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ABSTRACT 

 

Interactions of HPV E6 Oncoproteins with Binding Partners:  

Implications on E6 Stability and Cellular Functions  

 

Anamaria Đukić 

Ruđer Bošković Institute 

 

Human papillomaviruses (HPVs) are a group of small DNA viruses that cause various 

human malignancies, with cervical cancer being the most significant disease associated with a 

persistent HPV infection. Only a small number of HPV types has been shown to be responsible 

for these malignancies. These HPVs are referred as high-risk (HR) types, with HPV-16 and -18 

being the most prominent ones. Two major viral oncoproteins, E6 and E7, directly contribute to 

the development of cancers by interfering with various cellular signaling pathways. A number of 

HPV-16 variants has been identified in different geographical locations, with some variants 

exhibiting higher oncogenic potential than others. The first part of thesis focuses on the analysis 

of the HPV-16 E6 D25N L83V variant, which was shown to be strongly associated with the 

development of cervical cancer. It was shown that this variant exhibits an increased capacity for 

interacting with E6AP ubiquitin ligase and consequently degraded it more efficiently, in 

comparison to the other analyzed mutants HPV-16 E6 D25N and E6 L83V. The HPV-16 E6 

mutants' abilities to degrade key cellular target proteins, including the p53 tumor suppressor and 

PDZ-domain containing substrates, were investigated through in vitro and overexpression 

degradation assays. The analyses  revealed no significant differences in the degradatory activities 

among the evaluated E6 mutant oncoproteins. Furthermore, the second part of this thesis 

demonstrates that multiple α-E6 oncoproteins can bind to MAML1 via LXXLL motif, resulting in 

an increased α-E6 protein stability. β-E6 oncoprotein stability was also shown to be dependent on 

the interaction with MAML1, whilst the absence of MAML1 led to both HPV-8 E6 and HPV-18 
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E6 oncoprotein rapid turnover at the proteasome. The study proposed a model by which most of 

β-E6s interact exclusively with MAML1, whereas it appears that two cellular pools of HR α-E6 

are present, one forms a complex with MAML1, while the other one interacts with E6AP. Although 

HR α-E6/MAML1 complex does not affect the targeting of cellular substrates such as p53 and 

DLG1, co-expression of MAML1 and E6AP with HR α-E6 modulates MAML1's normal cellular 

activities leading to a significant increase in cellular proliferation. Silencing MAML1 decreases 

wound closure in HeLa cells, suggesting its role in the regulation of cellular migration in HPV-

positive cells and maintenance of the transformed phenotype. Overall, this doctoral thesis provides 

novel insights into the functions of both α- and β-E6 oncoproteins and their roles in HPV-induced 

pathogenesis. 
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Humani papilomavirusi (HPVs) pripadaju skupini malih DNA virusa koji uzrokuju 

različita maligna oboljenja, pri čemu je rak vrata maternice najznačajnija bolest povezana sa 

dugotrajnom HPV infekcijom. Samo mali broj HPV tipova uzrokuje zloćudne bolesti. Spomenuti 

tipovi nazivaju se visokorizičnim (HR), među kojima su HPV-16 i HPV-18 najistaknutiji. Dva 

glavna  virusna onkoproteina E6 i E7 svojim djelovanjem izravno pridonose razvoju raka djelujući 

na različite stanične signalne puteve. Postoje mnoge varijante HPV-16 zastupljene na različitim 

geografskim lokacijama te se pokazalo da neke od varijanti imaju veći onkogeni potencijal. Prvi 

dio doktorske disertacije usmjeren je na analizu HPV-16 E6 D25N L83V varijante koja je usko 

povezana s nastankom raka vrata maternice. Utvrđeno je da varijanta D25N L83V ostvaruje 

povećanu interakciju sa ubikvitinskom ligazom E6AP te je posljedično najučinkovitija u poticanju 

njezine razgradnje u usporedbi sa ostalim ispitanim mutantima HPV-16 E6 D25N i E6 L83V. 

Svojstva mutanata da izazovu razgradnju ključnih staničnih ciljnih proteina, uključujući tumor-

supresor p53 i stanične proteine koji sadrže PDZ-domene ispitana su in vitro esejima razgradnje i 

esejima razgradnje provedenim korištenjem kulture stanica. Međutim, nisu otkrivene značajne 

razlike u aktivnostima razgradnje među ispitivanim HPV-16 E6 mutantima. Drugi dio doktorske 

disertacije otkriva da se različiti α-E6 onkoproteini vežu za MAML1 putem LXXLL strukturalnog 

motiva, što rezultira povećanom stabilnošću onkoproteina E6. Nadalje, stabilnost onkoproteina β-

E6 također ovisi o interakciji s MAML1, dok utišavanjem MAML1 dolazi do brže proteasomske 

razgradnje onkoproteina HPV-8 E6 i HPV-18 E6 u HPV-pozitivnim stanicama. Studija predlaže 
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molekularni model prema kojemu većina onkoproteina β-E6 stupa u interakciju isključivo s 

MAML1, dok su prisutna dva stanična skupa HR α-E6, od kojih jedan tvori kompleks s MAML1, 

a drugi stupa u interakciji s E6AP. Iako kompleks HR α-E6/MAML1 nema ulogu u razgradnji 

važnih staničnih ciljnih proteina kao što su p53 i DLG1, zajednička ekspresija MAML1 i E6AP sa 

HR α-E6 mijenja uobičajene stanične aktivnosti MAML1 dovodeći do značajnog povećanja 

stanične proliferacije. Dodatno, utišavanje MAML1 smanjuje „proces cijeljenja rane“ u HeLa 

stanicama ukazujući na njegovu ulogu u regulaciji stanične migracije HPV-pozitivnih stanica i 

održavanju transformiranog fenotipa. Sveobuhvatno, doktorska disertacija donosi nove uvide o 

funkcijama onkoproteina α- i β-E6 i njihovoj ulozi u patogenezi izazvanoj HPV infekcijom. 

 

(218 stranica, 46 slika, 21 tablicu,  390 literaturnih navoda, jezik izvornika: engleski) 
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PROŠIRENI SAŽETAK 

 

Humani papilomavirusi (HPVs, engl. human papillomaviruses) raznolika su obitelj virusa 

sa malom kružnom dvolančanom DNA bez ovojnice. Inficiraju bazalni sloj epitelnog tkiva 

sluznice i kože na različitim anatomskim mjestima u ljudskom tijelu, a dugotrajna infekcija može 

dovesti do različitih kliničkih simptoma u rasponu od benignih bradavica do invazivnih karcinoma. 

Identificirano je više od 440 različitih tipova HPV-a, s razlikama u tropizmu i sposobnosti 

promicanja maligne transformacije. Alfa-papilomavirusi (α-HPV) prvenstveno inficiraju 

anogenitalnu i oralnu sluznicu te se dijele temeljem njihove etiološke uloge u razvoju lezija koje 

mogu izazvati nastanak raka vrata maternice, brojnih anogenitalnih karcinoma i karcinoma glave 

i vrata. Četrnaest tipova HPV-a ubraja se u visokorizične (HR, engl. high-risk) tipove budući da 

posjeduju sposobnost promicanja maligne transformacije. HPV-16 je najzastupljeniji tip HPV-a 

koji uzrokuje karcinome različitih anatomskih sijela, ali je prvenstveno prepoznat kao glavni 

uzročnik raka vrata maternice. Dva glavna virusna onkoproteina E6 i E7 svojim djelovanjem 

izravno pridonose razvoju malignosti posredovane HPV infekcijom. Identificirane su 

mnogobrojne prirodno prisutne varijante HPV-16 zastupljene na različitim geografskim 

lokacijama te se pokazalo da neke od varijanti imaju veći onkogeni potencijal ukazujući na važne 

razlike u njihovoj sposobnosti izazivanja maligne progresije. Unatoč tome, molekularni 

mehanizmi odgovorni za povećani rizik od razvoja raka kod određenih varijanti HPV-16 još su 

uvijek vrlo slabo definirani. Prvi dio doktorskog istraživanja usmjeren je na analizu bioloških 

karakteristika HPV-16 E6 D25N L83V varijante koja je u visokom postotku povezana s nastankom 

raka vrata maternice. Proces mutageneze korišten je za stvaranje mutiranih formi HPV-16 E6 

L83V, HPV-16 E6 D25N i HPV-16 E6 D25N L83V, a utvrđeno je da varijanta 16 E6 D25N L83V 

ostvaruje povećanu interakciju sa staničnom ubikvitinskom ligazom E6AP te je najučinkovitija u 

poticanju njezine proteasomske razgradnje. Stanična lokalizacija analiziranih HPV-16 E6 

mutanata se ne razlikuje. In vitro eseji razgradnje i eseji provedeni korištenjem kulture stanica nisu 

otkrili značajne razlike u svojstvima mutanata da izazovu razgradnju ključnih staničnih ciljnih 

proteina, uključujući p53 tumor-supresor i stanične proteine koji posjeduju PDZ-domene (MAGI-

1, DLG1, Scrib), no dobiveni rezultati pružaju detaljniji uvid u molekularne mehanizme 

kancerogeneze koji stoje u pozadini promijenjenih funkcija HPV-16 D25N L83V varijante te 

mogu dovesti do nastanka raka. 
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Beta-papilomavirusi (β-HPV) inficiraju kožni epitel te iako se smatraju nekancerogenim, 

pojedini tipovi β-HPV-a predstavljaju potencijalni rizik za razvoj raka u određenim rizičnim 

skupinama, stoga se β-HPV tipovi karakteriziraju kao kofaktori koji u kombinaciji s 

ultraljubičastim zračenjem pridonose razvoju nemelanomskih karcinoma kože. Stanični protein 

MAML1 koji djeluje kao koaktivator Notch transaktivacijskog kompleksa, identificiran je za 

interakcijskog partnera i ciljnu staničnu metu β-HPV E6 onkoproteina. Putem ove interakcije β-

HPV E6 vrši represiju Notch transkripcijske aktivacije. Interakcija E6 onkoproteina sa MAML1 

predstavlja ciljni mehanizam putem kojeg HPV može pridonijeti napredovanju maligne 

transformacije epitelnih stanica, upućujući na važnu ulogu koju MAML1 ima u molekularnim 

procesima koji stoje u pozadini infekcije β-HPV tipovima. α- i β-E6 onkoproteini posjeduju u 

svojoj strukturi LXXLL motiv koji omogućuje α-E6 onkoproteinima da tvore kompleks s E6AP 

te β-E6 onkoproteinima da ostvaruju interakciju sa MAML1. Drugi dio doktorskog istraživanja 

otkriva da se različiti α-E6 onkoproteini vežu za MAML1 upravo putem LXXLL strukturalnog 

motiva, što rezultira povećanom stabilnošću onkoproteina E6. Nadalje, stabilnost onkoproteina β-

E6 također ovisi o interakciji s MAML1. Utišavanjem MAML1 dolazi do brže proteasomske 

razgradnje onkoproteina HPV-8 E6 i HPV-18 E6 u HPV-pozitivnim stanicama. Sukladno 

dobivenim rezultatima predstavljen je molekularni model temeljem kojeg većina β-E6 

onkoproteina stupa u interakciju isključivo s MAML1, dok su prisutna dva stanična skupa HR α-

E6, od kojih jedan tvori kompleks s MAML1, a drugi stupa u interakciju s E6AP. Različiti stanični 

skupovi E6 pokazuju različitu distribuciju unutar staničnih odjeljaka. Iako kompleks HR α-

E6/MAML1 nema ulogu u razgradnji važnih staničnih ciljnih proteina kao što su p53 i DLG1, 

zajednička ekspresija MAML1 i E6AP s HR α-E6 dovodi do značajnog povećanja stanične 

proliferacije. Dodatno, utišavanje MAML1 smanjuje „proces cijeljenja rane“ u HeLa stanicama 

ukazujući na njegovu ulogu u regulaciji stanične migracije HPV-pozitivnih stanica. Konačno, 

dobiveni rezultati pokazuju da interakcija HR α-E6 s MAML1 rezultira stabilizacijom HR α-E6 

kompleksa, posljedično modulirajući uobičajene stanične aktivnosti MAML1 i povećavajući 

proliferativni kapacitet HPV-transformiranih stanica raka usmjeravajući ih prema održavanju 

transformiranog fenotipa. Sveobuhvatno, doktorska disertacija donosi nove uvide o funkcijama α- 

i β-E6 onkoproteina i njihovoj ulozi u patogenezi izazvanoj HPV infekcijom. 

Ključne riječi: HPV, E6, E6 varijante, rak vrata maternice, rak kože, E6AP, MAML1, 

onkogeneza, stabilnost proteina, proliferacija, migracija 



IX 
 

CONTENTS 

1. INTRODUCTION .................................................................................................................... 1 

1.1. Human papillomavirus (HPV) ......................................................................................... 1 

1.2. Classification of HPVs ..................................................................................................... 1 

1.2.1. Alpha papillomaviruses ............................................................................................ 3 

1.2.2. Beta papillomaviruses ............................................................................................... 4 

1.3. Epidemiology of HPV infection ....................................................................................... 5 

1.3.1. Incidence, prevalence and persistence of HPV infection .......................................... 6 

1.4. Malignancies associated with HPV infection ................................................................... 7 

1.4.1. Nomenclature and classifications of malignancies ................................................... 7 

1.5. Virus structure and genome organization ......................................................................... 9 

1.6. HPV life cycle ................................................................................................................ 13 

1.7. Molecular mechanisms of HPV-induced carcinogenesis ............................................... 17 

1.7.1. HPV E7 oncoprotein ............................................................................................... 20 

1.7.2. HPV E6 oncoprotein ............................................................................................... 22 

1.7.3. HPV E6 oncoprotein and the ubiquitin proteasome system ................................... 27 

1.7.4. HPV E6 oncoprotein and interference with p53 tumor suppressor ........................ 30 

1.7.5. HPV E6 oncoprotein and apoptosis ........................................................................ 32 

1.7.6. HPV E6 oncoprotein and PDZ-domain containing proteins ................................... 37 

1.7.7. HPV E6 oncoprotein and exploiting the host DNA damage response ................... 43 

1.7.8. HPV E6 oncoprotein and centrosomal abnormalities ............................................. 45 

1.7.9. HPV E6 oncoprotein and DNA replication ............................................................ 45 

1.8. HPV E6 oncoprotein and Notch signaling pathway ....................................................... 49 

1.8.1. Canonical Notch signaling pathway ....................................................................... 49 

1.8.2. HPV E6 inhibition of Notch signaling pathway ..................................................... 50 

2. AIMS OF THE STUDY .......................................................................................................... 58 

3. MATERIALS AND METHODS .............................................................................................. 60 

3.1. Materials ......................................................................................................................... 60 



X 
 

3.1.1. Buffers and solutions .............................................................................................. 60 

3.1.2. Chemicals, detergents and antibiotics ..................................................................... 61 

3.1.3. Commercial kits and reagents ................................................................................. 62 

3.1.4. Enzymes and corresponding buffers ....................................................................... 64 

3.1.5. Antibodies ............................................................................................................... 64 

3.1.6. DNA and protein markers ....................................................................................... 65 

3.1.7. Protein inhibitors ..................................................................................................... 65 

3.1.8. Media for maintaining cell and bacterial cultures ................................................... 66 

3.1.9. Instruments and programs ....................................................................................... 67 

3.2. Molecular methods ......................................................................................................... 69 

3.2.1. Site-directed mutagenesis ....................................................................................... 69 

3.2.2. Preparation of chemocompetent DH5α cells .......................................................... 70 

3.2.3. DH5α transformation .............................................................................................. 71 

3.2.4. Isolation of plasmid DNA ....................................................................................... 71 

3.2.5. Horizontal gel electrophoresis ................................................................................ 73 

3.3. Cell culture ..................................................................................................................... 73 

3.3.1. Cell lines ................................................................................................................. 73 

3.3.2. Maintenance of cell lines ........................................................................................ 74 

3.3.3. Cell counting ........................................................................................................... 74 

3.3.4. Freezing and thawing cells ...................................................................................... 75 

3.4. Cell biology .................................................................................................................... 75 

3.4.1. Transient transfection .............................................................................................. 75 

3.4.2. siRNA silencing ...................................................................................................... 77 

3.4.3. Cell migration assay ................................................................................................ 78 

3.4.4. Cell proliferation assay ........................................................................................... 78 

3.4.5. Apoptosis assay ....................................................................................................... 79 

3.5. Protein analysis .............................................................................................................. 80 

3.5.1. Western blot analysis .............................................................................................. 80 

3.5.2. Half-life experiments .............................................................................................. 81 

3.5.3. Immunoprecipitation ............................................................................................... 82 



XI 
 

3.5.4. GST pull-down........................................................................................................ 84 

3.5.5. Cell fractionation assays ......................................................................................... 85 

3.5.6. In vitro degradation assay ....................................................................................... 86 

3.6. Confocal microscopy ...................................................................................................... 87 

3.7. Statistical analysis .......................................................................................................... 88 

4. RESULTS ............................................................................................................................... 90 

PART I   Oncogenic potential of naturally occurring HPV-16 E6 variants .............................. 90 

4.1. Generation of HPV-16 E6 mutants using site-directed mutagenesis ............................. 90 

4.2. HPV-16 E6 D25N L83V variant exhibits increased capacity to interact with E6AP .... 91 

4.3. The interaction between HPV-16 E6 D25N L83V and E6AP leads to an increase in 

E6AP degradation ..................................................................................................................... 93 

4.4. HPV-16 E6 D25N L83V is rapidly turned over at the proteasome ............................... 95 

4.5. HPV-16 E6 and the corresponding mutants efficiently degrade p53 and PDZ-domain 

containing substrates in vitro ..................................................................................................... 99 

4.6. HPV-16 E6 and the corresponding mutants efficiently degrade p53 in cultured cells 105 

4.7. HPV-16 E6 and the corresponding mutants efficiently target PDZ-domain containing 

substrates MAGI-1 and DLG1 in cultured cells ...................................................................... 107 

PART II   MAML1-induced HPV E6 oncoprotein stability is required for cellular proliferation 

and migration ........................................................................................................................... 111 

4.8. HPV E6 oncoproteins from α and β types interact with MAML1 ............................... 111 

4.9. Protein amount of α- and β-HPV E6 oncoproteins is MAML1-dependent ................. 114 

4.10. An LXXLL motif of MAML1 is required for HPV E6 protein level regulation ..... 118 

4.11. The stability of HPV E6 protein pool in HeLa, CaSki and HT1080 HPV-8 E6 cells is 

MAML1-mediated .................................................................................................................. 122 

4.12. MAML1 stabilizes a distinctive cellular pool of HPV-18 E6 and an exclusive single 

cellular pool of HPV-8 E6 ....................................................................................................... 125 



XII 
 

4.13. p53 and DLG1 degradation is not E6/MAML1 complex dependent ....................... 128 

4.14. HPV E6 protein turnover is regulated by MAML1 .................................................. 131 

4.15. E6 cellular distribution is altered in presence of MAML1 ....................................... 135 

4.16. Silencing MAML1 has no effect on apoptosis ......................................................... 137 

4.17. E6/MAML1 complex impacts cell proliferation synergistically with E6AP ........... 140 

4.18. E6/MAML1 complex impacts cell migration ........................................................... 142 

5. DISCUSSION ....................................................................................................................... 145 

PART I   Oncogenic potential of naturally occurring HPV-16 E6 variants ............................ 145 

PART II   MAML1-induced HPV E6 oncoprotein stability is required for cellular proliferation 

and migration ........................................................................................................................... 157 

6. CONCLUSIONS .................................................................................................................. 175 

7. REFERENCES ..................................................................................................................... 177 

8. LIST OF TABLES AND FIGURES ...................................................................................... 204 

9. SUPPLEMENTARY DATA .................................................................................................. 208 

10. ABBREVIATIONS ............................................................................................................ 211 

11. CURRICULUM VITAE .................................................................................................... 216 

 

 

 



1 
 

1. INTRODUCTION  

1.1. Human papillomavirus (HPV)  

Papillomaviridae is a diverse epitheliotropic family of small, non-enveloped, circular 

double-stranded DNA viruses, that infect all homoeothermic vertebrates (International Agency for 

Cancer Research 2012; King et al. 2005) with some interesting exceptions such as 

Papillomaviridae family presence in fish (López-Bueno et al. 2016). Among those different 

Papillomaviridae families, the most widely studied are human papillomaviruses (HPVs), that 

preferentially infect the basal layer of cutaneous and mucosal epithelial tissues at different 

anatomical locations, resulting in a variety of clinical symptoms ranging from benign warts to 

invasive cancers (Doorbar 2005a; H. zur Hausen 1996). Papillomaviruses (PVs) are ubiquitous 

viruses transmitted primarily by direct physical and sexual contacts, and the most of infections do 

not typically cause evident disease with severe clinical symptoms. The majority HPV types cause 

benign flat or protruding warts (papillomas), while only a few of them can induce advance cases 

of malignant transformation. In 1976, Professor Harald zur Hausen revealed that development of 

cervical cancer was associated with a specific type of HPV infection (zur Hausen 1976), for which 

he received a Nobel prize in medicine in 2008. His discovery led to decades of research on genital 

mucosal HPVs resulting in the discovery of a subset of HPV types with an oncogenic potential. In 

addition, the extensive epidemiological studies have classified those HPVs into oncogenic or 

‘high-risk’ (HR) HPV types, which are responsible for approximately 4.5% of cancers cases 

worldwide (de Martel et al. 2020). 

 

1.2. Classification of HPVs 

To date, more than 440 different HPV genotypes have been identified (Van Doorslaer et 

al. 2017; McBride 2022), with different tissue tropism and potential to promote cell proliferation 

and malignant transformation (Burk et al. 2013). Thus, HPVs are divided into five large genera, 

which comprise alpha (α), beta (β), gamma (γ), mu (μ) and nu (ν) (De Villiers et al. 2010).  

The HPV classification was established following strict criteria of the International 

Committee on the Taxonomy of Viruses (ICTV), by which PVs are classified based on sequence 

similarity and sequence overlapping of the major L1 structural protein (De Villiers et al. 2004; De 
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Villiers et al. 2010). The reason behind classification based upon sequence similarity of the HPV 

L1 gene is that it is highly conserved among all PVs. Different genera share less than 60% of 

nucleotide sequence similarity of the L1 gene, species share between 60% and 70% of nucleotide 

identity and overlap, and virus types share between 71% and 89% of identical nucleotides in 

sequence within the L1 gene (De Villiers et al. 2004; De Villiers et al. 2010).  

 Nowadays, the Papillomaviridae family contains 53 genera, each of which is further 

divided into several species (Van Doorslaer et al. 2017). Between those 53 genera only five of 

them include PVs that infect humans, and those are above mentioned α, β, γ, μ and ν genera. To 

be classified as a novel papillomavirus type, an individual PV type cannot share more than 90% 

of nucleotide similarity to any other known PV type (De Villiers et al. 2010; De Villiers et al. 

2004). Individual HPV types are highly species and tissue specific, and besides humans, to date 

PVs have been  also detected in fish (López-Bueno et al. 2016), reptiles (Lange et al. 2011), birds 

(K. Van Doorslaer et al. 2009) and mammals (Rector and Van Ranst 2013). The γ-genus includes 

the majority of the described HPV types, 99 different types, followed by the α-genus with 65 types 

and the β-genus consisted of 54 types (Gheit et al. 2019). The genera μ and ν include only 3 and 1 

known types, respectively.  

According to the initial and basic classification of the PVs, whose tissue tropism-based 

nomenclature is in use in the past few decades, it is common to divide HPVs in two separate groups 

based on the anatomical origin of the infection, as either mucosal or cutaneous types. However, 

now it is revealed that within the α-genera which comprises mostly mucosal types, there are some 

cutaneous HPV types (i.e. HPV-2, -3, -7 and -10 etc.) (Thomas et al. 2013b; De Villiers et al. 

2004). Furthermore, recent studies have also detected β- and γ-HPVs at mucosal sites making 

classification even more complex (Bottalico et al. 2012; Hampras et al. 2017). With this 

knowledge, the division into mucosal and cutaneous types does not represent incontrovertible 

paradigm anymore and needs to be reconsidered, especially in the light of new discoveries that are 

yet to follow. β, γ, μ  and ν genera contain HPV types that infect cutaneous epithelia of the skin 

(Van Doorslaer et al. 2017), causing common warts rarely associated with cancer development 

(De Villiers et al. 2010). However, general categorization of cutaneous HPVs as non-cancer-

causing types is not applicable for all cutaneous HPVs. Some β-HPV types, like β-HPV-38, show 

similarities with mucosal HR HPV types, and were shown to be associated with cancer 

development (Caldeira et al. 2003a; Viarisio et al. 2011).  
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In addition to this, β-HPV-5 and β-HPV-8 have also been detected in cutaneous lesions, as well as 

squamous cell carcinomas (SCCs) (Aldabagh et al. 2013; Mühr et al. 2015).  

Given to the currently large and further growing number of newly discovered HPV types, 

in recent years a novel approach that clusters PVs was proposed (Brimer et al. 2017). Particularly, 

what is common to α-HPV compared to all others HPV genera, is the preference of E6 

oncoproteins for interacting with cellular ubiquitin ligase E6-associated protein (E6AP; also 

known as UBE3A, ubiquitin protein ligase E3A), while all others HPV genera show association 

with Notch transcriptional co-activator Mastermind like 1 (MAML1). A recent study revealed and 

established the hypothesis about an early evolutionary split among PV genera, between those 

viruses encoding for E6 oncoproteins that associate with MAML1 and those E6 oncoproteins 

which associate with E6AP (Brimer et al. 2017). This evolutionary divergence provides a basis for 

categorizing PVs into two major functional groups, into those that physically and functionally 

target MAML1, and those that physically and functionally target E6AP. Grouping of PVs into 

those that target Notch signaling via interaction with MAML1 protein, and those that target cellular 

substrates for proteasome-mediated degradation via association with E6AP, provides a novel 

factor and an unique feature for categorizing PV types in a simplified way compared to sequence 

difference within L1 capsid gene (Brimer et al. 2017). α-HPV E6 oncoproteins associate with the 

cellular ubiquitin ligase E6AP, by binding to its LXXLL motif, thereby regulating its ubiquitin 

ligase activity. β, γ and μ genera of E6 proteins bind a similar LXXLL motif present on the cellular 

transcriptional co-activator MAML1, and with this interaction repress Notch signaling, which 

appears to be critical for their productive life cycle (Brimer et al. 2017; Brimer et al. 2012;  Brimer 

et al. 2007; Zanier et al. 2013).  

 

1.2.1. Alpha papillomaviruses  

Alphapapillomavirus types (α-HPVs) preferentially infect genital, anal and oral mucosa 

(King et al. 2005), and are classified on the basis of extensive clinical, experimental and 

epidemiological evidences of their etiological role in the development of lesions that can progress 

to cervical, anogenital, and head-and-neck carcinomas (International Agency for Research on 

Cancer (IARC)). So far, fourteen α-HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 

73) have been classified as high-risk (HR) HPV types causing mostly cervical cancer.  
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Of those HR HPVs, HPV-16 and HPV-18 together are associated with approximately 80% of 

cervical cancer cases globally, while the remaining 20% are linked to infection by other 

widespread HR HPVs (de Sanjose et al. 2010). HPV type 16 (HPV-16) is the most prevalent 

oncogenic HPV associated with 61% of all cervical cancer cases (de Sanjose et al. 2010), and can 

be further classified into four major variant lineages (A, B, C and D) (Burk et al. 2013). HPV-18 

is widely accepted as the second most prevalent carcinogenic HPV type by its presence in 16% of 

cervical cancers worldwide (Chen et al. 2015). HPV-18 sequence variants were also identified and 

form three phylogenetic lineages (A, B, and C). On the other hand, low-risk (LR) types (the most 

common examples are HPV-6 and HPV-11) cause benign anogenital warts and are rarely found in 

squamous intraepithelial lesions, possibly as a part of multiple HPV infections (Boda et al. 2018; 

Bouvard et al. 2009). 

HPV infections in the majority of cases are cleared by the host immune system, but the 

common period of infection lasts from a few months up to two years from the initial viral entry 

(C. A. Moody and Laimins 2010). However, the infection for certain reasons in some individuals 

cannot be neutralized by the host immune system, which then persists for long periods of time and 

can result in the development of different types of neoplasia (zur Hausen 2002). Thus, persistent 

infections with HR HPVs, most commonly with HPV-16 and HPV-18, has been recognized as the 

main causative agent of cervical cancer. The difference between HPV-16 and HPV-18 is reflected 

in the fact that, among cervical carcinoma cancer cases, HPV-18 is more associated with the 

development of adenocarcinomas (ADC), and accounts for 37% of cervical ADC worldwide, 

while HPV-16 mainly causes cervical squamous cell carcinomas (Chen et al. 2015). HPVs also 

cause different types of anogenital cancers including carcinomas of the vagina, vulvar, and penile 

cancers (Lont et al. 2006; Madsen et al. 2008, 30). Furthermore, it was shown that HR HPV 

infections, mostly with HPV-16, are associated with approximately 50% of head-and-neck cancers 

(HNC), particularly oropharyngeal cancer (Taberna et al. 2017).  

 

1.2.2. Beta papillomaviruses  

Since 2018, there has been a huge expansion in the discovery of new Betapapillomaviruses 

(β-HPVs) types isolated from individuals with immunodeficiency (Tirosh et al. 2018). β-HPVs 

infect cutaneous tissue around hair follicles and can predispose the development of UV-mediated 
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skin cancer (Lambert et al. 2020). The Betapapillomavirus genus comprises 54 HPV types detected 

in normal, as well as precancerous tissue and in cancerous cutaneous tissue (King et al. 2005; Gheit 

2019). Since the number of cutaneous HPVs has been increased over the last five years, there was 

a need for more precise classification of β-HPVs. Thus, currently β-HPVs are classified into five 

separated phylogenetic species. HPV-5 and HPV-8 together with 19 additional HPVs are classified 

as species 1. There are 22 members classified as species 2 including cancer-causing HPV-38, four 

are species 3, one belongs to species 4, three to species 5, and 4 have not yet been classified (Burk 

et al. 2013). A smaller portion of β-HPV types, including HPV-5, -8 and mentioned HPV-38, have 

oncogenic potential in hypersensitive organ transplant recipients who were under 

immunosuppressive treatment, and in patients with a rare hereditary disease named 

epidermodysplasia verruciformis (Orth et al. 1987; Orth et al. 1978). In those cases β-HPVs have 

been found in benign skin warts, actinic keratosis, keratoacanthoma, psoriasis and in cutaneous 

squamous cell carcinomas (CSCC) (Egawa and Doorbar 2017; Howley and Pfister 2015). 

Keratoacanthoma are low grade, rapidly growing skin tumors derived from the hair follicle cells. 

In addition, it has been established that β-HPV infection cannot promote tumors in the same 

manner as HR HPVs that cause tumors dependent on continued viral oncogene expression 

(Tommasino 2017). So, β-HPVs are characterized as co-factors in combination with ultraviolet 

(UV) irradiation that contribute to the development of non-melanoma skin cancers (NMSC) by 

inhibiting apoptosis of infected cells (Tommasino 2017; Jackson et al. 2000). However, an 

etiological role for β-HPV types in skin cancers remains mostly unclear and must be further 

investigated.  

 

1.3. Epidemiology of HPV infection  

Worldwide, among a-HPV-associated cancers about 90% are attributable to female 

cancers of which 91% is cervical cancer, in contrast to 10% male cancers (de Martel et al. 2020). 

Cervical cancer rates (age-standardized (W) rate per 100,000) vary greatly between geographical 

regions ranging from 40 in low and middle income countries (sub-Saharan Africa, Melanesia, 

South America, and South-Eastern Asia) to 4 in high income countries (Northern America, 

Australia/New Zealand, and Western Asia), with mortality rates varying up to 18 times (Sung et 

al. 2021). This huge variation is mostly due to the combined effect of HPV prevalence, the quality 
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of screening programs, vacctination and the public health conditions (Vaccarella et al. 2014). 

Besides cervical cancer, other HPV-attributable female cancers (9%) account for 11,000 cases of 

vulvar cancer worldwide per year, 14,000 vaginal cancers, 19,000 anal cancers and 11,100 HNC. 

In addition, HPV-attributable male cancers account for 41,500 cases of HNC worldwide per year, 

18,000 penile cancer and 9,900 anal cancer (de Martel et al. 2020). The HPV-associated HNC 

represent 52,600 cases worldwide per year, 79% (41,500) in men and 21% (11,100) in women, of 

which 42,100 (80%) in both gender are oropharyngeal cancers, occurring mostly in high income 

countries (de Martel et al. 2020). According to the USA data, in the line with mentioned numbers 

of HNC, a significantly higher prevalence of oral HPV infection has been observed in infected 

men (10.1%), than in women (3.6%) (Senkomago et al. 2019). 

 

1.3.1. Incidence, prevalence and persistence of HPV infection  

Genital HPV incidence rises intensely after average age of the first sexual intercourse (de 

Martel et al. 2020). HPV infections spread rapidly within sexually active both genders, as HPV is 

highly transmissible. An infected individual can obtain multiple infections of different HPV types, 

simultaneously or repeatedly, because the immune response to the infection is mostly weak and 

specific to a particular HPV type (de Martel et al. 2020). Cervical HPV infection incidence 

decreases with older age as a result of a lesser number of sexual contacts and owing to type-specific 

immunity developed after infections over the life span. However, the ratio of the viral re-activation 

increases with age, as the immunological response gets less effective (de Martel et al. 2020).  

HPV prevalence is a function of both the incidence and the persistence of infection 

(Schiffman et al. 2007). Prevalence is highly variable due to different factors, including 

geographical region and the prevalence of different HPV variant types, sexual habits, age, host 

control and the immune response, the type of treatment and cervical screening. The persistence of 

virus more than 2 years is considered to be uncommon and in more than 90% of cases it is not 

detected within 5–7 years of the initial infection (Rodríguez et al. 2008).  
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1.4. Malignancies associated with HPV infection 

1.4.1. Nomenclature and classifications of malignancies 

To predict the risk of HPV-induced cancer development, several histological and 

cytological nomenclature systems have been developed. The most used and widespread 

cytological system for screening of precancerous cervical epithelilal lessions and malignancies 

includes the Papanicolaou classification ('Pap' test), in which severity of the lession is graded based 

on the abnormal mitotic changes in nuclear shape and size and percentage of cytoplasmic 

maturation lost in cervical cells (Schiffman et al. 2016). Histopathological classification used for 

cervical cancer diagnosis include the cervical intraepithelial neoplasia (CIN) scale, which 

differentiates tissue samples from mild dysplasia (CIN1), moderate dysplasia (CIN2), severe 

dysplasia (CIN3) and carcinoma in situ. The CIN scale is used as a marker of severity of the 

malignant transformation of the epithelial tissue (Schiffman et al. 2016). 

 

1.4.1.1. Cervical cancer 

Cancer of the cervix uteri is the 4th most common cancer among women population 

worldwide, with 604,127 new cervical cancer cases diagnosed in 2020., and 341,831 recorded 

deaths (Sung et al. 2021). With those data and statistics cervical cancer turns out to be the second 

most frequent female cancer in women aged between 15 and 44 years on the global level 

(International Agency for Research on Cancer (IARC)). Persistent HPV infection mainly results 

in the development of squamous cell carcinoma, but HPV infection with HR HPV types, although 

much less frequent, can drive the development of endocervical adenocarcinomas. Thankfully, 

mortality rates of cervical cancer are substantially lower than its incidence (International Agency 

for Research on Cancer (IARC)), and it is important to emphasize that since most cervical cancers 

result from HPV infection they are therefore preventable through regular screening process and 

vaccination. 

 

1.4.1.2. Anogenital cancers 

In addition to cervical cancer, HPV can cause anogenital benign warts and different types 

of anogenital squamous cell carcinomas (SCC), both in men and women, and these include penile, 

anal, vaginal and vulvar cancers (International Agency for Research on Cancer (IARC)).  
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HPV-related adenocarcinomas of the lower anogenital tract (vagina, vulva and anorectum area) 

are rare but morphologically very distinctive tumors that exhibit cytologic features similar to HPV-

related endocervical adenocarcinoma. The primary vulvar adenocarcinomas are extremely rare 

with the existing literature limited to case reports, same as the primary anal canal adenocarcinomas 

(Voltaggio et al. 2020). 

 

1.4.1.3. Head-and-neck cancers  

HPV can cause benign and malignant lesions of the mucosal tissue of the upper aero-

digestive tract (Lechner et al. 2022). HPV oral infections in the last decade gained much clinical 

attention because of their involvement in the development of head-and-neck squamous cell 

carcinoma (HNSCC), a group name that refers to SCC, originating from the oral cavity, lips, larynx 

and pharynx. Oropharyngeal squamous cell carcinoma (OPSCC) is the most common cancer type 

of HNCs, and comprises tumors located in the posterior pharyngeal wall, the soft palate, uvula, 

the tonsillar complex and the base of the tongue (Lechner et al. 2022). The reason behind this 

statistics is that tonsillar crypts and the base of the tongue are immuneprivileged microenvironment 

which facilitates HPV infection and its persistence (Egawa et al. 2015). HPV-positive (HPV+) and 

HPV-negative (HPV–) HNSCCs are defined as separate tumor entities, with distinct molecular 

profiles and molecular background for the malignant transformation, disease biology, tumor 

characteristics and outcomes (Craig et al. 2019). In 2021 HPV accounted for 71% of all OPSCCs 

cases in the USA and for 51.8% cases in UK (Senkomago et al. 2019; Schache et al. 2016), 

emphasizing the importance of this current public health problem. Of these, 85–96% of OPSCC 

are caused by HPV-16 (Schache et al. 2016), althought both mucosal and cutaneous HPVs can be 

detected in the oral cavity (Gheit et al. 2020).   
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1.5. Virus structure and genome organization  

The structure of papillomavirus is characterized by a non-enveloped icosahedral shape, 

with a diameter ranging from 50 to 60 nm (Moody and Laimins 2010; Van Doorslaer et al. 2017). 

HPV genome is in the form of a double-stranded episome of approximately 8 000 base pairs (bp), 

and contains eight, or even nine (depending on the type of PV) open reading frames (ORFs) 

(Egawa et al. 2015). Furthermore, to stay preserved and to prevent tangling and damaging HPV 

genome is assembled and packaged into chromatin with a help of host cell histones. Icosahedral 

viral protein capsid is assembled of 360 copies of the L1 gene product, with a smaller number of 

L2 proteins linking the viral capsid to its viral genome (Buck et al. 2008). Viral gene expression 

is controlled by different promoters and with a process of mRNA splicing that enables viral gene 

products to be expressed at different stages during the viral life cycle (Doorbar 2006). 

The HPV genome is organized into three major regions (Figure 1) (Graham and Faizo 

2017). A long control region (LCR), also called the upstream regulatory region (URR), located 

between the L1 and E6 ORFs, is a non-coding region of the genome that contains the origin of 

replication, as well as post-transcriptional control sequences that control viral gene expression. 

Hence, LCR contains the early promoter and other regulatory elements involved in viral DNA 

replication and transcription including SP1, AP1, NF1, TEF1, OCT1, YY1, BRN-3a, NF-kB, NF-

IL6, KRF-1, GATA3, FOXA1, GATA3, binding sites for the E1 and E2 viral gene products and 

the TATA box (Bernard 2013). The early region encodes the early (E), well-conserved core genes 

E1, E2, E4, E5, E6 and E7 involved in viral gene expression, regulation of transcription, 

replication, proliferation and survival (C. Moody 2017). The late region (L) encodes two structural 

proteins, large capsid protein L1 and minor capsid protein L2 (Figure 1 and 2). ‘E’ states for 

‘early’, whereas ‘L’ indicates ‘late’ and their names reflect the period in the viral life cycle when 

transcription occurs.  

HR HPV genomes contain the early and late promoters that are active during different 

stages of the viral life cycle (Geisen and Kahn 1996). In undifferentiated cells, viral gene 

expression is regulated by the early promoter, which is located upstream of the E6 ORF in the 

LCR. For HPV-16 and HPV-31 the early promoter is termed as p97 (Figure 1 and 2), and p105 

for HPV18 (Braunstein et al. 1999; Geisen and Kahn 1996; Ozbun and Meyers 1998). The early 

promoter directs the expression of E1 and E2, which are necessary for viral replication. The late 

promoter is located in the E7 ORF and is activated during cell differentiation. Late promoter for 
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HPV16 is p670 (Figure 1 and 2), p742 for HPV31 and p811 for HPV18 (Grassmann et al. 1996). 

The late promoter drives expression of E1, E2, E1^E4 and E5 to facilitate productive viral 

replication. In addition, the L1 and L2 ORFs are also expressed from the late promoter in the 

suprabasal layers as a result of changes in splicing (Grassmann et al. 1996; Hummel et al. 1992).  

 

 
 

Figure 1. Schematic representation of HPV-16 genomic organization. The HPV genome contains three main 

regions: the early and late regions, based on the timing of viral gene expression, and the long control region (LCR). 

The early region encodes for regulatory proteins that are essential for viral transcription and replication and cell cycle 

control. The late region encodes two structural proteins, L1 and L2, required for capsid formation. The LCR contains 

most of the regulatory DNA sequences needed for replication and expression of the viral genes, including the ORFs, 

enhancer and promoter regions. Adapted from (Schiffman et al. 2016). 

 

The core proteins (E1, E2, L1 and L2) are directly involved in viral genome replication (E1 

and E2) and viral assembly (L1 and L2), and are highly conserved among PVs (C. Moody 2017). 

They are necessary for completion of the viral life cycle, enabling the undisturbed viral replication 

and shedding of the virions (Van Doorslaer and McBride 2016). The accessory proteins (E4, E5, 

E6 and E7) exhibit greater variability considering the timing of their expression and a greater 

variability of their functional characteristics.  
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E1 encodes a virus-specific enzyme ATP-dependent DNA helicase, obligatory for viral 

genome replication and amplification as it recruits cellular replication factors to viral ORFs, and 

it specifically binds and unwinds the ORF (Bergvall et al. 2013). E2 is a sequence-specific DNA 

binding protein that interacts with different cellular gene products and modifies their roles to 

benefit the virus (McBride 2013). Thus, the most important role of E2 is to act as an auxiliary 

replication factor that binds the E1 helicase in the ORF to form the replication initiation complex, 

and it recruits the cellular DNA replication machinery (Stubenrauch et al. 1998). Furthermore, E2 

is a transcriptional regulator that can activate or repress viral transcription (Graham 2016). Besides 

the key role in viral genome replication and transcription, E2 is also involved in arrangement and 

maintenance of viral episomes during replication by interacting with chromatin adapter proteins 

and by tethering viral genomes to host mitotic chromosomes. Furthermore, in dividing cells, the 

low viral genome copy number is maintained by the complementary regulation of E1 and E2 

proteins, while E2 retains the genomes in the nucleus and distributes them to daughter cells during 

replication (McBride et al. 2019). E2 binds to the promoter of E6 and E7 genes to retain their low 

expression levels and to block the access of transcription factors in undifferentiated cells (McBride 

2017). Some HPV types express the spliced transcript which is a fusion of E8 and the C-terminal 

part of the E2 ORF, termed as E8^E2 that encodes for a protein that includes an E8 domain fused 

to the hinge and DNA-binding domains of E2 (Dreer et al. 2017). E8^E2 functions to limit the 

viral replication and transcription in undifferentiated cells in the basal layer and differentiated cells 

in the suprabasal layers of stratified epihtelium. 

The early accessory genes (E4, E5, E6 and E7) exhibit certain diversity between types, and 

are also in some literature termed as the regulatory genes because they have roles in the regulation 

of virus shedding, cell cycle re-entry, avoiding apoptosis and immune escape (Egawa et al. 2017; 

Fehrmann et al. 2003; Vande Pol and Klingelhutz 2013; McLaughlin and Münger 2010). E4 has 

different roles associated with viral genome amplification, virion assembly, shedding and 

transmission of packed virions (Doorbar 2013). The E4 ORF is positioned in the middle of the E2 

ORF (Figures 1 and 2) (Wilson et al. 2005). Specifically, it is located within the region that 

encodes the flexible hinge domain of E2. This overlap results in the primary E4 gene product, as 

well as the major spliced transcript known as E1^E4, being translated from the spliced mRNA 

(Wilson et al. 2005). E1^E4 fuses the first five amino acids of the E1 ORF with E4. The role of 
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E1^E4 is to cause G2 cell cycle arrest in differentiated cells, to enhance viral replication and release 

of virions (Doorbar 2013).  

Only α-HPVs in their sequence contain an additional coding sequence, located between the 

early and late region that encodes for E5 gene (Figures 1 and 2) (C. Moody 2017). Individual α-

HPV type encodes one of four different types of E5 protein (E5α, E5β, E5γ and E5δ). E5 is a 

transmembrane protein that localizes in the endoplasmic reticulum of the host cell and promotes 

proliferation by activating different cellular signaling pathways such as, for the epithelial tissue 

important epidermal growth factor receptor (EGFR) signaling (C. Moody 2017). With a function 

of promoting proliferation and facilitating efficient productive replication in differentiating cells 

E5 is considered to be the minor oncoprotein as it is unable to cause cellular transformation, but 

has a supportive pro-carcinogenic roles (Gutierrez-Xicotencatl et al. 2021; Liao et al. 2013). 

Through the actions of E5, HPV can evade adaptive and innate immune systems, by not presenting 

viral antigens on the major histocompatibility complex (MHC) molecules (C. A. Moody and 

Laimins 2010a).  

 

 
Figure 2. Linear representation of the HPV-16 genome. Different ORF are indicated as a block. The early promoter 

is located upstream of the E6 ORF (p97) and the late promoter is located in the E7 ORF (p670). The early 

polyadenylation site (pAE) is located at the 3’ end of the E5 ORF (pAE) and the late polyadenylation site (pAL) 

located in the LCR. The origin of replication and E1 and E2 binding sites are also located in the LCR. Adapted from 

(C. Moody 2017). 

