of Kpnβ1 fused to GST (Figure 5.1.B). 

 

The GST tag was also cleaved off using HRV 3C Protease (Thermoscientific, Rockford, IL, 

USA).  The efficacy of purification and GST-cleavage was assessed via SDS-PAGE and 

coomassie blue staining (Figure 5.2.A). Kpnβ1 obtained. A predominant band at ~97 kDa was 

observed, which corresponds to the molecular weight of Kpnβ1 (Figure 5.2.B).  

 
                                                           
ⱡ
4
 E. Strydom “Investigating Karyopherin B1:Small molecule interactions for cancer therapy” PhD Thesis, 

University of Cape Town, 2016. 
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Figure 5.1:  SDS-PAGE gels showing GST-Kpnβ1 staining. Fractions from the batch binding were analysed via 

SDS-PAGE (A). Eluate containing purified GST-Kpnβ1 and BSA standards electrophoresed on SDS-PAGE gel (B). 
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Figure 5.2: SDS-PAGE gels showing Kpnβ1 staining. Fractions from the batch binding were analysed via SDS-
PAGE (A). Eluate containing purified Kpnβ1 and BSA standards electrophoresed on SDS-PAGE gel (B). 
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BSA standards run alongside eluates on SDS-PAGE gels allowed for the quantification of GST-

Kpnβ1 and Kpnβ1 in samples using Image J software. Table 5.1 shows the quantity of GST-

Kpnβ1 and Kpnβ1 purified for a batch of the purification process. The GST-Kpnβ1 

purification table (Table 5.2) shows the nanodrop quantification of the various fractions. 

GST-Kpnβ1 quantity obtained in Table 5.1 was used to determine the percentage purity of 

each fraction shown  in Table 5.2. Result showed that Eluate contained 82.6% pure GST-

Kpnβ1. The Kpnβ1 purification table (Table 5.3) shows the nanodrop quantification of the 

various fractions. GST-Kpnβ1 quantity obtained in Table 5.1 was used to determine the 

percentage purity of each fraction in Table 5.3. Result showed that Eluate contained 85.2% 

pure GST-Kpnβ1.  

 

The total protein obtained was used to determine the purity as only the bands ascertained 

to be GST-Kpnβ1 or Kpnβ1 bands were quantified. Data obtained for GST-Kpnβ1 and Kpnβ1 

in Table 5.1 are from the same batch purification as data contained in Table 5.2 and Table 

5.3 for GST-Kpnβ1 and Kpnβ1 respectively. The purification process was repeated until 

sufficient quantities of protein were obtained for downstream biophysical analysis. 

 

Table 5.1. Table showing the quantity of GST-Kpnβ1 and Kpnβ1. Figures in the table are based on the 

densitometric analysis of SDS-PAGE gel using Image J software. Results are representative of protein quantities 

obtained for a round of purification.  

 
Sample 

 
Intensity 

µg in sample (20 
µL) 

µg/µL µg/mL 
Total protein 

(µg /2 mL) 

 
GST-Kpnβ1 

 
14351.4 4.71 0.235 235 470 

 
Kpnβ1 

 
8139.9 3.46 0.173 173 346 
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Table 5.2. Purification table of the various stages of purification of GST-Kpnβ1 using affinity tag 

chromatography. Results in the table are based on nanodrop quantification are representative of protein 

quantities obtained for a round of purification.  

Fraction 
 
 

µg/mL Volume (mL) Total protein 
(µg) 

% Yield % Purity 

Crude 
 
 

17716 5 88580 100 0.53 

Flowthrough 
 
 

15957 5 79785 90.07 0.59 

Wash 1 
 
 

4232.5 2 8465 9.56 5.55 

Eluate (containing 
GST-Kpnβ1) 

 
 

284.5 2 569 0.64 82.6 

 

 

Table 5.3. Purification table of the various stages of purification of Kpnβ1 using affinity tag chromatography. 

Figures in the table are based on nanodrop quantification are representative of protein quantities obtained for 

a round of purification.  

Fraction 
 
 

µg/µL Volume (mL) Total protein 
(µg) 

% Yield % Purity 

Crude 
 
 

14770 5 73850 100 0.23 

Flowthrough 
 
 

13798 5 68990 93.42 0.25 

Wash 1 
 
 

2862 2 5724 7.75 3 

Eluate (containing 
Kpnβ1 

203 2 406 0.55 85.2 
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5.2.2. Western blot analysis to confirm purified protein as Kpnβ1  

To confirm that Kpnβ1 is present in the eluates, purified protein at different concentrations 

were electrophoresed on an SDS-PAGE gel and western blot analysis for Kpnβ1 carried out. 

An increased GST-Kpnβ1 after IPTG induction was observed in comparison to the 

unstimulated lysate (lanes 1 and 2, Figure 5.3.A). The prominent band in lanes 1-4 had a 

molecular weight of ~123 kDa, which corresponds to the molecular weight of the GST-Kpnβ1 

fusion protein while the predominant bands in lanes 7-9 had a molecular weight of ~97 kDa 

corresponding to the molecular weight of Kpnβ1 (without the GST tag) which was obtained 

after GST has been cleaved off. The protein eluates in lanes 7-9 were incubated with HRV 3C 

Protease to remove the GST tag. HeLa cell lysates were used as a positive control in western 

blot analysis and results showed that the purified Kpnβ1 had a comparable size to that of 

Kpnβ1 in HeLa lysates (Figure 5.3.B). 

Purified Kpnβ1, both the fusion protein, GST-Kpnβ1 and Kpnβ1 with the GST tag removed 

were used in the biophysical analysis. 
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A 
 

 

 

 

 
B 
 

 

 

Figure 5.3:  Western blot analysis of purified Kpnβ1. Different fractions from the batch binding were analysed 

via SDS-PAGE and probed for Kpnβ1 (A). Western blot comparing purified eluate to HeLa cell lysate, both 

bands appeared at ~97 kDa (B). 
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5.2.3. Bio-layer Interferometry (BLI) technology for investigating Kpnβ1: C60 binding   

In this study, we used the Octet instrument platform to perform biophysical analysis of 

Kpnβ1: C60 interactions. The Octet Red system enables binding kinetics to be analysed in 

multiples ways, including the use of a GST biosensor or Super Streptavidin (SSA) biosensor. 

We used both approaches to determine the binding affinity of C60 to Kpnβ1. 

 

5.2.3.1. Measuring GST-Kpnβ1:C60 binding kinetics using a GST biosensor 

The binding affinity between purified GST-Kpnβ1 and C60 was investigated using the GST 

biosensor kinetics assay. The Octet anti-GST biosensor consists of a high affinity anti-GST 

antibody pre-immobilised on the biosensor. Purified GST-Kpnβ1 at a concentration of 100 

µg/mL was loaded onto the anti-GST biosensors, followed by dipping the biosensors into 

wells containing C60 at different concentrations (0.1, 1, 10 and 100 µM). A response from 

~0.4 to ~2.0 nm was observed as a result of GST-Kpnβ1 binding to the anti-GST biosensor 

(Sensors C1 and D1). Sensor C1, the ligand sensor was loaded into C60 while sensor D1 the 

reference sensor (control) was loaded into binding assay buffer. A dose-dependent binding 

of C60 to GST-Kpnβ1 was detected with Sensor C1.  

A control for non-specific binding between the anti-GST biosensor (not loaded with Kpnβ1) 

and C60 was also included with two other sensors (Sensors C2 and D2) were included in the 

experiment.  Sensor C2 (Ligand sensor) was loaded into assay buffer followed by placing it in 

C60 wells while sensor D2 (Reference Ligand) served as the control and was not placed in 

C60 wells (Figure 5.4). 
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Analysis of the data to calculate the binding kinetics was done using the Octet FortéBio 

analysis software. Non-specific interactions were taken into account and a 1: 1 fitting model 

with full local fitting of the curves as well as double reference subtraction was performed. A 

Kd value of 4.4E-05 M (~44 μM) with a R2 value of 0.93 was obtained for GST-Kpnβ1: C60 

interaction. The R2 value is an indicator of how well the curve fits and our experimental data 

correlate with an R2 of 0.95 considered to be a good fit 237. A Kd of 44 μM and an R2 of 0.95 

suggests that C60 binds to GST-Kpnβ1 with weak affinity. We performed similar experiments 

for Importazole, a commercially available inhibitor of Kpnβ1 alongside the GST-Kpnβ1: C60 

experiments. A Kd value of 1.3E-06 M (~1.3 μM) and an R2 value was 0.99 was obtained for 

GST-Kpnβ1-Importazole interaction.  

 

 

Figure 5.4: Sensorgram of GST-Kpnβ1 binding to anti-GST biosensor, followed by binding of C60. The Y-axis 

shows the response in nanometer (nm), and the X-axis shows the time in seconds. Sensor C1 (ligand sensor) 

and Sensor D1 (reference sensor) were loaded with GST-Kpnβ1 before association with C60 or assay buffer 

respectively. As negative controls, Sensors C2 and D2 were loaded with assay buffer prior to association with 

C60 or assay buffer respectively, and were subjected to the same experimental steps as Sensors C1 and D1.  
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5.2.3.2. Kpnβ1: C60 binding kinetics using a Super Streptavidin (SSA) biosensor 

The binding affinity between purified Kpnβ1 (GST tag removed) and C60 was investigated 

using the Super Streptavidin (SSA) biosensor kinetics assay. In this assay, biotinylated Kpnβ1 

was immobilised onto a high-capacity SSA biosensor surface. The SSA biosensors were 

loaded with 100 µg/mL biotinylated Kpnβ1. Blocking was done in 10 µg/ mL biocytin (Sigma) 

prior to dipping the biosensors in wells containing C60 (0.1, 1, 10 and 100 µM) for 

association. A response at ~0.4 to ~3.5 nm as a result of Kpnβ1 binding to the SSA 

biosensors (Sensors E1 and F1) was observed. Significant binding was only observed 

between C60 and Kpnβ1 at 100 µM C60 concentration (Sensor E1-Ligand sensor). As 

previously described sensors E2 and F2 were included as controls for non-specific binding of 

the sensor to C60. Sensor E2 (Ligand sensor) was loaded into assay buffer followed by 

placing it in C60 wells while sensor F2 (Reference Ligand) served as the control and was not 

placed in C60 wells (Figure 5.5). Analysis of data was done using the Octet FortéBio analysis 

software as previously described. A Kd value of 3.1E-06 M (~3.1 μM) with an R2 value of 1 

was obtained for Kpnβ1: C60 interaction. The binding of Importazole, the commercially 

available inhibitor of Kpnβ1 had a Kd value of 1.8E-07 M (~0.18 μM) and an R2 value of 1 

using the SSA method.  

