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Abstract 

Persistent infection with high-risk human papillomavirus (HR-HPV) is 

associated with genital and head and neck cancers, yet most HR-HPV 

infections have a benign course. The molecular mechanisms that lead to HR-

HPV persistence and cellular transformation are not well understood. The HPV 

oncoprotein E7 plays a central role in viral survival and proliferation in host 

cells and it is partly responsible for the transformation of cells infected with 

HPV. Its most studied role is inducing a proliferative state in epithelial cells via 

degradation of the Retinoblastoma (Rb) protein, but it also interferes with other 

cellular activities such as DNA repair and immune responses to provide a 

suitable environment for viral replication. Previous work in the group identified 

the Spermatogenic Leucine Zipper 1 protein (Spz1) as a novel interactor of the 

high-risk HPV E7 protein. Spz1 is a protein that is not well studied and has 

been described as an oncogenic transcription factor linked to cellular 

proliferation and cancer progression.  

The aim of this project was to characterise and study the function of Spz1 

within the cell and investigate its role in HPV-induced carcinogenesis through 

its interaction with E7. To achieve this, HaCaT and NIH3T3-derived cell lines 

stably overexpressing HPV-16 E7 and/or Spz1 were generated to study the 

effect of Spz1 on E7-induced transformation of cells in vitro. Cells 

overexpressing Spz1 and E7 had significantly reduced proliferation and 

impaired growth in suspension compared to cells that only expressed E7. 

Furthermore, Spz1 was found to have a protective effect against Rb 
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degradation caused by E7 in experiments where Spz1, E7 and Rb proteins 

were transiently overexpressed. Cycloheximide chase assays showed 

increased half-life of Rb in presence of Spz1, regardless of E7 expression, 

suggesting its anti-oncogenic activities may go beyond HPV- induced 

carcinogenesis. Surprisingly, E7 levels and half-life were also increased by 

Spz1 in a dose-dependent manner, suggesting that, when in complex, Spz1 

modulates E7 degradation too.  

Additionally, Spz1 was found to be secreted extracellularly via non-classical 

secretion pathway and cells that were in contact with extracellular Spz1 

showed higher E7 and Rb levels than cells that did not. This showed the ability 

of exogenous Spz1 to enter cells and block E7 and protect Rb, making it a 

very interesting candidate for further research as an anti-oncogenic agent. 

The work presented in this study shows Spz1 is a novel secreted factor with a 

tumour suppressor role, as it binds to and partially blocks the activity of the E7 

oncoprotein and independently stabilises the retinoblastoma protein. Overall, 

these results suggest that Spz1 may be used as a therapeutic against HPV-

induced cancers and possibly other cancers with Rb mutations. 
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Lay summary 

Human papillomavirus (HPV) is the most common sexually transmitted 

infection and most people will become infected with HPV at some point in their 

lives. There are over 200 types of HPVs, 14 of which have been classified as 

high-risk HPVs (HR-HPV) according to their association with cancer. Among 

them, HPV type-16 is the most likely to cause persistent infection and lead to 

genital and head and neck cancers. Although HR-HPV infections are very 

common, most are asymptomatic and are cleared within two years. However, 

for reasons not fully understood, a small number become persistent and lead 

to cancer. While prophylactic HPV vaccination has shown to be effective 

against HPV infection, it only offers protection against certain HPV types and 

current treatment of HPV-induced lesions consists of surgical removal. As 

cervical cancer is the third most common cancer in women worldwide and 

other anogenital and oropharyngeal cancers are on the rise, there is a need 

for developing both tools for disease progression and treatments to improve 

management of HPV-related cancers. To do so, it is key to better understand 

how the virus interacts with the infected cells. 

Within the virus, there is a protein called E7 that is key for HPV survival in the 

cells and that is known to partly be responsible for the development of cancers 

linked to HPV. The main role of E7 is to induce cellular proliferation by 

interfering with the activity of a cellular protein called retinoblastoma, that acts 

as a switch to start and stop cellular cycle. Irregular activity of the 

retinoblastoma protein is common in many types of cancers. We have found 
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that the cellular protein Spz1 (Spermatogenic Leucine Zipper 1), that has been 

linked to cancer before, binds very strongly to the E7 protein of high-risk HPVs 

but not to the E7 of low-risk HPVs. Hence, I hypothesised that Spz1 be 

important in HPV infection and cancer. As not much is known about Spz1, the 

main aims of this study are to learn more about Spz1 and to investigate if it is 

involved in HPV-induced cancers.  

To study this, I generated cells that express high levels of E7 and Spz1 

proteins and studied their behaviour. I found that, in presence of Spz1, cells 

that expressed E7 were less likely to grow in suspension- a characteristic of 

transformed cancerous cells- and grew at a slower rate than cells that only 

expressed the E7 oncogene. Moreover, the levels of the retinoblastoma 

protein (Rb)- that are drastically reduced by E7- were higher when Spz1 was 

present too. These results indicate that Spz1 may be key in fighting against 

HPV infections as it binds and partially blocks the oncogenic activity of E7 in 

the cells.  

Interestingly, Rb protein levels were also increased by Spz1 in absence of E7. 

As low levels of Rb are found in many cancers, these findings could prove very 

useful in the search for treatments of cancers with dysregulated Rb. 

Additionally, I found that Spz1 is secreted from the cells and that it can bind to 

E7 and stabilise the Rb of neighbouring cells.  

Overall, these results suggest that Spz1 is an anti-tumoral factor that could be 

used as a therapeutic against HPV-induced cancers and possibly other types 

of cancers with Rb mutations. 
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1  Introduction 

1.1 Human Papillomavirus 

Human Papillomaviruses (HPVs) are a group of small (8Kb) non-enveloped 

circular double stranded DNA viruses that belong to the Papillomaviridae 

family. HPVs infect cutaneous and mucosal epithelia of humans and were first 

linked to cervical cancer in the 1980s by a German virologist, Harold zur 

Hausen, who later won a Nobel Prize for his scientific findings. Nowadays 

HPVs are well known because of their linkage to cancers such as cervical, 

oropharyngeal, vulvar, and other anogenital cancers.  

The HPV genome is highly conserved and has a prototypical structure that 

consists of three regions: a long coding region (LCR), also known as upstream 

regulatory region (URR), containing the Origin of replication (Ori) and promoter 

sites that regulate viral replication and transcription; the early coding region, 

that encodes at least six early proteins - E1, E2, E4, E5, E6 and E7- and the 

late coding region, that encodes two late proteins - L1 and L2.  

HPVs are taxonomically classified in 5 genera- Alpha, Beta, Gamma, Mu and 

Nu - depending on the genetic sequence of the ORF coding for the capsid 

protein L1, which is highly conserved. L1 sequences of different genera have 

less than 60% homology. The HPVs associated with cancer mainly belong to 

the Alpha genus- which contains the HPVs that infect the genital epithelia. 

HPVs from the Beta genus are linked to cutaneous lesions that generally do 
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not transform. The HPVs in the Gamma, Mu and Nu genera are associated 

with benign disease.  

HPVs are further classified in types based on L1 nucleotide sequences, where 

a new type is at least 10% different from its most closely related neighbour 

(Bzhalava, Eklund and Dillner, 2015). Each newfound HPV is assigned a 

unique type number according to when it was discovered such as Type 16, 

Type 45, etc. There are currently over 200 types of HPVs known (Bernard et 

al., 2010; Van Doorslaer et al., 2017). HPV types can also be classified 

according to the strength of their association with cancer and this can be 

helpful for clinical contextualisation/application–as having a “high-risk” (HR) 

HPV types or “low-risk (LR)” for malignancy. There are around 14 high-risk 

HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66 and 68), where 

HPV-16 and 18 are  the most common oncogenic types and are responsible 

for approximately 70% of cervical cancers worldwide (Stanley, 2010; Li et al., 

2011). HPV-16 is the type most likely to cause persistent infection and lead to 

cervical cancer (Schiffman et al., 2005)  and epidemiological studies have 

shown HPV-16 is the most commonly detected HPV in cervical cancer, 

worldwide (Guan et al., 2012) . Among the low-risk HPVs, types 6 and 11 are 

the causing agents of most genital warts and respiratory papillomatosis 

(Muñoz et al., 2003). 

The HPV has a marked tropism for mucosal and epithelial cells. In multi-

layered epithelia, HPV virions infect the dividing basal layers of keratinocytes 

which can be exposed through micro-wounds (Doorbar, 2005). The HPV binds 
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to cellular receptors such as heparin sulphate proteoglycans (HSPGs) and 

conformational changes occur within its capsid that allow for viral endocytosis 

in the cell. The virus then travels to the nucleus via the Golgi network and it 

starts its replication process.  

Upon successful cellular infection, the early genes E1 – encoding for a DNA 

helicase- and E2 are expressed, as they regulate further viral genome 

replication and transcription. Then, the E5, E6 and E7 genes are expressed, 

which modulate the cellular cycle by disrupting keratinocyte differentiation and 

through modification of cellular signalling (Moody and Laimins, 2010). This 

results in survival and higher proliferation of infected cells, which is vital for the 

viral life cycle. At this stage, the viral DNA is kept as an episome and in low 

copies (less than a hundred) as part of the immune evasion mechanisms that 

HPV has developed (Westrich, Warren and Pyeon, 2017). As the HPV-

containing cells reach the upper layers of the epithelia, the viral genes E4 

(involved in virion assembly), L1 (encoding for the major capsid protein) and 

L2 (encoding for the minor capsid protein) are expressed and recruited into 

the cellular nucleus, which allows for the viral particles to be formed and 

released (Doorbar et al., 2012). The viral cell cycle in a multi-layered 

squamous epithelium is shown in Figure 1.1.  
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Figure 1.1 Human papillomavirus life cycle in squamous epithelium.  

HPV infects basal cells through wounds present in the epithelium and 

maintains infected cells (in purple) in a proliferative state. Upon reaching 

the topmost upper layers, viral particles are released, and the virus is 

spread. Viral DNA integration into cellular genome (red) can lead to cellular 

immortalisation and progression into cancer. Image reproduction has been 

approved by the authors (Woodman, Collins and Young, 2007). 
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1.2 HR-HPV associated disease 

There are around 40 HPV types that are sexually transmitted, and lead to 

asymptomatic infections, genital warts, condylomas pre-malignant lesions and 

cancers. HPV infection is the most prevalent sexually transmitted infection, 

and it is estimated that 80% of the population will be infected with HPV at some 

point in their lives (de Sanjosé et al., 2007). While most of HPV infections will 

be asymptomatic and clear within 2 years (Castle et al., 2009), a small fraction 

of them will become persistent and may lead to abnormalities that, if left 

untreated, can develop into cancer.  

Cervical cancer was the first cancer linked to HPV infection. It is the third most 

common cancer among women worldwide and the main cause of death by 

cancer in women under the age of 35 (Bruni et al., 2016) . Cervical cancer is 

understandably the HPV-associated cancer that more research has been 

done on. The HPV type 16 has been defined as a tumour- promoting agent by 

the World Health Organisation (WHO) since 1995. It is currently believed that 

a persistent HPV infection is necessary for the development of cervical cancer.    

In about 80% of cervical cancers, the viral DNA -originally kept as an episome- 

is integrated in the cellular genome (Melsheimer et al., 2004). Due to this 

integration, the viral genes E1 and E2, are disrupted and this results in the loss 

of the proteins in charge of viral transcription. The negative feedback on 

oncogene expression (mainly proteins E6 and E7) is lost and these 

upregulated genes disrupt the cellular mechanisms for stopping cell cycle and 

undergoing programmed cellular death. The result is a transformed cell that 
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replicates rapidly and can soon lead to abnormal cellular growth in the cervical 

tissue. The integration into the cellular DNA is not a good outcome for the virus 

as it becomes unable to produce infective virions, as integration leads to the 

loss of part of its genome. However, the relationship between viral integration 

and cancer is not straightforward, as integrated DNA has been found in early 

HPV-induced lesions and episomal forms (only) are also found in some HPV 

associated cancers (Hudelist et al., 2004; Wei et al., 2015) . While it is yet to 

be understood which are the circumstances that lead to persistent infection, 

viral genome integration and the different routes to potential carcinogenesis, 

there is no doubt that HPV is a necessary cause of cervical cancer (Doorbar, 

2005). 

Cervical cancer is, however, a very rare outcome of HPV infection. Persistent 

HPV infections that lead to cervical disease (cytological abnormalities) can and 

do reverse quite often to a healthy state. The lesions in the cervix are classified 

in two different ways: as a 3-category system – currently used for reporting in 

the UK (ABC, 2013)- and as a 2-stage system. The first is denominated 

Cervical Intraepithelial Neoplasia (CIN), with categories CIN1, CIN2 and CIN3, 

that depend on the proportion of epithelial cells that show dysplasia. The 2-

stage system is named Squamous Intraepithelial Lesion (SIL)- with low-grade 

squamous intraepithelial lesions (L-SIL) and high-grade squamous 

intraepithelial lesions (H-SIL), based on the degree of abnormality of the 

epithelial structure. However, the degree of abnormalities does not strictly or 

precisely indicate risk of cancer progression, as all- including CIN3- can 
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regress naturally to a healthy state (Trimble et al., 2005; Moscicki et al., 2010) 

through mechanisms not yet fully understood.  

Many countries have a cervical screening system in place for early detection 

and management of cervical lesions. Traditionally, abnormalities in cervical 

cells were detected by cytology-based screening using smears (including 

liquid based cytology) collected from women in a clinic and then stained and 

analysed through microscopic assessment of cellular morphology. The degree 

of any morphological abnormality detected then indicates the required follow 

up. 

Cytology based screening has been used by many countries, but there is a 

degree of subjective analysis and it requires highly trained specialists to 

analyse the samples. The sensitivity of this method of detection is not very 

high as the abnormal cells can be missed at sample collection or at the 

detection stage. Its success depends on the operator’s skills, that can vary 

between cytopathologists (Koliopoulos et al., 2007). Thus, most countries 

have moved towards detection of the HPV virus as a primary screening- test 

since HR- HPVs are present in virtually all cervical cancers. The main 

advantages of looking for HR-HPVs in cervical scrapes are the early detection 

of the agent causing cervical cancer and its high negative predictive value 

(Dillner et al., 2008). These allow for longer  screening intervals which saves 

resources  from healthcare systems (Bosch et al., 2016). Additionally, 

research (Elfström et al., 2014) suggest that even though HPV testing is more 

sensitive than cytology, there has been no significant changes in the number 
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of cervical disease cases reported. In Scotland, HPV primary screening started 

in March 2020. Currently, cervical screening is offered to women aged 

between 25 and 64 years old. A cervical sample is taken from the patient and 

sent to the laboratory for detection of HR-HPVs. If there is no HR-HPV present 

in the sample, the patient will go back to routine cervical screening at 5 years. 

If there is HR-HPV present, the sample is further analysed to assess if there 

are cytological changes. Where abnormalities are present, the patient is sent 

for colposcopy, a close visual examination of the cervix by a specialist. If no 

cytological abnormalities are found, the patient will be invited for a repeat HPV 

testing in a years’ time.  

While HPV testing has the advantages of being an objective molecular test 

where less specialised staff are needed, its main caveat is the lack of 

specificity for CIN3+ disease, as many HPV infections are naturally cleared 

and do not develop into cellular abnormalities or invasive cancer. Hence, with 

HPV testing there is a need for another assay to risk-stratify women that have 

tested positive for HPV. This secondary screening could be based on cytology 

and/or disease biomarkers to assess whether the patient needs treatment, or 

it is not at risk of developing cancer. In Scotland it is currently based on 

cytology, but an objective molecular test would be best, as, thanks to 

vaccination the performance of cytology is reducing (Palmer et al., 2016) and 

there is in general an agreement that objective tests are better than the ones 

that are subject to interpretation. 
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There are currently some biomarkers used for such purpose, such as p16 (also 

known as p16INK4a and CDKN2A) and Ki67 (Von Knebel Doeberitz, 2002; 

Wentzensen et al., 2012) – although these still require a level of subjective 

interpretation. The tumour suppressor p16 is a cyclin-dependent kinase that is 

involved in the regulation of cellular cycle. Its role is closely related to the 

Retinoblastoma protein (Rb)- highly dysregulated by the viral oncogenes E6 

and E7. Upon viral infection, the Rb is inactivated which leads to 

overexpression of p16, that functions to prevent cellular proliferation in 

absence of retinoblastoma protein. There is no consensus in relation to p16 

levels in all cancers, as it is upregulated in some cancers and downregulated 

in others. However, HR-HPV infection is always linked to overexpression of 

p16 and this has enabled its use as a diagnostic tool. As an example, HPV- 

induced oropharyngeal cancers (OPC) have a very different prognosis and 

response to radiotherapy treatment than those that have non-viral causes 

(Fischer et al., 2010) – and OPC are routinely annotated for p16 status to 

inform tumour-classification. Currently p16 is measured by 

immunohistochemical staining of biopsies and its presence and distribution in 

the affected tissue. In cervical samples – based on liquid based cytology- the 

staining is done on fixed cells and diagnostics are done based on a scoring 

system (Wentzensen et al., 2005). However, its use as a general diagnostic 

tool is limited as the evaluation of results requires expertise and the volume of 

cervical samples required to be immunostained is too high to make it viable 

long-term in a clinical setting. 
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 Moreover, it requires a degree of subjective interpretation and does not 

predict which cases will progress to cancer but is helpful in the management 

of HPV-related disease.  

Ki67 is a nuclear protein that plays several roles during cellular proliferation. It 

is expressed in all proliferating cells and has been used widely as a prognostic 

marker of tumours, as its expression correlates with higher metastasis rates. 

It has been used in the management of cervical disease (Silva et al., 2017) but 

it has limitations in its use with liquid based cytology as a screening method 

since these samples contain a mixture of cells from different epithelial layers 

and the basal layers of the epithelium have proliferating capacity and Ki67 will 

be present in their nucleus.  

Dual staining of p16 and Ki67 proteins is used as a marker of cellular de-

regulation by HR-HPVs. In healthy cells, when Ki67 is present (while 

proliferating), the tumour suppressor p16 cannot be detected. In principle, both 

proteins are only present at the same time in cells infected by HPVs. The 

staining can easily be performed on LBCs and there seems to be a correlation 

between the ki67/p16 positive rate and the severity of the cytological 

abnormalities in HPV positive clinical samples (Wentzensen et al., 2019; Jiang 

et al., 2020). However, interpretation of p16/ki67 dual staining still requires a 

level of subjectivity and its clinical performance varies greatly between CIN 

stages and age of the patient, when compared to cytological tests (Ziemke, 

2017).  
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While in the future p16/ki67 dual staining may prove to be a more robust way 

of risk-stratifying HPV positive patients than cytology, it is worthwhile looking 

into other potential biomarkers that could be detected on other sample types- 

such as self-taken samples- and do not require the same level of expertise 

and subjective interpretation as cytology or immunohistochemistry.  

 

1.3 HPV vaccination 

There are currently three prophylactic vaccines against HPV available on the 

market: Cervarix®, Gardasil® and Gardasil® 9. Cervarix® (GlaxoSmithKline 

UK) was the first vaccine developed to protect against the two main HR-HPV 

types- 16 and 18- that together cause over 70% of cervical cancers (Bhatia et 

al., 2016).The Gardasil® vaccine developed by Merck protects against the 

oncogenic types 16 and 18 and against types 6 and 11 that cause 90% of 

genital warts. The Gardasil® 9 vaccine protects against 9 HPV types- 16, 18, 

31, 33, 45, 52, 58, 6 and 11. The first 7 are HR-HPV types responsible for 

around 90% of anogenital cancers according to global estimates (de Martel et 

al., 2017). 

The three vaccines are made of recombinant virus-like-particles (VLPs) made 

of the viral protein L1 - the major capsid protein- in suspension. They all offer 

protection against the types present and there may be some cross-protection 

against similar viral types (Malagón et al., 2012; Kreimer et al., 2015).  
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Vaccination alongside screening are the main long-term strategies to protect 

against cervical cancer worldwide, but the implementation of vaccination has 

varied from country to country. In the UK, HPV vaccination was implemented 

in 2008 as part of the school immunisation programme. Originally, girls of 12-

13 years were routinely vaccinated with three doses of Cervarix® and those 

up to the age of 18 were offered vaccination during a three-year catch-up 

programme. In Scotland, vaccination was very successful (Sinka et al., 2014) 

with uptake numbers above 90%. In 2012 the Joint Committee for Vaccination 

and Immunisation recommended the switch to the quadrivalent Gardasil® 

vaccine that offers protection against genital warts. The switch was partly 

powered by the success of this vaccine in other countries such as Australia, 

where it had been in use since 2006. From September 2014, there was a 

change in Scotland from three to two vaccine doses as research showed equal 

protection against HR-HPV types (Dobson et al., 2013). While vaccinating 

women offers protection to the rest of the population through herd immunity, 

men that have sex with men are excluded from such protection. In Scotland, 

men have been offered HPV vaccination in HIV and sexual health clinics since 

2017 and boys of the age of 12-13 have been routinely vaccinated in school 

immunisation programmes from September 2018.  

There is currently no antiviral treatment against HPV infection. The current 

treatment is based on the surgical removal of the lesions. The reasons why 

most of the HPV infections are asymptomatic and regress naturally without 

causing any disease, while a minority cause persistent infections and lead to 
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cancer are still poorly understood (Schiffman et al., 2016). Furthermore, even 

though vaccination and screening programmes have been key to reducing the 

burden of cervical cancer worldwide (Drolet et al., 2019), the uptake varies 

greatly between high-income countries and low-income and lower-middle-

income countries (LMICs) (WHO, 2019). As LMICs lack the resources to set 

up routine vaccinations and screening programmes against cervical cancer, 

they currently account for the majority of new cervical cancer cases every year 

(Bray et al., 2018). As the World Health Organisation (WHO) issued a call in 

May 2018 to eliminate cervical cancer as a public health concern, more 

research needs to be done in prevention and treatment of HPV infection. 

 

1.4 HPV oncoproteins E6 and E7 

The HPV life cycle is dependent on the stratification of the epithelium. HPV 

infection occurs in the basal proliferative keratinocytes through micro-wounds 

present in the epithelium. Two viral proteins – E6 and E7- are key in these 

early infection stages and the success of the viral life cycle is entirely 

dependent on them. They act together and target pathways that control cellular 

cycle and apoptosis, so what should be a terminally differentiated cell remains 

proliferative when it reaches the upper layers of the epithelium and releases 

viral particles. 

While all HPV types express some form of E6 and E7 proteins, the ones of the 

HR-HPVs belonging to the alpha genera are best studied (such as types 16, 
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and 18) as they have been linked to cancers in different anatomical sites for 

years. Knowledge of viral life cycle is partly based on in-vitro research done 

on raft culture models with epithelial cells, where cells are grown in 

laboratories in conditions to resemble organotypic structures and are then 

infected with HPVs. But organotypic raft cultures are hard to generate and 

maintain from a technical perspective and produce low yields of virus. 