 

E6 and E7 are viral oncogenes and are regulated at the transcriptional level by E2, allowing 

genome amplification in the middle layers of the epithelium (Graham 2016). An essential function 

of  E6 and E7 in the viral life cycle is to increase viral fitness and virion production by driving cell 

cycle re-entry, genome amplification in the differentiating suprabasal layers, avoiding apoptosis 
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and inducing cell proliferation (C. A. Moody and Laimins 2010a). The oncogenic α-PVs are also 

unique for the reason that E6 and E7 proteins are transcribed from a polycistronic, alternatively 

spliced mRNA (Rosenberger et al. 2010). Splicing of the oncogenic polycistronic E6/E7 transcript 

also gives rise to a novel protein, termed as E6*s, and their numbers can vary depending the virus 

type (Pim et al.1997). 

The virus capsid contains 360 molecules of L1 protein arranged into 72 capsomeres 

structured of five L1 molecules (DiGiuseppe et al. 2017). Approximatly 72 molecules of minor L2 

protein per capsid are arranged as one L2 copy per capsomere, meaning that major L1 protein 

encapsidates the viral minichromosome, as well as minor L2 proteins to form the icosahedral-

shaped virion. L1 almost completely covers surface of the mature virion and is required for the 

initial attachment to the host cell (DiGiuseppe et al. 2017). The ability of L1 to spontaneonsly form 

virion like paticles (VLPs) created the basis for the develompent of vaccienes againts HPVs 

(Kirnbauer et al. 1992). During viral entry, a conformational change of the capsid results in 

protrusion of specific L2 sequences onto the surface of the virion to allow the endosomal transport 

of the viral particles inside the cell citoplasm (Xie et al. 2020; Campos 2017). L2 is expressed 

again in later stages to assists in packaging of viral minichromosomes into progeny virions which 

are released without cell lysis from, as the epithelial cells are shed from the uppermost layers of 

the cornified epithelium (Scarth et al. 2021). L2 is highly conserved among HPV types and has 

been used as an alternative target antigen to develop HPV vaccine, since immunization with 

isolated L2 induce low-titer cross-neutralizing antibodies to a broad range of HPV genotypes 

(Yadav et al. 2019). 

 

1.6. HPV life cycle  

HPV infects proliferating stem cells located in the basal layer of stratified squamous 

epithelia, as a result of small abrasions, micro-wounds or other epithelial trauma (Doorbar 2005b; 

C. A. Moody and Laimins 2010a). HPV via microabrasions has easier and direct passage towards 

basal cells in the transformation zone of the cervix which is a particularly susceptible to the HPV 

infection (Day and Schelhaas 2014). As a consequence of microabrasions heparan sulfate chains 

of proteoglycans (HSPG) are exposed on the surface of the cells in the basal membrane (J. N. 

Roberts et al. 2007). Binding of the virus to heparin sulfate induces a conformational change in 
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the viral capsid, which in turn enables the association with cellular receptors exposed on the surface 

of the epithelial cells and keratinocytes in skin epidermis, which are target cells of  HPV (Day and 

Schelhaas 2014). After binding to the cell surface, the virion is internalized by the process of 

cellular endocytosis, using the cellular retromer complex for retrograde transport to the trans-Golgi 

compartment (Xie et al. 2020).  

Stratified squamous epithelium consists of five different layers which exhibit differences 

in the morphology and differ in their proliferative potential capacity (Figure 3). Hence, epithelial 

cells in the basal layer are in continuous proliferation, while the suprabasal layers embody 

differentiating cells that have exited the cell cycle and became terminally differentiated. HPV life 

cycle is strictly linked to the modulations in the differentiation status of the host epithelial cells 

and keratinocytes (Longworth and Laimins 2004; McBride 2017). After the infection HPV initiates 

transient replication producing approximately 50 up to 100 viral genomes per cell, implying that 

at this stages HPV genomes are present in the form of extrachromosomal elements or episomes. 

Viral episomes are maintained in the undifferentiated, proliferating basal cells, where they 

replicate with the host cell chromosomes (Longworth and Laimins 2004; McBride 2017). The 

beginning of the active cell division that occurs during wound healing process, which aims  to 

repair epithelial traumas, is a crucial step for viral entry into the nucleus and consequent 

maintenance of the viral episomes (Pyeon et al. 2009). After cell division, one infected daughter 

cell migrates away from the basal layer and undergoes differentiation (C. A. Moody and Laimins 

2010b). Simultaneously with the differentiation of epithelial cells and their migration towards the 

suprabasal layers, the productive phase of the viral life cycle is activated. This leads to the 

amplification of viral genomes from hundreds to thousands of copies per cell, which occurs in the 

microenvironment of terminally differentiated cells in the suprabasal layers (C. A. Moody and 

Laimins 2010b). Productive infection, termed as a productive because of virion production, 

involves E6/E7 low expression levels and does not require extensive cell cycle re-entry in the basal 

and parabasal cell layers (Schiffman et al. 2016) (Figure 3). E6 and E7 expression is required for 

genome amplification in the middle epithelial layers and initial virus assembly. The transition to 

the late stage of HPV infection is followed by the expression of late genes L1 and L2, virion 

assembly, release of virions from the surface of the epithelial tissue and  disintegration of dead 

superficial epithelial cells into the surrounding microenvironment (Morgan et al. 2018; Doorbar 

2005b) (Figure 3).  
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Regulation of the viral life cycle in this manner allows HPV to avoid detection by the 

immune system, because high-level viral gene expression and virion production are restricted to 

the upper layers of the epithelium which are not under immune surveillance (Stanley 2010). 

 

 
Figure 3. HPV life cycle and development of malignancy. Through microtraumas and fissures in epithelial tissue 

HPV infects epithelial cells in the basal layer. Uninfected epithelium is depicted on the left side, while infected 

epithelium is indicated on the right. Upon entry, the virus traffics through the endosome using the cellular retromer 

complex, becoming uncoated. Once in the nucleus the viral genomes are preserved as low copy episomes and early 

viral genes (E1, E2, E6, E7) are expressed. After cell division, one infected daughter cell migrates away from the basal 

layer and undergoes differentiation. Process of differentiation of HPV-infected cells induce the productive phase of 

the viral life cycle, which requires cellular DNA replication machinery. The expression of E6 and E7 disrupts cell 

cycle control, pushing differentiating cells into S phase, allowing viral genome amplification in cells that would 

normally exit the cell cycle. In the late-phase L1 and L2 proteins encapsidate synthesized viral genomes and progeny 

virions are shed from the topmost layers of the epithelium in viral-loaded squamous. Adapted from (Schiffman et al. 

2016). 

 

Described HPV strategy with establishing low-level, but continuous and persistent 

infection in mucosal and skin epithelia and restricting the productive infection to terminally 

differentiated cells in upper layers without inducing cell lysis, is highly effective for the viral 

fitness and promotes long-term persistent infection and immune evasion.  Thus, HPV knowingly 
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manipulates the balance of cellular proliferation and differentiation, to provide both persistent 

infection in the basal cells and productive infection in differentiated cells (Stanley 2010). 

Furthermore, HPV episomes do not encode polymerases or any other enzyme  required for 

viral replication (McBride 2017). Since it depends on the host DNA replication machinery to 

replicate its DNA, HPVs use different mechanisms to perturb cellular regulatory pathways that 

regulate cell replication, maintaining differentiating cells in the state of active cell cycle. Epithelial 

differentiation in healthy, uninfected tissue results in an exit from the cell cycle, limiting 

replication capacity of terminally differentiated cells (McBride 2017). In the case of HPV 

infection, HPV keeps activated cellular genes necessary for the late gene expression, which are 

important for the amplification of viral DNA. On the contrary to the initial phases of HPV infection 

and viral genome maintenance in the proliferating basal cells, the productive phase of the viral life 

cycle, including replication, late gene expression and virion production, occur upon epithelial 

differentiation, in cells that in normal conditions, without being infected, would exit the cell cycle 

(McBride 2017). Although, in most of the cases, HPV infection is asymptomatic and neutralized 

by the immune system, in some individuals a certain parts of the viral genome become integrated 

into the host DNA, due to still not completely defined circumstances. This process results in the 

lost of the majority of the viral genes, except of E6 and E7 (C. Moody 2017).  Viral DNA 

integration is not a part of the normal viral life cycle, since it results in termination of the 

productive life cycle due to the loss of genes needed to complete the synthesis of new virions. 

Once HPV DNA is integrated, the infection becomes abortive and no more virions are produced 

and released (Graham and Faizo 2017). With the integration, the expression of E6 and E7 falls 

under the control of cellular promoters as E2 gene is lost (C. Moody 2017). In the context of this, 

high-throughput methods for the analyses of the viral integration identified 3667 breakpoints for 

the integration of HPV genome in cervical lesions and a frequent integration site is a MYC 

oncogene, relevant for the oncogenic process, what is important in terms of HPV-induced 

malignancies  (Hu et al. 2015). 
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1.7. Molecular mechanisms of HPV-induced carcinogenesis 

The viral integration of HR HPV types to the host genome is the key event in the process 

of malignant transformation and the maintenance of the transformed phenotype. The consequences 

of the viral integration and the mechanisms involved in the initiation of the malignant 

transformation will be discussed further in the sections below. Viral DNA integration in the host 

genome, leads to loss of the most parts of the viral genome and upregulated expression of the early 

oncogenes E6 and E7, which drives uncontrolled proliferation of the infected cell (Tomaić 2016a; 

Snijders et al. 2006; Steben and Duarte-Franco 2007). Hence, the oncogenicity of HPV is strictly 

dependent on the joint effects of E6 and E7 oncoproteins (Doorbar 2005a). As a proof of this it 

was shown by various analyses that abolition of expression, or inhibition of E6 and E7 functions 

in cells derived from cervical tumors results in a disruption of the transformed cell growth and 

induction of either senescence or apoptosis (Butz et al. 1996; Butz et al. 2003).  The oncogenic 

activities of E6 and E7 are manifested by their targeting of diverse cellular signaling pathways 

involved in the regulation of cell-cycle entry, apoptosis, cell polarity networks and immortalization 

(Doorbar 2005a). The main cellular substrates targeted by E6 and E7 oncoproteins are tumor 

suppressor p53 (Scheffner et al. 1990a) and the retinoblastoma tumor suppressor protein pRb 

(Dyson et al. 1989), which are inactivated by the cellular proteasome machinery in presence of the 

viral oncoproteins. It is important to explain that the primary reason which drives HR E6 proteins 

to block p53 tumor suppressor functions is to facilitate the productive viral replication, since p53-

mediated functions would negatively regulate viral genome amplification (Kho et al. 2013), and 

only subsequently, the consequences of inactivating p53 contribute to tumor development. Hence, 

the viral aims regarding p53 inactivation are not tumor development, since the virus would lose its 

replicative capacity, but rather facilitation and achievement of undisturbed viral fitness. The 

formation of the tumor is likely to occur during a long-term persistent HPV infection, which leads 

to the continual abrogation of p53 functions, resulting in the accumulation of genetic mutations 

and DNA damage, which are a prerequisite for viral pathogenesis. 

Furthermore, it was shown that E6 mutants deficient for degradation of p53 can still 

immortalize cells, indicating that additional p53-independent targets play important parts in the 

process of the malignant transformation and that other cellular factors are necessary for cancer 

development (Wang et al. 2001; Liu et al. 1999). Transgenic mouse models have been used 

extensively to dissect the role of E6 and E7 in the development of malignancy. Studies have shown 
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that conditional deletion of pRb in epithelia of mouse animal model did not abolish completely the 

effects of E7 activities, showing the importance of an additional number of E7 cellular targets and 

their ability to mediate carcinogenic process (Strati and Lambert 2007a). In addition, pRb binding-

deficient mutant of E7 can immortalize primary human keratinocytes if coordinates with E6 

oncoprotein (Jewers et al. 1992). It was shown that chronic estrogen treatment together with 

continuous oncogene expression of HPV-16 E6 and E7 promotes the development of cervical 

cancer (Riley et al. 2003; Song et al. 1999). Although E6-expressing mouse models develop 

tumors, E7 is more efficient in initiating tumor formation, while E6 most likely plays a major role 

in the later stages of tumor progression (Riley et al. 2003).  

Several studies that included transgenic mouse models demonstrated an important 

contribution of the conserved E6’s binding motif, naimed PDZ-binding motif (PBM) since via this 

binding motif HR E6s interact with cellular PDZ domain-containing proteins, towards the 

development of malignancy. Mouse models expressing HPV-16 E6 in the epidermis develop 

epithelial hyperplasia, but transgenic mice that were expressing an E6 ΔPBM mutant failed to 

develop hyperplasia, which implies that the ability to cause hyperplasia progressing towards to a 

transformed SCC phenotype is dependent on the presence of an intact PBM (Nguyen et al. 2003). 

A significant reduction in the tumor size and multiplicity was noticed in mouse animal model 

expressing the E6 ΔPBM mutant in co-operation with wild type E7, compared with mouse models 

expressing wild type E6 and E7 (Shai et al. 2007), suggesting that E6 PBM plays a critical role in 

the maintenance of the transformed phenotype of HPV-infected cells.  

Studies with transgenic mouse models of HNC differ from those of the skin and cervix, 

with respect to the role of  E6 PBM in the development of these cancers (Jabbar et al. 2010). In 

the case of HNC, the E6 and E7 oncoproteins co-operate in the induction of SCC, with E7 being 

the more potent oncogene (Jabbar et al. 2010; Strati and Lambert 2007b). The studies performed 

on transgenic mouse models that expressed E6 ΔPBM, showed that E6 co-operating with E7 to 

cause HNSCC surprisingly does not require an intact E6 PBM (Jabbar et al. 2010). Results 

indicated that although E6 and E7 synergize to induce HNSCC in transgenic mice, currently 

unknown mechanism, independent of the E6 PDZ binding potential also takes a part in that 

process. Moreover, transgenic mouse models showed that actions of E6 cause altered centrosome 

copy number and centrosomal abnormalities (Riley et al. 2003). The roles of HR E6 in the 

activation of hTERT and telomerase, as well as in telomeric DNA regulation are multiple and 
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complex (Liu et al. 2009). Activated telomerase is found in HPV-positive cervical carcinoma cells 

and neoplastic lesions leading to continued and uncontrolled cell division. Furthermore, in 

response to aberrant proliferation HPV-infected cell accumulates mutations. As an example, HPV-

positive lesions frequently harbor somatic mutations, like those of apolipoprotein B mRNA editing 

catalytic polypeptide-like (APOBEC) gene (Chen et al. 2015). APOBEC family of proteins is a 

group of cellular enzymes that catalyze the deamination in single-stranded DNA and have antiviral 

role in the innate immune system, so it is not surprising that the levels of the expression of 

APOBEC3A protein were found to be decreased in cervical cancer tissues. 

Interestingly, in transgenic mouse models, high expression of HPV-16 E5 in the epidermis 

induced epithelial hyperproliferation that results in tumor formation (Maufort et al. 2007). It was 

shown that the expression of E5 is increased upon initiating the process of cell differentiation to 

promote proliferation of differentiated cells and productive viral replication. In estrogen-treated 

mice models, expression of E5 by itself  induced cervical cancers, suggesting that E5 in some cases 

functions as a viral oncogene (Maufort et al. 2010).  

On the contrary, β-HPV types infect the basal layer of the squamous epithelium of the skin 

and hair follicle region, but the exact mechanism of infection so far remains unknown (Boxman et 

al. 1997; Feltkamp et al. 2008). Interestingly, the viral integration is not the case with β-HPVs and 

there is no continuous oncoprotein expression allowing the persistence of the transformed 

phenotype during CSCC (Quint et al. 2015). By this, it seems that β-HPVs possibly contribute to 

the initial steps of tumor formation, but are not necessary for its maintenance (Tommasino 2017; 

Egawa and Doorbar 2017; Meyers and Munger 2014). So far it is known that β-HPVs can 

contribute to the appearance of multiple cellular mutations that can drive tumorigenesis, without 

continued viral gene expression required for tumor maintenance. This suggests that β-HPV 

infections have a more pronounced impact on the cellular microenvironment than on malignant 

transformation (Tommasino 2017; Egawa and Doorbar 2017; Meyers and Munger 2014). In 

addition, β-HPV-38 was shown to promote tumorigenesis in transgenic mice models by 

cooperative actions of E6 and E7 oncoproteins together with the ultraviolet light, resulting in the 

development of actinic keratosis-like lesions and SCC (Viarisio et al. 2011). Mus musculus 

papillomavirus 1 (MmuPV1) is an excellent animal model for dissecting the key aspects of the 

viral life cycle and pathogenesis of cutaneous HPV infection. MmuPV1 replicate and form skin 

warts and cancers in experimentally infected laboratory mouse strains, while MmuPV1 E6 shares 
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the capacity to inhibit NOTCH signaling with the skin cancer-associated HPV-8 E6. Importantly, 

it was shown that MmuPV1 E6 expression and the ability to bind MAML1 and inhibit NOTCH 

signaling are necessary for wart formation in mice (Meyers et al. 2017b). Currently, additional 

proteomic studies have started to shed some light on a novel cellular pathways that may be targeted 

by the various cutaneous β-HPVs (White et al. 2012). 

 

1.7.1. HPV E7 oncoprotein  

HPV E7 oncoprotein is a small acidic protein consisted of 98 amino acids and a zinc-

binding domain at the C-terminus, whose structural integrity is necessary for molecular activities 

of E7 (Gammoh et al. 2006). Structurally, E7 is built of three main domains: the amino-terminal 

conserved domain 1 (CD1), the conserved domain 2 (CD2) containing an LXCXE binding motif  

and the CKII phosphorylation site, and the conserved domain 3 (CD3) containing zinc finger motif 

(Figure 4) (Prathapam et al. 2001). A part of N-terminal CD1 and CD2 corresponds to small parts 

of conserved regions 1 and 2 of adenovirus E1A (Cole and Danos 1987), while CD3 has sequences 

that overlap to those of simian vacuolating virus 40 large tumor antigen (SV40 LT) (Phelps et al. 

1988; 1992; McLaughlin and Münger 2010; Roman and Munger 2013). The CD3 domain is 

formed by two CXXC domains that function as a dimerization domains (Figure 4) (Clemens et al. 

1995).  
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Figure 4. Schematic representation of HR E7 protein structure. CD1, CD2 and CD3 are structural regions of E7 

necessary for maintenance of the molecular functions of E7 oncoprotein. C-terminal zinc finger domain, CXXC 

dimerization domains, LXCXE binding motif involved in pRb binding as well as two serine residues (31 and 32) 

important for casein kinase II (CKII) phosphorylation as a part of CD2 structure are indicated, along with other 

important E7’s binding partners. Adapted from (Tomaić 2016a).  

 

The overall structural integrity of the protein is critical for E7 interactions with its cellular 

targets, although most of the functions of E7 have been attributed to the CD2 and CD3 domains 

(Patrick et al. 1994). The main functions of HR E7 are to create a supportive environment within 

the differentiating epithelium that will be permissive for viral genome amplification, and to play a 

part in a modification of the cell cycle re-entry through the associations with the key regulators of 

the cell cycle control machinery (Tomaić 2016). Regarding to this, HR E7 oncoprotein functions 

to maintain the differentiating cell in a DNA synthesis-competent state, mostly by targeting pRb 

for proteasome-mediated degradation (Figure 4) (Dyson et al. 1989). Tumor suppressor pRb is a 

crucial cellular regulator of cell cycle progression, which controls the G1 to S-phase transition in 

cell cycle control (Smotkin and Wettstein 1986). Utilizing those activities E7 plays an important 

part in promoting tumor initiation  in the early stages of HPV-driven malignancy as well as in and 

the process of malignant transformation, as the HPV-infected cell with accumulated mutations go 

through sucessive round of replication (Parkin and Bray 2006). Nevertheless, the proliferation of 

HPV-infected cells stimulated by E7 also does not correlate entirely with the ability of E7 to 

degrade pRb (Caldeira et al. 2000). Hence, casein kinase II (CKII) phosphorylation at the N-

terminus of E7 is also critical for its transformation activity (Figure 4) (Barbosa et al. 1990). CKII 

phospho-acceptor site is part of the CD2, and besides the importance for E7’s transforming 

capacity it has a role in driving S-phase progression (Firzlaff et al. 1991; Chien et al. 2000).  

E7 binds to the pRb-associated members of the pocket protein family that include p107 

and p130, with a role in driving the cell cycle progression of differentiating epithelial cell into 

continious S-phase state (Figure 4). This continuous S-phase-like state creates environment in the 

suprabasal layer suitable for replication of the viral genome (Morris and Dyson 2001). An 

important difference between HR and LR E7 oncoproteins is their diverse ability to interact with 

pRb and more specifically, also the ability of HR E7 to bind and degrade  p107, which controls 

cell cycle entry in the basal layer, as well as p130, which is involved in cell cycle re-entry in the 

upper epithelial layers (Morris and Dyson 2001; Klingelhutz and Roman 2012).  
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In order to complete these activities, E7 forms interactions with ubiquitin ligases, and the 

main one is cullin 2 (CUL2), a core component of the cullin-RING-ECS (Elongin BC–Cullin 5–

SOCS-box) E3 ubiquitin ligase complex (Figure 4) (Huh et al. 2007).  E7 also targets many other 

cell cycle regulators and transcription factors, and these interactions are important for the stability 

of E7 and additional modulation of different cellular processes related to the carcinogenic 

progression (Gammoh et al. 2006; Vats et al. 2022). Hence, the CD1 domain has a part in cellular 

transformation since E7 through this domain binds and deactivates UBR4/p600 whose loss of 

activity induces anchorage independent growth (DeMasi et al. 2005; Huh et al. 2005). Ubiquitin 

ligase UBR4/p600 is required for E7 proteasome-mediated PTPN14 degradation, correlating with 

pRb-independent transforming activities of HR E7 (Szalmás et al. 2017). E7 oncoprotein also 

retains S-phase competent state in differentiating keratinocytes abrogating CDK inhibitors p21 and 

p27 to maintain the activity of cyclin-dependent kinase 2 (CDK2)/cyclin A complex (Figure 4) 

(Helt et al. 2002). In addition, E7 oncoprotein has a direct effect on centrosome duplication and 

occurrence of aberrant centrosome number (Duensing et al. 2000) as a result of E7 interaction with 

p53 but independently of pRb degradation (Duensing and Münger 2003), as well as an outcome 

of stimulating CDK2/cyclin activity involved in the abnormal centrosome duplication (Duensing 

et al. 2004).  

1.7.2. HPV E6 oncoprotein  

The HPV E6 oncoprotein contains 150 amino acids and has two zinc finger domains 

created by four CXXC motifs (Figure 5) (Cole and Danos 1987; Martinez-Zapien et al. 2016). 

The structural integrity of these motifs is crucial for E6 oncoprotein activities and are highly 

conserved across all HPV types (Kanda et al. 1991; Sherman and Schlegel 1996). The crystal 

structure of the intact E6 oncoproteins was characterized (Nominé et al. 2006a; Zanier et al. 2013; 

Martinez-Zapien et al. 2016). and it includes HPV-16 E6 and the specific domains of HPV-18 E6, 

HPV-51 E6 and Bovine Papillomavirus 1 (BPV-1) E6 oncoproteins (Nominé et al. 2006a; Zanier 

et al. 2013; Zhang et al. 2007). HPV E6 forms interactions with many cellular substrates through 

different conserved binding motifs. PBM is exclusively present on the C-terminus of HR HPV E6 

oncoproteins and mediates the interaction with numerous cellular PDZ domain-containing proteins 

(Figure 5) (Thomas et al. 2008a; Bennett Saidu et al. 2019). Another conserved binding motif of 

E6 is the LXXLL binding motif. Via this binding motif E6 oncoprotein interacts with E3 ubiquitin-
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protein ligase E6AP, the preferred interacting partner of a-HPV E6 oncoproteins (Figure 7) 

(Huibregtse et al. 1993d; Elston et al. 1998; White et al. 2012). 

Hence, as already being emphasized, the main oncogenic activity of HR E6 oncoproteins 

is the ability to interact with the p53 tumor suppressor (Figure 7) (Scheffner et al. 1990a). LR E6 

oncoproteins also bind to p53, but the interaction is rather weak (Pietsch and Murphy 2008; Oh et 

al. 2004). Only the interaction between HR E6 and p53 drives p53 degradation via the ubiquitin 

proteasome pathway (Scheffner et al. 1990b). 

 

 
Figure 5. Schematic representation of HR HPV E6 oncoprotein structure. Schematic diagrams of E6 structure 

both as a linear (upper panel) and 2D representations (lower panel) show two zinc finger domains created by four 

CXXC motifs. The C-terminal E6 PDZ binding motif (ETQV) and the overlapping site of PKA phosphorylation are 

arrowed. Adopted from (Tomaić 2016c). 

 

Consequently, the described ability of HR E6 to degrade p53 has major implications for 

the overcoming of p53 tumor suppressor activities, yet E6 can also act as potent inhibitor of p53 

transcriptional activity through the interaction with histone acetyltransferases to prevention even 

p53 acetylation (Zimmermann et al. 1999). Furthermore, E6 inhibits apoptotic signaling through 

the degradation of proapoptotic factors BAX and BAK (Garnett and Duerksen-Hughes 2006a) and 
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activates enzyme telomerase reverse transcriptase (hTERT) and enzyme telomerase for the 

preventing telomere shortening in response to successive rounds of replication and persistent 

proliferation which subsequently induces immortalization of HPV-infected cell (Figure 10) 

(Howie et al. 2009). E6-mediated degradation of PDZ domain containing proteins leads to loss of 

cell polarity and induction of hyperplasia because cellular targets that are bound by E6 oncoprotein 

through the PBM motif are important regulators of the cell adhesion, cell contacts and cell polarity 

networks (Thomas et al. 2008b). Through these interactions HR E6 oncoproteins act as a major 

contributer in maintaining the transformed phenotype (Doorbar 2005a). More about those 

processes will be discussed in detail at the following sections. 
 

1.7.2.1. Naturally occurring HPV E6 variants 

Different HPV types are defined upon the established divergence between HPV nucleotide 

sequences which is 10% or more, for phylogenetically close genomes that share a mutual ancestor 

(Bernard et al. 1994). PV genes that differ no more than 2% in the coding regions and 5% in the 

non-coding regions of the genome, with respect to the prototype isolates for the same strain are 

defined as intra-type variants (also defined as subtypes or lineages) (Burk et al. 2013a). Studies in 

which sequencing analyses on E6 gene and the LCR region were performed have revealed the 

existence of numerous natural variant forms of HR HPV types (Zhang et al. 2015; Burk et al.  

2013b). HPV-16 E6 naturally occurring variants were most extensively researched because of their 

epidemiological prevalence (Burk et al. 2013a). These HPV-16 E6 variants were divided into four 

major phylogenetic clusters according to the geographic distribution and origin: A (European-

Asian, EAS), B (African1,  AF1),  C (African 2,  AF2),  and D (North American/Asian American,  

NA/AA) (Burk, Harari, and Chen 2013a). Next, the four lineages have been subdivided into eleven 

sublineages that are: (1) A1, A2, A3(European, E), A4 (Asian, As); (2) B1 (Afr1a), B2 (Afr1b); 

(3) C1 (Afr2a), C2 (Afr2b); and (4) D1 (North American, NA), D2 (Asian American 1, AA1), and 

D3 (Asian American 2, AA2), and the sublineages have also been stratified into classes and 

subclasses.  

Nowadays, a broad spectrum of intratype variants of HPV-16 E6 is known, accompanied 

with high levels of diversity, biological behavior, global geografic distribution and different levels 

of risk to cause cancer progression (Burk et al. 2013a). A number of studies has shown that the 
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intratype variants of 16 E6 from the European branch (for example E-G350, E-A176/G350 and E-

C188/G350) and Asian-American variants (for example AAa and AAc), have differential 

expression of multiple genes involved in the development of cervical and anogenital cancers, in 

comparison to HPV-16 E6 European-Prototype (Zacapala-Gómez et al. 2016). Thus, their gene 

expression profiles show differential regulation of the host genes involved in cell adhesion, 

angiogenesis, apoptosis, differentiation, cell cycle control, proliferation, transcription and protein 

translation. More interestingly, for a specific nucleotide substitutions studies were shown to be 

linked with increased oncogenic activity and a potential to induce cancer (Sichero et al. 2012; Pillai 

et al. 2009; Shang et al. 2011; Pande et al. 2008).  

The most representative examples are clinical and experimental studies which analyzed the 

presence of T350G nucleotide substitution, which was shown to correlate with an increased risk 

of cervical neoplasia development, pointing out to T350G nucleotide variation as an additional 

risk factor for persistent infection and high-grade lesion progression (Sichero et al. 2012). 

Furthermore, functional studies demonstrate that 16 E6 T350G variant (hereinafter E6 L83V) with 

an amino acid substitution at the position 83 from leucine to valine, has biological advantages and 

increased oncogenic activity over the European-Prototype (hereinafter 16 E6 wild type). These 

include increased levels of p53 degradation, ability to abolish keratinocyte differentiation 

(Stöppler et al. 1996; Asadurian et al. 2007a), immortalization and transformation abilities 

(Richard et al. 2010), regulation of tumorigenesis by the NOTCH signaling pathways (Chakrabarti 

et al. 2004), degradation of proapoptotic BAX and increased interaction with E6BP (Lichtig et al. 

2006a). Another important HPV-16 E6 variant of the European branch is E-A176/G350 

(hereinafter E6 D25N L83V), which contains  an extra amino acid change at the D25N residue, 

with the amino acid substitution from aspartic acid to asparagine, that is the most closely related 

with the development of cervical cancer in South-American region (Ortiz-Ortiz et al. 2015). 

Furthermore, analyses have revealed that cells transfected with E6 D25N L83V variant express 

higher protein levels regarding the other evaluated 16 E6 variants, despite of having similar mRNA 

levels (Zacapala-Gómez et al. 2016). Furthermore,  E6 D25N L83V-transfected cells demonstrated 

differenceses in gene expression profile  in comparison with cells transfected with wild-type (wt) 

16 E6. Besides those findings, the majority of additional molecular mechanisms responsible for an 

increased cancer risk of those HPV-16 naturally-occuring variants are still poorly defined and 

underlying mechanisms remain unrevealed.  
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Sequence mutations that result with an amino acid change are non-synonymous, while 

mutations that do not change an amino acid are synonymous. Non-synonymous mutations can be 

detrimental, beneficial or neutral to viral fitness and can be accompanied by subtle changes at the 

protein structural level, as well as with changes in protein activity. Recently, an extensive study 

demonstrated the 3D protein structures of several intra-type variants with non-synonymous 

mutations (Rodríguez-Ruiz et al. 2019). It was of a great importance to generate those 3D protein 

structures representing the intra-type E6 variants using the crystallized structure of HPV-16 E6 

European-Prototype as a template, to predict the potential structural disorders and perform 

molecular dynamics simulations (Figure 6) (Rodríguez-Ruiz et al. 2019). 

 
Figure 6. The sequence alignment and 3D structure of HPV-16 E6 European-Prototype with indicated L83V 

and D25N/L83V mutations. (A) Alignment of HPV-16 E6 sequence with the sequences of E-G350 and E-

A176/G350 variants. Zinc finger domains are indicated as purple area in the sequence, PBM is indicated in blue and 

the mutation positions are highlighted with bolded nucleotides and arrows. (B) 3D structural representation of HPV-

16 E6 European-Prototype. The protein orientation is indicated by the corresponding axes. (C) Precise visualization 

of the amino acid changes D25N and L83V. Adapted from (Araujo-Arcos et al. 2022). 

 

The results showed that 16 E6 L83V and  D25N/L83V with non-synonymous mutations do not 

significantly alter their 3D structures. Molecular dynamics simulations of the variants showed 
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minimal changes in structure, but broad changes in physicochemical parameters, which can 

presumably be involved in the differential patterns of interactions with cellular protein targets 

(Figure 6) (Rodríguez-Ruiz et al. 2019).  
 

1.7.3. HPV E6 oncoprotein and the ubiquitin proteasome system  

As mentioned earlier in the text, a common feature of  HR E6 and E7 oncoproteins is the 

ability to direct many of their cellular substrates for proteasome-mediated degradation (C. A. 

Moody and Laimins 2010a; Lou and Wang 2014), and to achieve that, HPVs have developed 

different strategies to make the use of the ubiquitin-proteasome system (UPS) to support and 

benefit viral fitness and the life cycle  (Lou and Wang 2014; Tomaić, Pim, and Banks 2009a). The 

UPS is a regulatory pathway responsible for the most of intracellular protein degradation in 

eukaryotic cells. It controls the degradation of short-lived, regulatory damaged and misfolded 

proteins, in order to protect and maintain complex cellular functions, as well as cellular 

homeostasis (Hershko and Ciechanover 1997). Regulatory and signaling pathways that are 

essential for the cell functioning are regulated by ubiquitination and they include: cell cycle 

control, cell proliferation, DNA transcription and repair, apoptosis, cellular metabolism, protein 

quality control, membrane and intracellular trafficking, as well as the immune response to foreign 

antigens (Ciechanover 2005; Rousseau and Bertolotti 2018). Process of the ubiquitination is a 

cascade activity consisted of several steps in which the ubiquitin molecule is transferred to the 

target protein. First, ubiquitin molecule is activated and bound by an E1 ubiquitin-activating 

enzyme, then transferred to an E2 ubiquitin-conjugating enzyme and, finally, transferred to lysine 

residues on the target protein by E3 ubiquitin-protein ligase (Finley 2009). The proteasome 

recognizes and binds to the polyubiquitinated protein, following by its unfolding and degradation 

into small peptides. 

The best characterized ubiquitin ligases utilized by E6 and E7 oncoproteins are E6AP and 

the cullin-2 ubiquitin ligase, respectively (White et al. 2012; Huibregtse et al.1993d; Scheffner et 

al. 1993). E6AP ubiquitin ligase complexes with E6 and it is involved in targeting p53 and many 

other cellular targets, while E7 uses the cullin-2 ubiquitin ligase complex to target pRb (Huibregtse 

et al. 1993d; Huh et al. 2007). E6AP is the principal HECT domain-containing E3 ubiquitin ligase 

that associates with a-HPV E6 proteins. The interaction occurs via LXXLL motif, which is a part 
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of the structure of E6 oncoprotein, (Huibregtse et al. 1993). After the interaction occurs,  a stable 

complex E6/E6AP is formed, which enables E6 to  modulate various cellular pathways to optimize 

cellular environment to be permissive for the productive viral life cycle, but it also plays major 

roles in the process of carcinogenesis (Figure 10) (Scheffner et al. 1993; Huibregtse et al. 1993). 

Furthermore,  transcriptional effects of E6 are also mostly dependent on the presence of E6AP 

(Kelley et al. 2005) which is directly linked with the stability of α-HPV E6 oncoproteins, since it 

was demonstrated that E6 proten turnover is dependent on the presence of E6AP (Tomaić, Pim, 

and Banks 2009a). In addition, it was shown that the vast majority of HPV types are dependent on 

E6AP for the maintenance of appropriate E6 protein levels within the cell (Thomas et al. 2013b).  

Since E6AP was initially identified through its interaction with HR HPV-16 and HPV-18 

E6 proteins, it was originally thought that this association was exclusive to HR mucosotropic HPV 

types (Scheffner et al. 1993; Huibregtse et al. 1993b), but later studies have showed that  LR HPV 

type 11 E6 could also complex with E6AP (Brimer et al. 2007a). In addition, in vitro proteomic 

analyses of cutaneous HPVs have shown that E6AP was also a protein interacting partner of E6 

oncoproteins from cutaneous types HPV-10 (a-HPV) and HPV-24 (β-HPV) (Thomas et al. 

2013b). Furthermore, β-HPV types 38 and 8 E6 were also shown to form a complex with E6AP 

(White et al. 2012; Brimer et al. 2017c; Thomas et al. 2013b) but as a result of this interaction β-

E6s activates telomerase (Bedard et al. 2008).   

Even though E6AP is essential for the stability of the α-HPV E6 oncoproteins, as a 

consequence of E6/E6AP interaction E6AP goes throught the process of self-ubiquitination which 

leads to its degradation at the proteasome (Kao et al. 2000). On the one hand, E6/E6AP interaction 

and binding to the LXXLL motif triggers E6AP ubiquitin ligase activation and a formation of 

terniary complex with E6 and cellular target proteins, while stimulation of E6AP self-

ubiquitination is triggered separately, independent to the binding via LXXLL. As a confirmation 

of E6AP self-ubiquitination, it was shown that  E6AP is stabilized in HPV-positive cancer cells 

when expression of E6 was repressed (Kao et al. 2000).  

There are also additional ubiquitin ligases and other components of the UPS which are 

hijacked by E6 and used for its degradatory activities.  These are not only critical for successful 

viral replication, but also necessary for maintenance of the transformed phenotype (Lou and Wang 

2014; Đukić et al. 2020). HR and LR α-HPVs, as well as β-HPVs interact with HERC2, another 

putative HECT domain-containing E3 ubiquitin ligase (White et al. 2012; Vos et al. 2009). E6AP 
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mediates interaction of HPV-16 E6 and HERC2, which subsequently modulates the ubiquitin 

ligase activity of E6AP (Martínez-Noël et al. 2012). The role of HERC2 in the HPV life cycle, and 

the process of HPV-induced malignancy has yet to be elucidated. UBR5/EDD is a HECT domain-

containing E3 ubiquitin ligase linked to carcinogenesis (Clancy et al. 2003). Studies have showed 

that EDD strongly interacts with HPV-18 E6, but only weakly with HPV-16 and HPV-11 E6 

(Tomaic et al. 2011).  EDD regulates E6AP levels in a way that reduction in EDD levels results in 

increased proteolytic activity of E6/E6AP, which in HeLa cells leads to the enhanced cell 

resistance to apoptosis and growth arrest (Tomaic et al. 2011). This suggests that changes in EDD 

expression profile during viral life cycle could have a profound effect upon the ability of E6 to 

target substrates for proteolytic degradation and thereby directly influence the development of 

HPV-induced malignancy. Another E3 ubiquitin ligase that has been shown to interact with HPV 

E6 is TRIM25, involved in the immune regulation (Hayman et al. 2019). Different HPV E6s were 

shown to interact with TRIM25, including HR HPVs (HPV-16, -18 and -33 E6), LR HPVs (HPV-

6 and -11 E6) and cutaneous β-HPVs (HPV-5 and -8 E6), suggesting that HPV involvement in the 

modulation of the immune surveillance is conserved between different HPV types  (Chiang et al. 

2018). In addition, E3 ubiquitin-protein ligase UBR4/p600 was shown to be an interacting partner 

of β-HPV-38 E6 confirmed by in vitro assays (Thomas et al. 2013c). The interaction between β-

HPV-38 E6 and UBR/p600 was a surprise, since UBR/p600 had been previously reported to a 

binding partner of multiple E7 oncoproteins (Huh et al. 2005; DeMasi et al. 2005).  

Apart from ubiquitin ligases, other elements of the UPS, such as deubiquitinating enzymes 

(DUBs) have been also shown to interact with E6 oncoproteins from both α- and β-HPV types. 

Furthermore, ubiquitin-specific protease (USP) enzymes USP15 was shown to be bound by α-

HPV-16, -18, -33 and -6 E6, as well with and β-HPV types 8 and 38 E6 (Chiang et al. 2018). 

USP15 was also demonstrated to be involved in the regulation of HPV-16 E6 protein stability. 

Moreover, HPV E6 oncoproteins from α- and β-types were also shown to bind directly to the 

proteasome, with different affinities of binding to various proteasomal subunits (White et al. 2012; 

Đukić et al. 2020). All of this indicates a complex interplay between E6 oncorpoteins and various 

components of the UPS, which is important for the viral productive life cycle and malignant 

transformation.   
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1.7.4. HPV E6 oncoprotein and interference with p53 tumor suppressor  

HR E6 oncoproteins have evolved to target p53, thereby preventing and overcoming 

cellular growth inhibition stimuli, which is the process that occurs both in undifferentiated and 

differentiated epithelial cells (C. A. Moody and Laimins 2010a). In HPV-positive background, the 

process of p53 perturbation is rather complex, since HR E6 oncoproteins have developed several 

molecular mechanisms to interfere with p53 functions. 

Firstly, HR HPV E6s promote p53 ubiquitination and proteasome-dependent degradation 

through the interaction with E6AP by the formation of a ternary complex (Figure 7 and 10) 

(Scheffner et al. 1990a; Huibregtse et al. 1991). The formation of E6/E6AP/p53 complex requires 

the ability of E6 to multimerize via self-association at the amino-terminal domain (Zanier et al. 

2013) to initiate the transfer of ubiquitin from the HECT domain of E6AP to p53 (Scheffner et al. 

1993). Marking p53 with ubiquitin molecules results in its degradation at the proteasome, 

ultimately leading to a notable reduction in cellular p53 protein levels. Even though the remaining 

p53 in the cell is activated in a response to occurring DNA damage and replication stressors, but 

the checkpoint controls, as well as p53-induced apoptosis are blocked (C. A. Moody and Laimins 

2010a). By degrading p53, HR E6s prevent cells from undergoing p53-driven apoptosis or growth 

arrest, which are the end results of E7-mediated cell cycle re-entry in the suprabasal epithelial 

layers as a consequence of pRb degradation (Wang et al. 2001). There are two more cellular 

mechanisms utilized by to E6 to inactivated p53. First one involves the interference with p53 

function as a direct binding of E6 oncoproteins which can block p53 transcriptional activation by 

intruding with its DNA-binding activity (Figure 10) (Lechner and Laimins 1994).  

The second one requires E6 binding to the histone acetyltransferases p300 and CREB-

binding protein (CBP) (Figure 7) (Patel et al. 1999; Zimmermann et al. 1999), as well as histone 

acetyltransferase ADA3 (Kumar et al. 2002), and by this interaction E6 contributes to the 

additional interference with p53 function by blocking the ability of these factors to acetylate p53 

and therefore increase its stability (Figure 10) (Thomas and Chiang 2005). By the formation of 

p53/E6/p300 complex E6 represses p53-targeted genes activation and acts as a molecular switch 

that converts p53/p300 activating complex to a repressor complex, independently of E6AP-

mediated degradation. Interestingly, in contrast to the p300 and CBP, E6 inactivates ADA3 by 

targeting it for proteasomal degradation (Kumar et al. 2002). ADA3 has been also shown to interact 

with p53 and enhance its transcriptional activity, making it a coactivator of p53.  
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As mentioned in the previous chapter, interestingly, LR E6 oncoproteins can also associate 

with E6AP (Brimer et al. 2007b), but the consequence of this interaction is not p53 degradation 

(Crook et al. 1991; Lechner and Laimins 1994; Li and Coffino 1996). Instead of p53 degradation, 

LR HPV E6 can block p53-induced transcription through the direct binding at the site of DNA-

binding domain, which is a predominant mechanism by which LR HPVs act to abolish the growth-

suppressive effects of p53 (Lechner and Laimins 1994; Crook et al. 1991).  This mechanism of LR 

E6 oncoproteins used for manipulating with p53 functions is likely to be important for viral 

propagation but has a low oncogenic capacity in inducing malignancy.   

 

Figure 7. Schematic representation of HR HPV-16 E6 protein structure, including the binding sites involved in 

interactions with its cellular targets and the corresponding functions of E6. Four zinc-binding motifs are indicated 

as grey boxes. The two zinc fingers are shown together with regions that are involved in interaction with some of its 

cellular target proteins. E6 contains PDZ domain-binding motif at its C-terminal. Functions associated with proteins 

in different regions are indicated by arrows. Adapted from (Tomaić 2016a). 

 

Research in the past ten years pointed out that, unlike HR α-HPVs, β-HPV E6s are unable 

to target p53 for a proteasome mediated degradation (Cooper et al. 2003; Caldeira et al. 2003b; 

Cornet et al. 2012). Yet, instead of this, β-HPV E6 inhibits p53 stabilization in response to viral 

replication and genome-destabilizing events, allowing the accumulation of DNA damage and 



32 
 

mutations (Wallace et al. 2014a). However, recent studies have yielded some new discoveries 

about the effects of b-HPVs on p53, which are not uniform, as it was found that the expression of 

HPV-38 E6 and E7 in human keratinocytes induces stabilization of p53 (Tommasino 2017; 

Viarisio et al. 2018; Accardi et al. 2006), illustrating a diverse impact on p53 function mediated 

by b-HPV types and showing a role of HPV-38 in epithelial carcinogenesis. Interestingly, several 

more recent studies have also showed that HPV-49, HPV-17a and HPV-92 E6s could also bind 

and stabilize p53 (White et al. 2014a), reopening a question of the link between b-HPV E6 and 

p53. In the case of p53 transcription levels, it was shown that some b-HPV E6 types can block 

p53-induced transcription (Giampieri et al. 2004; White et al. 2014a). Furthermore, b-HPV E6s 

can also abolish p53-dependent and -independent apoptosis induced in cutaneous tissue in 

response to DNA damage caused by UV treatment (Jackson et al. 2000b; Giampieri et al. 2004). 

In the context of all those latest findings, it is important also to emphasize that β-HPV-17a, -38 

and -92 E6s can block the ability of p53 to transactivate downstream genes following DNA 

damage, in particular to inhibit the induction of p21 (White et al. 2014a). b-types, same as a-types, 

also interfere with the expression of downstream p53-regulated genes by associating with the 

transcriptional co-activators CBP and p300 (Wallace et al. 2012; Muench et al. 2010). HPV-38 

and -8 E6 interaction with p300 and its destabilization blocks p53 acetylation, inducing inhibition 

of its transcriptional functions and attenuating p53 signaling (Muench et al. 2010).  
 