 

A comparison of Kd values obtained from using the GST and SSA biosensors methods is 

shown in Table 5.2. Kd values obtained using purified protein where the GST tag was 

removed were approximately 10 fold lower for both C60 and Importazole compared to that 

obtained for GST-Kpnβ1.  
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Together these results suggest that C60 interacts with Kpnβ1 in the micromolar range. 

Importazole, the commercially available inhibitor similar interacts with Kpnβ1 in the 

micromolar range albeit at lower Kd values than that for C60. Further optimisation of 

experimental conditions is required to obtain data that is more conclusive. 

 

 

Figure 5.5: Sensorgram of Kpnβ1 binding to SSA biosensor, followed by binding of C60. The Y-axis shows the 

response in nanometer (nm), and the X-axis shows the time in seconds. Sensor E1 (ligand sensor) and Sensor 

F1 (reference sensor) were loaded with Kpnβ1 before association with C60 or assay buffer respectively. As 

negative controls, Sensors E2 and F2 were loaded with assay buffer prior to association with C60 or assay 

buffer respectively, and were subjected to the same experimental steps as Sensors E1 and F1.  

 

 

Table 5.2. Binding kinetics of C60 and Importazole using GST and SSA biosensors on the Octet Red. 

 GST Biosensor SSA Biosensor 

Compounds Kd R
2 

Kd R2 

     
C60 44 µM 0.929 3.1 µM 1 

Importazole 1.3 µM 0.998 0.18 µM 1 
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Figure 5.6: A cartoon depicting the use of SSA biosensors in the BLI technique. Graphic representation of the 

binding of C60 to immobilised biotinylated-Kpnβ1 on SSA biosensor. Image is adapted from Carvalho et al 

(2011) 
244 
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5.3. Discussion 

In this chapter, we used the GST-affinity tag purification method to obtain purified Kpnβ1 

(GST-tagged and untagged). Using this technique, we were able to purify Kpnβ1 that was 

quite stable after about 3-4 cycles of freeze thawing (data not shown). Purified Kpnβ1 was 

prepared in sufficient quantities to perform biophysical analysis of either GST-Kpnβ1 or 

Kpnβ1 interaction with C60. 

Protein-protein interaction (PPI) underlies various physiological cellular processes. PPIs are 

also involved in the pathogenesis of multiple diseases. Targeting protein-protein 

interactions via small molecules has multiple issues related to the ‘druggability’ of a target. 

Druggability refers to the alteration of a target protein’s function by small molecules with 

high affinity 245. The contemporary drug discovery process involves three major steps; 

discovery of potential drug target, investigation of its properties and development of a 

compatible ligand. Hence, the knowledge of protein-protein interaction is valuable in the 

development of agents that can target protein complexes involved in different diseases 245. 

Information regarding PPI domains for Kpnβ1 has been reported in the literature. In an 

earlier investigation, the crystal structure of Kpnβ1 bound to Kpnα2 and Ran was used for 

the in silico identification of small molecules with the potential to bind Kpnβ1. C60 was one 

of a number of small molecules identified and further characterised for its inhibitory activity 

on Kpnβ1 associated functions. In the previous chapters, we reported that C60 had anti-

cancer activities in vitro and in vivo and inhibited the nuclear import of Kpnβ1 and that of 

some of its known cargoes e.g. NFAT, NFκB and AP-1. 
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In this chapter, we investigated whether the cancer cell killing effect and interference of C60 

with Kpnβ1 localisation relates to the ability of this small molecule to bind Kpnβ1 directly. 

For the biophysical analysis of a potential Kpnβ1: C60 interaction, we used the Octet 

biosensor system, which relies on the Bio-layer Interferometry technique. Real-time, label-

free biosensors are important biophysical tools in the biopharmaceutical industry and are 

currently being used in various stages of drug discovery and development 246.  

Our results showed binding between C60 and Kpnβ1 in the micromolar range. Kd values of 

44 µM and 3.1 µM were obtained for C60 using the GST and SSA biosensors respectively. 

We also investigated the binding kinetics of Importazole, a commercially available inhibitor 

of Kpnβ1 with its target-Kpnβ1. Our result showed that Importazole had Kd values of 1.3 µM 

and 0.18 µM using the GST and SSA-biosensors respectively. In both cases, removal of the 

GST tag improved the binding kinetics suggesting that the GST tag negatively affects binding 

kinetics in this instance. Since GST-Kpnβ1 was used with the GST biosensor, there is a 

possibility that C60 was interacting with the GST-dimers (formed between GST-Kpnβ1 and 

GST immobilised on the sensor). The binding of GST alone to the GST-biosensors will be a 

good control.   
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Previous work done in our laboratory using Isothermal Titration Calorimetry (ITC) and 

Circular Dichroism (CD) found another small molecule, INI-43 had Kd values in the 

micromolar range (E. Strydom, PhD thesis, 2016ⱡ5). It has been reported in the literature that 

most small molecules developed from non-natural products generally have Kd values in the 

micromolar range indicating weak affinity 247. Biologically significant non-covalent 

interactions have Kd values ranging from picomolar to nanomolar for the strongest 

interactions, and up to a millimolar range for the weakest ones. Small molecule drugs 

generally display tight binding to their target proteins with Kd values in the nanomolar to 

picomolar range 242.  

Although, we were able to generate Kd values using the BLI technique further optimisations 

must be done since non-specific binding of the target protein to the sensors was observed 

for both anti-GST and SSA techniques. Furthermore, the ligand (Kpnβ1) loading step 

requires optimisation as the excess binding of the  ligand to the biosensor can result in data 

artifacts. Over-saturation of the sensor may also cause weaker non-specific binding at 

higher analyte (small molecule) concentrations. The timing of the loading step also plays an 

important role in the kinetic analysis of drug-small molecule binding; slow loading for a 

longer period is preferred to rapid ligand binding 237. In addition to optimising the BLI 

techniques, solution competition experiments can also be performed using the Octet Red 

instrument. Abdiche et al (2008) reported that the Octet does not have the highest 

precision in determining the direct binding of small molecules, however, it can detect their 

affinities indirectly through solution competition experiments 248.  

                                                           
ⱡ
5
 E. Strydom “Investigating Karyopherin B1: Small molecule interactions for cancer therapy” PhD Thesis, 

University of Cape Town, 2016. 
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Our results showing binding of C60 to Kpnβ1, albeit in the micromolar range is promising. 

However, further optimisation of biophysical analysis will have to be performed to arrive at 

more conclusive data of Kpnβ1: C60 binding kinetics.  
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Chapter 6: Conclusion 

6.1. Main conclusion 

Targeted therapy is a treatment approach that is based on the identification of the 

molecular vulnerability of cancer cells. The nuclear transport apparatus in eukaryotic cells 

plays an important role in maintaining normal cell physiology and deregulation in this 

system has been linked to carcinogenesis amongst other diseases. Previous studies in our 

laboratory identified Kpnβ1, Kpnα2 and CRM1 as potential therapeutic targets for cancer. In 

this study, we investigated the effect of C60 on cancer cell biology in vivo and in vitro, its 

effect on nuclear import pathway associated with Kpnβ1, its in vitro ADME pharmacokinetic 

properties as well as its binding kinetics with Kpnβ1. 

The anti-cancer effects of C60 were demonstrated via different cell culture based assays, 

which included proliferation, colony formation and cell cycle assays. Our results show that 

cancer cells tested in this study showed greater sensitivity to C60 treatment in comparison 

to non-cancer epithelial cells. This was further confirmed by MTT proliferation assays where 

non-cancer cells were largely unaffected by C60 at concentrations that caused a significant 

reduction in the proliferation of cancer cells. While the MTT assay has high reproducibility 

and provides information on cytotoxicity and proliferation 249, it has the disadvantage of 

providing inaccurate data, therefore, it should be accompanied with other assays such as 

cell counting kit-8 (CCK-8 assay) 250. While C60 resulted in a significantly reduced anchorage-

dependent proliferation, the effect of C60 on anchorage-independent proliferation would 

paint a more reliable picture of what goes on in a tumour in vivo. The ability of cancer cells 

to display anchorage-independent cell growth has been considered to be an important 

hallmark in cancer biology because it has been linked to tumour aggressiveness in vivo 251.  
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The selectivity of C60 for cancer cells may originate from the increased dependence of 

cancer cells on Kpnβ1 130. The non-cancer cells used in this study were of retinal origin, and 

may not be the best normal controls since cervical and oesophageal cancers were the focus 

of the study. The use of more non-cancer epithelial cells of the cervical and oesophageal 

origins will be appropriate controls that might further highlight the selectivity of C60 for 

cancer cells. 

 

The reduced proliferative ability of cancer cells after C60 treatment was shown to be 

associated with a G1 cell cycle arrest. This arrest was linked to a decrease in the expression 

of cell cycle regulatory proteins such as cyclin D1 and CDK4 whose interaction is necessary 

for the progression of cells from G1/S phase into the G2/M of the cell cycle 180. In this study, 

cell cycle analysis was not done in non-cancer cells. The use of non-cancer cells as positive 

controls in the investigation of the effect of C60 on cell cycle regulation will provide more 

evidence for the selective toxicity of C60. PARP cleavage, which is a classical molecular 

marker of apoptosis and decreased levels of the anti-apoptotic protein MCL-1 associated 

with C60 treatment. Previous work in our laboratory showed that inhibiting Kpnβ1 via siRNA 

silencing similarly showed the degradation of MCL-1 and cell death via apoptosis 127. 

Cleavage C60 also caused a significant reduction in migration and invasion of cancer cells, 

which is comparable with what was observed when cancer cells were treated with INI-43, 

another small molecule inhibitor of Kpnβ1 150. 

 

The elevated expression of Kpnβ1 and that of its adaptor protein Kpnα2 have been shown in 

cervical cancer tissues and cell lines 55. The results presented in this thesis support the 

findings showing that Kpnβ1 and Kpnα2 have significantly higher expression in cervical and 
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oesophageal cancer cell lines in comparison to non-cancer epithelial cell lines, which 

indicate that the overexpression of these proteins is not limited to cervical cancer only. The 

elevated expression of Kpnβ1 has been reported in diffuse large B-cell lymphoma 71, breast 

cancer 130 among others. Likewise, the overexpression of Kpnα2 has been reported for 

numerous cancers including breast 174, oesophageal 23, endometrial 252 and ovarian 253 

cancers.  

 

Using western blot analysis and immunofluorescent microscopy, we investigated the effect 

of C60 on the localisation of endogenous Kpnβ1. Results demonstrated that the localisation 

of Kpnβ1 became altered from the nucleus to the cytoplasm in the presence of C60. In 

addition to causing the cytoplasmic retention of Kpnβ1, C60 also resulted in a shorter 

protein half-life, suggesting increased Kpnβ1 degradation in the presence of C60. These 

results are similar to previous data that showed that for another small molecule, INI-43 

which resulted in the cytoplasmic accumulation of and degradation of Kpnβ1 (S. Carden, 

MSc Dissertation, 2017). Cycloheximide half-life assay showed that C60 reduced the half-life 

of Kpnβ1, thermal stability shift assay using purified Kpnβ1 (which was done in this study) 

can be used to test the effect of C60 on Kpnβ1 stability in vitro. 