E6 and E7 proteins act together to abrogate main cell cycle points to keep an 

environment conducive to viral replication. Their transcription is tightly 

regulated by the viral E2 protein, which can be lost when viral DNA is inserted 

into the cellular genome. This loss of E2 results in unregulated high 

transcription of the E6 and E7 proteins, that can induce cellular transformation.   

The oncoprotein E6 is a protein of 150 amino acids that contains two zinc 

fingers flanked by an N- terminal and a C-terminal domain of variable lengths 

and sequences, depending on the HPV type and splice variants (Nominé et 

al., 2006). E6 is localised mainly in the cellular nucleus and while it lacks 

enzymatic activity, it modulates many cellular pathways through its binding to 

other proteins and DNA. Its most well-known role is the abrogation of 

apoptosis through the degradation of the p53 molecule, but it is also involved 

in chromosomal instability, cellular proliferation, and immune evasion.   

The main cellular target of E6 is the tumour suppressor p53. The protein p53 

is physiologically present at low levels and inactive in healthy cells and is 

activated and produced at higher levels upon cellular DNA damage or 

abnormal DNA production. Active p53 modulates the cellular response from 
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DNA repair to apoptosis depending on the degree of the DNA damage, by 

triggering different signalling pathways. Viral E6 proteins have different 

mechanisms to regulate its transactivation, localisation, and degradation and, 

therefore, the transcription of genes regulated by p53.  

The main mechanism of blocking p53 activity requires E6 associated protein 

(E6AP), a ubiquitin ligase. E6 proteins from HR-HPVs from a complex with 

p53 and the E6AP, that marks p53 for proteasomal degradation (Scheffner et 

al., 1993). Additionally, the binding of E6 to p53 alters the conformation of the 

latter and prevents its binding to other proteins (such as the acetyltransferases 

p300 and hADA3) that would acetylate and activate p53 as a response to DNA 

damage (Gu and Roeder, 1997; Kumar et al., 2002).  

E6 also abrogates apoptosis through p53- independent mechanisms, such as 

the activation of tumour necrosis factor (TNF) receptors in the cell surface. E6 

binds and inactivates different key proteins in the TNF-mediated apoptosis 

pathway such as the tumour necrosis factor receptor-1 (TNFR-1), its activator 

caspase-8 and the adapter molecule FADD (Filippova et al., 2002; 

Tungteakkhun et al., 2008).  

The E6 oncogene contributes to cellular immortalisation by targeting and 

activating the hTERT, the catalytic subunit of the telomerase (Klingelhutz et 

al., 1996)(Klingelhutz, Foster and McDougall, 1996)(Klingelhutz, Foster and 

McDougall, 1996)(Klingelhutz, Foster and McDougall, 1996)(Klingelhutz, 

Foster and McDougall, 1996)(Klingelhutz, Foster and McDougall, 

1996)(Klingelhutz, Foster and McDougall, 1996)(Klingelhutz, Foster and 
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McDougall, 1996)(Klingelhutz, Foster and McDougall, 1996)(Klingelhutz, 

Foster and McDougall, 1996)(Klingelhutz, Foster and McDougall, 1996), which 

has been found to be active in most cancers. (Shay and Bacchetti, 1997). 

Under physiological conditions, the telomerases- that lengthen the ends of the 

telomeres- become inactive after certain cell passages allowing for the cell to 

enter senescence. The E6 protein activates hTERT activity by forming a 

complex with the E6AP (James et al., 2006), increasing the natural lifespan of 

the HPV infected cells.  

The viral protein E7 is a small protein of 98 amino acids that contains three 

conserved domains- CD1, D2 and CD3. The domains CD1 (amino acids 1-20) 

and CD2 (amino acids 21-38) resemble the adenovirus E1A protein and the 

domain CD3 (amino acids 39-98), the SV40 large T antigen, in structure and 

functions. E7 is involved in many functions to ensure viral survival, from 

immune system evasion to increased cellular proliferation. In itself, E7 does 

not have enzymatic activity but binds to different cellular components to 

modulate their activities and localisations, having an important role in 

modification of cellular environment.  

E7’s most known role is the disruption of the Retinoblastoma tumour 

suppressor (Rb) pathway. Rb regulates transition of the cell from the G1 phase 

to the S phase. Unphosphorylated Rb (present in the G1 phase) binds to the 

E2F transcription factor– a family of transcription factors first identified as a 

transcriptional regulator of the adenovirus E2 promoter- and supresses 

transcription of promoters dependent on E2F activation, such as CDK2.  E7 
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targets and binds to unphosphorylated Rb through its LXCXE motif present in 

the CD2 domain and the E2F-Rb complex is disrupted, allowing for E2F to 

bind to the promoter regions of CDK2 and other S-phase genes involved in 

cell cycle progression and DNA synthesis.  

Since cellular proliferation is essential for HPV survival, the virus dysregulates 

several key pathways to produce a favourable environment for viral 

proliferation. Hence, the E7 oncogene not only disrupts the functions of the Rb 

protein, but also marks it for degradation through the ubiquitin proteasomal 

pathway (Boyer, Wazer and Band, 1996), which leads to lower and inactive 

Rb levels in the cell. This reduction of Rb levels triggers the transcription of the 

p53 protein and other apoptotic agents, but in HPV- infected cells the E6 

oncogene abolishes this cellular mechanism, pushing the cell to uncontrolled 

cycling and production of viral DNA copies and virions.  

E7 also binds other pocket proteins from the kinase inhibitory protein (KIP) 

family, such as p21 and p27, tumour suppressors with key roles in cellular 

proliferation and apoptosis through interactions with cyclin-dependent-kinases 

(CDKs). A well-known pathway to regulate cellular cycling in keratinocytes is 

the CDK2. This enzyme forms complexes with other cyclins such as Cyclin E 

and Cyclin A that phosphorylate proteins such as Rb and kickstart the S phase 

of the cell cycle.  

In physiological conditions, p21 forms a complex with CDK2 that prevents its 

binding and activation to other cyclins, so the cell remains in the G1 phase. 

Upon viral infection, E7 binds to p21, releasing active CDK2 that kickstarts the 
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S-phase of the cycle. The E7 proteins also bind downstream interactors of p21 

such as CDK2 (He et al., 2003) and Cyclins A and E (Nguyen and Münger, 

2008) by forming a complex with the retinoblastoma tumour suppressor, which 

enhances their activity and directly starts the S-phase of the cell cycle.  

E7 acts by binding to histone deacetylases (HDACs) through its C-terminal 

zinc finger-like domain and modulates transcription of cell-cycle regulatory 

genes (Longworth and Laimins, 2004; Longworth, Wilson and Laimins, 2005), 

which is essential for the survival of the virus genome.  

E7 also alters the Nuclear factor-kappa B (NF-kB) pathway. The family of NF-

kB transcription factors regulate many events in the epithelial cells, including 

immunological response by stimulating the expression of cytokines and 

cytokine receptors (Hayden and Ghosh, 2008), cellular proliferation and 

survival (Guttridge et al., 1999). The NF-kB pathway is activated during viral 

infection, however, the exact role that the NF-kB pathway plays in HPV-

mediated cervical cancer is not yet fully known (Hoesel and Schmid, 2013).  

E7 has been shown to attenuate the host immunity response to HPV infection 

by binding and inactivating the I-kappa B kinase complex and, hence, 

preventing the activation and translocation of the NF-kB transcription factor to 

the cellular nucleus.  

Genomic instability- a hallmark of HPV-induced cancers- is induced by high-

risk E7 proteins very early on, before viral genome integration into the cellular 

DNA (Duensing et al., 2001). E7 induces aberrant centrosome duplication that 

leads to cell division errors such as abnormal chromosomal numbers. This is 
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a result of the malfunctioning of the p53 and Rb pathways induced by E6 and 

E7 and it results in abrogation of mitotic checkpoints that would otherwise 

trigger cellular apoptosis. 

While extensive research has been done on the E6 and E7 oncogenes, there 

are still gaps in knowledge that are key for understanding HPV-mediated 

oncogenesis. For example, the reason some HPV infections are cleared and 

some progress to persistent infection, or why episomal forms of HPV - with no 

dysregulated transcription of E6 and E7- can also lead to cancer, or some HPV 

induced lesions with high E6 and E7 expression- such as CIN3- regress 

naturally, while others progress to cancer. More research is needed to unveil 

pathways and molecules that are critical to the oncogenic process – this 

knowledge would help inform the development of tools to combat HPV 

associated infection and disease purposes.   

 

1.5 Spermatogenic Leucine Zipper 1 (Spz1) 

The Spermatogenic Leucine Zipper 1 (Spz1) was first discovered in 2001 as 

part of a cDNA library of genes expressed at embryological stage in mice testis 

(Hsu et al., 2001). While there is some research done on Spz1, it is an 

understudied protein with only eight research articles referring to it (Hsu et al., 

2001, 2004, 2005; Hrabchak and Varmuza, 2004; Wang et al., 2017, 2019; Liu 

et al., 2018, 2020). It has however proven to be an interesting candidate for 

further research in relation to cancer progression.  
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The human Spz1 is encoded by the SPZ1 gene, located in chromosome 5. 

There are two transcript variants of the SPZ1 gene. The one used in this study 

is the variant with accession number NM_032567, as it has been used in all 

previous Spz1 research too. This variant consists of one unique exon that 

codes for a protein of 430 amino acids. Based on its sequence, Spz1 it is 

predicted to have a basic-helix- loop-helix Zipper (bHLH-Zip) structure, highly 

common in DNA-binding proteins such as transcription factors. Spz1 is 

composed of three distinct domains: a helix-loop-helix motif (amino acids 166 

to 177) that consists of two helixes connected by a loop and is responsible for 

binding to DNA; a basic domain that includes amino acids 178 to 244; and a 

leucine-zipper region (amino acids 303 to 324), where a leucine is present 

every 7 residues, that is responsible for binding to other proteins from the 

same family. Transcription factors of the bHLH-Zip family form homo and 

heterodimers which regulates their activity by modulating its ability to bind to 

the DNA sequences (Rédei, 2008) and activate or silence gene expression. 

The family of bHLH transcription factors play key roles in cell proliferation and 

differentiation. Some very well-known members of this family are the Myc and 

MAX transcription factors, that are known to be dysregulated in many cancers 

(Dang, 1991, 2012), including cervical cancer. Some studies have even 

explored the potential of using the increase of Myc as surrogate marker of HPV 

disease in the cervix (Rughooputh et al., 2009; Gimenes et al., 2016).  

The Spz1 protein has a nuclear localisation and, like other members of the 

bHLH family, it has been reported to bind to E-box and G-box DNA sequences 
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(Hsu et al., 2001), commonly present in gene promoter regions. Spz1 is 

believed to be a key component in cellular cycle regulation and play a role in 

cellular proliferation and apoptosis (Hsu et al., 2001; Liu et al., 2020). In vitro 

assays have shown that cells that transiently overexpress Spz1 have an 

increased proliferation regulated through the MAPK/ERK pathway. The 

Mitogen Activated Protein Kinases (MAPKs) are a group of proteins that, 

responding to extracellular stimuli, phosphorylate and activate proteins 

involved in regulating the cellular cycle and induce entry into the S-phase 

where DNA is synthesised. In vitro assays have shown that Spz1 is 

phosphorylated by ERK1/2, a protein belonging to the MAPK/ERK pathway 

and that this active form of Spz1 enters the cellular nucleus and directly binds 

and transactivates the Proliferating Cell Nuclear Antigen (PCNA) promoter 

(Hsu et al., 2005; Gundurao, 2013), a molecule that brings together the 

necessary proteins for DNA replication (Boehm et al., 2016). Assays where 

Spz1 is transfected into cells, show an increased proliferation of cells (Wang 

et al., 2017) when compared to cells that did not overexpress Spz1.  

Spz1 is also involved in regulation of programmed cellular death by interacting 

with the Fas/FasL protein and the tumour suppressor p53. In vitro assays show 

that overexpression of Spz1 leads to increased levels of Fas/FasL protein and 

p53  (Hsu et al., 2001) in testis tissue that, in turn, leads to increased 

apoptosis. Those results are however different in cancerous tissues, where 

Spz1 seems to have an antiapoptotic role in cells that have been exposed to 

chemotherapeutic drugs (Liu et al., 2020).  
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Spz1 was first linked to cancers in 2017 and to date there are 3 studies that 

show increased levels of Spz1 in liver, colorectal and breast cancer samples 

(Wang et al., 2017, 2019; Liu et al., 2018). The exact mechanisms are still to 

be unveiled but there are hints towards the potential role of Spz1 in human 

carcinogenesis.  

In biopsies from human hepatocellular cancers, aggressive forms of this 

cancer had higher transcript levels of SPZ1 when compared to biopsies from 

less aggressive forms of liver cancer. Furthermore, higher Spz1 expression 

seems to be linked to poor survival rates, as shown by Kaplan-Meier curves in 

patients with liver of cancer (Wang et al., 2017).  

Recent work shows that the oncogene SPZ1 may collaborate with another 

well-known oncogene, TWIST-1, to increase cellular proliferation and 

migration (Wang et al., 2019). The Twist-1 transcription factor belongs to the 

basic-helix-loop-helix family of transcription factors and was first discovered in 

Drosophila melanogaster embryos. TWIST-1 expression is essential for the 

epithelial mesenchymal transition at embryological stages. Its expression is 

upregulated in several cancer types such as breast and prostate cancers, and 

squamous cell carcinomas (Kwok et al., 2005; Yuen et al., 2007) and it has 

been linked to more aggressive phenotypes and with metastasis.  Like Spz1, 

Twist-1 is phosphorylated and activated by the MAPK pathway (Hong et al., 

2011) and can form heterodimers with other members of the bHLH 

transcription factor family, such as Myc (Valsesia-Wittmann et al., 2004) to 

override cellular checkpoints and promote metastasis.  
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Expression of Spz1 correlates with expression of Twist-1 in liver cancer 

biopsies and it is contained within the lesion area  (Wang et al., 2017; Liu et 

al., 2018). Research by Wang et al., shows Spz1 enhances Twist-1 activity 

first by increasing its transcription and by directly forming a complex with the 

TWIST-1 and other proteins that activate this transcription factor enabling the 

binding to the promoter of the vascular endothelial growth factor (VEGF) gene.  

In vitro work shows that cells that have been transfected with SPZ1 have 

increased proliferation levels and form foci in soft agar assays and in vivo work 

with nude mice shows Spz1 induces primary fibrosarcomal tumours at 

injection sites (Hsu et al., 2001; Wang et al., 2017). 

Spz1 has also been linked to increased chemoresistance in certain types of 

cancers.  Some studies (Liu et al., 2018) show that cells increase their Spz1 

levels as a response to chemotherapeutical drugs and that this increase leads 

to higher resistance to the medical treatment. This phenotype is reversed 

when SPZ1 is knocked down. The exact mechanism is yet to be discovered, 

but Spz1 could be a potential target for cancer treatment as development of a 

chemotherapy resistant phenotype by cancerous cells is a well-known 

phenomenon.  

 

 Spz1 and HPV infection 

While HPVs are ubiquitous and most of us will become infected at some point 

in our lives, there is still a lack of understanding as to why some infections are 
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cleared and some develop into cancers and cervical cancer remains among 

the most prevalent cancers worldwide. It is crucial to gain a better 

understanding of the viral-host interactions that occur upon infection to find the 

pathways that are modulated upon viral infection and identify molecules that 

could be targeted for use as disease progression biomarkers or with 

therapeutic purposes.  

Work  by Gundurao (2013) within the Haas group has shown Spz1 to be a 

novel interactor of the HPV E7 protein, with a much higher binding affinity to 

high-risk E7 proteins than the low-risk ones. The parts of the protein involved 

in the interaction were tested with a yeast-two-hybrid system and, within the 

E7 oncogene, the CD2 domain (needed for binding the Rb protein) is 

responsible for the binding to Spz1 too. However, the LxCxE sequence, 

required for Rb binding, is not used for the binding of Spz1, suggesting these 

two proteins do not directly compete to bind the E7 oncogene and, 

furthermore, it could be hypothesised they form a complex that may modulate 

their individual activity by a change of conformation or cellular localisation. The 

protein domain of Spz1 that binds to E7 is, unsurprisingly, the leucine zipper 

domain, already known to have protein binding ability in the family of bHLH 

transcription factors.  

Preliminary work suggests Spz1 expression could be induced upon viral 

infection and, when overexpressed, HPV-16 E7 and Spz1 colocalise in the 

cellular nucleus and together transactivate the PCNA promoter, inducing cell 

cycle progression. Spz1 is also present in HPV positive cervical cell lines such 
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as HeLa, CaSki and SiHa and a small pilot study in cervical biopsies from 

healthy and CIN1-CIN3 grades with different HPV status (S. Moutevelidi, M. 

Sc. thesis, 2015) showed Spz1 expression may be induced upon HPV viral 

infection. However, no correlation was observed between Spz1 expression 

and CIN stage. More research needs to be done to further understand the 

potential role of Spz1 in HPV infection and cervical disease.  

 

1.6 Aims of the thesis 

While HPVs and their link to cancer has been known for years, there is still no 

precise understanding of why some infections are cleared and some progress 

to cancers. Although vaccination and screening programmes are in place in 

some countries, HPV-related diseases are still a burden, with oropharyngeal 

and certain anogenital cancers on the rise (de Martel et al., 2017). Many 

women worldwide have not been vaccinated due to age restrictions and/or 

access and even the vaccinated population may come across HPV types not 

covered by the vaccine. It is crucial to put efforts into understanding how the 

HPV infection develops to find potential biomarkers of disease progression 

that would help identify clinically significant HPV infection and lend themselves 

as potential therapeutic targets. 

As it is agreed that high level expression of the oncogenes E6 and E7 are key 

for HPV driven malignancies, their interactions and roles within the cell should 
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be further explored, to find potential novel dysregulated pathways and 

molecules involved in viral infection or disease progression. 

The spermatogenic leucine zipper 1 is a very interesting candidate for further 

research as it is a yet not very well-known protein that has so far been linked 

to higher cellular proliferation, disruption of apoptosis and cancer 

development. Additionally, Spz1 has a very high binding affinity for the E7 

oncoprotein of high-risk HPVs, suggesting its cellular role may be interlinked 

to viral infection and potentially, the development of HPV- induced cancers.   

The hypothesis of this thesis is that Spz1 plays a role in HPV infection and/or 

HPV induced carcinogenesis through its interaction with the viral oncoprotein 

E7.  The overarching aim of this thesis is to understand the role Spz1 plays in 

HPV- related cancers.  

The specific aims of this study are: 

• To characterise Spz1 with regards to its localisation in the cells.  

• To understand the role Spz1 plays in cellular proliferation, 

migration, differentiation, and transformation.  

• To find novel functions of E7 related to those of Spz1. 

• To understand the functional effects on cells that are caused by 

the interaction between E7 and Spz1.  
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2 Materials and Methods 

2.1 Materials 

 Reagents and chemicals 

Reagent Source 

Agarose powder Cat#:BIO-41025, Bioline 

SYBR®safe DNA gel stain  Cat#:S33102, Invitrogen 

GeneRuler 1 kb DNA Ladder Cat #: SM0312, ThermoFisher 

Restriction enzymes New England Biolabs 

Gateway™ BP Clonase™ II 

Enzyme mix 
Cat#: 11789100, ThermoFisher 

Gateway™ LR Clonase™ II 

Enzyme mix 
Cat#: 1791100, ThermoFisher 

KOD DNA polymerase Cat#: 71085, Merck 

TaqMan™ Fast Universal PCR 

Master Mix (2X), no AmpErase™ 

UN 

Cat#: 4352042, ThermoFisher 

TaqMan DNA probes 
Universal Probe Library Set, Cat#: 

04683633001,  Roche 

Anti-HA High Affinity Antibody Cat#: 11867423001, Roche 

Anti-Spz1 Antibody Cat#: 13569-1-AP, Proteintech 
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Anti-HPV16 E7 Antibody (NM2) 
Cat#: sc-65711, Santa Cruz 

Biotechnology 

Anti-rabbit IgG, HRP-linked 

Antibody 
Cat#: 7074, Cell Signaling Technology 

Anti-rat IgG, HRP-linked 

Antibody 

Cat#: 112-035-062, Jackson 

ImmunoResearch 

Anti-mouse IgG, HRP-linked 

Antibody 

Cat#: 115-035-146, Jackson 

ImmunoResearch 

Anti-cytokeratin 10 Antibody Cat#: ab9026, Abcam 

Anti-involucrin Antibody Cat#: ab68, Abcam 

Polyethyleneimine (PEI) Cat#: 11384928, ThermoFisher 

Lipofectamine® 2000  Cat#: 11668019, ThermoFisher 

Protein G Sepharose 4 Fast Flow  

Clarity Western ECL Substrate Cat #: 1705060, Bio-Rad 

Human Spz1-6*his fusion protein Cat#: ag6995, Proteintech 

NuPAGE® 10%Bis-Tris Gel 

1.5mm 
Cat#: NP0315BOX, ThermoFisher 

HiTrapTM Protein G HP columns Cat#: 29-0485-81, GE Healthcare 

Antibody Package  Protein G Cat#: 29-0588-06, GE Healthcare 

Super RX Medical X-ray Film Cat#: 47410 08406, FujiFilm 

Centricon 30 columns  Cat#: 4208, Amicon 

Protein G columns  Cat#: 29-0588-06, GE Healthcare 

HisTrap affinity columns  Cat#:17-5247-01, GE Healthcare 
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 Media, buffers and solutions 

Media 

Name Description 

LB Broth Cat#: L3522-1KG, Merck 

LB Agar Cat#: L3147-1KG, Merck 

DMEM- high glucose Cat#: D6429, Merck 

RPMI -medium 1640 (1X) Cat#: 11875093, Gibco 

DMEM (2X) Cat#: SLM-202-B, Merck 

Keratinocyte-SFM (1X) Cat#: 177005042, Gibco 

Opti-MEM I Reduced Serum Media Cat#: 31985062, ThermoFisher 

Pro293s-CDM Medium Cat#: 12-764Q, Lonza 

Heat Inactivated Foetal Bovine 

Serum 
Cat#:10500-064, ThermoFisher 

Blasticidin Cat#: ant-bl-1, InvivoGen  

 

Buffers and solutions 

Name Source/composition 

NuPAGE® MOPS SDS running 

buffer (20x) 
Cat#: NP0001, ThermoFisher 

NuPAGE® transfer buffer (20x) Cat#: NP00061, ThermoFisher 

Phosphate buffer saline tablet Cat#: P4417-100TAB, Sigma 
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Coommasie destaining solution 
45% methanol, 45% acetic acid, 10% 

water 

 

 Equipment and consumables 

Equipment 

Equipment Manufacturer 

MicroStar 17 centrifuge VWR 

GeneAmp® PCR System 9700 Applied Biosystems 

Eppendorf Thermomixer® R Dry Block Heating 

and Cooling Shaker Eppendorf 

Eppendorf 5810R centrifuge Eppendorf 

U:GENIUS3 UV transilluminator Syngene 

NanoDrop® ND-1000  Spectrophotometer Nanodrop Technologies 

QuantStudio 12K Flex Real Time PCR System Applied Biosystems 

Hera Cell 150 incubator Heraeus 

Stratagene Mx3005P Agilent Technologies 

POLARstar OPTIMA BMG Labtech 

TC-512 thermocycler Techne 

 

Consumables 

Consumables Manufacturer 
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Corning® Cell culture flasks (T25, T75, T175 cm2) Sigma-Aldrich 

Corning® Costar® TC-Treated Multiple Well Plates 

(Flat bottom,6,12,24,48 and 96-well) Sigma-Aldrich 

Corning® tissue-culture treated culture dishes Sigma-Aldrich 

Falcon tubes (15,50ml) Corning 

Corning® Costar® Stripette® serological pipettes 

(5,10,25 and 50ml) Sigma-Aldrich 

Microcentrifuge Tubes (0.5. 1.5 and 2ml) Eppendorf 

Gene Pulser®/MicroPulser™ electroporation cuvettes 

Cat#:1652082, Bio-

Rad 

Nalgene™ PPCO Centrifuge Bottles 

Cat#:3141-0250, 

ThermoFisher 

Low profile PCR tubes, strips of 8 

Cat#:AB0771, 

ThermoFisher 

Low Profile Tubes and Flat Caps, strips of 8 

Cat#:AB0773, 

ThermoFisher 

 

 

 Biological material 

Plasmids 

Vector name Source Description 

pDONR207 Invitrogen Gateway® donor vector 
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pDONR221 Invitrogen Gateway® donor vector 

pDONR223 Invitrogen Gateway® donor vector 

pCR3 Invitrogen mammalian expression vector 

pCR3-N-HA Invitrogen N-terminal HA tag 

pCR3-C-HA Invitrogen C-terminal HA tag 

pCR3-C-HIS Invitrogen C-terminal 6His tag 

pCR3-C-IgG Invitrogen C-terminal IgG tag 

pLenti 6.0 Invitrogen lentiviral expression vector 

pGADT7  Clontech yeast-two-hybrid prey vector 

pGBKT7 Clontech yeast-two-hybrid bait vector 

 

Bacteria 

Bacterial strains were originally purchased from Invitrogen and then replicated 

in the Haas laboratory for further use.  

