
  

Sora Fallaha s2833992   i | P a g e  

 

 

 

 

Targeted Molecular Therapies for 

HPV-driven Cervical Cancers 
 

Sora Fallaha 

 Bachelor of Biomedical Analysis 

Masters of Medical Research 

 

 

A thesis submitted for the degree of Doctor of Philosophy at Griffith University 

2017 

 

School of Medical Science, Griffith Health Group 

Menzies Health Institute Queensland 

Griffith University, Australia 

  



  

Sora Fallaha s2833992   ii | P a g e  

 

 

Statement of Originality 

I declare that this thesis is composed of my original work that I have carried out since the 

commencement of my research higher degree candidature. To the best of my knowledge, it 

contains no material previously published or written by another person apart from where due 

reference has been made in the text. This work has not previously been submitted for a 

degree or diploma in any university or other tertiary institution.  

I have clearly stated the contribution of others to my thesis as a whole, including statistical 

assistance, survey design, data analysis, significant technical procedures, professional 

editorial advice, and any other jointly-authored work used or reported in my thesis. I have 

clearly stated which parts of my thesis, if any, have been submitted to qualify for another 

award. 

Signatures 

 

Signed  

Candidate: Sora Fallaha 

 

 

Principal Supervisor: Professor Nigel AJ McMillan 

 

 

Signed  

   



  

Sora Fallaha s2833992   iii | P a g e  

 

Statement acknowledging the contributions and assistance received by 

others in the pursuit of the research 

The work demonstrated in this thesis was produced at two institutes, however, it would not 

have been achievable without the contribution of the following people:   

Griffith University, Gold Coast Campus, Queensland, Australia 

Professor Nigel McMillan supervised the work and contributed his knowledge for conceiving 

and progression of the project including the design of the experiments, provided all required 

resources as well as proof-reading this thesis document. 

Dr. Daniel Clarke assisted in supervising the project and in planning the experiments, and 

provided all the required training for the cell culture part of the study and proof-read some 

parts of this thesis document. 

Dr Helen Irving-Rodgers had generously helped with all the histology sections in the thesis, 

assessed in optimising antibodies and immunostaining and provided reagents when required. 

Tania Henderson also provided technical help in the histology part of this project. Wendy 

Kelly has provided all the required equipment training for the Histology section.  

Hamish McMath provided animal training regarding oral gavaging and subcutaneous 

injections for tumour establishment at Griffith University animal facility.  

Dr. Lanfeng Dong provided training for ultrasound scanning of the animals. 

Professor Alfred Lam helped with scoring the grade of cervical/vaginal intraepithelial 

neoplasm developed in K14 HPV16 mice. 

Dr Cameron Flegg, Ruth Lambrechts and Dr Jelena Vider provided training on some 

experiments and provided technical support. 



  

Sora Fallaha s2833992   iv | P a g e  

 

Madison Kelly and Dr Prabha Ajjikuttira helped in finishing a few experiments while I was 

overseas or at conferences.  

University of Queensland, Translational Research Institute, QLD, Australia  

Professor Brian Gabrielli contributed his knowledge, expertise and resources in supervising 

the mechanism and cell cycle part of Alisertib treatment in the project. Dr Winnie Fernando 

helped in optimising the immunostaining and Martina Proctor helped with monitoring the 

animals’ health and tumours. 

Dr Kelvin Tuong helped with quantitative analysis of the examined immune-stained cell 

cycle markers associated with Alisertib treatment.      

Associate/Professor James Wells contributed his knowledge, expertise and resources in 

supervising the immunology aspect of Alisertib treatment. Dr Tzu Yu Liu and Gabrielle 

Kelly provided some assistance with monitoring the animals’ health and tumours when 

needed. 

Sandrine Roy and Ali Ju assessed in scanning immune-stained tumour sections slides at the 

microscopic facility  

Dr Cameron Snell helped in histopathological examination of HeLa, CaSki and C33A tumour 

sections. 

Crystal Chang (TRI) and Clay Winterford (QIMR) provided me with their histology services 

for H&E staining and technical advice in regards to immunohistochemistry staining on the 

HeLa tumour sections. 

 

  



  

Sora Fallaha s2833992   v | P a g e  

 

Acknowledgments 

This project would not have been possible without the guidance and the help of several 

individuals, who, in one way or another, offered their invaluable assistance in the preparation 

of this project. 

I would like firstly to express my deepest gratitude for the support and help of my supervisor, 

Professor Nigel McMillan, for his guidance, enthusiasm and resolute dedication to making 

my project a success. I could not have asked for a better supervisor. Prof McMillan made a 

difference in my life as well as my career and I will always be grateful for that. I also owe a 

special acknowledgment to Dr Daniel Clarke, the central pole to my success, whose patience 

and support throughout my project has earned me this achievement. Their feedback and 

guidance have been always appreciated. The past and present McMillan lab members, you 

were more than colleagues, indeed you were wonderful friends, and some of you became like 

a family to me in Australia. Simply gorgeous people to work with. Yuki, Rory, Jessica, 

Iqtidar, Madison, Michael, Izzi, Philippa, Kathleen and Mushfiq, you are wonderful people 

and I will miss you all. Yaman Tayyar and Luqman Jubair are true brothers to me.    

Secondly, special thanks are given to distinguished Professor Brian Gabrielli and Associate 

Professor James Wells for the opportunity to collaborate which was organised by my great 

supervisor Professor Nigel McMillan, and those who helped to do my animal work at the 

Translational Research Institute (TRI). I am sincerely thankful to Professor Brian Gabrielli 

for his helpful advice and invaluable insights in all aspects of my candidature as he was the 

head of my thesis committee. Professor Brian Gabrielli and Associate Professor James Wells 

gave me a short but an unforgettable and intense learning experience towards the end of my 

degree at TRI. They have opened my eyes to a complete new world of collaborative scientific 

exploration, the real world of translational research. To all the Gabrielli, Wells and Frazer lab 



  

Sora Fallaha s2833992   vi | P a g e  

 

members, I wish I can tell you what great scientists you are, you combine ultimate beauty of 

heart and mind and I am so grateful to each one of you for all your support and help. Without 

you I would have been so lost to work in such a sophisticated work place, but you made it a 

pleasurable experience.  

I also owe exceptional appreciation to Prof Mark Forwood and adorable Wendy Kelly for 

their generous encouragement, support, help and love all through my degree. Forwood Lab: 

Wendy Kelly, Athena Brunt, Gemma Diessel and Brad Paterson are the other members of my 

Australian family alongside the McMillan’s. I shared with them beautiful moments. 

Furthermore, I highly appreciate the help and generous guidance of Dr Helen Irving-Rodgers, 

and technical help of Tanya in the histology part of this project. Dennis McMillan have 

always helped me by proof reading my work, I am very thankful for her. 

I am so grateful to all my colleagues and my office mates: Lada, Lana, Jossif, Elham, Zeina, 

Avinash, Britney, Adriana, paulina, Bing, and Wing, also the lovely ladies from the secretary 

department; Sassy Bressy, Fran Humphries and Dr Shirley Wee. My gorgeous friends who 

supported me throughout the way: Kayci, lizzi, Gabbi and my wonderful friends overseas: 

Heba, Alaa, ghadeer, lara, arwa, and ghada. 

Finally, am eternally obliged to my magnificent parents for their love and support in making 

my life a success. My beautiful siblings: Abd-Alaziz, Renad and Yassin have always 

supported me from distance. They all have been always a source of inspiration and 

motivation for me. My husband Eray, without him I wouldn’t have been able to go through 

the writing phase of my PhD. He always believed in me and that what kept me going through 

it all as well as my amazing family in law. Thank you from all my heart.           



  

Sora Fallaha s2833992   vii | P a g e  

 

Abstract   

The report by zur Hausen in 1980 linking Human papilloma virus (HPV) infections to major 

cancers was a key turning point in the HPV-driven cancer discovery era. HPV are double-

stranded DNA viruses that belong to the Papillomaviridae family. Most HPV infections 

resolve spontaneously, or may cause indications (such as warts, anogenital, oro-laryngeal and 

-pharyngeal papillomas) that are easy to treat. Persistent and untreated infections with certain 

types of high risk (HR) HPV, particularly types 16 and 18, increase the risk for the 

development of cancer, such as cervical cancer (CC). In fact, high risk HPV are now reported 

as causative agents for >95% of cervical, anogenital, and head and neck cancers. Indeed, 

malignancies derived from HPV account for > 610,000 deaths annually and represent ~5% of 

the total cancer burden worldwide. The World Health Organisation (WHO) in 2012 declared 

that cervical cancer was the second most common cancer in women globally, with a high 

mortality rate of 52%. More than 85% of the deaths occur in low and middle income (less 

developed) countries where access to effective screening, early detection, and vaccination 

strategies is poor. The implementation of the HPV vaccine, co-developed by Professor Ian 

Frazer, was a milestone discovery in the fight against HPV-mediated CC, providing highly 

efficient protection against most common HR HPV infections. However, this vaccine does 

not cure women currently diagnosed with HPV-driven cancers as the immunogens are no 

longer present. Therefore, the actual benefits of implementing this vaccine may not be 

revealed until 30 years, which is the time required for cervical cancers to develop following 

infection. Current interventions to treat cervical cancer include surgery followed by radio- 

and chemotherapy, e.g. cisplatin, but these exhibit numerous cytotoxic side effects. 

Consequently, we need alternative therapeutic strategies. The evolution of molecular targeted 

therapies against cancers is providing a better understanding of the dynamics of cellular 

transformation caused by infection with certain viruses. In this research, multiple targeted 
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therapeutic strategies against HPV-driven cervical cancers were explored at early and 

advanced stages of the disease in mice.   

The first strategy involved the use of PEGylated lipoplex-entrapped alginate scaffold (PLAS) 

system loaded with small interfering ribonucleic acids (siRNAs) which target type 16 E6/E7 

proteins. Our results showed that intravaginally delivered siS10-PLAS targeting HPV16 

E6/E7 in CIN/VIN II- K14-E7 models significantly reduced the level of E6/E7 mRNA in the 

cervico-vaginal regions compared to control siRNA however, no change in disease outcome 

was observed. Nevertheless, the ability of the treatment to induce apoptotic cell death 

evidenced by apoptotic bodies observed in the cervico-vaginal epithelia suggested promising 

potential to treat early stage CIN/VIN.        

The second strategy involved the use of Alisertib, an anti-mitotic inhibitor that is known to 

target Aurora A kinase for the treatment of late stage HPV-driven cervical cancer. Our results 

showed that Alisertib have a dual inhibition activity to Aurora A and B as it can inhibit 

Aurora B kinase at relatively higher concentrations (~1µM). Indeed, it was the loss of Aurora 

A and B kinases that induced a selective and lethal assault to HPV transformed cervical 

cancer cell (Hela and CaSki) in vivo. Moreover, this lethal effect appeared to be due to cell 

death by apoptosis evidenced by cleaved caspase-3 by means of a p53-independent pathway. 

Lastly, we demonstrated that HPV-tumour (TC-1) cell death induced by Alisertib treatment 

was unable to promote sterilising anti-tumour immunogenic response. This suggested that an 

immune combination could improve the anti-tumour potential of the drug that could generate 

a stronger immunogenic signal which would protect mice from subsequent tumour challenge. 

It is hoped that the outcomes revealed from this research may provide potential interventional 

approaches against HPV-cervical cancers that could be translated into clinical trials in the 

near future.  
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Abbreviation List  

AIDS Acquired Immune Deficiency Syndrome 

CLL Acute Lymphocytic Leukemia  

AIS Adenocarcinoma in Situ 

APC/C Anaphase-Promoting Complex/Cyclosome)   

AIF  Apoptosis Inducing Factor  

ASAP Aster-Associated Protein  

Bub3 Budding Uninhibited by Benzimidazole  

CAK   CDK-Activation Kinase  

CKI CDKS Inhibitor 

CNS Central Nervous System 

CC Cervical Cancer 

CIN Cervical Intraepithelial Neoplasm  

CPC Chromosomal Passenger Complex 

CML Chronic Myeloid Leukemia  

c-caspase-3 Cleaved Caspase-3 

ch-TOG Colonic Hepatic Tumor-Overexpressed Gene 

CDK Cyclin Dependent Kinases  

CTL Cytotoxic T Lymphocytes 

DISC Death-Inducing Signalling Complex  

DNA Deoxyribonucleic Acid  

DAB Diaminobenzidine 

DEPC Diethylpyrocarbonate 

DMSO Dimethyl Sulfoxide 

DOPE Dioleoyl Phosphatidylethanolamine 

DOTAP Dioleoyl Trimethylammonium Propane 

DFF DNA Fragmentation Factor  

ds Double-Stranded   

EDTA Ethylene Diamine Tetra Acetic Acid  

FEH   Focal Epithelial Hyperplasia  

FBS Foetal Bovine Serum  

FVB Friend Virus B 

HNSCC Head and Neck Squamous Cell Carcinoma  
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H&E Hematoxylin & Eosin 

HIV Human Immunodeficiency Virus  

HPV Human Papilloma Virus 

HFDM Hydration of Freeze-Dried Matrix 

IF Immunofluorescence 

IHC Immunohistochemistry 

IFN-α Interferon-Α  

IARC      International Agency for Research on Cancer  

FIGO International Federation of Gynaecology and Obstetrics  

IP Intraperitoneal 

IVG Intravaginal 

LEEP Loop Electrosurgical Excision Procedure  

MAGI-1 Membrane Associated Guanylated Kinase with Inverted Domain 

Structure 

MAPK Mitogen Activated Protein Kinase 

Mad Mitotic Arrest Deficient  

MDSC Myeloid-Derived Suppressor Cells 

NBF Neutral Buffered Formalin 

Pap Papanicolaou  

PV Papillomaviruses  

PLAS Pegylated Lipoplex-Entrapped Alginate Scaffold 

PL Pegylated Liposomes 

PBS Phosphate Buffer Solution  

pH3 Phospho-Histone-3 

PARP    Poly (ADP-Ribose) Polymerase  

PARP-1 Poly(ADP-Ribose) Polymerase-1  

PEG Polyethylene Glycol 

PAF Population Attributable Fraction  

AGC  Protein Kinase A/Protein Kinase G/Protein Kinase C 

RRP Recurrent Respiratory Papillomatosis  

pRB Retinoblastoma Protein  

RNAi Ribonucleic Acid Interference 

RT Room Temperature  
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siRNA Small Interfering RNAs 

SCC Squamous Cell Carcinoma  

SCC Squamous Cell Carcinoma 

SD Standard Deviation 

SOCS1 Suppressor of Cytokine Signalling 1 

TRAIL TNF- Related Apoptosis-Inducing Ligand  

TACC3 Transforming Acidic Coiled-Coil Protein-3  

TBS Tris-Buffered Saline 

TNF Tumour Necrosis Factor  

ttl  Translation termination linker 

UV  Ultraviolet  

VLP Virus-Like Particles  

VIN      Vulvar Intraepithelial Neoplasia  

WHO World Health Organisation  
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 . Literature Review 

1.1 Cancer  

Cancer is considered to be a major public health problem worldwide. The latest estimated 

cancer incidence, mortality, and prevalence report released by the World Health Organisation 

(WHO), GLOBOCAN in 2012 stated that “there were 14.1 million new cancer cases, 8.2 

million cancer deaths and 32.6 million people living with cancer (within 5 years of diagnosis) 

worldwide. About 57% (8 million) of new cancer cases, 65% (5.3 million) of the cancer 

deaths and 48% (15.6 million) of the 5-year prevalent cancer cases occurred in the less 

developed regions”.  

The International Agency for Research on Cancer (IARC) considers infections as 

carcinogenic to humans. There is growing evidence illustrating that infection with certain 

pathogens such as viruses, contribute to the burden of cancer incidence universally. A study 

by de Martel et al., showed that the population attributable fraction (PAF) for infectious 

agents was more than 16% (~2 million) of the 12.7 million new cancer cases which were 

reported in 2008 worldwide. In the same study, comparing this fraction in highly-developed 

to lesser-developed countries, PAF was found to be 3-fold higher in developed countries; the 

fractions reported were 7.4% and 22.9% respectively. Moreover, the study showed that cervix 

uteri cancers account for approximately 50% of the infection related burden of cancer in 

women (de Martel et al., 2012).  

1.2 Cervical cancer  

1.2.1 Global burden of cervical cancer 

Cervix uteri cancers account for approximately 50% of the infection-related burden of cancer 

in women (de Martel et al., 2012). More than 99% of cervical cancer cases are caused by 
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sexually-acquired infection with Human Papillomavirus (HPV) (zur Hausen, 1996). In 2012, 

the WHO declared that cervical cancer was the second most common cancer in women 

globally with a high mortality rate of 52%. Annually, more than 270 000 women die from 

cervical cancer with an estimated 530 000 new cases occurring. In Australia, 912 females are 

predicted to be diagnosed with cervical cancer during 2017, and 254 lives will be claimed as 

a result (AIHW, 2016). More than 85% of the deaths are in low and middle income (less 

developed countries) countries, where access to effective screening and early detection 

strategies are poor (WHO, 2013) (Fig 1).  

 

Figure 1 Global expected incidence/mortality rates per 100,000 

The highest mortality rates of cervical cancer were found in less developed countries (nearly 87% of 100,000). 
This percentage varies by 18-fold among diverse areas of the world, with the least (˂ 2 per 100,000) in Australia 

and New Zealand, in addition to Western Asia and Europe, (adapted from WHO GLOBOCAN report 2012).  

 

High-income countries demonstrated a marked reduction in the incidence of invasive cervical 

cancers owing to easily accessed screening programs (Dizon et al., 2014). In fact, further 

reduction in these countries will be observed in the future due to the HPV vaccine (Schiller et 
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al., 2012). However, that is not the case for most medium and low-income countries; 

predominantly in Sub-Saharan Africa and Southern Asia, as the vaccine is not yet funded by 

the national immunization programs and subsequently not implemented in their medical 

practice (Bray et al., 2013).  

Long-term infection with high-risk-HPV (HR-HPV) is considered a fundamental risk factor 

contributing to cervical cancer incidence. HPV carcinogenicity is strengthened by other risk 

factors including: smoking, (S. E. Waggoner, 2003), immune-system dysfunction as a result 

of infections with human immunodeficiency virus (HIV) ("ACOG Practice Bulletin Number 

131: Screening for cervical cancer," 2012), active sexual history (Plummer et al., 2012), and, 

recently reported, infection with certain variants within the high-risk HPVs category (based 

on epidemiological studies) (Jackson et al., 2016).  

1.2.2 Cervical cancer staging 

Cervical cancer is divided histologically into two main subtypes : squamous-cell carcinoma 

(precursor lesions classified as cervical intraepithelial neoplasia (CIN)), that is responsible for 

~85% of cervical cancer cases, and adenocarcinoma (precursor lesions are adenocarcinoma in 

situ (AIS)), which accounts for 10% of cases (Katanyoo et al., 2012; Lax, 2011; Mabuchi et 

al., 2012).   

One of the systems used for cervical cancer staging is the international federation of 

gynaecology and obstetrics (FIGO) system. Clinical histopathological grading of cervical 

cancer falls into 4 stages (Stage I-IV). This clinical staging system is primarily dependent on 

two elements; tumour size in the cervix and its expansion into the pelvic area (Kyrgiou & 

Shafi, 2010; S. E. Waggoner, 2003). A summary of these clinical stages is demonstrated in 

figure 2 and further details on the fundamentals of these classifications are demonstrated in 

table 1. 
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Proper diagnosis and identification of the stage of cervical cancer is a critical factor in 

determining treatment options, as the current interventional protocols are  primarily based on 

the stage of the disease (Benedet et al., 2006; Pecorelli & Odicino, 2003) 

 

Figure 2 Histopathological Stages of cervical cancer according to The International Federation of 

Gynaecology and Obstetrics (FIGO) (adapted from Seiden (2012))  

In stage I, abnormal lesions are confined to the cervix only. This stage is further sub-staged to Stage IA and IB, 

based on the size of the malignancy. In Stage II, cancer cells extend beyond the cervix into the upper vagina. 

Further expanding of the malignant cells leads to invasion of the pelvic wall and/or the lower third of the vagina 
where it becomes Stage III. The lesion is classified as stage IV when cancer cells spread to other organs such as 

the bladder or the rectum and others 
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Table 1 FIGO staging of cervical cancer. 

Adapted from (S. E. Waggoner, 2003) 

 

 

1.2.3 Current cervical cancer therapies 

To date, thousands of effective anticancer compounds have been discovered. However toxic 

side effects that these drugs exert on normal cells as well as cancer cells are still a crucial 

limitation to the clinical use of many of these drugs (e.g. cisplatin) (Koivusalo & Hietanen, 

2004).  

The introduction of cervical cancer screening programs has had a great impact on improving 

the morbidity as well as the incidence rate of cervical cancer over the past few decades 
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(Dizon et al., 2014). The United States have reported more than 50% reduction in cervical 

cancer prevalence (14.8 to 6.6 per 100,000 since 1975 to 2008) ("ACOG Practice Bulletin 

Number 131: Screening for cervical cancer," 2012). Cervical cancer screening strategies 

involve  scraping the patient’s cervix (from the transformation zone) with a spatula and an 

endocervical brush and transferring to either a vial of liquid (liquid-based technique) or onto 

a slide for cytological testing (Papanicolaou -Pap smear) (O'Meara, 2002). Guidelines by  the 

American Society for Colposcopy and Cervical Pathology recommend  a combination of 

cytology and HPV-genotype testing for HPV -16 and -18 for women at great risk of high 

grade cervical intraepithelial neoplasia (Cox et al., 2013). 

Current cervical cancer treatment methods include radical surgery for local cervical 

malignancy, with the most frequently used technique being a loop electrosurgical excision 

procedure (LEEP). Cold knife cone biopsy, electrofulguration, cold-coagulation, and 

cryotherapy may also be used for local excision of cervical intraepithelial neoplasia (CIN). 

Although these procedures demonstrate efficiency in curing CIN, they negatively affect the 

cervical integrity, which elevates the risk of premature birth (Stern et al., 2012).  

Radio and/or chemo therapy are used for higher progressive stages or metastatic cases of CIN 

(Koivusalo & Hietanen, 2004). The principle behind radiotherapy is the use of ionising 

radiation that causes damage to the deoxyribonucleic acid (DNA) of cells, which prohibits 

their division and subsequent proliferation, resulting in cancer cell death (Baskar et al., 

2012). Radiotherapy demonstrates high efficiency in treating local advanced CIN, however, it 

may also exert serious cytotoxic effects on normal cells, especially in the case of large 

tumours (Kadkhodayan et al., 2013).  

The concomitant available chemotherapies used with radiation or as single agent include: 

cisplatin (inhibits the repair of sublethal radiation damage), hydroxyurea (a ribonucleotide 
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reductase recruited for DNA synthesis and repair inhibitor), 5-fluorouracil (believed to induce 

radio-sensitisation), paclitaxel, ifosfamide, and epirubicin (Duenas-Gonzalez et al., 2014; 

Rose, 2002). Despite the success of these chemoradiotherapy treatments, they exhibit 

numerous cytotoxic side effects including leukopenia and gastrointestinal toxicity (Rose, 

2002).   

As current therapies are harsh and invasive, further investigations aim to develop 

comprehensive effective cervical cancer interventions with minimal side effects which will 

improve the survival rates in cervical cancer patients and lessen patient suffering.  The report 

by zur Hausen in 1980 linking infections with HPV to major cancers was a key turning point 

in the HPV-driven cancer discovery era (Gissmann & zur Hausen, 1980). Since then, 

intensive research has been devoted to understanding the biology behind infection with this 

virus which aided in the development of targeted approaches that have an impact in the 

prevention of the malignant transformation driven by these infections.  

1.3 Human papillomavirus (HPV)  

Human papillomavirus belongs to the Papillomaviridae family. Approximately 200 

papillomaviruses (PV) have been identified; 120 types were isolated from humans, 64 types 

were isolated from non-human mammals, 3 and 4 types were isolated from birds and reptiles 

respectively  (Bernard et al., 2010). HPVs are classified into five genera: alpha (α), beta (β), 

gamma (γ), mu (µ), and nu (ѵ). The most extensively studied genera were the α and β types. 

The α-HPVs consist of members that mainly infect the mucosal epithelia. These are sub-

divided into low-risk (LR) and high-risk (HR) types, depending on their ability to induce 

cancer (Tomaić, 2016). Low-risk HPV such as; HPV6 (anogenital condyloma) and HPV11 

(laryngeal papillomatosis), HPV42, HPV43, and HPV 44 and high-risk HPV (malignant 

tumours) which include HPV16, 18, 31, 33, 34, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68, and 70 
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(Burd, 2003; D'Abramo & Archambault, 2011). The β-HPVs commonly infect the cutaneous 

epithelia and are reported to be present in skin warts and in cutaneous squamous cell 

carcinomas (Howley & Pfister, 2015).  

1.3.1 Genomic properties   

Papillomaviruses (PV) are non-enveloped, circular double-stranded (ds) DNA viruses that 

consist of 8 genes and are about 8kb in size. The PV genome consist of two oncogenes, E6 

and E7 (modulate transformation); three early regulatory genes E1, E2, E4, and E5; and two 

late structural genes, L1 and L2.  L1, L2, E1 and E2 open reading frames (ORF) are the most 

well conserved among all members of the family (Fig 3) (Burd, 2003; de Villiers et al., 

2004). L1 encodes for the main capsid protein and present vaccines use it as adequate virus-

like particles for immunisation (Bernard et al., 2010). In fact, the L1 capsid protein is 

responsible for the first interaction with the cell surface and accordingly it determines the 

main difference between beta and alpha PV types (Mistry et al., 2008).  

 

Figure 3 A schematic diagram of human papillomavirus genome 

HPV16 genome presenting the eight well-characterized proteins and the location of the early (E) and late genes 

(L1 and L2). Viral replication proteins E1 and E2 (in purple) and the viral oncogenes E6 and E7 (in green) 

(D'Abramo & Archambault, 2011). 
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1.3.2 Epidemiology and HPV-cancers 

HPV infection rates vary around the world. HPV incidence is highly influenced by two 

elements; the mode of transmission of HPV (including sexual awareness), and the prevention 

program conducted by the public health institution in the country. In support of this, a study 

observing the period before HPV screening programs was introduced, between 1960’s and 

the 1970’s, noted that the incidence of cases in developed countries such as Europe, North 

America, and Australia/New Zealand was similar to what is observed currently in developing 

countries. However, after introducing the screening program, incidence rates declined in 

many western countries and the Chinese population, yet only a minor decline was observed in 

developing countries such as India (Parkin & Bray, 2006).   

Over the past 30 years, there has been a growing interest in HPV, due to its significant role in 

pathogenesis and carcinomas. It is now well established that HPV infections are a major risk 

factor for more than 99% of cervical cancer lesions (D'Abramo & Archambault, 2011) with 

60% of the cases caused by HPV16 and 20% driven by HPV18 (Singhania et al., 2012; zur 

Hausen, 2008). While the remaining cases were driven mainly by HPV-31, -33, -45, 52 and -

58 which were accounted for in the new 9-valent HPV vaccine (Joura et al., 2015).   

Not only do high-risk HPVs cause the majority of cervical carcinomas, they were also found 

to contribute to anogenital (Crow, 2012) and up to 30% of oropharyngeal malignancies (zur 

Hausen, 2008) (Fig 4). A meta-analysis confirmed that HPV is considered an independent 

risk factor for oral carcinomas, where HPV-16 was also found to be the most dominant type 

in oral cancers. About 25 types of HPV (1, 2, 3, 4, 6, 7, 10, 11, 13, 16, 18, 31, 32, 33, 35, 40, 

45, 52, 55, 57, 58, 59, 69, 72, and 73) have been identified in oral lesions. With regards to 

benign oral lesions caused by HPV infections; HPV-2 and -4 cause most oral verrucas, while 
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HPV-13 and -32 cause focal epithelial hyperplasia (FEH). The majority of papillomas and 

condylomas were found to be driven by HPV-6 or -11 (Syrjänen, 2003).  

 

 

Figure 4 HPV associated cancers.  

The majority of cancers caused by HPV infection are of the cervix. Infection with the virus also contribute to 
other types of cancers including those of the anus, penis, vagina and oropharynx respectively Adapted from 

(Crow, 2012). 

  

1.3.3 HPV pathogenesis  

Most HPV infections resolve spontaneously and either do not cause symptoms (Fig 5), or 

cause indications (such as warts, epithelial cysts, anogenital, oro-laryngeal and -pharyngeal 

papillomas, keratoacanthomas (zur Hausen, 1996) that are easy to treat. In 2008, Harald zur 

Hausen was awarded a Nobel Prize for his discovery that HPV caused cervical cancer (zur 

Hausen, 2008). Untreated and persistent infections with specific types of HR-HPV 

(particularly -16 and 18 subtypes) may prime precancerous lesions to develop into cancer 

(life time risk is 1/83) (D'Abramo & Archambault, 2011).  
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Figure 5 HPV infection progression to malignancy.  

HPV infect the epithelial mucosa basal cell layer through microtrauma. Abnormally sized and shaped cells on 

the surface of the cervix are classified as cervical intraepithelial neoplasia. Up to a CIN3 lesions are still 

reversible spontaneously or through treatment. Malignant transformation to cervical cancer occur when 

persistent infections are untreated. Infected cells then cross the basal membrane and spread into the tissues 

beneath (adapted from (Crow, 2012). 

 

HPV infects the basal cell layer of the cervical epithelium through micro lesions of tissues 

and cells (Kines et al., 2009). Once HPV infects a cell, it multiplies in an episomal state 

where its replication cycle parallels the differentiation of the infected cell (Fig 6). When the 

host cell cycle comes to an end, the HPV late genes induce the production of capsid proteins 

to package virions to be released from superficial epithelial layers (Stanley, 2008).  In 

untreated and persistent infections, integration of HPV DNA into the genome of the host cell 

often occurs. During the integration process, deletion of many early (E1, E2, E4, and E5) and 

late (L1 and L2) genes frequently happens. Importantly, E2 is a negative regulator of the 

HPV oncogenes E6 and E7, and the lack of the E2 gene post integration results in the 



  

Sora Fallaha s2833992  12 | P a g e  

 

increased expression of these oncoproteins, which is thought to be an important process for 

malignant transformation  (Doorbar, 2016; zur Hausen, 2002).   

 

 

Figure 6 life cycle of HPV infection  

HPV infects a subset of primitive basal cells of the squamous epithelia. The infected cell then enters the transit 

amplifying, proliferative compartment of the epithelium. Here it multiplies in an episomal state where its 

replication cycle is parallel to the differentiation of the infected cell. At this stage, the expression of oncogenes 

E6 and E7 is under very constricted control and their transcripts are barely detectable. Once HPV DNA 

integrates into the genome of the host occur, a process of deletion of many early (E1, E2, E4, and E5) and late 
(L1 and L2) genes often occur. Lack of the E2 gene post integration result in the increased expression of E6 and 

E7 oncoproteins that drives the malignant transformation process (adapted from (Stanley, 2008)).  

 

The malignant aspect of HPV is largely based on the cellular activity of the E6 and E7 

oncogenes. HR-HPV E6 and E7 were found to drive phenotypic transformation in cells via 

inhibition of p53 (Miranda Thomas et al., 1999) and pRb (J. Wang et al., 2001) respectively. 

Since then, many other roles have been identified for both oncogenes that elucidated the 

mechanisms by which each contributed to the development of HPV carcinoma. 

Studies have shown that HR-HPV E6 and E7 alone cause cell immortalisation but not 

necessarily tumorigenic transformation. Infection with HPV is considered a risk factor 

contributing to cervical cancer incidence, however long-term infection with HR-HPV is 
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insufficient to cause cervical cancer. Other risk factors contributing to cervical cancer 

incidence include: smoking, (S. E. Waggoner, 2003), immune-system dysfunction as a result 

of infections with human immunodeficiency virus (HIV) ("ACOG Practice Bulletin Number 

131: Screening for cervical cancer," 2012), active sexual history (Plummer et al., 2012), and 

recently reported infection with certain variants (based on epidemiological studies) within the 

high-risk HPVs category (Jackson et al., 2016). Furthermore, other genetic events were 

reported to contribute in malignancy (Goodwin & DiMaio, 2000). For instance, HPV 16 

cause approximately 60% of cervical cancer cases, however, there is lineage variability 

within HPV16 that exhibit differences in oncogenicity that were reported to be related to 

human ethnicity (Jackson et al., 2016). Non-European HPV16 variant lineages are almost 10 

times more oncogenic (promote invasive cancer) than European variants. A recent study 

defined specific genotypic variations, including single nucleotide polymorphisms (SNPs), 

and CPG dinucleotides methylation sites, that impact the pathogenicity of the HPV16 

genome to induce oncogenesis (Cullen et al., 2015). However, it is important to know that 

these events vary among individuals.  

1.3.4 Oncogenic progression and neoplastic changes driven by E6/E7  

Most HPV infections resolve spontaneously and do not cause symptoms or disease. In fact, 

reports have shown that more than 90% of HPV infections are cleared by the patient’s 

immune system within three year of follow up while of the remainder, 10% become chronic 

and only 1% develop cervical cancer (Deligeoroglou et al., 2013).  Untreated and persistent 

infections with specific types of HPV (high-risk HPV particularly types 16 and 18) may 

prime precancerous lesions which ultimately result in cervical cancer (D'Abramo & 

Archambault, 2011; Walboomers et al., 1999; zur Hausen, 1996, 2009). Research has mostly 

focused on the E6 and E7 oncogenes as they contribute to carcinogenesis by inhibiting many 

tumour suppressor pathways (Singhania et al., 2012).  
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1.3.4.1 Role of E6 oncogene  

It was previously established that the E6 oncogene of HPV binds to the cellular ubiquitin-

protein ligase E6-AP (not normally involved in p53 degradation)  and forms a complex that 

targets the tumour suppressor factor p53 via ubiquitin-mediated degradation (Hengstermann 

et al., 2001; Scheffner et al., 1990; Singhania et al., 2012). In support of this, further 

investigations demonstrated accumulation in p53 levels accompanied by a significant 

decrease in cell viability levels, in particular HPV positive cells post knock down of E6-AP 

expression by siRNA; only 5% viable cells remain by day 4 of transfection. This suggests 

that E6 can no longer target p53 degradation in the absence of E6-AP protein (Hengstermann 

et al., 2005).  In fact, E6-AP silencing in HPV positive cells resulted in decrease in E6 half-

life and E6 protein levels via proteasome-dependent degradation (Tomaic et al., 2009).  HPV 

18-E6/ E6-AP complex was also found to inhibit apoptosis in HPV infected cells via 

increasing the ubiquitin mediated degradation of proapoptotic protein Bak (M. Thomas & 

Banks, 1998).  

In addition to p53 and Bak degradation, the E6 oncogene was shown to target c-Myc and 

members of MAGUK (membrane associated guanylate kinase) protein family including; DIg, 

hScrib and MAGI-1 (membrane associated guanylated kinase with inverted domain 

structure), a potential tumour suppressor protein, via the PDZ domain. MAGI-1 was found to 

be located at tight junctions of epithelial cells, in corporation with β-catenin (M. Thomas et 

al., 2001). Furthermore, studies have shown that E6 oncoprotein alleviates G1/S arrest, 

driving cells into the S phase in the lack of mitogenic signals or presence of  cell cycle 

inhibitors (cyclin-dependent kinase inhibitors); p16 (also known as INK4a) and p27 (also 

known as KIP1) (Malanchi et al., 2004; Malanchi et al., 2002). The HPV E6 oncogene 

contributes to cell immortalisation by activating telomerase, a ribonucleoprotein complex 

responsible for telomere sequences formation, found to characterise tumours (Foster et al., 
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1996). Telomerases are dormant in somatic cells, while they are active in stem cells. High 

Risk E6 binds E6-AP protein to activate hTERT, the catalytic subunit of telomerase which 

result in telomerase activation (Gewin et al., 2004; Howie et al., 2009).  Accordingly, 

knockdown of E6 may protect telomeres’ activity by reducing E6 telomerase mediated 

activation and increase cellular p53 protein, which may promote HPV positive cells to either 

apoptosis or senescence. 

1.3.4.2 Role of E7 oncogene  

The E7 oncogene was found to contribute to HPV positive cells transformation via promoting 

G1/S transition; E7 oncoprotein inactivates the tumour suppressor protein, retinoblastoma 

protein (pRB) in cervical cancer cells by ubiquitin-dependent proteolysis degradation. This 

results in the subsequent release of the transcription factor E2F, which in turn promotes 

transcription of cellular genes recruited for DNA replication during S phase (J. Wang et al., 

2001). Moreover, the E7 oncoprotein was discovered to circumvent a variety of CDK 

inhibitors (CKIs) in differentiating keratinocytes such as p21CIP1, which inhibit CDK2 and 

further p21CIP1 mediated inhibition of cyclin-A and -E related kinase activities (Jones et al., 

1997). In addition to p21CIP1/WAF1, the E7 oncoprotein was also recognised to abrogate the 

CKI p27KIP1 activity, which results in propagating HPV positive cervical cancer lesions to 

bypass G1 arrest (Zehbe et al., 1999).  

The oncogenic activity of high-risk HPV E6 and E7 oncoproteins (as described above) results 

eventually in immortalization, cellular transformation and carcinogenesis of HPV infected  

cells. Thus, E6 and E7 represent novel therapeutic targets for developing anti-cancer 

interventions.       
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1.3.5 HPV cancers are unique and challenging for immune recognition  

Fundamentally, priming of tumours in vivo requires two important factors, genetic/epigenetic 

alterations to cell cycle regulators and a supportive microenvironment. Tumour cells produce 

numerous cytokines and chemokines that attract leukocytes. The inflammatory component of 

the tumour microenvironment plays a big role in the fight against tumour growth as it is cross 

talk with the innate immune system which results in either facilitating or diminishing tumour 

growth through controlling the function of the local antigen specific immune T cells 

(Coussens & Werb, 2002). 

To date, much effort has been devoted to understanding the individual contributions of the 

HPV E6 and E7 oncogenes in carcinogenesis and their subsequent effect on the immune 

system.  One of the most important efforts in this field was establishing the K14 HPV16 E7 

mouse model, the closest in vivo experimental model that mimics HPV mediated pre-

cancerous lesions by expressing HPV16 E7 protein in the keratinocytes under the control of 

the K14 promoter (Herber et al., 1996). This model provided vast information about the 

functional and the immunological roles that E7 plays in carcinogenesis. 

In the interest of investigating the immune response necessary to eliminate HPV tumour 

growth, skin grafting experiments were performed where it was shown that E7 expressing 

skin grafts from HPV16 K14 E7 transgenic mice transplanted onto syngeneic, non-transgenic 

C57BL/6 mice were not rejected, despite the fact that the E7 protein should have been 

recognised as foreign (Frazer et al., 2001). Since then, much work has been carried out to 

understand by what means E7 is avoiding immune recognition and how this can be overcome 

(Bergot et al., 2014; Frazer et al., 2001; Jazayeri et al., 2017; Leggatt et al., 2002; Mattarollo 

et al., 2011; Stewart et al., 2004).  
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One explanation for the lack of graft rejection of the E7 transgenic graft on non-transgenic 

recipients was that HPV16 E7 transformed keratinocytes express E7 peptides on MHC class 

1 with the aid of local antigen presenting cells priming trafficking of E7 specific CD8+ 

cytotoxic T lymphocytes (CTL) to the site of transgenic skin grafts on syngeneic non-

transgenic model (Leggatt et al., 2002). In the absence of proper co-stimulants, the short 

peptides expressed on MHC class I on non-professional APC induce immune tolerance as E7 

is poorly immunogenic. This immune tolerance can limit MHC class II presentation that stops 

CD4+ T cell activation, which in turn prevents CD8 + T memory cell activation (S. J. Lee et 

al., 2016).   

HPV E6 and E7 oncoproteins promote imbalance between type 1 T-helper cells (Th1) and 

Th2 cells, regulatory T cell infiltration, and DC activation and maturation. This cascade of 

imbalance prohibits CTL from performing their function of attacking tumour cells, which 

compromises the immune attack against HPV transformed cells (Makkouk & Weiner, 2015; 

Song et al., 2015).  

When it would be expected that an accumulation of leukocytes correlates with an anti-tumour 

immune response and tumour clearance, unfortunately this is not the case for many tumours 

including HPV cervical cancer. In particular certain immune subtypes, including regulatory T 

cells, mast cells and natural killer T cells were reported to aid tumours in escaping from 

immune attack by providing an immunosuppressive microenvironment. (Bergot et al., 2014; 

Choyce et al., 2013). Furthermore, myeloid-derived suppressor cells (MDSC) and suppressor 

of cytokine signalling 1 (SOCS1) have been previously reported to be involved in 

immunosuppressive functions in cervical cancers (S. J. Lee et al., 2016). Particularly SOCS1, 

which inhibits the Janus kinase/signal transducers and activators of transcription signalling 

pathway and can obstruct the function of IFN-γ, Th1 responses, and DC activation.  These all 

contribute to the immune suppressive microenvironment of HPV-cervical cancers. 
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Accordingly, immunotherapeutic strategies targeting HPV-associated diseases, including 

therapeutic vaccines, have been increasingly explored. These include therapeutic HPV 

vaccines and immune check point inhibitors. Therapeutic HPV vaccines boost cell-mediated 

immunity targeting HPV E6 and E7 antigens by modifying primarily dendritic cells and 

cytotoxic T lymphocyte (Eskander & Tewari, 2015).  