 

We also investigated the effect of C60 on the nuclear import of transcription factors that 

have been associated with increased cancer invasiveness and are known cargoes of Kpnβ1. 

Transcription factors, NFκB, NFAT and AP-1 have been implicated in the development and 

progression of cancer 254–256. These set of proteins have been shown to be reliant on Kpnβ1 

for their nuclear import. Using immunofluorescent microscopy and luciferase reporter 

assays, we showed that C60 treatment inhibited the nuclear entry of NFκB. C60 caused a 
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significant reduction in the transcriptional activity of NFκB in the cervical and oesophageal 

cancer cells, and no significant effect was observed in the ARPE-19 non-cancer cell line.  A 

dose dependent decrease in NFAT transcriptional activity in C60 treated cells was also 

observed.  

 

Furthermore, the transcriptional activity of AP-1, as well as the nuclear import of its cJUN 

component, was inhibited by C60. The inhibitory effect of C60 on the activity of these 

transcription factors was compared to that of Importazole, a commercially available 

inhibitor of Kpnβ1 nuclear import. C60 was found to be more efficient at inhibiting nuclear 

import in comparison to Importazole. Together these results suggest that C60 interferes 

with the sub-cellular localisation of Kpnβ1 and thus with the nuclear localisation and activity 

of its cargo proteins. The data on the inhibition of Kpnβ1 cargoes is inconclusive as the 

effect of C60 on the total expression level of these proteins have not been tested, therefore 

it is difficult to determine if nuclear inhibition is as result of Kpnβ1 inhibition or reduced 

expression of the level of the cargo proteins as a result of C60 treatment. The in vitro data in 

this study suggests that C60 has potential as an anti-cancer agent by acting on Kpnβ1. 

 

The early stage of drug discovery involves making predictions of pharmacological and 

toxicological properties of a compound from in vitro cellular and in vivo animal models 257. 

We investigated the in vitro ADME pharmacokinetic properties of C60 by via five major 

parameters; solubility, permeability, lipophilicity, metabolic stability and plasma protein 

binding. The results of these assays provided information, which suggested that C60 is 

readily soluble, and ideal for oral absorption; however, it had the potential of being rapidly 

cleared from the body due to its short half-life. The rapid clearance and short half-life of C60 
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may compromise its use therapeutic drug in its current form, however, it must be noted 

that the ADME studies were performed using in vitro methods. Prediction of in vivo 

clearance from the results of in vitro metabolism assay has been inadequate for many 

studies, as most compounds display no correlation between in vitro stability and in vivo 

clearance 257. In vivo ADME studies are thus required to accurately measure the clearance of 

C60 in an animal model system. Furthermore, the investigation of the metabolites formed 

after the metabolic breakdown of C60 may provide information on its pharmacologically 

active metabolites, which may have longer half-lives and less rapid clearance. These 

metabolite data may provide a lead to the necessary structural modifications that are 

necessary to improve the drug-like properties of C60. 

 

Toxicity studies in nude mice showed that C60 was tolerated up to a dose of 50 µg/g; 

however, the dose of 10 µg/g was used for the xenograft study as tumour bearing mice 

showed signs of discomfort to higher doses of C60. Our results demonstrated that in the 

ectopic xenograft mouse model, C60 injection via the intraperitoneal route inhibited tumour 

growth of KYSE 30 oesophageal cancer cells. KYSE 30 tumours developed necrosis, which is a 

feature of aggressive tumours that have been strongly associated with invasiveness 258. To 

our knowledge, studies showing the effect of inhibiting nuclear import in vivo are limited 

however; the effect of inhibiting nuclear export in vivo has been reported. 

 

The Selective Inhibitors of Nuclear Export, KPT-251 and KPT- 330 have significant inhibitory 

effect on tumour growth in a renal cell carcinoma xenograft mouse model 259,260. KPT-330 is 

currently being tested in clinical trials in a wide range of cancers including prostate, breast, 

ovarian, gastric, cervical and pancreatic cancers 145. Our study and those on inhibiting 
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nuclear import suggest that there is promise in investigating inhibition of nuclear transport 

pathways as an anticancer approach.  

 

Small molecules inhibit protein-protein interaction via three different mechanisms- 

allosteric regulation, interfacial binding and orthosteric inhibition 245. Allosteric regulation 

involves the binding of small molecules to target proteins at sites different from the 

macromolecular interface. Interfacial inhibitors bind to a pocket at the macromolecular 

interface and cause the complex to be locked in a non-functional conformation while 

orthosteric inhibition involves the binding of small molecules to target proteins at sites that 

overlap with areas used for interacting with partner proteins 245.  

 

C60 was identified using in an in silico screen to bind to the overlapping site of Ran and 

Kpnα2 on Kpnβ1, suggesting it as an orthosteric inhibitor. We used Bio-layer Interferometry 

to investigate the binding kinetics between C60 and Kpnβ1. The knowledge of binding 

interaction between drugs and target proteins is essential in order to avoid the side effects 

of drug action. This is achieved by ensuring that the affinity (Kd) between the protein target 

and the drug is as tight as possible. Small molecules have been reported to generally display 

tight binding to their target proteins with Kd values in the nanomolar to picomolar range. 

For example, Imatinib binds to its target with a Kd value of  ~10  nM 242. Preliminary data 

obtained from BLI assay showed that C60 binds to Kpnβ1 in the micromolar range. Similarly, 

the binding kinetics for Importazole, the commercially available inhibitor of Kpnβ1 was 

found to be in the micromolar range in our investigation. This suggests the weak binding of 

these small molecules to Kpnβ1. A possible reason for weak binding could be that C60 was 
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identified using the in silico crystal structure of Kpnβ1, which may not completely reveal 

what the interaction would look like in vitro.  

 

Binding kinetics studies done in our laboratory previously with another potential inhibitor of 

Kpnβ1, INI-43 was done using CD and ITC. ITC has been reported to have high accuracy and 

reproducibility with the error of binding constant in the range of 5%. It has the ability to 

measure binding affinities as low 10-2-103 µM and high affinity interactions with binding 

coefficients as large as 108-109 M-1 261. These techniques can also be used to further 

investigate the binding kinetics between C60 and Kpnβ1. We also observed that the Kd 

values obtained from the SSA biosensors were lower than that obtained from the GST 

biosensors. Possible explanations for this is that GST monomers are able to dimerise and 

have been shown to have Kd values in the nanomolar range 262, the use of GST only protein 

bound to the GST-biosensor can be used to test this. Furthermore, the use of GST 

immobilisation technique has been shown to have a lower overall signal output strength in 

comparison to other immobilisation technique 263. The SSA biosensor generated lower Kd 

values possibly because of the strong interaction between the biotinylated Kpnβ1 and SSA 

biosensors. The streptavidin/biotin interaction has been reported to have low dissociation 

constant of about 10-15 M. The advantage of this approach is the guarantee that the 

orientation of proteins immobilised on the sensor will remain unchanged 263. 

 

In conclusion, this study provides evidence showing C60, a novel small molecule has 

potential as an inhibitor of Kpnβ1, as it has anti-cancer effects in vitro and in vivo and 

interfered with Kpnβ1-mediated nuclear import functions. Our results demonstrate that C60 

has value as a parent compound for the further development of novel inhibitors of Kpnβ1. 
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6.2. Summary of key findings 

 The small molecule C60 inhibited cancer cell proliferation and induced cell death via 

apoptosis while having little or no effect on the viability of non-cancer cells at a 

concentration of 10 µM. 

 Data suggested that C60 inhibited the nuclear import of Kpnβ1 and had inhibitory 

effects on the nuclear translocation and activity of known Kpnβ1 cargoes. 

 C60 decreased tumour growth in oesophageal cancer xenograft mouse model. 

 In vitro ADME pharmacokinetics studies showed that C60 has high solubility, 

permeability and plasma protein; however, liver microsomal assay predicted rapid 

clearance.  

 Preliminary data obtained using the Bio-layer interferometry technique suggest that C60 

binds Kpnβ1 in the micromolar range.  
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6.3. Limitation and recommendation 

1. In this study, primary and immortalised epithelial cells of the retinal origin were used 

as non-cancer controls. The use of non-cancer cervical and oesophageal epithelial 

cells is recommended for future studies. Furthermore, these cells can be used as 

controls for assays such as cell cycle analysis.  

2. Results in this study suggested that the inhibition of Kpnβ1 by C60 resulted in the 

inhibition of the nuclear import of Kpnβ1 cargoes such as NFκB, NFAT and AP-1; 

however, the effect of C60 on the total expression of these cargoes was not 

investigated. This data will provide a confirmation that C60 was indeed inhibiting the 

nuclear import of these cargoes via Kpnβ1 rather than on the cargoes themselves. 

3. The ADME in vitro data suggests that C60 is ideal for oral absorption but has a short  

half-life and rapid clearance. Investigating the products of the metabolic breakdown 

of C60 might reveal the presence of metabolites with longer half-lives. In vivo ADME 

assays should be performed to determine the behaviour of C60 in a living system. 

4. Binding kinetics data obtained using the BLI technique suggested that C60 binds to 

Kpnβ1 in the micromolar range. Variations were observed between Kd values 

obtained with the use of GST and SSA biosensors. While this data provides 

information that C60 might be binding Kpnβ1, the technique must be optimised for 

conclusive Kd value to be generated. Other techniques such as CD and ITC can be 

used to confirm data obtained from BLI.   
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Chapter 7: Materials and methods 

7.1. Materials 

7.1.1. Cell lines 

The following cancer cell lines were obtained from the American Type Culture Collection 

(ATCC) (Rockville, MD, USA): human cervical cell lines, HeLa, SiHa and Caski. The 

oesophageal carcinoma cell lines KYSE 30 and KYSE 150 were previously established by 

Shimada and colleagues 264 and obtained from DSMZ (Berlin, Germany). The oesophageal 

carcinoma cell lines WHCO1, WHCO5 and WHCO6 were originally established from biopsies 

of South African patients with oesophageal squamous cell carcinoma 265 and were obtained 

as a gift from Dr R. Veale at the University of Witwatersrand, South Africa. Cells were grown 

in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Life Technologies, Carlsbad, CA, 

USA) supplemented with 10% Fetal Calf Serum (FCS, Gibco, Life Technologies, CA, USA), 100 

U/mL penicillin and 100 µg/mL streptomycin. 