• Chemically competent Escherichia coli DH10β  

• Electrocompetent Escherichia coli DH10β  

• Electrocompetent Escherichia coli 2T1R  

 

Mammalian cell lines 

Cell line  Source Description 

HEK293 Haas Group, UoE human embryonic kidney cell line 

HeLa HPV Goup, UoE cervical cancer cell line HPV 18+ 
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SiHa HPV Goup, UoE cervical cancer cell line HPV 16+ 

C33a HPV Goup, UoE cervical cancer cell line HPV negative 

NIH 3T3 Haas Group, UoE mouse fibroblast cell line 

NT2 Haas group, UoE human testis cell line 

HaCaT Haas Group, UoE human keratinocyte cell line 

 

2.2 Methods  

 Bacterial techniques 

2.2.1.1 Preparation of chemically competent cells 

Glycerol stock of the correspondent E.coli strain was streaked onto LB Agar 

plates and was incubated at 37°C overnight. Single colonies were picked and 

inoculated in 10ml of LB media, incubated at 37°C and shaken at 200 g 

overnight. The overnight culture was inoculated in 1 litre of 2YT media (in a 

dilution of 1:100) and incubated at 37°C at 200 g until the OD600 was 0.5. 

Bacterial growth was stopped by swirling the flask vigorously on ice for 15 

minutes. Bacteria were then pelleted by centrifugation at 4000 g in a precooled 

centrifuge for 10 minutes. The pellet was resuspended in 20ml of cold sterile 

100 mM CaCl2 and incubated on ice for 30 minutes. Bacteria were then 

centrifuged as described before and resuspended at a concentration of 2x109 

cells/50 µl in sterile 100 mMCaCl2 with 15% glycerol. Cells were aliquoted into 

1.5ml centrifuge tubes and frozen immediately in an ethanol-dry ice bath. 
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Competency of the bacteria was assessed by transforming 1ng of plasmid as 

described in section 2.2.1.3.  

2.2.1.2 Preparation of electrocompetents cells 

Overnight inocula were prepared as described in the section above. The 

overnight culture was inoculated in 1 litre of 2YT media (to a dilution of 1:100) 

and incubated at 37°C at 200 g until the OD600 was 0.5. Bacterial growth was 

stopped by swirling the flask vigorously on ice for 15 minutes. Bacteria were 

then pelleted by centrifugation at 4000 g in a precooled centrifuge for 10 

minutes. The pellet was washed once with sterile cold water and once with 

sterile cold 10% glycerol. Cells were resuspended at a concentration of 2x109 

cells/50 µl in sterile 10% glycerol and were aliquoted in 1.5ml centrifuge tubes 

to be frozen immediately in a dry ice and ethanol bath. Competency of the 

bacteria was calculated by transforming 1ng of plasmid as described in section 

2.2.1.4. 

2.2.1.3 Transformation of chemically competent cells 

One vial of chemically competent bacteria was thawed on ice per 

transformation reaction. 1-2 µl of plasmid DNA or LR reaction mixture were 

added to the vial and incubated on ice for 30 minutes. Cells were heat-shocked 

at 42° for 45 seconds and then placed on ice for 2 minutes. Bacteria were 

recovered by addition of 450 µl of LB media and incubation for 1 hour at 37°C 

shaking at 800g. 100 µl of the culture was plated on LB Agar plates containing 

the appropriate antibiotic selection and left overnight in an incubator at 37°C. 
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2.2.1.4 Transformation of electrocompetent cells 

Vials of competent bacteria were thawed as described above and 1 µl of 

plasmid DNA or BP reaction mixture was added onto it. The vial contents were 

transferred onto an electroporation cuvette, where a pulse of 2.5 kV was 

applied. Cells were recovered by addition of 450 µl of LB media and incubation 

at 37°C shaking at 800 g for one hour. 100 µl of the transformed bacteria were 

plated on LB Agar plates with antibiotic to grow overnight at 37°C.  

2.2.1.5 Preparation and storage of glycerol stocks 

Bacterial glycerol stocks were made by mixing 300 µl of overnight LB Broth 

culture with 300 µl of 50% glycerol. Stocks were transferred immediately and 

kept at -80°C.  

 

 DNA techniques 

2.2.2.1 Plasmid DNA purification 

2.2.2.1.1 Small scale plasmid purification 

Plasmid DNA was extracted at a small scale from 5ml of overnight LB broth 

culture using QIAprep Spin Miniprep Kit (Qiagen) and following manufacturer’s 

instructions.  
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2.2.2.1.2 Large scale plasmid purification 

For extraction of plasmid DNA at a large scale, 200ml of overnight LB broth 

culture were used. Bacteria were pelleted and DNA purified using the 

PureYield™ Plasmid Midiprep Kit (Promega), following manufacturer’s 

guidelines.  

2.2.2.2 Restriction digestion 

Purified DNA plasmids were validated by digestion with restriction enzymes. 

200 ng of DNA were digested with 2 units of restriction enzyme at 37°C 

following manufacturer’s instructions.  

2.2.2.3 Agarose gel electrophoresis 

Agarose gels were made by solubilising 1% agarose powder in 1 X TAE by 

heating in a microwave oven at full power until the powder was dissolved. 

SYBR®safe DNA gel stain (Invitrogen) was added when the gel had cooled to 

50°C at a dilution of 2:100. The mixture was poured into an electrophoresis 

tray and the gel was left to solidify for 15 min. Once ready, the gel was 

transferred to an electrophoresis tanks filled with 1 X TAE buffer and the DNA 

samples were loaded into the wells. DNA samples were previously mixed with 

6 X loading dye. The gel was then run horizontally at 50-100V for 30-60 

minutes. The DNA was then visualised under a UV transilluminator.  
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2.2.2.4 Determination of DNA concentration with Nanodrop 1000 

The concentration of extracted DNA was assessed with the Nanodrop 1000, 

by measuring the UV absorbance of the DNA at 260nm and 280nm 

wavelengths. The Nanodrop software calculates the concentration with the OD 

at 260nm and the purity with the OD260/OD280 ratio. Acceptable DNA samples 

had an OD260/OD280 ratio ranging 1.8 and a concentration above 100ng/µl.  

2.2.2.5 Gateway® recombinatorial cloning 

The Gateway® cloning technology is based on the site-specific recombination 

of the bacteriophage lambda. With the Gateway® system, the gene to be 

cloned is amplified by PCR with primers containing attachment B sites. These 

are used by the BP clonase to clone the gene into an entry vector containing 

attachment P sites. After recombination, these become attachment L sites, 

which are used by the LR clonase to insert the gene into a destination vector. 

The Gateway® entry and destination vectors contain a ccdB gene between 

their attachment sites, which is replaced by the cloned gene after 

recombination. The ccdB gene encodes for the CcdB toxin, lethal for 

Escherichia coli, which alongside an antibiotic resistance cassette, allows for 

selection of the bacteria containing the plasmid with the cloned gene.  

2.2.2.5.1 Amplification of genes from mammalian gene collection (MGC)  

The Haas group owns a whole genome human cDNA library kept in Gateway® 

compatible entry vectors, in bacterial glycerol stocks at -80°C. The glycerol 

stocks were streaked on LB Agar plates with the appropriate antibiotic 
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selection marker and two colonies were picked for inoculation and DNA 

extraction and restriction digestion as described in sections 2.2.2.1 and 

2.2.2.2. The purified plasmid DNA was sent for sequencing as described in 

section 2.2.2.5.3. 

2.2.2.5.2 Generation of entry clones 

Genes to be cloned into entry clones were amplified by PCR with a KOD Hot 

Start polymerase (Merck) from plasmid or from genomic DNA. Primers 

annealing to the flanks of the gene with attachment B sites were used. The 

PCR set-up is described in the table below. The PCR products were run on an 

agarose gel to assess the success and purity and were sent to sequence as 

described in section 2.2.2.5.3. Once the correct sequence was verified, the 

genes were cloned into the pDONR vectors using the Gateway® technology, 

following manufacturer’s instructions. The reaction was left overnight at 20°C 

and a proteinase K treatment was done prior to transformation of the DNA into 

bacteria. Electrocompetent bacteria were transformed with 1µl of the reaction 

mixture as described in section 2.2.1.4. Ten bacterial colonies were screened 

and plasmid DNA was checked by restriction digestion and agarose 

electrophoresis as described above. The remaining of the reaction was kept 

at -20°C until the clone containing the gene of interest was found in the 

screening.  

Reagent Volume per reaction (µl) 

Buffer 5 
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MgSO4 3 

dNTPs 5 

KOD polymerase 1 

PCR grade water 34.5 

Primer mix (100ng/µl) 1 

Plasmid DNA (50ng/µl) 1 

Table 2.1 PCR set-up for generation of Gateway® compatible entry 

clones 

2.2.2.5.3 Sequencing 

DNA samples were sent for sequencing to GATC Biotech's Sanger. The 

primers used for sequencing were taken from the Standard Primer List 

available at GATC, except for the primers for the sequencing of pDONR223 

vectors of the MGC clone collection, where primers were custom made. 

Sequences are listed in the table below.  

Primer Vector Sequence (5’ - 3’) 

pDONR223-FP pDONR221, pDONR223 TCGCGTTAACGCTAGCATG 

pDONR223-RP pDONR223 TAATACGACTCACTATAGGG 

pDONR-FP pDONR207 TAACGCTAGCATGGATCTC 

pDONR-RP pDONR207, pDONR221 GCAATGTAACATCAGAGAT 

T7 pCR3.0, pLENTI TAATACGACTCACTATAGGG 

SP6 pCR3.0, pLENTI ATTTAGGTGACACTATAGAA 

Table 2.2 List of sequencing primers used in this study. 
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Sequencing results were aligned with published sequences using the 

EMBOSS Needle Pairwise Sequence Alignment software.  

2.2.2.5.4 Cloning into destination vectors 

Genes were cloned from entry vectors into destination vectors using the 

Gateway® cloning system, following manufacturer’s instructions. The reaction 

was left overnight on the bench and the following morning, 1-2 µl of the mixture 

of the cloning reaction were transformed into chemically competent bacteria 

as described in section 2.2.1.3. The bacterial clones were screened as 

described in section 2.2.2.5.1. The remainder of the cloning reaction was kept 

at -20°C until the clone containing the gene of interest was found in the 

screening.  

 

 RNA techniques 

2.2.3.1 RNA extraction 

RNA was extracted from cell lines using the PureLink RNA Mini Kit 

(Invitrogen), following manufacturer’s instructions. RNA was eluted in 30 µl of 

RNAse free water and the concentration and purity were checked as described 

in the section below. RNA was kept at -80°C for short- and long-term storage.  
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2.2.3.2 Determination of RNA concentration with Nanodrop 1000 

The concentration and purity of the RNA was assessed in a similar manner as 

the DNA. Samples with an OD260/OD280 ratio of 2 and concentrations higher 

than 50 ng/µl were considered suitable for follow-up work.  

2.2.3.3 cDNA synthesis 

The High-Capacity cDNA Reverse Transcription Kit was used for synthesis of 

cDNA prior to qPCR analysis. Manufacturer’s instructions were followed; 2 µg 

of RNA were loaded per reaction. Duplicate reactions were set up for each 

RNA sample, one with and one without Reverse Transcriptase to determine if 

the genomic DNA contamination levels would interfere with the qPCR results 

downstream.  

2.2.3.4 Quantitative Real-Time PCR 

The qPCR reaction was set up in the Stratagene Mx3005P thermocycler. The 

TaqMan™ Fast Universal PCR Master Mix (2X), no AmpErase™ UNG kit 

(Thermofisher) was used. For each reaction, 5µl of the cDNA sample were 

loaded alongside the rest of reagents, following manufacturer’s guidelines. 

The thermal profile of the reaction is described below.  

Step PCR temp (ºC) Time (sec) Cycles 

Initial 

denaturation 
95 60 1 

Denaturation 95 10 42 
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Annealing and 

extension 
60 30 42 

Table 2.3 PCR conditions for quantitative PCR. 

The thermal profile of PCR for measurement of transcript levels is shown 

above.  

 

 Protein techniques 

2.2.4.1 Protein extraction 

Protein was extracted from cell cultures by spinning the cells at 250 g for 5 

minutes and washing the pellet once with PBS. The cells were lysed in NP40 

buffer with protease and phosphatase inhibitors for 30 minutes at -20°C. The 

cell lysates were spun for 10 minutes at 10000 g in a bench top centrifuge to 

pellet the cell debris. The supernatant was collected and kept at -20°C for 

SDS-PAGE analysis.  

2.2.4.2 Protein quantification 

Protein was quantified using the Pierce BCA Protein Assay Kit (Thermofisher) 

using manufacturer’s guidelines for the microplate protocol.  

2.2.4.3 SDS-PAGE 

Proteins were detected by running them on SDS-PAGE in NuPAGE™ 12% 

Bis-Tris Protein Gels (Invitrogen), using the buffers and equipment provided 

by the company. Gels were run for 1 hour and 30 minutes or until the proteins 
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of interest had separated in the gel at 180V, on ice. A Spectra™ Multicolor 

Broad Range Protein Ladder was run alongside the samples in each gel, to 

assess protein mobility. Wet transfer of the proteins onto the nitrocellulose 

membrane was done in the gel tank, at 45V for 1 hour and 30 minutes, on ice.  

2.2.4.4 Western blot 

The nitrocellulose membrane containing the proteins was blocked in 5% 

powder milk in Tris-buffered saline solution with 20% Tween (TBS-T). Blocking 

was done overnight at 4°C or for 1 hour at room temperature, in an orbital 

shaker. Primary antibody diluted in 5% milk TBS-T was added immediately 

after the blocking and left overnight at 4°C or for 1 hour at room temperature, 

in an orbital shaker. Three washes of 10 minutes with 50 ml of TBS-T were 

done on the membrane before the secondary antibody diluted in 5% milk TBS-

T was added and incubated for 1 hour at room temperature. Three washes 

were done as described before and finally the membrane was immersed in 

PBS for 5 minutes. The ECL reagent (Bio-Rad) was added following 

manufacturer’s instructions and was incubated in darkness for 5 minutes. The 

signal was finally measured with a developer where proteins were visible in X-

ray film.  

2.2.4.5 Purification of tagged proteins 

Overexpressed tagged proteins were purified from mammalian cells. For each 

purification batch, 15 cell culture dishes of 150 mm were seeded with HEK293 

cells. The cells were transfected with a plasmid encoding the tagged protein 
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as described in section 2.2.5.5 and the media was changed 8-16h post-

transfection to DMEM supplemented with 1% calf serum or to Chemically 

Defined Media (CDM). Cells were grown for 48-72 hours prior to harvesting. 

Upon harvesting, cells were resuspended by pipetting in the culture media and 

were transferred to 50 ml centrifuge tubes. Cells were centrifuged for 10 

minutes at 250g and the supernatant (the culture media) was pooled and 

transferred to a glass bottle and kept on ice. The cellular pellet was washed 3 

times with PBS and the cells were pooled and resuspended in 30ml of PBS 

containing protease and phosphatase inhibitory cocktails. The pellet was 

stored at -20°C overnight. The cell culture media was passed through a 0.2µm 

filter and was used immediately for protein purification, in a process described 

below. The cellular pellet was thawed and centrifuged at 1000 g for 10 minutes 

and the supernatant containing the intracellular content was transferred to a 

fresh 50 ml centrifuge tube and used immediately for protein purification, as 

described below. 

2.2.4.5.1 Purification of His-tagged proteins 

The SPZ1 gene was inserted in a pCR3.0 vector with a C-terminal 6 histidine 

tag using the Gateway® cloning technology described in section 2.2.2.5. The 

recombinatorial Spz1 protein was purified using the HisTrap affinity 1 ml 

columns (GE Healthcare, cat n. 17-5247-01). The column is pre-packed with 

nickel sepharose beads that selectively retain the protein tagged to the 

histidine when the sample flows through the column. The protein is later 
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released from the column with imidazole, which competes with the resin for 

the binding of the protein.  

The solutions used are described in the table below. 

Name Composition 

Storage solution 20% ethanol in distilled water 

Wash buffer PBS with 0.5M NaCl 

Eluting solution 1 Wash buffer with 10mM imidazole 

Eluting solution 2 Wash buffer with 50mM imidazole 

Eluting solution 3 Wash buffer with 500mM imidazole 

Table 2.4 Buffers used for His- tagged protein purification 

 

The column was first equilibrated with 30 ml of wash buffer to remove the 

ethanol present in it, as it inhibits protein binding. Then the sample was passed 

through the column at a speed of 1ml/min. The column was washed with 10ml 

of wash buffer to remove loose bound proteins. Then 5ml of elution solution 1 

were added and the eluate was collected in 1ml fractions. Afterwards, 5ml of 

elution solution 2 were added and the eluate was collected in 1ml fractions. 

Finally, 5ml of elution solution 3 were added and the eluate was collected in 

1ml fractions. The column was washed with 20ml of distilled water and then 

kept in the storage solution at 4ºC until it was used again.  

The success of the protein purification was assessed by Coomassie staining 

as described in section 2.2.4.5.4 and by SDS-PAGE Western Blot.   



66 
 

2.2.4.5.2 Purification of IgG tagged proteins 

The SPZ1 gene was inserted in a pCR3.0 vector with a C-terminal IgG tag. 

HEK293 cells in 15 cm dishes were transfected with a mixture of 20µg plasmid 

DNA, 1.5 reduced serum OptiMEM and 90 µl PEI (1mg/ml) and grown in 

DMEM supplemented with 2% calf serum for 48 hours. The cells were 

harvested, and the protein was purified from the intracellular and extracellular 

fractions (growth media) on the same day. 

The cellular fraction was diluted with binding buffer (0.01 M sodium phosphate 

buffer, pH7) to a final volume of 15 ml. Both fractions were passed through a 

0.2 µm filter and then passed through a protein G column (cat n. 29-0588-06, 

GE Healthcare) to allow for protein binding, at a speed of 1ml/min in a cold 

room at 4ºC. The column had been previously washed with 5 volumes of 

binding buffer. Once the sample had passed, the column was washed again 

with 10 volumes of binding buffer to elute loose bound proteins present in the 

growth media or the cell. The IgG-tagged Spz1 was eluted using 6ml of a buffer 

containing 0.1M glycine at pH3 and immediately brought back to pH7 with a 

neutralising buffer containing 1M Tris at pH 10.5. The column was then 

washed with 10 volumes of a 20% ethanol solution and stored at 4ºC until used 

again. The extracted protein and each collected fraction were analysed by SD-

PAGE gel and Coomassie and western blot staining.  
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2.2.4.5.3 Concentration and desalting of purified proteins 

Purified proteins were concentrated and desalted using Centricon 30 columns 

(Amicon). The sample was loaded onto the columns in 2ml batches and 

centrifuged at 2000g and 4ºC for 2 mins. The flowthrough containing sample 

components smaller than 30KDa was discarded.  

The IgG-tagged proteins were only concentrated as the buffer that contained 

them did not interfere with the protein activity.  

The His-tagged proteins were also dialysed to reduce the imidazole content. 

Once the protein had been concentrated it was washed 10 times with 2ml of 

sterile PBS. 

The purified protein ready to be used for assays was kept at 4ºC and used 

immediately in further assays.  

2.2.4.5.4 Assessment of purity of purified proteins by Coomassie 

staining 

The purity of proteins purified in this study was assessed by running 10µl of 

each purification fraction alongside the un-purified sample in a denaturing 

SDS-PAGE gel. The gels were stained with Coomassie stain and it was 

checked visually that only one band was present in the purified fraction(s). The 

samples were also stained with anti-Spz1 antibodies to do a semi-quantitative 

analysis of the concentration of the purified protein alongside BCA assay data.    
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 Mammalian cell culture techniques 

2.2.5.1 Cell maintenance 

Cells were grown in T75 cm flasks at 37°C with 5% CO2 in the media shown 

in the table below. Cells were mycoplasma tested at the beginning of the study 

and stocks of early passage cells were kept. Cells were always kept at a low 

confluence (<90%) and were passaged at least twice a week. For the cell 

passaging, media was removed from the flask and cells were washed with 

PBS. Trypsin was then added to the flask (2-4 ml) and incubated at 37°C for 

5 minutes. Cells were then split at least 1:5 in a new T75 flask containing 10 

ml of fresh growth media.  

Cell line Culture media 

HEK293 
DMEM supplemented with 10 % FCS 

Chemically Defined Media (CDM) 

C33a RPMI media supplemented with 10 % FCS 

HeLa DMEM supplemented with 10 % FCS 

HaCaT DMEM supplemented with 10 % FCS 

NT2 DMEM supplemented with 10 % FCS 

SiHa DMEM supplemented with 10 % FCS 

NIH3T3 DMEM supplemented with 10% CS 

HEK293FT DMEM supplemented with 10 % FCS 

Table 2.5 Media used for growth of mammalian cell lines 
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2.2.5.2 Cell freezing 

Upon receiving a new cell line, at least 4 stocks of low passage number were 

stored frozen in liquid nitrogen. Cells were grown in two T175 cm flasks until 

a confluence of 80% was achieved. Cells were then detached with trypsin and 

20 ml of fresh media were added to the flask. Cells were transferred to a 50 

ml centrifuge tube and centrifuged at 250g for 10 minutes. The cellular pellet 

was resuspended in 3.6 ml of DMEM media supplemented with 50% FCS and 

400 µl of DMSO were added and mixed by pipetting up and down. The cells 

were transferred into 4 cryovials and those were placed in a Mr. Frosty™ 

Freezing Container at -80°C overnight prior to transfer to liquid nitrogen.  