1.7.5. HPV E6 oncoprotein and apoptosis 

HPV E6 oncoproteins affect the proliferative capacity of infected cells by blocking 

apoptosis. Normal uninfected cells undergo apoptotic cell death upon extrinsic (death receptor and 

ligand interaction) or intrinsic signals (cellular stressors as radiation, UV lightning, toxic reagents, 

hypoxia, proapoptotic signaling cytokines). Apoptosis is one of the major cellular homeostatic 

programs to prevent aberrant cell growth and further division of cells with accumulated DNA 

damages and mutations. As explained earlier in the text, HPVs have evolved mechanisms to avoid 

and resist apoptotic cell death by targeting various apoptotic pathways, which would otherwise 

eliminate HPV-infected cells.  

In addition to the inactivation of the p53-dependent cellular apoptotic response, α- and β-

HPV E6 oncoproteins can further abolish apoptotic signaling by interacting with the Bcl2 family 
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member proapoptotic protein Bak and degrade it in E6AP-dependent manner (Thomas and Banks 

1998a; Underbrink et al. 2016; Jackson et al. 2000a), interfering with the intrinsic apoptotic 

pathway (Figure 8 and 10). Bak is an apoptogenic mitochondrial factor activated by an apoptotic 

stimulus, which undergoes a conformational change that leads to pore formation in the 

mitochondrial membrane that releases apoptotic factors (Simmonds and Storey 2008). Up until 

recently it was unknown whether LR E6s abrogate apoptosis. For both LR HPV-6 and -11 E6 

oncoproteins it was shown to degrade Bak which is activated following UV treatment (Underbrink 

et al. 2016). β-HPV types also interfere with intrinsic apoptotic pathways. β-E6s can inhibit Bak 

and drive its proteasomal degradation in E6AP-dependent manner, which gives cells the ability to 

survive UV damage (Underbrink et al. 2008a). HPV-5, -8, -20, -22, -38, -76, -92, and -96 E6 

degrade Bak, or inhibite its accumulation in keratinocytes treated with UV lightning, resulting in 

apoptosis evasion and blockade of the intrinsic apoptotic pathway. HERC1 ubiquitin ligase is 

required for HPV-5 E6-mediated Bak degradation (Holloway et al. 2015). Formation of ternary 

complex β-E6/HERC1/Bak is a unique mechanism used by the HPV-5 E6 to target Bak. 

Furthermore, it was shown that Bak protein levels are undetectable in HPV-positive skin cancers, 

in contrast to HPV-negative cancers (Underbrink et al. 2008b). Thus, Bak is one of the few highly 

conserved targets of both a- and b-HPV E6 proteins. 

Bax, same as his counterpart Bak, is another proapoptotic Bcl2 family member that is 

degraded through the actions of E6 (Figures 8 and 10) (Alfandari et al. 1999). Bax is a death 

effector which perforates the mitochondrial outer membrane, triggering the proteolytic cascade. 

Inhibition of E6 results in p53-dependent transcriptional activation of the PUMA promoter, leading 

to the activation and translocation of Bax to the mitochondrial membrane, causing cytochrome c 

release into the cytosol and the activation of caspase 3 (Figure 8) (Vogt et al. 2006). Perturbation 

of the p53/PUMA/Bax cascade is an important anti-apoptotic function of E6 in HPV-positive 

cancer cells.  

In response to viral entry, the immune system of the host produces inflammatory cytokine 

named tumor necrosis factor α (TNF-α), a potent inhibitor of keratinocyte proliferation (Basile et 

al. 2001), which activates the extrinsic apoptotic pathway through the signaling via transmembrane 

cell surface death receptors of the TNF receptor superfamily. Those receptors include TNF 

receptor 1 (TNFR1), FAS (CD95) and the TNF-related apoptosis-inducing ligand receptors 1 and 

2 (TRAIL-R1 and TRAIL-R2) (Raudenská et al. 2021). When death ligands TNFα, CD95L and 
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TRAIL are bound to death receptors, the extrinsic apoptotic pathway is activated upon receptor 

trimerization (Figure 8). Receptor rearrangement leads to the recruitment of adaptor proteins, such 

as FAS-associated death domain (FADD) and TNF receptor (TNFR)-associated death domain 

(TRADD), as well as procaspase 8 to the death-inducing signaling complex called DISC. Initiator 

caspases (e.g. caspase 8) are activated by the cleavage at the DISC and in turn activate executioner 

caspases (caspases 3 and 7) driving cell apoptosis (Figure 8) (Raudenská et al. 2021).  

HR E6s block the apoptosis induced by TNFα and extrinsic signaling through the direct 

binding with TNFR1, which inhibits the formation of DISC and further transduction of apoptotic 

signals into the cell (Filippova et al. 2004a). E6 also interacts with the adaptor proteins FADD and 

caspase 8 (Figure 8 and 10) resulting in their degradation and block of the extrinsic apoptotic 

signaling mediated by FAS and TRAIL-Rl receptors (Garnett and Duerksen-Hughes 2006a; 

Filippova et al. 2004b). Furthermore, E6 suppresses activation of both caspase 3 and caspase 8, as 

a part of mitochondrial pathway (Raudenská et al. 2021). In response to viral entry, the immune 

system of the host produces inflammatory cytokine named tumor necrosis factor α (TNF-α), a 

potent inhibitor of keratinocyte proliferation (Basile et al. 2001), which activates the extrinsic 

apoptotic pathway through the signaling via transmembrane cell surface death receptors of the 

TNF receptor superfamily. Those receptors include TNF receptor 1 (TNFR1), FAS (CD95) and 

the TNF-related apoptosis-inducing ligand receptors 1 and 2 (TRAIL-R1 and TRAIL-R2) 

(Raudenská et al. 2021). When death ligands TNFα, CD95L and TRAIL are bound to death 

receptors, the extrinsic apoptotic pathway is activated upon receptor trimerization (Figure 8). 

Receptor rearrangement leads to the recruitment of adaptor proteins, such as FAS-associated death 

domain (FADD) and TNF receptor (TNFR)-associated death domain (TRADD), as well as 

procaspase 8 to the death-inducing signaling complex called DISC. Initiator caspases (e.g. caspase 

8) are activated by the cleavage at the DISC and in turn activate executioner caspases (caspases 3 

and 7) driving cell apoptosis (Figure 8) (Raudenská et al. 2021). HR E6s block the apoptosis 

induced by TNFα and extrinsic signaling through the direct binding with TNFR1, which inhibits 

the formation of DISC and further transduction of apoptotic signals into the cell (Filippova et al. 

2004a). E6 also interacts with the adaptor proteins FADD and caspase 8 (Figure 8 and 10) 

resulting in their degradation and block of the extrinsic apoptotic signaling mediated by FAS and 

TRAIL-Rl receptors (Garnett and Duerksen-Hughes 2006a; Filippova et al. 2004b).  
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Morover, E6 suppresses activation of both caspase 3 and caspase 8, as a part of mitochondrial 

pathway (Raudenská et al. 2021).  

 

 
Figure 8. HPV E6 oncoproteins interfere with apoptosis through a variety of mechanisms.  In addition to E6-

mediated proteasomal inactivation of p53, E6 also degrades the proapoptotic cellular proteins Bak and Bax as a part 

of the inhibition of intrinsic apoptotic pathway. Extrinsic apoptotic pathway mediated by FAS, TRAIL and TNF 

receptors is abrogated via association of E6 with FADD and caspase 8, and through the interaction with TNF receptor. 

E6 also blocks procaspase activation to stop the downstream signaling in extrinsic apoptotic pathway, which is another 

way of interfering with cellular apoptosis. Adapted from (Skelin et al. 2022). 

 

Furthermore, HPV16 E6 stimulates degradation of the c-Myc oncoprotein (Figure 8) 

(Gross-Mesilaty et al. 1998). c-Myc promotes oncogene-induced senescence (OIS) which is a 

tumor-suppressor mechanism which contributes to the prevention of cell transformation. 

Downregulation of c-Myc is beneficial for HPV infection because it leads to a reduction of the 

senescent cell phenotype. HR E6s can also act in a manner to activate pro-survival pathways 

inducing the upregulation of proapoptotic factors which include the members of inhibitors of 
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apoptosis protein (IAP) family. IAP family members are inhibitors of apoptosis protein 2 (IAP2, 

known as BIRC2) and survivin (also known as BIRC5) (Garnett and Duerksen-Hughes 2006a). 

HR E6s transactivate the survivin promoter, thereby increasing the cell’s resistance to apoptosis. 

Concidering IAP2, indirect activation of NF-κB signaling pathway by HR E6 leads to upregulation 

of cIAP2, thereby helping to create a resistance to different DNA damaging agents in the host cell 

(James et al. 2006). Furthermore, E6 oncoprotein activates signal transducer and activator of 

transcription 3 (STAT3) transcription factor by inducing the expression of the proinflammatory 

cytokine interleukin-6 (IL-6) via the NF-κB pathway (Morgan et al. 2018). The activation of 

STAT3 determines the sensitivity to extrinsic TRAIL-mediated apoptosis. 

Another major apoptotic pathway targeted by HPV E6 oncoproteins is anoikis, associated 

with anchorage-independent growth (Chiarugi and Giannoni 2008). Anoikis is a form of apoptosis 

that is triggered in normal cells when they attempt to proliferate in the absence of an extracellular 

matrix (ECM). Integrins located on the cell surface interact with the components of ECM and 

regulate the signal transduction into the cell at the site of focal adhesion through the focal adhesion 

kinase (FAK), that works as an integrin-associated tyrosine kinase. Autophosphorylation and 

activation of FAK and its downstream substrate paxillin (PXN), a cellular adaptor protein, leads 

to cytoskeletal reorganization and formation of focal adhesions site. It was shown that HPV-

positive cells express high levels of FAK, as well as increased levels of phosphorylated paxillin 

(McCormack et al. 1997). HPV-16 E6 binds to paxillin (S. B. Vande Pol, Brown, and Turner 

1998a) through LXXLL motif and represents an essential component for FAK phosphorylation 

(Figure 10) (Tong and Howley 1997). As such, paxillin and FAK together initiate a signaling 

cascade that results in FAK phosphorylation and the recruitment of Src family of nonreceptor 

tyrosine kinases and Rho/Ras family of G proteins (Brimer et al. 2014). These interactions promote 

resistance to anoikis and allow HPV-infected cells to proliferate in the absence of the adherence 

to the ECM. E6 also interacts with calcium-binding protein E6BP (E6-binding-protein, also known 

as ERC-55) (Chen et al. 1995) and zyxin, a focal adhesion molecule with a role of a messenger 

from sites of cell adhesion to the nucleus (Degenhardt and Silverstein 2001). 
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1.7.6. HPV E6 oncoprotein and PDZ domain-containing proteins  

Epithelial tissues have a characteristic polarized cellular architecture and specialized cell-

cell junctions, including desmosomes, tight and adherens junctions (Thomas et al. 2008b). There 

is a number of signaling and polarity complexes that are involved in the recruitment of proteins to 

the side of cellular junctions and establishment of cell polarity. Cellular polarity has a crucial role 

in the organization of signaling pathways, allowing the interpretation and transduction of the 

signals from the surrounding microenvironment, enabling the control of the proliferation, 

apoptosis, differentiation and motility of the cell (Ganti et al. 2015a). For the organization and 

control of cell polarity, it is crucial to maintain undisturbed spatial and temporal regulation of the 

cell polarity regulators. 

One of the primary characteristics of the transition from the normal cell to benign neoplasm 

and a malignant cellular phenotype is a major disorganization of cellular architecture, including a 

loss of cell-cell contact junctions and apical-basolateral polarity (Dongre and Weinberg 2019). 

This process can occur through the degradation, interruption or mislocalization of the cellular 

components that regulate cell polarity. The impact of losing cellular polarity is reflected in the 

perturbation and changes of protein intracellular trafficking from the apical and basolateral sides 

of the epithelial cell, causing aberrant signaling due to mislocalization of receptors or adhesion 

molecules, that can ultimately promote cellular epithelial-mesenchymal transition (EMT) (Dongre 

and Weinberg 2019). 

 

1.7.6.1. PDZ domain-containing proteins and cellular polarity  

PDZ (PSD95/DLG/ZO-1) domains are an important part of the structure of proteins 

involved in the regulation of cellular polarity. A PDZ domain consists of 80–90 amino acids in 

length and firstly was described from the three cellular proteins, the Post Synaptic Density 95 

(PSD95), the Discs Large (DLG) and the Zona Occludens 1 (ZO-1) proteins (Ganti et al. 2015a). 

PDZ domains function as protein interaction domains able to bind to other PDZ domains and being 

bound by PDZ-binding motifs (Saras and Heldin 1996). PDZ-domain containing proteins usually 

have multiple PDZ domains and perform important roles in the cell, referring to the involvement 

in the assembly of signaling complexes associated with the regulation of polarity, cell growth, 

adhesion and motility. Furthermore, PDZ-domain containing proteins are involved in signal 
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transduction pathways important for cellular differentiation, proliferation, apoptosis, migration 

and intracellular trafficking (Ganti et al. 2015a). So far, over 20 different PDZ domain-containing 

proteins have been identified as targets of HR E6 proteins (ames and Roberts 2016) and among 

them some of the most well characterized include Discs large 1 (DLG1) tumor suppressor (Kiyono 

et al. 1997a), Scribble tumor suppressor (Scrib) (Nakagawa and Huibregtse 2000) and Membrane-

associated guanylate kinase inverted 1 (MAGI-1) (Dobrosotskaya et al. 1997).  

Cell polarity is maintained by an intricate interplay between the conserved groups of 

proteins that form distinct complexes which are: The Crumbs, Par and Scribble complexes (Figure 

9). Apical polarity is controlled by the Crumbs complex, which is consist of Crumbs3, Pals1 and 

PatJ (Laprise 2011). The Par complex consists of Par3, Cdc42, Par6 and atypical protein kinase C 

(aPKC), and it is a dynamic complex that interacts with the Crumbs complex to maintain apical 

polarity (Figure 9) (Pim et al. 2012). The Scribble complex consists of the scaffolding proteins 

Scribble, DLG and Hugl, which participate in maintaining cellular basolateral polarity (Figure 9) 

(Thomas et al. 2005). The whole Scribble complex is linked to the mitogen-activated protein 

kinase (MAPK) signaling, following exposure to osmotic stress (Sabio et al. 2005). All above 

mentioned complexes interact through a series of mutually antagonistic interactions ensuring their 

correct spatial distribution in the cell (Figure 9). The Par and Scribble complexes are dependent 

on one to another for their correct localization in the cell, in the way that the Scribble complex 

restricts the Par complex to the apical membrane, whereas the Par and Crumbs complexes together 

exclude the Scrib complex from the apical membrane (Bilder et al. 2003). Those actions restrict 

the Scribble complex to the basolateral cellular membranes, together with the basolateral targeting 

of Scribble protein (Legouis et al. 2003). Even minimal alteration in the balances between each 

protein of the Scribble, Par and Crumbs complex can have effects on the precise functioning of 

the whole polarity supercomplex that comprises them all (Thomas et al. 2008a). Furthermore, this 

polarity supercomplex coordinates the transmission of intracellular and extracellular polarity-

related signaling to cellular effectors, such as the cytoskeletal network and protein-trafficking 

pathways. 

The tumor suppressors Scribble and DLG1, originally were discovered in the fruit fly 

Drosophila melanogaster, but the interest in studying those proteins has raised with the first 

discoveries of their potential roles in human tumorigenesis (Elsum et al. 2012). Those tumor 

suppressors regulate apicobasal cell polarity and play important roles in the control of cell 
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proliferation, survival, differentiation, migration, as well as cell invasion. Moreover, Scribble and 

DLG1 are involved in the regulation of different signaling pathways, vesicle trafficking and actin-

myosin cytoskeleton organization (Thomas et al. 2005). The MAGI-1, MAGI-2 and MAGI-3 

proteins are part MAGUK protein family with inverted structure, having guanylate kinase 

homology domains at the amino terminal end of the polypeptide and at least five PDZ domains 

(Dobrosotskaya et al. 1997). MAGUK family of proteins is crucial for maintaining junctional 

stability (Glaunsinger et al. 2000). Human MAGI-1 is implicated into the protein complex 

assembly at cell-cell contacts and tight-junction integrity (Kranjec and Banks 2011). 

 

1.7.6.2. PDZ domain-binding motif (PBM) of HPV-E6 

The PDZ domain-binding motif (PBM) located at the extreme C-terminus of E6 proteins, 

with the canonical sequence X-S/T-X-V/L_COOH, is found exclusively as a part of the structure 

of HR E6 proteins (Figure 5) (Lee and Laimins 2004; Kiyono et al. 1997b). The PBM motif is 

encoded by a small insert on the 3′ end of the E6 ORF (Auslander et al. 2019). Through this PBM 

oncogenic E6 oncoproteins bind and degrade cellular PDZ domain-containing proteins, or in some 

cases alter their cellular localization, disrupting cell polarity network and the balance of 

symmetrical and asymmetrical cell division to regulate and support viral DNA replication (M. 

Thomas et al. 2008a), making cellular proteins containing PDZ domains important targets for the 

research of tumorigenicity caused by HR HPV E6 oncoproteins (Lee and Laimins 2004; Kiyono 

et al. 1997b; Javier 2008; Culp et al. 2006). The PBM on E6 has been shown to play essential roles 

in viral genome amplification because it was shown in differentiating epithelium of organotypic 

raft cultures that disruption of the E6 PBM caused defective HPV-18 genome amplification, loss 

of productive viral replication and downregulation of the late genes and obstruction of S-phase re-

entry (Delury et al. 2013). However, interestingly, some LR α-HPVs replicate efficiently without 

a PBM, such as LR HPV-40 of the α-HPV group 3 that replicates well even with an ancestral and 

non-canonical structure of the PBM (Doorslaer et al. 2015). Taken together, E6 PBM plays an 

essential role in the virus life cycle, being required for expansion of replication-competent 

suprabasal cells (Lee et al. 2007).  
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Furthermore, PDZ-binding activity of E6 also regulates episomal maintenance and protects 

the mitotic integrity (Thomas et al. 2008b), while deletion of the PBM domain leads to mitotic 

abnormalities and prevents proliferation of suprabasal cells (Marsh et al. 2017).  

 

 

Figure 9. HPV E6 oncoprotein regulation of cell polarity complexes. Various PDZ domain-containing proteins are 

comprised into three major complexes that regulate cell polarity: apical polarity defined by the Crumbs complex, 

subapical by the Par complex and basolateral polariy by the Scrib complex. These complexes interact through a series 

of mutually antagonistic interactions ensuring correct spatial distribution and levels of expression. HR HPVs 

coordinately disturb cell polarity regulators. HPV-16 E6 preferentially targets Scribble, whereas HPV-18E6 

preferentially targets DLG. MAGI-1 is also highly susceptible to HPV E6 degradation. PATJ is a substrate of both E6 

and the alternatively spliced isoform E6*. Post-translational modifications result in enhanced phosphorylation and 

relocalization of PDZ cellular substrates, with MAPK signaling driving an accumulation of the Scrib complex at the 

sites of cell–cell contact. Adapted from (Thomas et al. 2008b). 

 

Different HPV E6 oncoproteins have different sequences of their PBMs that results in 

diverse target profiles (Thomas et al. 2005). HPV-18 E6’s PBM motif has a perfect consensus 

sequence (ETQV) that enables greater specificity for its PDZ domain-containing targets, while 
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HPV-16 E6 PBM differs in one amino acid (ETQL) (Figure 5). hScrib/DLG apico-basal complex 

is differentially targeted by HPV-16 and HPV-18 E6, with HPV-16 E6 inducing hScrib 

degradation more efficiently than HPV-18 E6, while the reverse case is with DLG1, which is 

preferentially targeted by HPV-18 E6, over HPV-16 E6 (Figure 9) (Thomas et al. 2005). hDLG 

is bound by different E6 PBMs, including HPV-40 E6, which has an ancestral PBM, indicating an 

evolutionarily conserved interaction between E6 PBMs and DLG1 (Thomas et al. 2016). MAGI-

1 is the major degradation target of both HPV-16 and HPV-18 E6 oncoproteins, in comparison to 

hDLG, hScrib, PTPN3, TIP2, FAP1, and PSD95 (Kranjec and Banks 2011). One of the direct 

consequences of MAGI-1 degradation is loss of tight-junction integrity, followed by 

mislocalization of the tight-junction protein ZO-1.  

β-HPV E6 proteins lack PBMs, yet as LR mucosal HPVs they also successfully complete 

their productive life cycle (Doorslaer et al. 2015). Ultimately, novel research supports the model 

in which the potential of E6 to degrade PDZ-domain containing proteins was acquired before their 

oncogenic ability, with evidence that the ancestor of both oncogenic and non-oncogenic HPVs 

acquired the potential to degrade human PDZ-containing proteins. PDZ/PBM interactions 

represent evolutionarily essential interactions that originally evolved to allow HPVs to colonize a 

new cellular niche, such as the transformation zone of cervix, since is unlikely for a virus to 

become oncogenic without first acquiring the ability to degrade PDZ proteins (Doorslaer et al. 

2015). 
 

1.7.6.3. Phospho-regulation of the HPV E6 PDZ-binding motif 

The PBM motif of HR E6 oncoproteins can be post-translationally regulated through a process 

of phosphorylation, since it contains a protein kinase A (PKA) phospho-acceptor site (Figure 5) 

(Boon and Banks 2013). Phosphorylation of the key serine/threonine residue within the phospho-

acceptor site of the PBM inhibits PDZ domain binding activity (Zhang et al. 2007; Kühne et al. 

2000), so mechanistically, the process of phosphorylation regulates binding of E6s to PDZ domain-

containing proteins (Boon and Banks 2013; Kühne et al. 2000, 6). Phosphorylation by either PKA 

or the serine/threonine kinase AKT, also known as protein kinase B (PKB), blocks binding of 

cellular PDZ-domain containing proteins and creates modulated binding site to allow direct 

interaction of E6 with another important protein, that is 14-3-3ζ. As a member of 14-3-3 family of 
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highly conserved phospho-threonine/serine-interacting acidic proteins, 14-3-3ζ is involved in the 

regulation of different cellular processes associated with cancer development, with frequently 

observed overexpression during various stages of malignant progression (Neal and Yu 2010; 

Muslin et al. 1996). There are seven known isoforms of 14-3-3 which are present in mammals, 

encoded by seven genes. 14 3-3 proteins function as adaptor proteins and through phospho-

regulated binding they interact with a number of cellular proteins involved in cell signaling 

networks, apoptosis, metabolism, cytoskeletal maintenance and tumor suppression (Pozuelo Rubio 

et al. 2004; Jin et al. 2004). The intact PBM is necessary for interactions of E6 with 14-3-3ζ, and 

it was shown that the switch between E6 binding to PDZ-domain containing cellular proteins and 

14-3-3ζ depends upon preferences of HPV types to either PKA or AKT phosphorylation. Phospho-

regulation of the PBM and the PKA/AKT consensus recognition sequence were shown to be highly 

conserved between HR HPV types, but it is absent in all LR mucosal a-HPV and cutaneous b-

HPV E6 oncoproteins (Boon et al. 2015; Ganti et al. 2015b). Despite the highly conserved 

recognition sequence between HR HPVs, there are some differences. HPV-18 E6 PBM is a 

substrate for phosphorylation by PKA, HPV-16 E6 PBM can be phosphorylated by both PKA and 

AKT, while HPV-31 E6 is phosphorylated by AKT, but can be also recognized by PKA at the 

residues lying outside the PBM.  

14-3-3 proteins are involved in the regulation of cell cycle, so it is possible that the interaction 

of E6 with 14-3-3 aims to maintain an environment favorable for viral genome amplification, 

active during the G2/M phase of the cell cycle. Recognition of 14-3-3 is less dependent upon the 

precise sequence of the PBM, in contrast to PDZ domain recognition for which sequence variations 

have a major impact. Changes in E6 phospho-status during the life cycle and malignant progression 

modulate the levels of PDZ domain-containing and 14-3-3 proteins and their interaction with E6, 

so future studies involving the role of phospho-E6 and its effects on 14-3-3 activity during the viral 

life cycle and tumorigenesis, should bring some novel insights regarding HPV-induced 

malignancy (Vats et al. 2023). 

 

 



43 
 

1.7.7. HPV E6 oncoprotein and exploiting the host DNA damage response 

The host DNA damage response (DDR) system is a complex network of signaling 

pathways that repair DNA damage which occur in the cell as a result of continuous DNA 

replication and metabolism, as well as from exogenous disruptors, including UV exposure, 

ionizing radiation, viral and bacterial infections (Ciccia and Elledge 2010). The stimulation of the 

major components of the DDR signaling network, ataxia telangiectasia mutated (ATM) and ataxia 

telangiectasia and Rad3-related protein (ATR) kinases, induces a cascade of phosphorylation evets 

which activate the downstream effector proteins to stop cell cycle progression at the cell cycle 

checkpoint control. Cells with disrupted DNA damage recognition and DNA repair system 

accumulate mutations and damage that can ultimately lead to the malignant transformation (Lilley 

et al. 2007). HPVs have evolved mechanisms to disturb the host DDRs and manipulate with those 

pathways in their favor. Thus, HPVs function to activate ATM-related and ATR-related DDR 

factors and recruit them to the viral DNA replication foci, promoting viral DNA replication 

(Gillespie et al. 2012; C. A. Moody and Laimins 2010a). As a result of persistent presence of DDR 

factors and active replicative state, infected cell transits in the state of genomic instability 

(Weitzman and Weitzman 2014). Genetic instability implies depletion of the host factors that are 

responsible for maintaining genome integrity and increased rate of DNA breaks. The disruption of 

the DNA repair machinery induces mutations that overcome tumor suppressors’ barriers leading 

to the oncogenic progression, which is a reason why genomic instability is frequently observed in 

HPV-associated cervical neoplasia (Lilley et al. 2007). E6 and E7 oncoproteins induce DNA 

damage and centrosome-related mitotic defects to destabilize the host genome (Wallace et al. 

2014a). By reducing genomic stability as cells divide, these viral oncoproteins increase the 

acquisition of additional genetic changes that contribute to HPV-associated carcinogenesis 

genome.  

More recent studies showed that after the induction of DNA damage or exposure of cells 

to the oxidative stress, the levels of E6 phosphorylation increase (Thatte et al. 2018). Depending 

on the stimuli, this type of phosphorylation of E6 can involve the ATM/ATR pathway, primarily 

through checkpoint kinase 1 (Chk1), and indirectly through checkpoint kinase 2 (Chk2), and 

activation of PKA (Thatte et al. 2018). The checkpoint effector kinases Chk1 and Chk2 are the 

key components of the DDR, and contain highly conserved kinase domains, although they are 

structurally and functionally distinct (Stracker et al. 2009). Chk1 activation is downstream of ATR, 
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and it is triggered in response to the replication stress that includes disruption of the replication 

forks, DNA crosslinks and UV damage, resulting in a single-strand DNA break. Chk2 is activated 

primarily by the ATM in response to double-strand breaks in DNA (DSBs) and it promotes DNA 

repair through homologous recombination or non-homologous end joining (NHEJ) (Stracker et al. 

2009). DDR is linked to the regulation of E6 PBM functions and the inhibition of p53 tumor 

suppressor activity. The mechanism of action works in a way that DDR pathways directly sends 

signals to E6 PBM containing phospho-acceptor site, and it also initiates Chk1- and Chk2-driven 

phosphorylation (Thatte et al. 2018), resulting in enhanced ability of E6 to inhibit p53 

transcriptional activity in phospho-dependent manner, independently of E6AP and the proteasome. 

This type of E6 PBM regulation via DDR pathways represents a mechanistic link between the 

function of the PBM and additional obstruction of p53 activities (Thatte et al. 2018). Intact E6 

phospho-acceptor site plays an essential role in this process of E6-mediated inhibition of p53 

transcriptional activity, thus blocking a subset of p53-responsive promoters, completely 

independent of the ability of E6 to induce p53 degradation.  

Moreover, E6s from β-HPV-5, -8 and -38 all interact with p300, whilst for HPV-8 E6 was 

also shown to induce p300 degradation (Wallace et al. 2012). This process significantly reduces 

the levels of ATR protein in the cell, which plays a critical role in UV-induced DNA-damage 

signaling that is affected through the actions of β-HPV E6. This results in an increase in thymidine 

dimer mutations upon the exposure of the skin to UV irradiation (Wallace et al. 2012). β-HPV-5 

and 8 E6 further disrupt the repair of DSBs (Wallace et al. 2015) . On the other hand, via binding 

and destabilizing p300 β-HPV-5 and -8 E6 interfere with the transcriptional factor at the promoter 

site of BRCA1 and BRCA2 genes. These two genes have an important role in a homology-

dependent repair of DSBs. The resulting lower BRCA1/2 transcription levels reduce the ability of 

BRCA proteins to form repair foci at DSBs, thereby weakening DNA-damage signaling in the 

infected cell (Wallace et al. 2015).  
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1.7.8. HPV E6 oncoprotein and centrosomal abnormalities 

Centrosomes are the major organizing units of the microtubule network, consisted of a pair 

of centrioles (Sluder and Nordberg 2004). During G1 cell cycle phase, the centrosomes function 

as a template for synthesizing daughter centrioles. Furthermore, the main role of the centrosomes 

is the proper chromosome separation during cell division (Sluder and Nordberg 2004). To prevent 

multipolar mitoses or chromosomal aberrations, cell undergoes through one round of centriole 

duplication per division (Tsou and Stearns 2006). On the contrary, tumor cells have aberrant 

centrosome numbers as a result of disruption of the centriole duplication and a collapse in the 

mitotic spindle (Lingle et al. 1998). The expression of HR E6 induces numerous mitotic defects, 

including multipolar mitoses, chromosomal alterations, aneuploidy and anaphase bridges (A. 

Duensing et al. 2009). Bypassing of mitotic checkpoints is important for undisturbed viral 

replication, but this leads to malignant progression of HPV-infected cells.  

Abnormal centrosome numbers result from an abnormal multipolar mitosis which is a 

characteristic feature of HPV lesions. Multiple cooperative actions of E6 and E7 consequently can 

induce centrosome abnormalities, which can further lead to chromosomal abnormalities and the 

development of aneuploidy (Duensing et al. 2000). In E6-expressing cells, aberrant centrosome 

numbers occur with the nuclear atypia, and it is thought that aberrant centrosome duplication is an 

early event that drives chromosomal instability. Under the normal conditions, cells with abnormal 

mitoses are targeted for apoptosis, but in infected cells actions of E6 and E7 allow accumulation 

of cells with abnormal centrosomes, in this way overcoming the G2–M checkpoint and inhibiting 

the apoptotic signaling, as explained earlier in the text  (Patel et al. 2004). Furthermore, the actions 

of E6 and E7 independently can lead to avoiding of the mitotic checkpoints, resulting in the 

accumulation of polyploid and aneuploid cells (Thomas and Laimins 1998).   

 

1.7.9. HPV E6 oncoprotein and DNA replication 

Normal cells have a limited lifespan and can only divide for a limited number of times, 

which is known as the Hayflick limit (Shay and Wright 2005). Human somatic cells end their 

period of existence by entering senescence, as a result of progressive shortening of DNA telomere, 

which occurs after successive rounds of replication and leads to inhibition of telomerase activity 

(Artandi et al. 2010; Shay and Wright 2005). Telomerase is an enzyme with a role in replication 
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of DNA sequences at the ends of chromosomes. HR E6s through different mechanisms cause  

telomerase activation and inhibition of the telomeres shortening, leading to continued and 

uncontrolled cell division (Snijders et al. 1998). The exact molecular mechanism by which HPV-

16 E6 induces telomerase activity in epithelial cells has been revealed. The mechanism of action 

works via the transcriptional transactivation of the telomerase reverse transcriptase (TERT) 

catalytic subunit (Oh et al.  2001; Veldman et al. 2001), which along with pRb inactivation by E7, 

is the main step in the process of immortalization (Howie et al. 2009; Wise-Draper and Wells 

2008). E6 hTERT activation is a critical step required for cellular immortalization, which is a prior 

condition to HPV-driven malignant transformation. E6 activates TERT and telomerase by the 

means of E6AP and interaction with c-Myc, whereas binding to hTERT promoter requires an intact 

E box (Figure 10) (Veldman et al. 2001; Veldman et al. 2003; Gewin and Galloway 2001). 

However, formation of E6/E6AP/c-Myc tertiary complex and binding to hTERT promoter is not 

unique among all HPV types. A good example of this is 16 E6, which for hTERT activation 

requires binding to c-Myc (Gewin and Galloway 2001; Liu et al. 2005), but not to E6AP (Sekaric, 

Cherry, and Androphy 2008a). Furthermore, HR E6 was found to bind hTERT, but also to 

repetitive sequences of telomeric DNA (Liu et al. 2009).  

In somatic epithelial cells the hTERT gene is constitutively repressed through the 

repression of the hTERT promoter (Katzenellenbogen 2017). This promoter consists of 1100 

nucleotides in length, with its core promoter comprising of 200-300 nucleotides. Transcriptional 

repressors of the hTERT are bound to cis elements to block transcription, and those cis elements 

are E-boxes, GC-rich sites, and X-boxes (Katzenellenbogen 2017). Two E-box cis elements are 

placed at the position of the transcriptional start of the hTERT gene and are normally bound by c-

Myc in a form of heterodimer with Max or Mad. c-Myc/Max or c-Myc/Mad heterodimers are 

important for hTERT transcriptional activation or repression (R. Katzenellenbogen 2017). E6 

oncoprotein via binding to the repressors and activators of the hTERT promoter modulates their 

activities. Targeted repressors are the upstream stimulating factors 1 and 2 (USF1 and USF2) and 

nuclear transcription factor, X-box binding protein (NFX1-91), while the activators are c-

Myc/Max, SP1 and histone acetyltransferases (Howie et al. 2009). Furthermore, there are five GC-

rich cis elements in the hTERT promoter (Katzenellenbogen 2017). SP1 activator binds to these 

elements and transcriptionally activates hTERT expression. Deletion of GC-rich cis elements leads 

to loss of the hTERT transcriptional activation (Katzenellenbogen 2017), but E6 overcomes this 
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by acting through SP1 transcriptional factor to activate hTERT transcription (Figure 10) (Oh, et 

al. 2001).  

Finally, there are two X-boxes in the hTERT promoter.  NFX1-91, the shorter splice variant 

of the NFX1 gene, which acts as a repressor of the hTERT transcription, is bound constitutively 

to the hTERT promoter downstream of the X-box (Katzenellenbogen 2017). E6 targets NFX1-91 

in an E6AP-dependent manner, causing the mSin3A/HDAC repressor complex to dissociate from 

the hTERT promoter, leading to the activation of the hTERT transcription (Xu et al. 2008).  HR 

E6 through a direct association with the cellular X box-binding protein NFX1-123, the longer 

splice variant of the NFX1 gene, upregulates TERT levels through the transcriptional and post-

transcriptional mechanisms (Figure 10) (Katzenellenbogen et al. 2007). Overexpression of NFX1-

123 leads to increased hTERT activity in the presence of HR E6, while abolishing of NFX1-123 

reduces the ability of HR E6 to increase hTERT and telomerase activities (Katzenellenbogen et al. 

2007). The mechanism by which NFX1-123 augments hTERT expression is the stabilization of 

the hTERT mRNA. 

Concerning β-HPV types, several β-E6s drive hTERT activation and telomerase activity. 

β-HPV-5, -8,-20, -22 and -38 E6 activate hTERT in E6AP-dependent manner even though this 

association is much lower than association with HPV-16 E6 (Bedard et al. 2008). The intensity of 

telomerase activation is in proportion with the association between E6 and E6AP or NFX-91 

repressor, for each type of β-E6. Decreased E6AP protein levels lead to a reduced β-E6 ability to 

activate telomerase, suggesting the dependence of E6AP presence for the hTERT activation and 

formation of an E6/E6AP/NFX1-91 complex as a critical step in mediating telomerase activation 

(Bedard et al. 2008). 
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Figure 10. Schematic representation of the cellular protein targets and signaling pathways affected by HR E6 

oncoproteins. HR E6 oncoproteins inhibit p53-dependent growth arrest and apoptosis in response to aberrant 

proliferation through several mechanisms, resulting in the induction of genomic instability, centrosomal abnormalities 

and accumulation of mutations. Formation of an E6/E6AP/p53 trimeric complex results in p53 degradation, while 

interactions of E6 with the histone acetyltransferases p300, CBP and ADA3 prevent p53 acetylation, in this way 

inhibiting the transcription of p53-responsive genes. E6 also inhibits apoptotic signaling through the degradation of 

pro-apoptotic BAX and BAK and by binding to the TNF-α receptor TNFR1, FADD and caspase 8. The interaction of 

E6 with SP1, MYC, NFX123 mediated by E6AP activates hTERT and telomerase, thus preventing telomere 

shortening concerning the successive proliferation and promotes immortalization. E6-mediated degradation of PDZ-

domain containing proteins leads to the loss of cell polarity and induces hyperplasia. The interaction of E6 with the 

focal adhesion protein paxillin prevents anoikis and allows cellular growth in the absence of attachment to the ECM. 

Adapted from (C. A. Moody and Laimins 2010). 
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1.8. HPV E6 oncoprotein and Notch signaling pathway 
 
1.8.1. Canonical Notch signaling pathway 
 

The Notch phenotype was identified in 1917 by Thomas Hunt Morgan and nowadays this 

cellular pathway is recognized as being indispensible for cell proliferation, differentiation, and 

maintenance of stem cell properties. Albeit, it is also involved in development of many different 

human diseases, even malignant ones, where it can function either as an oncogene, or as a tumor 

suppressor (Lobry et al. 2011; Neumüller and Knoblich 2009; Bray 2016).  

In humans there are four NOTCH receptors (NOTCH1–4), which are modulated by a 

number of similar and overlapping functions (Kojika and Griffin 2001). The NOTCH receptors 

and membrane anchored ligands Jagged‐1 and 2 (JAG1‐2) and Delta‐like 1, 3, and 4 (DLL1‐3‐4), 

are located at the cell membrane surface (Bray 2016) (Figure 11, left panel). Upon the canonical 

Notch signaling activation, the ligand and receptor association cause conformational changes in 

the NOTCH receptor, which generate two consecutive, proteolytic cleavages of NOTCH. The first 

one is under the control of ADAM (a disintigrin and metalloprotease), while the second one is 

modulated by the γ‐secretase enzymatic complex.  The end result of this process is a release of the 

NOTCH intracellular domain (NICD) (Borggrefe and Liefke 2012). Upon cleavage, NICD is 

translocated to the cell nucleus, where it interacts with the DNA-binding protein named 

Recombination Signal Binding Protein for Immunoglobulin Kappa J Region (RBP‐Jĸ; also known 

as CBF-1 or CSL), which is bound to a specific DNA nucleotide sequence (Figure 11, left panel). 

Binding of NICD to the RBP‐Jĸ results in a formation of NOTCH/RBPJĸ transcriptional complex 

(NTC) (Borggrefe and Liefke 2012). This binding displaces a repressor-histone-deacetylase 

complex from RBP-Jĸ and recruits MAML1 co-activator and acetyltransferases p300 or CBP 

(Contreras-Cornejo et al. 2016; Lobry et al. 2011). MAML1 is a core component of the 

transcriptional activation complex that mediates the effects of the canonical Notch signaling 

pathway by recruiting additional co-activators (Demarest et al. 2008). Upon the formation of the 

NTC in the nucleus, transcription of Notch target genes becomes dependend on a switch of the 

transcription complex from an “off transcription” to an “on transcription” state. (Borggrefe and 

Liefke 2012) This occurs through conversion of the RBP-Jκ from a transcriptional repressor to an 

activator and assembly of the activating complex (Figure 11, left panel) (Bray 2016; Borggrefe 

and Liefke 2012). The primary downstream targets and effectors of the activated NOTCH/RBP-

Jĸ/MAML1 complex are a set of the basic helix-loop-helix (b-HLH) transcriptional repressors, 
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including the Hairy and Enhancer of Split (HES) gene family and the HEY (Hairy Ears, Y-Linked) 

subfamily (Artavanis-Tsakonas and Muskavitch 2010; Borggrefe and Liefke 2012).  

Cellular context is the determinant for the outcome of Notch signaling (Lobry et al. 2011). 

Hence, in a mouse animal model it was shown that Notch can function both as an oncogene or as 

a tumor suppressor, and this discrepancy depends on the cell and tissue context (Radtke and Raj 

2003a; Lobry et al. 2011). Some of the Notch targets are common to many cell types, but appear 

to be tissue specific (Wang et al. 2012). Furthermore, RBP‐Jκ recruits activation or repression 

complexes depending upon the cell context (Contreras-Cornejo et al. 2016).  Notch signaling 

functions as an oncogenic driver in a number of human tumors, particularly in hematopoietic 

(Demarest, Ratti, and Capobianco 2008), breast cancer (Zhang, et al. 2015), nonsmall cell lung 

carcinoma (Wu, et al. 2015), as well as in gastric cancer (Du et al. 2014). In contrast, the suppressor 

effects of Notch have been documented in skin, as Notch acts as an important driver of keratinocyte 

differentiation, and preturbations of this pathway are highly associated with CSCC (South et al. 

2014; Wang et al. 2011). The tumor suppressive effects of Notch in keratinocytes are largely 

thought to be due to an inhibition of cell proliferation during the process of differentiation (Aster 

et al. 2017; M. Zhang et al. 2016). Furthermore, it was found that Notch induces growth arrest and 

differentiation in keratinocytes through p21 and the markers of early differentiation (Rangarajan 

et al. 2001a). Overall, dual behavior of the Notch pathway, being able to function both as an 

oncogene or a tumor suppressor, is an interesting field with many open questions in cancer biology. 

 

1.8.2. HPV E6 inhibition of Notch signaling pathway  

As described earlier, HPV life cycle is highly linked to the differentiation status of 

epithelial cells (C. A. Moody and Laimins 2010a). Notch tumor suppressor pathway in cutaneous 

tissues is a critical determinant of keratinocyte differentiation and acts by coordinating cell-cycle 

arrest and shifting keratinocytes towards terminal differentiation and ultimately cell death 

(Rangarajan et al. 2001a; Lowell et al. 2000a), making the differentiation program of the 

keratinocytes a perfect target for the viral perturbation.  
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Figure 11. Canonical Notch signaling pathway vs. Notch signaling in HPV-infected cells. Interaction between 

NOTCH receptor (NOTCH1-4) and ligands JAG1‐2 and DLL1‐3‐4 leads to the conformational change in NOTCH 

and enables cleavages by ADAM and γ-secretase. The cleavage releases Notch intracellular domain (NICD) which is 

translocated to the nucleus where it induces transactivation of Notch target genes. Transactivation occurs through the 

binding of NICD with DNA-bound RBP-Jκ and co-activator MAML,1 leading to the formation of the NOTCH/RBPJĸ 

transcriptional complex (NTC) (left panel). Upon infection with b-HPV, E6 disrupts Notch activation by inhibiting 

RBPJk/MAML1 transcriptional activator complex to be bound to Notch-targeted gene sequences. E6 binds to 

MAML1 directly, and subsequently and indirectly to RBPJk and NICD (right panel). Adapted from (White 2019) 

 

Even though molecular activities and pathways of cutaneous HPVs are not extensivly 

studied, reserch in the past years found the connection between Notch signaling and β-HPVs 

(Rozenblatt-Rosen et al. 2012a; White et al. 2012; Tan et al. 2012a; Brimer et al. 2012b). 

Identification of MAML1 as a conserved interactor of β-E6s has raised interest for investigation 

of its potential in respect of the biological properties of cutaneous HPVs and their contribution to 

malignant development in cutaneous tissue utilizing Notch signaling pathway, which will be 

disscused in the following sections. 

The effects of α-HPV E6 on Notch signaling and molecular mechanisms in the background 

of that process is even less well established than for β-HPV E6.  Like β-HPV E6s, HPV-16 E6 has 

an impact in altering Notch signaling, but so far it is known that the underlying mechanism is 

different from β-HPV E6s. It has been proposed that HPV-16 E6 inhibits Notch signaling through 

a mechanism which implies p53 degradation (Lefort et al. 2007; Dotto 2009; Yugawa et al. 2007). 

It was shown that HPV-16 E6 via a combined inactivation of p53 and NOTCH1 prevents fidelity 
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of keratinocytes towards differentiation and promotes keratinocyte proliferation (Kranjec et al. 

2017). HPV-16 E6 inhibits NOTCH1 cleavage and decreases Notch-responsive genes 

transcription through p53 degradation, although the complete mechanism remains to be elucidated. 

The inactivation of Notch signaling in the basal layer provides an insight into the posibble 

mechanism that HR α-HPV E6 oncoproteins can utilize to contribute to the basal cell sustainability 

and proliferation (Kranjec et al. 2017). Simultaniously, HPVs must ensure adequate cell 

differentiation to support viral genome amplification. In stratified epithelia, the lower layers are 

subjected to epidermal growth factor stimulation and expression of the EGFR. Signal transduction 

from growth factor receptors plays a critical role in modulating HPV-16 E6 function by restricting 

E6 expression to a growth factor-rich environment (Kranjec et al. 2017).  

Interestingly, MAML1 was identified as binding partner of HPV-16 E6 (N. Brimer et al. 

2012b), even though 16 E6/MAML1 interaction was not observed in all proteomic analyses that 

were including 16 E6 (White et al. 2012; Rozenblatt-Rosen et al. 2012a).  

 

1.8.2.1. Beta-HPV E6 associate with MAML1 

MAML1, as a member of the Notch transcription complex, has been identified as a cellular 

interacting protein of E6 proteins of some β-HPV E6s, HR-α HPV-16 E6 and of bovine 

papillomavirus type 1 (BPV-1) E6, associated with cutaneous fibropapillomas (Brimer et al. 