 

Primary retinal pigmented epithelial cells - ARPE-19 and its hTERT immortalised counterpart, 

hTERT RPE-1 cells were obtained from ATTC (Rockville, MD, USA) and maintained in DMEM: 

F12 (Gibco, Life technologies, Paisley, UK)  supplemented with 10% FCS, 100 U/mL penicillin 

and 100 µg/mL streptomycin. hTERT RPE1 cells were grown in the presence of 

0.01 mg/mL hygromycin B (Sigma-Aldrich). 
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7.1.2. Compounds 

7.1.2.1. Compound 60 (C60) 

C60 (chemical name 9-[1-methyl-3-piperidinyl)methoxy]-4-[6-methyl-2-pyridinyl)methyl]-7-

(5-methyl-2-thienyl)-2,3,4,5-tetrahydro-1,4-benzoxazepine), an inhibitor of Kpnβ1 was 

obtained in powder form from Ambinter (Amb10224332, Orleans, France) and stored as a 

20 mM stock in DMSO at -20 ˚C. 

 

7.1.2.2. Importazole 

Importazole, an inhibitor of nuclear import was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). It was dissolved in DMSO to a stock concentration of 25 mM and stored 4 ˚C. 

 

7.1.2.3. Cisplatin (CDDP) 

Cisplatin was purchased from Sigma-Aldrich (St. Louis, MO, USA) in powder form and 

dissolved to a concentration of 1 mg/mL in 0.9% NaCl. Solutions were filtered using a 0.22 

µm filter and stored in the dark at room temperature. 

 

7.1.2.4. Phorbol-12-myristate-13-acetate (PMA) 

PMA (Phorbol ester) was purchased in powdered form from Sigma-Aldrich (St Louis, MO, 

USA) and was dissolved to a stock concentration of 1 mM in DMSO and stored at -80 ˚C. 

 

7.1.3. Plasmids 

The NFκB/p65 reporter construct in a pGL4 vector containing five copies of the p65 binding 

site responsible for driving the transcription of the luciferase reporter gene luc2P was 
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purchased from Promega (Madison, WI, USA). GFP-NFAT plasmid (Addgene plasmid # 

24219) was a gift from Jerry Crabtree 198. The NFAT-luciferase reporter plasmid containing 

three tandem repeats of a 30-base pair fragment of the IL2 promoter known to bind NFAT 

(Addgene plasmid # 10959) was a gift from Toren Finkel 266. The AP-1 reporter plasmid, 

which contains four AP-1 Luc binding sites (TGAC/GTCA) upstream of the minimal promoter 

sequence from the albumin gene and the firefly luciferase reporter gene 267  was a gift from 

Professor M. Birrer (Harvard Medical School, MA, USA).  

 

7.1.4. Animals 

Animals used in this study were obtained from the animal breeding unit of the research 

animal facility of the Health Sciences Faculty, University of Cape Town South Africa. Male 

and female athymic nude mice (UCT 21) within the age of 6-8 weeks were used. Prior to 

starting the study, animal ethics approval was obtained from the HSFAEC (Health Sciences 

Faculty Animal Ethics Committee-protocol number 016/014). 6 mice were housed per cage 

in autoclaved polysulfone cages with sterile wood shaving as bedding material. A 12-hour 

light and dark cycle was maintained in a room with constant temperature and humidity. 

Mice were fed regularly with autoclaved chow diet and water containing antibiotics and 

multivitamins. All procedures used in the study were in accordance with the guidelines of 

the HSFAEC.  
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7.2. Methods 

7.2.1. Cell culture 

Cells were grown in their respective growth medium (section 6.1.1) in 100 mm tissue culture 

dishes. Prior to trypsinisation, cells were washed with PBS. After cells detached from the 

bottom of the dish, fresh culture medium was used to neutralize trypsin- 

Ethylenediaminetetraacetic acid (EDTA).  Cell suspension, medium and trypsin-EDTA was 

collected into a 12 mL tube. Suspension was centrifuged at 500 x Earth’s gravitational force 

(G) for 3 minutes at room temperature. Supernatant was aspirated to waste and cell pellet 

was resuspended in fresh culture medium. Cell resuspension was introduced into new 

culture dish and incubated in a humidified chamber at 37 ˚C in 5% CO2.  

 

7.2.2. Cryopreservation and reconstitution of cells 

Cells were grown to 70-80% confluency and pellet was collected as described above. Cell 

pellet was resuspended appropriately in cold freezing medium. Cell suspension was 

transferred into properly labelled cryotubes and stored at -80˚C for 3 days before final 

storage in liquid nitrogen.  Cells were recovered by thawing frozen cell suspension in a water 

bath at 37 ˚C and introduced into 100 mm cell culture dish containing fresh growth medium.  

 

7.2.3. Mycoplasma test 

Cells were checked regularly to ensure that they were free of mycoplasma infection. Cells 

were grown in Penicillin/ Streptomycin-free medium for 2 days after which they were plated 

on coverslips. Cells were fixed in cold methanol and stained with 4',6-diamidino-2-

phenylindole dihydrochloride (DAPI) nuclear fluorescent stain. Coverslip was mounted on a 
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microscope slide using mowiol. Cells were visualised using a Zeiss Axiovert fluorescent 

microscope (Carl Zeiss, Jena, Germany). DAPI is a DNA stain that is capable of staining DNA-

containing microorganisms. Hence, mycoplasma contamination is indicated by the presence 

of small blue specks around the cytoplasm of infected cells.  The absence of blue specks in 

the cytoplasm is indicative of mycoplasma-free cells. 

 

7.2.4. EC50 determination 

EC50 is the concentration at which the half-maximal response of a drug is observed. The EC50 

concentration of drugs (C60 and Importazole) in different cancer cell lines and normal cells 

were determined using the MTT (3-[4.5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium 

bromide, Sigma-Aldrich, USA) assay. 5000 cells in 90 µL of culture media were introduced 

into each well of a 96-well tissue culture plate and allowed to adhere overnight. Cells were 

plated in triplicate for each drug concentration and cells treated with DMSO were used as 

control. Cells were treated with various concentrations of the compound ranging from 0.5- 

100 µM. Incubation with drugs was done for 24 or 48 hours at 37 ˚C. Effect of drug on cell 

viability was assayed by adding 10 µL MTT reagent (5 mg/mL) to each well, formazan 

crystals formed were solubilised after the addition of 100 µL solubilisation solution 4 hours 

after. Plates were incubated overnight and absorbencies were measured at OD595 nm using 

a microplate reader (BioTek, Winooski, VT, USA). Absorbance readings of drug treated cells 

were normalised to the absorbance of DMSO-treated  cells and were used to plot dose-

response curve. The EC50 value was calculated using GraphPad Prism V5.0 software. (Graph 

Pad Software Inc., USA).  
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7.2.5. Proliferation assay 

The effect of small molecule inhibitor (C60) on cell proliferation was determined using the 

MTT assay. 1000 cells were plated in 96-well tissue culture plates in triplicate, treated with 5 

µM or 10 µM C60, and incubated at 37 ˚C for 5 days. The effect of treatment on 

proliferation was assayed using the MTT reagent (Sigma). 4 hours later, formazan crystals 

formed were solubilised using solubilisation solution. Absorbances were read at OD595 nm 

using a microplate reader (BioTeK, Winooski, VT, USA). 

 

7.2.6. Colony formation assay 

1 x 103 cells were plated in 6-well plates and left to adhere overnight. The following day, 

cells were incubated in the presence of C60 for 24 hours while DMSO-treated cells served as 

control. Drug-containing media was replaced with fresh media. Growth media was replaced 

every 48 hours and viable cells were allowed to grow for 8 days. In another case, drug-

containing media was left on for a period of 8 days. At the end of both experiments, cells 

were rinsed with cold PBS and fixed with fixation solution (see section 7.3 for composition) 

for 5 minutes at room temperature. Colonies were stained with 0.5% crystal violet (Sigma-

Aldrich) solution and incubated at room temperature for 2 hours, following which stain was 

removed and plates were rinsed in tap water. Plates were left to air-dry overnight before 

images were captured with a standard camera. Colony areas were measured using Image J 

software (National Institute of Health, USA) 

 

7.2.7. Migration assay 

Transwell migration assay was used to monitor the effect of C60 on the migration of cells. 

This assay is an in vitro technique of monitoring the effect of treatment on the motility of 
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metastatic cells. 100 x 104 cells were plated in 35 mm dishes and allowed to adhere 

overnight. Cells were treated appropriately before being trypsinised and resuspended in 

fresh media containing 0.1 % FCS.  Cells were plated at a density of 3 x 104/well into the 

upper chamber of the 12-well Transwell migration chambers (Greiner Bio-One, Austria). 

Chambers were placed into lower chambers containing 20% FCS-containing fresh media 

(chemoattractant). Cells were allowed to migrate through the membrane over a period of 

24 hours. Cells that did not migrate were removed with cotton swab while migrated cells 

were fixed in 70% methanol and subsequently stained with crystal violet (0.2% w/v in 2% 

methanol). Inserts were rinsed with water and allowed to air dry properly. Stained cells 

were counted and images were taken using Zeiss Primovert inverted phase microscope (Carl 

Zeiss, Jena, Germany. Results were normalised to readings of MTT cell viability assay by 

dividing the number of migrated cells by absorbance readings from MTT assay.  

 

7.2.8. Invasion assay 

Tumour invasion system (Corning, BioCoatTM, Bedford, MA) was used to monitor the effect 

of C60 on cancer cell invasion, and the experiment was done according to manufacturer’s 

instruction.  Briefly, cells were grown to ±70% confluency in 100 mm dish before they were 

stained using 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, 

Sigma). Cells were stained with filtered media containing 10 µg/mL DiI for 1 hour at room 

temperature. After staining, cells were replated in 35 mm and allowed to adhere overnight. 

The following day, cells were treated accordingly before trypsinisation and resuspension in 

fresh media containing 0.1 % FCS.  3 x 104 cells in 500 µL of media were added to the apical 

chamber and 750 µL of 20 % FCS containing fresh media (chemoattractant) was added to 

the basal chamber. Cells were allowed to invade through the matrigel matrix over a period 
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of 24 hours. Fluorescence was read OD549 nm and OD565 nm excitation and emission 

wavelengths respectively using Cary Eclipse Fluorescent Spectrophotometer (Agilent, 

Australia). Results were normalised to readings of MTT cell viability assay by dividing the 

absorbance readings of invasive cells by absorbance readings from MTT assay  performed in 

unstained cells exposed to the same treatment procedure. Dil has excitation and emission 

wavelengths of 549 nm and 565 nm respectively 268. 