2.2.5.3 Cell thawing 

Cryovials from liquid nitrogen were thawed in a water bath at 37°C for 2 

minutes and the content was transferred into a 50 ml centrifuge tube where 25 

ml of media supplemented with 10% FCS were added dropwise. The cells 

were centrifuged at 250g for 10 min and the pellet was resuspended in 10 ml 

of cell culture media supplemented with 10% FCS and transferred into a T75 

cell culture flask for overnight incubation. Cells were visualised under the 

microscope the following morning and if the confluency was higher than 70%, 

they were split as described in the Cell Maintenance section. If the confluency 

was lower, the media was changed to fresh one and cells left overnight to 

grow.  
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2.2.5.4 Cell counting 

Cell counting was done with an Axiovert 40 C microscope using a 

haemocytometer. Cells were counted in triplicate using a dilution were 50-100 

cells were present per square.  

2.2.5.5 Transfection of plasmid DNA into mammalian cells 

The cell line HEK293 was used for transfection of plasmid DNA. Two 

transfection reagents were used, PEI and Lipofectamine, and the specific 

method for each one is described in the following sections. HEK293 cells were 

seeded the day prior to transfection (forward transfection) and harvested 24-

72h post transfection. Occasionally, cells were seeded at the same time of 

transfection (reverse transfection) at a concentration of double the one used 

for forward transfections. Cell numbers for forward transfection and amount of 

DNA transfected are shown in the table below. 

Type of plate Cell numbers DNA/well 

96-well plate 1x104 cells/well 200 ng 

48-well plate 5x104 cells/well 250 ng 

24-well plate 2x105 cells/well 400 ng 

12-well plate 5x105 cells/well 1 µg 

6-well plate 1x106 cells/well 3 µg 

100 mm dish 2.5x106 cells/plate 10µg 

150 mm dish 5x106 cells/plate 20 µg 

Table 2.6 Transfection conditions of HEK293 cells 
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2.2.5.5.1 Transfection using PEI 

Transfection of plasmids with polyethylenimine (PEI) (Thermofisher) was used 

for overexpression of proteins to be detected by SDS-PAGE gel. The PEI was 

stored in a concentration of 1mg/ml at -20°C. The DNA to be transfected was 

diluted in Optimem® (Thermofisher) in 1.5 ml centrifuge tubes at the desired 

concentration and a ratio of 3:1 (w/w) of PEI was added afterwards. The mix 

was vortexed for 20 seconds and left to incubate at room temperature for 10 

minutes.  

2.2.5.5.2 Transfection using Lipofectamine2000® 

Lipofectamine2000® (Thermofisher) was used for transfection in luciferase 

reporter assays, following manufacturer’s guidelines.  

 

 Generation of stably transduced cell lines 

2.2.6.1 Generation of lentiviral plasmids 

The lentiviral plasmids were generated using the Gateway® technology as 

described in section 2.2.5. Cell lines co-expressing equimolar amounts of 

Spz1 and Wt HPV16 E7 proteins were generated by creating a bicistronic 

vector encoding the genes of interest alongside a furin cleavage site, a 2A viral 

protein and a GSG vector. The primer sequences and final DNA sequences 

for generation of the vectors are listed in the tables below.  
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Primer Sequence 5’ – 3’ 

SPZ1-FP 
AAAAAGCAGGCTCCGCCATGGCCAGCTCTGCTA

AGTCA 

SPZ1-RP  
AGAAAGCTGGGTCCTAGTATCTTAGGCTGCTAGC

TGACCTC 

2A-SPZ1-FP 

GCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAG

ACGTGGAAGAAAACCCCGGGCCCATGGCCAGCT

CTGCTAAG 

WtE7-GSG-

Fur-2A-RP 

GTCTCCTGTTTGCTTTAACAGAGAGAAGTTCGTG

GCTCCGGATCCGCGCTTGCGGCGGTATGGTTTC

TGAGAACAGATGG 

Table 2.7 Primer sequences for generation of bicistronic vectors. 

The DNA sequences inserted in the bicistronic lentiviral plasmid is shown 

below.  

5’- Wt HPV 16 E7 - Furin cleavage site -GSG linker – 2A- SPZ1- 3’ 

 

ATGCATGGAGATACACCTACATTGCATGAATATATGTTAGATTTGCAA

CCAGAGACAACTGATCTCTACTGTTATGAGCAATTAAATGACAGCTCA

GAGGAGGAGGATGAAATAGATGGTCCAGCTGGACAAGCAGAACCGG

ACAGAGCCCATTACAATATTGTAACCTTTTGTTGCAAGTGTGACTCTA

CGCTTCGGTTGTGCGTACAAAGCACACACGTAGACATTCGTACTTTG

GAAGACCTGTTAATGGGCACACTAGGAATTGTGTGCCCCATCTGTTCT

CAGAAACCATACCGCCGCAAGCGCGGATCCGGAGCCACGAACTTCT
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CTCTGTTAAAGCAAGCAGGAGACGTGGAAGAAAACCCCGGGCCCA

TGGCCAGCTCTGCTAAGTCAGCTGAGATGCCCACCATCTCCAAAACC

GTTAACCCTACTCCTGATCCTCATCAAGAATATCTGGACCCTAGGATT

ACCATTGCCTTATTCGAAATTGGATCACATTCCCCTTCCTCCTGGGGC

TCTCTCCCTTTCCTAAAGAATAGCAGCCATCAAGTTACAGAACAACAG

ACTGCACAGAAGTTTAACAATCTCTTAAAAGAAATTAAAGATATTCTTA

AAAATATGGCAGGTTTTGAAGAGAAGATCACAGAAGCAAAAGAACTTT

TTGAGGAAACCAATATTACTGAGGATGTGTCAGCCCACAAAGAAAATA

TCAGAGGACTTGACAAAATCAATGAAATGTTATCAACAAACCTGCCTG

TTAGTTTAGCCCCAGAGAAAGAAGACAATGAAAAGAAACAGGAGATG

ATATTGGAAACCAATATTACTGAGGATGTGTCAGCCCACAAAGAAAAT

ATCAGAGGACTTGACAAAATCAATGAAATGTTATCAACAAACCTGCCT

GTTAGTTTAGCCCCAGAGAAAGAAGACAATGAAAAGAAACAGCAGAT

GATAATGGAAAACCAGAACTCTGAGAACACCGCACAAGTTTTTGCAAG

AGATTTGGTAAATCGTTTAGAAGAAAAAAAAGTCCTTAACGAAACTCA

ACAAAGTCAGGAAAAAGCAAAAAACAGACTTAATGTTCAAGAAGAAAC

TATGAAAATTAGGAACAACATGGAGCAGTTACTACAGGAAGCAGAACA

CTGGAGTAAACAACATACTGAGCTCAGTAAACTGATAAAATCCTATCA

GAAATCTCAGAAAGACATAAGTGAAACTCTTGGAAATAATGGAGTCGG

TTTCCAAACCCAGCCAAATAATGAAGTGTCGGCTAAGCATGAGCTGG

AGGAACAGGTGAAGAAACTGAGCCATGACACCTATTCATTGCAGTTG

ATGGCAGCTTTGCTAGAGAATGAATGCCAAATCTTACAGCAGAGAGTA

GAGATTCTCAAGGAACTCCATCATCAGAAACAGGGAACTCTGCAAGA
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GAAGCCAATTCAGATAAACTATAAACAGGACAAGAAAAATCAGAAGCC

ATCAGAAGCAAAGAAAGTAGAAATGTATAAGCAGAACAAGCAAGCAAT

GAAGGGTACATTTTGGAAAAAAGACAGATCCTGTAGAAGCCTGGATG

TTTGTCTTAATAAGAAAGCTTGCAATACCCAGTTCAATATTCATGTTGC

AAGAAAAGCTCTTAGGGGAAAAATGAGGTCAGCTAGCAGCCTAAGAT

AG 

 

 

Key:  

            Wt HPV 16 E7      Furin cleavage site         2A 

            GSG linker          Start codon                      SPZ1        

 

 

2.2.6.2 Generation of lentiviral particles 

Lentiviral particles were generated using the HEK293 or 293FT cell lines, 

using the ViraPower™ Lentiviral system (ThermoFisher). Three packaging 

plasmids (pLP1, pLP2, and VSVG) were transfected at a 1:1 ratio alongside a 

lentiviral plasmid encoding the gene of interest. The cell culture media was 

changed 6-16 hours post transfection and the fresh media was harvested 48h 

afterwards. The media was centrifuged at 7000 g for 10 minutes to remove 

cells and cellular debris and the supernatant containing the lentiviral particles 

was collected and stored in 1ml aliquots at -80°C.  
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2.2.6.3 Determination of optimal blasticidin concentration 

Blasticidin is the antibiotic used for selection of stably transduced cells. For 

each cell line, a kill-curve was generated were parental cells were grown for 

7-10 days under different concentrations of blasticidin, to determine the 

optimal concentration where all cells were killed. The concentrations used in 

this study are 4µg/ml (HaCaT), 2µg/ml (C33a) and 3µg/ml (NIH3T3). 

2.2.6.4 Transduction and selection of stably transduced cell lines 

Cells to be transduced were seeded in 48-well plates as described in section 

2.2.5.5 the day prior to the transfection. The vial containing the lentiviral 

particles was thawed for 3 minutes in a water bath at 37°C and the media of 

the cells was replaced with the one containing the viral particles for 16 hours. 

Then, the media was changed to a fresh one containing the desired 

concentration of blasticidin.  

Transduced cells were grown under blasticidin selection alongside a non-

transduced (parental cells) control well. When all parental cells were dead, the 

surviving cells in the transduced wells were assumed to have incorporated the 

gene of interest in their genome. Increased expression levels were verified by 

RT-qPCR and SDS-PAGE gel analysis.  

2.2.6.5 Validation of generated cell lines 

Expression of the gene of interest in cell lines generated for this study was 

verified at transcript and protein levels by qPCR and SDS-PAGE western blot 
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respectively. Total cellular RNA was extracted from the cells, cDNA was made, 

and a PCR was performed as described in sections 2.2.3.1 to 2.2.3.4. The 

creation of the cell line was considered successful where the transcript levels 

were increased a minimum of 2-fold.  

The verification at protein level was done by extracting total cellular protein 

from parental cell lines and the newly created ones and visualising the protein 

of interest by Western Blot as described in sections 2.2.4.1 to 2.2.4.4. The 

creation of the cell line was considered successful where there was more 

protein of interest by visual assessment. Data corresponding to cell validation 

assays are shown in appendices 1-3 of this thesis.  

 

 Assays to investigate functional effects of Spz1 and 

HPV16 E7 in cellular models 

2.2.7.1 Proliferation assays 

2.2.7.1.1 CCK-8 Dojindo proliferation assay 

The cell proliferation was measured using the Cell Counting Kit-8 (cck-8) from 

Dojindo, using manufacturer’s guidelines.  

For the NIH3T3- derived cell lines, 5000 cells/well were seeded in triplicate in 

a 96-well plate in media supplemented with 10% calf serum. The proliferation 

was assessed 24 and 48 hours after by adding 10 µl of substrate per well and 
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allowing it to react for 2 hours. The change in substrate’s absorbance at 450 

nm was measured in a plate reader.  

The proliferation in the HaCaT and C33a cell lines was measured by seeding 

10000 cells/well in triplicate in a 96-well plate in media supplemented with 10% 

calf serum. The proliferation was assessed 24 and 48 hours after as described 

above. 

2.2.7.1.2 Proliferation measured by crystal violet staining 

The proliferation of cell lines that do not retain contact inhibition (those derived 

from HaCaT parental cells) was additionally measured by crystal violet 

staining. 20000 cells/well were seeded in triplicate in 6-well plates and grown 

for 2 weeks in media supplemented with 10% FCS and 4µg/ml of blasticidin. 

The media was removed, and cells were fixed for 30 mins in cold methanol 

and subsequently stained with a 0.2% crystal violet solution and left to dry 

overnight. The staining in each well was removed with 2ml of a 10% acetic 

acid solution for a minimum of 20 mins at room temperature. 100 µl of the 

stained acetic acid solution were transferred in triplicate to a 96-well plate and 

the absorbance at 595nm measured in a plate reader.  

2.2.7.2 Wound healing assays 

The effect of different conditions on cell motility was measured using wound 

healing assays. Cells were grown in media supplemented with 10% calf serum 

until a 100% confluent monolayer was achieved in 10 cm dishes. Then a 

scratch was done with a sterile p200 pipette. The plate was washed twice with 



78 
 

sterile PBS and 10 ml of fresh media with serum were added. Cells were put 

back in the incubator and photos were taken every hour with a CytoSMART 

Lux camera until the wound was healed. For the HaCaT cell lines, an 8-hour 

time point was chosen for the analysis and for the NIH3T3 cell lines, a 10- hour 

timepoint. Both when there was a 40-60% of wound healing. The scratch 

wound coverage was measured using the Image J Wound Healing macro 

using the formula: Percentage of scratch wound coverage= [ area (pixels sq) 

at final timepoint/ area (pixels sq) at timepoint 0] x 100. 

2.2.7.3 Soft agar assays 

Anchorage-independent growth of cells was assessed by soft agar assays. 

The assay was performed in 6-well plates with NIH3T3-derived cell lines. First, 

a fresh stock of 3% agarose in PBS was autoclaved and kept at 42ºC. Then 

the agarose stock was mixed with DMEM supplemented with calf serum and 

3µg/ml of blasticidin at a ratio of 1:5, to obtain a final concentration of agarose 

of 0.6%. Then, 0.5 ml of the mixture was pipetted into each of the wells, to 

form a bottom layer that prevents cells from adhering to the plate. Plates were 

left to set in the incubator for at least one hour. 

The cells were grown in media containing 0.3% agarose. This was made by 

mixing 1:1 a solution with 0.6% agarose in PBS (previously autoclaved) and 

2xDMEM supplemented with 20% calf serum and 6µg/ml of blasticidin. The 

growth media was made fresh for each experiment and was kept at 37ºC to 

increase cell viability.  
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Cell lines used were split the prior day and had a confluence of 75-80% when 

starting the experiment. Cells were trypsinised and counted as described 

before and 5000 cells were seeded per well. As the experiment was performed 

in triplicates, 20000 cells were mixed with 8ml of the media described in the 

paragraph above and then 2ml of the mixture were pipetted onto each well, in 

triplicate. The remaining cells were discarded. The plate was left to set at room 

temperature for 1 hour and then 1ml of DMEM supplemented with calf serum 

and 3µg/ml of blasticidin was added on the top to prevent drying of the agar. 

The cells were left to grow in the incubator and media was exchanged every 

other day.  

After 22 days, colonies were visible. The liquid media was discarded and the 

agar in the wells was stained with a solution of 0.2% crystal violet and 10% 

ethanol for 30 mins at room temperature, static. The excess staining was 

removed by repeatedly washing the plates with tap water, until the cell colonies 

became visible again. The plates were left overnight at 4ºC with water to 

reduce background staining. Photos of the wells were taken against a white 

background and the colonies were manually counted twice. 

2.2.7.4 Dual Luciferase reporter assays 

Luciferase assays were done using the Dual-Luciferase® Reporter Assay 

System from Promega in 96-well plates using the HEK293 cell line. Promoters 

were tested in triplicate within the same experiment. Cells were seeded in the 

plate the day before at a concentration of 1x104 cells/well and had a confluency 

of 75-80% prior to transfection.  
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Each well was transfected with a total of 100-200 ng of plasmid DNA using 0.2 

µl of the Lipofectamine 2000 transfection reagent in 18.8 µl of OptiMEM media. 

Cells were left to grow for 24-48 and were lysed with 30 µl of 1x Passive lysis 

buffer for 30 minutes on ice. Cell lysates were transferred into 96-well black 

plates with white wells. 30 µl of LARII reagent were added to each well and 

firefly luminescence was measured on a POLARstar OPTIMA plate reader. 

Then, 30 µl of Stop and Glo reagent were added to each well to quench the 

firefly luciferase and the renilla luciferase luminescence was measured.   

2.2.7.5 3D cell culture using Alvetex® Scaffold systems 

Three-dimensional cell cultures were done using the Alvetex® Scaffold 12-

well inserts, following the manufacturer’s protocol for HaCaT raft cultures. A 

starting concentration of 0.5x106 HaCaT-derived cells were used per well and 

grown fully submerged in KGM-2 media for 3 days. Afterwards, cells were 

grown for 21 further days in an air/liquid interface to promote stratification. The 

cultures were then taken to the SURF facilities in the Queen’s Medical 

Research centre for embedding, cutting and haematoxylin eosin (H/E) 

staining. If the skin-like structure was achieved (as seen by the H/E staining), 

the cultures were stained with anti Spz1 antibody (1:300 dilution), anti HPV-16 

E7 antibody (1:250 dilution) and anti-cytokeratin-10 antibody (1:300 dilution), 

using standard immunohistochemistry protocols.  
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 Bioinformatics programmes for secretion analysis 

Name URL link 

PrediSi http://www.predisi.de/ 

SignalP http://www.cbs.dtu.dk/services/SignalP/ 

Phobius https://phobius.sbc.su.se/ 

SecretomeP http://www.cbs.dtu.dk/services/SecretomeP/) 

Table 2.8 Software URL links for protein secretion analysis 

  

http://www.cbs.dtu.dk/services/SignalP/
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3 Spz1 is a secreted cellular protein 

3.1 Introduction 

Even though Spz1 has been described in the literature as a transcription factor 

and, therefore, to be mainly present in the cellular nucleus (Hsu et al., 2001, 

2005), previous work within the Haas group (Gundurao, 2013) had identified 

novel cellular interactors of Spz1 involved in extracellular cell signalling and 

protein secretion, such as elements of the cell secretory system and cell 

surface receptors.  Hence, it was hypothesised that Spz1 may be part of the 

secretory system or a secreted protein itself.  

Secreted factors are released from the cells either via the classical secretory 

pathway, if they contain a signal peptide, or in a non-classical way, if they do 

not. Most secreted proteins have a signal peptide that directs them to the 

endoplasmic reticulum (ER)  and Golgi apparatus where they undergo a series 

of modifications and travel through the cellular secretory machinery until they 

reach the cell surface and are secreted extracellularly (Lee et al., 2004). Signal 

peptides, present in the N-terminus region of the protein, are not a strict 

consensus sequence, but a hydrophobic heterogeneous sequence of 15-30 

amino acids that is cleaved upon protein release into the extracellular matrix 

(Yon Heijne, 1990). There is however a small number of proteins that lack the 

signal peptide and are also secreted to the extracellular matrix in an ER- 

independent manner and some proteins, such as certain integrins that contain 

a signal peptide can occasionally bypass the Golgi apparatus and be secreted 
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unconventionally (Schotman et al., 2008; Schotman et al., 2009). This 

phenomenon, labelled unconventional protein secretion (UPS), was 

discovered over 30 years ago (Rubartelli et al., 1990) and has been divided in 

four types based on the mechanisms for secretion: direct translocation across 

the cellular membrane (Type I), using an ATP-binding cassette transportation 

system (Type II), autophagosome/endosome-based secretion (Type III) and 

Golgi bypass by proteins containing a secretion peptide (Type IV). Some 

proteins known to be unconventionally secreted are the cytokine Interleukin-1 

Beta (IL-1β), a key component of the immune response (Rubartelli et al., 1990; 

Lopez-Castejon and Brough, 2011); the fibroblast growth factors 1 and 2 

(FGF-1 and FGF-2), mitogens that stimulate growth and are crucial for 

embryogenesis (La Venuta et al., 2015; Sluzalska et al., 2020), and  even 

some viral proteins such as the HIV TAT protein (Debaisieux et al., 2012). All 

these proteins are secreted via the Type I pathway upon cellular stress 

(Giuliani, Grieve and Rabouille, 2011) apart from FGF-2 and HIV TAT proteins, 

that are expressed constitutively.  

The signalling pathways of FGF-1 and FGF-2 are particularly interesting in the 

context of this study. Both are very potent mitogens expressed in most adult 

tissues, have a key role in the early stages of embryogenesis and aberrant 

signalling of the FGF-2 has been linked to cancer. These FGFs directly 

translocate through the plasma membrane into the extracellular matrix and 

stimulate cell growth in both a paracrine and an autocrine manner, mainly 

through the MAPK pathway by directly phosphorylating and activating the 
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kinases (Eswarakumar et al., 2005). Interestingly, cellular secreted FGF-1 and 

FGF-2 have been found in the nucleus of neighbouring cells (Olsnes et al., 

2003; Planque, 2006), where they regulate the transcription of genes involved 

in proliferation and cell survival (Bouleau et al., 2005).  

There are many similarities between FGF-1 and FGF-2 and Spz1- their key 

roles at embryonic stages, promotion of cellular cycle through the MAPK 

pathway, their presence in the cellular nucleus and regulation of gene 

transcription, as well as interacting with cellular components of the outer 

cellular membrane, and their linkage to cancer. Hence, investigating whether 

Spz1 can also be found extracellularly is key for unravelling new ways in which 

both Spz1 and the HPV (through its oncogene E7) could regulate cell 

behaviour at a tissue level.   

 

3.2 Analysis of Spz1 protein using secretion 

prediction software 

There are currently several software programs available to predict the 

subcellular localisation of a protein based on its amino acid sequence. Most 

can correctly predict whether it contains a leader sequence and will therefore 

undergo classical secretion. Among the most used programs are SignalP 

(Almagro Armenteros et al., 2019), PrediSi (Hiller et al., 2004) and Phobius 

(Käll et al., 2007). They can be used for prokaryotic and eukaryotic proteins 

and can also distinguish between different signal peptides types. The 



85 
 

algorithms and models used to predict secretion are different for each 

program, so the amino acid sequence of Spz1 was analysed with these three 

programs, to investigate if it contains a signal peptide that labels it for 

extracellular secretion. The URL links for each of these programmes is in 

section 2.2.8 of this thesis and results of the analysis with each software are 

shown in figures 3.1, 3.2 and 3.3. Analysis of the Serine Protease -1 (PRSS1) 

protein, known to contain a signal peptide (Antalis et al., 2010), is shown 

alongside the Spz1 ones for comparison. Full-length amino acid sequence of 

the proteins is in Appendix 4.  
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Figure 3.1 Predicted protein location of Spz1 and PRSS1 using 

Phobius software. 

X-axis shows amino acid position and Y-axis shows probability of secretion 

over 1. Probability of the protein having a cytoplasmic location is in green 

and probability of a non-cytoplasmic location is denoted in blue. Signal 
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peptide sequences are shown in red and transmembrane markers in grey. 