2012c; Meyers, Spangle, and Munger 2013a; Tan et al. 2012a; Rozenblatt-Rosen et al. 2012b). 

Considering β-HPVs, it was reported that HPV-8 E6 forms a  complex with MAML1 (N. Brimer 

et al. 2012b). Furthermore, it was shown that a number of β-HPV E6s repress Notch transcriptional 

activation of Notch-responsive genes and this repression is dependent upon the interaction with 

MAML1 (Figure 11, right panel). Hence, binding of E6 to MAML1 coactivator is required for the 

inhibition of Notch signaling in keratinocytes, that is a common feature of β-HPV E6 oncoproteins, 

which is not shared with α-HPV E6 oncoproteins (Brimer et al. 2012b). This finding for the first 

time elucidated a mechanism of the viral antagonism linked to Notch signaling, suggesting Notch 

signaling to be an important epithelial cell signaling pathway targeted by β-HPVs (Brimer et al. 

2012b).  

The N-terminus of MAML1 contains a basic domain that interacts with the ankyrin repeats 

of NICD and the DNA-binding RBP‐Jĸ (Nam et al. 2006; Wu et al. 2000), and two acidic domains 
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(N- and C-termini). The N-terminal acidic domain interacts with p300 (Ribeiro et al. 2007) (Figure 

12). MAML1 also contains two transactivation domains (TADs) that recruit additional cellular 

factors necessary for Notch transcriptional activation of the target genes (Nam et al. 2006). The 

interaction of β-HPV E6 with MAML1 was mapped to already mentioned and well described 

LXXLL (LDDLL) motif at the C-terminal acidic domain of MAML1 located at the position 1009-

1013 amino acids, within the transactivation domain 2 (TAD2) (Tan et al. 2012a). (Figure 12).  

 

 
Figure 12.  Schematic representation of human Mastermind-like transcriptional coactivator 1 (MAML1) 

protein structure.  MAML1 contains an N-terminal basic domain and two acidic domains (N- and C-terminal). The 

N- terminal basic domain is responsible for interactions with the ankyrin domain of the NOTCH receptors. The 

sequences after the basic domain, referred as transcriptional activation domains (TADs), exhibit transcriptional 

activity. In MAML1 structure there are two TADs, TAD1 which contains the CBP/p300-binding site and TAD2, 

whose activities are required for Notch signaling. LXXLL motif is a part of TAD2, located on the extreme C-terminus 

of the acidic domain of MAML1 (aa 1009-1013) and it is required for HPV E6 binding. Adapted from (McElhinny et 

al.  2008) 

 

The Leu-Xaa- Xaa-Leu-Leu (LXXLL) motif was originally observed in co-activator and 

co-repressor proteins that interact with hormone-activated nuclear receptors (Savkur and Burris 

2004; Plevin et al. 2005). Examples of LXXLL motifs in human cell have also been documented 

in proteins that do not directly interact with nuclear hormone receptors, including several 

transcription factors (Heery et al. 1997; Parker et al. 1999) and histone acetyltransferases CBP and 

p300 (Torchia et al. 1997). Furthermore, so far it was confirmed that α- and β-HPV E6 

oncoproteins recognize some of their target proteins, including E6AP (Huibregtse et al. 1993e), 

Interferon Regulatory Factor IRF-3 (Ronco et al. 1998), E6BP (Chen et al. 1995) and MAML1 
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(Brimer et al. 2012b; Rozenblatt-Rosen et al. 2012c; Tan et al. 2012b) through the described acidic 

leucine (L)–rich motif containing the LXXLL consensus sequence (X indicates any amino acid) 

(Chen et al. 1998; Zanier et al. 2013). BPV-1 E6 recognizes a subclass of acidic LXXLL sequence 

termed as LD motif and via this motif interacts with the focal adhesion protein paxillin (Wade et 

al. 2008; Tong and Howley 1997; Vande Pol 1998b). Interestingly, the LXXLL motifs that 

associate with nuclear hormone receptors in human cell are typically basic, while the E6-associated 

LXXLL motifs are acidic (Heery et al. 1997). The interaction between nuclear hormone receptors 

and their LXXLL peptide ligands typically involves 6 amino acid peptide motifs, while E6 

oncoproteins interact with a longer sequence of 10-20 amino acids that contains a central LXXLL 

motif. 

HPV-8 E6 inhibition of the Notch tumor suppressor pathways in cutaneous tissues is 

followed by delayed differentiation and sustained proliferation of differentiating keratinocytes 

(Meyers et al. 2017b). Forms of MAML1 deficient for acidic C-terminal domain act as dominant 

negative proteins, and expression of those truncated forms of MAML1 in mouse animal models 

resulted in appearance of CSCC (Proweller et al. 2006; Reichrath and Reichrath 2012), revealing 

an important role of Notch/RBPJĸ/MAML1 complex in suppression of epithelial squamous 

carcinogenesis. Furthermore, different studies have demonstrated that all components of the Notch 

transcription effector complex act as tumor suppressors in normal mouse squamous epithelium 

(Rangarajan et al. 2001a; Nicolas et al. 2003). In those studies cell differentiation was lost under 

different conditions that involved disruption of Notch signaling in the squamous epithelium of 

transgenic mice by either tissue-specific NOTCH deletion (Rangarajan et al. 2001a; Nicolas et al. 

2003), γ-secretase deletion to block the cleavage of  NOTCH (Pan et al. 2004), deletion of the 

RBP-Jk-binding subunit (Yamamoto et al. 2003; Blanpain et al. 2006) and expression of a 

dominant negative MAML1 (Proweller et al. 2006; Reichrath and Reichrath 2012). All those 

different disrupting conditions resulted in squamous cell carcinomas. Mentioned studies indicate 

the importance of the association between cutaneous E6s and MAML1 in disturbing Notch 

signaling and why it is biologically meaningful in the terms of altering the keratinocyte 

differentiation program and preparation of cellular environment for viral replication, and 

productive HPV life cycle. In the context of biological significance it is also speculated that it 

would be plausible for HPV fitness that E6 does not simply ablate Notch signaling, which would 

result in loss of epithelial integrity, but rather modulates its activation during the viral life cycle 
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and early replication, to restore or enhance Notch signaling in the suprabasal layers (Brimer et al. 

2012b).  

The mechanism by which HPV-8 E6 functions to impair Notch signaling is only partly 

elucidated because the inhibition of Notch signaling by HPV-8 E6 via binding MAML1 is different 

from the global inhibition of Notch activation at the level of  NOTCH receptor processing (Meyers 

et al. 2013a). For b-HPV types, so far established working model is that HPV-8 E6 disrupts Notch 

activation during keratinocyte differentiation by blocking the recruitment of additional co-

activators required for the transcriptional activation of RBPJk/MAML1/NICD activator complex 

bound to Notch-responsive promoter within Notch-targeted gene sequences, instead of inhibiting 

transcriptional activator complex to be bound Notch-targeted gene sequences (Figure 13). 

MAML1 binding to RBPJk requires a composite NICD/RBPJk binding groove, and thus MAML1 

cannot bind one factor independently of the other (Portal et al. 2011). It has been reported that 

HPV-8 E6 binds to MAML1 directly, and subsequently and indirectly to RBPJk and NICD (Tan 

et al. 2012a).  

 

 
Figure 13. Schematic representation of a model mechanism by which HPV-8 E6 gets access to the regulatory 

regions of Notch target genes.  (A) In the repressed state, NOTCH-targeted genes (NTG) are repressed because of 

presence of co-repressors (Co-R) that are bound to the DNA-binding RBPJk. (B) In the active state, Notch intracellular 

domain (NICD) is bound to RBPJk,  MAML1 and other Co-As such as p300/CBP. (C) Association of HPV-8 E6 with 

MAML1 may prevent formation of the activator RBPJk/MAML1/p300 complex and thereby preserve the repressor 

complex, or HPV-8 E6 may bind to the activator complex and interfere with its transcriptional activation. Adopted 

from (Meyers et al. 2013a). 
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Acetyltransferase p300 also has a role in this process as a co-activator of Notch signaling 

(Bray 2016). Hence, E6 can inhibit the binding of p300 necessary for MAML1 co-activator activity 

to inhibit formation, or inactivate DNA-bound RBPJ/MAML1/p300 transcriptional activator 

complex (Figure 13) (Meyers et al. 2013a).  p300 has three LXXLL motifs and possesses the 

capacity to recognize LXXLL motifs, but associates with MAML1 via MAML1's TAD1 domain 

(Figure 12) ( Ribeiro et al. 2007), whereas, as explained above, 8 E6 associates with LXXLL motif 

on MAML1 as a part of TAD2, hence does not directly compete with p300 binding to TAD1. p300 

binding with HPV-8 E6 is not mediated via MAML1, although HPV-8 E6 binding to TAD2 can 

prevent p300 binding to TAD1 (Ribeiro et al. 2007). Many of HPV-8 E6 mutants that were not 

able to bind p300/CBP, were also found to be MAML1-binding defective, thus further 

complicating the interpretation of the studies investigating consequences of the p300 interactions 

with HPV-5 and HPV-8 E6 oncoproteins (Meyers et al. 2017b). The potential mechanism could 

be that E6 binding to TAD2 of MAML1 may inhibit expression of Notch transcriptional target 

genes by interfering with recruitment, or displacing p300 from MAML1's TAD1.  

MAML1 has an additional novel function as a co-activator, which is independent of its 

function as a part of Notch signaling pathway, via exhibiting the co-activator function for p53 

(Zhao et al. 2007). Findings that MAML1 recruits p300 to Notch transcriptional complex 

(Avantaggiati et al. 1997), raised a possibility that MAML1 may also function as a p53 co-

activator. MAML1/p53 interaction involves the N-terminus of MAML1 and the DNA-binding 

domain of p53. With this, MAML1 becomes a part of the activator complex that binds to the p53-

response elements within the promoter of the p53 target genes (Avantaggiati et al. 1997). So, 

MAML1 interacts directly with p53, associates with p53 transcriptional complexes and enhances 

p53-mediated gene transcription. This MAML1 co-activator function is an evolutionarily 

conserved role in p53-mediated transactivation (Avantaggiati et al. 1997). Even thought MAML1 

function as p53 co-activator is separated from Notch co-activator function, it would be interesting 

to speculate that those two functions could be a possible link between MAML1's role in a- and β-

HPV E6-induced oncogenic activities related to Notch signaling. Activation of Notch signaling 

was shown to inhibit p53-mediated apoptosis, suggesting an antagonism of Notch and p53 in their 

regulation (Nair et. al. 2003a). Since β-HPV E6 inhibits Notch signaling via binding to MAML1 

and a-HPV-16 E6 inhibits Notch signaling via abrogating NOTCH1 cleavage and decreasing 
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Notch-responsive gene transcription mediated by p53 degradation, their mechanism of actions 

presumably can be cross-connected. 

Moreover, since Notch signaling has a central role in keratinocyte differentiation, one can  

assume that other HPV types, besides BPV-1, β-types HPV-1 and HPV-8 E6 and a-type HPV-16, 

can also modulate Notch, directly or indirectly. The direct way would be by the described 

inactivation of Notch signaling through the association with MAML1 in order to delay 

keratinocyte differentiation (Brimer et al. 2012b). On the other hand, the repression of Notch 

signaling can occur throught an indirect interaction with p53 (Nair et al. 2003a).  
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2. AIMS OF THE STUDY 

The process by which HPV initiates tumor formation and fosters tumor progression 

represents a suitable model for better understanding the development of many other human 

malignancies and allows identification of additional signaling pathways altered during 

oncogenesis. HPV E6 oncoprotein is one of two main viral oncoproteins and is directly responsible 

for development of a number of HPV-induced human malignancies, with cervical cancer being the 

principal disease.  The overall aim of this thesis is to get a better understanding of E6 oncoprotein 

functions through interactions with cellular substrates and how this reflects upon its roles in 

inducing pathogenesis.  

Only limited data are available about the molecular differences between the wild-type 

HPV-16 E6 oncoprotein and its variants, which provides only a partial insight into the mosaic of 

understanding their respective abilities to contribute towards cell transformation. Thus, revealing 

the molecular mechanisms in the background of their changed biological properties remains an 

important open question. The hypothesis of Part I of the thesis was that changes in the amino acid 

composition of HPV-16 E6 variant oncoproteins may affect their binding strength with well-

characterized cellular substrates. 

 

Part I of this doctoral thesis aims to: 

§ Biologically characterize three intra-type genetic variants (HPV-16 E6 D25N, E6 L83V 

and E6 D25N L83V) to determine if they exhibit functional differences which might cause 

alterations in their various biological properties and the ability to cause malignant 

transformation 

§ Investigate the capacity of HPV-16 E6 variants to form interaction with E6AP ubiquitin 

ligase, utilize the proteasomal machinery and subsequently induce E6AP self-

ubiquitination and proteasomal degradation 

§ Analyse HPV-16 E6 variants’ protein levels and their protein half-life 

§ Investigate if naturally occurring amino acid mutations in HPV-16 E6 variants might have 

an impact on their abilities to target well-characterized cellular substrates including p53 

tumor suppressor and PDZ domain-containing substrates MAGI-1, DLG1 and Scrib by 

using both in vitro and overexpression assays in cultured cells 

§ Monitor cellular localization of HPV-16 E6 variants 
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The Part II of this doctoral thesis rises an important question whether there is a common 

underlying biological reason for the interaction of E6 oncoproteins via LXXLL motif with both 

E6AP and MAML1. Hence, E6 oncoproteins contain an LXXLL motif that is crucial for their 

interactions with several cellular proteins. The most important interactor of HR E6 oncoproteins, 

to which they bind via this motif, was shown to be E6AP, whilst cutaneous E6 oncoproteins were 

demonstrated to preferentially complex through the same motif with MAML1. Previously has been 

reported that the binding of α- and some β-HPVs to E6AP via LXXLL motif leads to upregulation 

in E6 oncoprotein stability. Unlike the well-described E6 stabilization by E6AP, no detailed 

research has been done on the potential effects of HR mucosal E6s complexing with MAML1 via 

LXXLL motif, on E6 protein stability and function.  

 

The focus of the Part II of doctoral thesis was to: 

§ Investigate if HPV E6 oncoproteins from α-HPV types interact with transcriptional 

activator MAML1 

§ Elucidate if the binding of both α- and β-HPV E6s to MAML1 results in E6 oncoprotein 

stabilization 

§ Analyse whether the ability of HR mucosal E6 to target p53 and the PDZ-domain 

containing substrate DLG1 for proteasome-mediated degradation is MAML1-dependent 

§ Monitor the rate of α- and β-HPV E6 protein turnover in the absence of MAML1 and E6AP  

§ Evaluate changes in cellular localization and distribution of α- and β-HPV E6s in the 

presence or absence of MAML1 

§ Investigate if E6 oncoprotein stabilization might influence E6 molecular activities and the 

biological processes in the cell, including the impact of MAML1 on cell proliferation, 

migration and apoptosis in HPV-positive background 
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3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Buffers and solutions  

The list of buffers and solutions used in this doctoral thesis are listed in Table 1.  
 
Table 1. Buffers and solutions 

Buffers and solutions Components 
Acrylamide stock for the preparation of 
polyacrylamide gels 

29.2% (w/v) acrylamide, 0.8% (w/v) 
bisacrylamide 

Ammonium persulfate (APS) solution for the 
preparation of polyacrylamide gels 

10% (w/v) APS 

Coomassie Brilliant Blue for membrane staining 3 g/L Coomassie Brilliant Blue R250, 10% (v/v) 
glacial acetic acid, 45% (v/v) methanol 

E1A lysis buffer, immunoprecipitation buffer 50 mM HEPES, 250mM NaCl, 0.5M EDTA, 
0.1% (v/v) NP-40 

Flow cytometry staining buffer (FCSB) 5% (v/v) FBS, 0.5 mM EDTA, 2 mM NaN3 
Freezing medium for cells 10% (v/v) DMSO in FBS 
HEPES-buffered saline (2 x HBS) 50 mM HEPES, 280 mM NaCl, 1.5 mM 

Na2HPO4 
Membrane destain buffer 40% (v/v) methanol, 7% (v/v) acetic acid 
Milk solution for membrane blocking 10% (w/v) milk powder in PBS (or TBS)  
Modified E1A lysis buffer, immunoprecipitation 
buffer 

50 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM 
EDTA, 0.25% (v/v) NP-40 

Phosphate Buffered Saline (PBS)Tween-20 
(PBST), buffer for washing membranes 

0.20% (v/v) Tween-20 in PBS, pH 7,4 

Paraformaldehyde (PFA) solution for cell 
fixation 

4.7% (v/v) formaldehyde in PBS 

Phosphate Buffered Saline (PBS) 137 mM NaCl, 2,7 mM KCl, 1.4 mM KH2PO4, 
4.3 mM Na2HPO4×7H2O, pH 7.4 

Ponceau-S for membrane staining 0,10% (v/v) Ponceau-S, 5% (v/v) acetic acid 
Running Buffer (RB), buffer for SDS-PAGE 190 mM glycine, 25 mM Tris, 0,10% (v/v) SDS 
Laemmli 2x buffer, gel loading buffer for 
protein samples 

100 mM Tris-HCl, pH 6.8, 200 mM DTT; 4% 
(v/v) SDS; 20% (v/v) glycerol; 0.001% (w/v) 
bromphenol blue 

Low salt dilution buffer (LSDB), 
immunoprecipitation buffer 

50 mM Tris-HCl pH 8.0, 20% (v/v) glycerol, 
100 mM KCl, 0.1% (v/v) NP-40, 1 mM DTT,  
50 mM NaF, 1 mM orthovanadate, 1 mM PMS 

SDS solution for the preparation of 
polyacrylamide gel and running buffer 

10% (w/v) SDS 

Solution for the preparation of chemocompetent 
DH5α cells  

25 mL 0.1 M CaCl2, 20 mL H2O, 5 mL glycerol 

Stripping buffer for removing antibodies from 
the membrane 

0.2 M NaOH in PBS 

TAE, agarose gel electrophoresis buffer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA 
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TE, buffer for calcium phosphate transfection 
and DNA dilution 

10 mM Tris, 1mM EDTA 

Transfer Buffer (TB), buffer for transferring 
proteins to nitrocellulose membranes 

25 mM Tris-HCl, 190 mM glycine, 20% (v/v) 
methanol 

Tris buffered saline (TBS) 0.5M Tris-HCl, 1.5 M NaCl, pH 7.4 
Tris buffered saline Tween-20 (TBST), buffer 
for washing membranes 

0.10% (v/v) Tween-20 in TBS, pH 7.4 

Tris buffer for the preparation of polyacrylamide 
separation gel 

1.5 M Tris, pH 8,8 

Tris buffer for the preparation of polyacrylamide 
stacking gel 

1.5 M Tris, pH 6,8 

Triton X-100 solution for cell permeabilization 
and production of GST-fusion proteins 

0.1% (v/v) Triton X-100 in PBS 

 
 

3.1.2. Chemicals, detergents and antibiotics 

All chemicals, detergents and antibiotics which were used for the preparation of buffers 

and solutions for the conduction of various experiments and treatment of cells and bacteria are 

listed in a Table 2, Table 3 and Table 4.  

 
Table 2. Chemicals for various experiments and cell treatment 

Product Manufacturer Cat. Number 
2-mercatoethanol Sigma-Aldrich, USA 60242 
2-isopropanol Gram mol, Croatia P150501 
Acetic acid Gram mol, Croatia P150501 
Acrylamide  Carl Roth Gmbh & Co., Germany 7871.2 
Agarose Sigma-Aldrich, USA A9539 
Ammonium persulfate  Sigma-Aldrich, USA 09913-100 
Bromophenol blue R Sigma-Aldrich, USA B-0149 
BSA, bovine serum albumin Sigma-Aldrich, USA 9048-46-8 
CaCl2 Kemika, Croatia 1146609 
Coomassie Brilliant Blue R250 Thermo Fisher Scientific, USA LC6060 
DAPI, (4',6-diamidino-2-
phenylindole) 

Sigma-Aldrich, USA D1306 

DMSO, dimethyl sulfoxide Sigma-Aldrich, USA 47230 
DTT, dithiothreitol Sigma-Aldrich, USA 3483-12-3 
EDTA, 
ethylenediaminetetraacetic 
acid 

Sigma-Aldrich, USA E-5134 

Ethanol, 96% and 75% Kemika, Croatia 0505001 
FBS, fetal bovine serum Sigma-Aldrich, USA F9665 
Glycerol Kemika, Croatia 0711901 
Glycine Sigma-Aldrich, USA 33226 
HEPES Sigma-Aldrich, USA H4034 
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KH2PO4 Kemika, Croatia 1112408 
IPTG, isopropyl β-D-
thiogalactoside  

Sigma-Aldrich, USA 367-93-1 

L-glutamine Sigma-Aldrich, USA G3126 
Methanol, 96% Gram mol, Croatia P140500 
MgCl2, 25 mM Promega, Wisconsin, USA A3511 
Midori Green BioCat GmbH, Germany MG04-NP 
NaCl Gram mol, Croatia 7647-14-5 
NaHCO3 J.T. Baker, USA 3506-01 
NaHPO4 Gram mol, Croatia P146010 
NaOH J.T. Baker, USA 3722-01 
N, N’-Methylenebisacrylamid Sigma-Aldrich, USA M7279 
Ponceau-S Sigma-Aldrich, USA P3504 
Sodium pyruvate Thermo Fisher Scientific, USA 11360-039 
TEMED, N, N, N’, N’-
tetramethylethyldiamine 

Sigma-Aldrich, USA T9281 

Trypsin/EDTA Thermo Fisher Scientific, USA 15400-054 
Tris Merck KGa, Germany KB313482 
Tris-HCl Sigma-Aldrich, USA 1185-53-1 

 
 
Table 3. Detergents for preparation of buffers and solutions 
 
Product Manufacturer Cat. Number 
NP-40 Thermo Fisher Scientific, USA 28324 
SDS, sodium dodecyl sulfate Sigma-Aldrich, USA L3771 
Triton X-100 Sigma-Aldrich, USA 9036-19-5 
Tween-20 Sigma-Aldrich, USA P2287 

 
 
Table 4. Antibiotics used for cell and bacteria culture 
 
Product Manufacturer Cat. Number 
Ampicillin Sigma-Aldrich, USA A9518 
Penicillin / Streptomycin Thermo Fisher Scientific, USA 15140-122 
Puromycin Sigma-Aldrich, USA 58-58-2 
Kanamycin Sigma-Aldrich, USA K4000 

 

3.1.3. Commercial kits and reagents 

All commercially available kits and reagents, which were used for various experiments, 

from DNA isolation, plasmid purification, cell transfection and immunoprecipitation are listed in 

a Table 5. 
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Table 5. Commercial kits and reagents 

Product Appliance Manufacturer Cat. 
Number 

Annexin V Apoptosis 
Detection Kit 

Kit for apoptosis detection Santa Cruz 
Biotechnology, USA 

sc-4252 AK 

Dynabeads® Protein G  Paramagnetic beads for 
immunoprecipitation assay 

Thermo Fisher   
Scientific, USA 

10007D 

EZview™ Red Anti-
FLAG® M2 agarose beads 

Affinity purification of 
FLAG-tagged proteins for 
immunoprecipitation assays 

Sigma-Aldrich, USA F2426 

ECL Western Blotting 
Detection Reagent 

Chemiluminescent reagent for 
detection of signals on the 
membrane 

Amersham, Cytiva, 
USA 

RPN2106 

EZview™ Red Anti-HA 
agarose beads 

Affinity purification of HA-
tagged proteins for 
immunoprecipitation assays 

Sigma-Aldrich, USA E5779 

Glutathion-S-transferase 
agarose beads  

Affinity purification of GST-
tagged fusion proteins for 
GST pull-down assays 

Sigma-Aldrich, USA G4510 

Monarch DNA Gel 
Extraction Kit 

Kit with columns for 
purification of PCR reaction 
products from agarose gels 

New England Biolabs, 
USA 

T1020G 

Monarch PCR & DNA 
Cleunup Kit 

Kit with columns for 
purification of PCR reaction 
products 

New England Biolabs, 
USA 

T1030G 

NucleoBond PC500 Maxi 
prep Kit 

Kit with columns for isolation 
of plasmid DNA 

Macherey-Nagel Gmbh, 
Germany 

740574.50 

NucleoBond PC100 Midi 
prep Kit 

Kit with columns for isolation 
of plasmid DNA 

Macherey-Nagel Gmbh, 
Germany 

740573 

Lipofectamine 2000 Transfection reagent Invitrogen, USA 11-668-019 
ON-TARGETplus siRNA siRNA for target gene 

silencing 
Dharmacon, USA  

UptiBlue Viable Cell 
Counting Kit 

Kit to quantitatively measure 
the proliferation of various 
cells 

Interchim, USA NT-UP66941 

ProteoExtractÒ 
Subcellular Proteome 
Extraction Kit 

Kit for extraction of 
subcellular proteomes from 
adherent and suspension-
grown mammalian cells 

The Calbiochem by 
Merck KGa, Germany 

539790 

Protran™ Nitrocellulose 
Blotting Membrane, 0.22 
µm 

Nitrocellulose blotting 
membrane for western blot 
analysis 

Amersham, Cytiva, 
USA 

1060001 

SuperSignalTM West Pico 
PLUS 

Chemiluminescent reagent for 
detection of signals on the 
membrane 

Thermo Fisher    
Scientific, USA 

34580 

TnT® Quick Coupled 
Transcription/Translation 
System 

In vitro translation system for 
eukaryotic cell-free protein 
expression 

Promega, USA L1170 
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TurboFect™ Transfection reagent Thermo Fisher 
Scientific, USA 

R0531 

Qiagen Plasmid Maxi Kit Kit with columns for isolation 
of plasmid DNA 

Qiagen, USA 12163 

QuikChange Multi Site-
Directed Mutagenesis Kit 

Kit for PCR mutagenesis Agilent Technologies, 
USA 

200513 

Wizard Plus SV Minipreps 
DNA Purification System 

Kit with columns for isolation 
of plasmid DNA 

Promega, USA A1460 

Wizard SV Gel and PCR 
Clean-Up System 

Kit with columns for 
purification of PCR reaction 
products 

Promega, USA A9282 

 

3.1.4. Enzymes and corresponding buffers  

Enzymes and their corresponding buffers which were used for site-directed mutagenesis are listed 

in Table 6. 

Table 6. Enzymes and corresponding buffers 

Enzyme and buffers Manufacturer Cat. Number 
Pfu DNA Polymerase Promega, USA M774A 
Pfu DNA Polymerase 10X Buffer with MgSO4 Promega, Wisconsin, USA M776A 
DpnI New England Biolabs, USA R0176S 

 

3.1.5. Antibodies 

Primary and secondary antibodies used for protein detection in western blot analysis, 

immunoprecipitation, as well as for cellular localization in confocal microscopy are listed in 

Table 7 and Table 8. 

Table 7. Primary antibodies 

Enzyme and buffers Manufacturer Cat. Number 
Anti-c-MYC (9E10) Santa Cruz Biotechnology, USA sc-40 
Anti-FLAG (M2) Sigma-Aldrich, USA F3165  
Anti-FLAG (M5) Sigma-Aldrich, USA F F4042 
Anti-FLAG rabbit Sigma-Aldrich, USA F7426 
Anti-GAPDH (0411) Santa Cruz Biotechnology, USA sc-47724  
Anti-HA HRP (HA-7) Sigma-Aldrich, USA HH3663 
Anti-Histone H3 (1G1) Santa Cruz Biotechnology, USA sc-517578 
Anti-HPV18 E6 (G-7) Santa Cruz Biotechnology, USA sc-365089 
Anti-MAML1 Rabbit Cell Signaling Technology, USA 4608S 
Anti-MAML1 (D3E9) Cell Signaling Technology, USA 11959S 
Anti-MAML1 (D3K7B) Cell Signaling Technology, USA 12166S 
Anti-MCM7 (141.2) Santa Cruz Biotechnology, USA sc-9966 
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Anti-p53 (DO-1) Santa Cruz Biotechnology, USA sc-126 
Anti-SAP 97 (2D11) Santa Cruz Biotechnology, USA sc-9961 
Anti-UBE3A (13) BD Biosciensce, USA 611416 
Anti-Vimentin (V9) Santa Cruz Biotechnology, USA sc-6260 
Anti-β-Actin HRP (AC-15) Sigma-Aldrich, USA A3854 
Anti-β-Galactosidase Promega, USA Z378A 

 
 
Table 8. Secondary antibodies 
 
Antibody Manufacturer Cat. Number 
Rabbit Anti-Mouse HRP Agilent Technologies, USA P0161 
Swine Anti-Rabbit HRP Agilent Technologies, USA P0217 
Alexa Fluor 488 donkey anti-mouse IgG 
(H+L) 

Invitrogen by Thermo Fisher 
Scientific, USA 

A21202 

Alexa Fluor 488 donkey anti-rabbit IgG 
(H+L) 

Invitrogen by Thermo Fisher 
Scientific, USA 

A21206 

Rhodamine Red-X Goat anti-mouse 
(H+L) 

Invitrogen by Thermo Fisher 
Scientific, USA 

R6393 

GAPDH-Alexa Fluor 680 (G9) Santa Cruz Biotechnology, USA sc-365062 
Goat anti-mouse IgG H&L (IRDye® 
800CW) 

Abcam, UK ab216772 

 
 

3.1.6. DNA and protein markers 

In Table 9 and Table 10 are depicted all DNA ladders, and protein markers ranging from 

10 to 250 kDa, respectively.  
 
Table 9. DNA markers for determining the molecular weight of nucleic acids 
 
DNA ladders Appliance Manufacturer Cat. Number 
1 Kb Plus DNA Ladder DNA marker ranging 

from 0.1 to 15 kb 
Thermo Fisher    
Scientific, Massachusetts, 
USA 

10787018 

BenchTop 1kb DNA 
Ladder 

DNA marker ranging 
from 0.25 to 10 kb 

Promega, Wisconsin, 
USA 

G754A 

Quick-load Purple 1kb 
Plus DNA 

DNA marker ranging 
from 0.1 to 10 kb 

New England Biolabs, 
Massachusetts, USA 

N0550S 

 
 

3.1.7. Protein inhibitors 

Inhibitors are listed in Table 11. The proteasome inhibitor bortezomib (BTZ) was used in 

for determining if the fluctuations in protein levels were proteasome dependent. Cycloheximide 

was used to block protein synthesis in half-life experiments. The inhibitors were dissolved in 
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dimethyl sulfoxide (DMSO) and used at the indicated concentrations. Cocktail set 1 of protease 

inhibitors were dissolved in water and used for the supplementation of lysis buffers for protein 

isolation at the concentration 1:100.  

 
Table 11. Protein inhibitors 

Inhibitor Mechanism of action Manufacturer Cat. Number 
Bortezomib (10 µM) proteasome inhibitor Sigma-Aldrich, USA 179324-69-7 

 
Cycloheximide (50 µM) protein synthesis 

blocking 
Sigma-Aldrich, USA 66-81-9 

 
Protease Inhibitor 
Cocktail set 1 

protease inhibitors used 
for protein isolation 

The Calbiochem by 
Merck KGa, Germany 

539131 

RNAse Inhibitor RNase activity 
inhibition 

Thermo Fisher Scientific, 
USA 

N8080119 

 

3.1.8. Media for maintaining cell and bacterial cultures  

The composition of liquid nutrient media for growing cells or bacteria is shown in Table 

12. Briefly, bacterial cells used for plasmid production were grown in lysogeny broth (LB) and on 

agar plates. In LB medium and agar plates ampicillin or kanamycin antibiotic was added. HeLa, 

CaSki, HEK293, CRISPR/Cas9 gRNA-mediated E6AP-null HEK 293 cells (Thatte and Banks 

2017), C33A, H1299 and HT1080 stably expressing HPV8 E6 (Hufbauer et al. 2015a) were grown 

in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 

penicillin/streptomycin, L-glutamine and sodium pyruvate at 37°C in a humidified air incubator 

containing 10% CO2.  

 
Table 12. Cell and bacterial growth media and corresponding supplements  

Media for Product Manufacturer Cat, number 
Media for 
bacteria 

Agar 
LB broth  
Ampicillin (or kanamycin) 
sodium salt 

Sigma-Aldrich, USA 05040 
L3022 
A9518 

DMEM for cell 
culture 

DMEM Thermo Fisher Scientific, USA 31600-083 
Sodium Pyruvate (100 mM) Thermo Fisher Scientific, USA 11360039 
L-glutamine (300 μg/ml) Sigma-Aldrich, USA G-3126 

 
Penicillin-Streptomycin  
(100 μg/ml) 

Thermo Fisher Scientific, USA 
 

15140122 

Fetal Bovine Serum (FBS), 
10% (v/v) 

Thermo Fisher Scientific, USA 26140079 
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3.1.9. Instruments and programs  

Instruments (Table 13) used for cell culture, protein and DNA analysis are listed according 

to different type of procedures. Computer programs used for data analysis and visualization are 

listed in a Table 14. 
 

Table 13. Instruments 

 Product Description Manufacturer 

C
el

l c
ul

tu
re

 e
qu

ip
m

en
t  

Laminar flow, fume hood 
KTV-S 

Laminar flow for working 
under sterile conditions 

Klimaoprema d.d., 
Croatia 

BB-16 D-63450 Incubator Incubator for growing cells Heraeus Group, 
Germany 

CellDrop FL Fluorescence 
Cell Counter 

Spectrophotometer device for 
cell counting 

DeNovix Inc., 
Delaware, USA 

Dino-Eye eyepiece 
(AM7023(R4) 

Digital eyepiece camera Dino-Lite Europe, 
IDCP B.V., 
Netherlands 

OmniPET Pipette Filler Pipette Filler Cleaver Scientific Ltd, 
UK 

Easypet® 4421 pipetting aid Pipette Filler Eppendorf, Germany 
LABSONIC® M ultrasonic 
homogenizer 

Ultrasonic sonicator and probe 
with a diameter of 0.5 and 1 
mm 

Montreal Biotech Inc., 
, Canada 

NanoPhotometer® N60 Spectrophotometer device for 
measuring DNA quantites 

Implen GmbH, 
Germany 

Labystems Multiskan MS 352  Multiwell plate reader Thermo Fischer 
Scientific, USA 

FACSCalibur  Flow cytometer BD Bioscience, USA 

M
ic

ro
sc

op
es

 Leica TCS SP8 X Laser scanning confocal 
microscope equipped with a 
HC PL APO CS2 63×/1.40 oil 
objective 

Leica Microsystems, 
Germany 

Olympus CK30 Culture microscope Olympus Corporation, 
Japan 

Im
ag

in
g 

sy
st

em
s  

Alliance 4.7 Fluorescence and 
Chemiluminescence Systems 

Device for detecting 
chemiluminescence signals 
and UV signals from agarose 
gels  

Uvitec Ltd, UK 

Alliance Q9 Advanced 
Chemiluminescence Imager 

Device for detecting 
chemiluminescence signals  

Uvitec Ltd, UK 

LI-COR Odyssey Fc Imaging 
System 

Device for detecting 
chemiluminescence signals  

LI-COR Bioscience, 
USA 

Cyclone Plus Storage 
Phosphor System 

Phosphoimager for detecting 
signal on the radioactive gels 

PerkinElmer, USA 

C
en

tri
fu

ge
 5403 Centrifuge Eppendorf, Germany 

5415 C Centrifuge Eppendorf, Germany 
5415 R Centrifuge Eppendorf, Germany 
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Heraeus Multifuge 3S-R Centrifuge Thermo Fisher 
Scientific, USA 

Sorvall LYNX 4000 Superspeed centrifuge Thermo Fisher 
Scientific, , USA 

R
ot

at
or

s SARMIX® M2000  Rotation mixer Sarstedt AG & Co., 
KG, Germany 

Multi Bio RS-24  Programmable rotator Biosan Laboratories, 
Inc., USA 

Th
er

m
al

 c
yc

le
rs

 Applied Biosystems Veriti™ 
96-Well Fast Thermal Cycler 

PCR machine for PCR 
optimization 

Thermo Fisher 
Scientific, USA 

2720 Thermal Cycler PCR machine Applied Biosystems, 
Thermo Fisher 
Scientific, USA 

El
ec

tro
ho

re
si

s a
nd

 tr
an

sf
er

 sy
st

em
s  omniPAGE System for vertical 

electrophoresis 
Cleaver Scientific Ltd, 
UK 

PowerPRO 300  Power supply device Cleaver Scientific Ltd, 
UK 

Mini-Protean® System for vertical 
electrophoresis 

Bio-Rad Laboratories, 
USA 

Trans-Blot® Turbo™ Transfer system Bio-Rad Laboratories, 
USA 

PowerPac™ Basic Power supply device Bio-Rad Laboratories, 
USA 

Wide Mini-Sub Cell GT System for horizontal 
electrophoresis 

Bio-Rad Laboratories, 
USA 

Sub-Cell GT System for horizontal 
electrophoresis 

Bio-Rad Laboratories, 
USA 

 
Table 14. Programs for data analysis and visualization 

Product Description Manufacturer 
Ascent Software Software for Thermo Scientific 

microplate readers 
Thermo Fischer Scientific, USA 

BioEdit 7.2 Software for sequence alignment Bioedit Company, USA 
DinoCapture 2.0 Microscope imaging software Dino-Lite Europe, Netherlands 
FCS 3 Express Flow cytometry software De Novo Software, USA 
GraphPad Prism Statistical analysis software GraphPad Inc., USA 
ImageJ Fiji Quantification of image data National Institutes of Health, 

USA 
Leica Application Suite X 
(LAS X) 3.3.0.16799 

Software for Leica confocal 
microscope 

Leica Microsystems, USA 

MedCalc Statistical analysis software MedCalc Software Ltd, USA 
Microsoft Office Excel 2016 Statistical analysis software Microsoft Corporation, USA 
OptiQuant™ 5.4 Quantification software PerkinElmer, USA 
SnapGene Sequence and primer design 

program 
GSL Biotech LLC, USA 

UVIBand Quantification software UVItec Cambridge, UK 
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3.2. Molecular methods 

3.2.1. Site-directed mutagenesis 

Site-directed mutagenesis is a molecular method used to create specific, targeted changes 

in double stranded plasmid DNA by using custom designed oligonucleotide primers to confer a 

desired mutation (Table 15). The pCA16E6D25N, 16E6L83V, 16E6D25N-L83V and pGEX-

2T16E6D25N, 16E6L83V, 16E6D25N-L83V vectors were constructed using pCA16E6 and 

pGEX-2T16E6 as a PCR templates. Plasmid pCA16E6 is a pCDNA3 mammalian expression 

vector that contains two HA and a FLAG-tag epitope, and gene sequence of wild type HPV-16 E6 

gene created by inserting into the multiple cloning site of pCDNA3 plasmid. pCA has a CMV 

promoter, so it is designed for constitutive expression in a variety of mammalian cell lines and 

contains ampicillin resistance gene for bacterial selection. pGEX-2T vector is used for the 

expression of GST-tagged fusion proteins. The expression is under the control of the tac promoter, 

which is induced by the lactose analog isopropyl β-D-thiogalactoside (IPTG). pGEX vector 

contains internal lacIq gene that is a repressor protein that binds to the tac promoter, preventing 

expression until induced by IPTG, in this way maintaining the control over expression of the gene 

insert. Mutagenesis was done using a modified protocol of the PCR mutagenesis kit (QuickChange 

Site Directed Mutagenesis) according to the manufacturer's instructions. The process uses a 

dsDNA vector with insert (pCA16E6 and pGEX2-T16E6) and two synthetic oligo primers 

designed in overlapping orientation which in their sequence contain the point mutation of interest 

that will be incorporated in plasmid sequence. Incorporating oligo primers creates a re-circularized 

mutated plasmid with staggered nicks. The PCR protocol included usage of the Pfu® DNA 

Polymerase and Pfu DNA Polymerase 10x Reaction Buffer with MgSO4, nucleotides (dATP, 

dTTP, dGTP, dCTP) and primers designed in-house (Macrogen, Netherlands).   

 
Table 15. Specific primers for site-directed mutagenesis of pCA:16E6 and pGEX-2T:16 E6 vectors 

Gene Primer  Length Tm 
HPV16 
E6 D25N 

HPV16_E6D25N_F 
HPV16_E6D25N_R 

5' CAAACAACTATACATAATATAATATTAGAATGTGTG 3' 
5' CACACATTCTAATATTATATTATGTATAGTTGTTTG 3' 

36 bp 
36 bp 

53°C 
53°C 

HPV16 
E6 L83V 

HPV16_E6L83V_F 
HPV16_E6L83V_R 

5'GACATTATTGTTATAGTGTGTATGGAACAACATTAG 3' 
5'CTAATGTTGTTCCATACACACTATAACAATAATGTC 3’ 

36 bp 
36 bp 

58°C 
58°C 
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The mixture for each reaction was prepared by mixing 50 μL of Master Mix, 1.25 μL each 

of both primers (forward (F) and reverse (R), c = 10 μM, 50 ng of plasmid template, 1 μL dNTPs 

(10 mM) and supplemented with nuclease-free water up to the total volume of 50 μL. The PCR 

reaction was done in a 2720 Thermal Cycler. The conditions for site-directed mutagenesis of 

pCA16E6 and pGEX-2T16 E6 vector are shown in Table 16. 

 
Table 16. PCR conditions for site-directed mutagenesis  

Step Temperature/°C Time/min Number of cycles 
Initial denaturation 95 30 1 
Denaturation 95 30 18 
Annealing* 55 1 18 
Extension** 68 5 18 
Final extension 68 10 1 
End of reaction 4 ∞ 1 

*The annealing temperature depends upon the sequence of the two primers, and was calculated as Tm - 5°C  
**Extension time depends on a PCR product size, approximately 2 min for every 1kb to be amplified 
 

After temperature cycling the PCR product was treated with Dpn I enzyme for 2 h at 37°C 

using thermo mixer device. Dpn I was used to digest the parental DNA template to select mutation-

containing synthesized DNA, and it was inactivated for 20 min at 80°C. All the constructs were 

verified by sequencing (Macrogen, Netherlands). The vector DNA containing the mutations was 

transformed into DH5α competent cells.  

 

3.2.2. Preparation of chemocompetent DH5α cells  

 DH5α cells are chemically competent Escherichia coli cells suitable for high efficiency 

transformation. For the preparation of the competent DH5α cells, 5 μL of bacteria glycerol stock 

stored at -20°C was inoculated into 50 mL of liquid bacteria nutrient medium LB. A bacteria flask 

was agitated in the shaker at 37 °C. Bacteria growth was carefully monitored and OD600 value was 

measured using spectrophotometer NanoPhotometer® N60. OD600 is an arbitrary value that helps 

to determine the cell growth stage and is an abbreviation indicating the optical density of a sample 

measured at a wavelength of 600 nm. When OD600 value reached a range of 0.3-0.4, 25 mL of the 

bacterial culture were aliquoted and kept on ice for 20 min. This was followed by centrifugation 

at 6000 × g for 5 min. The supernatant was discarded, and the pellets were resuspended in 12.5 

mL of 50 mM CaCl2 precooled to 4 °C, and left on ice for the following 20 min. After 20 min cells 
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were centrifuged again for 5 min at 6000 × g. The supernatant was discarded, and the pellets were 

resuspended in 2.5 mL of solution for the preparation of chemocompetent cells and left on ice 

overnight. The following day, 200 μL of the prepared bacteria were aliquoted into sterile tubes and 

stored in a freezer at -80 °C. 

 

3.2.3. DH5α transformation 

 The transformation of chemocompetent bacterial cells by heat shock was performed by 

adding approximately 100 ng of plasmid DNA to a 50 μL aliquot of bacterial cells followed by 

incubation for at least 5 min on ice, which enabled DNA adsorption to the bacterial cell surface. 

After this step, a heat shock was induced for 2 min at 42°C, which caused the introduction of 

foreign DNA into bacterial cells. The bacteria and DNA mixture was put back on ice for additional 

10 min. Next, 100 μL of liquid nutrient LB medium without antibiotics was added in a sterile tube 

with transformed cells and incubated at 37 °C for 1 h with agitation. During the incubation time 

antibiotic resistant proteins encoded from the plasmid backbone were generated. The entire volume 

of the transformed bacterial mixture was plated on 10 cm LB agar plates with an antibiotic. LB 

agar plates that contained either ampicillin (for the transformation of the plasmids containing an 

ampicillin resistance gene sequence) or kanamycin (for the transformation of the plasmids 

containing a kanamycin resistance gene sequence) were used. After overnight incubation at 37 °C 

individual colonies were obtained. To isolate plasmid DNA, a few individual colonies were 

isolated and grown in liquid nutrient medium LB with a suitable antibiotic, placed in a shaker at 

37 °C overnight with agitation for the promotion of bacterial growth. The following steps are 

described in chapter 3.2.4. After successful transformation, an aliquot of transformed bacterial 

cells was mixed with a 50% (v/v) aqueous solution of glycerol in a 1:1 ratio. In this way, the 

transformed bacteria were stored for a longer time at -20 °C. 

 

3.2.4. Isolation of plasmid DNA 

 Plasmid DNA was isolated using commercial kits according to the manufacturer's 

instructions. After isolation, the concentration of plasmid DNA was determined, and sample was 
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verified on gel electrophoresis by comparison of the molecular weight of the isolated plasmid with 

the molecular weight of the original plasmid. 