 

7.2.9. Cell cycle analysis  

To analyse the effect of C60 on cell cycle distribution, 300 x 104 cells were plated in 60 mm 

dishes and treated with C60. Cells were harvested for flow cytometry analysis. Media 

containing floaters was collected into a 12 mL tube and plates were washed twice with 1X 

cold PBS after which cells were trypsinised. Cell pellets obtained after 5 minutes of 

centrifuging at 500 x G were resuspended in 2 mL media and fixed in 8 mL of ice-cold 100% 

ethanol. Cells in ethanol were stored for up to 2 weeks at -20 ˚C. For flow cytometry 

processing, cells were removed from ethanol by centrifuging for 5 minutes at 500 x G at 

room temperature. Cell pellets were rinsed twice with ice-cold PBS. Cell pellets were 

resuspended in a solution of 50 µg/mL of RNase (Sigma-Aldrich) in PBS and incubated at 

room temperature for 30 minutes to remove RNA. Cells were finally stained with staining 

solution containing propidium iodide (PI- 1mg/mL) and incubated at room temperature for 

20 minutes. PI has a maximum excitation wavelength at 535 nm and a maximum emission 

wavelength at 617 nm. Analysis of cell cycle profile was done using BD Accuri C6 Flow 

Cytometer (BD Biosciences NJ, USA). Quantification of the percentage of cells at each stage 

of the cell cycle was done using Modfit software. 
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7.2.10. Protein harvesting and quantification 

7.2.10.1. Protein harvesting from whole cell (Live cells) 

Cells in culture were grown to 80% confluency and subjected to the appropriate treatment 

conditions. To harvest live cells only, cells were rinsed twice with ice-cold PBS after which 

Radioimmunoprecipitation Assay (RIPA) buffer containing complete protease inhibitor 

cocktail (Roche, Basel, Switzerland) and 0.1 M Sodium Orthovanadate for the inhibition of 

phosphatases was added to the dish. Cell lysates were removed using a cell scraper and 

were collected into properly labelled eppendorf tubes. Lysates were sonicated for 10 

seconds to shear the DNA strands and immediately placed on ice. Cell lysates were 

centrifuged at 4˚C for 10 minutes at 10000 x G. Supernatants were carefully collected into 

new properly labelled eppendorf tubes. Harvesting was done entirely on ice. 

 

7.2.10.2. Protein harvesting from whole cell (Live and dead cells) 

In order to analyse cell death via apoptosis, which involves the cleavage of PARP, protein 

was harvested from live and dead cells. After cells have been exposed to different treatment 

conditions, culture medium containing floaters was collected into 12 mL tube after which 

cells  were washed twice with ice-cold PBS. PBS washes were collected into the 12 mL tube 

and spun at 500 x G for 5 minutes at room temperature. Cell pellets were resuspended in 

RIPA buffer containing complete protease inhibitor cocktail (Roche, Basel, Switzerland) and 

0.1 M Sodium Orthovanadate for the inhibition of phosphatases. RIPA buffer was added to 

the culture dishes and scraper was used to collect cells.  Cell lysates were collected into 

eppendorf tubes in addition to cell pellet resuspended in RIPA buffer. Lysates were 
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sonicated for 10 seconds to shear the DNA strands. Cell lysates were centrifuged at 4˚C for 

10 minutes at 10000 x G. Supernatants were carefully collected into new properly labelled 

eppendorf tubes. Harvesting was done entirely on ice.  

 

7.2.10.3. Nuclear and cytoplasmic fractionation 

To assess the variations between the nuclear and cytoplasmic expression of proteins after 

C60 treatment, nuclear and cytoplasmic fractionation was done. Cells were plated in 60 mm 

dishes and exposed to different treatment conditions. For harvesting, cells were rinsed 

twice with ice cold PBS after which trypsinisation was done. Centrifugation was done at 

1000 x G for 5 minutes at 4˚C. Cell pellet was resuspended in harvest buffer and incubated 

on ice for 5 minutes followed by another round of centrifugation at 3000 x G for 10 minutes. 

Supernatant, which contains the cytoplasmic fraction, was collected into a new eppendorf 

tube and stored at   -80˚C. The pellet was washed in buffer A and centrifuged at 3000 x G for 

5 minutes. The supernatant was discarded and pellet was resuspended in buffer C and 

vortexed for 15 minutes at 4˚C after which centrifugation was done at 18000 x G for 10 

minutes. Supernatant containing the nuclear fraction was collected in new eppendorf tube 

at stored at -80˚C. See section 7.3 for  the composition of buffers. 

 

7.2.10.4. Protein quantification 

The concentrations of the proteins were determined using the Bicinchoninic Acid (BCA) 

protein assay kit (Pierce, Thermo Scientific, USA) according to the manufacturer’s 

instructions. The BCA assay is dependent on the conversion of Cu2+ to Cu+ under alkaline 

conditions. The Cu+ is  identified by upon reaction with BCA which results in the 
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development of a deep purple colour 269. In this assay, absorbance reading was measured at 

OD595 nm using a BioTek microplate spectrophotometer (Winooski, VT, USA) and protein 

concentrations were determined using a set of established BSA (Bovine Serum Albumin) 

protein standards. Protein samples were stored at -80 ˚C.  

7.2.11. Western blot analysis 

7.2.11.1. SDS-Polyacrylamide gel electrophoresis  

Using the Mini Protean II system (Bio-Rad, CA, USA), 20 µg of proteins were separated on 

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) gels. 4 x Laemmli 

loading dye was first added to protein samples after which they were denatured by heating 

at 90 ˚C for 5 minutes on a heating block. The samples were subsequently loaded into the 

wells SDS-polyacrylamide gels. 5 µL of a protein molecular weight marker (Kaleidoscope, 

BioRad) was used for the determination of protein sizes. Protein electrophoresis was done 

for an hour at 180 V. 

 

7.2.11.2. Immunoblotting and immunodetection 

After electrophoresis, proteins were transferred to a HybondTM ECLTM nitrocellulose 

membrane (Amersham Biosciences, UK) using a tank transfer system. Transfer was done for 

70 minutes at 100 V. Following transfer, membrane was blocked in 5 % (w/v) fat-free milk in 

TBST (Tris-buffered saline with 0.1% Tween) for 2 hours at room temperature in order to 

prevent non-specific bindings after which primary antibody (refer to  Table 7.1. for antibody 

conditions) incubation was done overnight at 4 ˚C with shaking.  
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Membranes were washed thrice at 5-minute intervals with TBST the following day after 

which secondary antibody was added and incubation was done at room temperature for an 

hour with shaking. Membranes were washed thrice at 5-minute interval after secondary 

antibody incubation. Relevant protein bands were detected by chemiluminescence using 

Lumiglo (KPLinc, Gaithersburg, MD, USA) or Clarity western ECL substrate (Bio-Rad, United 

States) depending on signal strength. Protein bands were visualised by exposing 

nitrocellulose membrane to X-ray films (AGFA) at different times, followed by dipping the 

film in developer (AGFA G128), water, fixer (AGFA G333C) and finally water.  

 

7.2.11.3. Stripping and reprobing of membranes 

For investigating more than one protein on the same membrane, stripping and reprobing 

were done. Stripping is done for the removal of primary and secondary antibodies from 

membranes to permit for investigation of another protein.  Membranes were stripped by 

immersing in 10% acetic acid for 10 minutes at room temperature with shaking. Membranes 

were washed thrice at 5 minutes interval with TBST after which blocking was done with 5 % 

milk in TBST for 2 hours and subsequently, primary antibody incubation followed. 
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Table 7.1:  Antibody concentrations and incubation conditions for western blot analysis  

Primary antibody Primary antibody 
condition 

Secondary 
antibody 

Secondary 
antibody 
condition 

Substrates 

Rabbit anti-PARP-1 
(H-250)[sc-7150, Santa 

Cruz Biotechnology] 

 
1:1000 in TBST 

Goat anti-rabbit 
[Bio-Rad] 

 
1:5000 in TBST 

LumiGlo® 
chemiluminescent 

system (KPL) 

Mouse anti-GAPDH 
(0411) 

[sc-47724,Santa Cruz 
Biotechnology] 

 
1:10000 in 5 % Milk- 

TBST 

Goat anti-mouse 
[Bio-Rad] 

 
1:5000 in 5 % 

Milk-TBST 

LumiGlo® 
chemiluminescent 

system (KPL) 

Rabbit anti-Kpnβ1 
 (H-300) [sc-11367, 

Santa Cruz 
Biotechnology] 

1:2000 in 5% Milk 
TBST 

Goat anti-rabbit 
[Bio-Rad] 

1:5000 in  TBST 
LumiGlo® 

chemiluminescent 
system (KPL) 

Mouse anti-cyclin D1 
(HD11) [sc-246,Santa 
Cruz Biotechnology] 

1:200 in TBST 
Goat anti-mouse 

[Bio-Rad] 
1:2000 in 5 % 

Milk-TBST 
Clarity™ Western 

ECL substrate 

Rabbit anti-CDK4 
(H-22) [sc-601, Santa 
Cruz Biotechnology] 

1:500 in 2. 5 % BSA-
TBST 

Goat anti-rabbit 
[Bio-Rad] 

1:2000 in 5 % 
Milk-TBST 

LumiGlo® 
chemiluminescent 

system (KPL) 
 

Rabbit anti-TFIID (TBP) 
(N-12)  

[sc-204, Santa Cruz 
Biotechnology] 

1:1000 in TBST 
Goat anti-rabbit 

[Bio-Rad] 
1:5000 in 5 % 

Milk-TBST 

 
Clarity™ Western 

ECL substrate 

 Rabbit anti-MCL-1 
 (H-260) [sc-20679, 

Santa Cruz 
Biotechnology] 

1: 250 in TBST 
Goat anti-rabbit 

[Bio-Rad] 
1:2500 in 5 %  

Milk-TBST 

LumiGlo® 
chemiluminescent 

system (KPL) 
 

Goat anti-Kpnα2 (C-20) 
[sc-6917, Santa Cruz 

Biotechnology] 

1: 1000 in 2.5 % Milk-
TBST 

Donkey anti-goat  
[sc-2020, Santa 

Cruz 
Biotechnology] 

1: 2500 in 2.5 % 
Milk 

LumiGlo® 
chemiluminescent 

system (KPL) 
 

Mouse anti-cyclin B1 
(GNS1) [sc-245,Santa  
Cruz Biotechnology] 

1:500 in TBST 
Goat anti-mouse 

[Bio-Rad] 
1:2000 in 5 % 

Milk-TBST 

LumiGlo® 
chemiluminescent 

system (KPL) 
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Table 7.1:  Antibody concentrations and incubation conditions for western blot analysis (continued) 
 

 

 

7.2.12. Cycloheximide half-life experiment 

In order to determine the half-life of Kpnβ1 and Kpnα2, HeLa cells were treated with 5 µM 

C60 for 3 hours prior to treatment with 50 µg/mL CHX. Protein harvesting was done 0, 1, 3, 

6, 9, 24, 48 and 72 hours after CHX treatment. Protein quantification was done using BCA kit 

as previously described. Expression of Kpnβ1 and Kpnα2 was monitored through western 

blotting; GAPDH (Glyceraldehyde 3-Phosphate Dehydrogenase) served as the loading 

control. Bands were quantified by densitometric scanning using image J software. Band 

intensities were plotted in log scale relative to time and half-life (T1/2) was determined using 

the equation T1/2= Log2/ Slope.  