Spz1 protein (figure A) does not contain signal peptides or transmembrane 

markers in its sequence. However, it is predicted to be a non-cytoplasmic 

protein with a score over 0.8/1, meaning Spz1 might undergo secretion 

through a non-classical pathway. PRSS1 (figure B) is predicted to be found 

extracellularly with a score of 1/1, as it contains a signal peptide in the N-

terminal region (in red).  
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Figure 3.2 Predicted secretion of Spz1 and PRSS1 using SignalP5.0 

software. 

X-axis in graphs indicates amino acid position and Y-axis probability over 1 

of containing a secretion signal peptide (in red), cleavage site (green) or 

neither (orange). Spz1 (figure A) protein is not predicted to contain a 

secretion peptide or cleavage site meaning it is not predicted to undergo 

conventional secretion. PRSS1 (figure B) contains a signal peptide in the 
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N-terminus region (red) followed by a cleavage site (green), both indicators 

of classical secretion.  

 

 

Figure 3.3 Predicted secretion of Spz1 and PRSS1 using PrediSi 

software. 

PrediSi provides an overall normalized score on a scale between 0 and 1. 

A score higher than 0.5 means the protein very likely contains a signal 

peptide and is secreted in a classical manner. It also identifies cleavage 

sites common in classical secretion events. X-axis of the graphs shows the 

amino acid sequence and Y-axis indicates the normalised score. The 

protein sequence is truncated at 70 residues by default for faster analysis 

as signal peptides are present in the N-terminus region of the protein. 
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Analysis on Spz1 (figure A) was done on the full-length protein to identify 

all leader sequences potentially present. Spz1 contains a potential 

cleavage site at the residue 48 with a score of 0.2006, well below the 

threshold determined to be a secreted protein. Spz1 is not predicted to be 

secreted extracellularly in a classical way. PRSS1 analysis (figure B) shows 

a cleavage site at the residue 17 and an overall secretion score of 0.513, 

indicating that it is predicted to be a secreted protein.  

 

Analysis of the amino acid sequence of Spz1 shows no signal peptide that 

would mark its secretion in an ER-dependent manner. While SignalP5.0 and 

PrediSi classify Spz1 as a non-secreted protein, Phobius catalogues it as a 

non-cytoplasmic protein, potentially to be secreted in a non- classical manner. 

Further analysis of Spz1 secretion via the non-classical pathway was done 

using the SecretomeP (Bendtsen et al., 2004),a software specially designed 

to predict non-classical protein secretion. Secretome P algorithms have been 

designed under the assumption that non-classical secreted factors share 

certain characteristics, regardless of their specific secretion method, that are 

not present in classical and non-secreted proteins. As the number of factors 

known to be secreted in a non-classical manner is very low, it is remarkably 

difficult to design software that accurately predicts if a protein belongs to this 

category of extracellular factors. Secretome.P assigns an NN-score to the 

protein sequence to analyse with a threshold of 0.6 for mammalian sequences.  

Spz1 sequence analysis is shown in figure 3.4 alongside three other proteins- 

FGF-1, secreted via unconventional protein secretion; FGF-4, secreted in a 
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conventional manner, and ATRX, a nuclear protein- for comparison. The NN-

score of Spz1 is below the 0.6 threshold (NN- score of 0.422), indicating that 

it is not predicted to be secreted via UPS. However, this value is higher than 

what would be expected for a transcription factor (ATRX is assigned an NN- 

score of 0.093) and is closer to the scores of FGF-1 (NN-score of 0.847) and 

FGF-4 (NN-score of 0.945), both known to be found extracellularly.  

 

Figure 3.4 Predicted secretion of Spz1 via unconventional protein 

secretion pathways using the Secretome P software. 

Secretome P assigns an NN-score to each analysed protein sequence. 

Scores over a 0.6 threshold indicate unconventional secretion of the protein 

in mammalian sequences. Spz1 sequence was analysed alongside other 

proteins of known cellular location for comparison- the secreted factors 

FGF-1 and FGF-4, and ATRX, a nuclear transcriptional regulator. NN- 

scores for all proteins are highlighted in red. FGF-1 and FGF-4 obtain NN-

scores of 0.847 and 0.945 respectively and are predicted to be found 

extracellularly. FGF-4 obtains a warning as it has a signal peptide and is 
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predicted to be secreted in a classical manner. The transcriptional regulator 

ATRX has a score of 0.093 and is not predicted to be found extracellularly.  

Analysis of Spz1 yields an NN-score of 0.422 for predicted secretion, below 

the recommended 0.6 threshold. Hence, Spz1 is not predicted to be 

secreted in a non-classical way. However, its NN-score is closer to the 

secretion threshold than that expected of a nuclear transcription factor.  

 

3.3 Spz1 is found in foetal calf serum 

The presence of extracellular Spz1 in cell culture was analysed by SDS-PAGE 

and western blot. In order to identify potential cross-reactivity of antibodies 

against cell culture media and supplements used for cell growth, these 

reagents were first analysed by SDS-PAGE and western blot. Cell lines in this 

study were grown in DMEM media supplemented with foetal calf serum (FCS) 

or calf serum (CS), unless otherwise stated. Serum is the most used 

supplement in in-vitro cell culture, as it contains high levels of growth factors, 

cytokines and other elements such as iron that are essential for cell survival 

and proliferation in vitro (Mannello and Tonti, 2007). Standard cell culture 

media contains 5-20% foetal calf serum (FCS) or calf serum (CS) as it is easily 

sourced, when compared to other sera such as equine, pig and human ones. 

Foetal calf serum, extracted from unborn calves, contains a higher 

concentration of growth factors and a lower number of immunoglobulins than 

the calf serum, obtained from young calves. FCS also contains proteins that 

promote embryonic development (Leivas et al., 2011). Attempts at elucidating 
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the proteomic composition of bovine serum have been made (Zheng et al., 

2006); however, the exact composition of the bovine serum is not known, as 

its biochemical composition varies from batch to batch- with production 

protocols and even calf donor’s gender or age having an impact on it (Lutz and 

Rößner, 2008).  

The results of the SDS-PAGE and western blot of cell culture reagents are 

shown in figure 3.5. Each lane contains: 5 µl of DMEM media (lane 1), 5 µl of 

DMEM supplemented with 5% CS (lane 2), 5 µl of DMEM supplemented with 

5% FCS (lane 3), 1µl of CS (lane 4), and 1µl of FCS (lane 5). Samples were 

immunoblotted with anti-human Spz1 antibody. Surprisingly, Spz1 protein was 

found to be present in the foetal calf serum, but not in the calf serum or the 

cell culture media. As both FCS and CS come from the same type of animal, 

any unspecific binding would be expected in both sera, not just the FCS. The 

presence of a unique band of the molecular size of bovine Spz1 suggests that 

the polyclonal anti-human Spz1 used in this study cross-reacts with the Spz1 

from calves. While there is no comprehensive list of components of the FCS, 

intracellular proteins are not expected to be present in the sera fraction of the 

blood except for very small quantities released due to cellular stress and lysis 

during the serum extraction process. Bovine Spz1 was detected by western 

blot in FCS but not in the CS, supporting the idea that it may be a secreted 

factor that promotes embryonic development.  



94 
 

 

Figure 3.5 Detection of Spz1 by SDS-PAGE and western blot. 

5 µl of cell culture media, 1µl of FCS and 1 µl of CS supplements were run 

on an SDS-PAGE gel, transferred onto a nitrocellulose membrane, and 

stained with an anti-human Spz1 antibody. DMEM media and calf serum 

do not contain Spz1 protein or any element that cross-reacts with the Spz1 

antibody. The foetal calf serum and the media supplemented with it contain 

Spz1 protein.  

 

3.4 Human Spz1 is secreted 

 Detection of transiently overexpressed Spz1 and 

endogenous Spz1 in culture media 

Secreted Spz1 was detected in the extracellular media by SDS-PAGE and 

western blot.  First, cells seen to express Spz1 at transcript levels by RT-qPCR 

(results not shown) were grown in DMEM media supplemented with 2% calf 

serum for a minimum of 72 hours until reaching confluency. The same media 

was kept for the length of the experiment. Media was collected, centrifuged, 

and filtered to remove cellular debris and 40µl were run on an SDS-PAGE gel 

and blotted onto a nitrocellulose membrane for staining with an anti-Spz1 

antibody. The cells were collected, and 20 µg of cell lysate were run on a gel, 
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to establish basal Spz1 protein expression levels for each cell line. The results 

are shown in figure 3.6. The cervical cell lines HeLa (positive for HPV 18), 

C33a (negative for HPV) and SiHa (positive for HPV 16) are derived from 

cervical tissue tumours and have different HPV status. They were selected to 

see if HPV affected Spz1 secretion. The NT2 cell line is a testis cell line used 

as a positive control, as Spz1 was first found in testis tissue (Hsu et al., 2001). 

The HEK 293, HaCaT and NIH3T3 cell lines have been used in this study, as 

seen in chapter 4 of this thesis. NIH3T3 mice cells might express Spz1- 

according to qPCR data-, but the anti-human Spz1 antibody does not react 

with it.  

 

 

Figure 3.6 Spz1 expression in different cell lines. 

Intracellular Spz1 was detected by SDS-PAGE and western blot from 20 

µg of cell lysate from various human cell lines and the mouse NIH3T3 cell 

line. Spz1 protein can be detected in all human cell lines, with the testis 

NT2 cell line having the highest amount of Spz1 protein. The mice Spz1 

from the NIH3T3 cell line is not detected with the anti-human Spz1 antibody 

used for immunostaining.  
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All human cells showed various levels of intracellular Spz1, with higher 

expression in NT2 cells as expected. However, endogenous Spz1 could not 

be detected in the extracellular fraction (image not shown) by western blot. As 

proteins get diluted once they are released in the cell growth media, absence 

of detection of Spz1 does not necessarily imply Spz1 is not secreted. Spz1 

protein could be present below detection levels by immunostaining.  

Transiently overexpressed proteins are expressed at very high levels for a 

short period of time (24-72 hours) in transfected cells. HEK293 cells were 

transfected with plasmids containing Spz1 with various classical tags such as 

the human influenza hemagglutinin (HA), the green fluorescent protein (GFP), 

a polyhistidine tag, and the immunoglobulin heavy chain (IgG). These tags can 

be used for detection of the protein with methods different to immunostaining 

(such as the GFP tag) and to concentrate and purify protein by 

chromatography to be used in future assays.   

HEK293 cells were transfected as described in section 2.2.5.5.1 of this thesis. 

24 h post transfection, cells were transferred to serum free media and grown 

in it for 48 hours. The media was collected, centrifuged, filtered and 40 µl were 

run in duplicate on an SDS-PAGE gel and transferred onto a nitrocellulose 

membrane. One was immunostained with an anti-Spz1 antibody (figure 3.7) 

and the other with an anti-beta actin antibody (image not shown). Spz1 protein 

was detected in the culture media of cells transfected with all SPZ1 constructs. 

Beta actin was not present in the media, indicating no intracellular content was 

present in the cell culture media. The differences in band sizes correspond to 
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the weight of the tag attached to the Spz1 protein. In lanes 5 and 6- 

corresponding to Spz1 tagged with IgG and GFP, respectively- there are two 

bands of very similar weight present.  This was also observed in intra and 

extracellular Spz1 when overexpressed from other constructs (images not 

shown) and it could potentially be an artefact caused by the design of the SPZ1 

constructs or perhaps a post-translational modification that the protein 

undergoes to be secreted. This aspect was not further explored as was beyond 

the scope of this study.  

 

Figure 3.7 Secreted Spz1 in cell culture media. 

HEK293 cells were transfected with mammalian expression plasmids 

encoding for Spz1 attached to the tags HA, Histidine, Immunoglobulin G 

and GFP. Cells were grown in serum-free media for 48h when 40 µl of 

media were collected, centrifuged, and run on an SDS-PAGE gel. 

Extracellular Spz1 was detected by western blot. Transiently 

overexpressed Spz1 is secreted and can be detected extracellularly in all 

constructs by immunostaining. Actin was not present in any sample (image 
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not shown), indicating intracellular contents were not present in the cell 

culture media due to cellular lysis.    

 Purification of transiently overexpressed Spz1  

As described by Hsu et al. (2005) and will be shown later in chapter 4 of this 

thesis, Spz1 has a mitogenic effect on cells (figures 4.1 and 4.2 of this thesis). 

Therefore, it was hypothesised that Spz1 could be a secreted growth factor 

that acts in a similar manner to the fibroblast growth factor-2 – by translocating 

from the extracellular matrix to the nucleus of receptor cells and inducing 

proliferation. To investigate the effect of exogenous Spz1 on cell behaviour, 

the recombinant proteins Spz1-6*His and Spz1-IgG were overexpressed in 

HEK293 cells and purified as described in section 2.2.4.5.  Protein production 

in mammalian systems is more challenging than in bacterial ones, such as E. 

coli, as mammalian cells are more fragile, produce less protein overall and 

their maintenance is much more complex from economical and technical 

perspectives. However, most secreted proteins undergo post-translational 

modifications such as folding and glycosylation, and bacteria lack the 

organelles needed to make them. It is not known if or how Spz1 is modified 

before it is excreted or whether its structure is essential for binding into cells 

and potentially activating cellular proliferation. In addition, the tag used to 

purify the protein can also alter its final conformation and, therefore, activity. 

Hence, to maximise the success options, two different fusion proteins were 

overexpressed using the mammalian system- Spz1-6*His and Spz1-IgG. 

Fusion proteins were purified and concentrated from the extracellular fraction 
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to ensure they had undergone all conformational changes needed to be 

secreted and functional in physiological conditions.   

3.4.2.1 Purification of Spz1-6*His fusion protein 

Purification was done from cell culture media of HEK 293 cells that had been 

transfected with a plasmid encoding for the Spz1-6*His fusion protein. Cell 

media was changed 16 hours post transfection to DMEM supplemented with 

1% calf serum and cells were grown in it for 48 hours before harvesting. The 

culture media was collected, centrifuged, filtered to remove cell debris, and 

passed through a column containing nickel Sepharose beads, as described in 

section 2.2.4.5.1. The column was washed twice to remove non-specific bound 

elements and the Spz1-6*His protein was recovered with 5ml of two solutions 

containing imidazole at 50mM and 500mM, respectively. The eluate was 

collected in 10 fractions of 1ml each.  

The results of the purification are shown in figure 3.8. Figures A and B show 

SDS-PAGE gels of the cell culture media before and after passing through the 

column (lanes 1 and 2), the two washes performed (lanes 3 and 4) and the 

eluates with 50mM imidazole (lanes 5-9) and 500mM imidazole (lanes 10-14). 

Figure A shows a Coomassie stain of the protein gel, with a red arrow 

indicating where the band of Spz1-6*His is expected. Figure B is an 

immunostain with an anti-Spz1 antibody. The Coomassie dye indicates the 

purity of the sample as all proteins become stained with it. A protein selectively 

removed from a sample, should give a clear band with a Commassie stain, but 

that is not the case with Spz1, as no visible bands are present in any of the 
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eluate fractions (lanes 5-14). Furthermore, western blot analysis in figure B 

shows most of the Spz1 fusion protein did not bind to the column, as large 

amounts of it can be seen in the flowthrough (lane 2). Poly histidine tags bind 

best to nickel in near-neutral pH conditions (pH of around 7.2). While the cell 

culture media originally has a neutral pH, at the time of the experiment it had 

become acidic as fully confluent cells had grown in it for 48 hours. This could 

partially explain why the fusion protein did not become immobilised in the 

column. Additionally, commonly used polyhistidine tags vary from 6 histidine 

residues to 12 residues as their capacity to chelate nickel depends on the 

characteristics of the protein, such as three-dimensional structure, and the 

conditions of the experiment. The efficacy of the tag is tested empirically. In 

this study, the shortest version of 6 histidine was used to maintain the fusion 

protein structure as similar to the native protein as possible. However, the tag 

could be too short and inefficient at immobilising the protein in the column with 

the conditions used in the assay. Further optimisation of the purification 

conditions was not done in this study, as secreted Spz1 was successfully 

obtained using an IgG tag, as seen in section 3.4.2.2 of this thesis, and 

subsequent experiments were done with the Spz1-IgG fusion protein.  
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Figure 3.8 Affinity purification of the Spz1-6*His fusion protein from 

the extracellular fraction. 

Transiently overexpressed Spz1-6*His protein was purified from the culture 

media of HEK293 cells using HisTrap affinity columns prepacked with 

nickel sepharose beads. Spz1 fusion protein was eluted using imidazole at 

a 50mM and 500mM concentration and collected in 10 fractions of 1ml 

each.  10 µl of each fraction were run on an SDS-PAGE gel and stained 

with a Coomassie stain (A) to assess purity of the sample and reacted with 

an anti-Spz1 antibody (B) to verify presence of Spz1 in the sample. The red 

arrow in figure A indicates the position where Spz1-6*His protein is 

expected in the gel.  

3.4.2.2 Purification of Spz1-IgG fusion protein 

Transiently overexpressed Spz1-IgG was obtained from the cell culture of 

HEK293 cells. The procedure is described in detail in section 2.2.4.5.2. 
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Transfected HEK293 cells were grown in media supplemented with 2%CS for 

48 hours, when the media was harvested, filtered, and passed through a 

protein G Sepharose column. Protein G columns are commonly used for 

purification of eukaryotic antibodies in a laboratory setting, as it binds 

efficiently to a wide range of IgG antibodies. The Spz1-IgG protein was eluted 

using a low pH buffer (pH 2) in two consecutive times. The eluates, labelled 

as fraction 1 and 2 in figure 3.9, were immediately brought to neutral pH and 

concentrated with Centricon 30 columns (Amicon). Figures 3.9 A and B show 

the different fractions collected- cell culture media before and after passing 

through the column (lanes 1 and 2, respectively), wash of the column (lane 3), 

and eluted Spz1 IgG fractions 1 and 2 (lanes 4 and 5). Figure A consists of an 

SDS-PAGE gel stained with Coomassie. The red arrow indicated the band 

size of Spz1-IgG. As can be seen, the protein was successfully purified from 

the extracellular media in fraction 1. The band present at ~50 KDa 

corresponds to the heavy chain of the immunoglobulins present in the calf 

serum used to supplement the media. The light chain (~25 KDa) is not present 

as the Centricon 30 columns used for concentration filter molecules lighter 

than 30 KDa. Immunoblot staining with anti-Spz1 antibody (figure B) shows 

Spz1-IgG is mainly present in fraction 1. The eluted proteins were quantified 

with the NanoDrop® ND-1000 Spectrophotometer, using the protein 

quantification option available in the software. Results, in figures C and D, 

show fraction 1 contained 5.56 mg/ml of protein and fraction 2 0.03 mg/ml. 

These absorbance values serve as an estimate of the amount of protein, 

however, the exact concentration of Spz1-Ig in the purified sample is lower 



103 
 

than 5.56 mg/ml as other proteins are present in it, such as the immunoglobulin 

heavy chains.  

 

Figure 3.9 Purification of Spz1-IgG fusion protein from the 

extracellular media. 

Spz1-IgG was transiently overexpressed in HEK293 cells and purified from 

their culture media using affinity chromatography. The cell culture was run 

through a column containing protein G to immobilise Spz1-IgG. Elution was 

done with a pH2 buffer in two batches. Samples were run on an SDS-PAGE 

gel and stained with Coomassie (A), to assess purity, and transferred to a 

nitrocellulose membrane and reacted with an anti-Spz1 antibody (B), to 
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visualise Spz1-IgG. The amount of protein in fractions 1 and 2 was 

measured with a Nanodrop 1000 Spectrophotometer (C and D).   

3.5 Discussion 

Originally, Spz1 has been classified as a transcription factor mainly present in 

the cellular nucleus where it modulates gene expression. However, previous 

work by Gundurao (2013) within my research group had showed that Spz1 

interacts with extracellular proteins and cell surface receptors involved in cell 

signalling and immunity, such as the transmembrane and coiled-coil domain 

1, the serpina 6 alphaglobulin, the growth factor receptor-bound protein 2, the 

HLA class II histocompatibility antigen or the insulin-like growth factor receptor.  

Hence, it was hypothesised that Spz1 may be part of the cellular secretion 

machinery or perhaps be secreted itself. While possible, Spz1 secretion was 

considered highly unlikely, as previous research described it as a nuclear 

transcriptional regulator (Hsu et al., 2005; Wang et al., 2017), and the HPV 

oncogene E7 is not known to directly interact with secreted proteins (White et 

al., 2012; Songock, Kim and Bodily, 2017).  

To study if Spz1 was secreted, two approaches were taken- analysis with 

secretion prediction software and detection of extracellular Spz1 protein in in-

vitro cell cultures.  

First, Spz1 was analysed with three software programs – Phobius, SignalP 

and PrediSi- designed to detect proteins secreted in a classical manner. These 

programs detect signal peptides within an amino acid sequence that mark a 

protein for classical secretion. None of them could detect a signal peptide, 
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indicating that Spz1 is not secreted in an ER- dependent manner. While 

SignalP and PrediSi anticipate that Spz1 is an intracellular protein mainly 

found in the cytoplasm, Phobius assigns a non-cytoplasmic location for Spz1, 

meaning it is not expected to be found intracellularly and that it might be 

secreted via the non-classical pathway, as it lacks a signal peptide. To further 

investigate this, Spz1 was analysed using the SecretomeP software, designed 

to identify proteins secreted in a non-classical manner. While the results 

indicate Spz1 is not secreted, the value SecretomeP assigns to Spz1 (NN-

score of 0.422) is much closer to the secretion threshold defined by the 

software (NN-score of 0.6) than to the value of non- secreted nuclear proteins 

such as the transcriptional regulator ATRX (NN- score of 0.093). Overall, the 

results of the analysis of Spz1 localisation with prediction software are that 

Spz1 lacks the sequence peptide necessary for classical secretion and, 

hence, is not secreted via the classical pathway. It could however be secreted 

in a non-classical manner based on the results of Phobius and SecretomeP 

software, but this would benefit from further investigation with empirical 

methods, such as direct detection of Spz1 in the extracellular content.  

Spz1 was visualised by SDS-PAGE and western blot from in-vitro cell cultures. 

These require addition of animal-derived products, such as serum, that contain 

an array of proteins necessary for cell survival and growth. However, these 

components can also interfere with protein visualisation by immunostaining, 

as the antibodies used for protein detection can cross-react with some 

molecules present in the sera. To lower the probability of cross-reaction, it is 
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best to use monoclonal antibodies (that bind a single epitope) that have been 

pre-adsorbed against the species used to obtain the sera. However, it is 

recommended to verify empirically that no cross-reaction occurs under specific 

experimental conditions. The anti-human Spz1 antibody used in this study -a 

rabbit polyclonal antibody- was tested against the growth media and the 

bovine serum (FCS and CS) used for supplementation of cell culture media. 

Interestingly, the antibody strongly reacted with the FCS (figure 3.5) giving a 

strong single band at ~50 KDa, coinciding with the bovine Spz1 molecular 

weight. The human and bovine Spz1 have a similarity of 65%, which makes 

likely that the polyclonal antibody used detects both. However, all serum 

components are extracellular, as the cells present in blood are removed when 

serum is processed. Both FCS and CS originate from the same species, 

however, their composition is slightly different as FCS contains factors that 

promote embryonic development. Detection of relatively large amounts of 

Spz1 in the foetal calf serum supports the hypothesis that Spz1 is indeed a 

secreted protein that is involved in embryonic development.  