1.3.6 How immune checkpoint inhibitors work? 

Cytotoxic T lymphocyte-associated antigen 4 CTLA-4 have been demonstrated to negatively 

alter the function of naïve T cells, as its expression was found to be initiated on these T cells 

after 48 hours of activation in the lymph node. Its inhibition was shown to improve survival 

in patients with advanced metastatic melanoma (Hodi et al., 2010). Under normal 

circumstances, expression of programmed death ligand 1 (PD-L1) is induced by IFN-γ and 

protects dendritic cells from T cell mediated attack (Lyford-Pike et al., 2013). However, 

tumour cells often utilise such mechanisms to their advantage in order to escape immune 

surveillance. PD-1 is expressed on effector T cells in peripheral tissues and binds PD-L1 (B7-

H1) and PD-L2 (B7-DC) expressed on DCs or tumour cells for attenuation of activated 

effector T cell (Ribas, 2012). In a study investigating the immune resistance of HPV-

Associated Head and Neck Squamous Cell Carcinomas, it was shown that CD8+ expressing 

PD-1 were present at higher levels in infiltrating tumour tissue than in peripheral blood 

(Lyford-Pike et al., 2013). Accordingly, blockade of PD-1 could promote a more effective 

antitumor response, particularly in highly treatment-resistant cases associated with HPV 

driven malignancy (Lyford-Pike et al., 2013). In fact, some studies have indicated that anti-

PD-1 could be more effective than CTLA-4 inhibition as it promotes a durable response, i.e. 

may promote development of a memory immune response to cancer (Ribas, 2012).  
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While anti-PD-L1 presents a promising therapeutic approach for PD-L1(+) tumours, it does 

not have the same impact on PD-L1(-) tumours.  As the latter tumours have different immune 

microenvironment which may activate other mechanisms of immune resistance upon 

treatment (Lyford-Pike et al., 2013).   

1.3.7 Other proposed therapies for HPV infections  

To date, current available therapies have had only partial success and no treatment has been 

approved to be consistently reliable, as they often may result in scars and relapse (L. Touyz, 

2013). Depending on the anatomical site of infection, a usual approach is excision of the 

lesions via numerous surgical methods including; cold knife, microdebrider, various types of 

laser treatments, cryosurgery, and electrocautery (Chow et al., 2010). In addition, several 

small molecules have been proposed as possible treatments. 

With regards to anogenital warts, topical podofilox (0.5% podofilox solution (Condyloxf)) 

was tested for the treatment of condylomata acuminate in women (D. A. Baker et al., 1990). 

However, later reports demonstrated that podofilox solution could no longer be applicable 

due to its low efficacy and severe gross toxicity. Instead 0.5 - 0.15% purified 

podophyllotoxin (the purified biologically active antiwart ingredient of podophyllinan, an 

antimitotic agent derived from podophyllum plant resin) preparations were introduced to treat 

condylomas with nearly negligible cytotoxic effects (Longstaff & von Krogh, 2001). 

Imiquimod cream (5%), a topical immune response modulator self-administered treatment, 

showed promising results in treating vulvar intraepithelial neoplasia (VIN) (van Seters et al., 

2008). 

 Indole-3-carbinol (13C), an effective inducer of cytochrome p450-regulated metabolism of 

estrogen, found in cruciferous vegetables including cabbage, brussel sprouts, broccoli, and 

cauliflower, was reported to have valuable potential in treating recurrent respiratory 
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papillomatosis (RRP) (Coll et al., 1997). Vitamin A and interferon-α (IFN-α) were also tested 

for treating RRP, however, the side effects accompanying the therapies (including painful 

sores as a result of incomplete healing of the squamous epithelia and fevers, respectively) are 

hindering their clinical application (Chow et al., 2010).  

1.3.8  Cervical cancer in the human papillomavirus vaccination era 

The cervical cancer prevention and control sector of the WHO stated that the 530 000 new 

cervical cancer cases that are diagnosed annually can be reduced using comprehensive 

approaches involving vaccination against HPV in girls between 9 to 13 years old in addition 

to regular screening in women over the age of 30 for precancerous lesions, and application of 

a subsequent adequate treatment when needed (WHO, 2013).  

Currently available vaccines provide highly efficient protection against most common HR-

HPV infections but they do not cure present HPV lesions (L. Touyz, 2013). HPV vaccines are 

virus-like particles (VLP) consisting of L1 proteins but no viral DNA which enable them to 

stimulate an immune response while at the same time not be infectious (Carter et al., 2011). 

The first available vaccine was the quadrivalent vaccine Gardasil (Merck, Whitehouse 

Station, NJ), targeting not only HPV-16 and 18 but also genital wart -  causing HPV subtypes 

including HPV-6 and 11, while the second one was Cervarix, a bivalent vaccine 

(GlaxoSmithKline, London, United Kingdom), which protects against high risk HPV types 

16 and 18, (Haupt & Sings, 2011). The latest HPV vaccine recently approved by the Food 

and Drug Administration (FDA) in 2014 is nonvalent Gardasil-9 (Merck, Whitehouse 

Station, NJ), targeting the quadrivalent HPV vaccine types (6, 11, 16, and 18) and five other 

oncogenic types (31, 33, 45, 52, and 58) (Joura et al., 2015). Vaccine mediated immunisation 

against HPV infections is achieved by IgG neutralising antibodies that prohibit HPV invasion 

into the basal cell. There are few side effects accompanying the vaccine, such as local pain, 
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redness, soreness, minor fatigue, headache, and myalgia, however these are largely tolerated. 

It worth mentioning that routine Papanicolaou (Pap) testing will still be needed as vaccination 

does not provide protection against all cervical cancers nor pre-existing HPV infections 

(Carter et al., 2011). It is recommended that males should also receive the vaccine (S. J. 

Touyz & Touyz, 2013) as it reduces their probability of developing HPV-associated illnesses, 

including anal, penile, and oropharyngeal malignancies, in addition to genital condyloma 

(Carter et al., 2011). 

Australia was the first country to implement a fully supported quadrivalent HPV (HPV 

6/11/16 and 18) vaccination program by the national government in 2007 for females aged 

12-13 years Two years later in 2009, a catch up program for young woman ( aged 18-26 

years) was introduced (Garland et al., 2011). Although conclusive evidence of the 

programme’s efficiency in diminishing cervical cancer may take a few decades to be obvious 

(Tabrizi et al., 2012), many studies have already shown a significant early success of the 

vaccination program. A universal real-world assessment of the effectiveness of the 

quadrivalent HPV vaccination program across countries where vaccination programs were 

first implemented including Australia, Europe, North America, and New Zealand over its first 

decade of use have reported significant reduction in HPV-related disease. A reduction by 

nearly 90% in genital warts incidence, up to 45% in low-grade cytological cervical 

abnormalities, and approximately 85% in high-grade histological cervical abnormalities 

incidence was reported (Garland et al., 2016). However, in a pooled analysis of the efficiency 

of Gardasil in Australian women (16-26) years age, enrolled in the trial but were already 

infected with vaccine HPV-subtypes, the efficacy of the vaccine against high-grade cervical 

lesions related to vaccine HPV types was only 51.5% (NCIRS, 2016). This demonstrated the 

importance of vaccination before any significant exposure to HPV or sexual activity (age ≥ 
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18years) and highlights the fact that the vaccine has no clearing effect on existing infections  

(Garland et al., 2016; Mahmud et al., 2014).  

Despite the high efficacy of HPV vaccines in preventing high-grade precancerous lesions 

caused by vaccine-targeted HPV infections (~90%) in HPV naïve women, there are still 

crucial issues to be addressed, such as full coverage doses of the vaccine and affordability 

(Sankaranarayanan et al., 2016). Unfortunately, the HPV vaccine is still not funded by the 

national immunisation programs in every country worldwide and this is due to two main 

reasons: high vaccine cost (Poljak et al., 2013) and negative public awareness (Mills et al., 

2013). In fact, a recent study quantified worldwide cumulative coverage of publicly funded 

HPV immunisation programmes up to 2015, and it showed that nearly all Africa, southern 

Asia and parts of northern Asia (middle-lower income countries) have not introduced a 

national HPV-vaccination programme and almost 70% of vaccinated women worldwide are 

from high income countries. It also reported that the HPV immunisation programmes 

implemented globally between 2006-2014 targeted only 12% of young adolescent females 

and  the remaining population are still vulnerable to developing cervical malignancies and 

other HPV-related disease (Bruni et al., 2016). These all demonstrate the need for new 

therapeutic strategies in both the newly diagnosed and recurrent patient populations 

(unvaccinated) as studies show that it could take up to 100 years to get over 90% reduction in 

cervical cancer cases (Ribassin-Majed et al., 2012). 
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1.4 The concept of Ribonucleic acid interference (RNAi) for HPV 

1.4.1 Ribonucleic acid interference (RNAi) 

One of the novel therapeutic approaches that has been investigated in the fight against 

cervical cancer is ribonucleic acid interference (RNAi). RNAi refers to post-transcriptional 

specific gene silencing (or knockdown mechanism) utilising ds RNA molecules such as small 

interfering RNAs (siRNA) (Z. Li & Rana, 2012; Pushparaj & Melendez, 2006a, 2006b; 

Yokota et al., 2007).  Figure 7 demonstrates siRNA processing and its role in RNAi. 

 

Figure 7 SiRNA processing and role in RNAi. 

Upon endosomal uptake by the cell, siRNAs are processed by Dicer accompanied by TRBP, Ago-2 and PACT, 

into RISC. Ago-2 unwinds the ds-siRNA and releases the passenger strand. The activated RISC with an 

antisense strand is then ready to target specific mRNAs, and ultimately cleave them. This mRNA degradation 

down-regulates their translation and expression. 
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The siRNAs are approximately 21-22 nucleotides (nt) long and have unique 2- nt 3' 

overhangs, to degrade specific messenger RNAs (mRNA), hence, they contribute strongly to 

gene expression regulation (Santel et al., 2006).   

With regards to RNAi therapies, any viral gene could be targeted. In the case of HPV, this 

includes the six early non-structural genes (E1, E2, E4, E5, E6, and E7) and the late structural 

genes (L1 and L2) (C. C. Baker et al., 1987). A study has used bovine papillomavirus E2 

protein to repress the expression of E6 and E7 oncogenes in HeLa cells via binding to the 

HPV early promotor site.  12 h post transfection a marked inhibition in cellular DNA 

synthesis was observed, followed by a dramatic increase in p53 levels and its subsequent 

responsive genes, including mdm2 and p21. This strongly suggests that suppression of E6 

and E7 oncoproteins results in reactivation of tumour suppressor factors that induce growth 

inhibition and subsequent tumour regression (Goodwin & DiMaio, 2000). Others have used 

antisense oligodeoxyribonucleotides-based strategies against the 10nt window within 

unspliced and spliced E6-coding sequence to target HPV transcription in vitro. However, 

these approaches were limited to only promoting a degree of growth inhibition rather than 

apoptosis induction due to the low accessibility nature of HPV E6/E7 transcripts to antisense 

nucleic acids  (Venturini et al., 1999). 

1.4.2 RNAi against Cervical cancer 

As the simultaneous expression of E6 and E7 oncogenes is essential for maintaining the 

malignant transformation of cancer cells, these two genes have been the main focus for RNAi 

studies against HPV-cancers. This complete reliance on E6/E7 expression and the fact that 

these two genes are expressed as a bicistronic message from the same promoter make these 

targets highly attractive for molecular targeting of HPV-driven cervical cancers (Putral et al., 

2005).   
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Yamato and colleagues demonstrated that downregulation of HPV16 E6 and E7 oncogenes 

via siRNA hinders in vitro growth of HPV-16 driven cervical cancers (Yamato et al., 2006).  

Furthermore, a study has shown that E6 knocked down in HeLa (HPV-18) cells resulted in 

cellular reconstruction of p53 function which hindered cell proliferation but did not induce 

noticeable apoptosis. Interestingly, combining E6 with different chemotherapy compounds 

resulted in either an elevation (in the case of doxorubicin and gemcitabine) or reduction (in 

the case of cisplatin and etoposide) in cervical cancer cell line sensitivity to the tested drug 

depending on the chemotherapy compound (Koivusalo et al., 2005).  

Indeed, in vitro knock down of HPV-E6 using siRNA has demonstrated a vital molecular tool 

to induce apoptosis in HPV-positive tumour cells (HPV-18 E6 (HeLa, H1299, MCF-7) or 

HPV-16 E6 (SiHa, H1299, MCF-7) (Butz et al., 2003).  Short hairpin RNAs (shRNA) could 

also trigger RNAi. A study by Gu, et al. demonstrated an effective in vitro HPV-18 E6 and 

E7 knock down in HeLa cells using shRNA that targets these genes using lentiviral vectors 

(LV-shRNA) as delivery approach. This resulted in apoptosis of the HPV-18 cancer cells at 

high doses and senescence at low doses (Gu et al., 2006).  

1.4.3 Challenges of siRNA delivery, particularly intravaginal delivery  

Throughout the process of developing RNAi-based therapeutics, a number of issues need to 

be carefully considered such as stability, bioavailability, safety, efficacy and selectivity (Jung 

et al., 2015). Efficient in vivo delivery of siRNAs to particular cell populations has been the 

major obstacle impairing its therapeutic application (Kortylewski et al., 2009). Intravaginal 

application of nucleic acids holds great potential for the prevention and treatment of 

numerous viral infections of the genital tract  such as herpes (Steinbach et al., 2012) and 

acquired immune deficiency syndrome (AIDS) (Wheeler et al., 2013). Previously a simple 

technique had been shown to offer efficient and sustained gene silencing with great product 



  

Sora Fallaha s2833992  26 | P a g e  

 

stability in vivo. This was done using a polyethylene glycol (PEG)ylated lipidic polymer that 

entraps siRNA using the hydration-of-freeze-dried-matrix (HFDM) method. Findings by our 

lab demonstrated selective and significant reduction in TC-1 tumour growth (by 50%) post 

knocking down of E6/E7 oncogenes systemically using these novel lipid particles 

(liposomes) in C57BL/6 mice models (S. Y. Wu et al., 2011).  

We are particularly interested in intravaginal delivery as a therapeutic route for cervical 

cancer. In fact, local delivery may give us a better efficacy with fewer undesired off-target 

effects that could possibly be associated with systemic treatment (Ensign et al., 2014). 

Furthermore, intravaginal delivery offers the advantage of escaping first-pass hepatic 

clearance (S. Yang et al., 2013). Intravaginal delivery is highly challenging due to the 

mucosal barrier and nucleases that naturally protect the genital tract through degrading 

foreign particles and pH (S. Yang et al., 2013). The mucosal barrier efficiently traps 

nanoparticles, which then subsequently get removed from mucosal tissues within seconds to 

hours depending on the anatomical locations. It is primarily composed of mucin fibres which 

have been previously reported to interact with cationic liposomes and many other 

components such as lipids, salts, proteins, and enzymes that contribute to the difficulty of 

delivery of these nano-lipid vehicles (S. K. Lai et al., 2009). This could strongly limit 

sustained and controlled delivery of proposed treatment such as siRNA-lipoplexes in this case 

study. Studies have shown that, pre-treatment of vaginal tract with certain chemicals such as 

Nonoxynol-9 (a widely used vaginal spermicide) may improve nanoparticles mobility in 

mucus matrices and enhance siRNA delivery to the cervico-vaginal epithelium. However, 

Nonoxynol-9 was reported to disrupt the integrity of genital epithelium which subsequently 

significantly increased its susceptibility to HPV infections as it facilitated binding of the 

pseudovirus capsid to the mucosal basement membrane (Roberts et al., 2007).  
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The McMillan lab developed a biodegradable PEGylated Lipoplex entrapped Alginate 

Scaffold (PLAS) system to deliver lipoplexes (liposomes with encapsulated siRNA using 

HFDM method) in vivo into the cervico-vaginal epithelium, achieving sustained and 

successful vaginal uptake by six-fold increase when compared to existing transfection 

methods. Importantly, significant knockdown of Lamin A/C level was also observed in 

vaginal tissues using siLamin A/C-loaded PLAS system in vivo. Combining these 

observations indicated the potential of the biodegradable PLAS system to achieve sustained 

delivery of siRNA to vaginal epithelium. (Sherry Y. Wu et al., 2011).  

 

1.4.4 How does RNAi unravel selective molecular targets for cancer therapies?  

The knocking-down of particular oncogenes can result in tumour growth inhibition and 

regression, a concept established in HPV-driven cervical cancers (Putral et al., 2005). As a 

consequence of an oncogenic mutation, cancer cells may develop other reliances on non-

oncogenic genes. Knockdown of these genes may induce oncogene-specific “synthetic lethal” 

effects that could provide innovative therapeutic targets (Scholl et al., 2009). Recently 

published work by the McMillan and Gabrielli labs used technology to identify synthetically 

lethal targets in HPV-driven cervical cancer models using Dharmacon Human siGENOME® 

SMARTpool® siRNA Libraries for Protein Kinases (targeting 779 genes of the kinome 

library). They discovered that Aurora B kinase (AURKB), Aurora A kinase AURKA, GSG2 

(Haspin), STK16, CNKSR1, and PIK3R3 are top hits targets for HPV-cervical cancers. 

Further investigations targeting the Aurora A kinase using the anti-mitotic inhibitor Alisertib 

(also known as MLN8237) have demonstrated that Aurora A is critical for survival in HPV- 

transformed cervical cancers in vitro and in vivo (Gabrielli et al., 2015). In fact, in vivo 

investigation has shown that loss of AURKA activity resulted in complete tumour regression 
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in HPV cervical cancers models while it only delayed tumour growth in non-HPV cervical 

cancers, suggesting selectivity to HPV- transformed models.  

1.5 The Aurora kinase and its role in tumorigenesis  

Aurora kinases belong to the serine/threonine kinase family and have been found to have a 

fundamental role in cell cycle control (Cheung et al., 2009; Fu et al., 2007; Vader & Lens, 

2008). Mammals have at least three Aurora kinases; Aurora A, B and C (Fu et al., 2007; 

Meraldi et al., 2004). 

Aurora kinases are regulated via the binding of specific regulatory partners, phosphorylation, 

and ubiquitin-dependent degradation (Meraldi et al., 2004). Investigating the requirements 

for human Aurora kinases destruction revealed that there is a D-box (destruction box) located 

in the C-terminal and an A-box in the N-terminal required for Aurora A kinase proteolysis. 

This process is regulated and mediated by anaphase-promoting complex/cyclosome (APC/C), 

a multisubunit ubiquitin ligase (Crane et al., 2004). 

Aurora kinases were previously established to be involved in numerous mitotic (cell division) 

events, including chromosome segregation (Cheung et al., 2009), centrosome cycle, spindle 

assembly (Meraldi et al., 2004), microtubule–kinetochore attachment, the spindle checkpoint, 

and cytokinesis (Mountzios et al., 2008). Dysregulation in Aurora Kinases may hinder 

checkpoint function as well as spindle assembly leading to chromosome missegregation (also 

referred to as polyploidization) accompanied by centrosome amplification, which ultimately 

impairs cell division (Meraldi et al., 2004). These abnormalities in the mitotic process 

contribute to tumorigenesis. Indeed, Aurora A and B kinases were observed to be up-

regulated in many human cancers such as cervical intraepithelial neoplasm 3 (CIN 3) and 

malignant squamous cervical cancer (Twu et al., 2009), as well as primary human and mouse 
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prostate cancers (E. C. Lee et al., 2006). This suggests that these kinases may be considered 

novel targets for the development of anticancer interventions.  

Aurora kinase family members as mitotic regulators vary in their subcellular localization and 

timing of activity during cell cycle. For instance, Aurora A kinase localises to centrosomes 

during interphase and to centrosomes and spindle microtubules close to the poles during the 

mitotic phase. Aurora-B kinase localised to the centrosomes firstly, then to the midzone of 

central spindles, and lastly to the midbody during cytokinesis and anaphase (Sessa et al., 

2005).   

1.5.1 Aurora A kinase  

Aurora A kinase (also known as STK15 or BTAK (Katayama et al., 2004) or Aurora-2 

(Cheetham et al., 2002))  plays multiple crucial roles in cell cycle regulation (Fu et al., 2007). 

Firstly, it aids in the separation of centriole pairs in the centrosome and the migration of 

centrosomes to opposite poles for bipolar spindle formation during the prophase of mitosis 

(Fig 8) (Marumoto et al., 2003). Secondly, Aurora-A kinase is involved in microtubule 

spindle assembly and organisation via the phosphorylation of the Ser-625 residue of Aster-

Associated Protein (ASAP). ASAP is a vital protein for human microtubule spindle formation 

(Venoux et al., 2008) and spindle organisation via phosphorylation of the transforming acidic 

coiled-coil protein-3 (TACC3). All together consecutively regulates the microtubule-

stabilizing gene colonic hepatic tumour-overexpressed gene (ch-TOG) (De Luca et al., 2008). 

In addition to centrosome separation, spindle assembly and organisation,  Aurora-A kinase 

regulates G2-M transition during cell cycle (J. Du & Hannon, 2004) and controls 

chromosome alignment and cytokinesis (Fu et al., 2007).   

Indeed, deregulation in Aurora A kinases is found to lead to severe mitotic abnormalities 

(Twu et al., 2009) and chromosome instability in human cells (Marumoto et al., 2003). It was 
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also shown that suppression of Aurora-A kinase by short interfering RNA in HeLa cells 

results in abnormal mitotic spindle organisation, promotes formation of tetraploid (4N) cells, 

and induces G2-M cell cycle arrest and apoptosis (J. Du & Hannon, 2004). Marumoto, T.et 

al. revealed that silencing Aurora A in HeLa cells using siRNA resulted in impaired 

separation of centriole pairs at prophase, chromosome misalignment at metaphase, and 

incomplete cytokinesis at anaphase. Moreover, Katayama H. et al. established that Aurora A 

kinase destabilises p53 (a tumour suppressor protein) as it phosphorylates p53 at the Ser315 

residue which promotes its degradation by Mdm2- mediated ubiquitination (Katayama et al., 

2004). This strongly supports the importance of Aurora A in maintaining chromosome 

integrity through phosphorylation at several events during the mitotic phase of cell cycle 

(Marumoto et al., 2003). Previous reports have shown that Aurora-A kinase levels were 

amplified in more than 50% of colorectal, ovarian, and gastric tumours, and about 94% of 

invasive duct adenocarcinoma (Harrington et al., 2004). It was also found to be 

overexpressed in haematological cancers (Blagg et al., 2010).  Its clinical application was 

further elucidated in a meta-analysis study where it was proposed that Aurora kinase A could 

be used as an effective prognostic indicator in solid tumours in patients (Zhang et al., 2015). 
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Figure 8 Immunofluorescence staining demonstrating Aurora A and B kinases localisation during the 

mitotic phase of cell cycle.  

Aurora A (indicated in green) is localised mainly around centrosomes in prophase, on the microtubules near 

spindle poles in metaphase and polar microtubules during anaphase and telophase. Aurora B (indicated in red) is 
localized to inner centromere throughout prophase and metaphase, then to spindle mid-zone microtubules in 

anaphase, and to midbody during cytokinesis (adapted from (Kollareddy et al., 2008).  

 

1.5.2 Aurora B kinase  

Aurora B is a component of the chromosomal passenger complex (May & Hardwick, 2006). 

The chromosomal passenger complex consists of Aurora B kinase and the three regulatory 

components INCENP, survivin and borealin (also referred to Dasra). Aurora B and the Cdk1-

cyclin B complex control exit from mitosis by controlling INCENP. Once INCENP, survivin 

or borealin localization and/ or function are disturbed, the other components of the 

chromosomal passenger complex do not localise properly, which results in compromised 

proper cell division and ultimately mitotic failure (M. Carmena et al., 2012).   
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Activation of Aurora-B kinase, a chromosomal passenger protein, (also known as Aurora -1) 

is achieved through autophosphorylation of its threonine 232 and binding to the IN-box 

within the c-terminus region of INCENP. However, full activation requires subsequent 

phosphorylation of two serine motifs located close to the IN-box in the INCENP (Vader & 

Lens, 2008).  

Aurora-B kinase plays essential roles in cell cycle. Firstly, it controls chromatid sister 

cohesion via a ring-like cohesion complex until the metaphase to anaphase transition (Fig 8)  

(Tanaka, 2005). Secondly, it activates chromosome condensation, which is important for 

chromatid segregation via activating the Condensin complex (Vader & Lens, 2008). With 

regards to accurate chromatid segregation and separation, Aurora-B kinase plays multiple 

crucial roles. It is vital for chromatin-induced spindle assembly during mitosis. Also, it 

promotes amphitelic attachment (each chromatid kinetochore, within every chromatid pair, 

has to be attached to the opposite pole of the bipolar spindles, Fig 9) of the microtubule 

spindle to the chromosome via the kinetochore  (Fu et al., 2007; Tanaka, 2005; Vader & 

Lens, 2008). Aurora-B kinase not only promotes bi-polar attachment, it also corrects mal-

orientation (improper chromosome attachment including syntelic and merotelic attachments 

(Tanaka, 2005). In the case of syntelic chromosome attachment (both kinetochores binds 

microtubules from the same pole, Fig 9), it phosphorylates two kinetochore microtubule-

capture factors (the Ncd80/Hec1- and Dam1-complexes) which consequently allow the 

unattached kinetochores to enter a new microtubule attachment cycle until bipolar attachment 

is achieved (Vader & Lens, 2008). Aurora-B kinase also corrects merotelic chromosome 

attachment (one kinetochore attaches to microtubules form both poles via regulation of 

MCAK (Fu et al., 2007). Aurora B breaks inappropriate attachment of the chromosomal 

kinetochore to mitotic spindles resulting in unattached kinetochores. This is detected by 
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Mad/Bub protein kinases which ultimately activates the spindle checkpoint (May & 

Hardwick, 2006). 

 

Figure 9 Modes of kinetochore–microtubule interactions. 

In monotelic attachment one of the sister kinetochores attaches to microtubules while the other does not attach 

to any microtubules. In syntelic attachment both sister kinetochores are attached to microtubules extending from 

one spindle pole. Amphitelic attachment, each sister kinetochore attaches to microtubules extending from 

opposite spindle poles. Lastly, in merotelic attachment: a single kinetochore simultaneously attaches to 

microtubules extending from both spindle poles (adapted from (Tanaka, 2005)). 
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1.5.3 Small molecule inhibitors against Aurora kinases  

Due to the crucial role Aurora kinases play in cell division and their overexpression in a 

variety of cancers, they represent novel molecular targets for anti-cancer interventions. Many 

Aurora kinases inhibitors have been established and are currently in clinical use, such as 

Rebamipide, which has been used as anti-ulcer treatment in Asian countries including Japan, 

Korea and China, and was identified as highly effective in diminishing human gastric cancer 

cell growth via the Smad signalling pathway (Tanigawa et al., 2007). Other Aurora A kinase 

inhibitors, such as MLN8054 and Alisertib (MLN8237), are ATP-competitive, orally 

administrated drugs under investigations in phase I and phase VII clinical trials respectively, 

against advanced solid tumours (Cheung et al., 2009).  

Alisertib was developed as a structurally improved generation of a previously established 

inhibitor, MLN 8054. The latter inhibitor demonstrated central nervous system (CNS) side 

effects in patients due to its structural similarity to the benzodiazepine family, particularly 

somnolence due to  GABAA α-1 benzodiazepine off-targeting (E. Claire Dees et al., 2011). 

Subsequently, Alisertib was developed (apyrimidobenzazepines), showing less affinity to 

GABAA α-1 and therefore, fewer CNS side effects (Sells et al., 2015). Alisertib was found to 

be highly active in resistant myeloid leukaemia (Kelly et al., 2011) and has recently been 

investigated against multiple solid tumours in phase I human clinical trial (E. C. Dees et al., 

2012). Furthermore, a critical risk-benefit assessment of Alisertib, reported “potential” 

promising clinical effect in various tumours; as it improved time to disease progression, 

progression-free survival, and the duration of disease stability. However, the administration 

of the drug was associated with manageable haematological disturbances in many cases 

(Tayyar et al., 2017) (Appendix 3).  
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1.6 The cell cycle  

Cell cycle (or cell division) refer to a series of events in the cell that leads to its division and 

duplication into two daughter cells containing an identical number of chromosomes to the 

parental cell. Most of the cells in the human body are in the resting, G0 state; a non-

proliferating state just before the G1 phase (Vermeulen et al., 2003). The cell cycle consists of 

two main phases; the interphase including; G1, S, and G2 phase, and the mitotic phase (M-

mitosis) (Cheung et al., 2009) where the duplicated chromosomes segregate into two cells. 

Cancer is characterized by abnormal cell cycle activity that result in uncontrolled cell 

proliferation.  

Progression through S phase and from G2 phase into M is controlled by the interaction of 

cyclin-CDK complexes, together with various other proteins, such as Polo-like kinase 1 

(PLK1) and Aurora kinases (Aurora A and B kinase) (Otto & Sicinski, 2017).  

Advancement through the cell cycle (Fig 10) relies on interaction between essential protein 

kinases that control cell cycle progression including the Cyclin Dependent Kinases (CDK), 

which are serine/threonine protein kinases. Activation of these kinases is dependent on 

phosphorylation and binding to cyclin molecules (Vermeulen et al., 2003). Conversely, 

phosphorylation by Wee1 and Myt 1 kinases results in negative regulation of CDKs 

(Medema & Macurek, 2012).  

Different cyclins are involved at different stages; firstly, cyclin-D (cyclin D1, cyclin D2, 

cyclin D3) binds to CDK4 and CDK6 and forms cyclin D-CDK complex which is essential 

for G1 entry (Baldin et al., 1993). CDK4-cyclin D complex phosphorylates the negative 

growth factor retinoblastoma protein (pRB), which results in release and activation of  the 

transcription factor E2F that mediates transcription of cyclin A, B and E encoding genes and 

drives the cell through the restriction point (Moore, 2013). Cyclin D-CDK4/CDK6 complex 
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was also found to sequestrate p21 and p27 which leads to indirect inactivation of CDK2 

(Baldin et al., 1993). During late G1 phase, cyclin E binds to CDK2, activating chromosomal 

DNA replication and centrosome duplication (G1-S transition) (Ohtsubo et al., 1995). During 

S phase cyclin A binds to CDK2 (Girard et al., 1991). Cyclin A was also found to be 

involved in G2 phase (Pines & Hunter, 1991). Indeed, it was found that cyclin A peaks in late 

G2 phase, and remains present until pro-phase and binds with CDK1 promoting entry into 

Mitosis (Vermeulen et al., 2003). At the onset of M phase, cyclin B binds to CDK1(Moore, 

2013).    

 

Figure 10 Diagram of cell cycle progression demonstrating interaction of major regulatory proteins.  

Advancement through the cell division cycle relies on the coordination of multiple genes expressed at different 

time throughout the cycle. Essential protein kinases that control cell cycle progression are the Cyclin Dependent 

Kinases (CDK) interact with different cyclins at different stages. Firstly, cyclin-D (cyclin D1, cyclin D2, cyclin 

D3) bind to CDK4 and CDK6 and form cyclin D-CDK complex which is essential for G1 entry. CDK4-cyclin D 
complex phosphorylate the negative growth factor; retinoblastoma protein (pRB) which result in releasing and 

activating the transcription factor E2F that mediate transcription of cyclin A, B and E encoding genes and drive 

the cell through the restriction point. At late G1 phase, cyclin E binds to CDK2 activating chromosomal DNA 

replication and centrosome duplication (G1-S transition). During S phase cyclin A binds to CDK2. At the onset 

of M phase, cyclin B binds to CDK1. Growth-inhibitory signals antagonize G1–S progression by upregulating 

CDK inhibitors of the INK4 and CIP/KIP families. Progression through S phase and from G2 phase into mitosis 

(M phase) are regulated by cyclin–CDK complexes in addition to numerous other proteins, such as Polo-like 

kinase 1 (PLK1) and Aurora kinases (Aurora A and Aurora B). Aurora A kinase regulate centrosome separation, 

spindle assembly and organisation, G2-M transition during cell cycle. Aurora B kinase is critical for mitotic exit 

as it is vital for chromatin- induced spindle assembly during mitosis. Oval-purple shapes indicate positive 

regulators of cell cycle progression whereas oval-blue denote indicate negative regulators of cell cycle 

progression. P in grey circle denotes dephosphorylating. (adapted form (Otto & Sicinski, 2017)).  
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1.6.1 Cell cycle check points  

The cell cycle checkpoints ensure proliferation of only healthy cells. They ensure that no 

transition phase is mediated until the previous one has been successfully finalized, which 

ultimately yields high fidelity of cell division (Elledge, 1996; Patil et al., 2013). Cells rely on 

3 three major checkpoints :G1-S, G2-M, and metaphase checkpoint during mitosis, 

depending on the phase of cell cycle, where damage take place (Medema & Macurek, 2012).  

The first cell cycle checkpoint is located at the transition of G1-S phase, the Restriction point, 

where cells are examined for DNA damage. Cell cycle arrest at G1-S phase in response to 

DNA damage is p53-dependent (Levine, 1997). The second cell cycle checkpoint is the G2-M 

checkpoint, which examines for further DNA damage and mismatched nucleotides bases that 

could have occurred during DNA duplication in S phase. Finally, during mitosis, a third 

check point, referred to as the spindle check point, ensures proper alignment of the 

chromosomes on the mitotic spindles. All chromosomes during Metaphase need to be 

connected to the mitotic spindles at the kinetochore in amphitelic orientation (May & 

Hardwick, 2006).  

DNA damage induces cascades of signal transduction pathways that lead to checkpoint 

activation which in turn regulate cell cycle transitions and initiate DNA repair.  If repair fails 

or the damage is too severe, then programmed cell death (apoptosis) is induced. DNA 

damage can be recognised in cells by numerous molecules including ATM and ATR. ATM 

responds to double-strand DNA breaks and subsequently phosphorylates downstream targets 

including Chk1/2, H2AX.  ATR is activated by single-stand DNA generated as a result of 

replication stress or UV induced DNA damage (Patil et al., 2013).  
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1.7 Apoptosis  

The pathogenicity of many illnesses relies on the aberrant regulation of cell death. Apoptosis 

refers to a highly regulated physiological process which serves to eradicate damaged, 

abnormal, injured or dangerous cells via programmed cell death (Geske et al., 2001; H. L. 

Tang et al., 2012). During the last decade, great effort has been aimed at promoting apoptosis 

as a novel strategy in cancer treatments (Nicolier et al., 2009). Although apoptosis plays a 

vital role in maintaining tissue homoeostasis, preventing it is favourable in neurodegenerative 

diseases, strokes, liver and heart failure (Fischer & Schulze-Osthoff, 2005). 

1.7.1 Apoptotic extrinsic pathway 

Apoptosis can be triggered via either intrinsic or extrinsic pathways (Fig 11). An extrinsic 

pathway is initiated by activation of surface cellular death receptors belonging to the tumour 

necrosis factor (TNF) receptor family. Activation of cellular death receptors via protein-

protein interaction with death ligands such as TNF-α, CD95 ligand (also called FAS, APO-1), 

or TNF- related apoptosis-inducing ligand (TRAIL), results in intracellular recruitment of the 

death-inducing signalling complex (DISC) and consequent activation of caspase-8 and/or 

caspase-10 (Fischer & Schulze-Osthoff, 2005). This leads to the activation of the mediator 

caspase and subsequent cleavage-mediated activation of a downstream effector caspase; 

caspase-3 (Nicolier et al., 2009). Studies have shown that caspase-3 to be responsible for the 

cleavage of various proteins such as poly(ADP-ribose) polymerase-1 (PARP-1), an enzyme 

involved in DNA repair in response to environmental stress (Satoh & Lindahl, 1992) , 

genome surveillance and integrity (Nicholson et al., 1995), and DNA fragmentation factor 

(DFF) leading to oligonucleosomal DNA fragmentation (Nicolier et al., 2009).    
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1.7.2 Apoptotic intrinsic pathway  

Caspase activation and mitochondria involvement are very crucial events in apoptosis, as 

they are believed to be irreversible (H. L. Tang et al., 2012). Upon receiving apoptotic stimuli 

such as excessive DNA damage or activation of cell surface death receptors, caspases 

(intracellular cysteine proteases) are activated either by autocatalysis or cleavage by other 

caspases. Ultimately, activated caspases may result in DNA fragmentation, externalization of 

phosphatidylserine (PS), and formation of apoptotic bodies that are consumed by 

phagocytosis (C. Du et al., 2000). This causes permeability in the mitochondrial membrane to 

release cell-executing factors, including apoptosis inducing factor (AIF), endonuclease G 

(EndoG) (H. L. Tang et al., 2012) and Cytochrome C (Korsmeyer et al., 2000). 
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Figure 11 Apoptosis activation via intrinsic and extrinsic pathways  

Intrinsic pathways could be activated upon receiving an internal apoptotic stimuli signal such as excessive DNA 

damage. An extrinsic pathway is initiated by activation of surface cellular death receptors belonging to the 

tumour necrosis factor (TNF) receptor family. Activation of cellular death receptors via protein-protein 

interaction with death ligands such as TNF-α, CD95 ligand (also called FAS, APO-1), or TNF- related 
apoptosis-inducing ligand (TRAIL), results in intracellular recruitment of the death-inducing signalling complex 

(DISC) and consequent activation of caspase-8 and/or caspase-10). From these both pathways will lead to the 

activation of the mediator caspase and subsequent cleavage-mediated activation of a downstream effector 

caspase; caspase-3 and cleavage of various proteins such as poly(ADP-ribose) polymerase-1 (PARP-1). 
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Scope and significance of the study  

HPV has been considered a definitive carcinogen for six types of cancers including cervix, 

penis, vulva, vagina, anus, and head and neck (oropharynx). Indeed, HPV contributes to at 

least 90% of cervical cancers (zur Hausen, 1999) and 20-30% of oral and head and neck 

cancers (Ke et al., 1999).  This equates to over 610,000 deaths annually and represents 5% of 

the total cancer burden worldwide (Forman et al., 2012). It has been a decade now since the 

HPV vaccine co-developed by Ian Frazer was launched. Because of the long incubation time 

required to form HPV cancers, for the next 30 years, only slight change will be observed, 

even for vaccinated populations, whereas unvaccinated populations will still be vulnerable 

(Ribassin-Majed et al., 2012). To date, standard treatment protocols for cervical cancer by 

stage are still surgery and platinum-based chemotherapy and radiotherapy (The American 

Cancer Society, 2016).  

In order to address the effectiveness of targeted therapies, the research presented in this thesis 

(and associated articles) offer promising approaches to treating HPV-driven cervical cancer. 

We addressed treatments at several stages of disease presenting early and advanced states of 

HPV-cervical cancers.  We further discovered that inhibition of Aurora A and Aurora B are 

required for the sensitivity of HPV-driven cervical cancers to Aurora kinase inhibitors. Most 

importantly we developed a clinically relevant and rapidly translatable therapeutic strategies.  
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Aims and Hypothesis  

Research Hypotheses;  

1. An siRNA against HPV16 E6/E7, delivered via PLAS system into the vaginal tract, 

will be effective in reducing the number of proliferative (dividing) cells in the 

cervico-vaginal epithelia in K14-E7 mice with early stage neoplasia. The consequent 

loss of E7 will reduce the number of proliferative cells, which will ultimately reduce 

the severity of disease. 

2. Inhibition of Aurora A and B kinases will result in inhibition of the growth of HPV-

driven cervical cancers at advanced stage disease. The loss of Aurora A and B kinase 

activities in the setting of HPV-driven cervical cancer will induce cell death by 

apoptosis. 

3.  Alisertib will be effective at inhibiting other HPV-driven cancer models such as TC-1 

and SCC HPV38 and the inhibition will result in a cell death-induced sterilizing 

immune response that protects mice from subsequence tumour challenge.  

Accordingly, the aims of this research are: 

In regards to the first hypothesis: 

•  To determine the effect of HPV16-E6/E7 oncogene knockdown on cell proliferation 

in the epithelia of cervico-vaginal tract of K14-E7 mice following treatment with E7-

specific and control siRNAs. 

• To assess any changes in the histopathological grade of CIN/VIN treated mice.  

• To determine the effect following HPV16 E6/E7 silencing in the cervico-vaginal 

epithelia region caused by siRNA-PLAS treatment. 
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In regards to the second hypothesis: 

• To determine if treatment with the Aurora A and B kinases inhibitor, Alisertib, at 

different doses of 15 and 30 mg/kg/day can inhibit late stage xenograft HPV-cervical 

cancer tumour growth in vivo. 

• To determine whether Aurora A and/or Aurora B inhibition induces the long term 

cytotoxic response of Alisertib in the setting of HPV-driven cervical cancer in vivo.  

• To examine the underlying mechanism by which Alisertib inhibits tumour growth in 

HPV-driven cervical cancer models in vivo (i.e. apoptosis or senescence).  

 

In regards to the third hypothesis: 

• To assess the sensitivity of the two transgenically-modified mouse model cell lines 

(TC-1 and SCC HPV38) to loss of Aurora A and B kinase activities by Alisertib 

treatment in vitro.  