 

7.2.13. Immunofluorescence microscopy 

Cells were plated on coverslips in 6-well plates and subjected to appropriate treatment. 

Cells were washed twice with ice cold PBS prior to fixation with 4% PFA (Paraformaldehyde) 

in PBS for 15 minutes. Cells were washed twice with PBS and permeabilisation was done for 

 
Primary antibody 

Primary antibody 
condition 

Secondary 
antibody 

Secondary 
antibody 
condition 

Substrates 

Rabbit anti-cJUN (D) [sc-
44, Santa Cruz 
Biotechnology] 

1:500  5 % BSA in 
TBST 

Goat anti-rabbit 
[Bio-Rad] 

1:5000 in 5 % 
Milk-TBST 

LumiGlo® 
chemiluminescent 

system (KPL) 
 

Rabbit anti-phospho-
cJUN (Ser63/73) [sc-
16312-, Santa Cruz 

Biotechnology] 

1:250  5 % BSA in 
TBST 

Goat anti-rabbit 
[Bio-Rad] 

1:2500 in 5 % 
Milk-TBST 

LumiGlo® 
chemiluminescent 

system (KPL) 
 

Rabbit anti-cyclin A 
(H-432) [sc-751, Santa 
Cruz Biotechnology] 

1:500 in TBST 
Goat anti-rabbit 

[Bio-Rad] 
1:2000 in 5 % 

Milk-TBST 

LumiGlo® 
chemiluminescent 

system (KPL) 
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10 minutes using 0.25% Triton X-100 in PBS at room temperature. Cells were washed thrice 

at 5-minute intervals with PBS, after which blocking was done in 1% BSA in PBST and 0.3 M 

glycine for 30 minutes. Cells were subsequently incubated with primary antibody (Table 7.2) 

diluted in 1 % BSA in PBST for 1 hour at room temperature, following which  washing with 

PBS was done thrice at 5-minute intervals. Secondary antibody diluted in 1 % BSA in PBST 

was added to the cells and incubation was done for 1 hour at room temperature in the dark. 

Washing was done thrice at 5-minute intervals using PBS. DAPI (200 µg/mL, Sigma Aldrich, 

USA) was diluted to 1:400 in PBS was used to stain the nuclei of cells. Coverslips were 

mounted on microscope slides using moviol. Visualisation and capturing of images was done 

at 100x in oil immersion using Zeiss Axiovert 200M fluorescent microscope with AxioVision 

4.8 Zeiss software and an AxioCam HRm (Carl Zeiss, Jena, Germany). Cy3 Goat anti Rabbit 

antibody has an excitation wavelength of OD548 nm and an emission wavelength of OD561 

nm while DAPI has an excitation wavelength of OD359 nm and an emission wavelength of 

OD461 nm 270. 

 

Table 7.2:  Antibody concentrations and incubation conditions for immunofluorescent microscopy 

Primary antibody Primary antibody 
condition 

Secondary antibody Secondary antibody 
condition 

Rabbit anti NFκB/p65 
[Santa Cruz] 

1:100, 1% BSA in 
PBST 

Cy3 Goat anti Rabbit 
[Jackson 

ImmunoResearch 

1:300, 1% BSA in 
PBST 

Rabbit anti-Kpnβ1 
(H-300) [sc-11367, 

Santa Cruz 
Biotechnology] 

1:100, 1% BSA in 
PBST 

 

Cy3 Goat anti Rabbit 
[Jackson 

ImmunoResearch] 

1:300, 1% BSA in 
PBST 

Rabbit anti-Kpnα2 
[Ab97580, Abcam] 

 

 
1:100, 1% BSA in 

PBST 
 

Alexa Fluor 647  
Chicken anti Rabbit  

IgG (Molecular  
Probes) 

1:150, 1% BSA in 
PBST 
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7.2.14. Luciferase assay 

Luciferase assays have been used to study transcriptional gene expression. Typically, a 

reporter gene is cloned alongside the DNA sequence of interest into an expression vector, 

which is then transfected into cells. Consequently, the cells are examined for the presence 

of the reporter by quantifying the reporter protein itself or its enzymatic activity 271. To 

assay for NFAT luciferase activity, 3 x 103 cells were plated in each well of a 24-well plate. 

Cells were allowed to settle overnight. Cells were transfected with 50 ng GFP-NFAT plasmid 

(Addgene, Cambridge, Massachusetts, USA, Plasmid #24219 gift from Jerry Crabtree)198, 50 

ng NFAT-luciferase (Addgene plasmid # 10959, gift from Toren Finkel) 266, 5ng PRL-TK Renilla 

and 0.4 μL GenecellinTM transfection reagent (Celtic Molecular Diagnostic, South Africa).  

Renilla was used as the internal control for measuring the transfection efficiency of the Dual 

luciferase assay. Cells were then subjected to various treatment conditions treated and 

stimulated with 500 nM PMA (Sigma) and 1.3 μM Ionomycin (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA) for 3 hours prior to lysis using 100 µL 1 x passive lysis buffer (Promega, 

USA). Luciferase firefly activity was measured using the Dual Luciferase kit (Promega, USA) 

on the Glomax 96 microplate luminometer (Promega, USA.  

 

To assay for NFκB/p65 and AP-1 luciferase activities, cells were plated in 24-well plates and 

transfected with 100 ng of p65 luciferase reporter which contains five copies of the p65 

binding site (Promega, USA) or 100ng AP-1 luciferase reporter which contains four copies of 

the AP-1 binding site 272 and 10 ng pRL-TK Renilla using  0.4 µL GenecellinTM transfection 

reagent (Celtic Molecular Diagnostic, South Africa) overnight. Cells were then subjected to 

various treatment conditions. 3 hours before reading luciferase activity, cells were 

stimulated with 500 nM PMA (1 hour stimulation for AP-1) after which they were lysed 
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using 100 µL 1 x passive lysis buffer (Promega, USA). Luciferase firefly activity was measured 

using the Dual Luciferase kit (Promega, USA) on the Glomax 96 microplate luminometer 

(Promega, USA).  Luciferase reading was normalised to Renilla luciferase activity in the same 

extract.  

 

7.2.15. ADME pharmacokinetic assays 

In Vitro ADME pharmacokinetic assays were done with support from H3D Africa at the 

University of Cape Town. 

 

 

7.2.15.1. Kinetic solubility assay 

Kinetic solubility assay was done to examine the solubility of C60 in an aqueous medium. 

This assay was done using a mini shake flask technique. C60 was dissolved to a stock 

concentration of 10 mM in DMSO, which was subsequently used to prepare calibration 

standards ranging between 10-220 µM. Standards were diluted in PBS (pH 7.4) to a final 

DMSO concentration of 2%. Solutions were stirred continuously at 25 ˚C for 2 hours to 

permit solubilisation of C60. Solutions were filtered and analysed by HPLC-DAD (Agilent 

1200 Rapid Resolution HPLC with diode array detector). A best-fit standard curve was 

constructed using the calibration standards, which were then used to calculate the aqueous 

solubility of C60.  

 

 

7.2.15.2. Plasma protein binding assay 

Plasma protein binding assay was employed to examine the percentage of C60 that is able 

to bind the human plasma protein. Briefly, this assay was done in a 96-well microplate 
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containing pooled human plasma (blood bank K3 EDTA). 10 mM stock of C60 in 100% DMSO 

was diluted to 1 µM which was eventually used in spiking human plasma. Total plasma 

concentration samples were prepared by removing an aliquot of plasma spiked with C60 

and quenching it with ice-cold acetonitrile containing 0.1 µM carbamazepine (internal 

standard control) and storing it in the freezer. Duplicate aliquots of spiked plasma were 

incubated at 37 ˚C for 30 minutes with shaking following which they were transferred into 

ultracentrifuge tubes for centrifugation (Beckman Optima L-80XP) at 37 ˚C for 4 hours at 

42000 rpm. Duplicate dilution of the control drugs was done in plasma and incubation was 

done at 37 ˚C for 4 hours with shaking. Shaking and ultracentrifugation steps were 

necessary for ensuring the separation of free drug from plasma protein-bound drug. After 4 

hours, C60 samples and control drugs were transferred into the wells of the 96-well plate 

and quenched with ice-cold acetonitrile with carbamazepine (0.1 µM). All samples were 

centrifuged (Digtor OR/CE115, United Scientific) for 10 minutes at 3000 rpm and the 

supernatant was filtered.  Analyte concentration of C60 and control drugs were determined 

by LC-MS/MS (Agilent Rapid Resolution HPLC, AB SCIEX 4000 QTRAP MS). The peak areas/ 

internal standard peak area were referenced to the total plasma concentration samples in 

order to determine the percentage of the plasma-bound compound. 

 

7.2.15.3. Parallel Artificial Membrane Permeability Assay (PAMPA) 

PAMPA is an in vitro assay used in investigating the trans-cellular permeability of a drug. It 

provides information about the oral absorption capacity of a drug. Briefly, this assay was 

done in triplicate in 96-well multiscreen filter plates (Millipore, 0.4 µM PCTE Membrane) 

which have been pre-coated with hexadecane and allowed to dry. Membrane integrity 
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marker, Lucifer yellow was included in the wells of the donor plate containing buffer (pH 

6.5) spiked with 1 µg/mL C60. Donor plate was slotted into the acceptor plate containing 

phosphate buffer (pH 7.4) to form a sandwich after which incubation was done for at 50 

rpm (IKA MS3 Digital shaker, Sigma) for 4 hours at room temperature to permit for passive 

diffusion of the compound. Subsequently, samples were transferred from the acceptor wells 

into the analysis plate and quenched with acetonitrile containing 0.0236 µg/mL 

carbamazepine (internal control) before analysis was done using LC-MS/MS (Agilent Rapid 

Resolution HPLC, AB SCIEX 4500 MS). Normalised peak areas were used to determine the 

apparent permeability (Papp) of the samples. Membrane integrity was evaluated by 

calculating the  Papp  of Lucifer yellow using Modulus microplate reader at 490 nm excitation 

wavelength and 510-570 nm emission wavelength 273. 

 

7.2.15.4. Lipophilicity assay 

Lipophilicity assay was used to explore the extent to which C60 dissolves in organic solvents. 