 

3.2.4.1. DNA plasmid preparation 
 For a large-scale plasmid production in DH5α cells, cells were grown in 400 mL LB 

medium overnight at 37°C with agitation. Overnight bacterial culture was harvested by 

centrifuging at 6000 x g for 15 min at 4°C. Plasmid DNA was isolated using Qiagen Maxi prep or 

NucleoBond PC500 kit according to the manufacturer's instructions. Briefly, DH5α which 

produced the plasmid of interest were resuspended, lysed, and neutralized using the appropriate 

buffers. Cell lysate was cleared by centrifugation at 12 000 x g and DNA was bound on QIAGEN 

or NucleoBand columns. The plasmid DNA was washed and eluted from the column using the 

provided elution buffer and precipitated using 2-isopropanol. Precipitated DNA was pelleted by 

centrifugation at 12 000 x g for 45 min at 4°C, and supernatant as removed. Precipitated DNA 

pellet was washed in sterile 70% ethanol, centrifugated for additional 10 min at 16 000 x g, after 

which ethanol was removed. Air-dry pellet of ultrapure DNA was diluted in a suitable amount of 

nuclease-free water or TE buffer (pH 8.0), depending on the storage length. To produce a smaller 

amount of plasmid DNA NucleoBond PC100 Midi prep kit and Wizard Plus SV Mini prep kit 

were used according to the manufacturer's instructions. Bacterial cells were grown in 100 mL 

(Midi prep) or 20 mL (Mini prep) LB medium overnight at 37°C with agitation. 

 

3.2.4.2. Measuring of DNA concentration 

 The concentration of plasmid DNA was determined using a NanoPhotometer® N60 

spectrophotometer. As a blank 1 μL of DNA elution solution (nuclease-free water or TE elution 

buffer) was used, while 1 μL of sample was used to determine the concentration of nucleic acids. 

The concentration was determined by measuring the absorbance at 260 nm, the wavelength at 

which nucleic acids absorb UV light. The purity of the sample was verified by measuring the 

absorbance ratio at 260 and 280 nm, and 260 and 230 nm (A260/A280 and A260/A230). The A260/A280 

value for pure DNA is about 1.8. If the A260/A230 value is from 2.0 to 2.2, it is considered that the 

nucleic acids are sufficiently pure.  
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3.2.5. Horizontal gel electrophoresis  

 An agarose gel for separation of nucleic acids was prepared by dissolving agarose in 

TAE buffer by heating in a microwave oven. When agarose was completely dissolved in the buffer 

the nucleic acid detection dye Midori Green was added. Depending on the size of the plasmid or 

the PCR products that were subjected to a separation with electrophoresis, different density gels 

(1% - 2%) were used. Samples were prepared by mixing with 5x gel loading buffer. A DNA ladder 

marker was loaded to determine molecular weights of nucleic acids. Electrophoresis was 

performed in a Wide Mini-Sub Cell GT or Sub-Cell GT device, filled with 1x TAE buffer at a 

constant voltage 120 V. 

 

3.3. Cell culture 

 All cell culture work was carried out in a HEPA-filtered laminar flow hood under sterile 

conditions. Surface was wiped clean with 70% ethanol, while the interior and contents were 

sterilized using UV lamp for 15 min prior and after work. 

3.3.1. Cell lines  

 All cell lines used for this doctoral thesis are indicated and listed in Table 17. All of them 

are adherent cell lines grown in vitro until complete confluence. Cell lines were grown in a 

humidified air at constant conditions of 37 °C and 5% CO2 in a cell incubator. 

 

Table 17. Cell lines used for this doctoral study 

Cell line ATCC® Properties 
HEK-293 CRL-1573™ Adenovirus-immortalized human embryonic 

kidney cell line 
E6AP-null HEK-293 / CRISPR/Cas9 gRNA-mediated E6AP-null HEK-

293 cell line 
HeLa CCL-2™ HPV-18 positive cervical adenocarcinoma cell 

line 
CaSki CRM-CRL-1550™ HPV-16 positive advanced cervical carcinoma 

epidermoid cell line 
C33A HTB-31™ HPV-negative cervical carcinoma cell line 
HT1080 8 E6 / Fibrosarcoma epithelial cells stably expressing 

HPV-8 E6 
H1299 CRL-5803™ Metastasis of small lung cancer cells 
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HEK293 cells and CRISPR/Cas9 gRNA-mediated E6AP-null HEK-293 cells were used 

in overexpression assays, immunoprecipitations, GST pull-down assays, protein fractionation 

assays, as well as cellular proliferation assays. CaSki, HeLa and HPV-8 E6 expressing HT1080 

cells were used for siRNA silencing, half-life experiments, immunofluorescence and cellular 

migration assays. H1299 cell line was used in immunofluorescence experiments. C33A cells were 

used for the co-immunoprecipitation experiment. 

 

3.3.2. Maintenance of cell lines 

 For cells in culture, DMEM medium was changed every two to three days. Cells were 

passaged when they were ≥ 80% confluent using trypsinization. First, DMEM was removed by 

aspiration, and afterwards cells were washed with PBS. After PBS removal, 1mL/10 cm tissue 

culture dish of trypsin/EDTA solution was added and cells were incubated for 1-5 min at 37°C, 

which was sufficient for cells to be detached completely from the dish bottom. Trypsin/EDTA was 

inactivated by adding 5 mL of fresh DMEM complete media. Media was pipetted gently up and 

down to allow breakage of formed cell clusters. If cells were intended to be kept in culture, the 

appropriate volume of cells needed for 1:10 dilution was transferred into new tissue culture dish 

and supplement with a fresh DMEM medium. Transferred cells were distributed evenly by shaking 

the dish back and forth, and then placed in the incubator at 37 °C and 5% CO2. Cells were counted, 

if intended to be seeded for further experiments.  

 

3.3.3. Cell counting 

 A Neubauer chamber was used to count cells after the trypsinization. Trypsinized cells 

were resuspended in 5 mL of DMEM medium and 10 µL of cell suspension was applied to the cell 

counting chamber below the cover slip. The cells were counted in a total of 4 quadrants. The total 

number of cells per milliliter was counted according to the formula: 

 

Cell	number/mL = !"#$%&	()	*+,*",+-%.	*%,,/	0	.1,"-1(!	)+*-(&	
!"#$%&	()	*("!-%.	2"+.&+!-/

 x 104 
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 Cells were also counted by using CellDrop FL, fluorescence cell counter. Ten µL of 

trypsinized cells previously resuspended in 5 mL of DMEM medium were pipetted into the 

counting chamber of a spectrophotometer device, where they were counted and analyzed.  

 

3.3.4. Freezing and thawing cells 

 Prior to freezing, cells were washed twice with PBS and treated with trypsin. 

Trypsin was inactivated by adding 5 mL of DMEM complete medium in which cells were 

resuspended and transferred to a sterile 15 mL conical tube. Conical tubes with cells were 

centrifuged for 4 min at 4°C and 300 × g, after which residual medium was removed. The cell 

pellet was resuspended in 1 mL of cryoprotective nutrient medium for cell freezing (FBS with 

10% (v/v) DMSO). The cells were transferred into cryoprotective tubes for freezing, placed in a 

freezing container and stored in a freezer on -80°C for several hours. Usage of freezing container 

provides the critical 1°C/min cooling rate required for successful cryopreservation of cells. After 

few hour cells were stored in a freezer at -80 °C for a longer period (several months at the most). 

For a long-term storage, more than a few months, cells were stored in liquid nitrogen. 

Freshly thawed cells from cryoprotective tubes were transferred into a sterile 15 mL 

conical tube with 5 mL of DMEM complete medium. The cells were centrifuged at 4 °C and 300 

× g for 4 min, the supernatant was poured off, and the cell pellet was resuspended in DMEM 

complete medium and transferred into a sterile dish. A sterile dish with thawed cells was 

supplemented with addition 5 mL of fresh DMEM medium and placed in an incubator. 

 

3.4. Cell biology 

3.4.1. Transient transfection 

 In this doctoral research several different methods of transient transfections were used. 

This included calcium phosphate transfection, as well as commercially available reagents 

Lipofectamine 200 and TurboFect.  
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3.4.1.1. Calcium phosphate transient transfection 
 A day prior to transfection 3.5x105 cells/6 cm dishes were seeded in 3 mL DMEM 

complete medium so that, at the time of transfection the following day, cell would be about 20-

30% confluent. The following day, cell media was aspirated and replaced with fresh DMEM 

complete media, and transfections were carried out in 1.5 mL tube as follows: 11 µL of CaCl2 (2.5 

M) was mixed with 95 µL of TE buffer (pH 7.6), and the specific amount of DNA depending on 

the experiment and the plasmid size. The mixture was resuspended carefully and added dropwise 

in a previously prepared 100 µL of 2x HBS in sterile 1.5 mL tubes. The final transfection mixture 

was incubated for 40-45 min at room temperature (RT) and then drop-wise added on cells. Dishes 

were gently mixed, after which were placed in the incubator. Approximately 24 h (in some 

experiments 48 or 72 h) post transfection cells were harvested for various experiments. For the 

transfection in 10 cm plates, a day prior to transfection, 7x105 cells/10 cm were seeded in 5 mL 

DMEM complete media, and transfections were carried out in 1.5 mL tubes with a doubled the 

amount of reagents that were used for the transfections in 6 cm tissue culture dishes. The following 

steps were the same as for transfections in 6 cm plates. 

 

3.4.1.2. Lipofectamine 2000 transfection 

 A day prior to transfection 7x105 cells/10 cm were seeded in 5 mL DMEM complete 

media so that the following day cells would be about 70-90% confluent. For each sample, 

transfection complexes were prepared so that DNA/lipofectamine ratio would be 1:3. In this 

manner 4-5 µg DNA were diluted in serum-free DMEM medium without added supplements to 

make 100 µL in total in the first 1.5 mL sterile tube. In the other 1.5 mL sterile tube, 8 µL of 

Lipofectamine 2000 were diluted in 100 µL of serum-free DMEM media without any supplements. 

Mixtures were incubated separately for 5 min at RT and after the incubation time they were 

combined and mixed gently by pipetting. The combined mixtures were then incubated for 20 min 

at RT and added dropwise on cells. The plates were mixed gently, after which were left in the 

incubator at 37°C and 5% CO2. The media were changed 5-6 h later when formed complexes 

already entered the cells, so DMEM medium without supplements were replaced with DMEM 

complete medium.  
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3.4.1.3. TurboFect transfection 
 Twenty-four hours before transfection with TurboFect transfection reagent 3.5x105 

cells/6 cm were seeded in 3 mL DMEM complete medium. At the time of transfection, the 

confluence of cells was 70-90%. The transfection reagent was prepared immediately before the 

transfection by diluting 6 µg of DNA in 600 µL of serum-free DMEM. DNA mixture and serum-

free DMEM were mixed gently by pipetting and 16 µL of TurboFect transfection reagent were 

added to the diluted DNA and mixed immediately by pipetting, after which it was incubated for 

15-20 min at RT. DNA/TurboFect mixture was added dropwise to each dish. The plates were 

mixed gently, and transfected cells were incubated at 37°C with 5% CO2 atmosphere in the 

incubator.  

 

3.4.2. siRNA silencing 

 Transient transfection of cells with small interfering RNA molecules (siRNA) was used 

to silence MAML1 and UBE3A genes with the method of direct silencing on adherent cells 

according to the manufacturer's instructions. A day prior to transfection 3.5x105 cells were seeded 

on 6 cm dishes and transfected the following day with ON-TARGETplus human MAML1 siRNA- 

SMARTpool (siMAML1) and ON-TARGETplus human UBE3A siRNA-SMARTpool (siE6AP), 

final concentration of used siRNA was 20 µM. Cells were collected 72 hours after transfection and 

silencing was verified by western blot analysis. siRNA against luciferase (siLuc) was used as 

control. 

 
Table 18. Small interfering RNA molecules (siRNA) used to silence MAML1 and UBE3A genes 

siRNA Name Manufacturer 
siMAML1 ON-TARGETplus human MAML1  

siRNA-SMARTpool (5 nmol) 
Dharmacon, USA 

siE6AP ON-TARGETplus Human UBE3A  
siRNA – SMARTpool (5 nmol) 

Dharmacon, USA 

siLuc Luciferase Duple (20 nmol) Dharmacon, USA 
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3.4.3. Cell migration assay 

 Simple method for monitoring cell migration is the "wound healing" assay (also known 

as the scratch assay), which is based on monitoring the dynamics by which cells cover the gap in 

the monolayer of the adherent cells. The migration of the cells towards the center is monitored 

until the wound is closed. 

3.4.3.1. Wound healing/scratch assay 

 HeLa cells were seeded on a 6-well plate (1.2 × 105) three days before the monolayer 

wound healing/scratch assay was performed, so that on the day of the experiment they were 

confluent, but still in one layer. On the day after the seeding cells, HeLa cells were transfected 

with a control siLuc, siMAML1 and siE6AP alone or in combination. After 48 h, a scratch wound 

was generated in the confluent cells with a sterile Artline p2 pipette tip (Thermo Fisher Scientific, 

USA) by making a line to remove cells from the dish bottom. The cells were washed in PBS three 

times to remove detached cells and new DMEM complete medium was added. The resulting gaps, 

or the wounds, were photographed under a microscope using a Dino-Eye digital eyepiece camera 

that was connected to a computer and DinoCapture 2.0 microscope imaging software. After an 

additional 18 h, the wounds were photographed again. The obtained images were processed to 

calculate the wound closure and gap areas. The cells were then harvested by scraping, centrifuged 

and pellets resuspended in 2x SDS buffer. MAML1, E6AP and E6 protein levels were further 

analyzed by western blotting to verify the silencing.  

 

3.4.4. Cell proliferation assay 

UptiBlue reagent is a non-toxic aqueous dye used to assess cell viability and cell 

proliferation of various cell lines. The system incorporates an oxidation-reduction indicator that 

fluoresces and changes color in response to chemical reduction of growth medium resulting from 

cell growth (metabolic activity). HEK-293 cells were seeded on 6 cm dishes (1.2 × 105), incubated 

overnight at 37°C with 5% CO2 atmosphere and transfected the following day. The cells were 

transfected with pCA plasmids expressing HPV-16 E6 and HPV-18 E6, alone or in combination 

with MAML1, E6AP or both. Twenty-four hours post transfection, the cells were detached, 

counted on CellDrop FL spectrophotometer device, and seeded at 0.5 × 104 cells per well to a final 



79 
 

volume of 100 μL in a 96-well plate and incubated for a further 48 h. Cell proliferation was 

monitored using Uptiblue reagent, so 10 µL of Uptiblue reagent solution (5% (v/v) in PBS) was 

added to the culture medium 72 h after transfection and incubated for the next 5 h in the incubator. 

The absorbance was measured at 575 nm and 590 nm on a Labsystems Multiskan MS 352 

multiwell plate reader with accompanying Ascent Software.  

 

3.4.5. Apoptosis assay  

Apoptosis was detected by staining cells with Annexin V and propidium iodide (PI) 

followed by flow cytometry analysis on a FACSCalibur flow cytometer (BD). Normal cells 

express phosphatidylserine in the inner side of the cell membrane, when the cell starts the process 

of apoptosis, phosphatidylserine becomes exposed on the cell surface. While the exposed 

phosphatidylserine is detected by Annexin V, PI stains necrotic cells, which have leaky DNA 

content. The pattern of Annexin V and PI staining differentiates apoptotic and necrotic cells. HeLa 

cells and HT1080 HPV 8 E6 cells were seeded in the concentration of 3.5 x 105 cell in 6 cm tissue 

culture dish and transfected the following day with siMAML1, siE6AP or their combination. siLuc 

was used as a control. Seventy-two hours after transfection, cells were harvested by collecting both 

the supernatant (floating apoptotic cells) and by trypsinizing the adherent cells by incubation for 

5-7 min with 0,2% EDTA in PBS to detach the cells. Cells were washed twice with PBS + 2% 

FCSB and centrifuged at 670 × g for 5 min at 4°C. Each pellet was resuspended in 400 µL of PBS+ 

2% FCSB. 100 µl of incubation buffer with 2 µl of FITC conjugated Annexin V (1 mg/ml) and 

2µl of propidium iodide (1 mg/ml) were added to the cell pellet, according to the manufacturer’s 

instructions. Three groups of control cells were used: control 1 (unstained) (400 µl of cells + 100 

µl of incubation buffer), control 2 (Annexin V only) 400 µl of cells + 100 µl of incubation buffer 

with 2 µl of Annexin (1 mg/ml) and control 3 (PI only) (400 µl of cells + 100 µl of incubation 

buffer with 2 µl of PI (1 mg/ml). Samples were examined on the FACSCalibur flow cytometer 

immediately after staining. The data were analyzed with FCS 3 Express Flow Cytometry Software. 
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3.5. Protein analysis 

3.5.1. Western blot analysis 

3.5.1.1. Protein isolation for western blot analysis 

 All steps of cell collection and protein isolation were performed on ice and in a centrifuge 

precooled to 4 °C. When fully confluent, cells for protein isolation were harvested by scrapping 

with a sterile scraper, collected and centrifuged for 4 min at 300 × g. The supernatant was discarded 

and proteins for western blot analysis were isolated from cell pellets with the addition of 2x SDS 

Laemmli protein buffer. The cell pellet from one tissue culture dish with a diameter of 10 cm was 

collected in 100 μL of SDS lysis buffer. To resuspend cell clusters the isolation procedure was 

performed on a sonicator using an ultrasonic probe with a diameter of 1 mm at an amplitude of 80 

Hz. Cell pellets were sonicated for 5 s. Proteins were stored at -80 °C until used for western blot 

analysis. 

3.5.1.2. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

 SDS-PAGE (sodium dodecyl sulfate - polyacrylamide gel electrophoresis) is the first 

step in protein analysis using the western blot method. Gels for electrophoresis were prepared as 

shown in Table 19. Preparation of gels was done in two steps. In the first step, the lower part of 

the gel, so-called the separating gel was poured between two glass slides. In the second step, the 

top portion of the gel, so-called the stacking gel was poured. The comb was placed to form wells 

during gel polymerization. The equal amounts of protein samples were loaded into wells of the 

SDS-PAGE gels (approximately 25-50 μg of the total proteins were loaded), along with molecular 

weight protein marker. Electrophoresis was carried out in an omniPAGE vertical electrophoresis 

system with SDS-PAGE running buffer. The samples migrated for approximately 30 min at a 

voltage of 100 V in the stacking gel after which the voltage was increased to 120 V.  

Table 19. Polyacrylamide gels composition 

Separating gel 7.5% 10% Stacking gel 4% 
dH2O 4.7 3.8 dH2O 3.7 
1.5 M Tris-HCl pH 6.8 3 3 1.5MTris-HCl pH 6.8 0.65 
30% Acrylamide 2.6 3.5 30% Acrylamide 0.8 
10% SDS 0.1 0.1 10% SDS 0.05 
10% APS 0.15 0.07 10% APS 0.05 
TEMED 0.003  TEMED 0.005 
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3.5.1.3. Protein transfer to nitrocellulose membrane  
Nitrocellulose membrane with a pore size of 0.22 µm, 3 mm Whatmann papers and sponges 

were soaked in 1x transfer buffer prior to assembly of the transfer cassette. After SDS-PAGE, gels 

were removed from the tank into the prepared transfer cassette. WB cassette was placed into a 

transfer tank and proteins were transferred to a membrane overnight at the constant voltage of 20 

V in an omniPAGE transfer system. 

3.5.1.4. Immunoblotting 

After the protein transfer, membranes were stained with Ponceau S solution for a few 

minutes to visualize protein bands as a confirmation that the protein transfer was successful. The 

Ponceau S-stained membranes were rinsed with several washes in distilled water until membrane 

became clear from the red Ponceau staining. Membranes were blocked in 10% dry milk in PBST 

or TBST, for 30 min at 37°C with constant agitation. After blocking membranes were incubated 

with the indicated primary antibodies diluted in 10% milk in PBST or TBST (for 2h at RT or 

overnight at 4°C) with gentle agitation so that antibody was evenly distributed over the membrane. 

Membranes were washed in PBST or TBST (3 x 10 min), each with gentle rocking and then 

incubated for 1h with HRP-linked secondary antibodies (anti-rabbit 1:1000 or anti-mouse 1:1000), 

after which antibodies were washed again in 1x PBST or TBST. The signals were developed either 

with SuperSignal™ West Pico PLUS Chemiluminiscent Substrate or Amersham ECL Western 

Blotting Detection Reagents and detected by Uvitec Alliance 4.7 or Uvitec Alliance Q9 Mini 

imaging systems. If required, antibodies were detached from membrane using with 0.2 M NaOH 

solution in PBS for 20 min after which membranes were blocked in 10% dry milk and re-probed. 

 

3.5.2. Half-life experiments 

HeLa cells and HT1080 HPV-8 E6 expressing cells were transfected with siLuc - control, 

siMAML1 and siE6AP alone or in combination. Seventy-two hours later, prior to harvesting, cells 

were treated with cycloheximide which was added in fresh DMEM medium. The cells were 

harvested at different time points (0, 30, 60, 90, 120 min) and analyzed by western blot. Control 

cell were treated with DMSO. 
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3.5.3. Immunoprecipitation 

3.5.3.1. Protein isolation for the immunoprecipitation assay 

When fully confluent, cells were harvested by scrapping with a sterile scraper, collected 

in a sterile tube and centrifuged for 4 min at 300 × g. For the immunoprecipitation analysis using 

anti-FLAG and anti-HA agarose beads proteins were isolated from the cell pellet using a 300 µL 

of precooled E1A lysis buffer with added protease inhibitors that enabled the preservation of the 

protein interactions. Protease inhibitor Cocktail Set I was added to the isolated proteins in 1:100 

dilution. For the co-immunoprecipitation assay using magnetic beads, proteins were isolated from 

the cell pellet using a 300 µL of a low salt dilution buffer (LSD). 

Cell pellets were resuspended on ice and collected protein samples were subjected to 

sonification, using an ultrasonic probe with a diameter of 1 mm at an amplitude of 80 Hz for 1 sec. 

After the sonification, samples were left on ice for 20 min and protein isolation was obtained by 

centrifugation for 20 min at 16,000 × g. After the centrifugation proteins were isolated in the 

supernatant, which was then transferred to a new sterile tube and could be stored at -80 °C or used 

immediately for co-immunoprecipitation assay. 

3.5.3.2. Immunoprecipitation using anti-FLAG and anti-HA agarose beads 

 Some of the immunoprecipitation experiments were performed using anti-FLAG agarose 

beads, while in the other experiments anti-HA agarose beads were used. Twenty μL of resuspended 

agarose beads were washed three times with 1 mL of E1A buffer followed by a centrifugation for 

4 min at 300 × g between each wash. This step is used to equilibrate the beads in the 

immunoprecipitation buffer, whereby the agarose resin remains as the precipitate, and the 

remaining supernatant was discarded by aspiration. Protein lysates isolated as described previously 

(chapter 3.5.3.1.) were mixed with prewashed anti-FLAG or anti-HA agarose beads. Ten percent 

(v/v) of protein lysates were collected as an input for each sample. Inputs were transferred to a 

new 1.5 mL tube, mixed with 30 μL of 2x SDS Laemmli lysis buffer, boiled for 10 min at 95°C 

and stored in a freezer at -80°C until the samples were used for SDS-PAGE and western blot 

analysis. Meanwhile, tubes with agarose beads mixed with protein lysates were incubated on a 

rotating wheel for 2h at RT or overnight at 4 °C. This was followed by centrifugation for 4 min at 

300 × g to pellet the beads. The precipitated immunocomplexes on beads were washed three times 

with 1 mL of E1A buffer, and centrifuged for 4 min at 300 × g, between each wash. After the third 
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wash, supernatant was completely discarded and 40 μL 2x SDS Laemmli lysis buffer was added 

to each sample, and gently pipetted to resuspend the agarose beads. The samples were heated for 

10 min at 95 °C and separated on and SDS-page together with input samples. 

3.5.3.3. Immunoprecipitation using magnetic beads 

 C33A cells were transfected with pXJ41-FLAG or pXJ41:16E6-FLAG plasmid and 

harvested 48 h post transfection. Protein isolation was done as described in a chapter 3.5.3.1. For 

the co-immunoprecipitation using magnetic beads coupled to the antibody, the magnetic beads 

were first had to be bound to the anti-FLAG M5 antibody. Therefore, the beads were resuspended 

in LSD buffer by vortexing, after which 50 μL of beads were transferred into a new sterile tube. 

The beads were separated from the LSD buffer on the magnetic stand and the supernatant was 

removed by aspiration. Two μg of anti-FLAG M5 antibody diluted in 200 μL of PBS with 0.02% 

(v/v) Tween-20 was added to the beads and incubated on a shaker for 40 min at RT. Using a 

magnetic stand, the beads were separated, and the supernatant discarded by aspiration. The beads 

coupled with anti-FLAG M5 antibody were washed three times in 500 μL of LSD buffer by gentle 

pipetting and the supernatant was separated again using the magnetic stand and aspiration between 

each wash. The samples of isolated proteins for each sample were added to magnetic beads coupled 

to the anti-FLAG M5 antibody and gently resuspended by pipetting. The samples were incubated 

for 2h at RT using rotating wheel. The beads were separated on a magnetic stand and the 

supernatant was removed to a new sterile tube as an input sample to determine the binding of 

protein of interest to the antibody. The magnetic beads were washed three times using 500 μL of 

LSD buffer and separated on a magnetic stand between each wash. After the third wash, the 

supernatant was discarded, and the beads were resuspended in 100 μL of LSD buffer and 

transferred to a new sterile tube to avoid co-elution of proteins attached to the tube wall. The 

magnetic beads from the new sterile tube were separated on a magnetic stand, supernatant was 

discarded and 20 μL of elution buffer was added to the beads and heated for 10 min at 95 °C. 

Prepared samples were separated on SDS-polyacrylamide (SDS-PAGE) gel and co-precipitated 

cellular proteins were detected by western blotting with anti-MAML1 and anti-FLAG antibodies, 

as well as with anti-GAPDH-Alexa Fluor 680 which was used as a loading control. 

Immunoreactive proteins were visualized using IRDye-coupled secondary antibodies and a LI-

COR Odyssey Fc imaging system. 
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3.5.4. GST pull-down 

3.5.4.1. GST fusion protein production and purification  

DH5α Escherichia coli competent cells were transformed with GST-E6 constructs (GST-

16 E6, -18 E6, -11 E6, -8 E6 and GST-16 E6L83V, -16 E6D25N, -16 E6D25N L83V) described 

in a chapter 3.2.1. To produce GST fusion proteins, 100 µl of bacterial glycerol stock was used to 

inoculate 40 mL of LB medium with antibiotic (ampicillin antibiotic was used, depending on an 

antibiotic resistance gene in a plasmid sequence) and grown overnight at 37°C with constant 

shaking. The following day overnight the bacterial culture was transferred to a freshly prepared 

400 mL of LB medium containing ampicillin at the final concentration of 75 µg/mL and incubated 

at 37°C with shaking, until OD600 was 0.5-0.6. OD600 value was determined using a 

NanoPhotometer® N60 spectrophotometer. As a blank 1 μL of LB medium was used, while 1 μL 

of inoculated bacterial sample was used to determine OD600. At this point to the bacterial culture 

isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1mM, and the 

suspension was further incubated on a shaker at 30°C (optimal temperature to produce E6-fusion 

proteins) for additional 3-5 h. The bacterial culture was harvested for 15 min at 7000 x g. The 

supernatant was discarded, while the bacterial pellet was resuspended in 10 mL of ice-cold PBS 

with 1% (v/v) Triton X-100 and transferred to a 30 mL conical tube. The bacteria were sonicated 

using an ultrasonic probe with a diameter of 1 mm at an amplitude of 80 Hz on ice, 2 x 30 s with 

at least 30 s pause between pulses and centrifuged for 15 min at 7 000 x g. The supernatant was 

transferred to a new 15 mL tube. Meanwhile, glutathione-S-transferase agarose beads were 

rehydrated in ice-cold PBS. Prepared 300-500 µL of rehydrated beads were combined with 

bacterial supernatant and incubated overnight at 4°C on a rotating wheel. The following day, the 

beads were centrifuged at 4°C for 4 min at 825 x g and washed with ice-cold PBS with 1% (v/v) 

Triton X-100. The washing step was repeated three times. After the third wash, the supernatant 

was completely removed using a Hamilton needle and 20 µL of 2x SDS Laemmli lysis buffer was 

added on GST bound agarose beads. Samples were incubated for 10 min at 95°C. Prepared samples 

were separated on SDS-PAGE to verify the purity, molecular size and the amount of produced 

protein. This was done by staining the polyacrylamide gel with Coomassie Brilliant Blue stain. 

The amount of produced GST fusion proteins for GST-pull-down assays were balanced depending 
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on the results of stained gels. The rest of GST-fusion protein beads were resuspended in 2-3 mL 

of cold PBS with 1% (v/v) Triton X-100 and 20% (v/v) glycerol, and stored at -80°C. 

3.5.4.2. GST pull-down assay 

The pre-cleared whole cell lysates of HEK-293 cells and E6AP-KO HEK293 cells 

(transfected a day before) were collected, and proteins were extracted in modified E1A buffer, as 

described in the chapter 3.5.1.2. From the prepared protein extracts, 10% (v/v) of each sample was 

transferred in a new 1.5 mL tube to serve as an input. After preparing the inputs, an equalized 

amount of GST bound agarose beads were prepared and washed three times with E1A buffer. 

Between each wash, samples were centrifuged for 4 min at 300 x g. After the last wash, using a 

Hamilton needle, the supernatant was removed from the beads, and the beads were incubated with 

protein lysates overnight at 4°C (or 2 hours at RT) on a rotating wheel. The following day beads 

were centrifuged for 4 min at 300 x g and washed three times with E1A buffer. Using Hamilton 

needle the supernatant was again removed from the beads, followed by addition of appropriate 

amount of 2x SDS Laemmli loading buffer. The beads were resuspended well and boiled for 10 

min at 95 °C. The bound proteins were detected using SDS-PAGE and western blotting with 

appropriate antibodies.  

 

3.5.5. Cell fractionation assays  

For cell fractionation analyses, HEK-293 cells were seeded on 10 cm dishes at a density of 

7x105 prior to transfections. Twenty-four h post transfection the cells were collected by scraping 

and fractionated into 4 fractions: cytoplasmic (F1), membrane/organelle (F2), nuclear (F3) and 

cytoskeletal (F4) using the ProteoExtract Cell Fractionation Kit according to the manufacturer’s 

instructions. Cells were collected and washed carefully with cold PBS, resuspended in 600 µL of 

Wash buffer, transferred to a sterile tube, incubated 5 min on ice and centrifuged for 10 min at 300 

x g at 4°C. Cell pellets were resuspended in 300 µL of Extraction buffer I with 1.5 µL Protease 

Inhibitor Cockail set I and incubated for 10 min on ice. The suspensions were centrifugated for 10 

min at 1000 x g at 4°C and supernatants (F1) were collected in new tubes. The remaining pellets 

were resuspended in 300 µL of Extraction Buffer II with 1.5 µL Protease inhibitor Cocktail Set I 

and incubated for 10 min on ice. The suspensions were centrifuged for 10 min at 6000 x g at 4°C 
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and supernatants (F2) were collected in new tubes. Cellular pellets were then resuspended in 150 

µL of the Extraction Buffer III with 1.5 µL of Protease Inhibitor Cocktail Set I and incubated for 

10 min on ice. These were again centrifuged for 10 min at 6800 x g and 4°C, and the supernatants 

(F3) were collected in new tubes. The remaining cell pellets were resuspended in 150 µL 

Extraction Buffer IV with 1.5 µL Protease Inhibitor Cocktail set I and stored as F4. The fractions 

were analyzed by SDS-PAGE followed by western blot analysis using anti-HA antibody, anti-

MCM7 antibody (clone 141.2), anti-GAPDH antibody, anti-histone H3 antibody (clone D1H2) 

and anti-vimentin antibody (clone E5) with appropriate anti-mouse secondary antibody. 

 

3.5.6. In vitro degradation assay 

Target proteins were transcribed and translated in vitro in rabbit reticulocyte lysate using 

the TnT® Quick Coupled Transcription/Translation Systems according to the manufacturer’s 

instructions. This system provides eukaryotic cell-free protein expression and in vitro translation 

combining RNA polymerase, nucleotides, amino acids and rabbit reticulocyte lysate solution. To 

use these cell-free protein expression system, 1 μg of plasmid DNA containing a T7 promoter was 

added to an aliquot of RNA polymerase, nucleotides, amino acids and rabbit reticulocyte lysate 

mixture (TNT® T7 Master Mix) and incubated in a 50 μL reaction volume for 90 minutes at 30°C.   

 

Table 20. Reaction components for in vitro protein transcription/translation 

Components Reaction 
Rabbit reticulocyte lysate 25 μL 
TNT® Buffer 2 μL 
Amino acids (without methionine and cysteine) 1 μL 
RNA polymerase T7 1 μL 
RNAse inhibitor 1 μL 
[35S] methionine (1,000Ci/mmol)/ or [35S] cysteine 
(1,000Ci/mmol) 

1 μL 

Plasmid DNA 1 μg 
Nuclease-Free Water to a final volume of 50μl 

 

E6 translation, target protein translation (p53, DLG1, MAGI-1 and Scrib) and a control 

translation was set up. HPV-16 E6, -16E6D25N, -16E6L83V, -16E6D25N-L83V proteins were 

radiolabeled with [35S] cysteine, while their protein partners p53, DLG1, MAGI-1 and Scrib were 
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labeled with [35S] methionine. A control sample was translated using water-primed lysate (WTP) 

and radiolabeled with [35S] cysteine. 

For the analysis of transcribed/translated proteins, 2 µL aliquots were analyzed by SDS-

PAGE and autoradiography. Dried SDS-PAGE gels were quantitated by phosphorimager using 

the Cyclone Plus storage phosphor system and analyzed using the OptiQuant software.  

After the successful cell-free expression, degradation assays were performed by setting up reaction 

tubes with the samples of mutant E6 proteins (HPV-16 E6, -16E6D25N, -16E6L83V, -16E6D25N-

L83V), and combined with their target protein partners (p53, DLG1, MAGI-1 and Scrib). Based 

on the quantification, in vitro translated target proteins (p53, MAGI-1 and Scrib) were mixed at a 

ratio 1:3 with the wild type or mutant E6 proteins (in the case of DLG1 the ratio was 1:5 with E6s). 

All volumes were equalized with the water-primed lysate and incubated at 30°C. At the different 

time points (0, 30, 60 and 90 min) aliquots were collected and analyzed by SDS-PAGE and 

autoradiography. Dried SDS-PAGE gels were quantitated again by phosphorimager using the 

Cyclone Plus storage phosphor system and analyzed using the OptiQuant program.  

 

3.6. Confocal microscopy 

For the immunofluorescence assay HeLa, HT1080 8 E6 and H1299 cells were seeded on 

sterile cover slips placed in 6-well plates and transfected the following day (siRNA silencing in 

the case of HeLa and HT1080 8 E6 cells). Seventy-two hours (for H122 cell 24 h) post transfection, 

the DMEM complete medium was removed, and cells were washed with PBS. Cells were then 

fixed by using 4.7% (v/v) paraformaldehyde (PFA) solution in PBS for 20 min at RT. After fixation 

cell were washed in PBS three times, and permeabilized with PBS solution containing 0.1% (v/v) 

Triton X-100 for 5 min at RT, which was again followed by washing with PBS. After 

permeabilization, cells were incubated in PBS solution with added 0.1 M glycine for 30 min at RT 

and washed again. Fixed cells were incubated with primary antibodies diluted in PBS (1:100 

dilution) overnight at 4 °C in a humidified chamber. The next day, cells were gently washed with 

PBS three times, and incubated with fluorescently conjugated mouse or rabbit secondary 

antibodies (diluted 1:700 in PBS) for 30 min at 37°C. Final washing, after the incubation in 

secondary antibodies was done by using a distilled water, again repeating it for three times. Cover 

slips were mounted facing down on a glass slide. The mounting medium contained DAPI, a 
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fluorescent dye for the DNA labeling. Cell images were taken by Leica TCS SP8 X laser scanning 

confocal microscope equipped with an HC PL APO CS2 63×/1.40 objective with oil immersion, 

laser diode at 405 nm and a supercontinuous excitation laser with emission in the range 470-650 

nm. Secondary antibodies conjugated with fluorophores included: Rhodamine Red and Alexa 

Fluor 488 for HeLa and HT1080 8 E6 cells, and fluorescein isothiocyanate (FITC) and Alexa Fluor 

488 for H1299 cells. The excitation wavelengths and the detection wavelength range were: 490 

nm and 500-550 nm for FITC, 540nm and 570-590 nm for Rhodamine Red, 490nm and 500-

550nm for Alexa-488, 405 nm and 430-500 nm for DAPI. 

 

3.7. Statistical analysis 

All experiments were repeated at least three times and one representative result is shown 

in the figures. For the western blot experiments results were quantified by ImageJ program. E6 

band intensity was first normalized with the image background after which it was divided with the 

value of normalized β-galactosidase (LacZ), which served as transfection control. The average 

normalized relative expression of E6 of at least three experiments where E6 was transfected alone, 

was taken as control. All normalized relative expressions of E6 (transfected alone or with MAML1 

or E6AP) were expressed as fold changes in respect of the control E6. In some experiments, the 

LOG2 of these fold changes was calculated to better depict the increase or decrease in protein 

amounts. The same procedure was applied in experiments with p53, DLG1 and MAGI-1 

overexpression. Data were analyzed by GraphPad Prism or MedCalc software.  

For wound healing/scratch assay gap areas were measured using the MRI wound healing 

tool macro from ImageJ software (NIH, USA) (http://dev.mri.cnrs.fr/projects/imagej-

macros/wiki/Wound_Healing_Tool). The results were presented as a percentage of the closed area 

using GraphPad Prism. For the cell proliferation assay the results were expressed as a percentage 

of the reduced Uptiblue reagent with the indicated standard error of the mean (SEM) using 

GraphPad Prism. In vitro degradation assays were quantitated using the Cyclone Plus storage 

phosphor system and analyzed using the Opti Quant program. The mean % degradation at the end 

of each assay was calculated, taking the target protein at the initial time point (0 min) to be 100% 

degradation, with the indicated standard deviation (SD). 
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The differences and their statistical significance between groups were determined by one-

way ANOVA or Student’s T-test. P values of under 0.05 were considered significant (*), under 

0.01 very significant (**) and under 0.001 extremely statistically significant (***), which is a 

standard way of presenting results in biology if statistical significance wants to be stratified. All 

values are averages of at least three independent experiments and the standard error of the mean is 

depicted as error bars. The number of stars associated with the p-value is shown in Table 21. 

 

Table 21. The significance of the number of stars on the displayed results 

Number of stars P values 
Significant (*) <0.05 
Very significant (**) <0.01 
Extremely statistically significant (***) <0.001 
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4. RESULTS 

PART I   Oncogenic potential of naturally occurring HPV-16 E6 variants 

Many different HPV-16 E6 variants are isolated from the patiens located at various 

geographical regions. Their main characteristics are reflected in the differences in their abilities to 

cause malignant transformation of the epithelial cells. Some of these variants are more frequently 

found in cancers, implying some likely very important differences in their oncogenic potentials to 

drive malignant progression. The molecular mechanisms responsible for increased cancer risk of 

a number of HPV-16 variants are however still poorly defined. The focus of the first part of this 

doctoral research was biochemical and mechanistic analyses of three intra-type genetic variants of 

HPV-16 E6, that included HPV-16 E6 D25N, E6 L83V and E6 D25N L83V, with a purpose of 

revealing how those two amino acid mutations might be involved in cancer development.  

 

4.1.  Generation of HPV-16 E6 mutants using site-directed mutagenesis 

To address various questions related to the functions and cellular pathways modulated by 

HPV-16 E6 mutants, the first step was to generate plasmids expressing HPV-16 E6 mutants using 

site-directed mutagenesis. To create desired targeted changes in double-stranded plasmid DNA, 

specifically designed oligonucleotide primers were utilized for this purpose. The pCA:16E6D25N, 

16E6L83V, 16E6D25NL83V and pGEX-2T:16E6D25N, 16E6L83V, 16E6D25NL83V plasmids 

were constructed using pCA:16E6 and pGEX-2T:16E6 vectors as templates. pCA:16E6 plasmid 

is an expression vector with pCDNA3 backbone created by the insertion of two HA and a FLAG 

epitope into the multiple cloning site of a pcDNA3 plasmid, that contains gene sequence of the 

reference wild-type HPV-16 E6 gene. pGEX-2T vector is used for expression of GST-fusion 

proteins. The mutagenesis was done using a modified protocol of the PCR mutagenesis kit. The 

process involved using pcDNA3:16E6 and pGEX2-T:16E6 vectors and two primers designed in 

an overlapping orientation, so that their sequences contain a sequence of the desired point mutation 

which had to be incorporated in the plasmid sequence. All the constructs were verified by DNA 

sequencing and alignments are shown in Figure 14. The obtained results were analysed using 

BioEdit software to confirm if the specific nucleotide mutations occurred at the desirable locations 

in the gene sequence of pCA:16E6 and pGEX-2T:16E6 plasmids. In this way it was also verified 

that no other unspecific mutations have occurred during the mutagenesis process. 
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Figure 14. DNA sequence alignment analysis after performing site directed mutagenesis using pCA:16E6 and 

pGEX-2T:16E6 plasmids as templates. The expression vectors pCA:16E6L83V, pCA3:16E6D25N and 

pCA:16E6D25NL83V were generated through site directed mutagenesis using a pCA:16 E6 as a template. The pGEX-

2T:16E6L83V, pGEX-2T:16E6D25N and pGEX-2T:16E6D25NL83V plasmids expressing GST-16E6 variant fusion 

proteins were constructed using pGEX-2T:16E6 as a template. The constructs were verified by DNA sequencing and 

analysed using BioEdit software to confirm the specific nucleotide changes in the gene sequences of pCA:16E6 and 

pGEX-2T:16E6 plasmids (alignment analysis is not depicted). The alignments of the three newly generated mutant 

gene sequences (HPV-16 E6 D25N, 16 E6 L83V and 16 E6 D25N L83V) from the pCA:16E6 plasmid are shown. 

Arrows point towards the sites of point mutations in 16 E6 gene sequence (D25N and L83V).  

 

4.2. HPV-16 E6 D25N L83V variant exhibits increased capacity to interact with 

E6AP 

Previous studies have shown that E6AP ubiquitin ligase is a critical interacting partner of 

HPV E6 oncoproteins responsible for its protein stability and various degradatory activities 

(Tomaić, Pim, and Banks 2009a; M. Scheffner et al. 1993).  Furthermore, it was also shown that 

the intensity of the interaction between various E6 oncoproteins and E6AP may vary (Huibregtse, 

Scheffner, and Howley 1993c). Therefore, the initial aim was to investigate the potential of newly 

generated HPV-16 E6 D25N, 16 E6 L83V and 16 E6 D25N L83V mutants to interact with E6AP. 

A method employed to investigate these interactions was a GST pull-down assay, which is a well-

established technique for studying protein interactions. using GST-fusion proteins produced in 

DH5α Escherichia coli competent cells as described in Materials and Methods section. Briefly, 

confluent HEK-293 cells were lysed in E1A buffer to obtain the whole cell protein lysates that 

were then used for GST pull-down experiments with GST-fused 16 E6 oncoproteins. The GST 
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pull-down assay included GST:16E6, GST:16E6L83V, GST:16E6D25N, and 

GST:16E6D25NL83V, while GST alone was used a control. The protein complexes were 

separated on SDS-PAGE, subjected to the western blot analysis and the levels of endogenous 

E6AP bound to GST-fusion proteins were detected using anti-E6AP antibody. As shown in Figure 

15A, in this experimental setting, it was observed that all E6 mutant proteins were able to interact 

with endogenous E6AP. Interestingly, GST:16E6D25NL83V interaction with E6AP was 

decisively the strongest, followed by GST:16E6L83V, while GST:16E6D25N and GST:16 E6 

exhibited weaker, but still evident interactions (Figure 15A).  

HEK-293 cells that were used in the above-described GST pull-down assay endogenously 

express functional cellular E6AP. To undoubtedly confirm that the increased levels of the 

interaction between 16 E6 D25N L83V and E6AP observed in HEK-293 cells were indeed the 

consequence of E6/E6AP interaction, and not dependent on some other unspecific endogenous 

effects, it was necessary to include an additional cell line with impaired expression of E6AP. For 

this reason, CRISPR/Cas9 gRNA-mediated E6AP-null HEK 293 cells (E6AP knock-out; E6AP 

KO) (Thatte and Banks 2017) were included to verify the observed phenotype (Figure 15B). 

Hence, to investigate GST:16E6D25NL83V and E6AP interaction in more detail, an additional 

GST pull-down assay was performed by using HEK-293 E6AP KO cells transfected with FLAG-

tagged E6AP plasmid. Again, GST:16E6, GST:16E6L83V, GST:16E6D25N and 

GST:16E6D25NL83V fusion proteins immobilized on glutathione agarose were incubated with 

HEK-293 E6AP KO cell lysates, while GST alone was used as a control. The proteins were 

separated on SDS-PAGE and the bound complexes were further analyzed by western blotting 

using anti-FLAG antibody to detect bound ectopically expressed E6AP. The results are shown in 

Figure 15B, and clearly demonstrate the same pattern of interactions as observed in Figure 15A. 

All analyzed 16 E6 mutants formed a complex with E6AP, yet the preferred interacting partner 

was again 16 E6 D25N L83V. All of this suggests that the observed effects were due to the 

interactions between the E6 oncoproteins and E6AP, rather than being mediated by other cellular 

factors. Furthermore, it also appears that these two mutations present in the same protein have an 

impact on the strength of interaction. 
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Figure 15. HPV-16 E6 D25N L83V variant exhibits an increased capacity to interact with E6AP. (A) GST pull-

down assay was performed by incubating GST:16E6, GST:16E6L83V, GST:16E6D25N and GST:16E6D25NL83V 

fusion proteins immobilized on glutathione agarose with the whole cell lysates of HEK 293 cells. GST alone was 

included as a control. Bound complexes of E6AP and GST-fusion proteins were detected by western blot analysis 

using anti-E6AP antibody and compared to the amount of E6AP present in the input sample. (B) GST pull-down assay 

was performed by incubating GST:16E6, GST:16E6L83V, GST:16E6D25N and GST:16E6D25NL83V fusion 

proteins with the whole cell lysates of HEK 293 E6AP KO cells transfected with FLAG-tagged E6AP plasmid. GST 

alone was included as a control. Bound complexes of E6AP and GST-fusion proteins were detected by western blot 

analysis using anti-FLAG antibody and were compared to the amount of ectopically expressed FLAG-tagged E6AP 

present in the input sample. The lower membranes show the molecular weight and amounts of purified GST-fusion 

proteins visualized by Ponceau staining. 
 