• To examine if an immune response will be triggered by Alisertib treatment that would 

enhance the anti-tumour effect of the drug and protect mice from subsequent tumour 

challenge. 
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 . Materials and Methods  

2.1 Cell lines and Culturing 

The cervical cancer cell lines HeLa, CaSki and C33A were originally obtained from the 

American Type Culture Collection (ATCC). Human squamous cell carcinoma (SCC25) was 

kindly given by Associate Professor Nicholas Saunders (Diamantina Institute, The University 

of Queensland, Brisbane, Australia). TC-1 and SCC-HPV38 cell lines were kindly provided 

by Associate Professor James Wells (Translational Research Institute, Diamantina Institute, 

The University of Queensland, Brisbane, Australia). HeLa (HPV-18), CaSki (HPV-16), and 

C33A (non-HPV) were maintained in complete Dulbecco’s Modified Eagle Medium 

(DMEM) (GIBCO, Life technologies) supplemented with 10% heat inactivated (HI) foetal 

bovine serum (FBS) (Thermo Scientific) and 1% of antibiotic and glutamine preparation 

containing 100 U/ml penicillin, 100 µg/ml streptomycin, and 29.2 mg/ml glutamine (PSG) 

(Life technologies) at 37ºC and 5% CO2 unless indicated otherwise. SCC25 cell line is of 

tongue epithelial origin. SCC25 cells were cultured in DMEM/F12 (1:1) (GIBCO, Life 

technologies) media containing 10% HI-FBS and 1% of PSG at 37ºC and 5% CO2.  

TC-1 cells are lung epithelial murine cell derived from C57BL6 mice, transformed with 

HPV16 E6 and E7 and activated human c-Ha-ras gene. They were cultured in complete 

Roswell Park Memorial Institute (RPMI) media (GIBCO, Life technologies) supplemented 

with 20% HI-FBS, 1 mmol/L sodium pyruvate, 50 U/mL penicillin, 50 µg/mL streptomycin, 

2 mmol/L L-glutamine and 1 mol/L HEPES buffer.  

SCC-HPV38 cell line was derived from transgenic mice strain on a Friend Virus B (FVB) 

background, where E6 and E7 oncoproteins from HPV-38 are expressed under the control of 

the keratin-14 promoter in the undifferentiated basal layer of epithelia (referred to as HPV38 

E6E7-FVB mice). This mice strain develops actinic keratosis-like lesions that ultimately 
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progress to SCC when exposed to ultraviolet (UV) irradiation for up to 30 weeks. SCC-

HPV38 cells were routinely cultured in DMEM/F12 (1:1) media, high glucose (GIBCO, Life 

technologies) containing 10 % HI-FBS (Thermo Scientific), hydrocortisone (0.4 µg/mL), 

insulin (5 µg/mL), cholera toxin (8.4 µg/mL), human recombinant epidermal growth 

factor (rEGF) (10 µg/mL), adenine (24 µg/mL), 1% PSG at 37ºC and 5% CO2.  

2.2 Cell subculturing 

Cells at 80%-90% confluence in T-75 tissue culture flasks were washed twice with 10 mL 1x 

phosphate buffer solution (PBS) (8g/L NaCl, 0.2g/L KCl, 1.44g/L Na2HPO4, 0.24g/L 

KH2PO4) and then detached by adding 2 mL 0.25% (2.5 g/L of trypsin, 3.8 g/L of EDTA) 

trypsin with or without Ethylene diamine tetra acetic acid (EDTA) (GIBCO, Life 

technologies) to the flask and incubated at 37ºC and 5% CO2 for 3-5 minutes. Trypsin was 

inactivated by adding 8 mL of complete DMEM culture medium. Cells were split according 

to the manufacturer in a 1:3-1:10 ratios by discarding a ratio of cell suspension and replacing 

with fresh DMEM.  

In regards to SCC25 and SCC-HPV38 cells, lower passage number of frozen-down stocks 

may take longer to grow but once they start growing, they can proliferate rapidly and become 

confluent within 2-3 days as they grow via contact inhibition. It is very crucial to keep 

passaging ratio maximum 1:4.  

2.3 Long term storage  

Cells were first detached from the tissue culture flasks by washing and adding trypsin as 

outlined before (section 2.2). Cells then were transferred to 10mL tubes and centrifuged at 

400 xg for 5 minutes. Cell pellet was rewashed with 10ml of 1x PBS and re-centrifuged. 

Then, 1xPBS supernatant was removed and pellet was resuspended gently with 1.5 ml of cell-

freezing media (93% FBS, 7% Dimethyl sulfoxide (DMSO)). Each 0.75 mL was transferred 
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into freezing cryovials (Greiner Bio-one, USA) then transferred into -80oC freezer overnight 

before moving to the liquid nitrogen tank. 

2.4 Cell Viability Assay via Cell Titre-Glo Luminescence  

Cells were treated and trypsinised as stated earlier (section 0). Then cells were suspended in 

DMEM and counted using a haemocytometer. To maximise luminescence output, Corning 

Costar white walled 96 well plates were used for this assay. Cells were seeded in 96 well 

plates according to the cell seeding densities demonstrated in table 2.1 for 24 hours then 

treated with serial dilutions of Alisertib (diluted in DMEM) for 72 hours at 37ºC and 5% 

CO2. All cell lines were subjected to a serial dilution ranging from 40 µM to 40 nM of 

Alisertib except for C33A, SCC25 and SCC-HPV38 cells, which were subjected to higher 

doses of Alisertib (160 µM-40 nM). Cell viability was normalised against cells treated with 

an equivalent DMSO concentration to the highest administrated Alisertib dose in each case, 

which acted as a drug solvent control. At the endpoint, plates were left at room temperature 

(RT) for 10 minutes to equilibrate. To determine the IC50 (the half maximal inhibitory 

concentration) of Alisertib, the cellular metabolic activity of cells post-treatment was 

assessed via a luciferase-dependent luminescence reaction using Cell Titre-Glo viability 

assay (Promega, Cat. No. G9242) according to manufacturer’s instructions. A volume equal 

to working volume (100µL) of Ct-Glo reagent was added to each well without washing then 

covered with foil and luminescence allowed to stabilise for 10 minutes before the 

luminescent signal was read by FLUOstar Optima (BMG Labtech) plate reader. Optima and 

Optima-Data analysis software was used to record results. Results were subjected to dose-

response inhibition statistical analysis using Graphpad Prism 6 to calculate IC50 values.  
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Table 2 Cell seeding densities in 96-well plate for Cell Titer-Glo assay. 

Cell line  Cells seeded per well in 96 well plate 

CaSki 7000 

HeLa 3000 

C33A 6000 

TC-1 2000 

SCC25 7000 

SCC-HPV38 7000 

 

2.5 Animal studies 

Mice were housed in pathogen-free barrier facilities to avoid any undesired infections that 

could interfere with findings. 

All animal experimentations were performed according to the guidelines of the Australian 

and New Zealand Council for the Care and Use of Animals in Research and were approved 

by the Griffith University Animal Ethics number MSC/09/14/AEC and the University of 

Queensland Animal Ethics number UQDI/492/15/CCQ, UQDI/TRI/351/15 and 

UQDI/227/11/UQ.  

2.5.1 Intravaginal administration of siRNA encapsulated PLAS targeting HPV16-

E6/E7 mRNA using K14-E7 transgenic mice module.  

2.5.1.1 Tumour establishment in K14-E7 mice models 

Keratin 14 (K14)-E7 female mice, 6 weeks old (n = 9), were purchased from the animal 

resources centre (ARC) (Perth, Australia). K14-E7 transgenic mice is a genetically modified 

mouse model that have been backcrossed and maintained in the FVB/n background (Herber 

et al., 1996).They were transgenically modified with constructs containing only the 

overlapping HPV16 E6 and E7 open reading frames (ORFs) spanning nucleotides 79–883 
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(K14-E6ttl/E7). The ttl (translation termination linker) in the E6 gene prevent E6 expression, 

accordingly these mice overexpress only HPV16-E7 gene in the keratinocytes under the 

control of K14 promotor. This animal study was performed at University of Queensland. 

Tumours were established by implanting a continuous-release 0.05 mg/60-day 17 β-estradiol 

pellets (Cat. No. SE-121, Innovative Research of America) under the skin on the lateral 

neck/shoulder area as previously described (Elson et al., 2000).     

2.5.1.2 Grading system for transgenic mouse cervical squamous carcinogenesis 

The histopathological grading system used in this study for K14-E7 transgenic mouse 

cervical squamous carcinogenesis has been previously developed by Jeffrey M. Arbeit group 

at University of California San Francisco Comprehensive Cancer Centre and Department of 

Surgery (Riley et al., 2003). The established grading system was based on the classification 

principles of human cervical neoplasia or malignancy taking into consideration the variances 

between mice and patients. 
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Table 3 Histopathology and characteristics of cancer staging system for cervico-vaginal dysplasia in 

HPV16-K14 transgenic mice.  

Stage characteristic 

CIN/VIN I 1. The basal cell layers of cervical and vaginal squamous epithelia of 

transgenic mice is twice the estrogen-treated non-transgenic mice 

squamous epithelia mice model 

2. Distinct cells with an increased nuclear:cytoplasmic ratio are scattered in 

the basal and immediate suprabasal cell layers in addition to nuclear 

atypia 

CIN/VIN II 1. Increase in nuclear size, anaplasia 
2. More frequent dysplastic squamous epithelial cells present in in upper 

suprabasal layers.  

3. A degree in basal squamous epithelium projection into stroma. 

CIN/VIN III Similar to CIN II with an increase in nuclear size and frequency of anaplastic cells 

in the upper third of the suprabasal layers.  

CIS 1. Similar to CIN III 

2. Distinct increase in irregularity of the epithelial-stromal border  

3. Progression of well differentiated squamous cell carcinoma and increase 

in squamous epithelial cell layers. 

4. Intact basement membrane with no micro-invasion shown on serial 

sections 

SCC 1. Well differentiated squamous cell carcinoma  

2. Nests of malignant squamous epithelial cells infiltration to stroma with 

distinct central pearl shape keratin 

3. More frequent at the transformation zone  

Mice CIN/VIN grading system representing the degree of reproductive tract squamous epithelial dysplasia and 

neoplastic progression in estrogen treated K14-HPV transgenic mice. CIN/VIN stage I lesions consist of 

occasional anaplastic squamous epithelial cells that are persistent in the upper differentiated layers. CIN/VIN 

stage II lesions display epithelial cell projections into the stroma in addition to cells with further nuclear 

anaplasia. CIN/VIN III lesions are similar to CIN II except the frequency of anaplastic squamous epithelial cells 

is increased. In CIS, lesions demonstrate cytological squamous epithelial cell progression with more irregularity 

of the epithelial-stromal border. Finally, SCC the epithelial-stromal border invades into the cervical/vaginal 
stroma. SCCs mostly develop from glandular squamous metaplasia at the transformation zone. CIN/VIN 

(Cervical/vaginal Intraepithelial Neoplasia), CIS (Carcinoma In Situ), SCC (Squamous cell carcinoma). 

 

2.5.1.3 Guideline for the anatomy and histology of female murine reproductive tract  

There are few differences between humans and mice genital tract anatomy (Fig 12). The 

mouse has a bicornuate uterus in contrast to humans who has a single pear-shaped uterus. 

The uterine inner lining called the endometrium which consist of a simple columnar 

epithelium that extends to the branched endometrial stroma. The mouse endometrial stroma is 

formed of loosely arranged connective tissue in addition to abundant small polyhedral cells. 

The endometrium covers the myometrium which is composed of smooth muscle layers.  
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The uterine body is lined with stratified squamous epithelium and divided into two canals 

and connected by a median septum. The cervix is also lined by stratified squamous 

epithelium and has only one opening into the vaginal lumen. The cervical canal epithelium is 

continuous with the vaginal epithelium.  The cervical canal surrounded with vaginal fornix 

from the lateral sides. Mouse vagina is short and muscular. The vaginal crypt is lined by a 

keratinized stratified squamous epithelium which goes through distinct morphological 

modifications during the mouse estrus cycle. The lamina propria of the vagina is fibrous and 

composed of connective tissue with circular and longitudinal muscularis layers. Unlike 

humans, mouse vaginal mucosa changes morphology at each phase of the estrus cycle and 

cervix is relatively stable. On the other hand, human vaginal mucosa is relatively stable in 

appearance during estrus cycle and only the endometrium undergoes morphological changes 

(Rendi et al., 2012).  

 

Figure 12 H&E representation of longitudinal (coronal) section of mouse reproductive tract.  

The mouse has a bicornuate uterus. The uterine horns join at the middle to form the septum, where the 

squamous columnar epithelium of the endometrium gradually changes to form the stratified squamous 

epithelium. The uterine inner lining referred to as the endometrium is composed of a simple columnar 
epithelium that extends to the branched endometrial stroma. The endometrium covers the myometrium which is 

composed of smooth muscle layers. The cervix is lined by stratified squamous epithelium and has only one 

opening into the vaginal lumen. In mice, the cervical canal epithelium is continuous with the vaginal 

epithelium. The cervical canal surrounded by vaginal fornix from the lateral sides. Mouse vagina is short and 

muscular. 
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2.5.1.4 PEGylated lipoplex-entrapped alginate scaffold (PLAS) system formulation  

2.5.1.4.1 PEGylated liposomes containing siRNA against HPV16-E7 preparation 

PEGylated liposomes (PL) were prepared using the HFDM method that has been previously 

established by the McMillan (S. Y. Wu & McMillan, 2009). Each mouse was injected with 

40 μg siRNA encapsulated in a liposome containing 0.352 mg Dioleoyl trimethylammonium 

propane (DOTAP; Avanti, Alabama, USA), 0.136 mg cholesterol (Avanti, Alabama, USA), 

0.037 mg Dioleoyl phosphatidylethanolamine (DOPE Avanti, Alabama, USA) and 0.263 mg 

Polyethylene glycol (PEG)2000 C16ceramide (Avanti, Alabama, USA) at the molar ratio of 

50:35:5:10 respectively. These lipids were dissolved in pre-warmed tert-butanol (125 μL 

/lipid / dose) (Sigma) and kept under warm conditions (37° C) until they fully dissolved, then 

aliquoted into 15 ml glass round-bottom flasks. Sterile isotonic sucrose solution (55.5 

mg/mL) was prepared and 40 μg/dose siRNA added to this solution. The siRNA-sucrose 

solution was then added to the lipid solution and mixed well by gentle shaking. Afterwards, 

the solution was snap-frozen in a dry ice-ethanol bath by swirling mixture until a thin frozen 

layer was formed and then lyophilised for at least 24 hours on the freeze-drier (Vir Tis, SP 

Scientific (senty 2.0), USA) at a condensing temperature of -120°C and pressure of less than 

0.1 mbar.  

Two siRNAs were used in this study. The siRNA targeting HPV-16 E7 referred to as s10 

(siRNA HPV-16 E6 Sequence 10), and βgal 924 targeting no specific sequence in 

mammalian cells referred to as β-gal. SiRNAs were purchased from Genepharma (Shanghai, 

China) as double-stranded, lyophilized, desalted forms and reconstituted to 100 mM using 

diethylpyrocarbonate (DEPC) water.  
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Table 4 Sequences of siRNAs used in this research 

siRNA Sequence  

s10 (siRNA HPV-16 E6 Sequence 10) 5’-GCAACAGUUACUGCGACGUUU-3’ 

3’-UUCGUUGUCAAUGACGCUGCA-5’ 

βgal 924 5’-UUAUGCCGAUCGCGUCACAUU-3’ 

 

2.5.1.4.2 Liposomes Characterization using Zetasizer nano 

Size, polydispersity and zeta potential of the resultant liposomes were measured using a 

Zetasizer Nano ZS (Malvern Instruments, UK) following appropriate dilution in distilled 

water. Measurements were carried out at room temperature. Three size measurements were 

performed with 10 runs per measurement. All liposomes were characterised and assessed 

according to quality control standards (as listed in table 2.5) before taken to the next step. 

Table 5 Liposomes Characterization properties; size, PDI, charge and encapsulation efficiency 

Liposomes characteristics Quality control value  

Size (nm) a 150-250 

Polydispersity index (PDI) < 0.4 

Zeta potential (mV) 30-50 

SiRNA encapsulation efficiency (%) > 90% 

2.5.1.4.3 Picogreen assay 

Encapsulation (entrapment) efficiency of liposomes was assessed via Picogreen assay; firstly, 

20xTris-EDTA (TE) buffer was prepared and diluted to 1xTE. Quant-iT™ PicoGreen® 

reagent (Invitrogen) was diluted 1 in 200 using 1xTE. Then, 2 µg/mL of a control standard 

oligo (based on 9-27 gene promoter sequence; Sigma) was prepared and added to a 96-well 

plate from 0-1000ng/ml to create a standard curve. Lipsome preparations were diluted and 

added to plate, before adding (concentration) picogreen reagent alone or in combination with 

10% triton x-100. The plate was incubated for 2-5 minutes (protected from light). Finally, 
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fluorescence intensity was measured using Fluostar® plate reader (OPTIMA) at 485nm 

excitation and 520nm emission wavelengths and data was analyzed using OPTIMA MARS 

version 2.00. SiRNA entrapment efficiency was calculated using the formula: 

[(siRNA with Triton- siRNA without Triton)/ siRNA with Triton] x 100% 

2.5.1.4.4 Liposomes extrusion 

Liposomes extrusion was performed using LIPEX TM Extruder (Northern Lipids Inc., Canada) 

to generate size uniform populations of liposome. Parts were assembled according to the 

manufacturer’s manual. Liposome solution were forced into 100nm Nuclepore Track-Etched 

membranes filters 4-6 times (Whatman) via applying nitrogen pressure (gradually increase 

the pressure from 200 psi to maximum 800 psi) and collected. 

2.5.1.4.5 Alginate scaffolds preparation  

PEGylated lipoplex (PL)-entrapped alginate scaffold (PLAS) system has been previously 

established by the McMillan lab (Sherry Y. Wu et al., 2011). Alginate was prepared by 

dissolving 40 mg alginate (Concept Biotech Inc) in 2 mL filtered 5% dextrose solution under 

sterile conditions at RT for 5 hours. Meanwhile, 2 hours before the alginate was ready, PL 

were detached from the freeze drier and hydrated with sterile DEPC water (final 

concentration 40 μg/ 300 μL) and left on gentle shaker at RT for 2 hours to be properly 

dissolved and mixed. The PL-siRNA was then added to the alginate solution as 300 μL PL-

siRNA/156 μL alginate solution and mixed gently by pipetting up and down at least 10 times 

(avoid air bubbles formation). The final PL-siRNA-alginate solution was prepared to be 

lyophilised by gradual freezing in -20° C freezer (standing upright) for 1 h then in -80° C 

freezer for 1.5 hrs then into the freeze-drier (at a condensing temperature of -120°C and 

pressure of less than 0.1 mbar). Transferring was performed on dry ice all the time to avoid 

melting as it may cause crystallisation of the lipoplex structure. After 24 hours of 
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lyophilisation, samples were removed from the freeze-drier and 5 % CaCl2 (0.4 ml/ dose) 

solution was added slowly into the side of each tube for crosslinking and stabilisation. After 4 

min, scaffolds were transferred from tubes using a pair of tweezers onto aluminium foil on 

suitable container and left to dry overnight at RT. Once dried, scaffolds were rolled up gently 

into a rod shape for administration.   

2.5.1.5 Intravaginal delivery of formulated PLAS into K14-E7 mice 

After tumours were established, mice were anesthetised using isoflurane and vaginal tracts 

were washed 5 times with 5% citric acid (20 μL/ wash) to wash vaginal mucus. For proper 

prolonged washing, citric acid was soaked up by inserting kimwipe deeply into the vaginal 

tracts and left for 2 hours, then mice were monitored until recovery. Afterward, mice were 

anaesthetised again and forceps were used to remove the kimwipe from the vaginal tract and 

washed with 20 µL to remove residual tissue fibres. Finally, scaffolds were inserted into the 

vaginal cavity gently as deep as possible and 10 µL of sterile saline was subsequently 

instilled into the vaginal cavity to help moisturise the PLAS scaffold. Each mouse received 

appropriate intravaginal (IVG) PLAS insertions 3 times, 2 days apart with each 

incretion/treatment was performed under isoflurane anaesthesia. After 24 hours from the last 

treatment, mice were injected intraperitoneally (IP) with 5-bromo-2’-deoxuridine (BrdU) 

solution (Cat. No. 00-0103, Invitrogen) at 1 mL/100g bodyweight, then 2 hours later mice 

were culled, and vaginal tracts with the fallopian tubes were removed, washed with 1x PBS 

and kept in 4% neutral buffered saline (NBF) for fixing and subsequent tissue processing.  

Maintaining the rods in the vaginal tract is challenging and extensive monitoring is required. 

Hence, during the treatment period, mice were allocated to 1 mouse/cage just for the 

necessity of the situation.  
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2.5.1.6 Defining mouse estrus cycle stages  

There are four stages of the estrus cycle that are histologically easily distinguished: proestrus, 

estrus, metestrus, and diestrus. Throughout the proestrus stage, the mucosa is 10–13 cells in 

thickness, mitoses are frequent, but few leukocytes are noticed. During the estrus, stage, the 

mucosa is around 12 cells in thickness, the superficial nucleated layer no longer exists and 

mitoses are less. Leukocytes beneath the epithelium begin to appear again during the 

metestrus stage. Lastly in the diestrus stage, the mucosa ranges from 4 to 7 cells in 

thickness, leukocytes are abundant in mucus, and desquamated cells are apparent in the 

lumen (Rendi et al., 2012). 

2.5.1.7 Expression of E6/E7 mRNA in cervico-vaginal epithelium 

After sacrifice, each mouse reproductive tract was removed rapidly then the cervix and the 

vaginal tract were isolated and directly snap frozen in liquid nitrogen before storing at -80°C 

for subsequent RNA extraction. Total RNA was extracted after a 90 s homogenization in 

TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. DNA was 

removed using AMBION DNA free kit (Ambion, Austin, TX). RNA samples were quantified 

using UV spectroscopy, and 1 µg of total RNA was used for complementary DNA synthesis. 

HPV-16 E6/E7 transgene expression was determined by real-time (RT) PCR. 

Complementary DNA synthesis and RT-PCR were performed using OuantiTect Reverse 

Transcriptase kit (Cat. No. 205310, Qiagen) according to the manufacturer’s instructions. 

Primers used were purchased form Integrated DNA Technologies.  

Primers used were HPV16 E6/E7 s10 (product is 137 bp) and mu-β-actin as control (product 

is 122 bp. PCR was conducted in triplicate, in total reaction volume of 25 µL/ reaction 

containing: 10xBuffer (2.5µL), 25 mM MgCl2 (2.5 µL), dNTP (2 µL), Taq (Jumpstart) (0.2 

µL), 10 µM forward primer (2.5 µL), 10 µM reverse primer (2.5 µL), cDNA (1:5 dilution) (2 

µL), H2O (10.8 µL). PCR cycling conditions consisted of 95°C for 15 min, followed by 40 
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cycles of 95°C for 30 s and 60°C for 60 s. Mu-β-actin was used as an endogenous control 

gene. The final product of RT-PCR was run on 1.5% agarose gel for semi quantification of 

E6/E7 mRNA. Relative levels on gels was quantified using ImageJ software. Agarose gel 

was prepared by adding 0.6 g agarose to 40 mL of 1x tris-acetate-EDTA(TAE) buffer 

(Thermofisher) then mixed with 2.5 µL of ethidium bromide (Thermofisher).    

Table 6 Sequences of primers used in this research 

Primers  Sequences   

mu-β-actin forward GCTACAGCTTCACCACCACA 

mu-β-actin reverse  TCTCCAGGGAGGAAGAGGAT 

HPV16 E6/E7 (s10) forward GAGCGACCCAGAAAGTTACC 

HPV16 E6/E7 (s10) reverse ATGCATAAATCCCGAAAAGC 

 

2.5.2 Alisertib mechanism of action in Balb/c Foxn1nude athymic mice 

2.5.2.1 Preparing cells for Nude mice inoculation:  

In regards to HeLa and C33A, cells were cultured as described in sections 2.1 and 0.  

However, in the Case of CaSki, before in vivo experimentation, cells were subcultured in 

20% FBS and 1% PSG media for 3-4 weeks to enrich cells and promote them to be at a high 

proliferative state to reduce false engraftment. Prior to tumour cell inoculation of mice, cells 

were harvested by trypsinization and washed in PBS  3 times then finally resuspended in 1x 

PBS. Counts were determined using trypan blue exclusion for subsequent in vivo inoculation. 

HeLa and C33A tumor cell injections were prepared as a 1:1 ratio of 1x106 cells/ 50 µL of 

PBS mixed with 50 µL Matrigel (Basement Membrane Matrix, IdEV-free, 10ml Cat. No. 

FAL354234, Corning), for a total of 100 µL volume/ mouse. CaSki were prepared similarly 

however injections were prepared as 5x106 cells/ mouse. At this dose, 100% of challenged 

mice would develop tumours. Injections were kept on ice at all times. Matrigel was aliquoted 
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into small volume aliquots and stored in -20°C. Before use, Matrigel was thawed by placing 

aliquots on ice and keep in the fridge at 4°C for 6 hours at least. It is essential to keep it on 

ice at all times to obtain homogenise cell suspension for the injections.    

2.5.2.2 Nude mice xenograft experimental methodology  

Female Balb/c Foxn1nude athymic mice (6 weeks old) were purchased from ARC, Perth, 

Australia. All animal experimentations were performed according to the guidelines of the 

Australian and New Zealand Council for the Care and Use of Animals in Research and was 

approved by the Griffith University Animal Ethics number MSC/09/14/AEC and the 

University of Queensland Animal Ethics number UQDI/492/15/CCQ. 

This part of the project was performed as two separate studies: 

2.5.2.2.1 Testing Alisertib at 15 mg/kg 

Nude mice were divided randomly into two major groups, HeLa (HPV 18) or C33A (non-

HPV) cervical cancer models. Tumors were established by subcutaneously injecting 1x106 

cells/ 100µl/ injection (50% PBS: 50% Matrigel) in the right flank of mice. Mice were 

monitored for tumor growth and when the tumors reached a size of approximately 100 mm3 

(10 days after transplantation), mice were orally treated with 100 µl of either vehicle control 

or Alisertib at 15 mg/kg once per day for 10 consecutive days (n=4/treatment). Mice were 

monitored regularly every second day for 70 days. Tumours were visualised and their 

volumes were precisely measured using the ultrasound Vevo770 imaging device (equipped 

with the 30 µm resolution RMV708 scan head (VisualSonics, Toronto, Canada)). This 

ultrasound apparatus allows for precise 3-dimentional reconstruction of the tumour and its 

quantification. Tumor size was measured 3 times/week and mice health was monitored daily. 

Mice were euthanized and culled at the end of designated monitoring period or when tumour 
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mass reached 1000 mm3 and the tumor mass was excised and fixed in 4% NBF for 

histological examination. This animal experiment was performed at Griffith University. 

2.5.2.2.2 Testing Alisertib at 30 mg/kg 

Nude mice were divided randomly into two major groups, HeLa (HPV-18) or CaSki (HPV-

16) cervical cancer models. Tumors were established by subcutaneously injecting 1x106 cells 

for HeLa or 5x106 for CaSki / 100µl/ injection (50% PBS: 50% Matrigel) in the right flank of 

mice. Mice were monitored for tumor growth and when the tumors reached a size of 

approximately 100 mm3 (~10 days (HeLa) or ~20 (CaSki) after transplantation), mice were 

orally treated with 100 µl of either vehicle control or Alisertib at 30 mg/kg once per day for 

10 consecutive days (n=7/ treatment). Mice were monitored regularly every second day for 

50 and 60 days for CaSki and HeLa respectively. The subcutaneous tumour mass length (L) 

and width (W) were measured using callipers and tumour volumes were calculated as this 

formula: TV = (L x W2)/2. Tumor size was measured 3 times/week and mice health was 

monitored daily. Mice were euthanized and culled at either 6 h after last treatment at day 10 

(n=3/treatment), at the end of designated monitoring period, or when tumour mass reached 

1000 mm3. Tumor mass was excised and fixed in 4% NBF for histological examination. This 

animal experiment was performed at the Translational Research Institute, Diamantina 

Institute, The University of Queensland.  

2.5.3 Immune system effect on Alisertib action using Rag-/- and C57BL/6 mice models  

2.5.3.1 Preparing cells for Rag-/- and C57BL/6 mice inoculation:  

Prior to tumor inoculation of mice, TC-1 tumor cells were harvested by trypsinization and 

washed in 1x PBS for 3 times then finally resuspended in 1x PBS as 1x104 cells/100 µL/ 

mouse.  Tumor cells were then injected subcutaneously in the back. At this dose, 100% of 

challenged mice would develop tumors.  
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2.5.3.2 Syngeneic tumor model experimental methodology  

C57BL/6 and RAG1-/- mice 7-8 weeks of age were purchased from the University of 

Queensland Biological Resources, Brisbane, Australia. Mice were injected subcutaneously in 

the back with TC-1 cells at 1x104 cells /100 µL/ mouse. This part of the project consisted of 3 

separate studies.  

2.5.3.2.1 Testing Alisertib at 30 mg/kg against last stage TC-1 tumors  

tumors were allowed to grow to ~100-150 mm3 then treated orally with vehicle control or 30 

mg/kg Alisertib for 10 consecutive days (n=4/treatment). Mice health and weight was 

monitored and tumour size was measured 3 days/week by callipers.  

2.5.3.2.2 Testing Alisertib at 30 mg/kg against earlier stage TC-1 tumors  

In the second experiment, tumors were allowed to grow to ~50 mm3 instead then treated 

orally with vehicle control or Alisertib 30 mg/kg for 10 consecutive days and followed up as 

described in the first experiment in section 2.5.3.2.1 (n=8/treatment).  

2.5.3.2.3 Testing the effect of recycling Alisertib treatment at 30 mg/kg /cycle against 

earlier stage TC-1 tumors  

In the third experiment, tumors were allowed to grow to ~50 mm3 however these mice 

underwent 2 cycles of Alisertib (30mg/kg / day/ for 10 days / cycle) or vehicle control with 3 

days apart (n=8/treatment). Mice were culled when tumour size reached 1000 mm3. Data 

were analysed and graphed as survival curves using Graphpad Prism 6 (p < 0.05). The 

subcutaneous tumour mass length (L) and width (W) were measured using callipers as and 

tumour volume were calculated as follows: TV = (L x W2)/2. 
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2.5.4 Drug preparation for in vivo studies   

Alisertib (MLN8237) was purchased from SelleckChem in a powder form. Drug was 

reconstituted with DMSO according to the manufacturer’s protocol. Aliquots were prepared 

as 50 mM concentration and stored at -80°C freshly prepared for mice administration (can be 

stored for up to a month). Alisertib doses (30 mg/kg or 15 mg/kg) were prepared in total 

volume of 100 µl in 10% 2-cydroxypropyl-β-cyclodextrin/1% sodium bicarbonate as has 

been previously described (Görgün et al., 2010). Accordingly, Alisertib 30 mg/kg/ mouse 

was prepared as follow: 22.2 µL of 2-hydroxypropyl-β-cyclodextrin (45% (w/v) Cat. No. 

H5784, Sigma-Aldrich), 13.3 µL of 1% sodium bicarbonate (7.5%, Cat. No.  25080-094, 

GibcoTM), 18.5 µL of 50 mM Alisertib and 46 µL of sterile Milli-Q H2O. Doses were 

calculated using the average weight of the batch of mice and it was always adjusted per batch 

(on average it equals 16 g). Drug doses were freshly prepared daily before administration. 

Oral gavage was performed using oral gavage needles (22G, 25mm length, Cat. No. 

1806122) purchased from Fine Scientific Tools. Vehicle only controls were prepared exactly 

the same way as preparation of drug doses, except for adding 18.5 µL of 100%DMSO only to 

the mixture.   

2.5.5 Histology investigations 

2.5.5.1 Tumor collection 

At the endpoint, whole tumors were harvested and washed with 1xPBS. Then, whole tumors 

were placed on blotting paper using forceps to remove any excess liquid.   

2.5.5.2 Mouse tissue fixation and processing  

At the experimental endpoint, tumour tissues were harvested immediately after the mice were 

sacrificed. Tumours were washed with 1xPBS then fixed in 4% NBF for 72 h then stored in 

70% ethanol at 4°C for processing. Samples were subsequently processed using Thermo 
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Excelsior tissue processor (Thermo Fisher scientific, USA) according to table 7 and 

embedded in Paraplast® plus paraffin (Cat. No. ALP502004, Thermofisher Scientific) then 

sectioned into 4.5 µm sections using the Leica RM2265 apparatus (Leica, Wetzlar, 

Germany). Sections were mounted on superfrost® plus slides (Thermofisher Scientific). 

Subsequently slides were placed in 37ºC incubator for 24 hours for proper tissue fixation on 

slides then stored for later histological examination.  

Table 7 Tissue processing protocol using Thermo Excelsior tissue processor 

Step Reagent Process Time Temp Vacuum(Va/P) 

1 70%  Ethanol Dehydration 30 min 37ºC No 

2 90%  Ethanol Dehydration 30 min 37ºC No 

3 95%  Ethanol Dehydration 30 min 37ºC No 

4 100%  Ethanol Dehydration 30 min 37ºC No 

5 100%  Ethanol Dehydration 30 min 37ºC No 

6 100%  Ethanol Dehydration 30 min 37ºC No 

7 100% Xylene Clearing / Transition 40 min 37ºC No 

8 100% Xylene Clearing / Transition 40 min 37ºC No 

9 100% Xylene Clearing / Transition 40 min 37ºC No 

10 Paraffin wax Infiltration 60 min 60ºC No 

11 Paraffin wax Infiltration 60 min 60ºC No 

12 Paraffin wax Infiltration 60 min 60ºC Yes 
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2.5.5.3 Hematoxylin & eosin (H&E) staining for histopathological examination  

At the experimental endpoint, tumour tissues were harvested immediately after the mice were 

sacrificed. Tumours were fixed in 4% paraformaldehyde for 72 h then stored in 70% ethanol 

at 4°C for processing. Samples were subsequently processed, embedded in paraffin, sectioned 

into 4.5 µm sections and fixed. Slides were deparaffinised in xylene for 5 min followed by 

progressive rehydration in 2 x100%, 95%, and 70% ethanol for 3 min during each step. 

Tissue slides were then washed with distilled water for 1 min and stained using Harris 

haematoxylin (Australian Biostain, Australia) for 10 min. To enhance the blue stain, sections 

were washed with distilled water for 1 minute, differentiated in 0.5% hydrochloric acid 

alcohol (made in 70% ethanol) for 15 seconds, washed with distilled water (1 minute), dipped 

in Scott’s bluing solution (POCD Scientific, Australia) for 1 minute and finally washed with 

distilled water. Tissue sections were counterstained with Eosin for 3 minutes (0.1% eosin in 

0.01% acetic acid prior to cover slipping using commercial mounting media, sections were 

dehydrated in a reverse stepwise method to how they were hydrated in 70%, 95% and 2 

x100% ethanol washes for 1 minute in each, and then transferred to xylene twice for 2 

minutes. 

2.5.5.4 Immunohistochemistry (IHC) 

Tissue sections were deparaffinised and rehydrated as described previously in section 2.5.5.3.  

Major steps included, antigen retrieval, blocking, primary antibody incubation overnight at 

4°C, Endogenous peroxidase blocking, secondary antibody incubation, signal detection using 

DAB, and finally nuclear counterstaining using Haematoxylin followed by tissue dehydration 

and cover slipping. All washings were performed using 1x tris-buffered saline (TBS) for 3 

times, 5 minutes each. As various markers were investigated in this project, one protocol will 

be described while the different conditions for the other markers will be demonstrated below 

as well as summarised in  table 2.8.  
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In the case of phospho-histone-3 (pH3) (Ser10) antibody (Cat. No. CST9701, Cell Signalling 

Technology), antigens were unmasked by heating the tissues in 0.01M citric acid buffer pH 

6.0 at 125°C for 5 minutes using de-cloaking chamber apparatus (Biocare Medical). Then, 

tissue sections were allowed to cool on bench for 20 min before being washed and blocked in 

2.5% horse serum (commercially provided with secondary antibody kit) at RT for 30 

minutes. Afterwards, horse serum was decanted off sections and primary antibody diluted 

(1:100 dilution) in TBS/1% BSA was applied and incubated overnight (O/N) at 4°C (~14hrs). 

The next day, sections were washed with 1x TBS to remove excess unbound antibody, and 

endogenous peroxidases were blocked by exposing sections to 1% hydrogen peroxide diluted 

in distilled water for 10 minutes at RT followed by washing again. Horseradish peroxidase 

conjugated anti-rabbit secondary antibody (Cat. No. MP-7401, Vector) was applied and 

incubated for 45 min at RT.  To detect the signal, sections were stained with 

diaminobenzidine (DAB) (Cat. No. SK-4105, Vector) working solution for 10 min according 

to the manufacturer’s protocol. Sections were then washed with water for 5 min before being 

counterstained with Mayer’s hematoxylin for nuclei detection. Finally, sections were 

dehydrated and shielded with cover slips using commercial mounting media.  

Monoclonal mouse anti-human Ki-67 antigen, Clone MIB-1, (Cat. No.M7240, Dako) was 

used as proliferation marker. IHC was executed as explained above with few differences. It 

was used at 1:600 dilution, horseradish peroxidase conjugated anti-mouse (Cat. No. SK-4105, 

Vector) was used as secondary antibody and DAB was applied for only 3 min.  

Rabbit monoclonal anti-human cleaved caspase-3 (c-caspase-3, Asp175), (Cat. No. 

CST9664, Cell Signalling Technology) was used as apoptosis marker. IHC was executed as 

explained above with few differences. Then antigen retrieval step was performed using 

0.01M Tris/EDTA buffer pH 8.8 for 15 minutes at 100°C using de-cloaking chamber 

apparatus. Anti c-caspase-3 was used at 1:150 dilution, horseradish peroxidase conjugated 
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anti-rabbit (Cat. No. MP-7401, Vector) was used as secondary antibody and DAB was 

applied for 10 min.  

In regards to 5-bromo-2’-deoxuridine detection (BrdU), R.T.U Vectastain universal ABC Kit 

(Cat. No. PK-7200, Vector) on paraffin-embedded tissue sections was used. IHC was 

executed as explained above with few differences. Antigen retrieval step was performed by 

heating the tissues in 2mM citric acid buffer pH 6.0 at 125°C for 5 minutes using de-cloaking 

chamber apparatus. Primary antibody used was mouse monoclonal anti-BrdU (Ab-3, Cat. No. 

NA61, Calbiochem) at 1:100 dilution, as a marker for cells undergoing replication. The 

secondary antibody was provided with the Vectastain kit (Cat. No. PK-7200, Vector), and 

was added directly to the tissues for 30 minutes at RT in a humidified chamber according to 

the manufacturer’s protocol. The immunological reaction was developed using 

3,3’diaminobenzidine (DAB+) chromogen (Cat. No.SM827, Dako) diluted in substrate buffer 

(Cat. No.SM803, Dako), according to the manufacturer’s instructions. 

2.5.5.5 Immunofluorescence (IF) staining 

Tissue sections were deparaffinized and rehydrated as described previously in section 2.5.5.3.  

IF staining process was similar to the IHC procedure except for the following differences. In 

this procedure, dual staining for Aurora B kinase (AIM1, Cat. No.611082, BD) and α-tubulin 

(Cat. No. ab18251, Abcam) was performed in the same tissue section (conditions 

summarized in table 2.8). Briefly, antigen retrieval was conducted by heating the tissues in 

0.01M citric acid buffer pH 6.0 at 100°C for 15 minutes using de-cloaking chamber 

apparatus. After sections were allowed to cool on bench for 20min and washed, they were 

blocked in 2.5% horse serum (commercially provided with secondary antibody kit) at room 

temperature (RT) for 30 minutes. Then, horse serum was decanted off sections and the 

primary antibodies AIM1 (1:100 dilution) and α-tubulin (1:400 dilution) diluted in 0.1% 

Saponin, 3% BSA in 1x TBS was applied and incubated overnight at 4°C (~14hrs). The next 
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day, sections were washed, and endogenous peroxidases were blocked by exposing sections 

to 1% hydrogen peroxide diluted in distilled water for 10 minutes at RT followed by washing 

again. A combined solution of anti-rabbit-555 IgG (against α-tubulin, 1:350 dilution, Cat. No. 

T2767, Invitrogen) and anti-mouse-488 IgG (against AIM1, 1:1000 dilution, Cat. No. 

A11029, Invitrogen) immunofluorescent conjugated secondary antibodies in addition to 4′,6-

Diamidino-2-phenylindole dihydrochloride (DAPI) (1:1000 dilution, Cat. No. D-9542 

(0.5mg/ml), SIGMA,) was prepared in the same primary antibody diluent and added on slides 

for 1h at RT in the dark. Finally, sections were then washed and mounted using the ProLong 

Gold anti-fade reagent (Cat. No. P10144, ThermoFisher Scientific) and imaged on 

fluorescence Olympus FV1000 fluorescent confocal microscope (Olympus, Tokyo, Japan) 

using a filter set to view green fluorescence of ~520 nm. 