This assay was done in triplicate using a scaled down shake flask method.  Briefly, 10 µL C60 

(10 mM) was added to a 1:1 mixture of octanol (495 µL) and 0.1 M phosphate buffer (495 

µL) in a microtiter plate. Solutions in microtiter plates were shaken at 1500 rpm (IKA MS3 

Digital shaker, Sigma) for 2 hours at room temperature followed by centrifugation to 

separate the octanol/PBS layers. Aliquots of each layer were analysed by HPLC-DAD (Agilent 

1200 Rapid Resolution HPLC with diode array detector) to determine the concentration of 

C60 in each layer which was eventually used to calculate the partition coefficient (LogD 7.4) 

274. 

 

 



164 

 

7.2.15.5. Microsomal stability assay  

Hepatic metabolic stability assay was done to examine the rate at which C60 is broken down 

by metabolic enzymes. Metabolism is the enzymatic alteration of compounds, which plays a 

role in determining oral bioavailability, clearance and in vivo half-life. Metabolism occurs 

majorly in the liver 211. This assay was performed in duplicate in 96-well microtiter plate. 1 

µM C60 was incubated separately in 0.4 mg/mL pooled human, rat and mouse liver 

microsomes (Sekisui Xenotech, LLC. Kansas City, US) at 37 ˚C at different time points in the 

presence or absence of 1 mM NADPH (cofactor). Reactions were quenched at different 

times by adding 300 µL of ice-cold acetonitrile containing 0.0236 µg/mL carbamazepine 

(internal standard). The half-life and clearance of C60 was  determined by analysing the 

quantity of C60 contained in the supernatant by LC-MS/MS (Agilent Rapid Resolution HPLC, 

AB SCIEX 4000 QTRAP MS) 274. 

 

7.2.16. In vivo studies 

7.2.16.1. In vivo toxic side effect study 

In order to confirm the suitability of C60 for in vivo studies in nude mice, toxic side effects of 

C60 was investigated.  Low (10 µg/g), intermediate (30 µg/g) and high (50 µg/g) doses of 

C60 in PBS were tested and 7.5% DMSO in PBS served as control. 24 mice were randomised 

into three experimental groups and a control group of 6 mice each. Animals were injected 

intraperitoneally twice a week for a period of 28 days. Animals were monitored daily for 

their wellbeing while body mass was monitored four times a week. Mice were euthanised at 

the end of the study using halothane overdose. An animal technician from the UCT animal 

unit carried out the autopsies to determine if the drug caused any internal toxic effects. 
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Signs of toxicity investigated include liver enlargement, inflammation, adherence of organs 

to each other, discolouration and deposits and the site of injection. The liver of each mouse 

was excised and weighed.  

 

7.2.16.2. In vivo tumour formation assay 

Tumourigenesis assay was carried out using cervical (HeLa S3 and CaSki) and oesophageal 

(WHCO6 and KYSE 30) cancer cell lines. 5 million cells were injected via the subcutaneous 

route into the hind flank of nude mice. Cells were prepared for inoculation by culturing 

them in 15 cm dishes until they reached 70-80% confluency. Cells were harvested using 

trypsin, washed twice with warm PBS and resuspended in PBS to a concentration of 10000 

cells/µL. 500 µL of cell suspension was injected subcutaneously into the hind flank of each 

nude mouse. The mice were monitored daily for welfare and tumour development. Tumour 

was allowed to reach a palpable size of 5 mm before the commencement of treatment. 

Tumour formation in KYSE 30, WHCO6 and CaSki cells took approximately 5, 10 and 48 days 

respectively. Tumour length and width were measured using a digital caliper. Tumour 

volume was calculated using the formula: 

Tumour volume (mm3) =                      

 

7.2.16.3. Tumourigenesis assay  

When tumour size reached 5 mm, tumour-bearing mice of each cancer type were 

randomised into two groups of 6 each. Mice were injected via the intraperitoneal route with 

either 7.5% DMSO in PBS (vehicle control) or 10 µg/g C60 twice a week for 28 days. Tumour 

volume was measured on the first day of treatment (Day 0) and twice a week subsequently 
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using a digital caliper. At the end of each study, tumour-bearing animals were euthanised, 

following which their tumours excised, weighed, and pictures were taken. Extracted 

tumours were fixed in formalin to be used for further analysis using immunohistochemistry 

technique. 

 

7.2.17. Protein purification and small molecule binding kinetics 

7.2.17.1. GST-Kpnβ1 protein induction 

10 mL E. coli starter culture using TB (Terrific Broth) containing 60 µg/mL Ampicillin (Sigma 

Aldrich) and pGEX-6P1-Kpnβ1 was grown for about 16 hours before transferring to 1 L 

culture containing  Ampicillin in an orbital shaker incubator (LM-510, YIHDER,Taiwan) at 200 

rpm. OD600 reading was monitored until it reached ˜0.6 before stimulation was done 

overnight with 0.1 mM IPTG (Dioxane free, Promega). Prior to IPTG stimulation, 100 µL of 

unstimulated lysate was stored for downstream comparison to IPTG-stimulated sample 

(crude). The following day, bacteria pellet was collected after centrifugation at 7700 x G for 

10 minutes at 4 ˚C. Bacteria pellet was stored at – 80 ˚C for 1 week.  

 

7.2.17.2. Kpnβ1 protein purification using Glutathione spin column  

Bacteria pellet stored at – 80 ˚C was allowed to thaw on ice while pre-chilling 

equilibration/wash buffer (see solutions section). Bacteria pellet was resuspended in 5 mL of 

equilibration buffer. Three cycles of freeze thawing on liquid nitrogen was done prior to 

sonication on ice. Centrifugation was done at 12000 x G for 10 minutes at 4 ˚C. Crude lysate 

was added to the resin (Pierce Glutathione Spin Columns, 1mL resin bed, Thermoscientific, 
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Rockford, IL, USA) placed on a rotator and kept in the cold room (4 ˚C) for 2 hours. Elution of 

flow-through and washes were done using a solution of ice-cold equilibration buffer. After 

washing stage, 2 mL of elution buffer was added to the spin column and HRV 3C Protease 

(Thermoscientific, Rockford, IL, USA) was added to the mix to cleave off the GST-tagged to 

Kpnβ1. Incubation was done in the cold room (4 ˚C) overnight. Purified Kpnβ1 protein was 

eluted after centrifugation and stored at – 80 ˚C. 

To elute GST-Kpnβ1, reduced glutathione was included in the equilibration buffer with the 

absence of HRV 3C protease after the washing steps. Purified GST-Kpnβ1 was stored at – 80 

˚C. Purified protein alongside flowthrough and washes were electrophoresed using SDS-

PAGE and stained with coomassie brilliant blue to determine the efficiency of purification. 

Different concentrations of BSA were electrophoresed alongside the purified protein to 

determine protein concentration using Image J software.     

    

7.2.17.3. Protein-Small molecule kinetics assay 

I. Binding kinetics using GST-Biosensors 

Purified GST-Kpnβ1 protein was concentrated and reduced glutathione contained in elution 

buffer was removed using Amicon ultra 30 KDa spin column (Merck Millipore, Ireland). 

Concentration was determined using BSA standards. GST-biosensors were hydrated in 200 

µL of ligand buffer (Equilibration buffer) contained in a 96-well black, flat-bottom 

microplate. 200 µL of assay reagents, which are ligand (GST-Kpnβ1), GST-Kpnβ1 assay buffer 

and the various concentrations of C60 were transferred into the appropriate wells of a black 

polypropylene assay microplate. Sensor hydration plate was aligned to assay microplate 
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before the commencement of the kinetics assay. Analysis of data was done using the Octet 

FortéBio analysis software.  

 

II. Binding kinetics using Super Streptavidin Biosensors 

The binding interaction between purified Kpnβ1 (without GST tag) and C60 was investigated 

using Super Streptavidin (SSA) biosensors. Purified Kpnβ1 was concentrated prior to buffer 

exchange into PBS using desalting spin columns (2 mL Zeba desalting spin column, 

ThermoScientific) to remove primary amines such as Tris or glycine. Kpnβ1 in PBS was then 

biotinylated (EZ-Link NHS-PEG4-Biotin, ThermoScientific) according to the manufacturer’s 

instruction. Removal of excess biotin was done using a desalting column. Biotinylated Kpnβ1 

was used for SSA binding kinetics. SSA-biosensors were hydrated in 200 µL of ligand buffer 

(PBS) contained in a 96-well black, flat-bottom microplate. 200 µL of assay reagents, which 

are ligand (Kpnβ1), Kpnβ1 assay buffer and the various concentrations of C60 were 

transferred into the appropriate wells of a black polypropylene assay microplate. Sensor 

hydration plate was aligned to assay microplate before the commencement of the kinetics 

assay. Analysis of data was done using the Octet FortéBio analysis software.  

 

 
7.2.18. Statistical analysis 

Experiments were performed in triplicates or quadruplicates and expressed as mean ± 

standard error of mean (SEM) unless stated otherwise. All in vitro experiments were 

performed at least two independent times. Data analysis was done using the student’s t-test 

(paired) and a p-value of <0.05 was considered statistically significant. For the in vivo animal 

study, changes in the body mass of mice and liver mass were analysed using the non-
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parametric Mann-Whitney U test, and a p-value of <0.05 was considered statistically 

significant.     
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7.3. Solutions 

7.3.1. Tissue culture solutions 

Trypsin-EDTA (1 L) 

0.5 g Trypsin  

8 g NaCl  

0.2 g KCl  

1.45 g Na2HPO4 .2H2O  

0.2 g KH2PO4   

10 mM EDTA, pH 8.0  

Up to 1 L with PBS 

 

Cell freezing media                               

90% complete DMEM with P/S (Penicillin/Streptomycin) 

10% DMSO 

 

10 X PBS                                                    

40 g NaCl   

1 g KCl 

1 g KH2PO4 

5.75 g Na2HPO4.7H2O 

Up to 500 mL with dH2O 

Autoclave  

 

MTT (5 mg/mL)                                       

100 mg MTT 

20 L 1 X PBS 

Vortex and incubate at 37 ˚C for 15 minutes  

Wrap in foil and store at 4 ˚C for up to a month 

 

Solubilisation Solution                                  

25 g SLS  

Add 76.6 µL concentrated HCl   

Up to 250 mL with dH2O   

 
Colony fixation solution (160 mL)         

Acetic acid (20 mL) 

Methanol (140 mL) 
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Crystal violet 0.5% solution (100 mL)                  

500 mg crystal violet   

25 mL methanol  

75 mL dH2O 

 

7.3.2. Protein solutions 

RIPA Buffer                                                 

150 mM Sodium Chloride  

1 % Triton X‐100  

1 % Sodium Deoxycholate  

0.1 % SDS 

10 mM Tris‐Cl, pH 7.4 

 

Complete RIPA Buffer 

1 mM Na3VO4 

1 mM NaF 

1 X Protease inhibitor cocktail (Roche) 

 