Based on these results, cell culture media was supplemented exclusively with 

calf serum for all subsequent experiments for detection of Spz1 using the anti-

Spz1 antibody. Detection of endogenous proteins released into the 

extracellular content is challenging, as their expression levels may be too low, 

the protein becomes diluted in the cell culture media and the antibodies may 

not be sensitive enough. However, detection of endogenous protein is more 

reliable than detection of transiently overexpressed ones, as cells that are 
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transfected may become too stressed and die, potentially releasing the 

intracellular contents into the media, including large amounts of the target 

protein. Hence, initially I attempted detection of endogenous Spz1. Even 

though Spz1 was clearly expressed in the cells (figure 3.6), direct detection of 

Spz1 in the media was not possible as it was either not present or too dilute. 

A classical approach is to first concentrate the protein by immunoprecipitation 

and then, perform a western blot to detect the concentrated protein, if present. 

To do so, two different antibodies against the target protein are used, and it is 

key that they target different epitopes, so the antibody used for 

immunoprecipitation does not block the binding of the antibody used for the 

staining. Unfortunately, there was only one anti-human Spz1 antibody 

available on the market at the time these experiments were done, so this 

approach was not viable.  HEK293 cells were used to transiently overexpress 

Spz1 with tags to be used for detection and concentration of the protein, if 

necessary. Extracellular Spz1 was detected by direct immunostaining of the 

culture media, verifying that, indeed, Spz1 is a secreted protein. Low secretion 

levels of endogenous protein (undetectable by western blot) support the notion 

that Spz1 may be a growth factor, as they are naturally found in very low 

concentrations in the extracellular matrix (Mishra et al., 2016; Yan et al., 2018). 

Two SPZ1 constructs were used to purify and concentrate Spz1 protein to test 

the hypothesis that is a secreted growth factor- one with a polyhistidine tag 

and another with a human IgG tag. These tags were chosen as they are 

regularly used in laboratories for protein purification in vitro and plenty of 
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resources are available to do so- from detailed protocols to prepacked 

columns, where the fusion protein is immobilised and can be eluted with a wide 

choice of buffers. The results of the purification of Spz1 with a polyhistidine 

and an IgG tag are presented in figures 3.8 and 3.9, respectively.  

Selectively obtaining Spz1-6*His protein from the cell culture media was not 

possible. A couple of potential explanations are given in the results section of 

this chapter – unsuitable pH conditions for histidine binding to the column and 

a tag too short (6 histidine residues) that may not be fully exposed to the 

Sepharose beads of the column as the tertiary structure of the protein could 

partially hide it. Additionally, protein immobilisation based on metallic elements 

such as cobalt and nickel, can be hampered by the presence of chelating 

agents in the sample. These agents, present in enzymes and other proteins 

found in body fluids (Sears et al., 2013) bind to and sequester the nickel, 

impeding the correct binding of the his-tagged protein. While optimisation of 

experimental conditions would have been possible- generation of a larger 

polyhistidine tag, control of the pH conditions and removal of chelating 

reagents- this was not done, as purification of Spz1 with the human IgG tag 

had been successful.  

IgG tagged Spz1 was successfully obtained from culture media. However, as 

the culture medium was supplemented with calf serum- containing 

immunoglobulins- the Spz1 fusion protein could not be totally isolated on its 

own. I tried growing the cells in different serum free media, but the protein 
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production and even cellular viability was reduced to the point of making 

impossible the protein purification.  

Additionally, it was evident that relatively low amounts of protein are obtained 

from mammalian cultures. Scaling up the purification process was inviable in 

my laboratory settings- each purification attempt was done from at least 15-20 

dishes of 150mm, equivalent to 450- 600ml of cell culture media, without 

compromising the quality of the protein extracted or the viability of the cell 

cultures themselves.  

Therefore, as the quantity and purity of the Spz1 protein of in-house 

purifications was probably not sufficient to stimulate cells with it, a commercial 

Spz1-6*His protein (obtained from E.coli) was purchased from Proteintech (cat 

n Ag6995) to use as a comparison in future experiments, as seen in chapter 5 

of this thesis.  

As a summary, the discovery that Spz1 is potentially a secreted growth factor 

can become very useful for the management of cancers such as liver, breast 

and colorectal where the expression of Spz1 is increased (Liu et al., 2018, 

2020). Furthermore, it can help to better understand how the HPV oncoprotein 

E7 modulates cell behaviour, perhaps not just of HPV infected cells, but at a 

tissue level too, via its interaction with Spz1. 
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4 Effect of Spz1 and HPV-16 E7 on proliferation, 

apoptosis and cellular transformation 

4.1 Introduction 

As both HPV-16 E7 and Spz1 have been linked to increased proliferation and 

carcinogenesis, the main aim of this chapter is to study their combined effects 

on the induction of a malignant phenotype in cells. Classical in vitro 

transformation assays- increased proliferation, loss of contact inhibition, 

attachment independent growth and loss of differentiated phenotype- were 

performed on two cellular models generated for this study that stably 

overexpress Spz1 and HPV-16 E7 to study them in isolation and in 

combination. The cell lines were generated as described in section 2.2.6 of 

this thesis using the mice fibroblast NIH3T3 and the human keratinocyte 

HaCaT cell lines. Cell validation data is in Appendices 1-3 of this thesis. The 

NIH3T3 cell line is a semi-transformed cell line that retains some 

characteristics of primary cells such as strong contact inhibition and has been 

widely used for the study of carcinogens in vitro (Alvarez, Barisone and Diaz, 

2014). HaCaT cells derive from spontaneously immortalised human 

keratinocytes and are commonly used in scientific research as they have high 

capacity to differentiate in vitro (Maas-Szabowski, Stärker and Fusenig, 2003).  

The overarching aim of this chapter was to study if Spz1 could play a role in 

HPV-mediated disease by forming a complex with E7 to enhance its oncogenic 

potential.  
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4.2 Effect of Spz1 and HPV-16 E7 on cellular 

proliferation 

Both Spz1 and HPV-16 E7 have been reported to increase cellular proliferation 

on their own, but they could have a synergistic effect when expressed together 

in HPV- infected cells that may be key for the survival of the virus or disease 

progression. To assess this, proliferation assays were set up with cells that 

stably overexpress Spz1 and E7 on their own and together. These cell lines 

were generated as described in Section 2.2.6.  

Two types of assays were used- one that measured the metabolic activity of 

the cells as a surrogate for cellular numbers (CCK-8 assay) and another one 

where cell numbers were directly measured by staining.    

The Cell Counting Kit- 8 (CCK-8) assay is a colorimetric assay that can be 

used to determine cellular viability and proliferation. The basis of the assay 

consists of the addition of a water-soluble tetrazolium (WST) salt that is 

substrate for the dehydrogenase enzymes present in the cell. The reduction 

of the WST salt results in a change of colour- and absorbance- that can be 

measured with a plate reader. The change in absorbance is proportional to the 

number of viable cells in the sample.  

The CCK-8 assay was performed in 96-well plates where equal number of 

cells of each cell line were seeded in triplicate 24 and 48 hours prior to the 

addition of the substrate, as described in Section 2.2.7.1.1. Cells were grown 

in media supplemented with 10% calf serum and were kept in it for the length 
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of the experiment. Absorbance at 450nm was measured 2 hours after addition 

of the WST substrate.  

Relative proliferation data was obtained by normalising the proliferation of 

each cell line against a control cell line that stably expressed the lentiviral 

vector used for the transduction of the SPZ1 and E7 genes into the cells. The 

cell lines used for the assay are derived from the human HaCaT keratinocytes 

cell line. HaCaT cells have a low basal expression of Spz1 and do not contain 

HPV DNA integrated into their genome.   

Proliferation results showed that, when expressed on their own, both Spz1 and 

E7 lead to a significant increase in cellular proliferation. But when co-

expressed in the same cell, the proliferation is significantly reduced to levels 

comparable to the control cells (Figure 3.2 A).  

 

 

Figure 4.1 Cellular proliferation of HaCaT cells stably transduced with 

Spz1 and HPV-16 E7. 
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Effect of Spz1 and HPV-16 E7 on their own and combined on cellular 

proliferation was measured with the CCK-8 assay (A) and by cellular 

staining with crystal violet dye (B). The data shown was obtained from three 

independent experiments and the error bars represent standard deviation. 

Relative proliferation was calculated by normalising proliferation to a control 

cell line expressing the lentiviral plasmid used for the transduction of cells. 

When expressed alone, Spz1 and E7 induce cellular proliferation but when 

co-expressed in the same cell, the relative proliferation is significantly 

lower, with a rate comparable to the control cells. Statistical analysis was 

performed with Wilcoxon rank-sum test. ****P<0.0001. 

 

Cellular proliferation was also measured by obtaining relative cell numbers 

using the crystal violet dye. In these assays, equal number of cells were 

seeded in triplicate in 6- well plates (as explained in Section 2.2.7.1.2) in media 

supplemented with 10% FCS and were left to grow for two weeks. Cells were 

fixed and stained with a solution containing 0.2% crystal violet and absorbance 

at 595nm was measured on the plate reader. Proliferation data is shown in 

Figure 3.2 B. Cells that were stably transduced with a single gene had 

significantly higher numbers than cells that co-expressed Spz1 and HPV-16 

E7. The reduction in proliferation rate is more marked with crystal violet 

staining than with other assays potentially because of the longer length of the 

experiment, but the overall results show a clear trend on reduction of 

proliferation when Spz1 and E7 are present in the same cell. The results of 
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this study suggest that Spz1 could have a protective effect against HPV-E7 

induced proliferation.  

 

4.3 Effect of Spz1 and HPV-16 E7 on cellular apoptosis 

Spz1 and HPV-16 E7 expression have been linked to increased cellular 

proliferation (Hu et al., 2015; Liu et al., 2020) . However, previous assays in 

this study have shown that when Spz1 and HPV-16 E7 are co-expressed, cell 

numbers are significantly reduced to the same level as the control cell line 

(figure 4.1 in this thesis). HPV infection has been linked to increased Spz1 

expression in cervical tissue (Moutevelidi, M.Sc. thesis, 2015) and Spz1 has 

previously been shown to be involved in cellular apoptosis (Hsu et al., 2001; 

Liu et al., 2020). Therefore, it was hypothesised that Spz1 could play a role in 

apoptosis of HPV infected cells, which would explain the reduction in cellular 

numbers seen in cells that co-express E7 and Spz1.  

The Caspase-Glo® 3/7 Assay System was used to assess cellular viability in 

cells that stably overexpressed Spz1 and HPV-16 E7. The Caspase-Glo® 3/7 

Assay System measures the activity of caspase 3 and 7- involved in 

programmed cell death- using a luciferase system that emits a luminescent 

signal proportional to the caspase activity in the cell. The cells assayed were 

generated from the HaCaT human keratinocyte cell line as described in 

section 2.2.6 of this thesis. Cells were seeded in triplicate in 96-well plates at 

a density of 2x104 cells/well in media supplemented with 10% calf serum and 
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were kept in it for the length of the experiment. Cells were left overnight to 

adhere and then 100 µl of the caspase reagent were added to each well and 

cells were further incubated at 37ºC for 2 hours, when luminescence was 

measured with a plate reader. Relative caspase activity of each cell line was 

obtained by normalising the luminescence of the cell line to a control cell line 

that expressed the empty lentiviral vector used for the generation of the cell 

lines. Data in figure 4.2 represents the cell viability in three independent 

experiments. The caspase activity of all cell lines is very similar, with slightly 

lower rates in cells expressing Spz1 and HPV-16 E7 alone. Cells that co-

express HPV-16 E7 and Spz1 do not undergo apoptosis at a higher rate than 

cells that express HPV-16 E7 alone.  
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Figure 4.2 Cellular viability of HaCaT cells stably overexpressing Spz1 

and HPV-16 E7.  
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Cellular viability of Spz1 and HPV-16 E7 expressing cell lines was 

measured in triplicate using the Caspase-Glo® 3/7 Assay System. Relative 

caspase activity was calculated by normalising the luminescence emitted 

by each cell line to a control cell line harbouring an empty lentiviral plasmid 

in its genome. The graph contains the data of three independent 

experiments. Error bars represent SD. Statistical analysis performed using 

the Wilcoxon rank-sum test showed no significant differences in caspase 

activity between cell lines.  

 

4.4 Effect of Spz1 on transformation of cells 

The Spz1 protein is present in cancerous tissue and has been reported to have 

tumorigenic activity in experimental animals (Hsu et al., 2001). Hallmarks of 

cellular transformation are increased mobility, loss of contact inhibition and 

anchorage-independent growth. To assess if Spz1 presence is sufficient to 

induce cellular transformation, in-vitro assays that test these three parameters 

have been performed.  

 

 Attachment independent growth assays 

Attachment to the extracellular matrix is a requisite most cells need to 

proliferate as they require signals from neighbouring cells to survive. 

Attachment independence is a hallmark of transformed cells and correlates 

with in vivo tumorigenic activity.  
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In this study, soft agar colony formation assays were performed to investigate 

the effect of Spz1 and E7 on cellular anchorage. In these assays, very low 

number of cells are grown embedded in agar in cell culture plates. The agar 

prevents the cells from attaching to the plate surface and receiving signals 

from other cells so only the cells that can survive in suspension grow and form 

colonies.  

The soft agar assays were performed as described in section 2.2.7.3. Cells 

stably expressing Spz1 and HPV-16 E7 were seeded in triplicate at a 

confluency of 5000 cells/well in 6-well plates containing a mixture of agar and 

cell growth media. Liquid media was added on top and was exchanged every 

other day for 22 days, until colonies were visible under the microscope. Cells 

were fixed and stained with 0.2% crystal violet, photos were taken, and 

colonies manually counted in duplicate.  

Analysis of the results (shown in figure 4.3) indicates that some of the control 

cells can acquire the ability to grow in suspension (Figure A) but that number 

is much lower than for cells expressing the E7 oncogene (Figure C). 

Expression of Spz1 alone (Figure B) does not have a significant effect on 

colony forming when compared to the control cells, but, when expressed 

alongside E7 (Figure D), the number of colonies is significantly reduced to 

numbers similar to the control cell line (Figure E). 
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Figure 4.3 Cell growth independent of anchorage in NIH3T3 cells 

stably expressing Spz1 and HPV-16 E7 proteins.  

Figures A-D show representative images of the 6 mm dishes where control 

cells (A), Spz1- expressing cells (B), E7- expressing cells (C) and cells 

expressing Spz1 and E7 (D) were grown for 22 days in an agar matrix. 

Quantitative analysis of colony numbers is represented in figure E. Values 

are the means ± SD of at least three independent experiments. Cells 

containing the E7 gene formed significantly more colonies than cells that 

did not express it, regardless of Spz1. Joint overexpression of Spz1 and 

HPV-16 E7 leads to significantly less colonies than alone expression of E7. 

Statistical analysis was performed with One-way ANOVA followed by 

Tukey’s multiple comparison tests. * P< 0.05, ** P< 0.01, ****P<0.0001.  

Assays were carried out as described in section 2.2.7.2. Cells stably 

expressing Spz1 and E7 were tested against a control cell line that had 

integrated a lentiviral plasmid in its genome. Cells were seeded in triplicate at 

a confluency of 2000 cells/well in 6-well plates and were grown until reaching 

100% confluency and then left to grow for 6 more days to allow for foci 

formation. Cells were fixed and stained with a 0.2% crystal violet solution.  
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 Cellular mobility assays 

Wound healing assays, also known as scratch assays, are a widely used 

technique to assess cellular mobility in vitro. Cells are grown in a confluent 

monolayer and a wound or scratch is performed with a pipette tip. Cells are 

left to grow and re-colonise the wound area and time-lapse photos are taken 

with a camera attached to a microscope.  

The wound healing assays were performed as described in section 2.2.7.2 of 

this thesis on cells stably expressing Spz1 and the viral gene E7. Cells were 

generated as described in section 2.2.6. Cells were grown in 10 cm dishes 

until reaching full confluency and a linear scratch was manually done with a 

pipette tip (as shown in Figure 4.4) and photos of the wound were taken every 

hour with a CytoSMART Lux camera until the wound was completely healed.  

The analysis of wound coverage was done when there was a recolonization 

of 40-60% of the scratch area. This was after 8 hours of starting the assay for 

the HaCaT-derived cells and at 10 hours for the NIH3T3 ones.  The wound 

coverage was measured in pixels sq with the Wound Healing macro in Image 

J. The percentage of the wound coverage was calculated using the formula: 

Percentage of scratch wound coverage= [ area (pixels sq) at final timepoint/ 

area (pixels sq) at timepoint 0] x 100. 

A representative image of the wound area in HaCaT derived cells at timepoint 

0 and 8 hours after is shown in figure 4.4 A. The original wound area is denoted 

with a green line. Comparison of the re-colonised area of the wound is shown 

in figures 4.4 B (for HaCaT cells) and 4.4 C (for NIH3T3 cells). All samples 



120 
 

had a similar wound coverage after 8 and 10 hours respectively, suggesting 

neither E7 nor Spz1 had an effect on cell mobility as measured by scratch 

assays.  

 

Figure 4.4 Wound healing assays of NIH3T3 and HaCaT cells 

overexpressing Spz1 and E7.  

Figure A shows a representative image of the wound area of HaCaT cells 

stably transduced with a lentiviral plasmid (control cell line), Spz1 and/or 

E7 at timepoint 0 (above) and 8 hours after (below). The original wound 

area is marked with a green line. Wound coverage was measured using the 

Wound healing macro tool for Image J software. The percentage of 
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coverage was calculated by dividing the scratch area at 8 hours by the 

original scratch area and multiplying the number by a hundred. Quantitative 

analysis of at least three independent experiments is shown in figures B 

and C. Figure B shows the percentage of scratch coverage after 8 hours in 

HaCaT-derived cells. Figure C shows the percentage of wound healed after 

10 hours in NIH3T3- derived cells. All cell lines had a similar coverage of 

the wound regardless of Spz1 and E7 expression, suggesting they do not 

have an effect on cellular mobility.  

 

 Cellular differentiation assays 

Keratinocytes are the natural host of HPV. Upon infection, HPV delays the 

differentiation process that cells would undergo as it is imperative for the viral 

survival that cells remain undifferentiated and, therefore, proliferative, until 

they reach the topmost layers of the squamous epithelium. The E7 oncogene 

is known to be key in abrogating cellular quiescence through its interaction 

with the retinoblastoma protein and other pocket proteins (Jones et al., 1997; 

Martin et al., 1998). To investigate if expression of Spz1 influenced cellular 

differentiation and whether it modulated the effect of E7, organotypic raft 

cultures were established.  

Organotypic 3D raft cultures are a commonly used in vitro technique where 

cells are grown in a 3D culture resembling an epithelial structure. This allows 

for cells to behave in a more tissue-like manner than traditional 2D cultures, in 

terms of cellular morphology and functions. Keratinocyte cells are grown in the 
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interface between air and liquid, which allows for cellular stratification and 

differentiation. In this study, the HaCaT keratinocyte cell line was chosen as it 

retains the ability to differentiate and has been shown to be suitable for raft 

cultures before (Maas-Szabowski et al., 2003).   

Three dimensional cultures were generated using the Alvetex® Scaffold 

technology. With this system, cells grow adhered to the polystyrene matrix in 

the scaffold and form complex multi-layered cultures where they can interact 

with neighbouring cells. Differentiation of the cells into epithelial-like structures 

is achieved by growing the cells in the air liquid interphase- only the cells at 

the bottom of the culture are immersed in the growth media and the lack of 

nutrients encourages cellular differentiation of the top layers. The cultures 

were generated as described in section 2.2.7.5. Once the rafts had been 

generated, they were processed for immunohistochemical staining. 

Originally, four HaCaT- derived cell lines were used to generate the raft 

cultures- a control cell line containing the lentiviral DNA used for the generation 

of the cell lines, and three cell lines expressing HPV-16 E7 and/or Spz1. The 

samples were first stained with haematoxylin eosin (H/E) to assess if they had 

tissue-like structure. Once rafts were generated, their degree of differentiation, 

amount of proliferation and expression levels of the transduced proteins were 

to be compared. Immunohistochemical staining for epithelial differentiation 

markers such as cytokeratin-10 and involucrin, and proliferation markers such 

as p16 and ki67 were to be done at once on all samples.  
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The generation of 3D structures in vitro is challenging, even more so when 

cells are put under stress to induce differentiation. Many factors can condition 

its success or failure, such as passage number of the cells, temperature and 

CO2 conditions inside the incubator, and the technical skills. Most laboratories 

where 3D cultures are commonly used, have very strict control on growth 

conditions to ensure success, such as growth of cell lines at very early 

passages and use of an incubator exclusively for raft cultures. As some of 

these parameters were not possible to be adjusted for this study- cells were 

previously cultured in the laboratory to generate the cell lines and incubators 

where shared with other users- it was decided that the cultures had to be 

generated all at once to be comparable, to minimise the effect that external 

factors could have on the differentiation process of the cells. Raft cultures were 

set up several times, but tissue-like structure for all of them, at a consistent 

time point, could not be generated. Only rafts with the control cell line and the 

cell line expressing HPV-16 E7 (shown in figure 4.5) could be generated at the 

same time. The cells that (1) expressed Spz1 solely and (2) expressed Spz1 

alongside E7 did not survive in the conditions that were used to generate raft 

cultures (images not shown).  

Preliminary results show HaCaT cells are suitable for generation of epithelial-

like structures in vitro with the conditions used in this study (figures 4.5 A and 

B). Cells grow in layers and haematoxylin eosin staining suggests cells in the 

upper layers are more differentiated than the ones in the bottom ones as can 

be seen by their morphology and staining pattern, where cells are closer and 
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flatter and nucleus are less evident in the top layers than in the bottom 

proliferating ones.  

Raft cultures from cells containing HPV-16 E7 seem to be less stratified 

(figures 4.5 C and D) than the control cell line as seen by H/E staining. These 

results should be further validated with additional detection of proliferative or 

epithelial differentiation markers. Staining against the E7 protein (figures 4.5 

E and F) shows E7 is expressed mainly in the upper layers of the cultured 

cells, unlike in physiological conditions, where the early proteins are mainly 

expressed in the basal epithelial layers (in normal tissue and low-grade 

lesions) or through the thickness of the epithelium (in high-grade lesions).   
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Figure 4.5 Organotypic raft cultures of HaCaT cell lines.  

Raft cultures generated with HaCaT cell lines using the Alvetex® scaffold 

system for 24 days and processed for immunohistochemical staining. 