Table 8 Antibodies used in immunohistopathological investigations (IHC and IFC) 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

  

Antibody  Cat. No.   Dilution  Antigen retrieval   Retrieval 

conditions  

pH3 (Ser10) CST9701 1:100 0.01M citric acid 125°C, 5 min 

Ki-67 M7240 1:600 0.01M citric acid 125°C, 5 min 

c-Caspase-3 (Asp175) CST9664 1:150 0.01M Tris/EDTA 100°C, 15 min 

BrdU NA61 1:100 2 mM citric acid 125°C, 5 min 

Aurora B kinase 611082 1:100 0.01M citric acid 100°C, 15 min 

α-Tubulin ab18251 1:400 0.01M citric acid 100°C, 15 min 

Anti-rabbit-555 IgG T2767 1:350 40 min 37ºC 

Anti-mouse-488 IgG A11029 1:1000 60 min 60ºC 

Anti-rabbit MP-7401 Ready  - - 

Anti-mouse SK-4105 Ready - - 
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2.5.6 Statistical analysis 

All statistical analysis were performed using Graphpad prism 6. Data were presented as mean 

± standard deviation (SD). Unpaired Student’s t-test (two tailed) was used when comparing 

between two groups with p<0.05 considered to be statistically significant.  

Single blinded study was used to count BrdU - positive cells. The entire squamous epithelium 

from the transformation zone, at the squamous-columnar junction to the opening of the 

cervical canal was scanned and 10 adjacent x10 fields were counted for each of the cervix 

and the vaginal tract. Counts were performed using imageJ software, and statistical analysis 

was performed using Graphpad prism 6.  

In regards to the quantitative analysis of pH3 Ser10 and c-caspase-3 positive cell counts, data 

was quantified from 10000 cells per tumour, presented as the mean ± SD from three tumours 

per treatment. Unpaired Student’s t-test (two tailed) was used to assess statistical significance 

between two groups: Alisertib and vehicle control treated HeLa tumours using Graphpad 

prism 6 (p<0.05).  

In cell cycle investigations, quantitative data was obtained from >100 cells undergoing 

mitosis/cytokinesis from three separate tumours for each treatment. Date counts were 

presented as mean ± SD. Unpaired Student’s t-test (two tailed) was used to assess statistical 

significance between two groups: Alisertib and vehicle control treated HeLa tumours using 

Graphpad prism 6 (p<0.05).  

The Survival curves demonstrating the comparison between the median survival of treatment 

groups was performed using Kaplan-Meier survival curves and statistical analysis was 

assessed using log-rank test * p < 0.05, ** p < 0.005, *** p < 0.0005. 
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 . Observational study investigating the effect of intravaginal 

delivery of PLAS encapsulated with siRNA targeting HPV16-E6/E7 in 

CIN/VIN II HPV16-K14 transgenic mice model 

3.1 Introduction   

Papillomaviruses (PVs) infect the basal layer of cutaneous (skin) and mucosal (lining of 

various cavities and internal organs) epithelia with species-specific tropism. Accordingly, 

PVs were divided into two groups, those infecting the cutaneous epithelia, including the β-

PVs, and those infecting the mucosa, mainly the α-PVs (include the high-risk (HR) and low-

risk (LR)-PVs) (Mistry et al., 2008). Untreated and persistent infections with α-HR-PVs are 

now considered as a risk factor for several human malignancies including anogenital and 

head and neck cancers (Tomaić, 2016). In this study, we were particularly interested in HPV-

induced cervical cancer.   

High-risk HPVs, particularly HPV-18 and -16, play central roles in the progression of 99% of 

cervical cancers, which is the second most common cancer in women worldwide. However, 

the development of carcinomas is not always the outcome of infection by these HPV types as 

most women clear infection within 3 years of infection (Deligeoroglou et al., 2013).  Rather, 

non-clearance and long residence of the virus (it may take up to few decades) result in cancer 

(Goodwin & DiMaio, 2000). The malignant aspect of HPV is largely based on the cellular 

activity of the E6 and E7 oncogenes. HR-HPV E6 and E7 were found to drive phenotypic 

transformation in cells via inhibition of p53 (Miranda Thomas et al., 1999) and pRb (J. Wang 

et al., 2001) respectively. Interestingly, studies have shown that HR-HPV E6 and E7 alone 

cause cell immortalisation, but not necessarily tumorigenic transformation. Further genetic 

events needs to occur to result in malignancy (Goodwin & DiMaio, 2000).  
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Cervical carcinomas are highly dependent on the continuous expression of HR-HPV E6 and 

E7 oncogenes and  they are crucial for the survival of HPV-transformed cell lines (Francis et 

al., 2000; Magaldi et al., 2012). Moreover, E6 or E7 oncogenes do not share any sequence 

homology with normal cells in humans (Bousarghin et al., 2009). These two factors make 

HPV-driven cervical malignancies excellent candidates for molecular therapies. Treatments 

directed against E6/E7 would target viral-infected cells and cause minimum toxicity to 

normal cells. It has been reported that siRNA targeting E6/E7 promoted significant inhibition 

of cell proliferation and induction of apoptosis in HPV16- and -18 positive cervical cancer 

cell line in vitro and in vivo (Chang et al., 2010; Zhou et al., 2012). Despite the in vitro 

efficacy of siRNA-based therapies, the in vivo efficacy is still limited and their clinical 

implementation has been burdened with multiple issues including primarily the stable 

sustained delivery and method/type of delivery (vectors/carriers). Accordingly, much 

research has been devoted to overcoming these challenges.  

To date, there is no specific treatment for cervical cancer and the available traditional 

therapies, including chemotherapy, radiotherapy, and surgery, are associated with severe 

side-effects. The unique nature of cervical cancer oncogenic drivers E6/E7 and its anatomical 

location makes it amenable for local targeted molecular therapeutics, and accordingly we 

undertook this investigation. 

 In this study, we aimed to investigate the therapeutic potential of intravaginally (IVG) 

delivered siRNAs targeting E6 and E7.  To overcome the delivery issue, we used our 

published PEGylated lipoplex-entrapped alginate scaffold (PLAS) system (Sherry Y. Wu et 

al., 2011).  The siRNAs have also been extensively characterised (Putral et al., 2005).  

Together these were used to treat early grade HPV cervico-vaginal dysplasia as a means to 

investigate a new therapeutic approach to HPV infectious-related diseases or malignancies. 

Consequently, this chapter specifically investigated if: 1) E6/E7-siRNA encapsulated in 
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PLAS and delivered intravaginally into K14E7 mice harbouring low grade cervical/vaginal 

Intraepithelial Neoplasia (CIN/VIN) would reduce the number of proliferative cells in the 

cervico-vaginal epithelium; 2) the effect of E6/E7 knockdown would be potent enough to 

reduce the histopathological grade of disease; 3) the fate of cells that had lost E6/E7; and 4) if 

the delivery route and/or delivery system would cause local inflammation.  This was achieved 

as outlined in figure 13. 

We hypothesised that E6/E7-siRNA encapsulated in PLAS system delivered to the cervico-

vaginal epithelium of low grade CIN/VIN-harbouring K14-E7 mice would result in E6/E7 

mRNA degradation, cell death, a reduction in HPV+ve proliferative cells, and a lower 

pathological grade of the disease.  

 

Figure 13 Experimental time line  

FVB-K14 E7 female mice (n=9, 6 weeks old), expressing the HPV-16 E7 oncogene from the keratin 14 

promoter (K14-E7) had estrogen pellets (0.05 mg/pellet) implanted subcutaneously for 60 days on the lateral 
neck/shoulder area. PEGylated lipoplex-entrapped alginate scaffold (PLAS) containing designated siRNAs were 

prepared for intravaginal delivery. At day 60 mice were divided into three interventional groups; empty PLAS 

(control), S10 (siRNA against HPV16-E6/E7 gene), and siβ-gal (siRNA against β-Galactosidase) for non-

specific off target effect evaluation. Each mouse received intravaginal PLAS insertions 3 times (40 µg/dose), 2 

days apart. At day 74 mice were injected intraperitoneally with BrdU, sacrificed after 60 mins and reproductive 

tracts harvested for histopathology evaluation. 
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3.2 General experimental methodology 

Detailed experimental methodology is found in the methods sections 0. Briefly, FVB female 

mice (n=9, 6 weeks old), expressing the HPV-16 E7 oncogene from the keratin 14 promoter 

(K14-E7) (Herber et al., 1996) had estrogen pellets (0.05 mg/pellet) implanted 

subcutaneously for 60 days on the lateral neck/shoulder area as previously described in 

(Elson et al., 2000). PEGylated lipoplexes (PL) containing siRNAs were formulated using the 

Hydration of Freeze-Dried Matrix (HFDM) method, then fabricated into PEGylated lipoplex-

entrapped alginate scaffold (PLAS) for intravaginal delivery. Both HFDM and PLAS systems 

were previously developed by McMillan lab (Sherry Y. Wu et al., 2011; S. Y. Wu & 

McMillan, 2009). At day 60 mice were divided into three interventional groups; empty PLAS 

(control), S10 (siRNA against HPV16-E6/E7 gene), and siβ-gal (siRNA against β-

Galactosidase) for non-specific off target effect evaluation. Each mouse received intravaginal 

PLAS insertions 3 times (40 µg/dose), 2 days apart. At day 74 mice were injected 

intraperitoneally with BrdU, sacrificed after 60 mins and reproductive tracts harvested for 

histopathology evaluation. Figure 14 summarises the experimental methodology used in this 

study.  

This study was performed as collaborative work in two phases. The first phase including 

formation and characterization of (PLAS) system, tumor establishment, intravaginal 

administration of PLAS system, cervico-vaginal tract collection and fixation was performed 

at the University of Queensland by Ms Elizabeth Payne according to the guidelines of the 

Australian and New Zealand Council for the care and use of animals in research and was 

approved by the University of Queensland Animal Ethics number UQDI/227/11/UQ. The 

second phase was my contribution which included: cervico-vaginal tract tissue processing, 

histopathology and immunohistochemistry examination and analysis conducted at Griffith 

University under ethics number MSC/09/14/AEC.  
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Figure 14 Schematic diagram of the experimental methodology  

K14 mice (n=9) were pre-treated with estrogen pellets at 0.05 mg/pellet for 60 days under skin on the dorsal 

area. Then, mice were divided into three interventional groups; empty PLAS (control), S10 (siRNA against 

HPV16-E6/E7 gene) and siβ-gal (siRNA against β-Galactosidase). SiRNA Lipoplexes (40 µg/dose) were 

formulated using Hydration of Freeze-Dried Matrix (HFDM) method then fabricated into PLAS for intravaginal 

delivery. Mice were given 3 doses every 48 hours. 24 h post last treatment, at one hour pre-termination, 
intraperitoneal injection with BrdU was performed before mice were sacrificed and reproductive tracts were 

harvested for histological evaluation of E6E7 knockdown in cervico-vaginal epithelium. 
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3.3 Results 

3.3.1 Intravaginally delivered siS10-PLAS against HPV16-E6/E7 reduce proliferative 

cells by only ~20% in the cervico-vaginal epithelia of K14-E7 mice. 

To determine the effect of HPV16-E6/E7 oncogenes knockdown on cell proliferation in the 

epithelia of cervico-vaginal tract of K14-E7 mice following treatment with E7-specific and 

control siRNAs, the squamous epithelial BrdU-labeled cells in the cervix and vagina were 

quantified. Previous studies have used BrdU as a method to investigate the effect of HPV16-

E6/E7 oncogenes on cell proliferation (Riley et al., 2003). The chosen siRNA, S10, was 

previously established to be highly effective in causing E6/E7 mRNA degradation by ~80% 

in vitro and in vivo (Norliana Khairuddin et al., 2012; Putral et al., 2005).  

Comparing the effect of siS10 to controls, no significant difference in total BrdU-positive 

cells was observed (Fig 15). Counts were performed as per 10x fields of 10 random images of 

each region: the cervix and the vagina and the illustrated percentages were calculated by 

comparing siS10 to siβgal as a control (Fig 15, the dot plot graph on the top left). Due to the 

diffusion of nanoparticles into the epithelial cells of the vaginal tract and cervix it was 

thought that the effect was likely to be more potent in the suprabasal layer (the exposed 

epithelia side to the cervix/vaginal lumen) rather than the basal layer of the mucosal 

squamous epithelium in the examined anatomical regions. The data gave some suggestion 

that this was occurring but the differences were not statistically significant with a 25.1% 

reduction in BrdU-positive cell counts in the suprabasal layer compared to 19.5% reduction 

observed in the basal layer in regards to the cervix. In the vagina, the effect on cell 

proliferation was almost limited to the suprabasal layer where only 18.7% reduction was 

observed. The overall quantitative measurements of the BrdU-labelled cells showed that 
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siS10 treatment had no significant effect in reducing the proliferative cell counts in the 

epithelia of the cevico-vagina tract favourable to suprabasal layer.  

 

Figure 15 Presentation of squamous epithelial cells’ proliferation in the cervico-vaginal tract of K14-E7 

transgenic mice.  

K14-E7 transgenic mice (n=9) were implanted with continuous-release estrogen (0.05 mg/pellet) pellet for 2 

months. Mice where then allocated randomly into 3 interventional group (n=3whrere they were intravaginally 

treated with control empty-, siβgal-, or siS10-PLAS (40 µg/mouse) 3 times, 2 days apart. 24 h post last 
treatment, mice were injected peritoneally with BrdU at one hour before experiment was terminated. Mice were 

sacrificed, genital tracts were harvested and tissues were fixed, processed and sectioned for histological 

investigations. Sections were immune stained to BrdU positive cells. The dot plot graph on the left represent cell 

counts of cells undergoing proliferation in the squamous epithelia of the basal and suprabasal layers of the 

cervix and the Vagina. Plots represent individual animals’ BrdU-positive cell counts and error bars are 

measurements of SD. Counts were performed as per 10x field of 10 adjacent images of both regions the cervix 

and the vagina. Unpaired Student’s t-test (two tailed) was performed using Graphpad prism 6 software to 

compare between treatment groups with p<0.05 considered to be statistically significant. SiS10 treatment had a 

higher effect on the suprabasal layer rather than the basal layer in both tested anatomical regions as it reduced 

the number of proliferative cells in the suprabasal layer by 25.1% (compared to siβgal as control) in the cervix 

whereas it only promoted 18.7% reduction in the vaginal tract. On the right (a-c) are images of 
immunohistochemistry staining of BrdU representing the distribution of proliferative squamous epithelial cells 

in the wall cervical canal region. Each present different intervention group: (a) Empty (b) siβgal and (c) siS10 

PLAS. Suprabasal layer is indicated with the long black arrow. Bar: (a-c) 40 μm. (d) H&E stained longitudinal 

(coronal) section of mouse reproductive tract.        
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3.3.2 Semi-quantitative PCR of E6/E7 mRNA in cervico-vaginal epithelium shows 

~70% knockdown after 48h of the treatment  

Given that only 20% reduction in proliferative cells (BrdU-positive) were observed following 

intravaginally delivered siS10-PLAS against HPV16-E6/E7, it called into question whether 

E6/E7 was being knocked down at all, either due to insufficient or non-delivery of siRNA.  

To confirm this a semi-quantitative PCR of E6/E7 mRNA in cervico-vaginal epithelium was 

performed. This part of the experiment was performed by Prof. Nigel McMillan using 

different set of animals who were exposed to similar conditions and underwent same 

treatments except for using siGFP instead of siβgal as control for off-target effect.  

Mice underwent ~60 days of estrogen treatment, before being intravaginally treated with 

alginate only (no PLAS), siGFP- or siS10-PLAS (40 µg/mouse) for 48 hours. Then, the mice 

were sacrificed and reproductive tracts were harvested with the cervix and the vagina isolated 

and snap frozen for RNA extraction. RNA was extracted, RT-PCR was conducted and the 

final product of RT-PCR was run on agarose gel for semi quantification of E6/E7 mRNA (as 

per section 2.5.1.7).  

As seen in figure 16, the semi-quantification of mRNA levels after siRNA-mediated targeting 

of HPV16-E6/E7 oncogenes using PLAS system as a delivery carrier into the vaginal tract 

demonstrated good silencing efficacy. PLAS containing siS10 was able to downregulate 

HPV16 E6/E7 mRNA expression levels by approximately 70% in the cervix and close to 

60% in the vagina. The stated percentages were calculated based in comparing siS10 to 

siGFP as calibrator. Hence, the overall semi-quantification initially proposed that 

intravaginally implanted siS10-PLAS is efficient in reducing E6/E7 mRNA levels by at least 

60% in the cervico-vaginal region despite all the challenges of intravaginal delivery 

suggesting possible therapeutic approach for local targeting against early CIN/VIN. 
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Unexpectedly, siGFP seemed to have high off-target effect that reduced E6/E7 expression by 

~40%. Accordingly, different siRNA control (siβgal) was used in my case. Despite that the 

response pattern in the percentages of BrdU-positive cells and the E6/E7 expression was 

similar in both experiments, both indicated that the epithelia of the cervix is more effected by 

treatment than the vagina, even though the actual percentages did not correlate. For instance, 

siS10-PLAS was able to downregulate HPV16 E6/E7 mRNA expression levels by 

approximately 70% in the cervix and ~ 60% in the vagina however, the percentage of 

reduction in BrdU positive cells was only ~25% and 18% in the suprabasal layer of the same 

anatomical regions respectively.  

Overall, there were an insignificant trend of reduction in the number of proliferative cells 

(BrdU positive) in the epithelial suprabasal layer of the cervix and the vagina indicated by 

only 25% and 18% reduction respectively (compared to control siRNA) by intravaginal 

treatment with siS10-PLAS in early CIN/VIN K14-E7 models. However, the experimental 

delivery system worked as there was significant reduction in E6/E7 mRNA expression by 

~60% in these regions.    
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Figure 16 RT-PCR of HPV16-E6/E7 mRNA levels in cervico-vaginal epithelium shows ~70% knockdown 

after 24h of last siRNA the treatment. 

HPV16-K14 transgenic harbour CIN/VIN II upon estrogen (0.05 mg/pellet) implantation for 7 weeks. Mice 

where then treated with either control (empty PLAS), siGFP, or siS10 (40 µg/mouse) 3 times, 2 days apart. Mice 

were sacrificed 24 h post last treatment, genital tracts were collected and dissected then RNA extraction 

performed on cervix and vagina. (a) Gel presenting end product of RT-PCR of HPV16-E6/E7 mRNA levels in 

cervico-vaginal epithelium post treatment. (b) Relative quantification of HPV16-E6/E7 mRNA levels on gel 

using ImageJ software. Intravaginally PLAS siS10 treatment result in decreasing E6/E7 mRNA levels by ~70% 

in the cervix and ~40% in the vagina.  (Performed by Professor Nigel McMillan).  

 

3.3.3 Treatment with siS10-PLAS showed no change in disease grading.  

Despite the minor reduction in dividing cells shown above we wished to determine if there 

were any changes in the histopathological grade of CIN/VIN in treated K14-E7 mice. 

Therefore, we undertook histopathological examination of H&E-stained tissue sections.  

K14-E7 mice models were treated using the previously established protocol for induction of 

squamous neoplasm of the cervix and vagina via chronic estrogen treatment. 

Histopathological examination of H&E stained K14-E7 transgenic reproductive tract slides 
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were scored by a clinical pathologist with expertise in small animal models of cancer, 

Professor Alfred Lam. The scoring was based on the pathological grading system previously 

established for K14-E7 model (details in methods section 2.5.1.2). The grade of dysplasia in 

the mouse squamous epithelium was determined by a range of features including level of 

dysplastic cells and atypical mitosis.  

Histopathological evaluations showed that all mice developed cervical/vaginal malignancies 

(including CIN/VIN) with dysplasia present up to the middle third of the epithelial cell layer 

(Fig 17). Mitotic figures (indicated by black arrows) were evident in the bottom-middle third 

of the differentiated suprabasal layer of the cervical canal indicating abnormal proliferation 

activity and CIN stage II. Similar observations were observed in the vaginal region (images 

no shown). Thus, by definition, the lesions were labelled as CIN II or VIN II. In non-

transgenic mice, cells undergoing proliferation  are present only in basal layer, and after 6 

months of 17 β-estradiol treatment, squamous epithelium shows hyperplasia with normal cell 

differentiations demonstrated in figure 17b (Arbeit et al., 1996).   

Treatment with siS10-PLAS showed no change in disease grading indicating no regression 

had occurred. This correlated with the 25% percentage reduction in proliferative cells (BrdU 

positive) observed, suggesting that the 60% knockdown of E7 was not enough to affect the 

stage of disease.  
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Figure 17 H&E sections of CIN/VIN II HPV16-K14 transgenic mice. 

K14-E7 transgenic mice developed CIN/VIN II after 2 months of estrogen (0.05 mg/pellet) administrated under 

skin on the dorsal area (estrogen treatment started when mice were 1.5 month of age, hence, the mice are 3.5 

months old). (a) Low power view of mice genital tract presenting from bottom to top the vaginal, cervix and the 

beginning of the uterine horns (upper region of reproductive tract) illustrating control (empty PLAS), siβgal, and 

siS10 (40 µg/mouse) interventional groups respectively from left to right. Note the thickness of the mucosal 
layers of the cervico-vaginal regions compared to non-transgenic mice underwent 6 months of estrogen 

treatment. (b) A magnified horizontal view of the cervical canal wall (mucosal epithelium) demonstrating the 

basal border projecting to the cervical stroma. Mitotic figures (black arrows) are evident in the middle third of 

the differentiated suprabasal layer indicating abnormal proliferation activity and CIN stage II. (c) Non-

transgenic mice control squamous epithelium after 6 months of estrogen treatment. Note basal border show 

intact figure with no projection towards cervical stroma. Epithelium is hyperplastic and mitotic figures are 

evident only in basal layer (black arrow) [Image (c) in this figure was adopted from (Riley et al., 2003)] . Bar: 

(a) 500μm, (b-c) 40μm.  
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3.3.4 Intravaginally treatment of HPV16-K14 mice with PLAS containing siRNAs 

targeting HPV16-E6/E7 oncogenes promote cell death via apoptosis indicated by 

prominent relevance of apoptotic bodies. 

To determine the pathological effect of HPV16 E6/E7 silencing in the cervico-vaginal region 

caused by siS10-PLAS, histopathological examination of phenotypic signs of cell death were 

examined on H&E stained sections of the harvested reproductive tracts. Apoptotic bodies 

have been previously reported to be correlated to cell death by apoptosis in different several 

cancers (Elmore, 2007; Wong, 2011) and so this phenomenon was examined.  

Apoptotic bodies (indicated by black arrows, Fig 18) were frequently observed in the 

suprabasal layer of the squamous mucosal epithelium in the cervix, mainly the upper cervical 

canal, whereas they were less abundant in the epithelial-columnar transformation zone. This 

was observed in 2 out of 3 mice in the s10 treated group (Fig 18c, d). On the other hand, they 

were completely absent in empty-PLAS treated group (Fig 18a, d) and only 1-2 apoptotic 

bodies were observed in the entire examined genital tract of siβgal PLAS treated mice (Fig 18 

b, d). This indicated that the loss of HPV16-E7 activity resulted in cell death by apoptosis 

consistent with previous in vitro observations (Zhou et al., 2012). Also, the presence of 

apoptotic bodies in only the cervico-vaginal epithelia of siS10-PLAS-treated mice suggested 

a trend of selectivity of the siRNAs in targeting HPV16-E6/E7 with minimum non-specific 

target effect.   
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Figure 18 H&E stained sections of cervical canal mucosal epithelium membrane illustrating apoptotic 

bodies. 

HPV16-K14 mice (n=9) harbouring CIN/VIN II were divided into 3 groups randomly and treated intravaginally 

with either control (empty PLAS), siβgal, or siS10 (40 µg/mouse) 3 times, 2 days apart and sacrificed 24 h post 

last treatment. Genital tracts were harvested, fixed, processed and sectioned then H&E staining were performed 

for histopathological examination. Photomicrograph images demonstrate mucosal epithelium membrane of 

cervical canal. (a) Empty PLAS treated mice shows no evidence of apoptotic bodies. (b) siβgal treated mice 

showed 1-2 apoptotic bodies in the entire examined region illustrating very low off target effect is present (black 

arrow). (c) siS10 treated mice showed marked abundant evidence of apoptosis indicated by presence of 

apoptotic bodies (black arrows). Part of the image was magnified for view of apoptotic bodies (picture located 

below (c). Apoptotic bodies demonstrate condensed cytoplasm, condensed hyperchromatic chromatin or in 

some cased fragmented nuclei (fragmented nuclei are dark small rounded purple colour). Bar: (a-c) 40 μm, 
magnified image below (c) is 100 μm. (d) Dot plot graph presentation of apoptotic bodies’ count/ cervico-

vaginal tract/ mouse, and the middle line is the average mean of counts.    
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3.3.5 A degree of inflammation was observed in the stroma of the cervix and uterus  

Finally, it was important to determine if PLAS treatment would induce local inflammation in 

the cervico-vaginal tract. Inflammation can be a serious adverse event associated with 

mucosal delivery that limit the use of microbicides (Woodrow et al., 2009). Accordingly, 

histopathological examination of H&E stained K14-E7 cervico-vaginal tracts post-treatment 

was performed and signs of immune cell infiltrates in the squamous epithelia of the cervix 

and the vagina were investigated.  

Histopathological examination of sections from cervico-vaginal tract across all interventional 

groups showed a degree of inflammation in the mucosal epithelium in the form of neutrophil 

infiltration with no pus present (indicated by black arrows Fig 19). The neutrophilic 

infiltration was observed in the epithelium and the sub-epithelial stroma of the cervical canal 

and the stroma surrounding the epithelial-columnar transformation zone at the upper cervix 

(uterine septum). Hyper-segmented neutrophil infiltration was found in the superior 

suprabasal layer of the mucosal epithelium in the cervical region in 1 out of 3 mice of each 

siRNA-PLAS treated groups (Fig 19 a-c). This suggested that treatment with the PLAS 

system was inducing a degree of inflammation to the cervico-vaginal tract. Unfortunately, 

this experiment lacked an alginate-only treated controls (with no siRNA-PLAS) so the 

particular element causing this is not certain.  However, in a similar experiment conducted 

previously by Prof Nigel McMillan an alginate-only control was used and examination of 

these slides also showed neutrophilic infiltration in the stroma of vagina (Fig 19, d). 

Therefore, this inflammation associated with the alginate matrix or some aspect of the 

experimental procedure itself such as washing the vaginal tract with 5% citric acid or the 

insertion of the siRNA-PLAS, perhaps resulting in irritation of the cervico-vaginal tract.     
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Figure 19 H&E stain of cervical canal wall showing a degree of inflammation across interventional 

groups. 

H&E staining illustrating Neutrophilic infiltration (indicated by black arrows) was observed in the stroma of the 

cervix and the uterus. (a) Low power magnification of the mucosa epithelium of the cervical canal in empty 

PLAS treated mice (left) and high magnification view on the right. (b) Mucosal epithelium of cervical canal of 
siβgal PLAS treated mice showing neutrophils in the uppermost suprabasal and the stroma. (c) Mucosal 

epithelium of cervical canal of siS10 PLAS treated mice showing neutrophils in the uppermost suprabasal and 

the stroma. (d) Mucosal epithelium of vagina presenting alginate only treated mice showing neutrophils in the 

stroma. The alginate only image was adapted from Prof Nigel McMillan experiment. Bar: (a) 200 μm, (b-c) 100 

μm. (d) 250 μm. 
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3.4 Discussion 

In the past few decades, much research was devoted to implementing RNAi as a powerful 

tool to fight HPV-associated malignancies as they provide an ideal model system for RNAi 

based cancer therapy (Jung et al., 2015). Previous reports have shown that loss of HPV16-E7 

activity via siRNA treatment in cervical cancer models results in selective apoptotic cell 

death (Fujii et al., 2006; Jiang & Milner, 2002; X. Li et al., 2013; Putral et al., 2005) or 

senescence (Hall & Alexander, 2003). Either fate will result in the reduction in HPV-positive 

cells and consequently lead to the reduction in HPV-infected cell burden and subsequent 

tumour growth. Intravaginal delivery of siRNA nano-particles has demonstrated therapeutic 

potential in the field of sexually transmitted infections such as HIV and HSV (Boyapalle et 

al., 2015; Palliser et al., 2006). Research to date has provided a number of  in vivo siRNA 

delivery strategies such as lipidic vectors (S. Y. Wu & McMillan, 2009), biodegradable 

polymers (B. C. Tang et al., 2009), and polyion complex micelle (Nishida et al., 2016). 

Various in vivo delivery pathways were explored as therapeutic routes for HPV related 

cancers, including systemic (N. Khairuddin et al., 2014) and local  delivery such as 

intertumoral (Chang et al., 2010; X. Li et al., 2013; Singhania et al., 2012) or intravaginal 

(Anna Lechanteur et al., 2015). To our knowledge, intravaginal delivery of E6/E7 siRNAs as 

a potential cervical cancer intervention has been postulated but not investigated as it is quite 

challenging. In light of promising in vivo siRNA-based therapeutics against HPV-driven 

cervical cancers, here we aimed to investigate an observational study that could provide 

better insight for a new therapeutic generation in early cervico-vaginal neoplasia.    

Basically, one of the biggest challenges encountered by others and in this experiment was 

intravaginal retention of the PLAS rods in the vaginal tract, as the mucus clears the cervico-

vaginal tract within a few hours (S. K. Lai et al., 2009). This demanded extensive monitoring 

and if required, external physically pressure was applied to push the alginate into the vaginal 
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cavity to avoid expulsion by mice. The exerted pressure could have pushed the PLAS further 

up towards the cervical canal away from the vaginal lumen.  

Despite the fact that the proposed treatment in this study was designed for cervico-vaginal 

malignancies, previous observation have shown the PLAS system was very efficient at 

delivering and knocking down gene expression in the vaginal tract and our expectation was 

that this would work well (Sherry Y. Wu et al., 2011). Our results here suggest that despite 

good knockdown (albeit using a method that could be improved) only minor reductions in 

cell division was observed with no clinical grade effect. This is more likely because K14 is 

driving overexpression of E6/E7 as while 60% expression was reduced, there was still too 

much E6/E7 around and hence, no change was observed.  Moreover, our results showed that 

siS10-PLAS (compared with siBgal PLAS control) treatment had slightly larger impact on 

the suprabasal mucosal epithelium of the cervix than the vagina where BrdU positive cell 

counts decreased by 25.1% and 18.7% respectively in these anatomical sites.  

The previous finding was supported with further observations demonstrating the unique 

confined presence of apoptotic bodies reported in the mucosal epithelium of the cervical 

canal with only very few observed in the vaginal mucosa. Exclusively to the siS10-PLAS 

treated group (n=3), apoptotic bodies referring to dying cells were prominent in the 

suprabasal mucosal epithelium of the cervix and the lower edge of the uterine horn. However, 

there was variability in the number of apoptotic bodies observed between mice within the 

treatment group and in one mouse there was no evidence of it (apoptotic bodies count per 

mice: 30,10, and 0). The mice that showed no evidence of apoptotic bodies perhaps didn’t 

retain the PLAS. Despite the observed discrepancy, it could be claimed that suppression of 

viral replication as a result of loss of E6/E7 expression could have induced cell death by 

apoptosis evidenced by the abundant apoptotic bodies. However, proper apoptotic markers 

such as cleaved caspase-3, cleaved PARP need to be investigated to validate this claim. In 
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support of this, similar cell death fate was also observed by others previously in a different 

viral infection model (HSV-2) where apoptotic bodies were reported in mice mucosal 

epithelium upon intravaginal treatment of siRNAs mixed with lipids targeting the UL27 and 

UL29 genes (Palliser et al., 2006).  

There are few possible explanations to the small reduction in BrdU positive cells/ or small 

effect observed upon siS10 PLAS treatment. Firstly, the administrated siRNA (40 µg/dose = 

0.2 mg/kg) dose was possibly less than the dose required to mediate more efficient E6/E7 

mRNA degradation. Despite its significant effectiveness (~80% reduction in E6/E7 mRNA) 

in post-systemic delivery in different mice models (Norliana Khairuddin et al., 2012), it may 

not really be comparable. Accordingly, testing multiple higher siRNA doses ranging from 0.5 

to 2.0 mg/kg is likely to be more efficient, as recommended by others regarding vaginal 

delivery of siRNA using a slightly different delivery system (biodegradable polymer 

nanoparticles) (Woodrow et al., 2009). Secondly, inefficient transport of the PLAS through 

the mucus layer lining and subsequently into the cervico-vaginal epithelium even after citric 

acid treatment would have hindered its silencing efficacy. Despite the fact that this delivery 

system was originally modified to sustain long vaginal retention period (~24h post 

administration), and was able to penetrate to a degree the suprabasal layer of the vaginal 

mucosal epithelium, the actual percentage of the released lipoplex from the alginate scaffold 

was not reported, yet it achieved 80% gene knockdown (Sherry Y. Wu et al., 2011).  

Taken together the findings of this investigation with those of earlier studies, the siRNA-

PLAS based system with its current mucosal penetration capabilities could be considered 

only for treatment of early CIN/VIN (stage 0, stage 1A and 1B) and it would be less effective 

against more advanced in-situ CIN/VIN. This is basically because in early stage cervical 

cancer, invasion of intraepithelial carcinoma is no greater than 5.0mm in depth and strictly 
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confined to the cervix (Steven E. Waggoner, 2003). However, in stage II and more clinical 

lesions are more than 4 cm in size and carcinoma extends beyond the cervix.     

With regards to safety, a degree of inflammation (indicated by neutrophilic infiltration) was 

observed in all intervention groups including Alginate only, yet it was well tolerated and no 

serious adverse events from animals were noticed. It is important to take into consideration 

the fact that there will always be a degree of inflammation induced as the vaginal tract is 

undergoing multiple procedures including the 5% citric acid pre-wash. This could irritate the 

vaginal epithelium as it causes reversible openings in the tight junctions of the mucosal 

membrane (Kanazawa et al., 2008). Furthermore, the observed neutrophils in the stroma 

could be simply associated with the oestrus cycle stage the mice are in at the time of the 

treatment. Oestrus cycle in female mice ranges from 4-6 days and during this cycle many 

changes occur, including leukocyte infiltration to the stroma during the pro-oestrus stage and 

mesoestrus stage (Rendi et al., 2012).  

Immune response plays a key role in the fight against HPV driven tumours as high-risk HPV-

E6/E7 oncogenes create an immune suppression environment that allows pre-malignant 

lesions to escape immune recognition for years. Accordingly, proper immune response 

assessment based on identifying specific innate/ adaptive immune cells such as mast cells, 

NK-T-cells and effector CD8+ T-cells that could be involved in mice response to the siRNA-

PLAS treatment is required. This is especially the case as CD8 T cells have been previously 

reported to limit priming of the adaptive immune response in the HPV-16-E7 premalignant 

model (Kambayashi et al., 2009; Mattarollo et al., 2011).   

In this observational study, there were several limitations, some of which we tried to address 

and others we had to face. Firstly, the experimental model used in this study was genetically 

modified to permanently overexpress HPV16 E6 and E7 oncogenes in its keratinocytes under 
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the control of K14 promoter (Arbeit et al., 1996). Hence, higher doses of siRNA could be 

required to overcome this and induce a significant response. Secondly, siRNAs promote a 

temporary and transient gene silencing compared to other RNAi methods such as shRNA that 

exert long-term effect as it integrates to the host genome (Gu et al., 2006). Yet, the chosen 

siRNA in this study was shown to be capable of inducing significant gene silencing for up to 

24 hours in vivo and in this study treatment was administrated every 48 hours to sustain 

siRNA mediated mRNA degradation to its highest efficacy. Another limitation in this 

experiment was the lack of a proper negative control, which would include a complete non-

transgenic, non-estrogen treated FVB/n mice model in parallel to the used models. This 

would act to resemble normal cells and demonstrate selectivity to the target. Another useful 

control would be non-transgenic, estrogen-treated FVB/n mice with no siRNA-PLAS being 

applied so as to demonstrate a proper comparison to dysplasia development in the case of the 

non-genetically modified case. 

Furthermore, the durable installation for the PLAS is highly challenged by the mucosal 

barrier. The mucosal barrier efficiently traps nanoparticles, which then subsequently get 

removed from mucosal tissues within seconds to few hours depending on the anatomical 

locations. It is primarily composed of mucin fibres which have been previously reported to 

interact with cationic liposomes and many other components such as lipids, salts, proteins, 

and enzymes that contribute to the difficulty of delivery of these nano-lipid vehicles (S. K. 

Lai et al., 2009). This could strongly limit sustained and controlled delivery of proposed 

treatment such as siRNA-lipoplexes in this case study. Studies have shown that pre-treatment 

of the vaginal tract with certain chemicals may improve nanoparticles mobility in mucus 

matrices and enhance siRNA delivery to the cervico-vaginal epithelium. Nonoxynol-9 (a 

widely used vaginal spermicide) was reported to disrupt the integrity of genital epithelium 

which subsequently significantly increased its susceptibility to HPV infections as it facilitated 
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binding of the pseudovirus capsid to the mucosal basement membrane (Roberts et al., 2007). 

Work by Wu, et al., used this strategy to increase vaginal siRNA-lipoplex uptake, however 

they reported no improvement in siRNA vaginal uptake and linked it to the possible decrease 

in cervico-vaginal pore size as seen by others upon non-ionic detergent administration. 

(Samuel K. Lai et al., 2010; Sherry Y. Wu et al., 2011). Consequently, 5% citric acid was 

used for this study.  

The PLAS system of choice used in this study has been previously established for 

intravaginal delivery in vivo and is designed to overcome the mucus barrier by the addition of 

PEG ceramide into the liposome formulation (Sherry Y. Wu et al., 2011; S. Y. Wu & 

McMillan, 2009), as this was shown to provide stability of the hydrophobic core of 

nanoparticles and facilitate effective traverse through mucin openings (B. C. Tang et al., 

2009; Yu et al., 2012). Moreover, our results suggest that the percentage of the lipoplexes 

penetrating the mucosal epithelium is rather low and need to be assessed. Hence, I 

recommend a slight modification to the surface structure of lipoplexes to overcome the 

mucosal barrier challenge. For instance, increasing the PEG concentration in the formulation 

would enhance penetration of the mucosal barrier. This hydrophilic polymer can stabilize the 

positive charge of the lipoplex’s surface which prohibit the aggregation of the lipoplex with 

the mucin fibres of the mucus (A. Lechanteur et al., 2016). This step could be crucially 

affecting the siRNA dose being delivered. Finally, to be able to relate the decrease in 

proliferation of HPV16 E6/E7 transformed cells as a result of loss of E6/E7 activity from 

siRNA treatment, qRT-PCR needs to be performed using animals from the same 

experimental cohort as the semi-quantitative RT-PCR data presented here are from similar 

independent study performed by Prof Nigel McMillan prior to the presented wok in this 

chapter.  
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Due to the time limitations of the project, our results could not provide comprehensive 

outcomes, yet it suggests work to be undertaken in order to develop this siRNA-based 

microbicide for treatment of early HPV neoplasia. Repeating these experiments taking into 

consideration the following suggestions is recommended. Firstly, Increase the number of 

animals used per treatment group (minimum 5/group) as that will provide more statistical 

reliable data. Secondly, increase the administrated siRNA dose and the period of treatment. 

Thirdly, further investigations to check for sufficient E6/E7 repression. For instance, testing 

for reactivated p53, dephosphorylated pRp, or E2F proteins in tissues would be useful, as 

accumulation of p53 and reactivation of Rb pathway by and suppression of E2F proteins in 

cervical cancer models was previously observed on E6/E7 oncogene silencing (Goodwin & 

DiMaio, 2000). While assessing p53, it is important to consider that reactivation of p53 has 

been observed to be transient despite contentious siRNA treatments according to some 

reports targeting HPV18-E6/E7 oncogenes (Koivusalo et al., 2005). Furthermore, in situ 

hybridisation for HPV-E7 RNA in tissues accompanied by quantitative RT-PCR would 

provide more valuable data on location of E7 expression in the epidermis and level of E7 

expression respectively than semi-quantitative RT-PCR (Evans et al., 2014). 

Testing for apoptotic markers would be necessary to confirm if siS10-PLAS is promoting cell 

death through apoptosis. For instance, test for Bax protein as it is one of the downstream 

components of p53-dependent apoptosis pathway and its expression have been previously 

reported to be upregulated upon RNAi targeting of HPV16-E6 in xenograft cervical cancer 

model (Gu et al., 2011). Also, testing for cleaved-caspase-3 and caspase-9 as well as 

cytochrome-c (apoptosis associated proteins) would be crucial as their expression levels have 

been found to be elevated upon E6 silencing and p53 reactivation in vitro (X. Li et al., 2013).  

If the delivery system was optimised to work, there are possible combination therapies that 

could enhance the efficacy of the current treatment. Combination with inhibitors that can 
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block anti-apoptotic factors (members of the BcL-2 family) has been previously shown to 

sensitise tumour cells to apoptosis (Fulda, 2011; X. Lin et al., 2007). Furthermore, 

combination with an immune-stimulating Dicer-substrate siRNAs (IS-DsiRNAs) could lead 

to more effective outcomes than using single agent strategies. This is due to the fact that they 

have been previously demonstrated to be effective against other HPV-driven tumour models 

(e.g. TC-1 tumours) by inducing natural killer cells and T-cells in the spleen and tumour 

draining lymph nodes, even when delivered locally (intratumorally) to the site of tumour, 

enhancing the anti-tumour effect (N. Khairuddin et al., 2014). Moreover, Imiquimod, a 

widely-used topical cream to treat genital warts, could provide promising potential when 

combined with the current proposed treatment. This is because  it has been  shown in a phase 

II clinical trial to have promoted complete remission in 63% of patients with vulvar 

intraepithelial neoplasia by increasing CD4+ and CD8+ T-lymphocytes infiltration into the 

lesion sites subsequently after recognition by Toll-like receptor 7 (Daayana et al., 2010).  