Harvest buffer (Nuclear and cytoplasmic fractionation- 10 mL) 

1.72 g Sucrose 

100.5 µL 1 M HEPES pH 7.9 

502 µL 1 M NaCl  

2 μL 500 mM EDTA 

50 μL Triton X-100  

Up to 10 mL with dH2O 

 

Buffer A (Nuclear and cytoplasmic fractionation-10 mL)  

100 μL 1 M HEPES pH 7.9  

100 μL 1 M KCl  

2 μL 500 mM EDTA  

2 μL 500 mM EGTA  

100 μL 0.1 M Na2VO3 

1 mL 10 X protease inhibitor cocktail 

Up to 10 mL with dH2O  

 

Buffer C (Nuclear and cytoplasmic fractionation-10 mL)  

100 μL 1 M HEPES pH 7.9  

5 mL 1 M NaCl  
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10 μL 100 mM EDTA  

10 μL 100 mM EGTA  

200 μL 5 % NP-40  

100 μL 0.1 M Na2VO3 

1 mL 10 X protease inhibitor cocktail 

Up to 10 mL with dH2O 

10 % APS                                                   

0.1 g APS   

1 mL dH2O 

 

10 % SDS                                                   

20 g SDS  

Up to 200 mL with dH2O (stir on low heat) 

 

1M Tris                                                      

60.5 g Tris 

300 mL dH2O 

pH with concentrated HCl to desired pH of 6.8 or 8.8 

make up to 500 mL with dH2O 

 
 

4% Stacking Gel                               

3.65 mL dH2O                                                                

0.625 mL 1M Tris-Cl pH 6.8                                                                   

50 µL 10 % SDS 

0.65 mL 30 % Acrylamide 

60 uL 10 % Ammonium Persulphate (APS) 

6 µL TEMED 

 

10 % Separating Gel                         

2.75 mL dH2O                                                                      

3.75 mL 1M Tris-Cl pH 8.8                                                               

100 µL 10 % SDS                                                             

3.35 mL 30 0% Acrylamide      

200 µL 10 % Ammonium Persulphate (APS) 

20 µL TEMED 
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12.5% Separating Gel                            

5.3 mL dH2O 

5.85mL 1 M Tris-Cl pH 8.8 

156.25 µL 10% SDS 

4.22 mL 30 % Acrylamide  

312.5 µL 10 % Ammonium Persulphate (APS)      

31.25 µL TEMED 

 

15 % Separating Gel                                 

2.3 mL dH2O 

2.5 mL 1 M Tris-Cl pH 8.8 

100 µL 10 % SDS 

5mL 30 % Acrylamide  

100 µL 10 % Ammonium Persulphate (APS) 

31.25 µL TEMED 

 

4 X Laemmli loading dye (10 mL) 

4 mL Glycerol    

0.5 mL 0.1% Bromophenol Blue    

2.5 mL 1 M Tris-Cl pH 6.8   

3 mL 20 % SDS    

10 µL 100 % β-mercaptoethanol   

Before  use, 50 μL of β-mercaptoethanol was added to 450 μL of the dye solution. Solution 

was kept at room temperature for a maximum period of 1 month 

 

10 X Running Buffer (500 mL)                           

20 g Glycine                

31.6 g Tris 

50 mL 10% SDS 

Up to 500 mL with dH2O  

 

1 X Running Buffer                           

100 mL 10 X Running Buffer 

900 mL dH2O 

 

10 X Transfer Buffer (500 mL)                        

72 g Glycine 

19 g Tris 

Up to 500 mL with dH2O 
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1 X Transfer Buffer                           

100 mL 10X Transfer Buffer 

200 mL Methanol 

700 mL dH2O 

 

10 X TBS (1 L)                                    

24.23 g Tris  

80.06 g NaCl 

Adjust pH to 7.6 with concentrated HCl 

Up to 1000 mL with dH2O  

 

1 X TBST                                            

100 mL 10X TBS 

900 mL dH2O 

1 mL Tween 20 

 

7.3.3. Flow cytometry solutions 

FACS Staining Solution                                 

0.1% Triton X‐100  

2 mM MgCl2    

100 mM NaCl 

10 mM PIPES, pH 6.8 

10 µg/mL Propidium Iodide  

 

1 M MgCl2                                               

40.66 g MgCl2   

200 mL of dH2O 

 

0.1 M PIPES pH 6.8                      

6.05 g PIPES  

200 mL of dH2O 

 

5 M NaCl                                                   

58.44 g NaCl   

200 mL of dH2O 

 

 



175 

 

7.3.4. Immunofluorescence solutions 

4% Paraformaldehyde  

 40 g paraformaldehyde  

 900 mL PBS  

 Heat to about 60 ˚C with constant stirring  

 Clear solution by adding by adding 1 N NaOH in a drop wise manner  

 Make up to 1 L with PBS  

 Filter sterilize 

 

0.25% Triton X100 in PBS (250 mL) 

625 µL Triton X 100 in 1 X PBS 

 

0.1% PBST (250 mL) 

250 µL Tween 20 in 1 X PBS 

 

1% BSA in PBST (100 mL) 

1g BSA in PBST 

 

1% BSA in PBST + 0.3 M Glycine (50 mL) 

1.1.26 g Glycine in 1% BSA + PBST 

 

Mowiol Mounting Solution  

2.4 g Mowiol-488  

6 g Glycerol  

6 mL dH2O  

Stir vigorously  

12 mL 200 mM Tris-Cl, pH 8.5  

Heat to about 60 ˚C with constant stirring 

Centrifuge at 5000 x G for 15 minutes, collect supernatant into new tube 

Store at -20 ˚C  

  

Mowiol Mounting Solution (with anti-fade)  

Add very little amount of N-propyl gallate (anti-fade) to 1 mL already thawed Mowiol 

Heat at 37 ˚C overnight to dissolve 

Spin before use to sediment undissolved anti-fade 

Store at 4 ˚C (discard once Mowiol has yellowish colour) 
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7.3.5. Protein purification solutions 

Terrific Broth (1 L) 

12 g tryptone 

24 g yeast extract 

4 mL glycerol 

Make up to 900 µL with dH2O  

Autoclave and allow to cool   

Add 100 mL of autoclaved 0.17 M KH2PO4 and 0.72M K2HPO4 

 

Equilibration/Wash Buffer (200 mL) 

50 mM Tris 

150 mM NaCl 

150 mL dH2O 

Adjust pH to 8.0 with HCl 

Make up to 200 mL with dH2O 

 

Elution Buffer 

50 mM Tris 

150 mM NaCl 

150 mL dH2O 

Adjust pH to 8.0 with HCl 

Make up to 200 mL with dH2O 

Add 10 mM reduced glutathione before use 

 

GST-Kpnβ1 assay buffer 

Equilibration/wash buffer 

0.02% Tween 20 

1% DMSO 

 

Kpnβ1 assay buffer 

1 X PBS 

0.02% Tween 20 

1% DMSO 

 

Coomassie Blue Staining (1 L) 

0.5 g coomassie brilliant blue 

500 mL methanol 

100 mL acetic acid 

400 mL dH2O 
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Destaining Solution (1 L) 

50 mL methanol 

70 mL acetic acid 

Make up to 1 L with dH2O 

 

7.3.6. Others 

0.5 M EDTA  

186.12 g Na2 EDTA-2H2O  

800 mL dH2O  

Adjust to pH 8.0 with NaOH  

Make up to 1 L with dH2O  

Autoclave  

    

0.5 M EGTA  
190.18 g EGTA  
800 mL dH2O  
Adjust to pH 8.0 with NaOH  
Make up to 1 L with dH2O  
Autoclave  
 

1 M Tris-Cl  

121 g Tris  

800 mL dH2O  

Adjust to pH 8.0 with conc. HCl  

Make up to 1 L with dH2O  

Autoclave  

  

1 M HEPES  

238.80 g HEPES  

800 mL dH2O  

Adjust to desired pH using KOH pellets  

Up to 1 L with dH2O  

Filter sterilize 
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7.3.7. Fluorophores  

Maximum excitation and emission wavelengths  

 

Fluorophore Maximum excitation wavelength 
(nm) 

Maximum excitation wavelength 
(nm) 

Cy3 548 561 

PI (Propidium iodide) 540 620 

DAPI 359 461 

Alexa Fluor 488 495 519 

DiI 549 565 

 

 

 

Figure 7.1. Protein molecular weight marker. Colour Prestained Protein Standard (11-245 kDa)  was used  to  

determine  the  molecular  weight  of  proteins  electrophoresed on 10-15% SDS-PAGE gels. 
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Appendix 1 

A.  Cell cycle profile of HeLa cervical cancer cells following C60 treatment at different time 

points. 
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B. Cell cycle profile of WHCO oesophageal cancer cells following C60 treatment at different 

time points. 

 

 

 

 

 

Figure A.1. C60 suppresses cell cycle progression in HeLa and WHCO6 cancer cell lines. Cell cycle analysis 

done after cells were treated with 10 µM and 15 µM C60 for 6 hours (A), 12 hours (B) and 24 hours (C) showed 

an increase in the population of cells at the G1 phase of the cell cycle and a significant decrease in the 

percentage of cells in the S and G2/M phases of the cycle. These resultant changes were observed more at 12 

and 24 hours post C60 treatment. Results are shown as a mean ± SEM of experiments performed in triplicate 

and repeated at least three independent times (*p ≤ 0.05). 
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Appendix 2 

A. Changes in expression of cell cycle regulatory protein in HeLa cervical cancer cells 

following C60 treatment 
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B. Changes in expression of cell cycle regulatory protein in WHCO6 oesophageal cancer cells 

following C60 treatment  

 

 

 

 

 

Figure A.2. Effect of C60 treatment on cell cycle regulatory proteins.  HeLa cervical cancer cell and WHCO6 

oesophageal cancer cells were treated with DMSO (vehicle control), 10 µM or 15 µM C60 for 6, 12 or 24 hours. 

The effect of treatment on cell cycle markers was investigated via western blot analysis with GAPDH as the 

loading control. Results shown are representative of experiments performed three independent times. 
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Appendix 3 

A. Effect of C60 treatment on the morphology of HeLa cervical cancer cells.  
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B. Effect of C60 treatment on the morphology of WHCO6 oesophageal cancer cells.  

 

 

 

 

 

Figure A.3. Effect of C60 treatment on the morphology of HeLa and WHCO6 cancer cells. Images of HeLa 

cervical cancer cells (A) and WHCO6 oesophageal cancer cells (B) treated with 10 µM and 15 µM C60 or DMSO 

(vehicle control) at different time points were captured using Primovert inverted microscope with Axio cam 

ERC 5s (Zeiss, Göttingen, Germany) at 20X magnification.  

 