Control cells (A and B) show an epithelial-like structure with differentiated 

cells at the top layers and proliferative cells at the basal layers, as seen by 

haematoxylin eosin staining. HPV-16 E7 expression (C and D) induces a 

less differentiated phenotype in the upper layers of the raft as seen by H/E 

staining. HPV-16 E7 was detected with an anti-HPV16 E7 antibody (Santa 

Cruz, sc-65711) and is mainly expressed at the higher levels of the cell 

culture (E and F).  
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4.5 Discussion 

The assays used in this study to investigate proliferating and tumorigenic 

activity of Spz1 take over a week to complete and are heavily influenced by 

external stress that the cells undergo, such as transfections and cell culture 

splitting. Hence, it was decided to generate cells that stably overexpress the 

genes encoding the Spz1 and E7 proteins. Two parental cell lines were used 

for this purpose- a keratinocyte cell line (HaCaT) and a mouse cell line 

(NIH3T3), as they show a semi-transformed phenotype- they retain 

differentiation and contact inhibition, respectively. Neither of these cell lines 

contain HPV DNA in their genome and their basal expression of the Spz1 gene 

is low.  

In presence of Spz1 and E7 on their own, cells show increased cellular 

numbers and metabolism (figure 4.1). However, those that co-express Spz1 

and E7 have a significantly lower proliferation rate, comparable to the control 

cells. While the proliferative phenotype of Spz1 and E7 was expected, I 

anticipated a synergistic effect between them, not a reduction in cellular 

numbers. A possible explanation could be that, when both proteins bind and 

form a complex, they suffer a conformational change that renders the proteins 

non-functional. The role of E7 in the cells is mainly through its binding to the 

retinoblastoma protein and, while the domains where Spz1 and Rb bind to E7 

are not the same (Gundurao, 2013), they are very close and binding could be 

mutually exclusive. Spz1 binds to other proteins (including E7) through its 

leucine zipper domain and this modulates its DNA-binding capacity and other 
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functions. Equally, it could be expected that, when E7 binds to Spz1, it 

prevents its binding to other proteins that would kickstart cellular cycle.  

While the loss of function is possible, reduced cellular numbers could also be 

linked to increased death in cells that co-express Spz1 and E7. Spz1 has 

previously been linked to programmed cellular death with some studies (Hsu 

et al., 2001) describing it as an apoptotic factor  and others (Liu et al., 2020) 

describing a silencing effect on apoptosis. Both these hypotheses were further 

tested in this study, as seen in figure 4.2 of this thesis. There were no 

significant differences in the viability of cells that expressed Spz1 and/or HPV-

16 E7, when compared to the control cell line. Caspase 3 and 7 are activated 

universally during the apoptotic process (Walsh et al., 2008) and hence, 

measurement of caspase activity is an efficient method to test for apoptosis in 

cells. However, immortal cell lines usually have impaired DNA repair and 

apoptotic activity, in particular, the HaCaT cell line contains two point 

mutations in the P53 gene (Lehman et al., 1993), so results have to be 

analysed with caution, as the lack of programmed cell death could be inherent 

to the cell line and Spz1 could still play a role in it. Additionally, the selection 

process of transduced cells could have a bias towards selecting apoptosis-

resistant populations, regardless of the expression of exogenous genes.  

The effect on anchorage independent growth was investigated with soft agar 

assays, where individual cells were grown in suspension in an agar matrix. As 

expected, cells harbouring the E7 oncogene showed a significantly higher 

ability to grow in suspension than the control cell line (figure 4.3), as previously 
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been described by others (Huh et al., 2005; Muñoz et al., 2012). Cells 

overexpressing Spz1 on its own and in presence of E7 had no increased 

growth in suspension when compared to the control cell line. These results 

further challenge what has been reported about Spz1 as, not only the 

oncogenic phenotype is not shown, but also it seems to have a protective 

effect against the tumorigenic activity caused by E7. While these are promising 

results as Spz1 may have a protective effect against E7-induced 

tumorigenesis, they should be validated with other cell lines, as the NIH3T3 

fibroblast cells used in this assay are a mouse cell line and the effect of human 

Spz1 and the protein of a human virus may be different between species and 

cell type. 

Keratinocyte differentiation assays – raft cultures- showed expression of HPV-

16 E7 may impair cellular differentiation (figure 4.5) but those results should 

be further validated with detection of specific proliferative and differentiation 

markers. This was not done in this study partly due to time constraints and 

partly because only rafts with control and E7- harbouring cell lines were 

obtained, and, as HPV-16 E7 is already known to delay cellular differentiation 

in vitro (Ci et al., 2020), results would only corroborate well-established 

scientific knowledge. The information that was pursued with these assays- 

whether Spz1 alone or in combination with E7 blocks cellular differentiation- 

has not been solved yet. Future work will have to be done to either find suitable 

conditions for growth of raft cultures of all cells or an altogether different 

approach to be taken. However, the setup of three-dimensional differentiated 
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cultures in vitro with transduced cell lines is a very useful tool for the laboratory 

for future work. 

Cells expressing the HPV16 E6 and E7 oncogenes have previously been 

shown to increase cell migration and invasiveness in cervical cells (Zhou et 

al., 2013; Hu et al., 2015). Here, wound healing assays were used to assess 

the role of E7 and Spz1 in cell migration in the cells that had been generated 

for this study. Results (figure 4.4) show no difference in cell motility by neither 

of the proteins. A possible interpretation of these results is that E7 may be a 

necessary but not sufficient cause for  the increase in cellular motility- the 

presence of the early protein E6 could be essential, as both oncogenes are 

known to cooperate to cause a malignant transformation of cells (Kahue et al., 

2018). Alternatively, the mechanisms disrupted by E7 to promote 

invasiveness-such as the downregulation of the E-cadherin (Hu et al., 2015)- 

may vary between animals and cell tissues. The cadherins are heavily 

expressed in the epithelium to promote cellular stratification but are expressed 

at lower levels in other tissues such as connective tissue, where the mice 

NIH3T3 cells were obtained from. While this could explain the lack of a positive 

phenotype in E7 expressing cells- as the human papillomaviruses have 

evolved to infect and proliferate in epithelial cells- the SPZ1 gene has been 

shown to be expressed at high levels in different cancer types, such as 

colorectal, breast and liver cancer (Wang et al., 2017, 2019; Liu et al., 2018). 

Li Ting Wang et al. already showed in 2019 that ectopic Spz1 on its own had 

no effect on cell migration as measured by wound healing assays but did 
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increase invasiveness in the presence of the Twist-1 transcription factor. Here, 

I anticipated the co-expression of E7 and Spz1 may have a similar effect, but 

as seen in figure 4.4 that is not the case.  

While E7 is a well-studied oncogene that increases cellular mitosis, the role of 

the Spz1 protein in cellular cycle is not yet fully understood. Overall, these 

results show a lack of oncogenic activity by Spz1 besides an increased 

proliferation in absence of E7. Furthermore, they are suggestive of a potential 

protective effect of Spz1 against the tumorigenesis induced by the E7 

oncogene, as seen in proliferation and attachment independent growth 

assays. The cell lines used in this study are not susceptible of HPV infection 

and were chosen for use in classical transformation assays on the basis that 

E7 and Spz1 would have a synergistic effect on malignant transformation of 

cells. Hence, cervical cell lines were originally disregarded for the purpose of 

this study, as most harbour HPV DNA in their genome and express very high 

levels of the E7 protein, even though they are the natural host of the human 

papillomavirus.  

As this study has shown stably transduced cells are suitable for performing 

most cellular transformation assays, further work can be done on cervical cells 

stably overexpressing Spz1 to see if their cancerous phenotype can be 

partially reversed by Spz1. HPV positive cells (HeLa cells, HPV 18 positive, 

SiHa cells, HPV 16 positive) and negative (C33a cells) – could be used to 

investigate if the activities of Spz1 are reproducible in cervical tissue and 

among different HR-HPV types.   
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5 Functional characteristics of the Spz1 and 

HPV-16 E7 complex 

5.1 Introduction 

The aim of this chapter was to investigate the potential role of Spz1 on HPV 

infection and carcinogenesis through its interaction with the E7 oncoprotein, 

by assessing whether Spz1 and E7 functions are modulated when they form 

a complex. 

The main function of E7 is maintaining a proliferative state in HPV-infected 

cells through its binding to the retinoblastoma protein (Boyer et al., 1996). 

Previous work in this study has shown that Spz1 reduces the proliferation rate 

of E7-expressing cells to levels comparable to cells that do not express E7 

(figure 4.1 of this thesis) and that this is not linked to cellular death (figure 4.2 

of this thesis). Therefore, it was hypothesised that Spz1 may directly interfere 

with the binding between E7 and the Rb protein and halt the degradation of 

Rb and reverse the cellular proliferation induced by E7. 

Spz1 has been described as a transcription factor from the bHLH-Zip family 

based on its sequence homology to other members of this family (Hsu et al., 

2001) which  transactivate genes involved in cellular cycling (Hsu et al., 2005). 

As the DNA affinity- and hence, transactivation activity- of these leucine zipper 

transcription factors is heavily modulated by their interacting partners (Rédei, 

2008) , I wanted to test if Spz1 was involved in the regulation of a panel of 
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genes involved in cellular cycle, apoptosis and immunity and if such regulation 

was altered in the presence of HPV-16 E7.  

Additionally, as previous work in this study has shown that Spz1 is a secreted 

factor, I aimed to compare the activity of overexpressed intracellular Spz1 with 

extracellular Spz1, to further understand the activities that Spz1 could have at 

a tissue level.  

 

5.2 The role of Spz1 as a transcription factor 

In order to identify genes that may be transactivated by Spz1, luciferase 

reporter assays were performed using the Dual-Luciferase® Reporter Assay 

System from Promega. These assays are based on the bioluminetric activity 

of the luciferase enzyme and are commonly used to measure gene 

transcription in vitro. Repeat sequences of promoter regions of the genes to 

be tested are cloned upstream of the firefly luciferase gene. Upon gene 

transactivation, luciferase protein is produced. To measure the amount of 

luciferase protein- which is proportional to the transactivation of the gene- a 

luciferase substrate is added to the sample. A luminometer gives a quantitative 

reading of the light emitted by each sample. Dual luciferase assays use an 

internal control to increase accuracy by minimising intra and interexperimental 

variability (such as cell densities, transfection efficiency, number of cells 

lysed). The firefly luciferase activity is normalised to an internal control, a 
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renilla luciferase, whose expression is independent of the transcription factors 

to test and homogeneous between samples.  

The luciferase assays were performed in 96-well plates using the HEK293 cell 

line as it has a high transfection efficiency. Assays were optimised to a level 

where maximum luciferase luminescence was recorded with minimum cell 

death and intra-experimental variability. Cells were seeded the day prior to 

transfection in DMEM media supplemented with 5% FCS and were kept in the 

same media for the length of the experiment. Transfections were done in 

triplicate containing 30ng of the plasmid with the promoter and the firefly 

luciferase reporter gene, 10 ng of a plasmid encoding for the renilla luciferase 

upstream of a thymidine-kinase promoter (RL-TK) and 50 ng of a pCR3 

plasmid encoding the SPZ1 gene or an empty pCR3 plasmid, as a negative 

control. A plasmid containing a transcription factor known to transactivate the 

NF-KB gene and a plasmid encoding for the NF-KB promoter were used as a 

positive control in the luciferase assays. A plasmid encoding GFP was used 

as a transfection control. Cells were visualised under a microscope 24h post-

transfection and the experiment was continued when there was GFP 

expression in over 80% of the cells.  Cells were lysed 48 hours post-

transection and firefly and renilla luciferase -derived luminescence of the 

whole lysate was measured on a plate reader as described in Section 2.2.7.4.  

A panel of promoters involved in different cellular activities such as immune 

response, cellular proliferation, repair, and death were screened with 

luciferase assays. Interferons alfa and beta, and Interleukin-10 are known to 
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be key in genital viral infections (Svensson et al., 2007) and have been used 

therapeutically to fight viral replication and HPV-linked malignancies (Szeps et 

al., 2005; Berti et al., 2017). The activity of the tumour suppressor p53 is 

impaired in HR-HPV infections (Taghizadeh et al., 2019) and the NF-KB and 

Interferon-sensitive response element (ISRE) pathways are dysregulated in 

presence of HPVs (Perea, Massimi and Banks, 2000; Gaykalova et al., 2015). 

The complete list of promoters used for the screening is in Table 5.1.  

 

Abbreviation Full gene name 

IL-10 Interleukin 10 

ISRE Interferon-sensitive response element 

IFN- β Interferon beta 

IFN- λ Interferon alpha 

NF-KB Nuclear Factor kappa-light-chain-enhancer of 

activated B cells 

Gas Gamma-interferon-activation sites 

CRE cAMP responsive element 

GRE Glucocorticoid response element 

AP-1 Activator protein 1 

SRE Serum response element 

P53 P53 tumour suppressor 

Table 5.1 List of promoters used for luciferase reporter assays. 
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Originally, the relative transactivation of each promoter was calculated by first 

normalising the firefly luciferase units to the renilla luciferase units and using 

that value to normalise Spz1 containing samples to the negative control. 

However, a two-fold increase in renilla luciferase activity was found in the 

presence of Spz1 (Figure 5.1 B) in all samples. Further analysis of the 

thymidine-kinase promoter present in the RL-TK plasmid showed no promoter 

sequences present that could explain the increase in this activity by Spz1. 

When the firefly luciferase activity was analysed on its own, it was found that 

a similar increase occurred when SPZ1 was transfected into the cells (Figure 

5.1 A), regardless of promoter sequence.  

Luciferase assays are very sensitive assays that normally report a 5 or even 

20-fold increase in relative luciferase activity in the presence of a true gene 

upregulation event, as seen in the positive control in figure 5.1 A. The results 

seen in Figure 5.1 do not correlate with gene upregulation as they are not 

promoter sequence specific- all samples show a two-fold increase in luciferase 

activity in the presence of Spz1. Transactivation by Spz1 of other promoters- 

such as CDK4- known to be regulated by the bHLH family of transcription 

factors were tested too (results not shown) with equal results.   

The activity of Spz1 as a transcription factor could not be validated on any of 

the promoters tested in this assay. The general increase in luciferase activity 

could be due to an increase in cellular proliferation caused by Spz1, as Spz1 

has been previously linked to enhanced proliferation (Hrabchak and Varmuza, 

2004; Hsu, Hsieh-Li and Li, 2004). Whether Spz1 regulates other genes at a 
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transcriptional level is unknown, but this was not further investigated in this 

study.  

 

Figure 5.1 Transactivation capacity of Spz1 transcription factor.  

Figure A shows the firefly luciferase activity in the presence of Spz1 (grey 

bars), in absence of it (black bars) and a positive control showing an 

increase in firefly luciferase activity. Figure B shows activity of the renilla 

luciferase in the presence of Spz1 (grey) and in its absence (black). 

Relative luciferase activity was calculated by normalising the firefly or renilla 

luciferase activity of each promoter to a control cell line transfected with the 

luciferase plasmids alongside an empty pCR3 plasmid.  Error bars indicate 

standard deviation in three independent experiments.  

 

5.3 Effect of Spz1 stimulation on cellular proliferation 

To study the effect of extracellular Spz1 on cellular proliferation, cells in culture 

were stimulated with varying concentrations of recombinant Spz1 protein and 
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their proliferation rate was calculated with the CCK-8® proliferation assay 

(Dojindo) and by measuring the transactivation of three genes involved in 

cellular cycle using luciferase reporter assays.  

Two types of recombinant Spz1 proteins were used- a commercial Spz1-6*His 

fusion protein and an in-house purified Spz1-IgG. The commercial Spz1-6*His 

protein was used at concentrations ranging from 0.1ng/ml to 100ng/ml. The 

solution containing the Spz1-IgG was added as 1/50, 1/20 and 1/10 of the final 

volume of the cell culture media.  

Cellular proliferation assays were performed on the cervical cell line C33a and 

on HaCaT keratinocyte cells as described in section 2.2.7.1.1 of this thesis. 

Cells were seeded in triplicate in 96-well plates in 90 µl of media supplemented 

with 1% calf serum and left for 6 hours to allow for attachment. Then, cells 

were stimulated with 10µl of a solution containing the commercial Spz1 to give 

a final concentration of 0.1, 1, 10 and 100 ng/ml per well. In-house purified 

Spz1 was added as a 10 µl solution that contained 10 µl, 5 µl or 2 µl of the 

concentrated protein. Cells were further cultured for 24 hours and proliferation 

was quantified. Relative proliferation was calculated by normalising the 

proliferation of each group of cells to the proliferation of a control group of cells 

that had been stimulated with 10 µl of the protein-containing buffer. Results 

shown in figure 5.2 correspond to the relative proliferation of the C33a cell line 

(A) and HaCaT cell line (B) when stimulated with the commercial Spz1. 

Stimulation with in-house purified Spz1 (not shown) yielded the same results. 
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As can be seen, extracellular Spz1 does not modulate cellular proliferation as 

measured by CCK-8 proliferation assays.  

 

Figure 5.2 Relative proliferation of C33a and HaCaT cells stimulated 

with extracellular Spz1.  

Effect of Spz1 stimulation on cellular proliferation in a dose-dependent 

manner. Spz1 protein was added to the culture media of C33a (A) and 

HaCaT cells (B) in concentrations ranging from 1ng/ml to 100ng/ml. 

Relative proliferation was calculated by normalising the proliferation of each 

group to a control group of cells that had been treated with the protein 

containing buffer. Statistical analysis with Wilcoxon rank-sum test showed 

no statistical differences in cellular proliferation in the presence of 

extracellular Spz1.  

Luciferase reporter assays were used to study the effect of extracellular Spz1 

on the transactivation of genes involved in cellular cycle, such as the Serum 

Response Element (SRE), the Activator Protein-1 (AP-1) or the Cyclin 

Dependent Kinase 4 (CDK4). Luciferase assays were performed on HEK 293 

cells that had been transfected with promoter regions of these genes upstream 

of a firefly luciferase gene. HEK 293 cells were seeded the day before the 
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transfections in triplicate in media supplemented with 5% calf serum and were 

kept in it for the length of the experiment. Cells were transfected with 100ng of 

a mammalian expression plasmid encoding the promoter regions and the 

firefly luciferase. Cells were stimulated with extracellular Spz1 at a final 

concentration of 100 ng/ml 6 hours post-transfection. Control cells were 

stimulated with 10 µl of the protein containing buffer. Cells were lysed and 

luciferase activity was measured 24 hours after the stimulation as described 

in section 2.2.7.4. The relative luciferase activity was calculated by normalising 

the luminescence of each sample to the luciferase activity of HEK 293 cells 

that had buffer added to the culture media. Results are shown in figure 5.3. 

Extracellular Spz1 does not transactivate any of the genes tested.  

 

Figure 5.3 Relative transactivation of cell-cycle genes by extracellular 

Spz1.  
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Transactivation of the Serum Response Element (SRE), the Activator 

Protein-1 (AP-1) and the Cyclin Dependent Kinase 4 (CDK4) promoters in 

the presence of extracellular Spz1 (grey bars) and in its absence (black 

bars). Relative firefly luminescence was calculated by normalising the firefly 

luciferase activity to a control group of cells stimulated with the buffer used 

to dilute the protein. Error bars indicate SD in three independent 

experiments. Statistical analysis was done using one-way ANOVA. No 

statistical differences were found in the transcriptional levels of the 

promoters assayed in the presence of extracellular Spz1.   

  

5.4 HPV-16 E7 is stabilised by intracellular Spz1 

HPV oncoprotein E7 is mainly responsible for maintaining HPV-infected cells 

in a proliferative state to keep an environment supportive of viral replication.  

The E7 oncoprotein is a short-lived protein as it is ubiquitinated and degraded 

through the Ubiquitin Proteasome System (UPS) within one hour of its 

translation (Ajiro and Zheng, 2015). Many viral oncoproteins directly target and 

modulate the ubiquitination machinery activity in an effort to maintain an 

environment supportive of viral replication (Huh et al., 2007; Szalmás et al., 

2017). It was hypothesised that Spz1 could induce a faster degradation of the 

E7 protein that would account for the slower proliferation rates in cells that 

express Spz1 and E7.  

To assess if the stability of E7 is modulated by Spz1 in a dose-dependent 

manner, HEK 293 cells were transfected with 250ng of an E7 encoding 
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plasmid and an Spz1 encoding plasmid at concentrations of 0.5µg, 1 µg and 

2µg. Proteins were labelled with an HA tag for detection.  An empty pCR3 

plasmid was used to ensure all cells were transfected with the same DNA 

concentration. Protein was visualised 48 hours post-transfection by 

immunoblotting. Surprisingly, HPV-16 E7 protein was stabilised in the 

presence of Spz1 in a dose-dependent manner (figure 5.4). 

 

Figure 5.4 Spz1 protein stabilises the HPV-16 E7 oncoprotein. 

Immunoblot of protein lysate of HEK293 cells transiently overexpressing 

HPV-16 E7 and Spz1 proteins (A). Proteins were detected with anti-HA and 

an anti- beta actin antibodies. Relative E7 protein levels calculated by 

densitometry analysis (B). E7 protein is found in higher amounts in the 

presence of higher concentrations of the Spz1 protein, indicating Spz1 has 

a stabilising effect on the E7 protein.  

A cycloheximide chase assay was used to specifically analyse the degradation 

of HPV-16 E7 protein in the presence of Spz1. Cycloheximide is a molecule 

that specifically inhibits the cytosolic translation of proteins in eukaryotic cells 

by impairing the ribosomal translocation (Obrig et al., 1971). In this type of 
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pulse chase assays, cells are treated with cycloheximide 24 hours post-

transfection and cells are collected and lysed at different timepoints. Protein 

abundance at each timepoint is measured by western blot.  

HEK 293 cells transiently overexpressing HPV-16 E7 and Spz1 were treated 

with 50 µg of cycloheximide and cells were lysed 6, 12 and 24 hours after 

treatment. The timepoints were selected based on the known half-life of the 

E7 protein (Ajiro and Zheng, 2015). Results (in figure 5.5) indicate HPV-16 E7 

protein is stabilised in presence of Spz1, leading to higher protein 

concentrations for longer periods of time, when compared to cells that 

overexpress an empty pCR3 plasmid.  

 

Figure 5.5 Cycloheximide and Western blot shows HPV-16 E7 half-life 

is increased in the presence of Spz1.  

Time-course cycloheximide chase assay in HEK 293 cells overexpressing 

HPV-16 and Spz1 proteins. Proteins were collected at timepoints 6,12 and 
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24h post-addition of cycloheximide, separated on an SDS-PAGE gel and 

stained by immunoblotting with an anti HA antibody. E7 protein is found at 

higher concentrations in all timepoints in the presence of Spz1.  

5.5 HPV-16 E7 is stabilised by extracellular Spz1 

To study if extracellular Spz1 prevents the degradation of HPV-16 E7 in the 

same manner as intracellular Spz1, an experiment was set up where cells 

overexpressing the E7 protein – receptor cells- were stimulated with the cell 

culture media in which cells overexpressing Spz1- donor cells- had been 

grown for 48 hours. This culture media would contain secreted Spz1 protein 

from the donor cells. As a control, the culture media of donor cells transfected 

with an empty pCR3 plasmid was used.  

HEK293 donor cells were transfected with an empty pCR3 plasmid or a pCR3 

plasmid encoding for Spz1 and the media was exchanged 12 hours post-

transfection to remove any plasmid DNA that had not been transfected. Donor 

cells were grown in the new media for 48 hours and then media was collected, 

centrifuged, and filtered through a 0.2 µm filter to remove any cellular debris. 