Mucosal delivery into the vaginal tract is associated with many obstacles, yet holds great 

therapeutic potential. Scientists have developed sophisticated nanocarriers with the potential 

to overcome these hurdles (S. K. Lai et al., 2009). To date, two effective methods for 

delivering nucleic acid-based treatments have been established, including viral vectors and 

non-viral delivery systems. The majority of viral vectors offer great therapeutic delivery 

potential due to their inherent ability to transfer genetic sequences into cells (Aigner, 2006).  

However, despite the genomic modification performed on viral vectors to make them safer, 

serious adverse events were reported, such as oncogenic/mutagenic progression, limited 

genetic loading capacity, and immunogenic induced inflammation (Aigner, 2006; 

Nayerossadat et al., 2012). Consequently, non-viral delivery systems including polymeric 

nanoparticles, and liposomes present a safer more promising alternative approach to RNAi 

based therapies and have been employed in most early stage clinical trials against viral 
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infections (Hepatitis C), dermal and optical diseases in addition to solid tumours (Jung et al., 

2015).  

In the light of translating this observational study to clinical trials this model will offer many 

advantages and promising potentials once improved further. The lipoplexes size (~300 ± 58 

nm) is ideal for human delivery as the pore size of human cervico-vaginal mucus is 340 ± 70 

nm (ranges from 50 to 1800 nm) (Samuel K. Lai et al., 2010). Furthermore, siRNA induces a 

temporary effect on gene silencing compared to other approaches such as CRISPR/Cas RNA-

guided nuclease that permanently inactivates E6/E7 oncogenes by gene editing (Kennedy et 

al., 2014; Zhen et al., 2014). Despite that the latter being more effective than RNAi 

approaches and has demonstrated promising therapeutic potential, its clinical use could be 

debatable due to the long-term effect of permanent genome editing of mismatched sequence 

(Barrangou et al., 2015). Another advantage of the proposed scaffold system in this project is 

that it is composed of alginate which is a naturally occurring polysaccharide that decomposes 

over time in the presence of sodium ions, naturally occurring in the body (Sherry Y. Wu et 

al., 2011). Hence, permanent genome modification and off target effects are not a major 

concern in this case. Other important aspects include cost and time; This designed treatment 

is affordable, easy and safe to produce and apply by patients. All together, these attributes 

make it more sensible microbicide to be considered for treatment of early CIN/VIN 

particularly when it compared with colposcopy (harsh and invasive). 
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 . Inhibition of Aurora A and B kinase by Alisertib, a novel 

selective therapeutic approach targeting HPV-driven cervical cancers. 

4.1 Introduction  

Aurora kinases belong to the serine/threonine kinase family and have been found to play a  

crucial role in cell cycle control of numerous mitotic (cell division) events, including 

chromosome segregation (Cheung et al., 2009), centrosome maturation , spindle assembly 

(Meraldi et al., 2004), microtubule–kinetochore attachment, the spindle checkpoint, and 

cytokinesis (Mountzios et al., 2008). Aurora A and B kinases in particular are critical for the 

integrity of mitosis as our data show that cells can still enter and exit mitosis without their 

activities however the quality of mitotic division is greatly impaired in their absence. Aurora 

A is essential for centrosome and spindle maturation, as well as separation (Fu et al., 2007). 

Aurora B regulates mitotic exit by ensuring correct microtubule attachment to the kinetochore 

in prometaphase, and is a component of the chromosomal passenger complex, which controls 

correct partitioning of the replicated genome at anaphase and during cytokinesis (M. 

Carmena et al., 2012).  

Aurora A and B kinases are up-regulated in many human cancers, including cervical 

intraepithelial neoplasia III (CIN III) and malignant squamous cervical cancer (Twu et al., 

2009). Such over-expression results in abnormal chromosome segregation resulting in 

aneuploidy, a classic hallmark of cancer cells.  Numerous inhibitors targeting Aurora A 

kinase, such as Alisertib and ENMD-2076 have been developed. Furthermore, pan-inhibitors, 

such as AMG-900 (Aurora A, B and C kinase inhibitor), are also being investigated and are 

currently in human clinical trials. In contrast, others such as Barasertib (also referred to as 

AZD1152), a selective Aurora B inhibitor have been discontinued after phase II clinical trials 

showed no substantial clinical benefit (Otto & Sicinski, 2017). 
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We have previously reported, using an siRNA synthetic lethality screen, that both Aurora A 

and B kinases are critical proteins for the survival of HPV-driven cervical cancers (Gabrielli 

et al., 2015). Alisertib (also known as MLN8237) is an oral anti-mitotic inhibitor that is 

currently being tested in phase I/III clinical trials against a variety of malignancies, including 

peripheral T-cell lymphoma, and other solid tumours such as breast cancer, small/non-small-

cell lung cancer and head and neck squamous-cell carcinoma (Falchook et al., 2014; 

Melichar et al., 2015; Otto & Sicinski, 2017). Alisertib has been reported mainly as an 

Aurora A kinase (at 10-100 nM) inhibitor in preclinical and clinical studies (Asteriti et al., 

2014; Goldberg et al., 2014; Otto & Sicinski, 2017; Sehdev, Peng, Soutto, Washington, 

Revetta, Ecsedy, et al., 2012). Nevertheless, recent reports have indicated that Alisertib 

inhibits Aurora B kinase at higher doses in vitro (at > 100 nM with maximum inhibition at 

~500 nM) (Asteriti et al., 2014; W. Qi et al., 2013). However, the in vivo experimental data 

are inconclusive, and there is no general agreement on dual Aurora A and B inhibition 

exhibited by Alisertib in vivo  (Kurokawa et al., 2017; Nair & Schwartz, 2016).  

Alisertib use in treating HPV-driven cancers has not previously been described. Recently, we 

have shown for the first time that targeting Aurora A kinase using Alisertib results in 

selective and significant lethality of HPV-driven cancers in vitro and in vivo and this 

appeared to be via apoptosis (Gabrielli et al., 2015). In fact, our in vivo results in early stage 

tumours (treated when tumours reached 25 mm3-palpable) showed complete remission of 

HPV-transformed cervical cancers (HeLa and CaSki) upon Alisertib treatment with no 

regrowth observed for 60-days post treatment. This response was specific to HPV-

transformed cells as treatment of non-HPV (C33A) cervical cancers merely resulted in 

delayed tumour growth.  Despite our in vitro observation of cell death by apoptosis, others 

have “senescence” (or permanent cell cycle arrest) as the main cell death consequence of 
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Aurora kinase inhibition in melanoma models but this seems cell line-dependent (Y. Liu et 

al., 2013; Min et al., 2016; M. Sadaie et al., 2015; L. X. Wang et al., 2016).  

The work presented in this chapter was performed as part of a collaboration with Prof Brian 

Gabrielli, Mater Research Institute, The University of Queensland. I am co-first author of this 

work, having performed all the in vivo- associated parts of the investigations. Where in vitro 

data are presented I have indicated in the figure legend that the work was performed by David 

Martin and Prof Brian Gabrielli. All animal experiments were performed according to the 

guidelines of the Australian and New Zealand Council for the Care and Use of Animals in 

Research and was approved by the Griffith University Animal Ethics number 

MSC/09/14/AEC and the University of Queensland Animal Ethics number 

UQDI/492/15/CCQ.   

Here we aimed to test the in vivo effectiveness of Alisertib in inhibiting tumour growth in 

advanced stage HPV-driven cervical cancer models (i.e. starting treatment when tumours 

mass reached >100mm3) in nude mice using different Alisertib doses: 15 mg/kg and 30 

mg/kg. We also aimed to explore if Aurora B inhibition was involved in the cytotoxic activity 

exhibited by the Alisertib treatment. Finally, we wished to determine whether Alisertib is 

inhibiting tumour growth by driving cell death-induced senescence or apoptosis in the 

settings of HPV-driven cervical cancers. 
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4.2 Results  

4.2.1 Alisertib exhibited selective and potent inhibition in tumour growth of HPV-

driven cervical cancer in in vivo models. 

 We have previously reported Aurora A and Aurora B as crucial targets in HPV-transformed 

cervical cancer models and validated this in vitro and in vivo using Alisertib, an Aurora A 

kinase inhibitor (Gabrielli et al., 2015). Alisertib treatment (30 mg/kg daily for 10 days) 

resulted in complete tumour regression in vivo in early stage disease equivalents (25mm3) 

using the HPV-positive cervical cancer cells CaSki and HeLa, with complete remission 

observed out to day 60.  We observed only delayed tumour growth in non-HPV cell line-

derived cervical cancer (C33A) (Fig 20). 

 

Figure 20 Xenograft HPV and non-HPV cervical cancer tumour growth curves post Alisertib (30 mg/kg) 

administration in nude mice in early stage tumours (25 mm3). 

Nude mice (n=6) were injected with either CaSki (HPV16), HeLa (HPV18), or C33A (non-HPV) cervical 

cancer cells subcutaneously in the flank. In each group, mice were treated with 30 mg/kg Alisertib or vehicle 

control for 10 consecutive days when tumour reached 25mm3/palpable and then followed up daily for 50 days. 

Mice were culled when tumour size reached ~500-600 mm3. The bar indicates treatment days. Alisertib 

selectively targets HPV-driven cervical cancer tumours and promote complete regression with no recurrence 

observed even post 50 days of completed treatment. on the other hand, the non-HPV C33A tumours showed 

temporary inhibition of growth that continued to 10 days after the last treatment, followed by tumour regrowth 

to control levels afterwards. This work was performed by Fawzi Bokhari, a former PhD student in Nigel 

McMillan lab (Gabrielli et al., 2015).    
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Based on this in vivo data, we wanted next to investigate the efficacy of Alisertib in xenograft 

models in advanced/late stage disease. The general experimental approach used to achieve 

this included HPV (HeLa and CaSki) and non-HPV (C33A) cervical cancer cells inoculated 

subcutaneously into nude mice (n= 4-7/group), then tumours were allowed to grow to ≥ 100 

mm3.  Mice were treated with daily oral doses of vehicle alone, or Alisertib (15mg/kg or 30 

mg/kg), for 10 days and tumours followed up for 40-70 days’ post-treatment. As work 

presented in this chapter is a sequential regimen on our previously published data (Gabrielli 

et al., 2015), the period of treatment was kept for 10 days in order to provide comparable 

findings. Mice were monitored regularly for changes in body weight, behaviour, grooming, 

wellness or signs of infections. The experimental design is summarised in the diagram 

presented in figure 21.  

  



  

Sora Fallaha s2833992  97 | P a g e  

 

 

 

Figure 21 Representative diagram for the experimental design employed in exploiting Alisertib efficiency 

and possible mechanism of inhibition in late stage HPV and non-HPV cervical cancer models.  

The indicated red marked question marks (?) represent the individual aims we wish to achieve in the 

experiment:1. (top of diagram) testing the effectiveness of Alisertib in inhibiting tumour growth in advanced 

stage HPV cervical cancer models (start treatment when tumours >100mm3) in nude mice using different doses: 

15 mg/kg and 30 mg/kg. 2. (left) Assess if Aurora B inhibition is involved in the cytotoxic activity exhibited by 

Alisertib action. 3. (right) Determine if Alisertib is inhibiting tumour growth by driving cell death induced 

senescence or apoptosis in HPV-driven cervical cancers.   
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4.2.2 Alisertib drives stable long-term response and significant delay in tumour 

growth in late stage HPV-driven cervical cancer at low dose (15 mg/kg).  

To determine whether targeting Aurora kinase using Alisertib at 15 mg/kg/dose can inhibit 

late stage xenograft HPV-cervical cancer tumour growth in vivo, nude mice (n=4) were 

implanted with either HPV 18 (HeLa) or non-HPV (C33A) cells to produce tumour models. 

Tumour-bearing mice received oral doses of Alisertib or vehicle control once daily for 10 

consecutive days when tumours measured ≥ 100 mm3. Mice were monitored regularly every 

second day for 70 days. This animal experiment was conducted at Griffith University.  

Significant inhibition of HeLa cell tumour growth was observed from day 8 of treatment with 

little change in volume seen up till day 15 (Fig 22). At this point, growth recovered, but at a 

slower rate than untreated tumours till day 40. From day 40-80, HeLa cell-derived tumours 

fluctuated in size (400-750 mm3) (Fig 22a-left) and half of the studied group never reached 

the size where culling was required (1000mm3) (Fig 22b-left). In contrast, Alisertib had little 

effect on C33A cell-derived tumour growth compared to vehicle control (Fig 22a-right). A 

significant (p<0.009) delay was seen from day 14 but mice all reached the cull point by day 

26 (median survival for control is 17.5 days and Alisertib 23 days, (Fig 22b-right)). This was 

consistent with the in vitro data showing C33A cells had a higher IC50  (16 µM) than HeLa 

cells (0.04 µM) (Gabrielli et al., 2015). However, at this lower dose no tumour clearance was 

observed. A possible explanation for this lack of clearance of the tumour may be that this 

dose was too low. We therefore next examined these late stage tumours when treated with a 

higher dose of Alisertib. 
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Figure 22 Xenograft HPV (HeLa) and non-HPV (C33A) cervical cancer models post treatment with 15 

mg/kg Alisertib or placebo for 10 consecutive days after tumours reached >100 mm3. 

Nude mice (n=4 animals/group) were injected subcutaneously with 1x106 cells. After 10 days of tumour 
engraftment, tumour reached 100mm3 and mice were treated orally with vehicle or Alisertib at 15 mg/kg for 10 

consecutive days. (a) Tumour growth curves of xenograft HPV (HeLa) and non-HPV (C33A) cervical cancer 

models. Alisertib induces a significant delay in tumour growth for 60 days’ post treatment in HPV-driven 

cervical cancer while it barely halted growth in non-HPV cervical cancer xenograft murine model. A tumour 

static response was observed at day 40 of the treatment (indicated by red circle). Statistical significance was 

assessed using multiple t-test, two-tailed distribution, Tumour inhibition was statistically significant from day 8-

24 in HeLa models with p value ranging from  p < 0.05 (*) – 0.001 (**). Tumour volumes presented as mean 

tumour volumes (mm3) ± SD (demonstrated error bars) are shown from the beginning of treatment. (b) Survival 

curves of xenograft HPV (HeLa) and non-HPV (C33A) cervical cancer models post treatment with 15 mg/kg 

Alisertib or placebo for 10 consecutive days after tumours reached >100 mm3. Survival data analysis was 

performed using grapgpad prism (p<0.009).   
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4.2.3 Alisertib promotes complete inhibition in tumour growth and even regression in 

some cases in HPV-driven cervical cancer models at higher doses (30 mg/kg) 

We were curious to see if the delayed static growth response observed in late stage HeLa 

xenografts would change to a complete inhibition/regression response if we increased the 

administrated dose of Alisertib. Accordingly, mice were treated with 30 mg/kg dose of 

Alisertib for the same period of time (10 consecutive days, orally) once the tumour had 

reached ≥ 100 mm3 in size, and mice were monitored for 40-60 days after treatment. This was 

evaluated in two different HPV cervical cancers (HeLa-HPV16 and CaSki-HPV18), as they 

were the most responsive to Alisertib treatment. This animal experiment was conducted at the 

Translational Research Institute, Brisbane.  

Graphs of the tumour growth responses to Alisertib are shown in figure 23. Tumour growth 

curves once again demonstrated a significant inhibition (p<0.05) of tumour growth from day 

8 in HeLa cells with a slow growth rate out to day 70 (Fig 23a).  All untreated mice reached 

the ethical culling point around day 40, while no Alisertib-treated mice reached the cull point 

by day 70 when the experiment ended.  CaSki xenografts revealed a similar pattern to day 45 

when the experiment was terminated.  However, untreated tumours appeared to stop growing 

well after they reached ~250 mm3 in size, at day 12 or 14 (Fig 23b). This was unexpected but 

nevertheless there was still a significant difference in tumour sizes from day 12 onwards.  We 

did observe complete remission in one of the Alisertib-treated HeLa xenograft mice (Fig 

23c), which was confirmed by excision of the original site of inoculation, with no residual 

tumour found.  

Overall, a complete inhibition of tumour growth was observed for up to 10 days’ post 

treatment followed by stable long-term response and significant delay in tumour growth in 

HPV models at both examined Alisertib doses. Furthermore, there were no substantial 
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changes in weight or signs of toxicity and infection in animals that received treatment, 

suggesting a favourable toxicity profile.  

Our data suggests that Alisertib holds potential as treatment for late stage HPV cervical 

cancer but better outcomes were observed when treating early tumours compared to late. 

However, the mechanism by which Alisertib is inhibiting tumour growth in HPV cervical 

cancer in vivo was still unclear. We speculated that Alisertib may have caused cell cycle 

arrest resulting in death in some tumour cells and induced a more long-term damage in others 

that resulted in delay and slow growth rates. This is consistent with our published observation 

of some HeLa cells failing cytokinesis and dying while others failed cytokinesis and reverted 

back to a single cell before dying at subsequent divisions (Gabrielli et al., 2015). The other 

possibility was that failure of cytokinesis induced by Alisertib was promoting senescence, as 

has been previously reported in melanoma models (Yan Liu et al., 2013).   
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Figure 23 Tumour growth curves of HPV-xenografts cervical cancer models HeLa and CaSki, post 

treatment with 30 mg/kg Alisertib or placebo for 10 consecutive days after tumours reached >100 mm3. 

Nude mice (n=7 animals/group) were injected subcutaneously with (a) HeLa (1x106) or (b) CaSki (5x106) cells. 

When tumour reached 100mm3, mice were treated orally with vehicle control or Alisertib at 30 mg/kg for 10 

consecutive days. Alisertib induces a significant delay in both HPV cervical cancer cell lines, while it extended 

survival rate by ~30 days in HeLa xenograft models when compared to vehicle only control. Statistical 

significance was assessed using t-test, two-tailed distribution, ***p<0.005, * p<0.01). Mean tumour volumes 

presented as (mm3) ± SD (demonstrated error bars) are shown from the beginning of treatment. (c) Tumour 

growth curved representing individual mice, (n=4) demonstrating complete tumour regression in on mice. 

(originally these were a group of 7 mice however, 6 h post final treatment day 10, mice were sacrificed and 

tumours were harvested for histopathological examination).  
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4.2.4 phosphorylated histone H3 Ser10 (pH3) is not an accurate indicator of Aurora B 

kinase inhibition in in vivo 

Alisertib was previously established and shown to inhibit Aurora A kinase in many cell 

models (Asteriti et al., 2014; Kelly et al., 2011; Nair & Schwartz, 2016; Sehdev, Peng, 

Soutto, Washington, Revetta, & Ecsedy, 2012). Accordingly, markers of Aurora A kinase 

inhibition were not tested here as our in vitro observations already confirmed Aurora A 

inhibition even at very low doses (IC50 = 29 nM, Appendix 1). Our continued in vitro 

investigations have also revealed the ability of Alisertib to inhibit Aurora B kinase activities 

as well as Aurora A kinase assessed in vitro in HeLa cells in a dose dependent manner (IC50 

= 350 nM for Aurora B inhibition as measured by H3 Ser10 phosphorylation, (Martin et al., 

2017)).  

Based on the above, I was interested to determine whether it was Aurora A and/or Aurora B 

inhibition that induced the long term cytotoxic response of Alisertib in the setting of HPV-

driven cervical cancer in vivo. Accordingly, here I examined Alisertib’s ability to inhibit the 

activities of Aurora B kinase in the HPV-driven cervical cancer setting in vivo. To achieve 

our aim, HeLa tumours harvested at the last day of treatment with Alisertib at 30 mg/kg were 

examined by immunohistochemistry for phosphorylation of histone H3 Ser10. Aurora B 

catalyses the phosphorylation of H3Ser10, which is one of the hallmarks of mitotic 

chromosomes (Mar Carmena et al., 2012) and accordingly we used phosphorylated histone 

H3 Ser10 (pH3) as a marker for Aurora B inhibition. 

Based on our in vitro observations, we expected that Alisertib (30 mg/kg) would decrease 

pH3 Ser10 staining in HeLa tumours. However, we observed no significant decrease in pH3 

in tumours collected 6h poat last alisertib treatment (Fig 24), possibly reflecting cells 

undergoing an extended mitotic arrest as a result of Aurora A inhibition and other cells 
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undergoing mitosis. The staining pattern was similar to what was observed in tumours 

collected at end stage of experiment after 70 days of last treatment. Although pH3 was an 

efficient indicator of Aurora B kinase inhibition in vitro, it did not seem to behave similarly 

in our in vivo models.  

Perhaps the administrated dose (30 mg/kg) was lower than the dose required to achieve 

noticeable reduction in pH3 levels in vivo, despite that treatment with Alisertib at 30 mg/kg 

would achieve 1-2 µM plasma concentration (Cervantes et al., 2012) equivalent to the in 

vitro concentration where inhibition of Aurora B kinase was observed (Appendix 1, Fig 3) as 

others observed a moderate reduction in pH3 levels in vivo even at 50 mg/kg (X. Wang et al., 

2010). At this stage, there was still no evidence of Aurora B inhibition in vivo at 30 mg/kg 

and therefore to confirm whether or not the latter is true we next tested a different marker for 

Aurora B kinase inhibition.   
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Figure 24 HeLa xenograft tumour immunostained for phosphorylated histone H3 Ser10 (pH3) and H&E 

staining in tumours harvested 6 h after final Alisertib treatment. 

Athymic nude mice were implanted with HeLa xenograft tumours by injecting 1x106 cells subcutaneously in the 

back (n=7). Mice were then treated with 30 mg/kg Alisertib or vehicle for the first 10 days after tumours 

reached >100 mm3 as described in materials and methods. Three mice were sacrificed and tumours were 

harvested 6 h after final Alisertib treatment, tissues were processed and sectioned for histological examination. 
(a) Histopathological examination using H&E staining (top) and immunohistochemistry representation of HeLa 

tumours testing for pH3 Ser10 as marker for Aurora B inhibition (bottom).  (b) Quantitative analysis of pH3 

Ser10 positive cell counts. Unpaired t-test analysis, two tailed shows no significant (p > 0.05) effect on the of 

pH3 Ser10 staining in Alisertib compared to vehicle treated HeLa tumours. The demonstrated data were 

quantified from 10000 cells per tumour, presented as the mean ± SD from three tumours per treatment. Bar (a) 

500µm.  
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4.2.5 Alisertib inhibits HPV-cervical cancer tumour growth via dual inhibition of 

Aurora A and B kinases and Aurora B localisation to midbody is a classic 

hallmark of in vivo inhibition of Aurora B kinase.   

In this part of the study, I follow up on my previously stated aim which involved determining 

whether it was Aurora A and/or Aurora B inhibition that induced the long term cytotoxic 

response of Alisertib in the setting of HPV-driven cervical cancer in vivo. The lack of 

inhibition of pH3 staining prompted me to examined a different marker of Aurora B kinase 

inhibition. 

Time lapse microscopy investigations of Alisertib and other Aurora kinase A and B inhibitors 

in HeLa cells have shown that cells treated with 1 µM Alisertib, 0.3 or 1 µM of the selective 

Aurora B inhibitor AMG900 entered and exited mitosis with no evidence of cytokinesis, 

suggesting failed mitosis. This strongly indicated the absence of Aurora B kinase activity at 

the mitotic exit as a result of Alisertib treatment at higher doses (1 µM) (Appendix 1, Fig 3, 

Fig S6). Aurora B kinase forms a part of the chromosomal passenger complex (CPC), one of 

the major regulators of several key mitotic events that drives cytokinesis, and its inhibition 

results in improper localization of the CPC, which leads to cytokinesis failure and ultimately 

compromised cell division (M. Carmena et al., 2012). Furthermore, Aurora B kinase plays 

crucial roles at the centromere during anaphase where it re-localises from chromosomes to 

the spindle midzone, where it is known to generate a signalling gradient to ensure proper 

cytokinesis (Fuller et al., 2008).  

The effect of Alisertib on inhibiting Aurora B kinase activity was therefore assessed by 

evaluating localization of Aurora B to midbody upon mitotic exit. localization of Aurora B to 

midbody is essential step during prometaphase and its absence was previously reported to 

result primarily in cytokinesis failure (Mackay & Ullman, 2015). Midbodies were identified 
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by immunofluorescence staining of HeLa xenograft tumours for DNA, α-tubulin to show the 

microtubules (MT) and Aurora B on samples collected 6 h after last treatment.  

Immunofluorescence results of vehicle-only treated cells showed cells undergoing 

cytokinesis with Aurora B localised to midbody. This indicated the method worked well and 

we could identify cells undergoing normal cytokinesis and mitosis as control for intact 

Aurora A and B kinase function. Aurora B localisation to midbody insures proper cytokinesis 

(Fig 25A, open arrowheads). Aurora B associated with midbodies were almost completely 

absent with no midbodies observed either in Alisertib-treated tumours, suggesting that 

Alisertib was indeed inhibiting Aurora B activity.   

Moreover, markedly abundant multinuclear (polyploid) and binuclear cells corresponding to 

failed cytokinesis and aberrant mitosis as a result of Aurora B and A inhibition were 

identified (Fig 25B, filled arrowheads). This was further supported by the quantitative data 

demonstrating the number of cells undergoing mitosis compared to cytokinesis in each 

treatment. Quantitative analysis of the number of cells undergoing mitosis or cytokinesis in 

drug-treated tumours showed that Alisertib significantly reduced the percentage of cells 

undergoing cytokinesis (Fig 26). In fact, only 1-2 midbodies were microscopically observed 

in all examined fields (data are from >100 cells in mitosis/cytokinesis). This was consistent 

with our in vitro observations, where cells treated with 0.3 µM Alisertib entered mitosis and 

attempted cytokinesis forming a cleavage furrow, however, the daughter cells failed to 

separate and the nuclei were retained in one cytoplasm. This dose of Alisertib (0.3 µM) 

behaved similarly to the Aurora A inhibitor and Aurora A siRNA treatment (Appendix 1, Fig 

3B).  By contrast, cells treated with either the Aurora B inhibitor, 1 µM Alisertib, 0.3 or 1 

µM AMG900 entered and exited mitosis with no evidence of cytokinesis. 1µM Alisertib, 

AMG900, the Aurora B inhibitor and siRNA, and the combined Aurora A and B inhibitors 

and siRNAs all resulted in a similar length of mitotic delay and failed mitosis without 
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evidence of cytokinesis (Appendix 1, Fig 3; Supplementary Fig S6). All together provided 

strong evidence that Aurora A and B kinases inhibition activity exhibited by Alisertib at 30 

mg/kg (1-2 µM plasma concentration) are involved in the cytotoxic effect on HPV driven 

cervical cancer growth in vivo. 
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Figure 25 Immunofluorescence staining of HeLa xenograft tumours at last day of Alisertib treatment (30 mg/kg) 

demonstrating Aurora B localization at midbody during cytokinesis.   

Athymic nude mice were implanted with HeLa xenograft tumours by injecting 1x106 cells subcutaneously in the 

back (n=7). Mice were then treated with 30 mg/kg Alisertib or vehicle for the first 10 days after tumours 

reached >100 mm3 as described in materials and methods. 3 mice were sacrificed and tumours were harvested 6 

h after final Alisertib treatment, tissues were processed and sectioned for histological examination. 

Immunofluorescence staining of HeLa xenograft tumours for DNA, Aurora B and α-tubulin to show the 
microtubules (MT) were performed. Scale Bar = 20 µM. The images represent Hela xenograft tumour sections 

of (a) Vehicle treated (control) and (b) Alisertib (30 mg/kg) treated. (c) Magnified view of (b). In (a) Midbodies 

are positive for Aurora B and microtubule staining, indicated by the open arrowheads, whereas in (b) defective 

mitosis was indicated with filled arrowheads. Alisertib treatment result in Aurora B inhibition illustrated by lack 

of midbodies observed and subsequently absence of cytokinesis. This was further supported by abundant 

multinuclear and binuclear cells corresponding to failed cytokinesis and deviant mitosis as a result of Aurora A 

and B inhibition. (d) Phenotypic representations of mitotic figures and cells with different nuclear phenotype 

(adapted from Appendix 1, Fig S9). 
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Figure 26 Quantitative analysis of Immunofluorescence staining of HeLa xenograft tumours undergoing 

cytokinesis or mitosis at last day of treatment with Alisertib (30 mg/kg) demonstrate an Aurora B 

inhibition effect on cytokinesis   

Athymic nude mice were implanted with HeLa xenograft tumours by injecting 1x106 cells subcutaneously in the 

back (n=7). Mice were then treated with 30 mg/kg Alisertib or vehicle for the first 10 days after tumours 

reached >100 mm3 as described in materials and methods. 3 mice were sacrificed and tumours were harvested 6 
h after final Alisertib treatment, tissues were processed and sectioned for histological (a) examination. 

Immunofluorescence staining of HeLa xenograft tumours for DNA, Aurora B and α-tubulin to show the 

microtubules (MT) were performed. Midbodies positive for Aurora B and microtubule staining are indicated by 

the open arrowheads. (b) Quantitative measurement the number of cells undergoing mitosis/cytokinesis. The 

data are obtained from >100 cells undergoing mitosis/cytokinesis from three separate tumours for each 

condition. Data demonstrated significant decrease cytokinesis as a consequence of Aurora B kinase inhibition in 

Alisertib treated groups compared to vehicle only controls. *** indicate p value <0.001. This strongly suggest 

that Alisertib has Aurora A and B inhibitory activity at 30mg/kg in vivo. 
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4.2.6 Alisertib inhibits tumour growth in vivo via long term disruption to mitosis 

promoting mitotic catastrophe and apoptosis.   

In vitro testing of Alisertib in HeLa models (Appendix 1, Fig 1C-D, Fig 4), as well as our 

recently published work, shows that Alisertib drives cytotoxicity in HPV-positive cervical 

cancer models in vitro by inducing apoptosis indicated by PARP cleavage. However, the 

underlying mechanism by which Alisertib inhibits tumour growth in HPV cervical cancer 

models in vivo has not been investigated. Therefore, I explored possible mechanistic 

pathways responsible for this potent lethality.  

Interestingly, examining tumour growth curves post-Alisertib treatment (15 mg/kg) showed 

that despite tumour regrowth, progression seemed to plateau around 700 mm3 for extended 

periods of time (during the last 30 days of monitoring period). Accordingly, we postulated 

that there could be a senescence response contributing to the static growth inhibition 

observed with Alisertib treatment in vivo rather than apoptosis at that administered dose, 

similar to what has been reported in melanoma (Hong Min et al., 2016). Since Alisertib is a 

mitotic inhibitor, in vivo cytotoxic effects of Alisertib were examined by testing multiple cell 

cycle arrest outcomes including apoptosis and senescence via immunohistochemistry. Ki67 

was used as a proliferation marker and cleaved caspase 3 (c-caspase-3) was used as a marker 

for apoptosis. Histopathological examination using H&E staining was also performed for 

further understanding of direct and long-term treatment effect of Alisertib on mitotic 

phenotypes.   

H&E examination of tumours harvested on the last day of Alisertib treatment (30 mg/kg) 

revealed they were highly pleomorphic with large numbers of mitotic figures, including 

abnormal mitotic forms compared to controls.  Abundant multinuclear cells (giant cells most 

probably with multi-nuclear cells) were readily detected. This was not surprising as the drug 
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targets mitosis and cells underwent impaired or failed cytokinesis that would result in 

pleomorphic cells (Fig 27b). Quantitative analysis of mitotic figures observed in H&E stained 

HeLa xenograft tumours were undertaken to examine the distribution of each stage: prophase 

(p), metaphase (m), anaphase (a) and failed mitosis (f) (Fig 27c). Data showed that Alisertib 

induced a significant reduction in the percentage of cells in anaphase, associated with a 

concomitant increase in failed mitotic figures compared to control treatment. This confirmed 

our previous immunofluorescence data showing a significant decrease in midbodies as a 

consequence of inhibition of Aurora B inhibition. The multinuclear cells reflect failed 

cytokinesis as a consequence of Aurora B inhibition and aberrant mitosis, a consequence of 

Aurora A inhibition. These observations were similar to our in vitro findings where HeLa 

cells treated with 1µM Alisertib demonstrated increased pleomorphic nuclei and multinuclear 

cells, comparable to the cells that failed cytokinesis observed in vitro in time lapse 

microscopy and immunofluorescence studies (Appendix Fig S1b, Fig S9). 

Similarly, H&E stained HeLa tumour sections collected 60 days after the last Alisertib 

treatment (15 mg/kg) showed more frequent appearance of abnormal mitotic figures 

(multipolar mitotics) and highly pleomorphic phenotypes in Alisertib-treated tumours 

compared to vehicle. Cytological examination of Alisertib-treated cells showed a large 

number of cells with large nuclei and a macro-nucleoli phenotype, indicating the cells had an 

altered chromosomal number as a result of abnormal cell division in mitosis (Fig 27a). 

Multinuclear cells and apoptotic figures were detected as well (Fig 27a). These observed 

phonotypes reflect Aurora A inhibition that causes deficiency in centrosome segregation, 

spindle pole formation and chromosome congression which was also reported by others upon 

Alisertib treatment (Kelly et al., 2011). This suggested that Alisertib treatment had resulted in 

long-term damage that could be still detected well after treatment ceased.   
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For assessment of senescence, Ki67 was used as it is a common marker for cell proliferation 

(Scholzen & Gerdes, 2000) and loss of Ki-67 was reported as a marker for cell senescence 

(Lawless et al., 2010). Interestingly, there was no Ki67 negative cells found in Alisertib-

treated tumours (in both collected tumours groups: last day of monitoring and last day of 

treatment) where similar levels of Ki67 compared to control samples were observed (Fig 28). 

Hence, unlike what has been postulated earlier, this observation suggests absence of 

senescence is found in alisertib-treated tumours. Quantitative analysis was not performed as 

there was no notable difference in Ki67 between Alisertib vs control. 

To test if Alisertib is promoting cell death via apoptosis, cleaved caspase-3 (c-caspase-3) was 

examined. Immunohistochemistry results shows that the number of c-caspase-3 positive cells 

significantly increase to almost double control levels in Alisertib-treated samples collected at 

last day of treatment (30mg/kg) (Fig 29 c). This may explain the complete inhibition in 

tumour growth observed even up to 10 days after treatment ceased as they were not growing 

at control levels (Fig 29). Notably, the proportion of cells stained for c-caspase-3 was 

restricted to regions of tumour immediately adjacent to necrotic areas in vehicle treated 

controls whereas positively stained cells were readily observed in the viable tumour tissue 

remote from necrotic regions in Alisertib-treated tumours (Fig 29b). A similar pattern of 

cleaved Caspase 3 staining was observed in tumours collected at the end of the experiment 

(70 days post treatment) (Fig 29a). 
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Figure 27 H&E staining of HeLa xenograft treated with different doses of Alisertib at 15 or 30 mg/kg and 

quantitative analysis of H&E stained xenograft HeLa tumors undergoing mitosis at different stages.  

Athymic nude mice were implanted with HeLa xenograft tumours by injecting 1x106 cells subcutaneously in the 

back (n=4). Mice were then treated with a designated dose of Alisertib 15 or 30 mg/kg or vehicle for the 10 days 

after tumours reached >100 mm3 as described in materials and methods. (a) Tumours were harvested at the end 

of experiment after 70 days of completed Alisertib treatment (15 mg/kg), tissues were processed and section for 

histological examination. Histopathological examination using H&E staining demonstrated readily detectable 

abnormal mitotic figures in Alisertib treated groups and cells with macronuclei compared with control with high 
degree of pleomorphism. Dark pink areas indicate necrotic areas. (b) Tumours were harvested 6h after at last 

day of treatment with Alisertib at 30 mg/kg). Multinuclear/polyploid cells (open arrow head), apoptotic cells 

with fractured nuclei (filled arrow head), abnormal mitotic figures /multipolar cytokinesis (small black arrows). 

(b) Mitotic figures representing prophase (p), metaphase (m), anaphase (a) and failed mitosis (f) from H&E 

stained tumour sections were quantified for the percentage of each. The data represents >200 mitotic figures for 

each tumour, from at least three individual tumours. Alisertib induce significant reduction of cells in anaphase 

and significant increase in failed mitotic figures compared to control.    
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Figure 28 Immunohistochemistry staining for Ki67 in HeLa xenograft treated with different doses of 

Alisertib at 15 or 30 mg/kg. 

Athymic nude mice were implanted with HeLa xenograft tumours by injecting 1x106 cells subcutaneously in the 

back (n=4). Mice were then treated with a designated dose of Alisertib 15 or 30 mg/kg or vehicle for the 10 days 

after tumours reached >100 mm3 as described in materials and methods. (a) Tumours were harvested at the end 

of experiment after 70 days of completed Alisertib treatment 15 mg/kg. (b) Tumours were harvested 6h after at 
last day of treatment with Alisertib at 30 mg/kg. Immunohistochemistry staining for Ki67 (proliferation marker) 

showed expression of Ki67 protein in Alisertib treated groups, as indication of proliferation in tumours, with no 

evidence of senescence. 
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Figure 29 Immunohistochemistry staining for cleaved caspase 3 in HeLa xenograft treated with different 

doses of Alisertib at 15 or 30 mg/kg  

Athymic nude mice were implanted with HeLa xenograft tumours by injecting 1x106 cells subcutaneously in the 

back (n=4). Mice were then treated with a designated dose of Alisertib 15 or 30 mg/kg or vehicle for the 10 days 

after tumours reached >100 mm3 as described in materials and methods. (a) Tumours were harvested at the end 
of experiment after 70 days of completed Alisertib treatment (15 mg/kg (b) Tumours were harvested 6h after at 

last day of treatment with Alisertib at 30 mg/kg). Immunohistochemistry staining for cleaved caspase-3 

(apoptosis marker) showed expression of cleaved caspase-3 in Alisertib treated groups and controls. (c) 

Quantitative analysis of c-caspase 3, shows significant increase in c-caspase 3 in Alisertib treated Hela tumours 

by almost double when compared to control. Unpaired t-test analysis was performed to assess significance * p < 

0.05. The demonstrated bar graph data were quantified from 10000 cells per tumour, presented as the mean and 

SD from two tumours per treatment. IHC images were observations across all examined tumours from 

individual mice (n=3/each group) as the rest were sacrificed later at end of experiment. Bar (a) 200µm, (b) 

100µm.      
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4.3 Discussion  

We have previously identified Aurora A and B kinases as the top hits in a synthetic lethal 

screen on HPV-driven cervical cancers. This was further validated it in vitro and against 

small xenograft models in vivo using the Aurora A kinase inhibitor Alisertib, where it showed 

significant selectivity for HPV transformed models (Gabrielli et al., 2015). To date, a 

considerable body of literature has been published on Alisertib and its ability to inhibit both 

Aurora A and B kinase activities in vitro, with a marked  preference for Aurora A  (de Groot 

et al., 2015; Marxer et al., 2012),  and in several in vivo models (Kurokawa et al., 2017; Nair 

& Schwartz, 2016). Here I have shown that Alisertib inhibits Aurora A and B kinase 

activities in HPV- driven cervical cancer models in vivo at administrated dose of 30 

mg/kg/day for 10 consecutive days.  

In this thesis-chapter investigation, markers  of  Aurora A kinase inhibition were not tested as 

our in vitro observations already confirmed Aurora A inhibition even at very low doses (IC50 

= 29 nM, Appendix 1), and this has been already demonstrated in vivo by others (Nair & 

Schwartz, 2016). I initially examined Alisertib’s ability to inhibit Aurora B kinase activity by 

using phosphorylated histone H3 Ser10 (pH3) as a marker for Aurora B inhibition. There was 

no significant decrease in pH3 observed in Alisertib treated HeLa tumours excised 6 h after 

last dose of alisertib treatment at 30mg/kg. A possible explanation is that treatment with 

Alisertib at 30 mg/kg, which is approximately 1 µM plasma concentration (Cervantes et al., 

2012), is lower than the required dose to achieve a noticeable reduction in pH3 in vivo. A pre-

clinical study reported a moderate reduction in pH3 levels in vivo at higher administered 

concentration of 50 mg/kg (X. Wang et al., 2010), while in a phase I clinical investigation of 

Alisertib, an increase in positive pH3 cells was reported in posttreatment biopsies from 

patients treated with the same dose (50 mg/kg) (Cervantes et al., 2012).  
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However, we had multiple in vitro markers strongly suggesting Alisertib’s ability to inhibit 

Aurora B kinase at 1 µM. Indeed, our data showed that the dual inhibition of Aurora A and B 

kinases in the setting of HPV-driven cancers increased sensitivity and cytotoxicity over 

individual inhibition of either kinase (compared with selective Aurora A and B kinase 

inhibitors MK5018 and AZD2811 respectively, Appendix1). Accordingly, I examined Aurora 

B localisation to midbody as part of the chromosomal passenger complex as an alternative 

means of measuring its activity in vivo. This was found to be a sensitive and robust marker 

for Aurora B inhibition, validated by immunofluorescence staining. In vivo treatment of 

xenograft HPV-cervical cancer models by Alisertib (30 mg/kg/day) showed almost complete 

absence of midbodies at last day of treatment, indicated by the significant reduction in 

cytokinesis. Histopathological examination of xenograft tumours further confirmed this 

observation by demonstrating significant reduction in cells with normal mitotic phenotype at 

anaphase and subsequent significant increase in cells that failed cytokinesis and polyploid 

(multinuclear) cells. These overall findings provide strong evidence that Alisertib drives its 

potent cytotoxic effect in HPV-cervical cancer models in vitro and in vivo by inhibition of 

both Aurora A and B kinases.  