4.3.  The interaction between HPV-16 E6 D25N L83V and E6AP leads to an 

increase in E6AP degradation 

Revealing of this novel interaction between 16 E6 D25N L83V and E6AP, and a 

confirming that 16 E6 D25N L83V is the preferred interacting partner provided a solid base to 

persue this research further. As previously elaborated, the stability of E6 oncoproteins strictly 

depends on the presence of E6AP (Tomaić, Pim, and Banks 2009a), which is necessary for 

maintaing the optimal E6 proteins levels required for various E6 cellular activities (Miranda 

Thomas et al. 2013b). Interestingly, one of the consequences of this interaction is increased 

polyubiquitination of E6AP, which ultimately triggers its degradation.  
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After conducting the binding experiments and observing differences in the interaction 

capacity of the panel of 16 E6 mutants with E6AP, the next step was to perform a degradation 

assay to determine whether the stronger E6/E6AP interaction might also results in a an increased 

capacity to change E6AP turnover and subsequent E6-mediated E6AP degradation. To address 

this, HEK-293 E6AP KO were co-transfected with FLAG-tagged E6AP and HA-tagged wild type 

16 E6, as well as with HA-tagged 16 E6 D25N, 16 E6 L83V and 16 E6 D25N L83V mutants 

(Figure 16). To investigate whether the expression levels of E6AP protein turnover is dependent 

on the concentration of E6 oncoprotein, varying amounts of 16 E6 plasmids (3 and 5 µg/µL) were 

transfected into cells. After 24 hours the cells were harvested, and the cell lysates were analysed 

by SDS-PAGE and western blotting using anti-FLAG antibody to detect E6AP. As can be seen 

from Figure 16, the obtained result demonstrates that the highest capacity to change E6AP 

turnover of ectopically expressed FLAG-E6AP is observed in the presence of HPV-16 E6 D25N 

L83V variant, compared with either 16 E6 prototype or D25N and L83V E6 variants.  

 
 

 

 Figure 16. HPV-16 E6 D25N L83V variant exhibits an increased capacity to induce E6AP degradation. HEK-

293 E6AP KO were transfected with FLAG-tagged E6AP alone or in combination with HA-tagged wild type 16 E6, 

HA-tagged 16 E6 D25N, 16 E6 L83V and 16 E6 D25N L83V (3 and 5 µg/µL plasmid concentrations). After 24 hours 

the cells were harvested, proteins isolated and analysed by SDS-PAGE and western blotting.  Anti-FLAG antibody 

was used to detect E6AP, while β-galactosidase (LacZ) was used as control to monitor transfection efficiency and 

loading.  
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Moreover, it was also found that the degree of E6AP degradation was dependent on the 

concentration of ectopically expressed E6 proteins. In all the samples, the increase in E6 

concentration led to a more efficient degradation of E6AP. Interestingly, the highest degree of 

E6AP degradation was observed in cells co-transfected with E6AP and 5 µg/µL of 16 E6 D25N 

L83V. This result is consistent with the results from the GST pull-down assays, clearly indicating 

that HPV-16 E6 D25N L83V variant exhibits the strongest interaction with E6AP, which is further 

reflected in the increased levels of E6AP degradation. Furthermore, the result also suggests that 

both D25N and L83V mutant induced E6AP degradation was somewhat less effective, possibly 

due to their decreased binding capacities observed from the GST pull-down assays. 

 

4.4.  HPV-16 E6 D25N L83V is rapidly turned over at the proteasome 

Furthermore, after finding that 16 E6 D25N L83V mutant exhibits the strongest interaction 

with E6AP, in comparison with wild-type 16 E6 and the corresponding mutants, which 

consequently impacts the degree of E6AP protein turnover, the following step was to assess how 

this might reflect upon 16 E6 protein stability. To address this, HEK-293 cells were transfected 

with a plasmid expressing either HA-tagged wild type 16 E6 or HA-tagged 16 E6 D25N, E6 L83V 

and E6 D25N L83V mutants.  After 24 hours cells were harvested, isolated proteins separated on 

SDS-PAGE and analyzed by western blotting. E6 protein levels were detected with HRP-

conjugated anti-HA antibody, while anti-β-galactosidase (LacZ) was used as a control to monitor 

transfection efficiency and loading. Figure 17A illustrates that the protein levels of 16 E6 D25N 

L83V were increased in comparison to both wild type 16 E6 and the other analyzed mutants. 

Interestingly, it was also noticed that the 16 E6 D25N mutant is less stable when overexpressed in 

HEK-293 cells, which suggests that possibly the L83V mutation in combination with D25N 

mutation might be responsible for the increased E6 protein stability. 

The following step was to assess if the observed increased stability of D25N L83V mutant 

reflects its protein turnover. To assess this, cycloheximide chase assay was performed to examine 

the double mutant half-life. HEK-293 cells were transfected with plasmids expressing HA-tagged 

wild type 16 E6 or HA-tagged 16 E6 D25N L83V mutant. Twenty-four hours post transfection 

protein synthesis was blocked by the cycloheximide inhibitor to determine the rate of E6 protein 

turnover in a cellular condition when novel protein synthesis is abolished. The cells were collected 
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at different time points (0, 30, 60 and 90 min), isolated proteins were separated on SDS-PAGE and 

detected by western blot analysis using HRP-conjugated anti-HA antibody to detect wild-type 16 

E6 and the mutant forms.  

 

 
 

Figure 17. HPV-16 E6 D25N L83V exhibits higher protein levels, but shorter protein half-life. (A) HEK-293 

cells were transfected with either HA-tagged wild type HPV-16 E6 or HA-tagged 16 E6 D25N, E6 L83V and E6 

D25N L83V mutants. After 24 hours cells were harvested, proteins isolated and cell lysates separated on SDS-PAGE 

and analyzed by western blotting. E6 protein levels were detected with HRP-conjugated anti-HA antibody, while anti-

β-galactosidase (LacZ) was used as control to monitor transfection efficiency and loading. (B) HEK-293 cells were 

transfected with either HA-tagged wild-type 16 E6 or HA-tagged 16 E6 D25N L83V expression plasmids. Twenty-

four hours post transfection cells were treated with cycloheximide inhibitor and harvested at indicated time points (0, 

30, 60 and 90 min). Cell lysates were subjected to SDS-PAGE and western blot analysis. E6 expression levels were 

detected by HRP-conjugated anti-HA antibody, while β-galactosidase (LacZ) was used as control to monitor 

transfection efficiency and loading.  

As indicated in Figure 17B,  the half-life of  wild-type 16 E6 started to decrease around 90 

min time point, which is in agreement with previously reported results (Tomaić, Pim, and Banks 

2009a; Androphy et al. 1987). Interestingly, under the same conditions 16 E6 D25N L83V 

exhibited a shorter half-life, with the protein levels of 16 E6 D25N L83V at 90 min time point 

being lower than the protein levels of wild-type 16 E6 (Figure 17B). From the presented 

experiment it can be concluded that although overall protein stability is likely to be higher for 16 

E6 D25N L83V double mutant, its rate of protein turnover seems to be faster in the comparison to 

the wild-type 16 E6 oncoprotein. Hence, it seems that those observed changes in protein stability 
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and protein turnover between wild-type HPV-16 E6 and HPV-16 E6 D25N L83V are presumably 

linked to the two newly introduced mutations. Furthermore, possibilities that the mutations might 

also have an impact on E6 transcript levels or have an impact on E6 post-translational 

modifications cannot be excluded. 

 

4.5. D25N and L83V mutations in HPV-16 E6 do not affect its cellular localization  

 
Since protein interaction and degradation assays indicated that D25N and L83V 

mutations have an impact on 16 E6 association with E6AP, which subsequently affects their 

protein turnover, the following step was to determine if those mutations might also alter E6 

oncoprotein cellular localization. In particular, the experiments included monitoring of the cellular 

localization of ectopically expressed wild-type HPV-16 E6 and the corresponding 16E6 mutants. 

H1299 cells were transfected with plasmids expressing either FLAG-tagged wild type 16 E6 or 

FLAG-tagged 16 E6 D25N, E6 L83V and E6 D25N L83V mutants. Twenty-four hours post 

transfection the cells were fixed and immunostained with primary anti-FLAG antibody and anti-

mouse secondary antibody conjugated to Alexa Fluor 488 to detect E6s localization by using laser 

scanning confocal microscopy. As depicted in Figure 18, cellular localization of wild-type 16 E6, 

16 E6 D25N, 16 E6 L83V and 16 E6 D25N L83V mutants showed similar distribution patterns, 

with predominant localization in the nucleus and a diffused distribution in the cytoplasm.  

Since there are no available cell lines that endogenously express the corresponding 16 

E6 mutants, an overexpression assay had to be conducted to determine cellular localization of the 

mutants. In this experimental setting there were no obvious differences in their cellular 

localization, suggesting that different oncogenic potential between the mutants is likely to be 

manifested through other mechanisms, independently of their cellular localization.  
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Figure. 18. Cellular localization of ectopically expressed wild-type HPV-16 E6, 16 E6 L83V, D25N and D25N 

L83V oncoproteins. H1299 cells were transfected with HA- and FLAG- tagged plasmids expressing either wild-type 

16 E6 or E6 D25N, E6 L83V and E6 D25N L83V mutants. Twenty-four hours post transfection the cells were fixed 

and stained with anti-FLAG antibody and secondary anti-mouse antibody conjugated to Alexa Fluor 488 to visualize 

16 E6 using laser scanning confocal microscopy. Three representative images for wild-type 16 E6 and each 

corresponding mutant are shown. Scale bars = 10 µm. 
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4.5. HPV-16 E6 and the corresponding mutants efficiently degrade p53 and PDZ-

domain containing substrates in vitro 

The focus of in vitro degradation assays was to assess the capacity of the 16 E6 mutants to 

target and degrade some of the main E6 cellular target proteins, that included p53 tumor suppressor 

and PDZ-domain containing substrates. Wild-type 16 E6 and the corresponding mutants were 

transcribed and translated in vitro as described in Materials and Methods section and incubated at 

30°C for the indicated time points with in vitro translated p53, MAGI-1, DLG1 and Scrib proteins. 

For each of those analyzed target proteins, previous reports have shown to be degraded by 16 E6 

under these in vitro conditions (Gardiol et al. 1999; M. Thomas et al. 2001; Miranda Thomas et al. 

2005). Following in vitro translation/transcription, incubated proteins were separated on SDS-

PAGE, after which the gel was dried and the remaining protein levels were assessed by 

autoradiography. The presented results of the quantifications represent the mean percentage of at 

least two assays per target protein, including p53, MAGI-1, DLG1 and Scrib. 

The remaining levels of p53 were detected in the experimental conditions when p53 was 

translated alone and in the conditions when p53 was incubated with wild-type 16 E6 and the 

corresponding mutants. Previous research have shown that p53 starts to be degraded by E6 within 

30 to 60 minutes of incubation (Tsvetkov et al. 2009), therefore, these time points were chosen for 

p53 degradation analysis in the presence of 16 E6s constructs (Figure 19A).  The quantification 

analysis of the obtained blots determined that all included 16 E6s were efficient in degrading p53 

with similar capacities. The percentage of p53 amount which remained after 60 min incubation 

with wild-type 16 E6 was 51.30%, with 16 E6 D25N 50.82%, 16 E6 L83V 36.48% and with 16 

E6 D25N L83V 51.38% (Figure 19B). From the multiple experiments it is noticeable that 16 E6 

D25N and 16 E6 D25N L83V were as efficient as wild type 16 E6 in inducing p53 degradation, 

while 16 E6 L83V mutant demonstrated a slightly increased capacity to target p53 for a proteasome 

mediated degradation. The quantification values of three independent experiments at the later 

degradation time point (60 min) were included in the statistical analysis performed by MedCalc 

software and depicted as a box and whisker plot (Figure 19C). Statistically significant increases 

in p53 degradation were observed when the amount of translated p53 alone was compared with 

the remaining amounts of p53 incubated with wild-type 16 E6 or E6 D25N, E6 L83V, and E6 

D25N L83V mutants. However, there were no statistically significant differences between wild-

type 16 E6 and 16 E6 mutants in their ability to induce p53 degradation. Hence, in the experimental 
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settings of in vitro assay, it appears that there were no marked changes between evaluated 16 E6s 

constructs and their abilities to target p53 for a proteosome mediated degradation, suggesting that 

the introduced mutations did not have an impact on 16 E6 function to target p53.  

 

 

Figure 19. HPV-16 E6 wild-type and the corresponding 16 E6 D25N, 16 E6 L83V and 16 E6 D25N L83V 

mutants efficiently degrade p53 in vitro. (A) Equal amounts of in vitro translated p53 were mixed with 3x of the 

amount of wild-type 16 E6 and the corresponding 16 E6 D25N, 16 E6 L83V and 16 E6 D25N L83V mutants. E6 

inputs are shown on the right panel. At the indicated time points (30 and 60 min) the samples were removed from the 

incubation at 30°C and analysed by SDS-PAGE and autoradiography. (B) The protein levels were quantitated by a 

phosphorimager and the mean percentage of p53 amount at the end of each assay was calculated, taking the sample 

with p53 at 0 min time point to be 100%. The results shown in a form of column graphs represent the mean percentage 

of p53 amount of at least 3 independent assays. (C) Statistical analysis performed by MedCalc software is depicted as 

a box and whisker plot, along with standard error indicated as a bar. Significance was determined performing ANOVA 

test including quantification values of three independent experiments at the later degradation time point (60 min) with 

p<0.05 taken as significant and p<0.01 taken as very significant (marked with ** above the bar). 
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The time points for evaluating MAGI-1 degradation in presence of 16 E6s were 15 and 30 

min, due to previous research which showed the time period in which MAGI-1 gets efficiently 

degraded by E6 (M. Thomas et al. 2001; Miranda Thomas et al. 2005). Again, the levels of 

degradation were not detected in the experimental conditions when MAGI-1 was translated alone, 

but only in the samples in which wild-type 16 E6 and the corresponding mutants were introduced 

into the reaction mixture (Figure 20A). The obtained quantification analysis of MAGI-1 

degradation revealed similar results as in the case with p53 degradation, where there was no major 

difference observed in the degradatory capacity of HPV-16 E6 D25N, 16 E6 L83V and 16 E6 

D25N L83V mutants in comparison to wild-type 16 E6 (Figure 20A and 20B). The percentage of 

MAGI-1 amount which remained at 30 min time point with wild-type 16 E6 was 64.17%, with 16 

E6 D25N 73.10%, with 16 E6 L83V 59.51% and with 16 E6 D25N L83V 67.77%, indicating that 

all evaluated 16 E6 constructs induced MAGI-1 degradation with similar capacities (Figure 20A 

and 20B). However, from the multiple experiment data it is noticeable that16 E6 L83V mutant 

exhibited a slightly increased capacity to target MAGI-1 for a proteasome mediated degradation.  

The quantification values of two independent experiments at the later degradation time 

point (30 min) was included in statistical analysis and depicted as a box and whisker plot (Figure 

20C) and the significance was determined by ANOVA test. Comparing the levels of translated 

MAGI-1 at 30 min time point, with MAGI-1 degradation rates when incubated with either wild 

type 16 E6 or E6 D25N, E6 L83V and E6 D25N L83V mutants, showed a statistically significant 

increase in the degradation of MAGI-1. Yet, there was no statistically significant difference 

between the wild-type 16 E6 and 16 E6 mutants in their abilities to induce the degradation of 

MAGI-1. Overall, even though there were no statistically significant differences between the 

mutants in MAGI-1 degradation, 16 E6 L83V mutant appeared to be the most effective. This result 

correlates with the previous result of in vitro degradation of p53, where 16 E6 L83V was also the 

most efficient in the target degradation, suggesting the potential importance of this point mutation 

for E6 ability to target MAGI-1 (Figure 19). It is worth noting that the 16 E6 D25N mutant showed 

a slightly weaker ability to target MAGI-1 for proteasome-mediated degradation, similar to its 

effect on p53. This suggests that the D25N mutation in 16 E6 could be responsible for this effect. 
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Figure 20. HPV-16 E6 D25N, E6 L83V and E6 D25N L83V variants efficiently degrade MAGI-1 in vitro. (A) 

Equal amounts of the in vitro translated MAGI-1 were mixed with 3x the amount of the wild-type or 16 E6 mutant 

oncoproteins. E6 inputs are shown on the right panel. At the time points of 15 and 30 min samples were removed from 

the incubation at 30°C and analysed by SDS-PAGE and autoradiography. (B) The SDS-PAGE gels were quantitated 

by phosphorimager analysis, and the mean percentage of MAGI-1 amount at the end of each assay was calculated, 

taking the sample with MAGI-1 at initial time point (0 min) to be 100% degradation. The result shown in a form of 

column graphs represent a mean percentage of two degradation assays. (C) Statistical analysis performed by MedCalc 

software is depicted as a box and whisker plot. The significance was determined by performing ANOVA test and 

includes quantification values of two independent experiments at the later degradation time point (30 min) with p<0.05 

taken as significant (marked with *).  

In addition, an in vitro degradation assay was conducted also including DLG1. The time 

points selected for analyzing the degradation of DLG1 were 60 and 120 min, based on previous 

research which showed that DLG1 starts to be degraded during this time period (Gardiol et al. 

1999). It can be seen from Figure 21A that neither one of the 16 E6 mutants was as efficient as 

the wild-type in inducing the degradation of DLG1. The percentage amount of DLG1 remaining 

after 120 min incubation with wild-type 16 E6 was 72.91%, with 16 E6 D25N 90.08%, with 16 

E6 L83V 81.28% and with 16 E6 D25N L83V 91.39% (Figure 21B). Based on the statistical 

analysis (Figure 21C), all examined 16 E6 constructs induced DLG1 degradation with similar 
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intensities, but without statistically significant differences among them and even regarding to the 

percentage of DLG1 amount when DLG1 was translated alone. Interestingly, similar as for p53 

and MAGI-1 degradation, it appears that the 16 E6 D25N mutant exhibited somewhat weaker 

capacity to target DLG1 for proteasome mediated degradation, which could be a consequence of 

this specific mutation.  

 

 
Figure 21. HPV-16 E6 D25N, E6 L83V and E6 D25N L83V variants efficiently degrade DLG1 in vitro. (A) Equal 

amounts of in vitro translated DLG1 were mixed with 5x the amount of the wild type or 16 E6 mutant oncoproteins. 

E6 inputs are shown on the right panel. At the time point of 60 and 120 min samples were removed from the incubation 

at 30°C and analysed by SDS-PAGE and autoradiography. (B) The SDS-PAGE gels were quantitated by 

phosphorimager analysis and the mean percentage of the amount of DLG1 at the end of each assay was calculated, 

taking the sample with DLG1 at the initial time point (0 min) to be 100%. The result shown in a form of column 

graphs represent a mean percentage of DLG1 amount of two degradation assays. (C) Statistical analysis performed by 

MedCalc software is depicted as a box and whisker plot. The significance was determined performing both ANOVA 

and Student’s T-test and includes quantification values of two independent experiments at the later degradation time 

point (120 min). p<0.05 was taken as a significant. 

Furthermore, Scrib susceptibility for 16 E6 and 16 E6 D25N L83V mediated degradation 

was also evaluated. The time points for analysing Scrib in vitro degradation were 60 and 120 min. 

The percentage of Scrib amount which remained after 120 min of incubation with the wild-type 
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16 E6 was 31%, while with 16 E6 D25N L83V mutant it was 55% (Figures 22A and 22B). Those 

quantification data clearly suggest that in this experimental setting wild-type 16 E6 showed greater 

efficiency in degrading Scrib. Statistically significant differences were observed when the 

degradation rate of Scrib translated alone at the 120 min time point was compared with the 

degradation rate of Scrib translated with either wild type 16 E6 or E6 D25N L83V mutant (Figure 

22C). However, no significant difference was detected between the wild type 16 E6 and D25N 

L83V mutant. This pattern of Scrib degradation was similar to that observed with the other 

investigated PDZ-domain containing substrates, suggesting that in this experimental setting the 

double mutation did not significantly affect E6’s ability to target Scrib. 

 

 
Figure 22. HPV 16 E6 wild-type and E6 D25N L83V variant efficiently degrade Scrib in vitro. (A) Equal amounts 

of in vitro translated Scrib were mixed with 3x the amount of the wild-type or 16 E6 D25N L83V. E6 inputs are shown 

on the right panel. At the time points of 60 and 120 min samples were removed from the incubation at 30°C and 

analysed by SDS-PAGE and autoradiography. (B) The SDS-PAGE gels were quantitated by phosphorimager analysis 

and the mean percentage of Scrib amount remaining at the end of each assay was calculated, taking the Scrib amount 

at the initial time point (0 min) to be 100%. The result shown in a form of column graph represent a mean percentage 

of Scrib amount of three degradation assays. (C) Statistical analysis performed by MedCalc software is depicted as a 

box and whisker plot. The significance was determined by ANOVA test and includes quantification values of three 

independent experiments at the later degradation time point (120 min) with p<0.05 taken as a significant (marked with 

* above the bar).  
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Taking this together, the conclusion imposed after performing those in vitro degradation 

assays including p53, MAGI-1, DLG1 and Scrib as targets, is that no statistically significant 

difference among targets’ degradation was seen for neither of the tested mutants. Even though 

there was no statistical significance, wild-type 16 E6 and E6 L83V mutant showed a trend of the 

increased capacity to target p53 and PDZ-domain containing substrates for the proteasomal 

degradation, while E6 D25N mutant degraded the target proteins with the lowest capacity.  

Therefore, the following step was to additionally verify these observations in cultured HEK-293 

cell to establish potential differences regarding p53, MAGI-1 and DLG1 degradation under 

experimental settings of overexpression assay.  

 

4.6. HPV-16 E6 and the corresponding mutants efficiently degrade p53 in cultured 

cells 

After performing a panel of in vitro degradation assays which included the E6 constructs, 

p53 and PDZ-domain containing substrates, similar degradation assays were performed in cultured 

cells. HEK293 cells were co-transfected with FLAG-tagged p53 expression plasmid and plasmids 

expressing either the HA-tagged wild-type 16 E6 or HA-tagged 16 E6 D25N, E6 L83V and E6 

D25N L83V mutants. After performing western blot analysis using anti-FLAG antibody to detect 

p53 and HRP-conjugated anti-HA antibody for detection of 16 E6 oncoprotein levels, the obtained 

results demonstrated degradation of ectopically expressed FLAG-p53 with both wild-type 16 E6 

and the corresponding mutant forms (Figure 23A). Furthermore, all of the examined 16 E6s 

exhibited similar efficiency in targeting p53 for a proteasome-mediated degradation, with wild-

type 16 E6, L83V and D25N L83V being equally efficient. This was confirmed in multiple 

experiments with a representative image of four independent experiments shown in Figure 23A. 

The results of the multiple experiments have been quantified, and a graphic representation of the 

densitometric analysis is presented as a column graph in Figure 23B. The quantification values of 

the performed multiple experiments were included in the statistical analysis to determine 

significance between the capacity of 16 E6 and the corresponding mutants to degrade p53. The 

significance was determined by performing ANOVA test, showing statistically very significant 

difference in degradation levels between p53 expressed alone in comparison with p53 co-

expressed with 16 E6 and the corresponding mutants. 
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Figure 23. D25N and L83V mutations in HPV-16 E6 do not affect E6 ability to target p53 for a proteasome 

mediated degradation. (A) HEK-293 cells were co-transfected with FLAG-tagged p53 expression plasmid and 

plasmids expressing either the HA-tagged wild-type E6 or HA-tagged E6 D25N, E6 L83V and E6 D25N L83V 

mutants. After 24 hours the cells were harvested, isolated proteins separated on SDS-PAGE and analyzed by western 

blotting using anti-FLAG antibody to detect p53 and HRP-conjugated anti-HA antibody to detect 16 E6 protein levels. 

β-galactosidase (LacZ) was used as control to monitor transfection efficiency and loading. A representative image of 

four independent experiments is shown. (B) The graphic representation of the densitometric analysis was done in 

ImageJ software. Analysis was done by quantifying band densities for p53 protein levels expression normalized for 

background densities, after which relative expression was calculated by dividing p53 normalized density values with 

LacZ normalized density values. p53 average normalized relative expression was calculated for the control sample, 

and all normalized relative expressions were compared to that value. (C) The statistical analysis performed by 

MedCalc software is depicted as a box and whisker plot, along with the standard errors indicated as a bar. Significance 

was determined by ANOVA test and included quantification values of four independent experiments with p<0.05 

taken as significant and p<0.01 taken as very significant (marked with **).  
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However, there was no statistically significant difference between each of the 16 E6 

mutants and the wild-type 16 E6, meaning that the mutations do not alter the ability of 16 E6 to 

target p53 for a proteasome mediated degradation (Figure 23C). Furthermore, this result is not in 

agreement with the in vitro degradation assays where 16 E6 L83V was the most efficient in 

degrading p53. The reason behind this discrepancy can be attributed to the differences in the 

experimental settings of the in vitro assays and overexpression assays performed in cultured cells, 

since in vitro assay cannot recapitulate entirely conditions in a living cell. 
 

4.7. HPV-16 E6 and the corresponding mutants efficiently target PDZ-domain 

containing substrates MAGI-1 and DLG1 in cultured cells 

In addition to the in vitro degradation assays, which included PDZ-domain containing 

substrates, the next step involved evaluation of the degradatory capacity of the E6 mutants to target 

MAGI-1 and DLG1 in cultured cells. To address this, HEK-293 cells were co-transfected with 

HA-tagged MAGI-1 expression plasmid (Figure 24) or HA-tagged DLG1 expression plasmid 

(Figure 25), and plasmids expressing either the HA-tagged wild-type 16 E6 or HA-tagged 16 E6 

D25N, E6 L83V and E6 D25N L83V. A representative image of two independent experiments of 

MAGI-1 degradation is shown in Figure 24A. Interestingly, from these degradation assays it can 

be seen that 16 E6 L83V mutant exhibited similar potential to degrade MAGI-1 as the wild-type 

16 E6. This result is in agreement with the in vitro degradation assay where 16 E6 L83V also 

appeared to be as efficient in degrading MAGI-1, as the wild-type 16 E6. On the contrary, D25N 

L83V and D25N mutants exhibited somewhat weaker degradatory activity towards MAGI-1. In 

Figure 24B a graphic representation of the densitometric analysis of multiple experiments 

performed in ImageJ software is shown. A quantification values of performed experiments were 

included in additional statistical analysis to calculate significance between the degradation rates of 

MAGI-1 co-transfected with either 16 E6 or 16 E6 D25N, E6 L83V and E6 D25N L83V mutants. 

The statistical significance was determined by performing ANOVA test, which showed a 

significant difference in the degradation levels of MAGI-1 expressed alone in respect to the 

degradation rate of MAGI-1 co-expressed with 16 E6 constructs. 
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Figure 24. HPV-16 E6 D25N L83V variant was least efficient in targeting MAGI-1 for proteasome-mediated 

degradation. (A) HEK-293 cells were co-transfected with HA-tagged MAGI-1 expression plasmid either alone, or in 

combination with plasmids expressing either the HA-tagged wild-type E6, or HA-tagged E6 D25N, E6 L83V and E6 

D25N L83V. After 24 hours the cells were harvested, and the cell lysates analysed by SDS-PAGE and western blotting 

using HRP-conjugated anti-HA antibody to detect MAGI-1 and 16 E6 protein levels. β-galactosidase (LacZ) was used 

as a control to monitor transfection efficiency and loading. (B) Densitometric analysis of multiple experiments was 

done in ImageJ software. The analysis was performed by quantifying band densities for MAGI-1 protein expression 

normalized for background densities, after which relative expression was calculated by dividing MAGI-1 normalized 

density values with LacZ normalized density values. MAGI-1 average normalized relative expression was calculated 

for control sample, and all normalized relative expressions were compared to that value. Each experiment was repeated 

two times and included in densitometric analysis. (C) The statistical analysis performed by MedCalc software is 

depicted as a box and whisker plot. Significance was determined by performing ANOVA test and included 

quantification values of two independent experiments. p<0.01 taken as very significant (marked with **). 
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Despite that, there was no statistically significant differences between each of 16 E6 

mutants and the wild-type 16 E6 in their ability to induce MAGI-1 degradation, suggesting that 

those 16 E6 mutations do not have an impact on this particular E6 degradatory activity (Figure 

24C).    

The same experimental settings were repeated to assess DLG1’s degradation rates in 

HEK-293 cells. A representative image of two independent experiments is shown in Figure 25A 

and there was no observed difference between 16 E6 mutants and the wild-type 16 E6 in their 

ability to induce DLG1 degradation. Nevertheless, 16 E6 L83V showed somewhat more 

pronounced efficiency in degrading DLG1 in respect to wild-type 16 E6. Figure 25B shows 

graphic representation of a densitometric analysis performed in ImageJ software. An 

overexpression assay result for DLG1 degradation assay showed that DLG1 degradatory capacity 

was most pronounced with wild-type 16 E6, although 16 E6 L83V capacity for DLG1 degradation 

exhibited similar intensity. A quantification values derived from multiple experiments are included 

in an additional statistical analysis used for calculating significance of degradation rates between 

DLG1 transfected alone or co-transfected with 16 E6 or 16 E6 D25N, E6 L83V and E6 D25N 

L83V mutants. Significance was determined by performing ANOVA test, which showed 

statistically significant difference in the degradation levels of DLG1 alone in respect to the 

degradation rate of DLG1 in presence of 16 E6s. However, there was no statistically significant 

difference between 16 E6 mutants and the wild-type 16 E6 in their ability to induce DLG1 

degradation (Figure 25C). 

Taken together, from the obtained overexpression assay results it is noticeable that the 

most efficient degradation of ectopically expressed HA-MAGI-1 (Figure 24) and DLG1 (Figure 

25) was driven by HPV-16 E6 L83V mutant.  It is worth noting that 16 E6 D25N L83V mutant 

exhibited stronger interaction with E6AP than L83V, but on the contrary the lower target 

degradation efficiency towards PDZ-domain containing substrates, which can be explained by the 

established knowledge about an E6AP-independent degradation pathway of MAGI-1 and DLG1 

(Grm and Banks 2004; Vats et al. 2022). Based on the results of both in vitro degradation and 

overexpression assays in HEK-293 cells, it can be concluded that there is no statistically significant 

difference in a degradation capacity between wild-type 16 E6 and corresponding mutants in 

targeting p53 and certain PDZ-domain containing substrates. 
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Figure 25. D25N and L83V mutations in HPV-16 E6 do not affect E6 ability to target DLG1 for a proteasome 

mediated degradation. (A) HEK-293 cells were co-transfected with HA-tagged DLG1 expression plasmid either 

alone, or in combination with plasmids expressing either the HA-tagged wild type E6, or HA-tagged E6 D25N, E6 

L83V and E6 D25N L83V. After 24 hours the cells were harvested, the isolated proteins separated on SDS-PAGE and 

analysed by western blotting using HRP-conjugated anti-HA antibody to detect DLG1 and 16 E6 protein levels. β-

galactosidase (LacZ) was used as a control to monitor transfection efficiency and loading. (B) Densitometric analysis 

of multiple experiments was done in ImageJ software. The analysis was performed by quantifying band densities for 

DLG1 protein expression normalized for background densities, after which relative expression was calculated by 

dividing DLG1 normalized density values with LacZ normalized density values. DLG1 average normalized relative 

expression was calculated for the control sample, and all normalized relative expressions were compared to that value. 

Each experiment was repeated two times and included in densitometric analysis. (C) The statistical analysis performed 

by MedCalc software is depicted as a box and whisker plot. Significance was determined performing ANOVA test 

and included quantification values of two independent experiments. p<0.05 was taken as a significant (marked with 

*). 
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PART II   MAML1-induced HPV E6 oncoprotein stability is required for cellular 

proliferation and migration  

 

4.8.  HPV E6 oncoproteins from α and β types interact with MAML1  

Previous proteomic analyses have revealed interactions between different cutaneous β-E6s 

and MAML1 through proteomic screens and interaction assays, and therefore it was believed that 

this interaction was mostly linked to cutaneous E6 oncoproteins (N. Brimer et al. 2012b; Tan et al. 

2012b; Meyers, Spangle, and Munger 2013b; Meyers et al. 2017b). Only one of these studies in a 

panel of analysed HPV E6s also included monitoring of the association between MAML1 and 

HPV-16 E6 oncoprotein from α-types (N. Brimer et al. 2012b). Surprisingly, that study for the 

first time demonstrated an interaction between HPV-16 E6 and MAML1, although the association 

was minimal in comparison to the associations of β-E6 oncoproteins with MAML1 (N. Brimer et 

al. 2012b).  Most likely due to the low binding intensity of this potentially very important 

interaction between 16 E6 and MAML1, this line of research was not pursued extensively in the 

past.  However, this intriguing finding has left many unanswered questions and raised an interest 

for further research and represented the basis for the analyses conducted in the second part of this 

doctoral thesis.  

The initial experiments had an intention to corroborate if MAML1 is a binding partner of 

both α- and β-HPV E6 oncoproteins. To tackle this question, a co-immunoprecipitation analysis 

was performed using HEK-293 cells transfected with plasmids expressing HA-tagged HPV-16 E6 

and HPV-8 E6, alone or in combination with FLAG-tagged MAML1. Twenty-four hours post 

transfection the cells were harvested, resuspended in E1A lysis buffer and the cell extracts were 

incubated with anti-HA beads as described in a Materials and Methods section. 

Immunoprecipitated protein complexes were separated on SDS-PAGE and analysed by western 

blotting using HRP-conjugated anti-HA antibody to detect E6 oncoproteins, along with anti-FLAG 

antibody which detected MAML1. The results shown in Figure 26A demonstrate a clear 

interaction between HPV-8 E6 and MAML1, as it was expected based on the previous analyses, 

and a weaker, but an apparent interaction between HPV-16 E6 and MAML1.  

The further extension of the protein interaction analysis was prompted by the confirmed 

HPV-16 E6/MAML1 interaction from the described co-immunoprecipitation assay, with the 
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intention to additionally verify the detected binding in a more natural setting. Hence, HPV-

negative cervical tumor derived cell line C33A was used to recapitulate the microenvironment of 

the epithelial tissue. C33A cells were transfected with an empty plasmid containing a FLAG tag 

(pXJ41-FLAG) or the same plasmid with 16 E6 insertion (pXJ41:16E6-FLAG). Forty-eight hours 

post transfection, cell lysates were collected in LSD lysis buffer and isolated proteins incubated 

with anti-FLAG-antibody coupled to magnetic beads for the two hours at the RT. The 

immunoprecipitated complexes were further subjected to western blot analysis using anti-MAML1 

and anti-FLAG antibodies, as well as GAPDH-Alexa Fluor 680 to detect GAPDH which was used 

as a loading control. As indicated in Figure 26B, in this experimental setting ectopically expressed 

FLAG-tagged HPV-16 E6 co-immunoprecipitated with endogenous MAML1, additionally 

supporting the initial observation of the complex formation between these two proteins. 

Furthermore, the presented results are in an agreement with previously published data and 

additionally support the important HPV-16 E6/MAML1 interaction. 

The confirmation of 16 E6/MAML1 interaction opened a new direction for this doctoral 

research by further aiming to address if some other α-HPV types could also interact with MAML1. 

Hence, having established an interaction between 16 E6 and MAML1 by performing co-

immunoprecipitation analysis by two independent experimental approaches, the next step was to 

expand the analysis and investigate if multiple α-HPV E6s can also complex with MAML1. In 

particular, to investigate whether MAML1 could complex with α-types HPV-18 and -11 E6 

oncoproteins, a GST pull-down assay was performed using GST-16 E6, GST-18 E6, GST-11 E6, 

GST-8 E6 fusion proteins, or GST alone as a control. GST-16 E6 and GST-18 E6 were included 

as representative types of HR α-HPV E6s, while GST-11 E6 was a representative member of LR 

α-HPV E6s. GST-8 E6, as a representative of β-E6s with an oncogenic potential and previously 

confirmed MAML1’s binding partner, was included as a positive control for the comparison of the 

binding affinities. The corresponding purified GST-fusion proteins were incubated with cell 

lysates of HEK-293 cells previously transfected with FLAG-tagged MAML1. Bound protein 

complexes were separated on SDS-PAGE and analysed by western blotting using anti-FLAG 

antibody. From the results in Figure 26C it is noticeable that E6 oncoproteins from all analysed 

HPV types formed a complex with MAML1. HPV-8 E6 and MAML1 interaction was evidently 

the strongest, followed by 18 E6, the interaction with 16 E6 was somewhat weaker, while the 

interaction with 11 E6 was the weakest among all of them (Figure 26C).  
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Figure 26. Both α- and β- HPV E6 oncoproteins bind to MAML1. A) HEK-293 cells were transfected with HA-

tagged HPV-16 E6 or HPV-8 E6, alone or in combination with FLAG-tagged MAML1. Cells were harvested in E1A 

lysis buffer and incubated with anti-HA beads on a rotating wheel 2 hours at RT. Co-immunoprecipitated complexes 

were subjected to SDS-PAGE and western blot analysis using HRP-conjugated anti-HA antibody to detect E6s and 

anti-FLAG antibody to detect MAML1. Detected FLAG-tagged MAML1 in co-precipitated MAML1/E6 complexes 

was compared with the amount of FLAG-tagged MAML1 present in a corresponding 10% of input sample. Dotted 

line separates different time exposures of the same membrane. B) C33A cells were transiently transfected with an 

empty vector or plasmid coding for FLAG-tagged HPV-16 E6. Forty-eight hours post transfection cells were harvested 

in LSD lysis buffer and incubated with anti-FLAG coupled magnetic beads. Co-immunoprecipitated complexes of 

MAML1 and HPV-16 E6 were separated on SDS-PAGE and subjected to western blot analysis with anti-MAML1 

and anti-FLAG antibodies, together with 10% input. GAPDH was used as a loading control (*stand for 

immunoglobulin light chain). C) HEK-293 cells were transfected with FLAG-tagged MAML1. After 24 hours, the 

cells were harvested, and the cell lysates were incubated with previously produced GST-16 E6, GST-18 E6, GST-8 

E6 and GST-11 E6 fusion proteins. GST alone was included as a control. Bound complexes of MAML1 and GST-

fusion proteins were detected by western blotting using anti-FLAG antibody and compared to the amount of FLAG-

tagged MAML1 present in the input sample. The lower membrane shows the amounts of the purified GST-fusion 

proteins visualized by Ponceau staining. 
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Based on the presented results, it is evident that multiple α-HPV E6 oncoproteins can form 

a complex with MAML1, albeit with varying intensities. Importantly, the results depicted in 

Figure 26 indicate that while there is a clear preference of various β-HPV and α-HPV types to 

associate with MAML1, it is not possible to exclusively classify HPV genera based on this 

interaction. 
 

4.9.  Protein amount of α- and β-HPV E6 oncoproteins is MAML1-dependent 

After confirming the efficient binding of multiple α-E6s to MAML1, the next step was to 

investigate whether these validated interactions may affect the protein amount of E6 oncoproteins. 

Previous reports have established that the stability of α-HPV E6 oncoproteins directly depends on 

the presence of E6AP, which shares the same LXXLL motif with MAML1 (Tomaić, Pim, and 

Banks 2009a). For LXXLL motif is known to facilitate the interaction between E6AP and HR E6 

and therefore, it was intriguing to speculate that MAML1, which also contains the same motif, 

may influence the protein stability of the E6 oncoprotein.   

To address the potential increase in the protein amounts of E6, HEK-293 cells were 

transfected with plasmids expressing HA-tagged E6 oncoproteins from different HPV types 

including HPV-8, -12, -14, -16, -18, -24, -33 and -38, either alone or in combination with FLAG- 

or Myc-tagged MAML1 or FLAG- or Myc-tagged E6AP. HPV-16, -18 and -33 E6 belong to HR 

mucosal α-types, while HPV-12, -14, -24 are β-types, including HPV-8 and -38 E6 that are β-types 

with established oncogenic potential. Twenty-four hours post transfection the cells were harvested, 

proteins isolated and analysed by SDS-PAGE and western blotting, using anti-FLAG or anti-Myc 

antibodies for visualising MAML1 or E6AP, and HRP-conjugated anti-HA antibody for E6 

detection. For the densitometric analysis, E6 protein band intensities from the samples transfected 

with the diverse E6s alone were compared with band intensities of those co-transfected with either 

MAML1 or E6AP. Based on this kind of analysis it was possible to establish potentially relevant 

changes in E6 protein amounts as a consequence of the interaction with MAML1 or E6AP. 

Furthermore, considering that the stabilizing effect of E6AP on HR mucosal and some cutaneous 

E6s, and the consequent increase in their protein levels, was previously reported (Tomaić, Pim, 

and Banks 2009a; Miranda Thomas et al. 2013b), allowed the assessment of potential impact of 

MAML1 on E6 protein amounts.  
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As shown in Figure 27A, surprisingly, E6 oncoproteins of all analysed HPV α- and β-types 

were shown to exhibit increased protein levels as a consequence of the interaction with MAML1. 

This result additionally confirmed that HPV E6 proteins cannot be classified based on the 

association exclusively with either MAML1 or with E6AP. Moreover, what was even more 

important and relevant is that those results demonstrated a previously unknown and undefined role 

of MAML1 in regulating E6 protein levels increasment and a potential novel role in HPV biology.  

 

 

Figure 27. MAML1 mediates the increase in E6 protein amounts from both α- and β- HPV types. A) HEK-293 

cells were transfected with HA-tagged HPV-8, -12, -14, -16, -18, -24, -33 and -38 E6 alone or in combination with 

either FLAG- or Myc-tagged MAML1 or E6AP. After 24 hours cells were harvested and isolated proteins were 

separated on SDS-PAGE and analysed by western blotting.  Proteins were detected by anti-FLAG or anti-Myc and 

anti-HA antibodies and visualized by chemiluminescence. β-galactosidase (LacZ) was used as a transfection and 

loading control. (B) Quantification analysis was performed with ImageJ software. The band density was measured 

and normalized with background density for each sample. After obtaining those measures, the relative expression was 

calculated by dividing normalized E6 density with LacZ density normalized with background.  
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Average relative expressions of E6s transfected alone (for each HPV type individually) were calculated and all relative 

E6 expressions were compared to those values in order to obtain E6 fold change. Each fold change in the samples 

where E6s were co-transfected with MAML1 or E6AP was calculated according to the corresponding values of E6 

transfected alone from the same experiment. Graphical representation was done in a GraphPadPrism by showing 

LOG2 of fold changes as a box and whisker plot. Each experiment was repeated at least three times and all experiments 

were included in statistical analysis. 

As expected, interaction with E6AP increased the protein levels of all examined α-type 

HPV E6s, but what was rather surprising, E6AP also increased the protein levels of β-type HPV-

38 E6, which was previously reported to bind E6AP (Miranda Thomas et al. 2013b). This indicates 

that although the majority of β-E6 oncoproteins preferentially interact with MAML1, which leads 

to an increase in their protein, there are some exceptions among β-E6s, which protein levels can 

also be impacted by E6AP (Figure 27A). Additionally, Supplementary Figure 1 separately 

presents negative controls for Figure 27A. To undoubtedly confirm the effect of MAML1 and 

E6AP on E6 protein levels, both densitometric and statistical analysis were performed unifying 

multiple experiments (Figure 27B). LOG2 of fold changes is depicted as a box and whisker plot. 

This type of graphical statistic representation was chosen so that the increase in a band intensity is 

seen as a positive value and the decrease as a negative value.  

HEK-293 cells that were used in above-described assays endogenously express functional 

cellular E6AP ubiquitin ligase. Therefore, to unquestionably confirm that the upregulatory effects 

on E6 protein levels observed in HEK-293 cells were indeed exclusively MAML1 dependent, and 

not depending on the effects of the endogenous levels of E6AP, it was necessary to include 

additional cell line with abolished expression of E6AP. For this reason, HEK-293 E6AP KO cells 

were transiently transfected with the same set of HA-tagged E6 expressing plasmids from HPV 

types -8, -12, -14, -16, -18, -24, -33 and -38 E6, either alone or together with MAML1 or E6AP, 

and analysed in the manner as described in Figure 27. Interestingly, all assessed E6 proteins from 

both α- and β-HPVs again exhibited increased protein levels as a consequence of E6/MAML1 

interaction, which was confirmed by multiple independent experiments (Figure 28A). This result 

additionally supported the initial observations and further confirmed that the effect on increased 

E6 proteins amounts is regulated by MAML1, independently of E6AP. Additionally, even in an 

E6AP-null background both MAML1 and E6AP expressions induced increasement in the protein 

levels of cutaneous HPV-24 and HPV-38 E6, as was also previously observed in HEK-293 cells. 