This donor media was added to receptor cells that had been transfected with 

an HPV-16 E7 encoding plasmid 24 hours before. The growth media was fully 

replaced with the donor media and cells were grown in it for 24 hours, when 

cells were lysed, and the protein was analysed by SDS-PAGE followed by 

western blot. Results of a representative experiment are shown in figure 5.6. 

Figure A shows the immunostaining of E7 and beta actin in the control cells 

that were stimulated with empty plasmid donor media (left) and with Spz1 
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donor media (right). Figure B indicates the relative E7 protein abundance as 

measured by densitometry analysis of the bands in figure A. Protein 

quantification was performed using the Image Studio software. Rectangles of 

equal size were used to calculate densitometry of protein bands across all 

lanes and background and corrected densitometry were automatically 

calculated by the software. Relative protein concentrations were obtained by 

normalising the density of the E7 bands to the density of the actin bands in 

each lane and then to the relative E7 concentration in the control cells.   

E7 protein levels are higher in cells that have received the cell culture media 

of Spz1-expressing cells than those that have been stimulated with culture 

media of cells harbouring an empty pCR3 plasmid.  

 

Figure 5.6 Extracellular Spz1 has a stabilising effect on HPV-16 E7 

protein.  

Cells overexpressing HPV-16 E7 protein were stimulated for 24 hours with 

the culture media previously used to grow cells overexpressing Spz1 or an 

empty mammalian expression plasmid (control cells). Cells were lysed and 
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E7 and actin proteins were detected by antibody staining. Figure A shows 

the detection of E7 and actin in a representative experiment. Figure B 

shows the relative abundance of the E7 protein from figure A in absence 

and in the presence of extracellular Spz1 analysing the density of the 

bands. Relative E7 protein was calculated by normalising the density of the 

E7 protein bands to the actin bands in each lane and then to the relative E7 

concentration in the control cells.  

 

5.6 Spz1 prevents degradation of the Rb protein by 

HPV-16 E7 

To investigate if Spz1 inhibited the binding and degradation of the 

retinoblastoma protein (Rb) by E7, assays where Spz1, E7 and Rb proteins 

were transiently overexpressed in mammalian cells were set up. HEK293 cells 

were seeded in 12-well plates at a density of 5x105 cells/well and were 

transfected with three mammalian expression vectors encoding for HPV-16 

E7, Spz1 and Rb at concentrations of 200ng, 1.5 µg and 500ng, respectively. 

An empty pCR3.0 plasmid was transfected to ensure all cells received equal 

amount of transfected DNA. Cells were lysed 48 hours post-transfection and 

15 µg of protein were run on an SDS-PAGE gel and visualised by western blot, 

as shown in figure 5.7 A. As expected, the E7 oncogene leads to the 

degradation of the Rb protein. And, interestingly, Rb was found in higher 

concentrations in the presence of Spz1, regardless of E7 expression, 

suggesting that Spz1 may block E7-mediated degradation of Rb and 
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independently stabilise Rb protein. Figure 5.7 B shows the relative levels of 

overexpressed Rb protein in the presence of Spz1 and HPV-16 E7 in three 

independent experiments. The relative amount of Rb protein was obtained by 

normalising the densitometry values of Rb in each sample to the values in the 

cells that overexpressed Rb alone. Error bars represent standard deviation of 

the mean. Rb protein abundance seems to be higher in the presence of Spz1, 

particularly when comparing cells that express E7 alone and cells that co-

express Spz1 and E7, even though results did not reach statistical 

significance. 

 

Figure 5.7 Retinoblastoma protein expression levels in the presence 

of Spz1 and HPV-16 E7.  

Detection of overexpressed retinoblastoma protein by SDS-PAGE and 

western blot in cells overexpressing Spz1 and HPV-16 E7 (figure A). Rb 

levels are reduced in presence of HPV-16 E7 but are increased in presence 

of Spz1. Figure B shows relative Rb protein levels in three independent 

experiments, in presence of Spz1 and E7. Relative expression of Rb was 
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calculated by normalising the amount of Rb protein in each sample (as 

given by densitometry analysis) to the amount of Rb in cells that transiently 

overexpressed Rb alone. Error bars represent SD. While results did not 

reach statistical significance, cells that express Spz1 seem to have higher 

Rb content, especially when HPV-16 E7 is also present.  

5.7 Intracellular Spz1 stabilises the Rb protein  

To study the effect of Spz1 on the Rb protein levels cycloheximide chase 

assays were performed, where the production of protein is halted 24h post-

transfection and the protein that remains in the cell is measured at different 

timepoints. HEK 293 cells transiently overexpressing Rb and Spz1 were 

treated with 50 µg of cycloheximide and proteins lysates were collected 0, 24 

and 48 hours after cycloheximide addition. Protein was visualised by SDS-

PAGE and western blot (figure 5.8 A) and quantified by densitometry analysis 

(figure 5.8 B). The Rb protein present in the cells is presented as a percentage 

of the starting concentration at timepoint 0. Rb protein concentrations were 

calculated by normalising the Rb bands density to the actin bands in each 

sample. Results in figure B show that the Rb protein is degraded at a slower 

rate in presence of Spz1 (73.5% remaining vs 40.6% in control cells at 24 h, 

and 57.7% vs 26.9% at 48 h post-treatment with cycloheximide), leading to 

higher protein concentrations for longer periods of time, when compared to 

cells that overexpress an empty pCR3 plasmid.  
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Figure 5.8 Rb protein stability is increased in the presence of Spz1. 

Time-course detection of Rb protein in cycloheximide chase assays from a 

representative experiment of three independent replicates. Cells 

overexpressing Rb and Spz1 or Rb and an empty pCR3 plasmid (control 

cells) were treated with 50 µg of cycloheximide. Protein lysates were 

collected at timepoints 0, 24 and 48 hours post-treatment and Rb and actin 

were visualised by immunostaining (figure A). Cells that contain 

overexpressed Spz1 show higher concentrations of Rb at all timepoints 

compared to control cells. Densitometry analysis of western-blot bands 

(figure B) indicates Rb is degraded at a slower pace in presence of Spz1. 

Cells that express Spz1 still have 73.5% of their starting Rb concentration 

24 hours after treatment, while control ones only have 40.6%. At 48 hours 

control cells have 26.9% of the Rb protein left, while Spz1-expressing cells 

still retain 57.7% of it.   

 

5.8 Extracellular Spz1 stabilises the Rb protein  

To investigate if the degradation of Rb is also prevented by extracellular Spz1, 

the same experimental setup as in section 5.5 of this thesis was used: cells 

overexpressing the Rb protein- receptor cells- were stimulated with the culture 
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media in which cells overexpressing Spz1- donor cells- or an empty PCR3 

plasmid- control cells- had grown for 48 hours. The protein from receptor cells 

was obtained 24 hours after stimulation and Rb protein was visualised by 

immunostaining.  

Results of a representative experiment are shown in figure 5.9. Figure A shows 

an SDS-PAGE followed by western blot of the Rb and actin proteins in cells 

stimulated with Spz1 (left) and control cells stimulated with an empty plasmid 

(right). Figure B is a densitometry analysis of the bands in three independent 

replicates. Concentrations were obtained by normalising the density of the Rb 

bands to the density of the actin bands for each sample.  

The Rb protein levels are higher in cells that were stimulated with the cell 

culture media of Spz1-expressing cells than those that received the culture 

media of cells harbouring an empty pCR3 plasmid.  

 

Figure 5.9 Rb protein levels are increased by extracellular Spz1 

Cells overexpressing Rb protein were stimulated for 24 hours with the 

culture media previously used to grow cells overexpressing Spz1 or an 
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empty pCR3 plasmid (control cells). Protein from stimulated cells was 

harvested and visualised by immunostaining. A representative experiment 

is shown in figure A. Protein amounts in three independent experiments 

were quantified by densitometry analysis (B). Rb concentrations in each 

sample were calculated by normalising the density of the Rb bands to the 

actin bands in each lane.  Relative Rb abundance was obtained by 

normalising the Rb concentration in each sample to the Rb concentration 

in control cells. Cells stimulated with extracellular Spz1 have a higher Rb 

concentration than control cells.  

 

5.9 Discussion 

The luciferase assays used in this study are a widely used technique to 

investigate gene transactivation. They were set up in HEK293 cells as they 

have high transfection efficiency and are regularly used in the literature for 

luciferase assays. As mentioned earlier, the panel of promoters to test covered 

areas such as immune response, cellular death, and proliferation. All of which 

would be either regulated by viral infection or an oncogenic agent. The results 

(figure 5.1) obtained show no transactivation of any of the promoters tested by 

Spz1. While it is possible that Spz1 does not directly transactivate any of these 

promoters, it is unlikely that none of the pathways tested are altered by Spz1, 

even in a weak manner, as Spz1 was transiently overexpressed in great 

quantities in the HEK293 cells and the genes tested cover a wide range of 

cellular functions. It is sometimes the case in assays where genes are 

overexpressed that a phenotype is seen in vitro that is not relevant in vivo as 
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the gene is expressed at much lower levels at physiological conditions, but the 

opposite situation is not so common. Additionally, the plasmid containing the 

luciferase reporter contains 10 to 14 copies of each of the promoters to be 

tested, which greatly reduces the possibility of false negatives in the presence 

of a true transactivator. However, all samples showed a two-fold increase in 

the transactivation levels, regardless of promoter sequence, that could 

indicate a higher proliferation in cells that contain Spz1. This has already been 

described in previous studies (Hsu et al., 2005; Liu et al., 2020) and was 

further validated in this study, as seen in section 4.2 of this thesis.  

As Spz1 is a secreted factor, I hypothesised that it could have a proliferative 

effect on neighbouring cells at a paracrine level. To test this, cells were 

stimulated with extracellular Spz1 and their proliferation (figure 5.2) and the 

transactivation of promoters related to proliferation such as SRE, AP-1 and 

CDK4 (figure 5.3) were measured. While Spz1-stimulated cells did not show 

a proliferative phenotype, Spz1 being a growth factor cannot be ruled out. The 

structure of secreted proteins is key for binding receptors of cells and 

accessing them. The Spz1 recombinant proteins used in the assays are either 

from bacterial provenance (Spz1-His fusion protein) or are fused to a relatively 

bulky IgG tag of 37 KDa. The E.coli bacteria lack the machinery needed to fold 

the protein in the same manner that mammalian cells do and the size of the 

IgG tag can affect the conformation of the protein, so it is possible that these 

proteins were unable to bind the cellular receptors and enter the receptor cells 

in the same manner a native Spz1 protein would.  
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As the proliferative and some transformative effects of HPV-16 E7 oncoprotein 

are reversed by Spz1 (figures 4.1 and 4.3 of this thesis), I anticipated that E7 

could be degraded faster in presence of Spz1. Surprisingly, the E7 protein 

seems to be stabilised by both intracellular and extracellular Spz1, as can be 

seen in figures 5.4 and 5.5. Spz1 binds to and increases the half-life of E7 but 

affects its functionality. As the binding domain for Spz1 in the E7 protein is in 

proximity to the domain where the E7 bind to the Rb protein (Gundurao, 2013), 

I hypothesised that, when bound to Spz1, E7 could not bind to and degrade 

the Rb protein, which would explain why cells that co-express Spz1 and E7 

have a slower proliferation and do not have a transformed phenotype. To test 

this hypothesis, I measured Rb levels in cells that expressed E7 and/or Spz1 

and, as anticipated, Rb protein was more abundant in cells that expressed 

Spz1 and E7 than in cells that contained only E7 (figure 5.7), giving strength 

to the idea that HPV-16 E7 is not fully functional when bound to Spz1. But, 

very surprisingly, Rb levels were also increased in presence of Spz1 alone 

(figure 5.7). Rb and Spz1 proteins are not known to directly interact and, as 

both proteins were artificially overexpressed in the cells, the increase in Rb 

protein could not be due to increased gene expression. Furthermore, pulse-

chase assays showed that Rb protein is stabilised by intracellular Spz1 (figure 

5.8) and extracellular Spz1 (figure 5.9). While these results were not 

anticipated and cannot be fully explained in the context of HPV infection, they 

are extremely interesting from a cancer treatment perspective, as 

dysregulation of the Rb pathway is frequently found in many types of cancer 

(Ortega, Malumbres and Barbacid, 2002) and targeted treatments to reverse 
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the activity of Rb to healthy levels have been explored for some years now (Du 

and Searle, 2012; Gravina et al., 2014). If these results are further validated in 

vitro- i.e., with endogenous Rb protein- and the functions of the Rb tumour 

suppressor are not altered by higher cellular levels or impaired by Spz1, it 

could become a potential candidate for therapeutic treatment of cancers where 

Rb functions are lost.   
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6 Discussion 

6.1 Summary of findings 

The spermatogenic leucine zipper 1 was discovered in 2001 as a novel protein 

expressed in mice testis by Hsu et al. While its existence has been known of 

for a while, to date there are only eight published studies, most by the same 

group, that describe Spz1, and only four had been published when this study 

started. In the literature, Spz1 has been catalogued as a transcription factor of 

the MYC/MAX bHLH-Zip family that has a tumorigenic activity both in vitro and 

in vivo (Li Ting Wang et al., 2019) and has been linked to human cancers such 

as breast and colorectal cancers.  

As previous work in the group had shown a novel interaction between the well-

known HPV-16 E7 oncoprotein and the Spz1 protein, this project aimed to 

study if Spz1 played a role in HPV carcinogenesis hypothesising that both 

oncoproteins probably acted synergistically. I primarily aimed to study the 

functions of Spz1 as a transcription factor in relation to tumorigenesis to gain 

a better understanding of cellular pathways that may be dysregulated upon 

HPV infection and/or HPV DNA integration in the cellular genome. The main 

findings of this study are summarised below. 

• Spz1 is a secreted factor found in foetal bovine sera but not in bovine 

sera, supporting the evidence that it may be relevant in embryonic and 

cancer development.  
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• Spz1 sequence analysis showed that it is likely to be secreted via the 

unconventional secretion pathway. 

• Overexpression of the Spz1 and HPV-16 E7 proteins alone led to a 

significantly higher proliferation rate in HaCaT cells. However, joint 

overexpression led to a significant reduction in proliferation comparable 

to parental HaCaT cells. This reduction in cell numbers was not linked 

to increased programmed cell death. 

• Attachment independent growth (a hallmark of transformation) of E7 

was significantly reduced in presence of Spz1. 

• The activity of Spz1 as a transcriptional regulator could not be 

confirmed using a large panel of gene promoters linked to immune 

response, cellular cycle, and DNA repair.  

• Transient overexpression of Spz1 increased the half-life of the E7 

protein, however, Spz1 reduced the ability of E7 to degrade the 

retinoblastoma protein. 

• The half-life of the retinoblastoma protein was increased by 

overexpressed Spz1 alone.  

• Cells treated with secreted, exogenous Spz1 also showed higher levels 

of E7 and retinoblastoma proteins.  

 

6.2 Discussion and future work 

As a whole, while unexpected, results presented in this study indicate Spz1 

appears to be a secreted factor with anti-oncogenic activity that may exert a 
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key role in HR-HPV related disease-processes by binding to and partially 

blocking the main activity of the E7 oncoprotein; maintaining a proliferative 

state in the cells by lowering the levels and disrupting the activity of the Rb 

protein. Additionally, Spz1 increases the half-life of the Rb protein, so it may 

be relevant for cancers where Rb pathways are dysregulated irrespective of 

HPV status. 

While the relationship between HPV and cancer has been known for a long 

time which has paved the way for HPV immunisation and cervical screening 

based on HPV, the search for biomarkers of clinically significant infection 

continues. Research on proteins that interact with key oncogenic effectors of 

the virus (such as E7) are worth pursuing, not only to support the search for 

disease progression biomarkers but potentially to act as therapeutic targets. 

In this context, the characterisation of Spz1 done in this study has value, as it 

appears to be part of the host immunological response against HPV infection 

and tumorigenesis.  

A pilot study from S. Moutevelidi, an M.Sc. student in the research group, on 

cervical biopsies showed an unexpected increase in Spz1 expression in HPV- 

induced cervical cancer. This discovery, then unexplained, when analysed 

with the knowledge gained by this thesis, fits with my current hypothesis of 

Spz1 as an immunological agent fighting against the oncogenic potential of 

HPV. Similar to the very well characterized secreted proteins Interleukin 1 

(IL-1) and  fibroblast growth factor (FGF), Spz1 is secreted via a non-

classical pathway. This method of secretion is not constitutive, but it is almost 
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always triggered by cellular stress (Giuliani et al., 2011). As HPV survival 

depends mainly on the continuous proliferation of the infected cells, it seems 

reasonable that one of the ways of the immune system to fight viral infection 

is blocking E7, a protein expressed very early upon viral infection and mainly 

responsible for inducing a proliferative state in the host cells.  

Potential future work that could be done to further understand the findings 

presented in this thesis is to study if there is a correlation between HPV status 

and and/or disease stage and Spz1 expression in cervical biopsies on a larger 

sample set, to assess if Spz1 levels could inform of disease progression at a 

pre-invasive stage.  

Additionally, this study has shown intracellular and extracellular Spz1 

stabilises the Rb protein, whose levels are depleted in many cancers, not only 

those associated with HPV. Cancer is a global burden and the search for 

treatment that exclusively targets cancerous cells is ongoing in the scientific 

community. Hence, an area of immediate interest to research is the role of 

Spz1 in relation to stabilisation of Rb. There are several lines of work that could 

be followed: Studying if Spz1 and the retinoblastoma protein form a complex; 

whether other members of the pocket protein family with similar roles to Rb 

are also stabilised by Spz1 and if this binding modulates their activity; checking 

whether endogenous proteins show the same pattern and replicating some of 

the assays described in the thesis in cells susceptible of or already infected 

with HPV.  
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A direct interaction between Spz1 and Rb (or other members of the pocket 

protein family) was not demonstrated in the protein interaction assays done by 

the Haas research group before, but they could indirectly interact by being a 

part of a larger protein complex. Identifying any potential interaction partner 

and characterising this complex with regards to cellular localisation and 

activities would be important for further understanding the dysregulation of 

certain pathways in cancer. Furthermore, studying if Spz1 and E7 compete for 

their binding to Rb is key to further explore the potential role of Spz1 against 

HPV infection and related disease.  

Additionally, while there is a correlation between Spz1 and Rb levels, whether 

this increase in the amount of protein correlates with a higher activity is still not 

known. For example, Spz1 was found to increase the half-life of the HPV-16 

E7 protein while partially inactivating it. It should be studied if the same occurs 

with the retinoblastoma protein. The activity of the retinoblastoma tumour 

suppressor- regulation of cell growth- is mainly regulated by post-translational 

modifications such as phosphorylation and dephosphorylation that 

activate/inactivate it temporarily and, sometimes, permanently. Since, it has 

long been known that Rb works as a scaffold protein that allows bound 

proteins to be physically close and interact with each other and/or the Rb 

protein (Ledl et al., 2005), it could be speculated that, if Spz1 is part of this 

protein complex, it may interfere with the late-stage phosphorylation of Rb that 

leads to its complete inactivation and, ultimately, degradation. Hence, higher 

levels of Spz1 could lead to a paradoxical scenario where Rb protein is also 
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found at higher levels, but with reduced activity, so cell cycle is increased 

despite of higher Rb levels.    

Since the work presented in this study is mainly on overexpressed proteins- 

either transiently or stably- the effect of Spz1 at gene transcriptional level of 

the Rb gene could not be studied. Studying the effects of Spz1 on E7 and Rb 

at endogenous levels would allow to see if they follow the same pattern and if 

there is an upregulation in gene expression too. While Rb’s activity is mainly 

regulated by post-translational modifications, RB gene expression levels are 

also important and are, in fact, used in the clinical management of aggressive 

forms of breast cancers (Patel et al., 2020). As Spz1 has been catalogued as 

a transcription factor and is often found in the nucleus of cells (Hsu et al., 2004, 

2005) it is possible that is also involved in the transcriptional regulation of the 

Rb. Other cellular proteins, such as the E3 ubiquitin-protein ligase UHRF1 are 

known to regulate Rb both at transcriptional and protein levels (Hopfner et al., 

2000). If Spz1 modulates the expression levels of the RB gene, Spz1 could 

become a target for cancer therapies as dysregulated Rb expression is one of 

the main checkpoints that is altered in cancer progression.  

In a similar manner, it is worth studying the effect of Spz1 on cervical cell lines 

that contain several HPV copies within their genomes, such as SiHa, HeLa 

and CaSki cells or HPV negative cervical cell lines such as C33a, to further 

characterise Spz1 with regards to HPV-infection and cancer progression. As 

work within the research group has shown that Spz1 levels are increased in 

cervical tissue upon HPV infection and that it strongly binds to the early-
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expressed protein E7 and partially inactivates it, this could mean Spz1 is part 

of the host immune response against viral infection. If this as shown to be the 

case, Spz1 protein or the fragments with E7-binding capacity could be used 

as treatment for HPV infections with High-risk HPVs at a pre-invasive stage, 

becoming a long-sought-after therapy against cervical cancer development.  

  

  



161 
 

Appendices 

Appendix 1 

RT-PCR plots and dissociation curves for HPV-16 E7 and SPZ1 transcript 

levels in HaCaT and NIH3T3- derived cells. 
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Appendix 2 

HPV-16 E7 protein expression in HaCaT and NIH3T3- derived cells. 
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Appendix 3 

Spz1 protein expression in HaCaT and NIH3T3- derived cells. 
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Appendix 4 

Full-length protein sequences for secretion analyses 

Protease serin 1 (PRSS1) 

MNPLLILTFVAAALAAPFDDDDKIVGGYNCEENSVPYQVSLNSGYHFCGGS

LINEQWVVSAGHCYKSRIQVRLGEHNINAAKIIRHPQYDRKTLNNDIMLIKLS

SRAVINARVSTISLPTAPPATGTKCLISGWGNTASSGADYPDELQCLDAPVL

SQAKCEASYPGKITSNMFCVGFLEGGKDSCQGDSGGPVVCNGQLQGVVS

WGDGCAQKNKPGVYTKVYNYVKWIKNTIAANS 

 

Spermatogenic leucine zipper 1 (SPZ1) 

MASSAKSAEMPTISKTVNPTPDPHQEYLDPRITIALFEIGSHSPSSWGSLPF

LKNSSHQVTEQQTAQKFNNLLKEIKDILKNMAGFEEKITEAKELFEETNITED

VSAHKENIRGLDKINEMLSTNLPVSLAPEKEDNEKKQEMILETNITEDVSAH

KENIRGLDKINEMLSTNLPVSLAPEKEDNEKKQQMIMENQNSENTAQVFAR

DLVNRLEEKKVLNETQQSQEKAKNRLNVQEETMKIRNNMEQLLQEAEHWS

KQHTELSKLIKSYQKSQKDISETLGNNGVGFQTQPNNEVSAKHELEEQVKK

LSHDTYSLQLMAALLENECQILQQRVEILKELHHQKQGTLQEKPIQINYKQD

KKNQKPSEAKKVEMYKQNKQAMKGTFWKKDRSCRSLDVCLNKKACNTQF

NIHVARKALRGKMRSASSLR 
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