The cytotoxic effect caused by the inhibition of Aurora A and B kinase activities induces 

tumour cell death by apoptosis, indicated by the increased levels of cleaved caspase 3 in 

Alisertib-treated HeLa tumours excised 6 h after last dose of alisertib treatment at 30mg/kg in 

vivo compared to control. Cleaved caspase -3 is the active form of caspase-3, which is a 

critical executioner of apoptotic cell death as it is involved in the proteolytic cleavage of the 

nuclear enzyme poly (ADP-ribose) polymerase (PARP) cell death (Chaitanya et al., 2010). 

This supported the observed cell death via apoptosis promoted by Alisertib in HPV-cervical 

cancer models evident by positive c-PARP cells in vitro (Appendix 1).  
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The mechanism of action of anti-mitotic agents such as Alisertib is complex, as biomarker 

levels that could reflect the mitotic index fundamentally vary among different cell lines (de 

Groot et al., 2015). Some studies have reported that Alisertib promotes irreversible 

proliferative arrest by senescence in melanoma and colon malignancies (Huck et al., 2010; 

Yan Liu et al., 2013; Mahito Sadaie et al., 2015). Others have reported cell death by 

apoptosis, in vitro and in vivo, in multiple myeloma models despite detecting a degree of 

senescence in vitro after 72 hours of Alisertib treatment (Gorgun et al., 2010). The lack of 

senescence in the HPV-driven cervical cancer xenograft models could be associated with RB 

protein. The RB protein is  functional in melanomas (Castellano et al., 1997) while HPV E7 

expression effectively alleviates senescence (S. J. Lee et al., 2016) as all HPV-driven cervical 

cancers are RB inactive as a consequence of E7 expression.   

Induction of apoptosis or cell senescence could be associated with variations in the 

expression and activation of the tumour suppressor p53 pathway and its downstream factor 

p21. A study in  multiple myeloma cell lines reported in an increase in the levels of p53, p27, 

and p21 in Alisertib-treated cells, which subsequently promoted apoptosis (Gorgun et al., 

2010). In fact, it could be argued that p53 would be expected to be one of the prominent 

proteins that would be involved in the apoptotic response induced by Alisertib, as Aurora A 

phosphorylates p53 at Ser215 and Ser315 and abrogates its activity through the MDM2 pathway 

(Katayama et al., 2004; Liu et al., 2004). However, this does not seem likely for HPV-driven 

cervical cancers, given that the HPV E6 oncogene is highly effective at inhibiting p53 

activity already.  

Indeed, we have previously shown that Alisertib treatment in HPV cervical cancer models 

does not restore p53 activity, as the levels of the p53-regulated, pro-apoptotic proteins, 

PUMA and NOXA were not affected (Gabrielli et al., 2015). Yet, here I demonstrate cell 

death by apoptosis is highly selective for HPV-driven cervical cancers in vitro and in vivo as 
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the treatment was not effective in the non-HPV cervical cancer model. This could be a 

consequence of the HPV E6/E7 oncogenes which we do not clearly understand yet. HPV E6 

oncogene could be enhancing Alisertib efficacy through its impact on p53, as recently it was 

reported that cells deficient for p53 are more sensitive to Aurora A and B inhibitors through 

inducing mitotic slippage, which results in genome reduplication and multipolar mitosis 

(Marxer et al., 2014). Both of the latter phonotypes were markedly abundant in Alisertib-

treated HeLa xenograft tumours in vivo, indicating cells with aberrant mitosis and failed 

cytokinesis as a result of Aurora A and B inhibition in HPV cervical cancer models 

respectively.  

Most importantly, our in vivo data shows that Alisertib significantly delays tumour growth 

then promotes disease progression-free for at least 30 days when treated with the lower tested 

dose (15 mg/kg/day for 10 consecutive days) and in advanced stage HPV cervical cancer 

models. The plateaued growth curve observed in the last month of monitoring post treatment 

(15 mg/kg) could be due to the proliferative activity that was still detected in tumours at last 

day of treatment (30 mg/kg) indicated by Ki67 marker staining. As these tumours presented 

cell death by mitotic slippage and subsequent apoptosis, as indicated by cleaved caspase 3, it 

suggests that there could be a balance between cumulative cell death and abnormal cell 

proliferation that escaped cell cycle arrest undergoing mitotic catastrophe previously 

described by others (Hayashi & Karlseder, 2013; Vitale et al., 2011). Mitotic catastrophe is 

an oncosuppressive mechanism of cell death occurring during mitosis as a result of multiple 

abnormal events such as DNA damage, failure to execute an apoptotic program due to mitotic 

failure, and disturbed spindle formation (Castedo et al., 2004). Mitotic catastrophe in our 

setting is most likely driven by the inhibition of Aurora A and B, resulting in aberrant 

mitosis/ abnormal mitotic figures indicated by aneuploid cells and multipolar divisions of 

cells with extra centrosomes-micronuclei cells and subsequently failed cytokinesis indicated 
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by polyploid (multinuclear) cells, well demonstrated in our in vivo findings. I speculate that 

the following set of biological cascade effects may be at play. Failed cytokinesis triggers a 

Caspase 2-dependent execution mechanism that eliminates these aneuploid and multinuclear 

cells undergoing mitotic catastrophe through inducing mitochondrial outer membrane 

permeabilization. This will in turn promote  caspase 3 activation via a p53-independent 

pathway in agreement with what has been described by others (Dawar et al., 2017; Vitale et 

al., 2017).  

Importantly, complete inhibition in tumour growth during treatment days and up to 8 days’ 

post treatment was achieved and even regression in some cases in HPV-driven cervical 

cancer models at higher doses (30 mg/kg/day). Interestingly, among those who responded the 

most, there was no measurable tumour even at 60 days in one animal that received (30 

mg/kg) treatment (the others were sacrificed for mechanism investigations). Our results align 

with the concept that a reduction in cellular viability without an extensively prolonged 

mitotic arrest occurs via a mitotic slippage-based mechanism reported in cells deficient for 

p53  (Manfredi et al., 2011). 

Interestingly, C33A (the non-HPV cervical cancer model) lacks wild type p53 and expresses 

mutant p53 yet was not sensitive to loss of Aurora A and B kinases in vivo and in vitro 

(indicated by absence of tumour growth inhibition in vivo) despite the mitotic failure and 

cytokinesis defect observed in vitro. CaSki (HPV-16 cervical cancer model) presented 

significant delay in tumour growth when treated with Alisertib but was not as sensitive as 

HeLa. It is important to note though that CaSki xenografts were growing at a slower rate than 

HeLa and in fact untreated tumours appeared to stop growing well after they reached 250 

mm3, which possibly means it is worth injecting higher number of cells at the start to help 

support tumour growth.  
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Understanding the mechanism of action of a drug can suggest logical combinations of 

therapies. Perhaps a combination treatment with PLK1 inhibitor would provide a synergistic 

effect and enhance the cytotoxic outcomes of Aurora A and B inhibition, as has been 

previously observed and described in different models (Mar Carmena et al., 2012; J. Li et al., 

2015; Macurek et al., 2008). Others have shown significant improvement in the growth 

inhibition outcomes when combining Alisertib with Docetaxel, as it promotes defects in 

spindle formation and function (through tubulin polymerization) which activates the spindle 

assembly checkpoint and cause aneuploidy, polyploidy, and ultimately apoptosis (Mahadevan 

et al., 2012; Wenqing Qi et al., 2011). Moreover, Alisertib could work synergistically with 

Cisplatin and promote apoptosis, as has been observed in oesophageal adenocarcinoma 

(Sehdev, Peng, Soutto, Washington, Revetta, & Ecsedy, 2012).  

Overall, I have demonstrated that inhibition of Aurora A and Aurora B is required for the 

increased sensitivity of HPV-driven cervical cancers in vivo to Aurora kinase inhibitors. Our 

in vivo data aligns with in vitro observations showing that Alisertib treatment was selective 

for HPV-driven cervical cancers. This further confirms that HPV E6/E7 oncogenes play an 

as-yet undefined role in this cytotoxic response. We have previously shown that over-

expression of HPV E7 oncogene render non-HPV dependent cells more sensitive to Alisertib 

(Gabrielli et al., 2015). Despite this, the exact downstream target that defines this selectivity 

is not yet defined.  

There are a few limitations in this study as the in vivo mechanistic investigations were 

performed on Hela tumours only. The same exploration needs to be performed on CaSki (the 

other HPV cervical cancer model), and C33A (the non-HPV cervical cancer control model) 

as this could provide stronger evidence. Moreover, Alisertib treatment was administered for 

10 days. Therefore, extending the treatment period is suggested as it could render the tumour 

growth more prone to apoptosis and drive tumour regression. Accordingly, for future work, 
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mimicking the period of administration used clinically (such as 7 days every 21 days or 21 

consecutive days) would have provided more translational outcome to the current pre-clinical 

investigation.  

There were no significant deviations in weight or other appearance of toxicity and infection 

in animals that received treatment, suggesting a highly favourable toxicity profile. Alisertib is 

currently in phase I/II/III clinical trials for several solid and haematological tumours, but it 

has not been tested against HPV-driven cervical malignancies. Here we provide a sound 

rationale for inhibiting Aurora A and B kinas by Alisertib as a therapeutic modality. This 

warrant clinical trial in HPV-driven cervical malignancies even at late stage disease. 
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  . The use of syngeneic mouse models to investigate the 

involvement of the immune system in Alisertib response 

5.1 Introduction  

Infections with high-risk HPVs are unique as the integration of the virus oncogenes into host 

cells enable infected cells to escape immune recognition. The persistent infection of these 

viruses remains undetectable for years, which allows cell transformation and ultimately 

induction of tolerance in the hosts immune system (Song et al., 2015; W. Yang et al., 2013).  

Despite the insight provided on other E6/E7 oncogenes functions, in the interest of 

understanding the discrete contributions of E6 and E7 in carcinogenesis, a unique transgenic 

mouse model of HPV16-E7 dependent pre-malignant lesions, referred to as K14 HPV16-E7 

(Herber et al., 1996), was developed by Liem and Lambert. In this model, the keratin 14 

(K14) transcriptional promotor was used to direct the expression of HPV16-E7 oncoprotein 

to the squamous epithelia (the natural target tissue for HPV) of mice. At the squamous 

epithelia E7 oncoprotein drive epidermal hyperplasia of the keratinocytes and promote a 

chronic inflammatory cell infiltrate, features of pre-cancerous lesions driven by HPV 

infection (Choyce et al., 2013; Gulliver et al., 1997). Interestingly, HPV16-E7 transgenic 

skin, when grafted onto syngeneic immune competent hosts, is not rejected (Dunn et al., 

1997).  These mice should recognize E7 as foreign antigen, and this lack of rejection is 

speculated to be due to inhibition of local effector mechanisms thus creating an 

immunosuppressive microenvironment. One of the possible explanations for the failure of 

graft rejection proposed at the time was a specific immune tolerance exhibited by cytotoxic 

immune effector cells exposed to cognate antigen/MHC expressed on keratinocytes. This 

resulted due to the absence of appropriate costimulatory molecules as E7 is not a strong 

tumor specific antigen. To date, intensive research has been conducted to identify the 
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mechanism by which this occurs (Bergot et al., 2014; Fiorenza et al., 2012; Frazer et al., 

2001; Leggatt et al., 2002).   

In a recently published work by our lab, K14-E7 skin was grafted on C57BL6 and mice 

treated with Alisertib to investigate if any rejection occurred (Gabrielli et al., 2015). Hosts 

with well-healed grafts from K14-E7 mice and syngeneic non-transgenic C57BL/6 controls 

were treated orally with two cycles of Alisertib treatment (30 mg/kg/day for 10 days/ cycle). 

The viability of the grafts was followed and after treatment finished, mice were sacrificed and 

grafts were harvested for immunohistochemical examination. Alisertib treatment resulted in 

swelling and reddening of the K14 HPV16-E7 grafts together with a distinct accumulation of  

mast cells close to the epidermis surrounding the graft (Gabrielli et al., 2015).  

These data suggested that there was an immune response of some sort prompted by Alisertib 

treatment that resulted in the recruitment of mast cells to the grafting site. It was also 

apparent that the drug can efficiently target HPV16 E7 expressing cells in a precancerous 

setting of disease. Nevertheless, it is currently unknown what effect(s) Alisertib may have on 

immune function and if cell death induced by treatment would be sufficient to break the 

immune tolerance. Accordingly, the primary question I asked was whether treatment with 

Alisertib could induce cell death that promote a sterilizing immune response which can 

ultimately protect mice from HPV tumour challenge.  

To achieve this, two syngeneic models for HPV-driven cancers were initially tested for their 

sensitivity to Alisertib in vitro. The most sensitive of these models was taken forward to the 

next phase of the study to ascertain if an immune response triggered by Alisertib treatment 

would enhance treatment. 
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5.2 Results  

5.2.1 TC-1 cells are sensitive to Alisertib treatment in vitro. 

As HPV does not infect mice, it was necessary to use two transgenically-modified mouse 

models cell lines to investigate immune responses.  These were TC-1 cells and the SCC-

HPV38 cell line. TC-1 cells are syngeneic in C57BL6 mice and were derived from mouse 

lung epithelial cells that were transformed with HPV16 E6/E7 and Ras (K.-Y. Lin et al., 

1996). The SCC-HPV38 tumour cell line was derived from transgenic FVB mice, where E6 

and E7 oncoproteins from HPV-38 are expressed under the control of the keratin-14 promoter 

in the undifferentiated basal layer of epithelia (referred to as HPV38 E6E7-FVB mice) 

(Viarisio et al., 2011). This mouse strain develops squamous cell carcinoma (SCC) when 

exposed to ultraviolet irradiation for up to 30 weeks, and tumours from these mice were used 

to establish a transplantable SCC-HPV38 tumour cell line. Both cell lines were kindly 

provided by Dr James Wells, The University of Queensland Diamantina Institute. 

In order to determine if we were able to use these models we firstly examined if they were 

sensitive to Alisertib. Accordingly, TC-1 and SCC-HPV38 cell lines were seeded in 96-well 

plates and treated with serial concentrations of Alisertib for 72 hours before cell viability was 

assessed using the cell titre glow assay. A panel of HPV transformed cervical cancer (HeLa 

and CaSki), non-HPV cervical cancer (C33A) and non-HPV, non-cervical cancer (SCC25) 

cell lines were used as controls for sensitivity (HeLa and Caski) or resistance (C33A and 

SCC25) to Alisertib treatment. Dose-response inhibition analysis was performed to determine 

IC50 values. 

TC-1 cells were highly sensitive to Alisertib with an IC50 value of less than 1µM, similar to 

Hela and CaSki cells (Fig 30a).  SCC-HPV38 cells were significantly less sensitive to the 

treatment with an IC50 of 10.4 µM. As expected, SCC25 and C33A cells were highly 
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resistant, with IC50 values of 69.6 and 70.8 µM respectively. Due to the high IC50 value of 

SCC-HPV38, they were not used for further studies.   

 

 Figure 30 TC-1 cells are sensitive to Alisertib treatment in vitro 

All cell lines were subjected to a serial dilution ranging from 40 µM to 40 nM of Alisertib except for C33A, 

SCC25 and SCC-HPV38 cells were treated with a higher dose of Alisertib (160 µM-40 nM) for 72h. Cell 

viability was normalised against DMSO-treated cells as drug solvent control. Cell titre glow assay was used to 

quantify cell viability. IC50 values were determined using dose-response inhibition analysis via Prism presented 

as mean ± SD. Data presented are from two experimental replicates, and statistical analysis was performed using 

ANOVA with multiple comparisons; *** p < 0.0001, ** p < 0.0001 (a) Bar graph presentation of the IC50 

values for treated cell lines. C33A and SCC25 are controls presenting resistance to Alisertib while Hela and 

CaSki controls for cells sensitive to Alisertib. TC-1 cells demonstrated high sensitivity to Alisertib with IC50 

~0.06 µM while SCC HPV-38 were significantly less sensitive to Alisertib with IC50 ~ 10.4 µM. (b) Dose 

response inhibition curves for TC-1 and SCC HPV-38 cell lines.  
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5.2.2 There is an immune response involved in inhibiting TC-1 tumour growth in vivo 

independent from Alisertib treatment  

Having decided to proceed with TC-1 cells I next aimed to investigate the involvement of the 

adaptive immune system in the anti-tumorigenic effect of Alisertib on HPV-cancers in vivo 

and at the same time test the drug’s efficacy in treating late stage disease. To determine the 

contribution of the adaptive immune system in the anti-tumorigenic effect of the drug, TC-1 

cells (10 x 105 cells/mouse) were implanted into two different syngeneic mouse strains. These 

were an immune-competent strain (C57BL/6), and an immunocompromised strain (RAG1-/-), 

which lacks mature T and B lymphocytes on a C57BL/6 background. To further evaluate the 

potential efficacy and use of Alisertib in late stage disease where a high tumour burden exists, 

tumours in recipient mice were allowed to grow to between 100-150 mm3 before the mice 

were treated orally with 30 mg/kg Alisertib, or vehicle control, once daily for 10 consecutive 

days as before. Mice were monitored regularly for changes in body weight, behaviour, 

grooming, wellness or signs of infections and tumour size was measured 3 times/week using 

callipers. In line with ethical requirements, mice were culled when TC-1 tumour sizes 

measured ≥ 1000 mm3.  

Treatment with Alisertib prolonged mice survival in both RAG-/- and C57BL6 mice by only ~4 

days compared to control (p<0.5, Fig 27a). Interestingly, there was an increase of 

approximately 2 days in survival observed in C57BL/6 untreated mice when compared to 

RAG1-/- mice, suggesting that the immune system was negatively affecting TC-1 tumour 

growth in the absence of Alisertib treatment (median survival for RAG1-/-  8- and for C57BL/6 

10 days, p < 0.05, Fig 31a-b). However, there was no significant difference in survival observed 

between Alisertib-treated groups in either strain.  This contrasts with our previous results in HeLa 

and Caski cell xenograft experiments and indicates Alisertib is ineffective in treating TC-1 
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tumours at advanced stage disease regardless of the immunity status (median survival for RAG1-

/-  was 12- and for C57BL/6 was 14 days, Fig 31a). 

 

Figure 31 Alisertib shows limited effect in inhibiting TC-1 tumour growth in treated C57BL/6- and 

RAG1-/- mice at late stage disease 

TC-1 tumours (10 x 105 cells/mouse) were established in C57BL\6 and Rag1-\-  mice (n=4), allowed to grow to 

~100-150 mm3 then treated orally with 30mg/kg Alisertib for 10 consecutive days. Mice were monitored daily 

and tumour growth, health and Weights were monitored 3 days/week. Mice were culled when tumour size 

reached 1000mm3. Data were analysed and graphed using Prism. Treatment days indicated by the black bar 

(day 0-10). The graphs presented are from day 1 of treatment. (a) Comparison between survival curves of 

different treatment groups. Alisertib prolonged mice survival by ~4 days’ in RAG1-/- and C57BL/6 mice 

compared to control (p < 0.05). No significant difference in survival was observed in both Alisertib treated 

tumour bearing mice strains. An increase by ~2 days in mice survival observed in control treated C57BL/6- 
compared to RAG1-/- mice (day ~ 11- vs. 8, p < 0.05). Kaplan-Meier survival curves shows the median survival 

of treatment groups. Statistical analysis was assessed using log-rank test * p < 0.05, ** p < 0.005, *** p < 0.0005, 

NS is non-significant. (b) Dot plot presentation of individual mouse median sacrifice day/treated group. Tumour 

Growth curves of C57BL\6 (c) and (d) Rag1-\-  Alisertib and control treated groups. Mice were culled when 

tumour reached 1000 mm3 in size.  
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5.2.3 Alisertib significantly prolong the survival of mice with early stage TC-1 

tumours in the presence of a competent immune system.  

By far, we observed that the immune system may affect TC-1 tumour development 

independently from Alisertib treatment. furthermore, Alisertib was ineffective in inhibiting 

tumour growth at an advanced stage of disease. The question was raised next as to whether 

Alisertib is efficient in inhibiting TC-1 tumour growth during earlier stages of disease as my 

in vitro data proposed that TC-1 cells are highly sensitive to Alisertib treatment. To examine 

this, the same experiment was conducted as in the previous section 5.2.2, with the exception 

that Alisertib treatment was initiated when the tumour size reached 50 mm3. 

Survival data demonstrated that Alisertib treatment significantly prolonged survival of both 

mouse strains (Fig 32). It increased RAG1-/- mice survival by ~6 days, where median survival 

was 15 vs 21 days for control and Alisertib respectively (p <0.0005, Fig 32a). In C57BL/6 

mice survival was increased by ~14 days (20 vs 34 days for control and Alisertib 

respectively, p <0.005, Fig 32b). Similar to what was observed earlier, control C57BL6 mice 

survived longer than RAG-/- mice by ~5 days (20 vs 15 days respectively p < 0.05, Fig 32a), 

suggesting that the presence of an immune system may have slowed tumour growth to some 

degree. Interestingly, treatment with Alisertib seems to have an additive effect in inhibiting 

TC-1 tumour growth when administered in an immune-competent environment, as clearly 

indicated by increasing median survival by approximately 13 days (p < 0.005) when 

compared to Alisertib-treated groups in tumour bearing- RAG1-/- mice (median survival=21 

days) vs -C57BL/6 mice (median survival=34 days, Fig 32a). Overall, our observations 

suggested that Alisertib is effective in promoting a significant delay in TC-1 tumour growth 

at an early disease stage and works better in the presence of an active immune system.   
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Figure 32 Survival data demonstrating Alisertib effect in inhibiting TC-1 tumour growth in treated 

C57BL/6- and RAG1-/- mice at early stage disease  

TC-1 tumours (10 x 104 cells/mouse) were established in C57BL\6 and Rag1-\-  mice (n=8), allowed to grow to 

~50 mm3 then treated orally with Alisertib (30mg/kg) or vehicle control for 10 consecutive days. Mice were 

monitored daily and tumour growth, health and Weights were monitored 3 days/week. Mice were culled when 

tumour size reached 1000 mm3. Data were analysed and graphed as survival curves using Prism (p < 0.0005). 

Treatment days indicated by the black bar (day 0-10). (a) Comparison between survival curves of different 

treatment groups. Kaplan-Meier survival curves shows the median survival of treatment groups. Statistical 

analysis was assessed using log-rank test * p < 0.05, ** p < 0.005, *** p < 0.0005, NS is non-significant. Alisertib 

prolonged RAG1-/- mice survival by ~6 days compared to control (median survival = 21 vs 15 days, p < 0.0005). 

It also increased C57BL/6 mice survival by ~14 days compared to control (median survival = 34 vs 20 days’ p < 

0.005). Survival was significantly elevated in control C57BL/6 tumour bearing mice compared to RAG1-/-  by 
~5 days (median survival = 20 vs 15 days’ p < 0.05). Alisertib inhibits TC-1 tumour growth additively under 

immune-competent environment indicated by increasing median survival by ~13 days when comparing Alisertib 

treated groups in tumour bearing- RAG1-/- vs -C57BL/6 mice, median survival 21 vs 34 days respectively p < 

0.005). (b) Dot plot presentation of individual mouse median sacrifice day/treated group. 
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5.2.4 Examining the effectiveness of multiple rounds of Alisertib treatment  

As we have observed a significant delay in TC-1 tumour growth after only one cycle of 

Alisertib (30 mg/kg/day for 10 days/ cycle) treatment, we aimed to evaluate the effect of 

recycling Alisertib treatment and assess if it will maximise its anti-tumorigenic effect by 

mimicking the current clinical therapeutic strategy implemented in patients. The 

recommended dose in patients is 50 mg twice daily for 7 days, followed by 14 days’ rest 

(cycles were repeated every 21 days) and doses were reduced to 30 mg in patients showing 

drug- related toxicity (Dickson et al., 2016).  Accordingly, we conducted an experiment 

similar to the one performed in section 5.2.3 except mice were treated with two cycles of 

Alisertib: the first cycle started when the tumour mass reached 50 mm3, then mice were given 

3 days’ rest before a second cycle of treatment started. This given dose was well tolerated in 

animals with no adverse events observed.  

Alisertib treatment (2 cycles) significantly extended survival of both mice strains. It increased 

RAG1-/- mice survival by ~12 days where median survival were 12 vs 24 days for control and 

Alisertib respectively (p <0.0005, Fig 33a). Comparison between one versus two cycles 

shows that two cycles of Alisertib treatment have significantly improved RAG1-/- mice 

survival (12 vs 6 days, p <0.005, Fig 33a, Fig 34a). In contrast, Alisertib treatment in 

C57BL/6 mice increased survival by only ~14 days as median survival was 15 vs 29 days 

(control and Alisertib respectively, p <0.0005, Fig 33a). Unexpectedly, there was no 

significant difference in survival between two and one cycles of Alisertib treatment in tumour 

bearing C57BL/6 mice as both approaches had extended survival by ~14 days when 

compared to control (p <0.005, Fig 33b, Fig 34b).   

There was only ~5 days increase in survival observed when comparing Alisertib (2 cycles)-

treated groups from both mice strains (p < 0.05, Fig 33c).   Control treated groups showed an 
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extended survival by ~3 days when compared RAG1-/- and C57BL/6 mice (median survival 

12 vs 15 days respectively, p < 0.0005, Fig 33a). This further confirms the idea that an 

immune reaction is involved in delaying TC-1 tumour growth independent from Alisertib 

treatment. Tumour growth rate in this experiment was noted to be slightly higher than the 

previous experiment, possibly due to variation in number of cells injected into mice as these 

experiments were performed independently.     

 

Figure 33 Survival data demonstrating that treating C57BL/6- and RAG1-/- mice harbouring TC-1 

tumour with 2 cycles of Alisertib (30 mg/kg) at early stage disease is similar to single treatments. 

TC-1 tumours (10 x 104 cells/mouse) were established in C57BL\6 and Rag1-\-  mice (n=8), allowed to grow to 

~50 mm3 then treated orally with 2 cycles of Alisertib (30 mg/kg/day for 10 days/ cycle) or vehicle control. 

Treatment days indicated by the black bar (first cycle day 0-10, second cycle: day 14-23). Mice were monitored 

daily and tumour growth, health and Weights were monitored 3 days/week. Mice were culled when tumour size 

reached 1000 mm3. Data were analysed and graphed as survival curves using Prism. (a) Individual comparison 

between survival curves of different treatment groups. Kaplan-Meier survival curves shows the median survival 

of treatment groups. Statistical analysis was assessed using log-rank test ** p < 0.005, *** p < 0.0005, NS is non-

significant. Alisertib prolonged RAG1-/- mice survival by ~12 days compared to control (median survival = 12 

vs 24 days, p < 0.0005). Alisertib treatment also increased C57BL/6 mice survival by ~14 days compared to 

control (median survival = 29 vs 15 days’ p < 0.0005). Survival was elevated in control C57BL/6 tumour 

bearing mice compared to RAG1-/-  by ~3 days (median survival = 15 vs 12 days’ p < 0.0005). (b) Dot plot 

presentation of individual mouse median sacrifice day/treated group.  
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Figure 34 Summary of the survival curves demonstrating a comparison between the effect of one cycle 

against two cycles of Alisertib treatment in C57BL/6- and RAG1-/- mice harbouring TC-1 tumour at early 

stage disease. 

TC-1 tumours (10 x 104 cells/mouse) were established in C57BL\6 and Rag1-\-  mice (n=8), allowed to grow to 

~50 mm3 then treated orally with either one cycle or two cycles of Alisertib (30 mg/kg/day for 10 days/ cycle) 

or vehicle control. Bars indicates treatment days, continuous line (___) is one/first cycle of Alisertib (day 0-10) 
and discontinuous line (---) is the second cycle of treatment for those underwent 2 cycles of Alisertib (day 14-

23). Mice were monitored daily and tumour growth, health and Weights were monitored 3 days/week. Mice 

were culled when tumour size reached 1000 mm3. Data were analysed and graphed as survival curves using 

Prism (p < 0.0005). Kaplan-Meier survival curves shows the median survival of treatment groups. Statistical 

analysis was assessed using log-rank test ** p < 0.005, *** p < 0.0005, NS is non-significant. (a) Survival curves 

demonstrating the comparison between one cycle vs 2 cycles of Alisertib or control treatment in RAG1-/- mice (p 

< 0.0005). (b) Survival curves demonstrating the comparison between one cycle vs 2 cycles of Alisertib or 

control treatment in C57BL/6 mice (p < 0.0005). (c) Survival curves demonstrating the comparison between one 

cycle vs 2 cycles of Alisertib treated groups from both tumour bearing- RAG1-/- and -C57BL/6 mice.  
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5.3 Discussion 

In the previous chapter, we demonstrated that the antimitotic inhibitor Alisertib targets 

Aurora A and B kinase which ultimately induces tumour cell death by apoptosis, as 

evidenced by cleaved caspase 3 in HPV-driven cervical cancer models in vivo. In this 

chapter, my initial aim was to determine if death of HPV tumor cells caused by Alisertib 

treatment will evoke an immune response (adaptive immune response) that can help to clear 

the tumor in tumor challenged mice and perhaps protect these mice from future re-challenge.   

Interestingly, dose response in vitro data suggested that not all HPV subtypes could drive 

sensitivity to Alisertib treatment as TC-1 (HPV 16 transformed) were sensitive to Alisertib 

(IC50 < 1 µM) while SCC (HPV 38 transformed) were significantly less sensitive to the drug 

(IC50 >10 µM). Nevertheless, it could be argued that cells infected with α- high risk HPVs, as 

in the case of Hela (HPV 18), CaSki and TC-1 (HPV 16), could render the cells more 

susceptible to the treatment than the low-risk HPV38. This assumption requires further 

validation against other α- high risk HPV E7s including HPV-31, -33, -45 and -58 as they are 

the other HPV subtypes that account for ~20% of HPV- driven cervical cancer after HPV 16 

and HPV 18  (M. Thomas et al., 2008). Sensitivity of TC-1 to Alisertib in vitro could also be 

further elaborated by our previous observation when the IC50 value of Alisertib in SCC25 cell 

line significantly decreased from >30 to ~5 µM once transfected with HPV16 E7 (SCC25 

HPV16 E7) (Gabrielli et al., 2015). Moreover, perhaps the difference in response to the drug 

could be related to the level of E7 expression in these cells (SCC HPV38 might have lower 

levels E7 than TC-1 cells) as we have shown previously that the level of E7 expression is 

directly proportional to cells’ sensitivity to Alisertib (Gabrielli et al., 2015). Why HPV E7 

drives sensitivity to loss of Aurora A and B kinase inhibition by Alisertib remains unclear. 

Nevertheless, it is important to note that other mutations are required for SCC HPV38 cells to 

form in the first place as HPV38 mice do not spontaneously form tumours. Therefore, it is 
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probably not all about E7 as the tumour driver even though both cell lines express a form of 

E7.  

Next, I explored if Alisertib treatment would result in a sterilising immune response that 

would clear established TC-1 tumours and even generate a memory response to protect mice 

from future rechallenge. I also investigated if the treatment is potent if commenced at late 

stage disease. To address this question, TC-1 tumours were allowed to become established 

under two distinct immune environments (immune-functional (C57BL/6) and immune-

deficient (RAG1-/-), before being treated with Alisertib. I conducted these in vivo studies as 

observational experiments, before investing more effort into exploring the involvement of 

certain subsets of innate (such as dendritic, mast cells and natural killer T cells) and adaptive 

immune cells (CD4+ or CD8+ T cells) in the anti-tumour response.  

Alisertib’s ability to promote an adaptive immune response against TC-1 tumour was judged 

in this project based on comparing tumour growth and mouse survival in C57BL/6 mice to 

RAG1-/-mice.  RAG1-/- mice have a functional innate immune system that includes mast cells, 

NK cells and macrophages  (Chambers & Ljunggren, 2009; Kambayashi et al., 2009; G. F. 

Wu & Perlman, 1999), however, they lack mature T and B lymphocytes and hence, are 

incapable of developing an adaptive immune response (Mombaerts et al., 1992). Generally, it 

was noted that TC-1 tumours were not as sensitive to Alisertib treatment as we had 

anticipated in vivo.  

There were three major findings from the in vivo observational investigations conducted. 

Firstly, the immune system was negatively affecting TC-1 tumour growth in the absence of 

Alisertib treatment as there was an increase of approximately ~3-5 days in median mice 

survival observed in vehicle control treated tumour bearing C57BL/6- mice when compared 

to RAG1-/- mice. This could be explained as HPV E6 and E7 are foreign proteins and tumour 
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specific antigens that are constitutively expressed on tumour cells (Eskander & Tewari, 2015; 

S. J. Lee et al., 2016; Tindle et al., 1995). HPV E6 and E7 peptides can be expressed 

endogenously on MHC class I and recognised naturally by CD8+ cytotoxic T lymphocyte 

(CTL). However, apart from certain peptide sequences, the majority of HPV protein peptides 

exhibit poor immunogenicity and produce poor CTL responses (Ressing et al., 1995). This 

then would require co-immune stimulation for effective tumour rejection.  

Secondly, Alisertib treatment was not effective in treating late stage TC-1- derived tumours 

as it was only able to delay tumour growth by a few days compared to control, regardless of 

the immune status. Treating tumours at that stage could be challenging in mice because the 

tumours have a very well-established microenvironment. Studies have shown that tumours 

create well vascularised permissive niches that support their survival and proliferation 

through secreting various chemokines and cytokines that attract leukocytes (such as mast 

cells, and activated T lymphocytes). These attracted leukocytes  release extracellular 

chemokines and pro-angiogenic factors (TNF-α, interleukins and interferons) that facilitate 

tumour growth (Coussens & Werb, 2002; Wels et al., 2008). Consequently, the fact that the 

treatment was not effective at late stage malignancy may not be surprising. Indeed, patients 

diagnosed with late/advanced stage cervical cancer undergo a combination of treatments in 

order to overcome the aggressive and invasive nature of disease at that stage, in addition to 

surgery and radio-therapy depending on the disease prognosis (Kadkhodayan et al., 2013; 

Tewari et al., 2014). 

Thirdly, despite the fact that the treatment was more effective when commenced at an earlier 

stage (tumour size 50 mm3), Alisertib treatment in this tumour model seemed to significantly 

delay tumour growth but not completely stop it. This was apparent in the strong relapse 

observed in tumour growth after terminating treatment particularly in RAG1-/- (data not 

shown). It extended mice survival by 24 days after stopping the treatment in C57BL\6 mice 
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(control survival 10 days) compared to prolonging mice survival by only 10 days’ post 

treatment in RAG1-/- (control survival 5 days). This may suggest that there was some immune 

involvement.  

Accordingly, these observations did not agree with our hypothesis in that Alisertib treatment 

is capable of inducing a tumour-specific immune memory response that would protect mice 

from tumour rechallenge. The original plan was to inject C57BL/6 and Rag1-/- with TC-1 

cells and when the tumour size reaches 50 mm3 they would be treated with Alisertib (30 

mg/kg) or vehicle for 10 days. Once tumours are fully rejected approximately 10-15 days’ 

post treatment, both mice strains would be re-challenged by injecting fresh TC-1 cells on a 

different anatomical site (in the absence of Alisertib). We supposed that by comparing the 

rate of tumour growth between C57BL/6 and Rag1-/- mice, we would be able to determine 

whether or not Alisertib-treatment induces tumour-specific immune memory. However, our 

previous observations (section 5.2.3) showed that alisertib treatment caused a significant 

delay in TC-1 tumour growth but never resulted in tumour regression. Therefore, this 

experiment would have required us to physically excise tumour masses, stich the site of 

excision, and then wait for a few days for mice to recover before rechallenge with TC-1 cells. 

Given the limited time frame, we examined recycling Alisertib treatment to see if it can 

enhance its anti-tumour effect.   

To determine if increasing the dose or extending the treatment period would result in a better 

anti-tumorigenic effect and prolong survival, I treated TC-1 challenged mice (at 50 mm3) 

with 2 cycles of alisertib (30 mg/kg/day for 10 days/cycle) 3 days apart, mimicking the rest 

period in patients undergoing chemotherapy cycles. Overall, we observed that there was not 

seem to be any major impact on tumour growth by the immune system regardless whether 

one or two cycles alisertib were administrated.  
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There are important facts to acknowledge with regard to the HPV syngeneic cancer model 

chosen for these in vivo experiments. TC-1 tumour cells are of epithelial origin that is derived 

from C57BL6 mice lungs which underwent transformation with HPV16 E6 and E7 

oncogenes and activated human Ras gene (K.-Y. Lin et al., 1996). They are one of the closest 

syngeneic models to human HPV cervical lesions. Monitoring TC-1 tumour growth in vivo, 

they were noted to be rapidly growing tumours. In fact, once they reach 100 mm3 in size they 

started growing exponentially (data not shown). This is mainly due to the expression of E7 

oncogene, which inactivates the Rb-dependent cell cycle regulatory pathway, resulting in 

hyperproliferation (Herber et al., 1996). Furthermore, the activated human c-Ha-Ras gene 

constantly upregulates a survival signalling pathway through activating Raf then 

subsequently the mitogen activated protein kinase (MAPK) via the Ras/Raf/MAPK cascade 

pathway (Rebucci & Michiels, 2013). Moreover, the HPV E6 oncogene targets the tumour 

suppressor factor p53 which induces an anti-apoptotic signal including mediated degradation 

of proapoptotic protein Bak (M. Thomas & Banks, 1998). All this together represents 

significant hurdles for Alisertib treatment to overcome. According to our survival data, there 

is a possibility that treatment with Alisertib was not potent enough to overcome the pro-

survival signal induced by E7, E6 and activated human c-Ha-Ras transformation. Others 

have used combination treatment with anti-MEK to overcome resistance caused by RAS 

mutations in colorectal cancers through induction of defects in mitotic progression (Davis et 

al., 2015). However, this approach needs to be validated in the settings of HPV-cervical 

cancers as they may behave differently.  

As Alisertib treatment was examined in an experimental model with fully functional immune 

systems and vasculature (C57BL\6), anti-tumorigenic effects of the drugs cannot be solely 

explained by the direct effect of the drugs on tumour cells. In fact, HPVs are well known for 

their ability to induce immune evasion and subsequent immune tolerance in their host’s 
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immune system (Song et al., 2015). This important mechanism allows the persistence of 

transformed cells for long period of time until eventually they develop into cervical cancer 

lesions. Indeed, scientists have invested considerable amount of research in trying to 

understand these mechanisms and how to alleviate them (Choyce et al., 2013; Jazayeri et al., 

2017). Previous in vitro studies have shown that TC-1 cells can act as readily detected targets 

for activated E7 specific CD8+ CTL as they express MHC class I on their surface which 

facilitate their destruction (Stewart et al., 2004). Accordingly, although TC-1 cells are not 

professional antigen presenting cells, they could still prime an immune response that may 

involve cross presenting peptides on local antigen presenting cells that would migrate to 

lymph nodes where they would activate lymphocytes such as CD8+ CTL. Simultaneously, 

activated CTL would traffic back to the tumour site and assault cells expressing the peptide 

epitope (could be E6 or E7 epitopes) which would include the TC-1 cancer cells and destroy 

them. This recognition/activation process was previously reported by others in a similar 

transformed in vivo model (K14-E7 mice) where HPV16 E7 transformed keratinocytes 

expressed E7 peptides on MHC class 1 with the aid of local antigen presenting cells primed 

trafficking of E7 specific CD8+ CTL to the site of transgenic skin grafts on syngeneic non-

transgenic model (Leggatt et al., 2002). In the absence of a proper co-stimulant (in our case 

alisertib was not providing the adequate required response) the short peptides expressed on 

MHC class I on non-professional APC (in this study TC-1 cells) induce immune tolerance. 

This immune tolerance can limit MHC class II presentation that stop CD4+ T cell activation 

which in turn prevent CD8 + T memory cell activation (S. J. Lee et al., 2016).   

According to all the previously mentioned points, I initially hypothesised that cell death 

promoted by alisertib treatment would moderately reduce the HPV cancer cell burden, which 

would subsequently reduce immune tolerance induced by HPV oncogenes, as described by 

others (Makkouk & Weiner, 2015; Song et al., 2015). Another possibility was that alisertib 
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would drive cell death in TC-1 tumour cells, which would lead to apoptosis accompanied by 

local inflammation. These apoptotic cells would then be cleared by local innate immune cells 

such as macrophages, which in turn could aid in antigen presentation of E6/E7 oncogenes. 

This would ultimately overcome immune tolerance and prime a more potent and selective 

attack against these TC-1 tumour cells. However, I speculate that the rate of cell death 

caused by Alisertib is far less than the rate of proliferation in these tumour cells which could 

have contributed to the less general anti-tumour effect promoted by the drug. 

Previous studies have reported that E7 mediated hyperplasia correlates with an increase in 

epidermal secretion of CCL2 and CCL5 chemokines, which in turn attract mast cells to the 

site of HPV E7 protein induced pre-cancerous lesions where they may contribute to a local 

immunosuppressive effect that permits the persistence of these lesions. They have also shown 

that these mast cells have a regulatory role which may contribute to the reduction of CD8+ T 

cell activity required for E7 graft rejection by immune system (Bergot et al., 2014).  

Furthermore, activation of certain oncogenes such as Myc and Ras in transformed cell lines 

was previously reported to contribute to the recruitment of various innate immune cells 

including mast cells through secreting different chemokines/cytokines (Choyce et al., 2013).    