Supplementary Figure 2 separately presents negative controls for Figure 28A. 
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Figure 28. MAML1-mediated upregulation of α- and β-E6 protein levels are E6AP-independent. (A) HEK-293 

E6AP KO cells were transfected with HA-tagged HPV-8, -12, -14, -16, -18, -24, -33 and -38 E6 either alone or in 

combination with either FLAG- or Myc-tagged MAML1 or E6AP. After 24 hours the cells were harvested and isolated 

proteins separated on SDS-PAGE.  Proteins were detected by western blot analysis using anti-FLAG or anti-Myc and 

anti-HA antibodies and visualized by chemiluminescence. β-galactosidase (LacZ) was used as a control to monitor 

transfection efficiency and loading. (B)  Densitometric analysis was performed with ImageJ software. The band 

density was normalized with background density and relative expression was calculated. Average relative expressions 

of control E6s were calculated and all other relative E6 expressions were compared to those values, in order to obtain 

E6 fold change. Each fold change in the samples where E6s were co-transfected with MAML1 or E6AP was calculated 

according to the corresponding values of E6 transfected alone from the same experiment. Graphical representation 

was done in a GraphPadPrism by showing LOG2 of fold changes as a box and whisker plot. Each experiment was 

repeated at least three times and all experiments were included in statistical analysis. 

To statistically confirm the effect of MAML1 and E6AP on E6 protein levels in HEK-293 

E6AP KO cells, densitometric and statistical analysis were performed in the same manner as 

described for HEK-293 transfections, using same statistical method to assess the significance of 
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the results (Figure 28B). Altogether, from multiple experiments presented in Figures 27 and 28 it 

is evident that the increase in E6 protein levels mediated by E6AP and MAML1 occurred in both 

cellular backgrounds. However, the proteins amounts varied among different types of E6, 

regardless of whether they were from α- or β-HPVs. Those differences in increased protein levels 

can be attributed to the diverse strengths and intensities of the interactions between MAML1 and 

E6 proteins among distinct HPV types. This notion agrees with differences in the strength of 

interactions between MAML1 and E6s observed in GST pull-down assay (Figure 26C).  
 

4.10. An LXXLL motif of MAML1 is required for HPV E6 protein level regulation  

As it was described extensively in the introduction, both MAML1 and E6AP share an 

LXXLL motif, through which they interact with E6 oncoproteins (Nicole Brimer, Drews, and 

Vande Pol 2017c). α-HPV E6s were demonstrated to associate with E6AP by binding to a 

conserved LXXLL motif on E6AP. This interaction is responsible for the stability of the E6 

oncoprotein (Tomaić, Pim, and Banks 2009a), and also a prerequisite for the formation  of a ternary 

complex with several cellular substrates. This results in ubiquitin molecules transfer from the 

ubiquitin ligase to these protein substrates, which are then subjected to proteasome-mediated 

degradation (Huibregtse, Scheffner, and Howley 1993d; M. Scheffner et al. 1993). The acidic 

domain located on the C-terminus of MAML1 also contains the LXXLL motif responsible for its 

association with HPV E6s (N. Brimer et al. 2012b; Tan et al. 2012b).  

Based on aforementioned, the following aim was to determine whether an intact, wild-type 

LDDLL motif was necessary for MAML1 to induce increase in the E6 protein levels, as observed 

in the previous results (Figures 27 and 28). Therefore, in order to assess whether the LDDLL-

binding motif is essential for the increase of E6s’ protein amounts, the following experiments 

utilized a mutated form of MAML1. This MAML1 mutant used in the following experiments was 

created by inserting point mutations in two adjacent aspartate residues of the LDDLL motif, which 

were replaced by histidines, resulting in the LHHLL motif (Figure 29). This specific mutant was 

chosen based on previous research which demonstrated that the LHHLL mutation partially blocked 

β-E6 mediated inhibition of NOTCH signaling (Meyers et al. 2017b). 
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Figure 29. Schematic representation of MAML1 protein structure with indicated point mutations in LXXLL 

motif. MAML1 contains an N-terminal basic domain and two acidic domains (N- and C-terminal). In MAML1 

structure there are two transcriptional activation domains (TADs), with TAD2 required for the involvement in Notch 

signaling. LXXLL motif is part of TAD2, located on the extreme C-terminus of the acidic domain of MAML1 (aa 

1009-1013) and it is required for HPV E6 binding. Aspartate residues of the LDDLL motif were mutated to histidines 

(LHHLL) by inducing two point mutations in a nucleotide sequence of MAML1 gene. Adapted from (McElhinny, Li, 

and Wu 2008). 

 

Hence, HEK-293 cells were transfected with plasmids expressing HPV-16, -18, and -8 E6, 

either alone or in combination with FLAG- or Myc-tagged MAML1 containing wild type LDDLL 

motif, or with the MAML1 mutant (MAML1 LHHLL). As can be seen from the results presented 

in Figure 30A, both wild-type MAML1 and MAML1 LHHLL mutant were found to increase 

HPV-8 and -18 E6 protein levels. However, differences in E6 protein level upregulation were 

observed between the muntant and wild type MAML1, which indicated that MAML LHHLL 

mutant exhibits a lower capacity to affect E6 protein levels in comparison with wild-type MAML1. 

This was the case for both HPV-8 and -18 E6. Interestingly, no discernible increase in HPV-16 E6 

protein levels was observed as a result of its interaction with the LHHLL mutant. This implies to 

the differences in the interaction strenght among different E6 oncoproteins and MAMIL1, even 

though they belong to the same genera and have similar oncogenic potential which is the case with 

HPV-16 and HPV-18 E6 (Figure 30A). This observation is also consistent with the differences in 

the strength of interactions between MAML1 and E6 previously observed in the GST pull-down 

assay, where HPV-16 E6 exhibited a lower affinity of binding to MAML1 in comparison to both 

HPV-18 and HPV-8 E6 (Figure 26C). 
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Figure 30. MAML1 is involved in the regulation of E6 protein amounts via LXXLL motif. (A) HEK-293 and (B) 

HEK-293 E6AP  KO cells were transfected with eiher HA-tagged HPV-8, -16 and -18 E6 alone or in combination 

with FLAG-tagged MAML1 or FLAG-tagged MAML1 mutant (MAML1 LHHLL). After 24 hours cells were 

harvested, isolated proteins were separated on SDS-PAGE and analyzed by western blotting. MAML1 and MAML1 

LHHLL were detected using anti-FLAG antibody, while E6s were detected with an anti-HA antibody. β-galactosidase 

(LacZ) was used as the control for the transfection efficiency and loading. (C) HEK-293 cells were transfected with 

HA-tagged HPV-8 E6 alone or in combination with FLAG-tagged MAML1 or FLAG-tagged MAML1 LHHLL. 

Transfected cells were harvested, lysed in E1A buffer and incubated with anti-HA beads on a rotating wheel at RT. 

The beads were extensively washed and co-immunoprecipitated complexes were subjected to western blot analysis 

with anti-FLAG and anti-HA antibodies to compare to the amount of transfected MAML1, MAML1 LHHLL or HPV-

8 E6 present in 10% of the input. 

Again, the findings were confirmed by repeating the same experiment in HEK-293 E6AP 

KO cells, to exclude any potential impact of endogenous E6AP. Cells were transfected with 

plasmids expressing HPV-16, -18, and -8 E6, either alone or in combination with FLAG- or Myc-

tagged MAML1, or with FLAG- or Myc-tagged MAML1 LHHLL mutant (Figure 30B). The 
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proteins were isolated and subjected to western blot analysis in the same manner as described for 

Figure 30A. The results of this assay clearly demonstrated that both wild-type MAML1 and 

MAML1 LHHLL mutant increased HPV-8 and -18 E6 protein levels, although with different 

intensities. Since this observation was consistent in both cellular backgrounds, including HEK-

293 and HEK-293 E6AP KO cells, it can be concluded that the increasment of α- and β-HPV E6 

protein levels occurred regardless of the presence of the mutated LDDLL domain. Supplementary 

Figure 3. separately depicts negative controls for Figures 30A and 30B. 

After observing unique and noteworthy patterns in the interaction between MAML1 and 

both α- and β-HPV E6 oncoproteins, as well as the significance of the LDDLL domain, the next 

step in the research was to delve deeper into these discoveries through the utilization of co-

immunoprecipitation experiment. Performing this analysis was important to determine if the 

E6/MAML1 complex was formed exclusively through the LXXLL motif or if other parts of the 

interacting proteins were potentially involved. Hence, a co-immunoprecipitation analysis was 

performed using HEK-293 cells transfected with plasmid expressing HA-tagged HPV-8 E6, alone 

or in combination with FLAG-tagged MAML1 and MAML1 LHHLL (Figure 30C). Negative 

controls for Figure 30C are shown separately on Supplementary Figure 4. Twenty-four hours 

post transfection the cells were harvested, lysed using E1A immunoprecipitation buffer and the 

cell extracts were incubated with anti-HA beads. Immunoprecipitated protein complexes were 

separated on SDS-PAGE and analysed by western blotting using HRP-conjugated anti-HA 

antibody to detect E6 oncoproteins, along with anti-FLAG antibody which detected MAML1 and 

MAML1 LHHLL mutant. With this protein interaction analysis, it was shown that the mutated 

LDDLL motif in MAML1 did not fully abrogate the interaction with HPV-8 E6, since HPV-8 E6 

still co-immunoprecipitated with MAML1 LHHLL. Although the degree of interaction between 

HPV-8 E6 with MAML1 LHHLL was lower in comparison with wild-type MAML1 which was 

reflected on the reduced binding capacity shown in Figures 30A and 30B, the co-

immunoprecipitation assay validated that the LXXLL binding motif is involved in facilitating the 

E6/MAML1 interaction.  

Taken all of this together, it appears that all 5 amino acids which are a part of the intact 

LDDLL motif are involved in the association with E6s. Sterically this interaction can be extended 

even to other amino acids upstream or downstream of the LXXLL motif, since the mutant still 

interacted with HPV-8 E6, although to a lesser degree, which was accompanied by a reduction of 
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E6 protein levels (Figure 30). Based on these results, it is possible to speculate that mutating other 

amino acids in LDDLL motif may be necessary in order to further decrease or completely block 

the interaction between MAML1 and E6 oncoproteins. As such, future research could focus on 

identifying other critical amino acids and evaluating their impact on the interaction using the same 

techniques as site-directed mutagenesis and co-immunoprecipitation assays. 

 

4.11. The stability of HPV E6 protein pool in HeLa, CaSki and HT1080 HPV-8 E6 

cells is MAML1-mediated  

Since the overexpression of MAML1 and E6 oncoproteins from different α- and β-HPV 

types resulted in the increase of E6 protein levels in both HEK-293 cells and HEK-293 E6AP KO 

cells, this effect was further explored in HPV-positive cell lines with endogenous expression of 

E6. To investigate the effects of endogenous expression, HeLa (HPV-18 positive cervical 

adenocarcinoma cell line) and CaSki (HPV-16 positive advanced squamous cervical carcinoma 

cell line) cells were selected as the preferred experimental cell model due to their widespread 

availability and frequent use in research. In addition to HeLa and CaSki cells, the analysis also 

included HT1080 fibrosarcoma epithelial cell line, specifically an HT1080 cell line that stably 

expresses HA-tagged HPV-8 E6 (Hufbauer et al. 2015a). By incorporating these cells, it was 

sought to gain a more comprehensive understanding of the consequences of the interactions 

between MAML1 and HPV E6 oncoproteins across different cell types under endogenous 

experimental conditions. The effects on E6 protein levels in HPV-positive cell lines were explored 

in a reverse manner regarding to previous overexpression experiments, by abrogating endogenous 

levels of MAML1 and E6AP. All described cell lines were transiently transfected with siRNA to 

silence MAML1 (siMAML) and UBE3A/E6AP (siE6AP) genes, while siRNA against luciferase 

(siLuc) was used as control. To assess whether the process of stabilization and the increasment of 

protein levels is proteasome dependent, cellular proteasome machinery was abrogated using the 

proteasome inhibitor bortezomib (BTZ). Cells were harvested and subjected to SDS-PAGE 

western blot analysis with anti-MAML1 and anti-E6AP antibodies to verify gene silencing. Having 

confirmed the successful ablation of MAML1 or E6AP, the following step was to assess the effect 

of silencing MAML1 and E6AP on E6 protein expression levels. In HeLa and HPV-8 FLAG 
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tagged-E6 expressing HT1080 cells this was assessed by using anti-HPV-18 E6 antibody for HeLa 

cells, and anti-FLAG antibody for HT1080 8 E6 cells. 

 

Figure 31. MAML1 regulates endogenous E6 protein levels in HeLa, CaSki and HT1080 HPV-8 E6-expressing 

cells. (A) HeLa cells were transfected with smartpools of the target siRNA, including siMAML1 or siE6AP, or siLuc 

as a control. Forty-eight hours after silencing, proteasome inhibitor bortezomib (BTZ; 10 µM) was added. The cells 

were incubated for a further 24 hours after which were harvested, separated on SDS-PAGE and detected by western 

blot analysis with anti-MAML1, anti-E6AP, anti-HPV-18 E6, and anti-p53 antibodies. β-actin was used as a protein 

loading control. (B) CaSki were transfected with siMAML1 or siE6AP, or siLuc as a control. Forty-eight hours after 

silencing bortezomib was added. The cells were incubated for a further 24 hours after which were harvested, separated 

on SDS-PAGE and detected by western blot analysis with anti-MAML1, anti-E6AP and anti-p53 antibodies. (C) 

HT1080 HPV-8 E6 cells were transfected with either siMAML1 or siE6AP, or siLuc as a control. Forty-eight hours 

after silencing bortezomib was added. The cells were incubated for a further 24 hours after which were harvested, 

separated on SDS-PAGE and detected by western blot analysis with anti-MAML1, anti-E6AP and anti-FLAG (for 

detection of HPV-8 E6) antibodies.  
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The effect on the E6 protein levels in CaSki cells was evaluated in an indirect way, by 

using p53 as a surrogate marker and extrapolating HPV-16 E6 protein levels from the detected p53 

protein levels using anti-p53 antibody, as p53 is degraded in the presence of HR E6 and E6AP (M. 

Scheffner et al. 1993; 1990b; Huibregtse, Scheffner, and Howley 1993c). The reason behind this 

approach is that commercially available anti-HPV-16 E6 antibodies were shown to be 

unsatisfactorily effective in the successful and precise detection of endogenous HPV-16 E6 levels. 

As it can be seen from a Figure 31A, silencing MAML1 in HeLa cells induced a decrease 

in HPV-18 E6 protein levels. Inhibition of proteasomal degradation with BTZ annulled this effect, 

indicating that maintenance of HPV-18 E6 protein levels is associated with functional proteasome. 

Furthermore, it was surprising that silencing MAML1 and a subsequent decrease in the amount of 

E6 had no effect on p53 protein levels. It would have been expected that a decrease in the amount 

of E6 would lead to an increase in p53 protein levels as a results of a reduction of p53 degradation 

(M. Scheffner et al. 1993; Wynn H. Kao et al. 2000), but this effect was absent (Figure 31A). 

However, the effect on increased p53 protein levels was observed when E6 was downregulated as 

a result of E6AP silencing (Figure 31A), which in agreement with previously published results 

(Tomaić, Pim, and Banks 2009a). Silencing MAML1 and E6AP in CaSki cells resulted in a similar 

pattern of E6 protein expression levels as seen in HeLa cells, where silencing MAML1 also had 

no effect on p53 protein levels as can be seen from the expression profile of p53 that was similar 

to the one observed in HeLa cells (Figure 31B). Inhibition of the proteasomal degradation with 

BTZ resulted in an increase of p53 protein levels indicating that HPV-16 E6 protein levels and 

consequent p53 degradation were also associated with the proteasome machinery, same as in HeLa 

cells. Silencing E6AP resulted in the accumulation of p53 as a subsequent effect of E6 depletion 

(Figure 31B), again in agreement with previously published results (Tomaić, Pim, and Banks 

2009a). Furthermore, silencing MAML1 in HPV-8 E6 expressing HT1080 cells also resulted in 

downregulation of HPV-8 E6. This effect was annulated when BTZ was added, suggesting that 

MAML1 is required for protein stabilization of β-HPV E6s, which is accomplished by confirming 

an involvement of the proteasome (Figure 31C). In the case of silencing E6AP, downregulation 

of E6AP had no effect on HPV-8 E6 levels, suggesting that E6AP is not indispensable for β-HPV-

8 E6 protein stabilization, in contrast to α-HPV E6s (Figure 32C). These results further support 

the phenotype presented in Figures 27 and 28, where overexpression of E6AP with HPV-8 E6 

does not lead to its increased protein levels.  
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4.12. MAML1 stabilizes a distinctive cellular pool of HPV-18 E6 and an exclusive 

single cellular pool of HPV-8 E6 

After confirming the interaction between both α- and β-HPV E6s and MAML1, using 

protein interaction assays (immunoprecipitation and GST pull-down assay), and exploring the 

effects of these interactions on the protein levels and stability of α- and β-HPV E6 oncoproteins 

using the ectopic expression and gene silencing assays in HPV-positive cell lines, the next 

objective was to assess cellular localization of p53 (used as a control for E6 expression in HeLa 

cells) and HPV-8 E6 oncoprotein. These experiments were carried out to investigate potential 

changes in subcellular localization of HPV E6s in presence and absence of endogenous MAML1.  

The assessment of cellular localization of p53 and HPV-8 E6 was conducted by silencing 

MAML1 and E6AP expression levels in HeLa and HPV-8 E6-expressing HT1080 cells. Hence, 

cells were transfected with siMAML and siE6AP, or siLuc as a control. Seventy-two hours post 

transfection, cells were fixed and incubated with anti-MAML1, anti-E6AP and anti-FLAG (for 

detecting HPV-8 E6) antibodies, while monitoring of p53 localization was done by anti-p53 

antibody, which served as a readout for HPV-18 E6 ablation in HeLa cells. The appropriate 

secondary antibodies conjugated with fluorophores were applied and changes in p53 and HPV-8 

E6 cellular localization were monitored by laser scanning confocal microscopy. Ablation of E6AP 

in HeLa cells led to an increase in p53 protein recovery and consequent accumulation in the 

nucleus, due to the downregulation of 18 E6, whose stability was disrupted in the absence of E6AP 

(Figure 32A). On the contrary, ablation of MAML1 in HeLa cells did not have any effect on the 

nuclear accumulation of p53, in comparison to cells treated with siLuc (Figure 32B). This result 

is in an agreement with the result presented in Figure 31A where silencing MAML1 in HeLa cells 

and the subsequent decrease in detectable E6 levels had no effects on p53 protein levels. By 

contrast, silencing E6AP under the same experimental conditions in HT1080 HPV-8 E6 cells did 

not result in an evident effect on HPV-8 E6 protein levels (Figure 33A). This observation is also 

in agreement with the result of HPV-8 E6 protein levels from Figure 31C, which showed that 

downregulation of E6AP had no effect on HPV-8 E6 protein levels. Furthermore, MAML1 

silencing in HPV-8 E6-expressing HT1080 cells resulted in the downregulation of nuclear HPV-8 

E6 protein levels (Figure 33B).  
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Figure 32. MAML1 stabilizes distinctive cellular pools of HPV-18 E6. HeLa cells were transfected with siLuc, (A) 

siE6AP and (B) siMAML. Seventy-two hours post transfection the cells were fixed and stained with antibodies against 

MAML1 and E6AP to determine the silencing efficiency, and p53 as readout for HPV-18 E6 silencing detected with 

anti-p53 antibody. Anti-mouse and rabbit secondary antibodies conjugated to Alexa Fluor 488 or Rhodamine Red 

were used, and nuclei were visualized with DAPI. The excitation wavelengths and the detection wavelength range 

were 540 nm and 570-590 nm for Rhodamine Red, 490 nm and 500-550nm for Alexa-488 and 405 nm and 430-500 

nm for DAPI. Scale bars are 10 µm and arrows point towards cells of interest.  



127 
 

 

Figure 33. MAML1 stabilizes an exclusive single cellular pool of HPV-8 E6. HT1080 8 E6 cells were transfected 

with siLuc, (A) siE6AP and (B) siMAML. Seventy-two hours post transfection the cells were fixed and stained with 

antibodies against MAML1 and E6AP to determine the silencing efficiency, and anti-FLAG to determine localization 

of HPV-8 E6. Anti-mouse and rabbit secondary antibodies conjugated to Alexa Fluor 488 or Rhodamine Red were 

used, and nuclei were visualized with DAPI. The excitation wavelengths and the detection wavelength range were 

540 nm and 570-590 nm for Rhodamine Red, 490 nm and 500-550 nm for Alexa-488 and 405 nm and 430-500 nm 

for DAPI. Scale bars are 10 µm and arrows point towards cells of interest. 
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These results are in line with the observations from the western blot analyses (Figure 31), 

revealing that silencing MAML1 does not have an effect on the cellular pool of HPV-18 E6 

involved in p53 degradation. This further suggests that there are likely two or more cellular pools 

of HPV-18 E6 with distinct functions and interactions with different host proteins. Additionally, 

the lack of impact on HPV-8 E6 protein stability upon silencing of E6AP, consistent with the 

previous finding (Figure 31C), suggests the presence of a single cellular pool of HPV-8 E6 that 

exclusively interacts with MAML1. 
 

4.13. p53 and DLG1 degradation is not E6/MAML1 complex dependent 

To further monitor the recovery effects of endogenous p53 in HPV-18-positive HeLa cells, 

observed both in siRNA silencing experiments analysed by western blotting and confocal 

microscopy, additional experiments were conducted in cultured cells. Specifically, the aim was to 

explore the impact of MAML1 and E6AP coexpressed with HPV-16 E6 on p53 protein levels in 

the overexpression system. In order to determine whether the changes in p53 protein levels are 

specifically caused by the 16 E6/MAML1 interacting complex, rather than by the influence of 

endogenous E6AP, it was essential to include HEK-293 E6AP KO cells with impaired E6AP 

expression. This would allow to sequester the effects of 16E6/MAML1 complex on p53 expression 

without any interference from endogenous E6AP. Transfections were performed using FLAG-

tagged MAML1, E6AP and p53, while 16 E6 was HA-tagged. As depicted in Figure 34A, 

MAML1 overexpression with HPV-16 E6 did not induce enhanced degradation of p53, even 

though increased E6 protein levels were detected, which agrees with all previously shown results 

(Figures 28B and 31B). Furthermore, as it was expected, the overexpression of E6AP resulted in 

both higher protein levels of HPV-16 E6 and enhanced degradation of p53 (Figure 34A), as 

previously published (M. Scheffner et al. 1993; 1990b).  Figure 34B shows a graphic 

representation of the statistical analysis done in a GraphPadPrism software, recapitulating the 

representative result presented on the blot, and demonstrating from the multiple experiments that 

the E6/MAML1 complex is not involved in p53 degradation. 
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Figure 34. 16 E6/MAML1 complex does not induce p53 degradation. (A) HEK-293 E6AP KO cells were 

transfected with p53 expression plasmid in combination with HA-tagged 16 E6 alone or in combination with either 

FLAG-tagged MAML1 or E6AP. Twenty-four hours post transfection the cells were harvested, isolated proteins were 

separated on SDS-PAGE, subjected to western blot analysis and proteins were detected with anti-FLAG, anti-p53 and 

HRP-conjugated anti-HA antibodies. β-galactosidase (LacZ) was used as control to monitor transfection efficiency 

and loading. (B) Densitometric analysis was performed with ImageJ software by quantifying band densities for p53 

protein expression normalized for background densities, after which relative expression was calculated by dividing 

p53 normalized density values with LacZ normalized density values. p53 average normalized relative expression was 

calculated for the control sample, and all normalized relative expressions were compared to that value. Statistical 

analysis was done in GraphPadPrism program. Fold change was calculated by dividing the relative expression of p53 

in samples transfected with either MAML1 or E6AP with average relative expression of sample transfected with p53 

alone. Each experiment was repeated at least four times. 

Apart from p53, HR E6s also target PDZ-domain containing cellular proteins for 

proteasome-mediated degradation and this process is considered to play an essential role in later 

stages of HPV-induced malignancies (C. A. Moody and Laimins 2010a; M. Thomas et al. 2008a), 

as was extensively explained in the Introduction and the first part of Results section.  The tumor 

suppressor DLG1 is a cellular polarity protein bound by a number of different HR E6s via their 

PBMs (Miranda Thomas et al. 2016), which is an important feature, since different HPV types 

have diverse sequences of their E6 PBMs, resulting in their diverse target profile (Miranda Thomas 

et al. 2005). Furthermore, it was previously shown that catalytically active E6AP is essential for 

the ability of E6 to degrade p53 (M. Scheffner et al. 1993), while DLG1 and the MAGI family 
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proteins were shown to be degraded by E6 quite effectively even without E6AP, indicating that 

E6 targets these cellular substrates in an E6AP-independent manner (Vats, Thatte, and Banks 

2019). It is also the main reason why DLG1, as an E6AP-independent target, was along with p53, 

which is an E6AP-dependent target included in further analysis investigating the role of MAML1 

is E6 degradatory activities. Therefore, the following experiment proceeded to investigate whether 

HR E6 stabilization by MAML1 might have an impact on targeting DLG1. Similar as in the 

experiment with p53 degradation, HEK-293 E6AP KO cells were transfected with a plasmid 

expressing HA-tagged DLG1 either in the presence or absence of 16 E6, and together with either 

FLAG-tagged E6AP or MAML1. Twenty-four hours post transfection, the isolated proteins were 

separated on SDS-PAGE, analysed by western blotting using HRP-conjugated anti-HA antibody 

to detect DLG1 and 16 E6, and anti-FLAG antibody to detect MAML1 and E6AP. From Figure 

35A it can be seen that DLG1 was degraded very efficiently by HPV-16 E6 both in the presence 

or absence of E6AP, as it was expected from the previous research (Vats, Thatte, and Banks 2019; 

Massimi et al. 2008; S. S. Lee, Weiss, and Javier 1997).  On the contrary, co-expression of 

MAML1 and HPV-16 E6 did not result in any additional degradation of DLG1, when compared 

to 16 E6 alone, although E6 protein level upregulation was evident in presence of MAML1. Figure 

35B shows a graphic representation of calculated fold change using a GraphPadPrism software 

and from the multiple experiments it is evident that the E6/MAML1 complex is not involved in 

the degradation of DLG1. 

Based on the results obtained thus far, it appears that while both E6AP and MAML1 are 

involved in stabilizing α- and β-HPV E6s, they do not promote stability of the same cellular pools 

of E6. When MAML1 is silenced in the case of α-HPV-16 and 18 E6, the remaining pool of E6 is 

still in complex with E6AP, and retains its catalytic activity, leading to the degradation of well-

characterized cellular targets p53 and DLG1. On the other hand, when MAML1 is overexpressed 

together with HR E6, the stability of the E6 pool bound to MAML1 is increased, but it seems that 

this particular cellular pool of E6 is not catalytically active in targeting cellular targets such as p53 

or DLG1. These findings suggested that E6/MAML1 complex may have a broader role in cellular 

processes beyond the degradation of specific substrates and highlighted the need for further 

investigation to better understand the full range of functions associated with this complex, which 

will be described in the following text.  
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Figure 35. E6/MAML1 complex does not induce DLG1 degradation. (A) HEK-293 E6AP KO cells were 

transfected with HA-tagged DLG1 alone, in combination with HA-tagged 16 E6 or in combination with either FLAG-

tagged MAML1 or E6AP. After 24 hours the cells were harvested and isolated proteins were separated on SDS-PAGE, 

detected by HRP-conjugated anti-HA and anti-FLAG antibodies with appropriate secondary antibodies, after which 

the proteins were visualized by chemiluminescence. β-galactosidase (LacZ) was used as control to monitor 

transfection efficiency and loading. (B) Densitometric analysis was performed with ImageJ software by measuring 

band densities for DLG1 protein expression that were normalized for background density, after which relative 

expression was calculated by dividing DLG1 normalized density values with LacZ normalized density values. DLG1 

average normalized relative expression was calculated for control sample, and all normalized relative expressions of 

the co-transfected samples were compared to that value. Statistical analysis was done in GraphPadPrism calculating 

fold change by dividing the relative expression of DLG1 in samples transfected with either MAML1 or E6AP with 

average relative expression of sample transfected with DLG1 alone. Each experiment was repeated at least four times 

and all those experiments were included in statistical analysis.  

 

4.14. HPV E6 protein turnover is regulated by MAML1 

After demonstrating that MAML1 silencing results in the downregulation of E6 protein 

levels (Figure 31 and Figure 33), the subsequent inquiry was to determine how MAML1 affects 

the turnover rates of E6 protein of both α- and β-HPV types. To investigate this, siRNA silencing 

was employed to abolish the expression of MAML1, E6AP, or both in HeLa and HPV-8 E6-

expressing HT1080 cells, followed by a cycloheximide chase assay performed in these cellular 
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contexts. siLuc was used as a control. Seventy-two hours post silencing protein synthesis was 

blocked by a cycloheximide inhibitor in order to determine the rate of E6 protein turnover in a 

cellular condition when novel protein synthesis was blocked. After blocking the protein synthesis, 

the cells were collected and harvested at different time points (0, 30, 60, 90, 120 min), isolated 

proteins were separated on SDS-PAGE and detected by western blotting using anti-MAML1, anti-

E6AP, anti-HPV-18 E6 antibodies and anti-FLAG antibody to detect HPV-8 E6 (Figure 36). β-

actin was used as internal control for transfection efficiency.  

Lower panel of Figure 36 depicts the obtained densitometric analysis results presented in 

a form of the column graph. The initial band intensity of HPV-18 E6 at 0 min time point was taken 

as 100%, and the density at other time points were calculated as percentage of the decreased 

starting amount. Hence, after performing western blot and densitometric analyses it was observed 

that the half-life of HPV-18 E6 in control HeLa cells treated with siLuc was around 120 min 

(Figure 36), which is in agreement with previously reported results (Tomaić, Pim, and Banks 

2009a; Androphy et al. 1987). Silencing either MAML1 or E6AP led to a shorter E6 half-life, with 

HPV-18 E6 half-life being around 90 min when MAML1 was silenced. Furthermore, silencing 

E6AP resulted in shortening of half-life even more, which was around 80 min. Silencing of both 

MAML1 and E6AP induced a further decrease in HPV-18 E6 half-life to approximately 60 min, 

indicating a synergistic effect of MAML1 and E6AP on HPV-18 E6 half-life, which was 

statistically confirmed (Figure 36).  
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Figure 36. MAML1 and E6AP exhibit a synergistic effect on HPV-18 E6 half-life.  HeLa cells were transfected 

with siRNAs siLuc, siMAML1 and siE6AP either alone or in combination. Seventy-two hours after silencing the cells 

were treated with cycloheximide inhibitor and harvested at indicated time points. E6 protein expression levels were 

analysed by SDS-PAGE and western blotting with anti-MAML1, anti-E6AP and anti-18 E6 antibodies. β-actin was 

used as internal control to monitor protein loading. Densitometric analysis was performed with ImageJ software. Band 

densities were first normalized for background density for each of the samples after which relative expression was 

calculated by dividing E6 normalized density with β-actin normalized density. The initial band intensity of 18 E6 at 0 

min time point was taken as 100%, and the density at other time points were calculated as percentage of the decreased 

starting amount. The obtained statistical results are presented as column graphs with standard deviations (SD) 

indicated as a bar (lower panel). Each experiment was repeated at least three times. Significance was determined by 

ANOVA test using MedCalc, with p<0.05 taken as significant, and marked with * above the bar.  

The cyclohexamide chase assay was repeated under the same experimental settings in 

HT1080 HPV-8 E6 cells. As can be seen from the results at Figure 37, HPV-8 E6 had a half-life 

even longer than the 120 min. Interestingly, the half-life of HPV-8 E6 in cells with silenced 

MAML1 exhibited a decrease between 90 and 120 minutes. As expected, silencing E6AP had no 

effect on HPV-8 E6 half-life (Figure 37). Silencing both MAML1 and E6AP did not lead to any 
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further decrease of HPV-8 E6 half-life, in comparison to the decrease seen with silencing only 

MAML1, and no synergistic effect was seen as it was the case with HPV-18 E6.  

Findings presented in Figures 36 and 37 provide additional evidence, which support the 

direct involvement of MAML1 in the protein turnover of HPV E6 oncoprotein of both α- and β-

HPVs. Moreover, these analyses additionally support the fact that MAML1 exclusively regulates 

the turnover of HPV-8 E6 protein, whilst E6AP has no effect on the protein stability of HPV-8 E6. 

 

 

Figure 37. HPV-8 E6 protein half-life is exclusively regulated by MAML1. HT1080 HPV-8 E6 cells were 

transfected with siRNAs siLuc, siMAML1 and siE6AP either alone or in combination. Seventy-two hours after 

silencing the cells were treated with cycloheximide inhibitor added in cell culture medium. Cells were harvested at 

indicated time points. E6 protein expression levels were analysed by western blotting with anti-MAML1, anti-E6AP 

and anti-FLAG antibodies. β-actin was used as internal control to monitor protein loading. Densitometric analysis was 

performed with ImageJ software. Band densities were first normalized for background density for each of the samples 

after which relative expression was calculated by dividing E6 normalized density with β-actin normalized density. 

The initial band intensity of HPV-8 E6 at 0 min time point was taken as 100%, and the density at other time points 

were calculated as percentage of the decreased starting amount. The obtained statistical results are presented as column 

graphs with standard deviations (SD) indicated as a bar (lower panel). Each experiment was repeated at least three 

times. 
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4.15. E6 cellular distribution is altered in presence of MAML1 

Given that both MAML1 and E6AP stabilize α- and β-HPV E6 proteins, an additional 

objective was to investigate whether these interactions affect the subcellular localization and 

distribution of E6 among different cellular compartments. To accomplish this, HEK-293 cells were 

transfected with either HA-tagged HPV-16 or -8 E6, either alone or in combination with FLAG-

tagged MAML1 or E6AP. Cellular proteins were extracted using ProteoExtract® Subcellular 

Proteome Extraction Kit which enabled separation of cell lysates into cytosolic (C), membrane 

(M), nucleic (N) and microtubule (T) fractions. The fractionated proteins were separated on SDS-

PAGE and detected via western blot analysis. The protein fraction purity was determined by 

incubation with specific antibodies that included anti-MCM7 for cytoplasm, anti-GAPDH for 

membrane, anti-histone H3 for nucleus and anti-vimentin for cytoskeleton.  

As can be seen from the data presented on the top panel on Figure 38, HPV-16 E6 primarily 

localizes in the cytosolic fraction. Co-transfection with E6AP induces stabilization of cytosolic 

E6, but also increases 16 E6 protein levels in other three fractions. When 16 E6 was co-transfected 

with MAML1, these proportions have changed, and besides the signal detection in the cytosol, 

there was a notable increase in the amounts of E6 detected also in the nucleic and membrane 

fractions. MAML1 by itself localizes predominantly in the cytosolic fraction, with a smaller 

proportion in the microtube fraction. By analysing protein levels of MAML1 in co-transfection 

with 16 E6, clear changes in a MAML1 distribution profile was visible, with a notable increase in 

the nucleic and membrane fractions, accompanied with 16 E6 accumulation in the same fractions 

(Figure 38, top panel). Co-transfection with 16 E6 also resulted in an increased accumulation of 

MAML1 in the cytoplasmic and microtubule fraction. 

While examining the effect of MAML1 and E6AP on HPV-8 E6 distribution, a different 

pattern was observed. On the contrary to MAML1 and 8 E6 co-expression that caused an increase 

in the amount of 8 E6 in the cytosol, where MAML1 was predominantly detected, E6AP had no 

effects on HPV-8 E6 distribution (Figure 38, lower panel). The increase in the cytosolic 8 E6 

when co-expressed with MAML1, as well as the stabilization of the nucleic E6, further confirmed 

the immunofluorescence results where MAML1 silencing in HPV-8 E6-expressing HT1080 cells 

resulted in the downregulation of nuclear HPV-8 E6 (Figure 33B). 
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Figure 38. MAML1 causes changes in HPV-16 E6 and HPV-8 E6 cellular accumulation. HEK-293 cells were 

transfected with HA-tagged HPV-16 E6 or HPV-8 E6 alone or in combination with either FLAG-tagged MAML1 or 

E6AP. The cells were also transfected with an empty vector pcDNA3, used as a negative control and FLAG-tagged 

MAML1 alone. After 24 hours, the protein lysates were separated into the cytosolic (C), membrane (M), nucleic (N) 

and microtubule (T) cellular fractions. The fractionated proteins were separated on SDS-PAGE, 18 E6 and 8 E6 were 

detected by western blot analysis with HRP-linked anti-HA antibody, while MAML1 was detected with anti-FLAG 

antibody. The protein fraction purity was determined by incubation with anti-MCM7 for cytoplasm, anti-GAPDH for 

membrane, anti-histone H3 for nucleus and anti-vimentin for cytoskeleton (microtubules) antibodies.  

Based on these results, along with the gene silencing experiments shown in Figure 31C, it 

was further confirmed that MAML1 and E6AP affect two different pools of HR HPV E6. This 

also suggests that the pool of E6 stabilized by MAML1 has unique functions and may interact with 

different cellular partners compared to the E6 stabilized by E6AP. As a result of these differences, 

the E6 stabilized by MAML1 may be present in different cellular compartments than E6 stabilized 

by E6AP. These findings highlight the importance of revealing the specific functions and 

interactions of different E6 pools to obtain a more comprehensive understanding of the complex 

role of E6 in HPV-driven oncogenesis.  
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4.16. Silencing MAML1 has no effect on apoptosis  

The experiments presented so far have provided solid evidence indicating that the ablation 

of MAML1 has a direct impact on the stability, distribution and E6 turnover of both α- and β-

HPVs. Thus, the following step was to assess whether these observed changes of E6 also impact 

the behaviour of the cell. This included investigating how E6 association with MAML1 might 

impact cellular apoptosis rate in comparison to its association with E6AP. The effect of HR E6 on 

inhibiting cellular apoptosis is well-characterized and extensively described in the introduction 

(Alfandari et al. 1999).   

Cellular apoptosis was detected by staining the cells with Annexin V and propidium iodide 

(PI) followed by the flow cytometry analysis. HeLa cells and HT1080 cells stably expressing HPV-

8 E6 were transfected with siMAML1 and siE6AP, alone or in combination, to ablate protein 

expression of MAML1 and E6AP, while siLuc was used as a control. Seventy-two hours post 

transfection the cells were collected and stained with FITC-conjugated Annexin V and PI. Three 

groups of control cells included the unstained cells, Annexin V-stained and PI-stained cells. The 

stained cells, including the experimental and control cells, were analyzed on the FACSCalibur 

flow cytometer. Figures 39A and 39B depict the representative data in a form of dot plots for 

HeLa cells treated with different siRNAs and analysed using flow cytometry. The cells were gated 

against cell debris based on the size (FCS, forward scatter) and granularity (SSC, side scatter) 

(Figures 39A and 39B, top left panel). The gated cells were then analysed based on Annexin V 

and PI, as depicted on the remaining four dot plots of Figures 39A and 39B.  Living cells negative 

for both Annexin V and PI staining are represented in the lower left quadrant, the upper left 

quadrant shows the cell population positive for PI staining (necrotic cells), the lower right quadrant 

depicts cells positive for Annexin V (early apoptosis), while the upper right quadrant (green 

population in the dot plots) represents cells that were positive for both Annexin V and PI (apoptotic 

cells). As evident from the presented dot plots, HeLa cells treated with either siLuc, siMAML1 or 

siE6AP show even grouping based on Annexin V-PI staining (Figures 39A and 39B). Initially, 

quantification of double-positive cells stained with Annexin V and PI was conducted to determine 

the percentage of apoptotic cells. However, the observed percentage of these cells was very low, 

rendering it unsuitable for drawing meaningful conclusions. For this reason, a percentage of dead 

cells (including cells undergoing apoptosis) was calculated, which included necrotic cells, cells in 

early apoptosis, and apoptotic cells (Figure 39E). 
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Figure 39. Silencing MAML1 has no effect on cell apoptosis. Flow cytometry analysis with Annexin V-PI staining 

was performed to evaluate the percentage of apoptotic cells. (A, B) HeLa cells and (C, D) HT1080 HPV 8 E6 cells 

were transfected with siMAML1, siE6AP, alone or in combination, while siLuc was used as a control. Seventy-two 

hours post transfection the cells were collected and stained with FITC-conjugated Annexin V and propidium iodide. 

Three groups of control cells were used in order to calibrate the instrument: unstained cells, Annexin V-stained and 

PI-stained. The data were analysed with FCS 3 Express Flow Cytometry Software. Representative dot plots from flow 

cytometry analysis for HeLa cells are shown. (E) A cell population positive for PI staining, as well as cells positive 

for Annexin V and double positive HeLa cells and HT1080 HPV 8 E6 cells stained with both Annexin V and PI, were 

quantified. These measurements were statistically presented as a percentage of dead cells in a column graph. Columns 

are means ± SD percentage of dead cells of five independent experiments (bars represent SD). 

While comparing the percentage of dead cells between four groups of the cells treated with 

different siRNAs, no significant difference was observed. Results of the flow cytometry analysis, 

therefore, indicate that silencing MAML1 or E6AP did not have an impact on cellular apoptosis, 

even though it would be expected that the decrease in E6 stability and protein levels, as a 

consequence of MAML1/E6AP silencing, would result in an increase of cellular apoptosis. A 

slight induction of apoptosis was seen in HeLa cells treated with both MAML1 and E6AP, possibly 

as a synergic effect of their silencing on HPV-18 E6 protein levels.  

Representative data in a form of dot plots for the flow cytometry analysis of HT1080 HPV-

8 E6 treated with siLuc, siE6AP and siMAML are depicted in Figures 39C and 39D. The cells 

were processed and gated in the same manner as HeLa cells.  HT1080 cells cells showed even 

grouping based on Annexin V-PI staining in both control and experimental groups (Figures 39C 

and 39D). A percentage of dead cells was quantified and statistically presented in a form of graph 

(Figure 39E). Dead cells were calculated by incorporating a percentage of cell population positive 

for PI staining (necrotic cells), cells positive for Annexin V (early apoptosis) and cells that were 

positive for both Annexin V and PI (apoptotic cells). When comparing the percentage of dead cells 

among four groups of cells treated with different siRNAs, no significant difference was observed. 

Finally, those results reflect the conclusion that silencing MAML1 or E6AP, or both in 

HeLa and HT1080 HPV 8 E6 cells does not have an effect on altering cellular apoptosis. Even 

though this result was not in agreement with the expected outcome based on the previous studies, 

the absence of the described effect could be possibly explained by the existence of additional 

cellular pathways and changes in cellular behaviour that can be influenced with silencing MAML1 
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and E6AP. It is possible that a longer duration of siRNA treatment may be required to observe the 

effects on cell apoptosis, exceeding the standard 72-hours treatment period.  

Since there was no apparent change in the rate of apoptosis in the above elaborated 

experiment, the following steps were to evaluate some other possible biological changes, such as 

cellular proliferation and migration, which might occur in the absence of MAML1 in HPV-positive 

background. 

 

4.17. E6/MAML1 complex impacts cell proliferation synergistically with E6AP  

The fluctuations in E6 protein levels, which are dependent on the presence of MAML1 as 

observed in this doctoral thesis, raise an intriguing question about the potential impact on cell 

proliferation. E6 was shown to interact with different cellular proteins, and these interactions can 

modulate normal cellular processes such as cell cycle control and DNA repair. Therefore, it is 

possible that alterations in E6 protein levels as a consequence of the interaction with MAML1 

could affect the cell's ability to proliferate and divide normally. Hence, the further aim was to 

investigate whether the two pools of HR E6s, one bound to E6AP and the other to MAML1, can 

independently have an impact on cellular proliferation. If it is assumed that the pool of E6 

stabilized by MAML1 has distinct functions and interactions in comparison to the pool of E6 

stabilized by E6AP, as suggested by the findings in this doctoral study, then it is possible that these 

complexes may have different effects on cell proliferation as well.  

To test this, HA-tagged HPV-18 or -16 E6, together with either FLAG-tagged MAML1, 

E6AP or both were ectopically expressed in HEK-293 E6AP KO. Transfected cells were 

transferred from a tissue culture dishes to a 96 well plate in quadruplicates. Forty-eight hours after 

the cell transfer Uptiblue reagent was added in the log phase of the cell growth to measure cell 

proliferation. Five hours later the absorbance was measured on a multiwell plate reader and the 

percentage of Uptiblue reduction was quantified and calculated (Figure 40). Comparing the 

proliferation rate of the cells transfected with HPV-16 E6 alone, co-transfection with E6AP led to 

the statistically significant increase in the proliferation of E6AP KO cells, whereas co-transfection 

in combination with MAML1 did not change the proliferation in a statistically significant rate. In 

cells co-transfected with both MAML1 and E6AP proliferation rate was significantly elevated 

(p<0.01, very significant), demonstrating a synergistic effect of MAML1 and E6AP on cell 

proliferation (Figure 40). 
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Figure 40. MAML1 and E6AP cooperate in increasing E6-dependent cellular proliferation. HEK-293 E6AP KO 

cells were transfected with HA-tagged HPV-16 E6 or HPV-18 E6, alone or in combination with FLAG-tagged 

MAML1, E6AP or both. The cells were also transfected with pCDNA3 empty vector, used as a negative control, and 

β-galactosidase (LacZ) as an internal standard to monitor transfection efficiency and loading. Twenty-four hrs after 

transfection, the cells were detached, counted and seeded in quadruplicates in a 96 well plate (5 x 104 cells per well), 

after which were grown for a further 48 hours. Uptiblue was then added to the wells and the absorbance at 570 nm 

and 595 nm was measured 5 hours later. The percentage of Uptiblue reduction was calculated to respond to the rate 

of proliferation. The average of at least three experiments is depicted on the graph, along with standard deviations. 

Significance was determined by Student’s T-test using GraphPadPrim, with p<0.05 taken as significant, and marked 

with * above the bar. p<0.01 taken as very significant and marked with **. 