Accordingly, based on our previous observation where an increase in mast cells was seen 

after Alisertib treatment (Gabrielli et al., 2015), perhaps Alisertib could have a negative 

effect on the immune response generated that may have contributed to the effects seen. 

It is worthwhile to test the tumour microenvironment for the accumulation of myeloid-

derived suppressor cells (MDSC) and expression levels of suppressor of cytokine signalling 1 

(SOCS1), as both have been previously reported to be involved in immunosuppressive 

functions in cervical cancers (S. J. Lee et al., 2016). Particularly SOCS1, which inhibits the 

Janus kinase/signal transducers and activators of transcription signalling pathway and can 

obstruct the function of IFN-γ, Th1 responses, DC activation.  This strongly indicates that for 
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this intervention to work, combination treatment with an immune stimulatory/ regulatory 

agent is required to overcome immune tolerance and ultimately induce a more potent anti-

tumour effect. 

Combination therapy with certain immune checkpoint inhibitors could enhance Alisertib anti-

tumorigenic effect by improving anti-tumour immunity. For instance, Ipilimumab, a human 

anti cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) (Bristol-Myers Squibb, 

Princeton, NJ, USA), which was approved by U.S Food and Drug Administration (FDA) in 

2011 for treatment for metastatic melanoma. Other promising immune checkpoint inhibitors 

are human anti programmed death receptors (PD-1), which include Pembrolizumab (Merck & 

Co. Inc., Whitehouse Station, NJ, USA) and Nivolumab (Bristol-Myers Squibb), approved by 

FDA in 2014, for the treatment of advanced melanoma (Callahan & Wolchok, 2013; Hamid 

et al., 2013). Testing these immune checkpoint inhibitors in combination with Alisertib could 

hold great potential with easier access to clinical trial evaluation, as they are all already in 

phase I/II clinical trials. Also, the fact that the assigned immune checkpoint inhibitors are 

already approved by the FDA for melanoma suggest that their safety profile has been 

evaluated and shown to be tolerable by patients.  

There were a few limitations in this study. The biggest limitation was that there was no 

specific identification of the immune cells subtypes that were in play during and after the 

treatment at different time points. Also, most of the mechanistic explanations and claims 

were based on combining the survival data obtained from this study with observations from 

closely related HPV models previously described by others. Despite this limitation and the 

unexpected poor outcome of the treatment in vivo, these experiments were seemingly 

successful, as demonstrated with proper controls and mice numbers that provided valid 

statistical analysis.  
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This chapter provided important insight into Alisertib treatment when applied in mice with a 

fully functional immune system. In fact, it has added to the body of knowledge of how 

conflicting the immune system may be to the drug anti-tumorigenic function, as most 

previously tested pre-clinical models were mostly xenografts in immunocompromised mice. 
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 . Overall discussion and conclusive remarks  

Cancer of the cervix is the second leading cause of female cancer-associated mortality 

worldwide, accounting for more than 280,000 mortalities annually, affecting women in their 

prime particularly in developing countries (Jemal et al., 2011). Targeted therapies offer a 

versatile platform for effective and potentially safer therapeutic approaches over traditional 

chemotherapies as they are more disease-specific and have minimal effect on normal cells 

(Seoud et al., 2015). The first targeted therapy to be integrated in the international therapeutic 

programmes for cervical cancer was approved just 3 years ago by FDA and EMA in 2014 

(Seoud et al., 2015). This was based on the outcome of a clinical trial conducted to assess the 

efficiency of Bevacizumab, as an antiangiogenic drug that targets VEGF, and combination 

chemotherapy (Paclitaxel with either Topotecan or cisplatin) in 450 patients with either 

recurrent, persistent, or metastatic cervical cancer. The trial demonstrated an improvement of 

3.7 months in median overall survival, from 12.9 to 16.8 months compared with 

chemotherapy on its own. Besides its relatively small gain in overall survival, Bevacizumab 

was reported by the same trial to be associated with serious haematological adverse events, 

including uncontrolled hypertension, arterial /venous thrombosis, and coagulopathy (Tewari 

et al., 2014). Therefore, there is a pressing demand for cervical cancer targeted treatments 

that provide better survival benefit outcomes with minimal and fewer serious toxicities to 

improve patients’ quality of life. 

In the process of designing this project we took into consideration the unique biology behind 

the development of HPV driven cervical malignancies. This includes their complete 

dependence on continuous expression of HR-HPV E6 and E7 (Francis et al., 2000; Magaldi 

et al., 2012) and to our advantage the fact that E6 or E7 oncogenes do not share any sequence 

homology with normal cells in humans (Bousarghin et al., 2009). Lastly , HPV’s ability to 

induce immune evasion and subsequent immune tolerance in the host's immune system  was 
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also considered (Frazer et al., 2001). Accordingly, in this research, I explored multiple 

targeted therapeutic strategies against HPV-driven cervical cancers at different stages of 

disease: early and advanced.   

The anatomical location of cervical malignancies makes it amenable for local targeted 

molecular therapeutics. I firstly hypothesised that an siRNA against HPV16 E6/E7, delivered 

via PLAS system into the vaginal tract is effective in reducing the number of proliferative 

(dividing) cells in the cervico-vaginal epithelia in K14-E7 mice with early stage neoplasia. 

Furthermore, the consequent loss of E7 will reduce the number of proliferative cells which 

ultimately reduce the severity of disease (chapter 3). Our results showed that intravaginally 

delivered siS10-PLAS targeting HPV16 E6/E7 in CIN/VIN II- K14-E7 models were not able 

to effectively reduce the number of proliferative cells in the suprabasal epithelial layer of the 

cervico-vagina regions as we observed only ~20% reduction in BrdU labelled cells compared 

to control treated siRNA. While there was a significant reduction in the level of E6/E7 

mRNA by ~60% in these regions compared to control siRNA, there was no significant 

difference in proliferation observed and consequently no change in disease outcome (no 

pathological downgrade was observed from CIN/VIN II to I). I think the main challenge and 

limitation at the same time was the animal model used in this experimental cohort. K14-E7 

mice are genetically modified to permanently overexpress HPV16 E6 and E7 oncogenes in 

their keratinocytes under the control of K14 promoter (Arbeit et al., 1996). Hence, higher 

doses of siRNA could be required to overcome this and induce a significant response. 

Moreover, the mucus layer lining could be affecting vaginal retention of siRNA-PLAS to a 

degree despite washing with 5% citric acid. Accordingly, the delivery system and 

administrated dose of siRNA-PLAS need to be optimised in this mice model under all these 

conditions before conducting a repeat of this experiment to be able to assess the actual pre-

clinical effect of locally administrated siRNA therapy against HPV-cervical cancers. Perhaps 
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testing 0.5 to 2.0 mg/kg would highly likely to be more efficient as was recommended by 

others regarding vaginal delivery of siRNA against other viral infections (Woodrow et al., 

2009). Inflammation could be a concern upon use of cationic lipids as means for delivery, as 

they could be toxic at high concentration (Woodrow et al., 2009). In my case we observed 

neutrophilic infiltration, suggesting immune activation but it does not seem to be associated 

with the PLAS system as Alginate only treated animals demonstrated similar signs of 

inflammation. This suggested that experimental procedure that the vaginal tract is 

undergoing, including the acid wash to minimise the mucus, is by itself irritating the vaginal 

epithelia and causing inflammation. This could be not only limiting the therapeutic effect but 

in fact rendering the epithelial tissue of the vagina more susceptible to viral infections. For 

translational perspective into humans, such siRNA-PLAS treatment will be designed as a 

patch rather than rod-shaped alginate scaffolds that would be inserted through the vaginal 

tract and located onto the surface of the cervix. Thus, these limitations of the animal models 

would be minimised. Perhaps sheep models should be considered for experimental testing of 

the delivery system as they are affordable compared to mice and as close as possible to 

human cervix in size as well as anatomy, after primates.  The bigger picture of the current 

postulated type of treatment was to target CIN/VIN stage I and II. The present treatment 

strategies for women at these stages are mainly surgical excision, including loop 

electrosurgical excision procedure (LEEP) or cold knife cone in case of slight invasion. These 

procedures could weaken the cervical integrity and increase risk of increasing preterm birth 

(Bruinsma et al., 2007). Therefore, the siRNA-PLAS in a patch or even in a form of self-

applied gel would present a worthwhile clinical opportunity to repress transformation at that 

stage of disease as it is very convenient, safe and most importantly not invasive (when 

inflammation is avoided). However, our results indicate that even if siRNA-PLAS system 
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treatment works it can only be effective at early stage of disease but not at advanced stage 

where higher HPV-burden exists as siRNA effect is transient and short.  

We next explored a different strategy of treatment. Recently published work by McMillan 

and Gabrielli labs identified six synthetically lethal targets in HPV-driven cervical cancer 

models, including Aurora B kinase (AURKB), Aurora A kinase AURKA, GSG2 (Haspin), 

STK16, CNKSR1, and PIK3R3. We further demonstrated selective and complete tumour 

growth regression in HPV xenograft cervical models when treatment commenced at early 

stage disease (tumour size 25 mm3) using an anti-mitotic inhibitor known to inhibit Aurora A 

kinase (Alisertib) (Gabrielli et al., 2015). Accordingly, the second hypothesis for this project 

was that inhibition of Aurora A and B kinases would result in inhibiting the growth of HPV-

driven cervical cancers at advanced stage disease by inducing cell death by apoptosis 

(chapter 4). I demonstrated that Alisertib, the anti-mitotic inhibitor used in this project, has 

inhibitory activity against both Aurora A and B kinase even though it is considered to be 

mainly an Aurora A inhibitor in vivo. I further demonstrated that  it is the loss of Aurora A 

and B kinases using Alisertib that induces a selective and lethal assault to HPV transformed 

cervical cancer cell (Hela and CaSki) in vivo (Martin et al., 2017). Treatment with Alisertib at 

late stage disease (tumour size 100 mm3) resulted in complete inhibition in tumor growth up 

to 8 days after treatment followed by significant delay in tumour growth for up to 60 days 

post treatment compared to controls who were culled 30 days post treatment, but we only saw 

complete regression in one animal. I also showed loss of Aurora A and B in the setting of 

HPV-cervical cancer induces cell death by Apoptosis, evidenced by c-caspase-3 via a p53-

independent pathway. All this indicated that this treatment would be in fact effective against 

other HPV-cancers including head and neck cancer. Indeed, preliminary data by other 

member in McMillan lab demonstrated the potential use of Alisertib against HPV-positive 
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head and neck squamous cell carcinoma with a variation of sensitivity that seems to be 

correlated with the level of E7 oncogene expression in these models.  

All my previous investigations on Alisertib were performed in immunocompromised mice 

models (nude mice). However, as I have seen therapeutic potential in using Alisertib against 

HPV-cervical cancers, we took this one step closer to mimicking a patient. This was where 

the last hypothesis for this project been investigated:  Alisertib is effective at inhibiting other 

HPV-cancer models such as TC-1 and SCC HPV38 and the inhibition will result in cell death 

induced sterilizing immune response that protects mice from subsequent tumour challenge 

(chapter 5). We observed that TC-1 (HPV 16 transformed) cells were highly sensitive to 

Alisertib while SCC (HPV 38 transformed) were significantly less sensitive to the drug in 

vitro, indicating that not all HPV subtypes would show sensitivity to Alisertib treatment. 

Overall, our findings showed that Alisertib was not effective in inhibiting TC-1 tumour 

growth (in late stage cancer) as it is in previously challenged tumour models, Hela and Caski. 

That observation was regardless of the adaptive immune system involvement. Moreover, 

Alisertib treatment was only delaying TC-1 tumour growth by days even when treatment 

commenced at earlier stage (tumour size 50 mm3). Furthermore, there was only a marginal 

increase in survival observed in Alisertib treated groups under an immune competent 

environment compared to an immune compromised one. Recycling Alisertib treatment did 

not induce a clinically significant benefit in survival under an immune competent 

environment. I would argue that there was not a significant immune response triggered by 

Alisertib treatment of TC-1 tumours, and in reality, the actual concept was to cure mice from 

tumour and then rechallenge, however we did not get to that stage as the tumours were not 

responding to the treatment as well as hoped. Also, the drug itself might slow down the 

immune system.   
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In vitro testing and mouse models with deficient immunity can give us an insight into the 

underlying mechanisms and efficiency of anti-cancer inhibitors, particularly when testing 

human cell lines. Nevertheless, their implications are restricted because they are not actual 

presenters of human tumour physiology as they lack the representation of the immune system 

and vasculature which may lead to mechanisms going undetected (Kamb, 2005). Although 

Alisertib investigations performed on the TC-1 models were not as what we would have 

anticipated, they still provide important insights into the development of Alisertib as a 

therapeutic against HPV cancers, not only cervical cancer. There is a possibility that Alisertib 

treatment could be effective only in HPV-cervical cancers that lack RAS mutations as TC-1 

were HPV16 transformed yet did not respond as well as HeLa which retain RAS expression 

(Romano et al., 2013).  From a clinical translational point of view, we speculated that 

Alisertib treatment can help to unmask immune escape and break the subsequent immune 

tolerance in the host's immune system that is caused by HPV. The concept involved immune 

clearance of the apoptotic cells induced by Alisertib treatment will upregulate antigen 

presentation which will ultimately promote immunogenic cell death (Poon et al., 2014). 

Accordingly, the actual combination therapy we could be looking for is an immune 

combination rather than another mitotic inhibitor combination.  

Finally, we now have a clearer understanding of the fundamental mechanisms by which 

Alisertib is inhibiting HPV- cervical cancer growth which involved inducing mitotic delay as 

a consequence of Aurora A inhibition and failed cytokinesis as a consequence of Aurora B 

inhibition. These events promote downregulation in the anti-apoptotic signal of MCL-1, 

which in turn stabilizes BIM that increase proapoptotic signalling which ultimately drive 

apoptotic cell death (Gabrielli et al., 2015). Yet, the big unanswered questions from this 

research were how is E7/E6 affecting MCL-1 levels and why the loss of Aurora A and B 

kinase is very critical for the survival of HPV-dependent cervical cancers and other cancers.   
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Conclusions  

Firstly, intravaginal treatment of HPV-mediated cancers using siRNA-PLAS can holds great 

potential against human CIN/VIN stage I and II if optimised and tested in the right animal 

model (consider sheep). The K14-E7 model is by far the closest model to human pre-

cancerous cervical lesions. However, it may not be an adequate model to test siRNA-based 

therapy for cervical cancers as the actual benefit will always be under estimated due to the 

abnormal overexpression of E7 driven by the K14 promoter. A different animal model that 

expresses these oncogenes at similar levels to human disease would be ideal. 

Secondly, the oncogenic effects of E6/E7 render HPV-driven cancers sensitive to the loss of 

Aurora A and B kinase activities. The inhibition of these two kinases drive apoptotic cell 

death that can be effective even at late stage disease in the setting of HPV-cervical xenograft 

models. I also found that Alisertib has an Aurora B inhibition activity at higher concentration 

which makes it a dual inhibitor for Aurora A and B. This dual activity was important for its 

efficacy against HPV-driven disease.   

Finally, the immune system does not play a significant role in Alisertib induced tumour 

reduction. Therefore, additional combination treatments with immune-checkpoint inhibitors 

maybe beneficial against HPV-driven cervical cancers. 
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Future directions 

Intravaginal local targeting of HPV E6/E7 can hold great potential for early stage CIN/VIN in 

the form of siRNA-PLAS patch/ring. Further experimental investigations need to be 

performed to optimise the method of delivery and reduce inflammation associated with the 

procedure. Subsequently, considering sheep models for experimental testing of the delivery 

system is recommended as they are more affordable and closer in size and anatomy to human 

cervix after primates.  

Furthermore, data generated from this work indicated that α-high risk HPVs are more 

sensitive than β-high risk HPVs to alisertib treatment. Accordingly, testing Alisertib against 

other HPV subtypes would be a reasonable next step from this study to further elaborate on 

this trend of sensitivity. For instance, testing against HPV-31, -33, -45 and -58 subtypes, 

which account for the remaining ~20% of HPV driven cancers. Simultaneously, it is 

important to validate the level of HPV-E7 expression in the tested models as the level of E7 

expression could be directly proportional with the sensitivity to Alisertib. 

Furthermore, to minimize/avoid the reported adverse events of Alisertib including 

hematological effects such as neutropenia, localizing the administration of Alisertib to the 

cervix is recommended to reduce/avoid any serious systemic toxicity. This could be achieved 

by formulating Alisertib into patches or rings that could be self-administrated topically by 

patients to the site malignancy. This could be applied against other HPV-cancers in addition 

to cervico-vaginal  including anal, penal, oral  (Tayyar, 2016). Direct delivery of Alisertib to 

the cervix is expected to be significantly more effective at comparatively lower doses than 

systemic delivery. Nevertheless, this approach targets local stages of the diseases, and 

systemic delivery should be considered in the advanced stages of malignancy. It is important 

to consider assessment of possible local inflammation associated with local administration of 
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Alisertib in the vaginal tract as previously discussed (negative alteration of the vaginal 

epithelium could be associated with the administration procedure). 

The next frontier in developing Alisertib as a therapy for HPV-driven cancers requires 

inducing a potent, long-lasting tumour destruction response using specific targets in order to 

personalise therapies. Testing combination treatments with immune checkpoint inhibitors in 

vivo against TC-1 might improve the anti-tumorigenic effect of Alisertib. Inhibition of PD-1 

or CTLA-4 using Nivolumab or Ipilimumab respectively may meet the expectations in the 

HPV driven cancer setting. The two latter inhibitors are already FDA-approved against 

advanced stage tumours and are currently undergoing phase I and II clinical trials for 

advanced cervical cancer (NCT02257528), (NCT01711515).  
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Martin et al Supplementary Data 

Figure S1: 

Representative time lapse montages of HeLa cells treated with either A. DMSO (Control), or 

B. 1 M Alisertib or C. 1 M MK5108.  Frames were captured at intervals of 30 min.  The 

delay in mitosis and failed cytokinesis is seen with A 

 

Figure S2: 

Examples of nuclear phenotypes assessed after Aurora siRNA or inhibitor treatment.   

 

Figure S3: 

Asynchronously growing HeLa cells were treated with the indicated doses of drugs, 

harvested after 48 h drug treatment and immunoblotted for the indicated markers of Aurora B  

(pH3 Ser10), mitosis (pMEK Thr286), and apoptosis (cPARP). The data are the mean and SD 

from at least three independent determinations.  C. Representative immunoblots quantitated 

in A and B. and Figure 2A, B.   

 

 

Figure S4: 

HeLa cells were blocked in mitosis with nocodazole and then MG132 to prevent exit, then 

treated with ZM447439 in a dose response for 4 h.  Lysates were prepared from each drug 

treatment and immunoblotted for pH3 as marker of Aurora B activity, and pAurora A Thr288 

(pAURKA) as a marker of Aurora A activity.  Cleaved PARP (cPARP) was assessed from 



asynchronously growing HeLa cells treated with the same drug concentration for 72 h.  The 

band densities were measured from three experiments and are presented and mean and 

standard deviation of the percentage of the untreated control.    

 

Figure S5: 

A. The surviving fraction of cells at 1 and 10 M drug from the dose response experiments 

shown in Table 2.  The data are the mean and SD from at least 4 replicates.   

B. HeLa and C33A cells treated with the indicated concentrations of Alisertib or AMG900, or 

DMSO alone as a control, were fixed 24 h after drug treatment.  The fixed cells were stained 

for DNA and microtubules and the proportion of normal, failed mitosis (i.e. cells with either 

micronuclei, bi- or multiple nuclei),  and apoptotic cells was assessed in >200 cells for each 

condition.   

 

Figure S6: 

HeLa cells were treated with 0.3 and 1 M Alisertib or AMG900, and 1 M MK5108 

(AURKAi), 1 M AZD2811 (AURKBi), and in combination.  Cells were followed for 72 h 

after drug treatment and the time to and in first, second and third mitosis, and to apoptosis or 

where apoptosis was during mitosis was assessed for >70 cells for each condition.  This data 

is representative of three separate experiments.   

 

 

 



Figure S7: 

HeLa xenograft tumour excised 6 h after final Alisertib treatment were H&E stained and 

immunostained for phospho-H3 Ser10 (pH3).   

 

Figure S8:  

HeLa cells were treated for 24 h with the indicated concentration of drug then fixed and 

immunostained for phospho-H3 Ser10 (pH3) and DNA.  Bar = 10 M.   

 

Figure S9: 

HeLa cells were treated with the indicated concentrations of drugs for 24 h then fixed and 

immunostained for DNA, Aurora B, and -tubulin for microtubules (MT).  Bar = 10 M.   

 

Figure S10: 

HeLa xenograft tumours, either untreated (A) or harvested 24 h after the final Alisertib 

treatment (B, C) were stained for DNA, Aurora B and -tubulin to show the microtubules 

(MT).  Midbodies positive for Aurora B and microtubule staining are indicated by the open 

arrowheads, and defective mitosis with the filled arrowheads.  C shows a magnified view.   

 

 

 

   



 Supplementary Table 1: IC50 data for Aurora A and B inhibition in mitotically arrested 

HeLa (nM). 

 

 

 

 

 

 

 

 

Supplementary Table 2:  IC50 data for cell lines. IC50 values were determined from 7 point 

dilution series for each drug.  Each cell line was analysed in technical replicates (4) and each 

determination was performed twice.  IC50 values were calculated using R studio.   

 

 pH3  pAurA  cPARP 

Alisertib  350  29  110 

AMG900  8  14  8 

ZM447439 165  670  >3000 

   IC50 (nM) 

Cell 
Line  Alisertib AMG900 MK5108  AZD2811

HPV‐ve         

C33A  350  2,200  2,200  6,000 

SCC25  3,000  1,000  2,400  >10000 

         

HPV+ve         

CaSki  133  < 40  899  < 40 

HeLa  55  < 40  245  198 

VK2  < 40  < 40  < 40  < 40 

Ect1  < 40  < 40  < 40  < 40 
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Aurora A Is Critical for Survival in HPV-
Transformed Cervical Cancer
Brian Gabrielli1, Fawzi Bokhari1, Max V. Ranall1, Zay Yar Oo1, Alexander J. Stevenson1,
Weili Wang1, Melanie Murrell2, Mushfiq Shaikh2, Sora Fallaha2, Daniel Clarke2,
Madison Kelly2, Karin Sedelies3, Melinda Christensen3, Sara McKee1, Graham Leggatt1,
Paul Leo1, Dubravka Skalamera1, H. Peter Soyer4, Thomas J. Gonda1, and
Nigel A.J. McMillan2

Abstract

Human papillomavirus (HPV) is the causative agent in cervical
cancer. HPV oncogenes are major drivers of the transformed
phenotype, and the cancers remain addicted to these oncogenes.
A screen of the human kinome has identified inhibition of Aurora
kinase A (AURKA) as being synthetically lethal on the background
of HPV E7 expression. The investigational AURKA inhibitor
MLN8237/Alisertib selectively promoted apoptosis in the HPV
cancers. The apoptosis was driven by an extendedmitotic delay in
the Alisertib-treated HPV E7–expressing cells. This had the effect
of reducing Mcl-1 levels, which is destabilized in mitosis, and
increasing BIM levels, normally destabilized by Aurora A in
mitosis. Overexpression of Mcl-1 reduced sensitivity to the drug.

The level of HPV E7 expression influenced the extent of Alisertib-
inducedmitotic delay andMcl-1 reduction. Xenograft experiments
with three cervical cancer cell lines showed Alisertib inhibited
growth ofHPV and non-HPV xenografts during treatment. Growth
of non-HPV tumors was delayed, but in two separate HPV cancer
cell lines, regression with no resumption of growth was detected,
even at 50 days after treatment. A transgenic model of premalig-
nant disease driven solely byHPVE7 also demonstrated sensitivity
to drug treatment. Here, we show for the first time that targeting of
the Aurora A kinase in mice using drugs such as Alisertib results in
a curative sterilizing therapy that may be useful in treating
HPV-driven cancers. Mol Cancer Ther; 14(12); 2753–61. �2015 AACR.

Introduction
Human papillomavirus (HPV) has been identified as the defin-

itive agent in cancers of the cervix, penis, vulva, vagina, anus, skin,
eye, and head and neck, and is responsible formore than 610,000
deaths, 5% of the total cancer burden worldwide (1). The papil-
lomaviruses are small, double-strandedDNAviruses belonging to
the family Papillomaviridae. High-risk HPVs have been identified
as the causative agent in 99.7% cervical cancers (2), have been
detected in more than 50% of other anogenital cancers, and in

more than 70% of cancers of the oropharynx (3, 4). The most
prevalent high-risk HPV types are HPV-16 and HPV-18, which
account for approximately 70%ofHPV cancer cases, with another
10 high-risk types making up the other 30% (5).

Although HPV vaccines are available and highly effective
(reviewed in ref. 6), they are clearly most useful if given before
viral exposure. Even with the advent of vaccines, cervical cancer
will remain a serious health issue in unvaccinated and under-
vaccinated women (7). The use of more targeted approaches is
now beginning to improve outcomes in other cancers but no such
therapy for HPV-driven cancers is in the clinic. Indeed, chemo-
radiotherapy is still the primary treatment modality and there has
been little improvement in 5-year outcomes (8).

High-risk HPV promotes cancer via the actions of the E6 and E7
oncogenes. The E6 gene product binds to the p53 tumor-sup-
pressor protein and targets it for ubquitin-mediated degradation
(9). E6 also blocks senescence by stimulating telomerase activity
as well as an increasing number of other proteins (10). The E7
protein also has a range of targets, including the retinoblastoma
protein (pRB) family, the MuvB complex, and directly drives
genomic instability (10, 11). Therefore, the overexpression of
E6 and E7 allows uncontrolled cell growth and increased genomic
instability, which promotes transformation and carcinogenesis.
This process occurs over an extended timeframe (up to 20 years)
due to the fact that E6/E7 alone are not sufficient to drive cancer;
secondary mutational events also contribute (12), thus making
specific treatment difficult as each HPV cancer has a different
spectrum of mutations.

The one consistent feature of cervical cancers is the continued
dependence on HPV E6 and E7 expression. Depletion of E6/E7 is
sufficient to drive even long established cell lines into either
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senescence or apoptosis, depending on the level of depletion
achieved (13). This continuing dependence on E6/E7 suggests
that drugs that targeting E6/E7 are also likely to be selective for
HPV-transformed cancers. We have undertaken a functional
genomics screen to identify genes involved in E6/E7-driven
dependency that are essential to the survival of HPV-driven
cancers. Here, we show for the first time that targeting of the
Aurora A kinase using the inhibitor Alisertib results in a profound
inhibition ofHPV-driven tumor growth, and that this selectivity is
through targeting an interaction between Aurora A andHPV E7 in
mitosis.

Materials and Methods
Cell culture

All cervical cancer cell lines were originally obtained from the
ATCC except for C33A. Cervical cancer cell lines (HeLa, CaSki,
ME-180, SiHa, C33A, HT3, and C33A-HPV16-E7) were main-
tained in complete DMEM (GIBCO; Invitrogen) supplemented
with 10% serum supreme (Biowhittaker; Lonza), 1 mmol/L
sodium pyruvate (GIBCO) and 2 mmol/L L-glutamine (GIBCO)
at 37�C and 5% CO2. Squamous cell carcinoma cell lines were
kindly given by Associate Professor Nicholas Saunders (The
University of Queensland Diamantina Institute, Brisbane, Aus-
tralia) and were cultured in DMEM/F12 (1:1; GIBCO) containing
10% serum supreme (Lonza) at 37�C and 5% CO2. All cell lines
were tested and free of Mycoplasma and authenticated with short
tandem repeat fingerprinting at the time of use. SCC25 cells were
transduced with lentivirus-expressing HPV18 E7 or empty vector
as described previously (14). The vector places theHPV18 E7 5' of
an IRES GFP resulting in GFP coexpression at a level, which is an
indicator of the level of E7 expression. qPCR analysis of relative E7
gene expression was undertaken using DDCt analysis and b-actin
as the housekeeper.

siRNA screening
Detailed methods for the siRNA screening are provided in

Supplementary Material.

Flow cytometry
All tested cells were exposed to final concentrations of 5mmol/L

Alisertib, 5 mmol/L ZM447439, or DMSO (vehicle) for 24, 48, or
72 hours. Cells were analyzed for DNA content by flow cytometry
using BD FACS-Canto II (BD Biosciences) and data analyzed with
FlowJo software (FlowJo Co.) as described previously (15).

Time-lapse microscopy
Cells were either treated with 5 mmol/L Alisertib or DMSO

(vehicle), then followed by time-lapse microscopy using a Zeiss
Axiovert 200M Cell Observer microscope equipped with an
incubation chamber at 37�C and 5% CO2. Images were captured
at 20minute intervals with aminimum of 150 cells per condition
per cell line analyzed as describedpreviously (15). Time inmitosis
and exit from mitosis was observed and assessed for successful
cellular division, failure of cytokinesis, or cell death.

Immunoblotting
Cells were lysed and immunoblotted as described previously

using chemiluminescence detection imaged with a CCD camera
(15). Band intensities were quantitated using ImageJ software.
Antibodies to Bim, Bcl-2, PARP, cleaved caspase-3 (Cell Signalling

Technology), Aurora A and Aurora B (Becton-Dickinson), Bcl-Xl
(AbCam),Mcl-1 (Millipore), anda-tubulin (Sigma-Aldrich)were
purchased from the indicated suppliers.

Mouse xenograft models
Mice (6-weeks-old female Nude; ARC) were inoculated s.c. in

the right flank with 1 � 106 cells in Matrigel. For each cell line, 6
mice were used for the treatment with Alisertib and 6 for the
vehicle control only. When tumors were palpable (�1 week
following injection) 100 mL oral gavage of 30 mg/kg Alisertib
was administered daily for 10 consecutive days. Mice were then
scored daily by scoring any tumor regrowth or until culled. All
animal studies were approved by University of Queensland
Animal Ethics.

K14E7 transgenic mouse grafting experiments
Groups of 7 mice, with well-healed (up to 5 months) grafts of

either wild-type or K14E7 skin were treated with or without two
cycles of Alisertib as for the xenograft experiments. At between 2
and 10 days after the final cycle, mice were sacrificed and grafts
harvested for immunohistochemical staining. Formalin-fixed,
paraffin-embedded samples were either immunostained for
cleaved caspase-3 (Cell Signaling Technology) or mast cells using
toluidine blue, pH 1. The number of cells stained was visually
assessed by microscopy.

Immunofluorescence
Cells were cultured on poly-L-lysine coated glass coverslips

with vehicle (DMSO) or 5 mmol/L Alisertib for 24 or 48 hours.
Coverslips were fixed with�20�Cmethanol and stored at�20�C
until processing. Coverslips were stained for microtubules and
DNA as described previously (16).

qPCR
Extract of RNA, cDNA generation, and qPCRwere carried out as

described previously described (17).

Results
siRNA library screen and target selection

To discover synthetic lethal interactions with the HPV onco-
genes E7 andE6 in cervical cancers,weundertook an siRNA library
kinome screen using the Dharmacon human siGENOME siRNA
library for Protein Kinases (targeting 779 genes). The primary
screen used CaSki (cervical cancer HPV16), and C33A (cervical
cancer non-HPV) cell lines. Data were normalized using Z-score
transformation for each assay and cell line, and genes sorted by
Z-score on CaSki viability. Using the parameters of viability,
cytotoxicity, and cell number, we identified genes that when
depleted were selectively lethal to the HPV-positive CaSki cell
line compared with the HPV-negative C33A cells (Fig. 1A; full
screening data presented in Supplementary Table S1). This
was visualized using hierarchical clustering and Principle Com-
ponents Analysis (details of the analysis are provided in Sup-
plementary Fig. S1). We identified a group of genes whose
knockdown resulted in reduced viability in all cells, including
PLK1, WEE1, and COPB2, which were excluded from further
analysis. From this primary screen, we identified a set of 54
genes for secondary screening using the OnTarget Plus siRNA
Smart Pools that have reduced off-target effects due to their
modified passenger strand and >90% have different target sites
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(Supplementary Table S2). The secondary screen siRNAs were
applied to a larger panel of cell lines including HeLa (HPV18),
SiHa (HPV16), and HaCaT (HPV negative) cells using the
viability, cytotoxicity, and cell count assay parameters.

From the secondary screen, we identified the genes AURKA and
AURKB as the strongest hits (thosewith the highestZ-scores) in all
three assays (Fig. 1B andSupplementary Fig. S2).Other genes such
as GSG2, SYK, MAPK12, PRKAR2B, and STK22C showed activity
in one or two assays, but not in all three. Using Western analysis,
we confirmed siRNA depletion of the respective target proteins of
our two top hits, Aurora A and Aurora B kinases. Moreover, we
observed no obvious differential expression of these proteins in
HPV and non-HPV cancer lines (Fig. 1C). With three of the top
seven targets (AURKA, AURKB, and GSG2) acting as regulators of

mitosis it suggested that mitosis may be the common target in the
HPV cancers. However, twomitotic inhibitors, the Plk1 inhibitor,
BI-2536 and paclitaxel showed no selectivity between the HPV-
positive and -negative cell lines (Supplementary Fig. S3), suggest-
ing a more specific mechanism may be responsible for the HPV-
mediated sensitivity.

HPVcancer cell lines arehighly sensitive to inhibitionofAurora
A kinase in vitro and in vivo

To validate the Aurora kinases as selective targets inHPV-driven
cervical cancer, we assessed the activity of well-characterized
inhibitors of Aurora A and B. The Aurora B inhibitor ZM447439
(18) was not selective for the HPV lines (Supplementary Fig. S4).
The potent, orally active inhibitor of Aurora A kinase, MLN8237/

CaSk i
HeLa
SiHa

C33A
HaCaT

A

B

C
AURKA

AURKB

α-tub

HeLa     CaSki       SiHa     C33A     HaCaT 

NT    si    NT   si    NT    si    NT   si    NT   si

−6

−4

−2

0

2

4

CaSki

C33A
Z-

sc
or

e

Z-score cytotoxicity 

A
C

V
R

L1
AD

R
B2

AN
G

P
T4

AU
R

K
A

AU
R

K
B

AU
R

KC
B

C
R

B
M

P
R

2
C

AM
K

1D
C

A
S

K
C

K
S

1B
C

N
K

S
R

1
C

SN
K

1D
D

A
P

K
1

D
C

K
D

G
KE

D
U

S
P

10
E

G
FR

E
P

H
A

2
FL

J1
00

74
G

R
K4

G
SG

2
H

U
N

K
IR

A
K

3
K

S
R

2
M

A
G

I-3
M

A
P

2K
6

M
A

P
3K

2
M

A
P

3K
7

M
A

P
K

10
M

A
P

K
12

M
A

R
K

3
M

E
R

TK
M

IN
K

M
YL

K
2

N
E

K
7

N
E

K
8

P
D

IK
1L

P
IK

3C
A

P
IK

3R
3

P
K

IA
P

R
K

A
R

2B
P

R
K

C
N

P
R

P
S

A
P

2
P

TP
R

J
R

AG
E

R
P

S
6K

A
3

S
S

TK
S

TK
16

S
TK

22
C

S
YK

TE
X1

4
TG

FB
R

1
N

T
#1

N
T

#1
P

LK
1–5

0

5

10

15

20

25

Z-
sc

or
e

Figure 1.
Kinome siRNA screen of cervical cancer cells. A, cell viability (resazurin) analysis following treatment of CaSki and C33A cells with the Dharmacon Human
siGENOME SMARTpool siRNA Library. Each data point represents a mean Z-score of three replicates. B, summary of the top 54 selected hits from the primary
screen rescreened using OnTarget Plus siRNA in an expanded panel of cell lines. Only the cytotoxicity data are shown. The top two hits from this validation set are
indicated (box). C, cells transfected with either Aurora A kinase (AURKA) or Aurora B kinase (AURKB) ON-Target Plus siRNA and harvested 24 hours after
transfection. Nontargeting siRNA (siNT) was used as a control. The levels of Aurora A or B were assayed for the appropriate siRNA, with a-tubulin as a
loading control.
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Alisertib (19) was investigated in a panel of HPV-transformed
cervical cancer cell lines. HeLa, CaSki, and ME180 (HPV18/38)
were highly sensitive to Alisertib with IC50 values of less than
1 mmol/L, whereas SiHa were less sensitive with an IC50 of 1.2
mmol/L (Fig. 2A and Supplementary Table S3). The non-HPV
cervical cancer cell lines HT3 and C33Awere less sensitive with an
IC50 value of 2 and 16 mmol/L, respectively (Fig. 2B and Supple-
mentary Table S3). We also tested a panel of squamous cell
carcinoma (SCC) cell lines to increase the number of non-HPV
cancer cell lines from a keratinocyte origin. These were signifi-
cantly less sensitive toAlisertibwith IC50 values above 5mmol/L in
all cases (Fig. 2C). The difference in drug sensitivity was not a
consequence of different proliferative rates, as all cell lines tested
had a similar doubling time. The sensitivity of the HPV-cervical
cancer cell lines are clinically relevant as plasma concentrations of
1 to 5 mmol/L of Alisertib have been reported in patients (20).

To assess the ability of Alisertib to inhibit tumor growth in vivo,
nude mice were injected s.c. with either HeLa (HPV16), CaSki
(HPV18), or C33A (non-HPV) lines. When tumors had formed
and were palpable, Alisertib treatment (orally, 30 mg/kg daily for

10 days) was initiated. The non-HPV C33A tumors showed an
initial inhibition of growth that continued to 10 days after the
final treatment, but tumor growth recovered to control levels
thereafter. By contrast, HeLa and CaSki tumors reached approx-
imately 20 to 35 mm3 during the treatment phase then regressed
with Alisertib treatment, with no signs of tumor at day 50 after
treatment (Fig. 3A), and excision of the original site of inoculation
showed no residual tumor.

We also assessed a transgenic model of HPV16 E7–dependent
precancer using a skin graftmodel. In thismodel, donormice have
HPV16 E7 expression controlled by the keratin 14 promoter
(K14E7) resulting in E7 expression in squamous epithelial kera-
tinocytes, driving hyperplasia of the keratinocytes (21). Grafting
of skin from either wild-type or K14E7mice onto a syngeneic host
results in well-healed grafts (22). Mice with well-healed grafts
underwent two cycles of 10-day Alisertib treatment, and the mice
where then sacrificed and the grafts harvested for immunohisto-
chemical analysis. This treatment resulted in swelling and red-
dening of the K14E7 grafts only. In Alisertib-treated E7 grafts, we
observed a significant increase in apoptotic cells compared with
untreated E7 grafts (Fig. 3B). No apoptotic cells were detected in
the adjacent wild-type grafts. There was also an increase the
number of mast cells immediately adjacent to the epidermis in
the Alisertib treated E7 grafts compared with both the adjacent
wild-type grafts and untreated E7 grafts (Fig. 3C and Supplemen-
tary Fig. S5), likely to be in part responsible for the increased
swelling of the Alisertib-treated E7 grafts.

Treatment with Alisertib induces polyploidy and cell death in
HPV-transformed cervical cancer cell lines.

Cell-cycle progression was analyzed in cells after Alisertib
treatment by flow cytometry. Treatment of cells with 5 mmol/L
Alisertib for 24 hours resulted in increased cells with 4N and >4N
DNA and a reduction in the 2N and S phase population in all cell
lines (Fig. 4A; Supplementary Figs. S6 and S7A). There was an
increase in the sub-diploid population (<2N) in a time-depen-
dent manner in all cell lines, which was more pronounced in
HPV-transformed cells. After 72 hours of treatment, 3 of the 4
HPV-transformed showed high sub-diploid population (HeLa,
70%;Caski andME180, 75%) indicating cell death. The exception
was SiHa, where the sub-diploid population was 36%. By con-
trast, the two non-HPV cancer cell lines, C33A and HT3, demon-
strated lower sub-diploid populations of 14% and 31%, respec-
tively, but accumulated cells with high polyploidy (>4N) suggest-
ing a failed cytokinesis, but this did not result in cell death.

To confirm that the induction of 4N and >4NDNA content was
a consequence of failure of cytokinesis, all cell lineswere subject to
immunofluorescence staining of the microtubule cytoskeleton
with anti–a-tubulin and DAPI for DNA (Supplementary Fig.
S7B). The percentage of binuclear and multinuclear cells 1 and
2 days after Alisertib treatment increased to a similar level in all
cells (Supplementary Fig. S7C). Together, these data suggest that
the accumulation of cells with 4N or greater DNA content was
indeed a consequence of failure of cytokinesis, but only in HPV-
transformed cells did this result in a significant loss of viability.

The effects of Alisertib on cell viability were confirmed using
time-lapsemicroscopy. In all cell lines, drug treatment caused cells
to arrest in mitosis (rounded mitotic morphology), and undergo
failed cytokinesis (producing single daughter cells). However,
apoptosis was prominent in the HPV-transformed cell lines
(Supplementary Fig. S8). Analysis of the timing of cell death in
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Figure 2.
HPV-transformed cancer cell lines are more sensitive to Alisertib than
non-HPV cancer cells. Dose–response curves and IC50 values generated for
Alisertib on a panel of HPV (A), non-HPV (B), and SCC (C) cancer
cell lines using cell viability (resazurin) as the readout. The IC50 values
calculated from four replicates are shown.
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the HPV-transformed cell lines showed that 50% to 60% of cells
underwent two rounds of mitosis before triggering cell death
quickly, whereas a further 20% required a singlemitosis, but then
death was delayed for >20 hours (Supplementary Fig. S9). Sur-
prisingly, the length of mitotic arrest induced by the drug was up
to 5 times longer in theHPV-transformed lines (Fig. 4B). Aurora A
inhibition normally results in a relatively short mitotic delay then
exit into failed cytokinesis (23–25). Our data suggest a unique
sensitivity in cells where HPV is present that results in a highly
extended mitotic arrest.

Mechanism of Alisertib-induced death in HPV cancer cell lines
To examine the apoptosis induced by Alisertib treatment, HeLa

cells overexpressing either Bcl-2 or Mcl-1 were assessed for their
sensitivity to Alisertib. Etoposide and taxol were used as respective
positive controls. The Mcl-1-HeLa cells were highly resistant to
Alisertib comparedwith theparentalHeLa,witha>50-fold increase
in IC50 (90 nmol/L–4.7 mmol/L). Interestingly, Bcl-2 overexpres-
sion had a more modest effect on sensitivity to Alisertib (Fig. 5A).
Mcl-1 and Bcl-2 overexpression was protective against taxol and
etoposide, respectively (Supplementary Fig. S10), suggesting Ali-
sertib functions via an Mcl-1–sensitive apoptotic mechanism.

A panel of apoptotic components was examined by immuno-
blotting of the HPV-transformed cervical cancer cell lines after 24,
48, and 72 hours of Alisertib treatment. The level of full-length
PARP decreased with a concomitant increase in cleaved PARP in
all HPV cell lines tested by 48 hours drug treatment. This was not

detected in the non-HPV C33A line (Fig. 5B and Supplementary
Fig. S11). The increased PARP cleavage was associated with an
increase in the cleavage and activation of caspase-3. The levels of
the antiapoptoticMcl-1, Bcl-2, and Bcl-Xl proteins varied between
each cell line. Alisertib treatment had little effect on the levels of
Bcl-2 and Bcl-Xl, but there was up to 50% reduction in the level of
Mcl-1 in three of the HPV-transformed lines. Alisertib treatment
had little effect on either the relatively insensitive SiHa or the non-
HPV C33A line. Tumor-suppressor p53 was only readily detec-
tible by immunoblotting in the non-HPV cell lines and was not
restored in the HPV-transformed lines by Alisertib treatment. The
expressionof p53-regulated proapoptotic proteins PUMA,NOXA,
and BAD was not affected by Alisertib treatment. An increase in
the level of the Mcl-1–selective BIM in the majority of cell lines
treated was observed (Fig. 5B and C). The consistently reduced
level of Mcl-1 in the Alisertib-treated HPV-transformed cell lines
together with the increased level of BIM and the resistance to
Alisertib of HeLa cells overexpressing Mcl-1 indicates that the
reduced Mcl-1 and increased BIM levels are the mechanism by
which apoptosis is induced by Alisertib treatment.

Aurora A inhibition targets host interaction with HPV E7
To determine whether Alisertib sensitivity was a direct conse-

quence of expression of HPV oncogenes, C33A non-HPV cervical
cancer and SCC25 non-HPV SCC cell lines were transfected
with HPV16 E7 oncogene, then assessed for their sensitivity to
Alisertib. Expression of E7 in SCC25 cells (SCC25-HPV16-E7)
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Figure 3.
Alisertib selectively targets HPV
E7-expressing cells in two mouse
models. A, groups of 6 mice were
injected with either CaSki (HPV16),
HeLa (HPV18), or C33A (non-HPV)
cervical cancer cells s.c. in one flank
of each mouse. In each group, mice
were treated with 30 mg/kg
Alisertib or carrier for 10 consecutive
days and then followed up daily until
culled, with the control-treated
group culled when the tumor size
reached 500 to 600 mm3. The bar
indicates the time of treatment. B,
groups of 7 mice, with well-healed
grafts of either wild-type or K14E7
skin were treated with or without
two 10-day cycles of Alisertib as
described for the xenograft
experiments. Formalin-fixed,
paraffin-embedded samples were
immunostained for cleaved
caspase-3. The number of cells
stained was scored visually by
microscopy. The number of cells in
10 �20 fields from each mouse are
shown. C, skin sections from B were
stained for mast cells, and the
numbers of mast cells immediately
adjacent to the epidermis were
counted in five �20 fields;
� , P > 0.05.
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resulted in >30-fold reduction of the IC50 value (from >15 to 0.5
mmol/L) whereas E7 expression in C33A cells (C33A-HPV16-E7)
resulted in approximately 50% IC50 reduction (Fig. 6A and
Supplementary Fig. S12), indicating that E7 expression induces
the observed sensitivity. Our previous experiments hint that the
level HPV E7 expression appeared to be correlated with sensitivity
to Alisertib as the lowest E7-expressing line, SiHa (26) was the
least sensitive (Fig. 2). To assess whether the level of HPV E7
expression influences Alisertib sensitivity, SCC25 lineswere trans-
duced with lentivirus HPV18 E7 as an IRES GPF labeled expres-
sion construct. The resultant populationwas FACS sorted into low
and high GFP expression as a direct marker of HPV E7 expression
(Supplementary Fig. S13; ref. 14). These populations where
treated with 5 mmol/L Aliserib, and the delay in mitosis and
changes in apoptotic proteins assessed as before. We observed a
dose-dependent increase in mitotic delay between the low and
high-expressing cells upon Alisertib treatment (Fig. 6B), which
was highly significant (P < 0.005) in the E7 high-expressing
population. Increased BIM levels were observe in all Alisertib-
treated population, but a reduced Mcl-1 level (to 50% control)
was only observed in E7 high-expressing population at 3 days,

correlated with decreased full-length PARP (Fig. 6C). These data
together indicate that the expression of HPV E7 is responsible for
the increased sensitivity of the HPV-transformed cell lines, and
that the level ofHPVE7 expression is an important determinant of
sensitivity to Alisertib.

Discussion
Here, we have used siRNA kinome screening to identify Aurora

A as amolecular target for killing HPV-driven cervical cancer cells.
Previously, shRNA-based kinome screens from the Harlow and

0

20

40

60
80

0 24 48 72

CaSki (HPV+ve)
<2N
2N
S
4N
>4N

0

20

40

60
80

0 24 48 72

C33A (HPV-ve)

%
 P

op
ul

at
io

n

Time after drug addition (h)

A

0

100

200

300

400

HeLa
ME180

CaSki

SiHa
C33A

HT3

Control
+Alisertib

Ti
m

e 
in

 m
ito

si
s 

(m
in

)

HPV+ve            HPV-veB

Figure 4.
Alisertib treatment of HPV-transformed cancer cells promotes apoptosis and
delays HPV-transformed cells in mitosis. A, HPV-transformed cancer cells
were treated with 5 mmol/L Alisertib and sampled at intervals over
72 hours and analyzed by flow cytometry for DNA content. The data are the
mean and SD of three independent experiments. The data for only CaSki and
C33A are shown. See Supplementary Figs. S6A and S12 for other cell lines.
ME180 and C33A cell line data are shown in Supplementary Fig. S4. B,
quantitation of the time inmitosis for each cell line with andwithout 5 mmol/L
Alisertib treatment determined from the time-lapse experiments. The data
are the mean and 95% confidence interval for >100 cells in each case.

HeLa             0.09 ± 0.02
HeLa-Mcl-1   4.7   ± 0.8
HeLa-Bcl-2    0.25 ± 0.02

0
25
50
75

100
125

%
 C

on
tro

l

0      0.1      1       10     100
(Alisertib) μmol/L

A

B
100

75

50

25

25

37

20
15

0  1  2  3  0  1  2  3   0  1  2   3  days Alisertib

CaSki       HeLa      C33A

PARP

Bcl-2

Cleaved casp-3

α-tub

Bcl-Xl
Mcl-1

IC50 (μmol/L)

0

50

100

150

CaSki HeLa SiHa ME180 C33A

0
1
2
3%

 C
on

tro
l

C

0

100

200

300

CaSki HeLa SiHa ME180 C33A

%
 C

on
tro

l

Mcl-1

Bim

25 Bim

*

****

**
**

**** ***

*
**

Figure 5.
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Munger laboratories have explored the role of E7 synthetic lethal-
ity, but only 100 kinases were screened and these did not include
any of our seven top hits (27).

The Aurora A inhibitor, Alisertib, has been used in over 35
clinical trials; however, it has so far only elicitedmodest responses
in range of tumor settings (20, 28, 29). Targeting Aurora A using
Alisertib demonstrated selectivity for HPV-transformed cancer
cells both in vitro and in vivo. In vitro, themajor difference observed
was that the HPV cell lines failed cytokinesis and died whereas
non-HPV cervical cancer lines failed cytokinesis but remained
viable. In xenograft experiments, we observed that non-HPV
cervical cancer was somewhat sensitive to Alisertib treatment,
showing delayed tumor growth and eventual recovery, a typical
response reported for Alisertib in other cancermodels (30, 31). By
contrast no tumor was detectible in either HeLa or CaSki cells,
even 50 days after treatment. Although Alisertib had a more
modest effect in mouse K14E7 grafted model, the lack of effect
on the adjacent wild-type graft demonstrates the same selectivity
observed in the cancer models. The increased apoptosis and mast
cell infiltrate point to Alisertib treatment having an HPV-E7–
directed effect even in this premalignant setting. Together, these
data provide strong evidence that Aurora A selectively targets HPV
E7–expressing cells in vitro and in vivo.

This observation is supported by themechanistic studies,which
shows Aurora A depletion/inhibition selectively kills HPV-trans-
formed cervical cancer cell, and this is dependent on HPV E7
expression. The expression HPV E7 in HPV-negative C33A and
SCC25 sensitized them to Alisertib and the level of E7 correlated
with sensitivity. HPV E7 expression has been reported to increase
Aurora A levels (32), though we found little difference in the level
of Aurora A in HPV and non-HPV cancer cell lines. HPV E7 can
upregulate the expression of the p53-related p73 protein via
dysregulated E2F activity, which can transactivate the expression
of the proapoptotic proteins PUMAandNOXA.AuroraAhasbeen
reported to phosphorylate p73, an HPV E7–regulated gene (33),
and inhibit its transcriptional activity, thus inhibiting the expres-
sion of p73-regulated PUMA and NOXA-promoting apoptosis
(25, 34). However, we found no evidence of this mechanism in
Alisertib-dependent death in the HPV-transformed cancer cell
lines.

A consistent difference between the Alisertib-treated HPV-
transformed and non-HPV cell lines is the time in mitosis, with
the HPV-transformed lines all delaying up to five time longer in
mitosis as non-HPV cells. These data and the finding that a
majority of cells required transit through one or two mitoses
before undergoing apoptosis suggested that the extended mitotic
delay was a major contributor to the selective killing observed. A
number of components of the apoptotic pathway have been
reported to be regulated by mitosis. Mcl-1 is destabilized by
CDK1–Cyclin B (35, 36), and BIM, an Mcl-1–selective BH3-only
protein (37), is phosphorylated by Aurora A, which promotes its
degradation in mitosis. Our data indicate that the apoptosis
promoted by Alisertib treatment in the HPV-transformed cells is
dependent onMcl-1. Themechanismbywhich Aurora A regulates
Mcl-1 stability is linked to the increased delay in mitosis found
with Aurora A inhibition in theHPV-transformed cells. The longer
delay in mitosis increases the destruction of Mcl-1. In addition to
this reduction in antiapoptotic signal, inhibition of Aurora A
directly stabilizes BIM, increasing proapoptotic signalling. Others
have shown that BIM depletion reduced the sensitivity of HeLa
cells to Aurora A inhibitor (38), supporting the role for BIM in this
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Expression of HPV E7 is sufficient to sensitize cells to Alisertib. A, IC50 values
for the parental and HPV16 E7-expressing C33A and SCC25 cell lines
determined from four replicate experiments. Example curves used to derive
the combineddata are shown in Supplementary Fig. S13. B, quantitation of the
time in mitosis for each SCC25 cell lines transduced with different levels of
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apoptotic signalling. The combined effect of reduced Mcl-1 and
maintenance of BIM levels, which bound by Mcl-1, results in
elevated BIM not bound in an antiapoptotic Mcl-1 complex. The
degree of Mcl-1destruction during the mitotic delay may be the
factor determining whether one or two mitoses are required for
triggering apoptosis, as observed in the time lapse experiments.
CDK1–Cyclin B phosphorylation of BCL-2 and Bcl-Xl has also
been reported to inhibit their antiapoptotic activity (39), and the
combined effect of reduction of antiapoptotic Bcl-2, Bcl-Xl, and
Mcl-1, with maintenance of BIM levels promoting an overall
proapoptotic signal.

It may be that the level of E7 expression directly influences
CDC20 expression and thereby Mcl-1 stability in mitosis. The
level of HPV E7 expression contributes to length of the mitotic
delay in Alisertib-treated cells. Low level E7 expression had little
effect on time of E7 transduced SCC25 cells in mitosis with
Alisertib treatment, but high-level expression in these cells delayed
significantly extended the mitotic delay. Only the high-level HPV
E7–expressing SCC25 cells showed significant reduction in Mcl-1
levels, consistent with this proposal. The mechanism underlying
the effect of Aurora A inhibition in the E7 expressing cells is at
present unknown. In summary, we have identified inhibition of
Aurora A as a synthetic lethal target in the presence of the HPV E7
oncogene and demonstrated that inhibiting Aurora A with the
small-molecule inhibitor Alisertib selectively and effectively tar-
gets HPV E7–expressing cells in vivo. The data presented here
demonstrate that targeting Aurora A with drugs such as Alisertib
may be an effective therapy for recurrent cervical cancer, and may
be useful in treating other HPV-transformed cancer types.
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Abstract 
Background: Many current anticancer chemotherapeutics suffer from significant side effects, which have led to 

the exploration of more targeted therapies. This resulted in the exploration of inhibitors of Aurora A kinase as a 

potential anti-cancer treatment. Alisertib (MLN8237) has proven to be a potent Aurora A kinase inhibitor that 

had the highest safety profile among its therapeutic family. Phase I/II/III clinical trials with Alisertib have been 

carried out and reported promising efficacy, yet serious side effects. This article attempts to assess the clinical 

effect of Alisertib administration in various cancer phenotypes while describing the reported side effects. 

Methods: Alisertib clinical data were systematically retrieved from Medline, CINAHL, PubMed, and Cochrane 

Central Register of Controlled Trials and analyzed for quality, relevance, and originality in three stages prior to 

inclusion.  

Results: Overall, seven studies met inclusion criteria and enrolled a total of 630 patients. The reported 

“potential” clinical effect of Alisertib in various tumours is promising as it improved time to disease 

progression, progression-free survival, and the duration of disease stability. The achieved improvement 

therefore rationalizes its further investigation as a novel anticancer therapy. However, the administration of the 

drug was associated with serious haematological disturbances in a relatively high percentage of patients. 

Conclusion: The evidence of the anti-tumour effect of Alisertib administration is compelling in various types of 

malignancies. The reported side effects were serious but manageable in many cases. Topical or more targeted 

routes of administration are suggested when possible to overcome off-target events with systematic 

administration of the drug. 
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1. Introduction 
Cancer remains a major health priority area with the global burden increasing from 14.1 million in 2012 (1) to 

14.9 million cases in 2013(2).   Mortality rates were 8.2 million in these consecutive years (1, 2). On average, 

cancer claimed more than 22,000 lives daily throughout 2013(2). The significant burden of cancer suggests a 

flaw in the current strategies of treatment and probably, screening, prophylaxis, and the diagnostic procedures. 

However, other factors related to the increase in population and the lack of proper treatment in the developing 

countries may contribute as well. 

Current treatment practice includes surgery (3-5), chemotherapy (6) and radiotherapy (7) in the majority of the 

cases. Despite the efficacy of some treatments in early cancer stages, they are usually nonspecific in nature, 

associated with side effects on normal tissues and prone to develop resistance (8). Moreover, the accompanied 

harsh and invasive side effects of such treatments significantly affect the patient’s quality of life, which may 

subsequently leave the patient susceptible to new cancers (9, 10). Therefore, there is a pressing need for the 

development of novel cancer treatments to improve the survival rates and decrease the burden of the disease. 

Indeed, a range of new highly specific treatments have entered the market recently or are in clinical trial. 

Blocking angiogenesis from/in the tumour stroma (11), targeting specific oncogenic proteins and their 

subsequent inhibition of tumour suppressor factors (12) and targeting cell cycle regulators (13) are all strategies 

that have the potential to significantly increase the specificity and efficacy of cancer treatment (11-13). 

In this paper, we examine the critical cell cycle regulator belonging to the Aurora Kinase family, Aurora A 

Kinase (AURKA) (14).  AURKA, AURKB, and AURKC are involved in numerous cell cycle events including 

chromosome alignment, cytokinesis (15), centrosome function, and spindle formation, and assembly during the 

mitosis stage of cell cycle (16-18). AURKA also acts as a gate keeper for the G2-M check point in cell cycle 

and its deregulation was reported to induce G2-M arrest followed by apoptosis (19), in addition to severe 

mitotic abnormalities resulting in selective lethality for many types of solid and haematological malignancies 

(20, 21).  

In addition to its mitotic roles, AURKA contributes to acquiring resistance to standard treatments through its 

non-mitotic functions. More specifically, AURKA provides cells with stem-like properties by transforming 

them from epithelial to mesenchymal type (22, 23). This transformation aids in potentiating the progression of 

the tumour, metastasising, and increasing the resistance towards treatments (23-25). 

Interestingly, a growing body of literature has shown over-expression of AURKA in numerous types of cancers 

including colorectal, ovarian, gastric (21), and haematological cancers (20). This suggests that these types of 

cancers may be dependent on AURKA to survive (15, 26, 27). Due to its important roles in maintaining 



 

chromosomal integrity, cell cycle regulation, and its up-regulation in various types of tumour models, it was 

considered a strong potential candidate for anti-cancer targeted interventions.   

Accordingly, many AURKA inhibitors were developed. During the last 10 years, more than 13 different 

inhibitors of the Aurora kinases have been tested in phase I clinical trials in patients with hematologic and solid 

tumours. The majority of these agents were inhibitors of all Aurora-A, -B, and –C indiscriminately. However, 

only a few inhibitors made it through to phase II clinical trials. Several trials were suspended or not completed 

due to serious cytotoxic side effects observed upon administration of clinically effective doses, while others 

were discontinued due to inadequate anti-tumour ac tivity (28-30). Despite the fact that there were several 

proposed selective inhibitors for AURKA such as MLN 8054 (31), TAS-119 (22), MK-5108, ENMD-2076, and 

MLN 8237 (32), only MLN 8237 (also known as Alisertib) progressed to phase III evaluation (33). Alisertib 

was developed as a structurally improved generation of a previously established inhibitor, MLN 8054. The 

latter was the first AURKA inhibitor to be evaluated in human phase I clinical trial due to its encouraging 

pharmaceutical characteristics, such as reliable absorption and prolonged half-life in preclinical models. 

However, upon clinical administration, patients suffered from central nervous system (CNS) side effects due to 

its structural similarity to the benzodiazepine family, particularly somnolence due to  GABAA α-1 

benzodiazepine off-targeting(34). Subsequently, a change in the structure of MLN 8054 led to the development 

of MLN 8237 (apyrimidobenzazepines),which showed less affinity to GABAA α-1 and therefore, less CNS side 

effects (35).  

In preclinical data, Alisertib has been able to achieve robust anti-tumour efficacy that rationalized its further 

advancement to clinical trials (36-41). Growth inhibition was achieved in a wide range of cell cultures, 

including cells originating from HTLV-1 infected adult T-cell leukemia (42), peripheral T-cell lymphomas (37), 

multiple myeloma (38), human tongue squamous cell carcinoma (39), malignant bladder cancer (40), and 

cervical cancer (36) cell lines. The latter were able to be completely cured in mouse xenograft models (36). 

Despite its efficacy, its safety profile is still concerning. Severe drug-related side effects like neutropenia and 

anaemia were reported in Phase I/II clinical trials (43-52). Hence, this systematic review examines the 

therapeutic potential and safety profile of Alisertib from the publically data available.  

2. Methods 
This review was undertaken according to the PRISMA guideline for systematic reviews. All published human 

trials testing Alisertib for any cancer type were considered for inclusion with the most recent database search 

performed on 25 August 2016. Medline database via EBSCO HOST, CINAHL database via EBSCO HOST, 

PubMed and Cochrane Central Register of Controlled Trials were searched for articles using the terms 

[Alisertib OR mln8237 OR "MLN 8237" OR "mln-8237"] in the TITLE field. This was limited to human trials 



 

only in the last 10 years that are written in English. Articles from the authors’ database and bibliographic 

references cited by original and review articles identified as part of the literature search were also explored and 

cross-referenced against the search results. 

A design of inclusion criteria for this systematic review was generated to include the most robust clinical trials 

undertaken on adults in various types of cancer. The studies were analyzed in three stages prior to inclusion in 

the final review. To be included in this review, the article had to report both efficacy and side effects of 

Alisertib systematic administration in adult patients diagnosed with any type of cancer. Animal or basic science 

research articles, studies testing Alisertib in combination with other drugs, and studies that had less than 40 

patients were excluded. 

Duplicate articles were removed, followed by screening titles and abstracts as per the criteria previously 

outlined. The search strategy is outlined in Figure 1. The full text of the articles was retrieved and the methods 

were analyzed. 

Quality Assessment Tool for Quantitative Studies was utilized to assess the quality of the included studies(53). 

Briefly, this tool addresses eight criteria (selection bias, study design, confounders, blinding, data collection 

methods, withdrawals and dropouts, intervention integrity, and analysis appropriate to question) to appraise 

study quality (table 2). The final global rating classifies studies into strong (no weak rating in all the eight 

areas), moderate (one weak rating), or weak (two or more weak ratings). Discrepancies in quality assessment 

were resolved by inviting an expert opinion. 

3. Results 

3.1 Description of the included studies 
A total of 210 articles were identified following removal of duplicates and application of initial filters, with 16 

articles nominated, and their methods were assessed in greater detail. That resulted in a further exclusion of nine 

articles and therefore, seven articles were included in this review for the final qualitative synthesis (table 1). 

This comprised 3 phase I and 4 phase II clinical trials. These studies form the basis for the following analysis of 

efficacy and safety of Alisertib 

 

 

3.2 Risk of bias assessment 
All the included studies were assessed according to the Quality Assessment Tool for Quantitative Studies. The 

results showed that all the included studies are of a “moderate” global rating. Given that all these studies were 

open-label phase I or II trials, blinding was not possible, and therefore all these studies were downgraded to a 



 

“moderate” quality (one weak rating in the blinding criterion). In addition, Melicharet al (2015) and Friedberg 

et al (2014) scored “moderate” in the withdrawal criterion as both studies reported a certain percentage of 

dropout due to side-effects or other reasons (55, 57).  

 

3.3. The anti-tumour activity of Alisertib administration in different types of malignancies 

In order to evaluate the clinical effect of Alisertib, various drug doses and formulations were tested in patients 

with advanced tumours. In most phase I or II trials, the clinical effect was described according to the evidence 

of Aurora A Kinase inhibition, achieving a clinical response (which was assessed by validated scales), time to 

disease progression, progression-free survival, and the duration of disease stability after the administration of 

Alisertib (55-59). Although the primary end-point in the included studies was to assess the toxicity and the 

safety of administration of Alisertib, and therefore they lacked a valid comparator for the purpose of efficacy 

assessment of the treatment, the reported improvement in the clinical response was promising. For example, a 

study by Melicharet al (2015), which utilized the revised version of Response Evaluation Criteria in Solid 

Tumours (RECIST) scale to assess the clinical response to treatment (61), reported a partial response rate of 

18% in patients with breast cancer, and a 21% response rate in patients with small-cell lung cancer when 

Alisertib was administered in 21-day cycles, at a 50 mg per dose, twice daily, for 7 days followed by a 14-day 

washout period (the mean duration of response was 5.6 and 4.1 months, respectively) (55). Similarly, Dees et al 

(2012) utilized the RECIST guidelines (the older version)(62), to assess the effect of this treatment on various, 

refractory to standard therapy, metastatic solid tumours, and reported a partial response rate of 23%, which was 

sustained for more than 3 months (59). Alisertib treatment also seemed effective when administered to various 

haematological malignancies; with partial responses varying between 13% and 27% of the enrolled patients for 

at least 2 months (56-58). Goldberg et al (2014) described the requirement of multiple treatment cycles to 

demonstrate the anti-tumour effect of Alisertib (58). After four cycles, Alisertib treatment resulted in a median 

of 51 days of progression-free survival in patients diagnosed with acute myelogenous leukaemia (AML) (56). 

However, the effect of Alisertib is obviously disparate when administered in different types of malignancies. 

Even when given at the same dose and schedule, being 50 mg/day twice daily for seven days followed by a 14-

day recovery, Alisertib administration showed modest effects in patients with non-small-cell lung cancer, head 

and neck squamous cell carcinoma and gastro-esophageal adenocarcinoma (55).Unlike patients with AML, 

Alisertib administration did not show any effect in patients with myelodysplastic syndromes (MDS) (58). One 

possible explanation is the difference in the pathogenesis between AML and MDS. The failure in the 

haematopoiesis in MDS is caused by increased apoptosis, rather than bone marrow suppression by proliferation 

as in AML. Thus, Alisertib administration may have been able to suppress abnormal proliferation in AML, but 

was not able to reverse apoptosis in MDS (58). Therefore, future investigation of the anti-tumour effect of 



 

Alisertib should take in consideration the tumour type and attempt to explain the mechanism of action of 

Alisertib in that specific context. Such understanding would certainly help to characterize more effective cancer 

therapeutics and deliver more patient-specific treatment options. 

In addition, the anti-tumour activity of Alisertib was also assessed according to the inhibition of Aurora A 

Kinase in the skin and tumour specimens. Cervantes et al (2012) demonstrated an Alisertib-exposure-dependent 

increase in the number of mitotic cells with characteristic spindle abnormalities, which supported AURKA 

inhibition in tumour biopsies (60). Dees et al (2012) also collected skin biopsies pre-treatment and 6 and 24 

hours after treatment. The results showed a significant increase in the mitotic cells in the basal epithelium 

following treatment, reflecting a consistent AURKA inhibition by Alisertib (59). However, one trial showed 

that the AURKA inhibition might not correlate with achieving a clinical response in some patients (56). The 

latter evidence highlights the possibility of a multi-factorial effect and the involvement of multiple molecular 

mechanisms to achieve a clinically quantifiable effect. In other words, the inhibition of AURKA per se may not 

be enough to achieve the desired anti-tumour effect in certain types of cancers.  

Although the reported preclinical and clinical data on the effect of Alisertib in various malignancies seem 

exciting, such results should be interpreted with caution owing to several limitations in the design and reporting 

of these studies. Firstly, all the reported studies lacked a valid comparator, which means it is not possible to 

infer the causal relationship between the treatment and the observed clinical effect. Sure, as the included 

patients were end-of-life patients who failed every other therapy, it may not be ethical to include a valid control 

group at this stage (phase I or II trials), and the comparator was historical data, however, the findings of these 

trials should be described as a “potential” effect of Alisertib at best. Secondly, the exact mechanism of action of 

Alisertib should be thoroughly investigated in different cancer types. The fact that Alisertib exhibited an 

inconsistent effect across a range of different tumours sheds the light on the importance of mapping all the 

factors involved in the cancer development. Apart from assessing the effect of Alisertib on AURKA inhibition 

regardless of cancer phenotypes, it is perhaps helpful to also investigate its effect on other cancer-specific 

epigenetic/key oncogenes expression. Nevertheless, the reported “potential” clinical effect of Alisertib on 

various tumours is promising, and therefore rationalizes its further investigation as a novel anticancer therapy. 

Hence, many clinical trials are currently planned and recruiting patients.  

3.4. Safety assessment and its implications 
Phase I studies (56, 59, 60) were mainly interested in determining dose-limiting toxicities (DLTs) and 

maximum tolerated dose (MTD) of Alisertib, and subsequently suggest a recommended phase II dose (RP2D) 

and treatment cycle. The three papers reported neutropenia as the highest frequent DLT, followed by other 

haematological side effects as leucopoenia, anaemia, and thrombocytopenia. Kelly et al (2014) suggested that 

administrating higher daily doses of Alisertib within shorter period of treatment (7d) is more tolerable than 



 

longer treatment cycles and will result in less frequent adverse events. Dees et al (2012) and Cervantes et al 

(2012) results aligned with this finding and therefore, they abandoned more than 7 days duration dosing 

schedules. It was also found that CNS side effects are related to high, once-daily dose, and dividing the dose 

into twice a day schedule decreased both the frequency and severity of these adverse events. Interestingly, 50 

mg twice a day for 7 days of treatment followed by 14 days of recovery in a 21 day cycle was suggested by the 

three studies as RP2D. 

Kelly et al (2012) and Dees et al (2012) were also interested in comparing two oral formulations of Alisertib, 

namely; powder in capsule (PIC) and enteric-coated tablets (ECT). Both studies reported similar bioavailability 

and pharmacokinetics properties for both PIC and ECT. However, Kelly et al (2012) suggested ECT for future 

development, as it allows Alisertib to bypass the acidity of the stomach and delay dissolution to the delivery site 

in the small intestine.  

Overall, 630 patients were assessed in the seven studies. Only severe, life-threatening, and fatal adverse events 

(grade ≥3 according to the National Cancer Institute’s Common Terminology Criteria for Adverse Events 

(CTCAE)) related to the systematic administration of Alisertib were extracted individually from each study and 

summarized in table 3. 

The single most obvious observation from the safety data was the haematological disturbance in a relatively 

high percentage of the patients, which aligns with the characteristics of cytotoxic agents (63). On top of the list, 

severe neutropenia occurred in 246 (39%) patients, followed by leucopoenia, which was reported in 124 (20%) 

patients. Severe anaemia and thrombocytopenia were also reported in 13% and 12% of the patients, 

respectively. Less frequent severe side effects included fatigue, stomatitis and febrile neutropenia and were 

reported in 5% of the total number of patients. 

4. Discussion and Conclusions 
Although it might be too early to make conclusions based on phase I/II trials, the evidence of the anti-tumour 

effect of Alisertib administration is compelling in various types of malignancies. Nevertheless, such treatment is 

associated with several serious side effects that might limit its future clinical use. However, several 

considerations should be seriously taken while assessing the efficacy/safety profile of Alisertib administration 

as an anticancer therapy. First, the reported heterogeneity of its clinical effects in different cancer types raises a 

red flag that Alisertib works differently in different disease contexts. Understanding the mechanism of action of 

Alisertib in different malignancies is therefore critical to mitigate or precisely profile potential life-threatening 

side effects. Moreover, it may not be wise to evaluate the efficacy/safety profile of Alisertib treatment in a 

group of patients with different types of malignancies. It is understandable that testing a new therapeutic 

molecule can be challenging in terms of recruiting patients and obtaining the ethical approval. However, 



 

segregating patients based on the cancer phenotype would represent the effect of Alisertib in a more precise 

way. From a statistical point of view, and given that most cancers are drastically different in terms of the 

pathogenesis and the molecular interactions involved in the cancer development, combining the effect of 

Alisertib administration on different types of cancer would be similar to comparing apples to oranges(64). 

Certainly, the total effect size from such studies might over-estimate or under-estimate the actual effect of 

Alisertib.  

In addition, one study reported that the clinical effect of Alisertib administration did not necessarily correlate 

with AURKA inhibition (56). That has to say, the molecular changes being induced by Alisertib may not 

necessarily result in an anti-tumour effect. This finding implicates the involvement of other, more prominent, 

molecular pathways that determine the outcome of cancer. If this is the case, the analysis of other key cancer 

drivers while administering Alisertib treatment is imperative to evaluate to what extent such a treatment would 

impact the inter-pathway interactions and networking. Since the first mention of the oncogene-addiction theory 

(65), it has become evident that many cancer types depend on the continuous expression of certain genes to 

survive, and therefore many important gene-gene interactions were characterized as key drivers of 

carcinogenesis(66). While the included papers have only focused on the inhibition of AURKA as the primary 

indicator of Alisertib action, it would be worthwhile to also investigate its effect on other well-described key 

pathways. 

More importantly, the safety profile of the systemic administration of Alisertib is worrisome as it needs careful 

dose scheduling and considerable washout periods. Given its cytotoxic nature, one should expect that Alisertib 

would cause these serious side effects. Therefore, exploring alternative routes of administration when possible 

can be the answer. Cervical cancer is an example, knowing that inhibiting Aurora A kinase was established as a 

strong potential target in this cancer (36), intravaginal delivery systems are therefore a recommended 

alternative. Indeed, local delivery systems have proven effective in reducing the serious side-effects associated 

with chemotherapeutics through avoiding systemic uptake and retention of these toxic agents in healthy tissues 

(67). Such systems can be exploited to deliver Alisertib to the site of interest with minimal systemic exposure, 

and thus help to reduce its side effects. 
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Figure 1. Study flow chart. Searching strategy and databases hits 
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Table 1.Human trials included in the current systematic review after following the search strategy outlined in figure 1.PFS: 

progression-free survival, OS: overall survival, DOR: duration of response, RR: response rate, ORR: overall response rate PO: per oral, 

BID: twice a day, QD: once a day, d: day, PIC: powder-in-capsule, ECT: enteric-coated tablet. DLTs: dose-limiting toxicities, MTD: 

maximum tolerated dose, PK: pharmacokinetics, PD: pharmacodynamics 

ID 
Author 

(year) 

Initial dose 

(treatment/rest) 

Primary 

end 

point(s) 

Secondary 

end point(s) 

Patient Characteristic 

N 

Age (y) 

Med 

(range) 

Male 

% 
Cancer Type (%) 

1 

Dickson et 

al 

(2016) (54) 

50 mg PO BID 

(7d/14d) 
RR 

PFS 

OS 
72 

54.5 

(20-84) 
54 

Liposarcoma (17), 

Leiomyosarcoma (non-uterine) 

(14), Undifferentiated sarcoma 

(15), Malignant peripheral nerve 

sheath tumour (14), Other (40) 

2 

Melicharet 

al 

(2015) (55) 

50 mg PO BID 

(7d/14d) 
RR 

DOR 

Time to 

progression 

PFS 

2491 

/2122 

60.13 

(49-73) 
54.722 

Breast Cancer (23) 2,Small-cell 

lung cancer (23)2,Non-small-cell 

lung cancer (11) 2, Head and neck 

squamous-cell carcinoma (21)2, 

Gastro-esophageal 

adenocarcinoma (22)2 

3 
Kelly et al 

(2014) (56) 

PIC: 
25 or 35 mg/day4 

BID d1, QD d2-

14 or 21 

(14d/14d or 

1d/7d) 

ECT: 

40mg/day QD 

(14d/28d) 

DLTs 

MTD 

PK 

RR 

DOR 

AAK 

inhibition 

Gene 

amplification 

58 
61 

(27-82) 
47 

Non-Hodgkin lymphoma (62), 

Multiple myeloma (33), Chronic 

lymphocytic leukaemia/ small 

lymphocytic leukaemia (5) 

4 

Friedberg et 

al 

(2014) (57) 

50 mg PO BID 

(7d/14d) 
RR 

Safety 

DOR 

PFS 

PK and PD 

48 
67.5 

(32-85) 
73 

B-cell lymphoma (83), Aggressive 

T-cell lymphoma(17) 

5 

Goldberg et 

al 

(2014) (58) 

50 mg PO BID 

(7d/14d) 
ORR 

PFS 

DOR 
57 

72 

(46-85) 
56 

Acute myelogenous leukaemia 

(80.7), Myelodysplastic syndrome 

(19.3) 

6 
Dees et al 

(2012) (59) 

Various doses 

tested5 

(7d/14d,14d/14d 

or 21d/14d) 

DLTs 

MTD 

PK 

AAK 

inhibition 

Bioavailability 

Antitumor 

activity 

87 
60 

(36-83) 
51 

Colorectal cancer (17), NSCLC 

(11), Ovarian cancer (11) Soft 

tissue sarcoma (9), Head and neck 

cancer (7), Other (44) 

7 

Cervantes et 

al (2012) 

(60) 

Various doses 

tested6 

(7/14d) 

DLTs 

MTD 

PK 

AAK 

inhibition 

Antitumor 

activity 

59 
61 

(30-78) 
63 

Colorectal cancer (46), Soft tissue 

sarcoma (14), Head and neck 

cancer (5), Ovarian cancer (5), 

Renal cell carcinoma (5), Other 

(25) 

 

  

                                                           
1 Total number of patients 
2 Patients assessable for response 
3 Patients assessable for response, Calculated as weighted median from all types of cancers 
4 Escalated to 45, 65, and then 90 mg QD if dose-limiting toxicity were observed in no more than 0/3 or 1/6 patients. 
5Ranged between 5-150 mg QD and between 40-60 mg BID 
6Ranged between 5-150 mg QD and between 50-100 mg BID 



 

Table 2: The quality assessment of the included studies 
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Dickson et al (2016) (54) 2 2 1 3 1 1 1 1 2 

Melicharet al (2015) (55) 2 2 1 3 1 2 1 1 2 

Kelly et al (2014) (56) 2 2 1 3 1 1 1 1 2 

Friedberg et al (2014) (57) 2 2 1 3 1 2 1 1 2 

Goldberg et al (2014) (58) 2 2 1 3 1 1 1 1 2 

Dees et al (2012) (59) 2 2 1 3 1 1 1 1 2 

Cervantes et al (2012) (60) 2 2 2 3 1 1 1 1 2 

1: strong; 2: moderate; 3: weak.  

  



 

Table 3. Most frequently reported drug-related grade ≥3 adverse events in all papers (Papers ID as in table 1). All adverse events 

and serious adverse events were graded according to the National Cancer Institute’s Common Terminology Criteria for Adverse Events 

(CTCAE), the values in the table represent n (%) and is visually grouped according to the percentage of occurrence as follows: 1%-9%, 

10%-19% and ≥20%. 

 
Study ID 

(n) 1 
(n=72) 

2 
(n=249) 

3 
(n=58) 

4 
(n=48) 

5 
(n=57) 

6 
(n=87) 

7 
(n=59) 

Total 
(n=630) Side 

Effect 
 

Neutropenia 
30 

(42%) 
107 

(43%) 
26 

(45%) 
30 

(63%) 
7 

(12%) 
26 

(30%) 
20 

(34%) 
246 

(39%) 

Leukopenia 
16 

(22%) 
53 

(21%) 
14 

(24%) 
26 

(54%) 
2 

(4%) 
 

13 
(22%) 

124 
(20%) 

Anaemia 
10 

(14%) 
26 

(10%) 
11 

(19%) 
17 

(35%) 
5 

(9%) 
7 

(8%) 
6 

(10%) 
82 

(13%) 

Thrombocytopenia 
10 

(14%) 
18 

(7%) 
16 

(28%) 
16 

(33%) 
5 

(9%) 
5 

(6%) 
7 

(12%) 
77 

(12%) 

Fatigue and 
Asthenia 

3 
(4%) 

15 
(6%) 

2 
(3%) 

4 
(8%) 

7 
(12%) 

3 
(3%) 

 
34 

(5%) 

Stomatitis  
19 

(8%) 
1 

(2%) 
7 

(15%) 
2 

(4%) 
1 

(1%) 
4 

(7%) 
34 

(5%) 

Febrile neutropenia 
7 

(10%) 
 

5 
(9%) 

6 
(13%) 

6 
(11%) 

7 
(8%) 

 
31 

(5%) 

Lymphopenia 
7 

(10%) 
 

4 
(7%) 

2 
(4%) 

  
4 

(7%) 
17 

(3%) 

Diarrhea 
1 

(1%) 
3 

(1%) 
1 

(2%) 
1 

(2%) 
1 

(2%) 
6 

(7%) 
 

13 
(2%) 

Mucositis oral 
9 

(12%) 
      

9 
(1%) 

Somnolence  
3 

(1%) 
 

1 
(2%) 

2 
(4%) 

2 
(2%) 

 
8 

(1%) 

Nausea 
2 

(3%) 
2 

(1%) 
 

1 
(2%) 

 
1 

(1%) 
 

6 
(1%) 

Vomiting 
1 

(1%) 
3 

(1%) 
   

1 
(1%) 

 
5 

(1%) 

Palmar-Plantar 
Erythrodysesthesia 

Syndrome 

3 
(4%) 

      
3 

(<1%) 

Pneumonia    
3 

(6%) 
   

3 
(<1%) 

Pancytopenia    
3 

(6%) 
   

3 
(<1%) 

Sepsis 
1 

(1%) 
   

1 
(2%) 

  
2 

(<1%) 

Decreased Appetite  
1 

(1%) 
 

1 
(2%) 

   
2 

(<1%) 

Dehydration    
2 

(4%) 
   

2 
(<1%) 

Leukocytosis 
1 

(1%) 
      

1 
(<1%) 

Anal mucositis 
1 

(1%) 

 
 
 

     
1 

(<1%) 

Typhlitis 
1 

(1%) 
      

1 
(<1%) 



 

Lung infection 
1 

(1%) 
      

1 
(<1%) 

Alanine 
aminotransferase 

increased 

1 
(1%)       

1 
(<1%) 

Aspartate 
aminotransferase 

increased 

1 
(1%)       

1 
(<1%) 

Skin and 
subcutaneous tissue 

disorder 

1 
(1%)       

1 
(<1%) 

Hypertension 
1 

(1%) 
      

1 
(<1%) 

Confusion    
1 

(2%) 
   

1 
(<1%) 

Dyspnoea    
1 

(2%) 
   

1 
(<1%) 
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