As it was expected, HPV-18 E6 showed a similar trend on the proliferation rate of HEK-

293 E6AP-KO cells, in comparison to the effects of HPV-16 E6. HPV-18 E6 alone induced an 

increase in cellular proliferation, which became even more pronounced with the co-transfection of 

E6AP. Again, it was confirmed that this increase is statistically significant. Co-transfection in 

combination with MAML1 did not positively affect the proliferation. Addition of both E6AP and 

MAML1 resulted in a further increase in proliferation rate (statistically very significant, p<0.01), 

showing strongly pronounced synergistic effect, despite MAML1 not having an individual impact 
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(Figure 40). E6 is known to promote cell proliferation through various mechanisms. However, its 

effects appear to be limited in the absence of E6AP, as suggested by the results shown in Figure 

40, which highlights the importance and necessity of E6AP in promoting cellular proliferation. 

Transfecting cells with both E6 and E6AP resulted in the activation of viral oncoprotein's typical 

functions, including the degradation of p53 and PDZ-domain containing substrates, which 

consequently led to increased cell proliferation. On the other hand, E6/MAML1 complex induces 

the overall stability of this pool of E6, but apparently does not have the same proliferative effect. 

However, interestingly, in the situation when E6 cellular pools were stabilized by MAML1 and 

E6AP simultaneously, the rate of proliferation increased even more, suggesting that MAML1 and 

E6AP have a synergistic impact on E6, leading to increased cell proliferation, via yet undefined 

mechanisms.  

 

4.18. E6/MAML1 complex impacts cell migration 

It is well established that Notch cellular pathway is involved in the regulation of both cell 

proliferation and migration processes (Bray 2016). Despite the fact that the previous experiment 

showed no statistically significant effect of E6/MAML1 complex on cell proliferation, it cannot 

be excluded for this complex to impact cell behaviour through the effects on cell migration in 

HPV-positive background.  A simple method for monitoring cell migration is the "wound healing" 

assay (also known as the scratch assay), which is based on a monitoring the dynamics of cell 

coverage as they fill a gap in the monolayer of adherent cells. 

Thus, HeLa cells were transfected with either siMAML1, siE6AP or both, and siLuc was 

used as a control. Forty-eight hours after silencing the confluent cell monolayer was scratched with 

a pipette tip and the initial scratch was photographed (Figure 41A, left panel). The scratch in the 

cell monolayer was then photographed again after 18 hours to determine the potential differences 

(Figure 41A, right panel). The obtained images were quantified in a manner that edge of the gap 

(wound area) was marked with the MRI wound-healing tool macro, which is a part of ImageJ 

software, which measures the marked surface of a gap in the cell monolayer. With calculating 

surface area values, it was possible to observe changes in the migratory/proliferation potential of 

cells and distinguish the potential depending on the different silencing treatment.  

Statistical analysis was graphically represented as a column graph using GraphPadPrism 

program (Figure 41B). Hence, silencing E6AP in HeLa cells led to a decrease in wound closure 
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from 73% (control cells transfected with siLuc) to 57%. This effect was expected in the context of 

the previously determined decreased 18 E6 protein stability as a consequence of silencing E6AP, 

so the down-regulated 18 E6 protein amount most likely led to the consequential reduced rate of 

E6-driven proliferation/migration.  

Strikingly, silencing MAML1 decreased HeLa migratory/proliferation capacity to a similar 

degree as silencing E6AP, from 73% to 64% (Figure 41B) (even though statistical significance 

was lower in comparison to the control cells). This effect could be attributed to the decrease in the 

total amounts of E6 oncoprotein or potentially impaired Notch signaling. This was rather 

surprising considering that overexpressing MAML1 together with E6 did not have an impact on 

proliferation. However, in contrast to what was observed in the proliferation assay, in this 

experimental settings E6AP and MAML1 did not act synergistically, since the rate of migration 

remained the same as with the individually silenced E6AP and MAML1. The migratory capacity 

decreased from 73% in controls to 64% in cells treated with both siMAML1 and siE6AP, which 

was the same value as for cells treated with only siMAML1 (Figure 41B). Moreover, to confirm 

the efficiency of silencing, treated HeLa cells were harvested, proteins isolated and samples were 

analysed by SDS-PAGE and western blot using anti-MAML1 and anti-E6AP antibodies (Figure 

41C). 
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Figure 41. Silencing MAML1 impacts cell migration in HPV-18 positive cells. (A) HeLa cells were transfected 

with siLuc, siMAML1 or siE6AP. Forty-eight hours later, a wound scratch was made in the cell monolayer using 

pipette tip, the cells were washed and photographed. Eighteen hrs after initial scratching, the cells were photographed 

again. (B) Statistical analysis was graphically represented as a column graph using GraphPadPrism program. The 

surface area of the wounds was calculated with the MRI wound healing tool macro for ImageJ software, and the 

significance in the surface area difference between siRNA treatments was determined by Student’s T-test, with p<0.05 

taken as statistically significant and marked with * (p<0.01 marked with **). All experiments were repeated at least 

four times. (C) To confirm the efficiency of silencing, treated HeLa cells were harvested, protein isolated and samples 

analysed by SDS-PAGE and western blot using anti-MAML1 and anti-E6AP antibodies. β-actin was used as an 

internal control. 
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5. DISCUSSION 

PART I   Oncogenic potential of naturally occurring HPV-16 E6 variants 

 
Epidemiological studies have shown a remarkable association between the progression of 

high-grade cervical precursor lesions to invasive carcinomas with HPV-16 E6 intra-type variant 

forms, which differ in their abilities to modulate the carcinogenic HPV potential (Bernard et al. 

2006; et al. 2013b). These numerus epidemiological studies have linked the changes in HPV-16 

E6 nucleotide sequence with the altered biological functions and oncogenic potential of the virus 

(Hildesheim and Wang 2002; Stöppler et al. 1996; Burk et al. 2013b; Sichero et al. 2012; 

Asadurian et al. 2007a; Chakrabarti et al. 2004; Cochicho et al. 2021; Cornet et al. 2012; Lavezzo 

et al. 2016). However, due to the lack of mechanistic studies, the molecular background for those 

important epidemiological data has not been elucidated and the majority of molecular mechanisms 

responsible for an increased cancer risk of HPV-16 naturally occurring variants are still poorly 

defined. Since E6 oncoprotein primarily contributes to later stages of HPV-induced malignancy, 

it is assumed that the modifications in E6 may have a substantial impact on the progression of the 

disease towards a more malignant state. Exploring the carcinogenic potential of 16 E6 variants 

could explain the association of these amino acid changes with the increased risk of cervical 

neoplasia and highlight the importance for cervical cancer risk assessment. This doctoral thesis 

represents the first functional mechanistic study of three intra-type genetic variants of 16 E6, 

including 16 E6 D25N, E6 L83V and E6 D25N L83V, which evaluates their functions relevant to 

carcinogenesis.  

HPV-16 E6 L83V intra-type variant has been clustered within the European variant branch 

and it is associated with an increased risk of cervical cancer progression and high frequency 

detection in the most of European regions (Grodzki et al. 2006; Bruni et al. 2010; Plummer et al. 

2007; Kottaridi et al. 2022). Several functional analyses have revealed that HPV-16 E6 L83V 

variant exhibits enhanced capacity of p53 degradation and ability to abolish primary human 

foreskin keratinocyte (HFKs) differentiation induced by serum and calcium (Stöppler et al. 1996; 

Asadurian et al. 2007a; Zehbe et al. 2009), increased immortalization abilities of primary HFKs 

(Sichero et al. 2012; Togtema et al. 2015), established association with the regulation of 

tumorigenesis by the Notch signaling pathway (Chakrabarti et al. 2004), enhanced capacity of Bax 
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degradation (Asadurian et al. 2007b) and an increased interaction with E6BP over wild type HPV-

16 E6 (Lichtig et al. 2006b). Furthermore, for this variant it has been shown to enhance E6-

mediated MAPK signaling with increased expression of MAP2K1 and that it differentially 

regulates oncogenic Ras expression (Sichero et al. 2012; Chakrabarti et al. 2004). Furthermore, 

HPV-16 E6 L83V intra-type variant is more prone to undergo anoikis in human normal 

immortalized keratinocytes (NIKS) (Zehbe et al. 2009). The available epidemiological data highly 

suggests that the increased pathogenicity of HPV-16 E6 L83V mutant is likely to be attributed to 

other altered functions besides those that have been identified so far. HPV-16 E6 D25N L83V is 

an European variant form most closely linked with the development of cervical cancer in South-

American region (Ortiz-Ortiz et al. 2015). In ectopic expression experiments,  E6 D25N L83V 

variant exhibited higher protein levels in comparison to protein levels of other evaluated E6 

variants (Zacapala-Gómez et al. 2016). In addition, E6 D25N L83V variant demonstrated 

differences in gene expression profiles, resulting in altered genetic expression in C33A cells. The 

observed differential expression involved host genes that play a role in the development of cervical 

cancer, and these included genes involved in adhesion, angiogenesis, apoptosis, differentiation, 

cell cycle regulation, proliferation, transcription, and protein translation (Zacapala-Gómez et al. 

2016; Araujo-Arcos et al. 2022). Furthermore, currently, there is no experimental evidence to show 

whether HPV-16 E6 D25N variant additionally contributes to cancer progression opposed to wild-

type HPV-16 E6, and therefore, more studies are needed to fully understand the significance of 

this variant. However, based on studies of the HPV-16 E6 D25N L83V variant, it is possible that 

D25N mutation may additionally increase the oncogenic potential of HPV-16 E6 protein and 

contribute to the progression of cervical cancer. 

 

E6-mediated p53 degradation is considered as a hallmark function of HR HPV types 

(Scheffner et al. 1990b). The utilization of E6AP and the ubiquitin proteasome system for the 

degradation of p53 is an important factor contributing to the carcinogenic process, but there are 

also other oncogenic activities of HR E6s that play roles in this process. This implies also to 

degradation of PDZ-domain containing cellular substrates (Thomas et al. 2008c). The enhanced 

oncogenic potential of HPV-16 E6 variants has been attributed to their altered and advanced 

intrinsic biological properties, specifically their increased ability to engage in oncogenic activities. 

This implies that the higher prevalence of variant forms in cancer progression may be attributed to 
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their increased capability to interact with, utilize, and subsequently degrade well-established E6 

cellular targets. In this doctoral thesis, it was observed that all evaluated HPV-16 E6 mutant 

oncoproteins exhibited an increased association with E6AP, albeit to varying degrees of intensity. 

HPV-16 E6 D25N L83V interaction with E6AP was decisively the strongest, followed by HPV-

16 E6 D25N and HPV-16 E6 L83V, while the interaction with wild-type HPV-16 E6 was the 

weakest. To confirm that the increased levels of the interaction between 16 E6 D25N L83V and 

E6AP were indeed a consequence of E6/E6AP complex formation, and were not dependent on 

some unspecific endogenous effects, the experiment was repeated in E6AP KO cells and yielded 

a consistent result. There could be several possible reasons for the increased levels of interaction 

between 16 E6 D25N L83V mutant and E6AP. One possible explanation is that the D25N and 

L83V mutations alter the conformation of the E6 oncoprotein leading to a higher affinity for E6AP, 

even though the results of the in silico suggest that 16 E6 L83V and D25N L83V mutations do not 

significantly alter HPV-16 E6 3D structures (Rodríguez-Ruiz et al. 2019). Additionally, these 

mutations may potentially affect the accessibility of the LXXLL binding motif on E6, leading to 

increased availability for binding to E6AP. Molecular dynamics simulations of the variants showed 

minimal changes in the structure, but broad changes in physicochemical parameters, which can 

presumably be involved in the differential patterns of interactions with cellular protein targets 

(Rodríguez-Ruiz et al. 2019). Another possibility is that the mutations alter the surface charge 

distribution of the E6 oncoprotein, making it more favourable for interaction with E6AP. 

 

E6AP is essential for α-HPV E6 protein stability, as well as for maintenance of appropriate 

E6 levels within the cell (Tomaić, Pim, and Banks 2009a). However, it is also worth noting that 

E6AP itself undergoes self-ubiquitination, which ultimately leads to its degradation. This process 

is additionaly amplified by the binding of E6 to E6AP (Kao et al. 2000). Based on the results of 

E6/E6AP binding experiments and the differences observed in the capacity of the mutants to 

interact with E6AP, the following step was to determine whether stronger E6/E6AP interaction 

also implies a higher degree of subsequent E6-mediated E6AP degradation. The obtained result 

indeed demonstrated higher degradation of E6AP in the presence of HPV-16 E6 D25N L83V 

variant, in comparison with either prototype 16 E6 or with the D25N and L83V E6 variants. This 

was in agreement with the results of the GST pull-down assays, which demonstrated that the HPV-

16 E6 D25N L83V variant was the strongest in binding to E6AP, which has consequently reflected 
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on the levels of E6AP degradation.  The increased E6-mediated degradation of E6AP by the HPV-

16 E6 D25N L83V variant may be linked to changes in the conformation of E6AP induced by the 

interaction with the variant. This altered conformation may increase the accessibility of E6AP 

lysine residues to E6-mediated ubiquitination, thus further promoting its degradation (Kao et al. 

2000). Moreover, the increased stability of HPV-16 E6 D25N L83V variant (Zacapala-Gómez et 

al. 2016), may also lead to a higher level of sustained interaction with E6AP, resulting in prolonged 

E6AP ubiquitination and subsequent degradation. E6AP is known to have a faster turnover rate 

than most other E3 ubiquitin ligases, meaning it is more rapidly degraded and replaced within the 

cell (Martin Scheffner and Kumar 2014). This fast turnover rate of E6AP allows rapid regulation 

of its target proteins and prevents accumulation of potentially harmful or misfolded proteins. 

Additionally, the turnover rate of E6AP can be regulated by other proteins and cellular factors, 

further affecting its dynamic role in protein modulation. In the case of E6/E6AP interaction, fast 

turnover rate could contribute to the need for continuous E6/E6AP binding required for maintaing 

the stability of E6 within the cell, which is favorable for the overall viral fitness. Therefore, the 

stronger interaction between HPV-16 E6 D25N L83V variant and E6AP, and subsequent higher 

degree of E6-mediated E6AP degradation, could be attributed to the joint effect of changes in 

E6AP conformation and ubiquitination of lysine residues, that alter the stability and turnover of 

E6AP.  

Furthermore, after establishing that HPV-16 E6 L83V and D25N L83V mutants exhibit 

stronger interaction with E6AP, which was reflected in increased E6AP turnover in comparison to 

the wild-type 16 E6, an additional step was to assess if the strength of these interactions impacts 

the protein levels of HPV-16 E6 mutants. Hence, as already mentioned, the stability  and protein 

levels of α-HPV E6s depend on their association with E6AP (Tomaić, Pim, and Banks 2009a), so 

it was assumed that the stronger interaction between HPV-16 E6 D25N L83V and E6AP would 

lead to an upregulated HPV-16 E6 D25N L83V protein levels. Indeed, 16 E6 D25N L83V 

exhibited increased protein levels in comparison to the protein levels of wild-type HPV-16 E6 in 

the overexpression experimental settings. These results confirm and additionally support the 

findings of a previous study, which showed that C33A cells transfected with HPV-16 E6 D25N 

L83V, also exhibited upregulated E6 protein levels in comparison to the other investigated HPV-

16 E6 variants (Zacapala-Gómez et al. 2016). The elevated protein levels of HPV-16 E6 L83V, in 

comparison to wild-type 16 E6, were consistent with its interaction profile and biding with E6AP. 
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This finding was also supported by a previous study where protein levels of HPV-16 E6 L83V in 

human keratinocytes were found to be comparable to, or even higher than the levels of wild-type 

HPV-16 E6 (Asadurian et al. 2007a). This result was also rather expected since several studies 

have reported HPV-16 E6 L83V enhanced capacity to target p53 for a proteasome mediated 

degradation (Stöppler et al. 1996; Asadurian et al. 2007a), increased transformation abilities 

(Sichero et al. 2012) and enhanced capacity of Bax degradation and E6BP interaction (Lichtig et 

al. 2006a), all mechanisms associated and dependent to the increased E6 stability and protein 

levels.  Interestingly, it was also observed that the HPV-16 E6 D25N mutant showed a decreased 

protein levels when overexpressed in HEK-293 cells, which was quite surprising since its binding 

strenght to E6AP was similar to the one of wild-type E6AP. Taking all of this together suggest that 

some other, yet undiffined and E6AP-independent cellular mechanisms, could be responsible for 

the decreased protein levels of this mutant.     

The following analyses investigated if the two amino acid mutations had an impact on 

HPV-16 E6 protein turnover. It was observed that the half-life of wild-type HPV-16 E6 started to 

decrease around 90 minutes, which is an agreement with the previous reports (Tomaić, Pim, and 

Banks 2009a; Androphy et al. 1987). Interestingly, ectopic expression of HPV-16 E6 D25N L83V 

resulted in shorter half-life, with HPV-16 E6 D25N L83V half-life at the 90-minute time point 

being lower that the wild-type HPV-16 E6 half-life, implying to a more rapid protein turnover. 

These findings suggested that the HPV-16 E6 D25N L83V mutant is less stable than the wild-type 

protein, possibly due to mutation-dependent changes affecting its conformation or altering the 

surface charge distribution. Interestingly, this observation was in contrast to the ectopic expression 

levels of the double mutant, which were clearly upregulated in comparison to HPV-16 E6 and the 

other two mutants, suggesting a possibility that the stability of the double mutant could be also in 

part regulated on the mRNA level. Moreover, one needs to be aware that these experiments were 

performed in the overexpression systems, which were used primarly due to the lack of cancer cell 

lines isolated from patients infected with this particular variant. Therefore, this observation could 

be more complex in vivo and might not reflect entirely the results obtained in the overexpression 

assays.  

The characterization of the mutants was investigated further in order to determine if their 

cellular localization was affected by the corresponding mutations. The latest research showed  

HPV-16 E6 mostly localize in the nucleus and ribosomal areas of the cytoplasm (Mesplede et al. 
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2012; Ganti et al. 2016). By investigating cellular localization of the ectopically expressed wild-

type 16 E6 and its corresponding mutants, it was observed that all mutants exhibited distribution 

similar to the wild-type protein, with a predominant localization in the nucleus, while a diffused 

pattern of E6 signal was also detected in the cytoplasm. Hence, it seems that the mutations, whilst 

potentially inducing conformational changes of the oncoproteins’ structure or altering the surface 

charge distribution, did not affect their localization. However, since these experiments involved 

overexpression of the E6 mutants, it was likely that potential minor changes in the protein 

localization could be masked in this experimental system. A solution in achieving a more accurate 

cellular localization results in future experiments would be to create cell lines stably expressing 

tagged forms of the E6 mutant proteins, possibly using CRISPR/Cas9 genome editing technology, 

or to generate patient-derived cells. These cells lines would resemble more natural settings of E6 

expression levels and in this way possible changes in the oncoprotein localization could be 

detected more easily.  

 

As already being emphasized, the main oncogenic activity of HR E6 oncoproteins is ability 

to interact with the p53 tumour suppressor (Scheffner et al. 1990a), which enables that virus  evade 

apoptosis and overcome negative growth regulation, all of which are preceding stages of HPV-

associated cancers. Interaction between HR E6/E6AP and p53 drives p53 degradation via the 

ubiquitin proteasome pathway, consequently having major implications for overcoming p53 tumor 

suppressive activities. Additionally, through their PBMs HR E6 oncoproteins bind and degrade a 

number cellular PDZ-domain containing proteins, which leads to their reduced tumor suppressors’ 

activities and disruption of cell polarity networks. This E6’s activity has been shown to be critical 

for later stages of HPV-induced malignancy (Thomas et al. 2008a), which was confirmed by many 

different experimental analyses (Kranjec and Banks 2011; Kranjec et al. 2014). Because of the 

importance of p53 and PDZ-domain containing proteins targeting for enhancing the progression 

of hyperplastic lesions into metastatic cancer during the process of HPV-mediated carcinogenesis, 

this doctoral study investigated 16 E6 mutants’ capacity to degrade p53 as well as some of the 

well-characterized PDZ-domain containing E6’s target proteins, such as MAGI-1, DLG1 and 

Scrib. One of the hypotheses in this doctoral thesis presumed that different 16 E6 mutant forms 

could differently target p53 and PDZ-domain containing proteins. This was based on the fact that 

the mutations may affect the surface charge distribution, changes in physicochemical parameters 
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and stability of the oncoprotein, which could impact its interactions with cellular targets, and also 

change the oncoprotein preference in targeting them. PDZ domain-containing proteins are 

particularly sensitive to this due to their large diversity in interacting with E6 oncoproteins and the 

specifity of binding (Thomas et al. 2008a). Thus, the capacity of the E6 mutant-mediated 

degradation of p53, MAGI-1, DLG1and Scrib was explored using degradation assays, both in in 

vitro conditions and in cultured cells. 

For the in vitro degradation assays, E6 proteins were in vitro transcribed and translated, 

and incubated with in vitro transcribed and translated substrates p53, MAGI-1, DLG1 and Scrib. 

Each of these cellular substrates has been shown previously to be targeted by E6 in these type of 

assays (Gardiol et al. 1999; Thomas et al. 2001; Thomas et al. 2005; Huibregtse et al. 1991). In 

the case of p53 degradation, between HPV-16 E6 and HPV-16 E6 mutants there was no statistically 

significant difference in their abilities to induce p53 degradation, but all examined 16 E6s induced 

p53 degradation with a similar intensity. The statistical data suggested that HPV-16 E6 D25N and 

HPV-16 E6 D25N L83V were as efficient as wild-type HPV-16 E6 in inducing the degradation of 

p53, while HPV-16 E6 L83V mutant degraded p53 in the most effective manner, which is in 

accordance with the previously published results (Stöppler et al. 1996; Asadurian et al. 2007a). 

There could be multiple reasons for the lack of differences observed in the in vitro assay between 

wild type 16 E6 and 16 E6 mutants in targeting p53. One possibility is that the experimental 

conditions used in these assays might not fully mimic the complex cellular environment where the 

interactions between E6 and p53 occur. For example, some important co-factors or post-

translational modifications required for efficient E6-mediated degradation of p53 might be missing 

in the in vitro assay. Additionally, other cellular factors or competing interactions might be present 

in the cell that can modulate the efficiency of E6-mediated degradation of p53 in vivo, but are 

absent in the in vitro assay. Furthermore, the expression levels of E6 and p53 might differ between 

the in vitro assay and in vivo cellular conditions, which could have also affected the observed 

results. 

Similar results were obtained in assays with MAGI-1 where there was no major difference 

observed in the degradatory capacity of the corresponding mutants. All examined HPV-16 E6s 

induced MAGI-1 degradation with a similar intensity and without statistically significant 

differences in comparison to wild-type HPV-16 E6. Although there was no statistically significant 

difference, HPV-16 E6 L83V mutant degraded MAGI-1 in the most effective manner. 
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Interestingly, this result is in agreement with the result of p53 in vitro degradation where 16 E6 

L83V was also most efficient in degrading p53. On the contrary, it appears that the D25N mutant 

exhibited somewhat weaker capacity to target PDZ-domain containing protein MAGI-1 for 

proteasome mediated degradation. Hence, L83V mutation in the 16 E6 oncoprotein may lead to 

changes in physicochemical properties or surface charge that might impact its ability to target 

certain celluar proteins, including MAGI-1 and p53. On the other hand, the D25N mutation 

presumably has no advanced effect on the overall physicochemical properties of the 16 E6 protein, 

which led to a weaker degradation potential of MAGI-1 in comparison to the L83V mutant. The 

mutation D25N L83V in HPV-16 E6 did not affect its capacity for degrading MAGI-1 and showed 

a similar degradation effect as the wild-type 16 E6. 

Furthermore, neither one of the 16 E6 mutants was as efficient as wild-type HPV-16 E6 in 

inducing the degradation of DLG1, even though all assessed HPV-16 E6s induced DLG1 

degradation with a similar affinity, but without statistically significant difference. Similar as for 

MAGI-1 degradation, it appears that the D25N and D25N L83V mutants exhibited somewhat 

weaker capacity to target DLG1 for a proteasome mediated degradation. The observed weaker 

capacity of the D25N mutant for mediating degradation of both MAGI-1 and DLG1 may be 

explained due to its lower protein levels compared to the wild-type HPV-16 E6, L83V and D25N 

L83V mutants, as observed in the overexpression assays. This suggests that the stability of the 

D25N mutant is likely compromised, possibly due changes in the physicochemical properties, 

leading to decreased ability to target these PDZ domain-containing proteins for degradation. 

Although in the in vitro assays all E6 mutants were equally translated, the differences in protein 

levels seen in the overexpression assays may be an indicator for the in vitro assays that there are 

certain differences in the protein stability of the E6 mutants. 

The degradation assay which involved Scrib was performed to evaluate HPV-16 E6 D25N 

L83V because of its increased interaction with E6AP. The result showed the same trend as for the 

rest of the evaluated PDZ-domain containing substrates, with wild-type 16 E6 being more efficient 

in degrading Scrib than the double mutant. It seems that D25N L83V mutation reduces variant’s 

overall ability to degrade Scrib. It is possible that other cellular factors or post-translational 

modifications might play a role in E6 efficiency to target Scrib. Additionally, the increased 

interaction of the D25N L83V mutant with E6AP may be more relevant to its ability to degrade 

other PDZ-domain containing substrates or perform other cellular functions, rather than primarily 
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degrading Scrib (Thomas and Banks 2015). On the other hand, a possibility that HPV-16 E6 D25N 

L83V mutant can modulate Scrib activities by affecting its cellular localisation and thus blocking 

or abolishing its interaction with other cellular partners potentially leading to changes in 

downstream signaling pathways, cannot be excluded.  

 

As in vitro results did not fully align with previously published findings (Stöppler et al. 

1996; Asadurian et al. 2007a) or with the anticipated outcome regarding the initial observation of 

the increased association with E6AP, additional degradation experiments were conducted to 

investigate E6-dependent degradation of p53, MAGI-1, and DLG1. These were performed as 

overexpression assays in HEK-293 cells. Considering p53 degradation, all of the examined HPV-

16 E6s exhibited similar efficiency in targeting p53 for a proteasome-mediated degradation, with 

wild-type HPV-16 E6, L83V and D25N L83V being equally efficient. This result was not in 

agreement with the in vitro degradation assay where HPV-16 E6 L83V was the most efficient in 

degrading p53. However, previous studies have also reported some inconsistencies regarding the 

ability of HPV-16 E6 L83V to target p53 for proteasomal destruction. Hence, while some studies 

have suggested that HPV-16 E6 L83V variant is more effective than the wild-type protein in 

targeting p53, other studies have reported similar levels of p53 degradation between wild-type 

HPV-16 E6 and HPV-16 L83V, without emphasizing the superiority of HPV-16 L83V (Sichero et 

al. 2012). These inconsistencies may be due to differences in experimental conditions, such as 

differences in cell lines used or E6 expression levels. From the initial protein interaction assay 

with E6AP, it would have been expected that HPV-16 E6 D25N L83V have a potential to degrade 

p53 more efficiently than wild-type 16 E6 and other two mutants, since the intensity of HPV-16 

E6 mediated p53 ubiquitylation and proteasome-dependent degradation relies on the strength of 

interaction with E6AP (Scheffner et al. 1990a; Huibregtse et al. 1991). Yet, this research did not 

find a link between the stronger interaction of HPV-16 E6 D25N L83V with E6AP and capacity 

to degrade p53 or other evaluated cellular targets. This implies that E6AP-dependent upregulation 

of D25N L83V protein levels could be directed towards some other E6 cellular functions which 

do not involve protein target degradation. On the other hand, it could be speculated that the E6 

mutants only degrade a certain amount of p53 to effectively carry out their p53-dependent 

functions, and that the observed levels of p53 degradation may be sufficient for adequate p53 

reduction. Furthermore, these analyses did not examine phosphorylated forms of p53, which are 
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preferentially targeted for a proteasome mediated degradation by E6 (Bernard et al. 2011). A 

previously performed study which included HPV-16 E6 L83V and a similar 16 E6 D25E mutant, 

with an amino acid substitution on the same position as D25N, but instead of asparagine harbours 

glutamic acid (D25E), showed a uniform pattern of activity with minor differences among HPV-

16 E6 L83V and 16 E6 D25E variants in p53 degradation activity (Yi et al. 2013). Taken together, 

these findings suggest that HPV-16 E6 can accommodate non-conservative changes between 

natural variants without changing its ability to degrade p53. 

In addition, degradation assays conducted in cultured cells did not demonstrate an 

enhanced ability of the HPV-16 E6 mutants to target ectopically expressed MAGI-1 in comparison 

to prototype HPV-16 E6. However, the HPV-16 E6 L83V mutant induced MAGI-1 degradation 

with a similar affinity compared to wild-type HPV-16 E6. The enhanced capacity of HPV-16 E6 

L83V for MAGI-1 degradation is in agreement with the in vitro degradation assay where 16 E6 

L83V was the most efficient in degrading MAGI-1. However, it was surprising to observe the low 

affinity of the E6 D25N L83V mutant for MAGI-1 degradation in these experimental settings, 

suggesting that the D25N mutation does not play a role in targeting MAGI-1, or that it might be 

favouring other E6 functions over targeting MAGI-1. Considering the results of DLG1 degradation 

assays in the overexpression experiments, it was observed that the 16 E6 L83V mutant degraded 

DLG1 more efficiently than wild-type 16 E6. However, overall, there was no significant difference 

in the degradatory capacity of the 16 E6 mutants. Those results did not entirely reflect the in vitro 

assay results, where wild-type 16 E6 was more efficient in degrading DLG1, despite exhibiting 

similar degradation capacity as the 16 E6 L83V mutant in this experimental setting. A weaker 

capacity of 16 E6 D25N L83V mutant for MAGI-1 and DLG1 degradation can be explained in the 

context of E6AP-independent degradation of MAGI-1 and DLG1 mediated by HR E6s (Grm and 

Banks 2004). In this context, the initial observation that HPV-16 E6 D25N L83V exhibits an 

enhanced capacity to bind E6AP does not necessarily imply an enhanced capacity to degrade 

MAGI-1 and DLG1, further suggesting involvement of other ubiquitin ligases in this process (Vats 

et al. 2019). E6 degradation of Scrib was shown to be E6AP-dependent (Nakagawa and Huibregtse 

2000), but in vitro results did not show that HPV-16 E6 D25N L83V has an advantage in respect 

to wild-type 16 E6 in targeting Scrib. This further implicates that the D25N mutation does not play 

a role in targeting PDZ-domain containing substrates, as well as that the experimental conditions 
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used in in vitro assay, do not fully mimic the complex cellular environment where the interactions 

between E6 and Scrib occur.  

The discrepancy between the in vitro results and the results from the overexpression assays 

may suggest that HPV-16 E6 mutants are possibly subjected to post-translational modifications 

that change their interaction profile with cellular targets, but which do not occur in the reticulocyte 

lysate translation system. Post-translational modifications, such as phosphorylation or acetylation, 

can have a significant impact on protein interactions and stability, and these modifications may not 

be accurately replicated in the reticulocyte lysate translation system since it is a simplified in vitro 

system that lacks many of the complex cellular factors and conditions that exist in vivo (Khoury et 

al. 2011). Additionally, the overexpression assays in cells may also involve changes in protein 

folding that cannot be entirely recapitulated in the in vitro assays. Altogether, the differences in the 

abilities of 16 E6 mutants to degrade the main cellular targets that were examined in an 

overexpression assay may be due to a combination of factors, including changes in 

physicochemical properties or surface charge, potential changes in protein conformation, stability, 

and specific interactions with target proteins.   

Based on the presented results it is also interesting to emphasize that E6 most likely does 

not induce the degradation of the entire cellular pools of Scrib and DLG1, but instead targets a 

specific subset of those proteins, which was also reported previously (Roberts et al. 2012; Anastas 

et al. 2012). In the case of HPV-18 E6, it was shown that only phosphorylated and nuclear fractions 

of DLG1 appear to be targeted for a proteasome mediated degradation (Thomas et al. 2005), 

suggesting that it is highly possible that in the case of 16 E6 mutants, minor alterations in their 

cellular localization may have occurred, which could have not been detected in the experimental 

settings of this study. This suggests that the 16 E6 mutants may not be able to degrade DLG1 or 

Scrib to the same extent as the wild-type 16 E6. Considering that these were overexpression assays, 

it is crucial to acknowledge the possibility of differences in the expression levels of mutant proteins 

within different cellular compartments, which could have affected the obtained results. Therefore, 

in order to accurately determine the effect of the mutants on protein degradation, it would be 

necessary to isolate cell lines from patients with these mutants and examine mutants’ behaviour in 

their native cellular environment. Another possibility is that 16 E6 mutants act differently in 

diverse cellular compartments which can consequently alter to substrate degradation preference. 
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The same speculations that have been made for Scrib and DLG1 degradation may also be applied 

to the degradation of MAGI-1 with 16 E6 mutants. 

In silico 3D model of HPV-16 E6 structure revealed L83V the position in the E6C zinc 

finger domain, in a region composed of completely buried residues surrounding the main 

hydrophobic core (Nominé et al. 2006b). Mutations within the buried residues are prone to 

structure destabilization and loss of function although this seems not to be the case for the L83V. 

A reduced degradatory activity of HPV-16 E6 D25N L83V that contains alterations in two residues, 

the L83V in the E6C domain and D25N alteration in an interface residue in the E6N domain, may 

be explained by a physicochemical change that interferes with E6N/E6C intramolecular bonds, 

together with E6 functions that depend on pseudodimeric arrangement of zinc finger domains 

(Asadurian et al. 2007b). The alteration from a charged acidic hydrophilic residue (aspartic acid 

D) to uncharged hydrophilic residue (asparagine N) could possibly alter the interaction with 

cellular HR E6 targets.  

Altogether, these findings highlight the importance of the specific amino acid residues in 

the E6 oncoprotein for the modulation of certain cellular targets, as well as the potential impact of 

the mutations on the stability and E6 functions. The data presented in the first part of the thesis 

may navigate the way for future functional and mechanistic studies. It is likely that the naturally 

occurring variants may display also other biological differences than those described in this 

doctoral thesis, which could contribute to their pathogenicity. Further structural and biochemical 

analyses with E6 variants are warranted to improve understanding of their biological functions, 

epidemiology and how they modulate the progression of carcinogenesis. Overall, these analyses 

may partially help in better explaining the differences in the oncogenic potentials of the 16 E6 

mutant forms and how these mutations could play roles in HPV-induced carcinogenesis.  
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PART II   MAML1-induced HPV E6 oncoprotein stability is required for cellular 

proliferation and migration  

 

Notch signaling pathway is a key determinant in keratinocyte differentiation, which 

regulates cell cycle progression (Lowell et al. 2000b; Brimer et al. 2012a; Rangarajan et al. 2001b) 

and studies in the past years have found the connection between Notch signaling and β-genus 

HPVs (Rozenblatt-Rosen et al. 2012a; White et al. 2012; Tan et al. 2012a; Brimer et al. 2012b). 

Identification of MAML1, a co-activator of Notch signaling pathway, as a conserved interactor of 

β-genus E6s has raised a high interest for the invastigation of its biological properties associated 

with the improvement of the viral fitness of cutaneous HPVs. So far, it has been well-described 

that binding of β-HPV E6s to MAML1 has an inhibitory effect on Notch signaling and keratinocyte 

differentiation, which was shown to be extremely important for the maintenance of a productive 

viral life cycle (Lowell et al. 2000b; Brimer et al. 2012a). Interestingly, α-HPV-16 E6 was also 

found to bind to MAML1, but with much lower intensity (Brimer et al. 2017a). Confirming an 

interaction between a mucosal HPV E6 and MAML1 was rather surprising considering that 

MAML1 binding to E6 was thought to be exclusive for β-HPVs and the molecular basis of the 

interplay between HPV-16 E6 and MAML1 has not been explored in much detail. Although, HPV-

16 E6 has been shown to affect Notch signaling, the mechanism underlying its impact is thought 

to be distinct from that of β-genus HPV E6s and does not involve MAML1 (Kranjec et al. 2017). 

It has been demostrated that HPV-16 E6 also inhibits Notch signaling, albeit through a mechanism 

which implies the degradation of p53 (Lefort et al. 2007; Dotto 2009; Yugawa et al. 2007). HPV-

16 E6 promotes proliferation of keratinocytes in the basal layer through the combined inactivation 

of p53 and NOTCH1; it inhibits NOTCH1 cleavage and decreases NOTCH transcription 

dependent upon p53 degradation, even though the full mechanism is still unknown (Kranjec et al. 

2017).  

The experiments conducted in this doctoral dissertation have validated the previously 

reported interaction between MAML1 and HPV-16 E6. However, this interaction appeared to be 

weaker than the interaction between HPV-8 E6 and MAML1, which was supported by the results 

of two large-scale proteomic analyses conducted prior to the discovery of the α-HPV E6 interaction 

with MAML1. These studies failed to detect an interaction between HPV-16 E6 and MAML1 

(Rozenblatt-Rosen et al. 2012c; White et al. 2012), which may explain the low intensity of 
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interaction observed in the presented analysis. Confirming an interaction between HPV-16 E6 and 

MAML1 encouraged this research to proceed in the way to further investigate if other α-HPV E6s 

could also associate with MAML1. Using GST pull-down assay, it was demonstrated that besides 

HPV-16 and HPV-8 E6, -18 E6 and 11 E6 also interact with MAML1. As expected from the 

previous reports, as well as from the initial results of the second part of this thesis, HPV-8 E6 was 

found to be the strongest interactor of MAML1, followed by HPV-18 E6 and -16 E6, and finally 

HPV-11 E6 which had the weakest, but still evident interaction. Because of a very weak interaction 

between HPV-11 E6 and MAML1, and since HPV-11 is a LR type, it was decided not to pursue 

this avenue further. Taken together, the protein interaction assays, including immunoprecipitation 

and GST pull-down, showed that both HR and LR mucosal HPVs bind to MAML1. This finding 

is in contrast to the previously prevailing understanding that α-HPV E6 oncoproteins do not 

interact with MAML1. However, this doctoral thesis supported the fact that although multiple 

mucosal E6 oncoproteins can complex with MAML1, its preferred interacting partners are E6 

oncoproteins from cutaneous E6 types. 

 

In the introduction section of this thesis, it was explained in detail that the main interacting 

partners of E6 are hijacked by HPVs to serve in adapting the cellular microenvironment for viral 

replication, productive viral life cycle and to improve viral fitness. The described modus operandi 

is irrespective of the genera the E6 oncoproteins belong to. Hence, HR E6s interact and form a 

stable complex with E6AP, resulting in E6 protein stabilization (Tomaić, Pim, and Banks 2009; 

Thomas et al. 2013). The E6/E6AP complex is subsequently directed by E6 towards a number of 

cellular targets important for maintaining the productive viral life cycle, ensuring their regulated 

turnover at the proteasome (Đukić et al. 2020; Kehmeier et al. 2002). β-PVs interact with MAML1 

in order to repress Notch signaling, block cell differentiation and cell-cycle arrest as viral life cycle 

is highly dependent on the host cell differentiation status (Lowell et al. 2000b; Brimer et al. 2012a; 

Tan et al. 2012a). The previous phylogenetical clustering of E6 oncoproteins into two large 

supergenera based on their preferential interacting partners, the E6 α-supergenera which interacts 

with E6AP and the E6 β-supergenera which interacts with MAML1 needs to be revised, since 

recent studies, including the one presented here, have confirmed that both α- and β-HPV E6 

proteins utilize the same LXXLL motif to bind both E6AP and MAML1, thus blurring the previous 

boundaries between the two supergenera (Tan et al. 2012a; Brimer et al. 2012b). 
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One of the aims of the second part of this doctoral thesis was to determine if α- and β-HPV 

E6, by complexing with MAML1, can induce similar effects in increasing E6 protein levels and 

protein stability, as it was observed in the interactions between a-HPV E6s and E6AP (Tomaić, 

Pim, and Banks 2009b). To investigate those potential effects on E6 protein levels, MAML1 was 

co-expressed together with the E6 oncoproteins from a panel of different α- and β-HPVs (HPV -

8, -12, -14, -16, -18, -24, -33 and -38 E6), along with E6AP used as a control. Dramatically, in this 

experimental setting it was demonstrated that MAML1 has an upregulatory effect on E6 protein 

expression levels, for both a- and b-HPV genera. Co-transfection of different HPV E6s with 

E6AP, as it was expected, had an upregulatory effect on the protein levels of all α-HPV E6s 

included in the experiment, on the contrary to the β-PV E6s, where there were no effects detected 

on the protein levels of analyzed β-HPV E6s (HPV-8, 12, -14). However, exceptions to this were 

observed in the case of β-HPV-24 and -38 E6. Previous reports have noted that HPV-24 and HPV-

38 (a cutaneous type with an oncogenic potential) interact with both MAML1 and E6AP (Thomas 

et al. 2013a; Tan et al. 2012b), indicating some potential similarities with HR E6 oncoproteins, 

such as having two distinct E6 cellular protein pools which might preferentially bind either 

MAML1 or E6AP.  

Same overexpression assays were repeated in an E6AP-null background, which yielded 

similar results, allowing the conclusion that the observed effects of MAML1 in inducing increase 

of E6 protein levels were E6AP-independent. Notably, a more pronounced effect of MAML1 on 

E6 protein levels was observed for HPV-14 and -24 E6s, both of which are β-HPVs. This may be 

due to the fact that these HPV types possibly share higher similarities in their genetic makeup in 

respect to similar E6 protein sequences and motifs. These similarities may result in a stronger 

interaction between the E6 oncoproteins of these two HPV types and MAML1, leading to more 

efficient increase in protein expression levels of the E6 oncoproteins. Additionally, it is possible 

that other factors unique to these two HPV types, such as differences in their cellular localization 

or expression patterns, may contribute to their increased MAML1-dependent protein levels. 

Furthermore, the observed effect of MAML1 on β-HPV E6 oncoproteins is supported by its role 

in Notch inhibition achieved by β-HPV E6s, and a broader biological rationale in the background 

of this interaction. However, the reasons for increased α-HPV E6 protein levels by MAML1 seem 

to be more complex. HR E6 oncoproteins could have presumably evolved to use the same 

conserved LXXLL binding motif to maintain strong interaction with E6AP and the weaker 
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secondary interaction with MAML1, to maximize their protein levels, enabling them to modulate 

a plethora of cellular functions. The increase of E6 protein levels is likely the result of its protected 

degradation in cells when it exists in complex with either MAML1 or E6AP.  

In the absence of the target peptide such as LXXLL, E6 adopts a different structure and 

exhibits a tendency for self-association, because the few molecular bonds which connect the zinc 

finger domain E6N, linker helix and zinc finger domain E6C are insufficient to maintain the E6 

architecture observed in the complex structures (Zanier et al. 2010). The tendency for self-

association (Zanier et al. 2010) and the strong affinity for target motifs, (Sidi et al. 2011; Zanier et 

al. 2005; Sekaric et al. 2008b) suggest that most E6 molecules preferentially exist as target-bound 

complexes in infected cells (Zanier et al. et al. 2013).  The absence of binding to a suitable LXXLL 

peptide rendered HPV-16 E6 and 18 E6 unstable, indicating that LXXLL peptide interactions play 

a dual role in both stabilizing and restructuring E6 (Ansari et al. 2012). Disrupting the binding of 

E6 to the LXXLL peptide leads to the inhibition of E6 downstream effects, showing that E6 

docking to LXXLL peptides is essential for preserving E6 complete functions (Zanier et al. 2013).  

As a consequence of the increased protein levels, E6 can perform its numerous functions more 

efficiently, so it is likely that both of HR E6/E6AP and HR E6/MAML1 interacting complexes 

might be required for establishing an optimal cellular environment for the virus to complete its life 

cycle and successfully propagate virions. Furthermore, it would be also interesting to investigate 

the possibility of the existence of other ubiquitin ligases that might be involved in E6 degradation, 

when it is not bound to E6AP or MAML1. The absence of E6AP-mediated increase in the protein 

levels of β-HPV E6s is consistent with their limited involvement in the degradation of most well-

established HPV cellular targets via proteasome machinery, with a few exceptions, such as 

proapoptotic Bak in the case of β-HPV-5 E6 (Wallace et al. 2014b; Underbrink et al. 2008a). 

 

The discovery that cutaneous HPV E6 oncoproteins interact with the acidic LXXLL motif 

of MAML1 expanded the understanding of E6/MAML1 LXXLL-dependent interactions. Based 

on the high homology between E6AP's LQELL motif and MAML1's LHHLL motif (Vande Pol 

2013b), this doctoral thesis raises an important question about whether there is a shared biological 

rationale for the interaction of E6 oncoproteins with the acidic LXXLL peptides of both MAML1 

and E6AP. The results presented in this thesis highlight the similarity and the implications of E6 

binding to the LQELL motif of E6AP and the LDDLL motif of MAML1. In particular, the ability 
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of E6 to bind to amino acid residues required for interaction with target proteins has some degree 

of flexibility (Zanier et al. 2013), which raises the question of whether the increased E6 protein 

levels as a result of an interaction with MAML1 is solely dependent on the LXXLL motif, or if it 

might require binding to accessory regions in MAML1`s protein structure. Additionally, doctoral 

thesis also aimed to determine the extent of E6/MAML1 interaction dependence upon mutations 

in the LXXLL motif. Previous research has shown that mutating the aspartate residues of MAML1 

LXXLL motif to histidines (LDDLL to LHHLL) decreased the capacity of HPV-8 E6 binding to 

MAML1 and partially block E6-mediated inhibition of Notch signaling (Meyers et al. 2017a). The 

same mutated form of MAML1 with LHHLL motif was used also in the analyses performed to 

determine whether MAML1-dependent increased E6 protein levels require an intact LXXLL 

binding motif. Interestingly, the results showed an upregulation of the protein expression levels of 

HPV-18 and -8 E6 in the presence of wild-type MAML1 and MAML1 LHHLL mutant. The 

interaction with mutant increased protein levels of both HPV-8 and HPV-18 E6 oncoproteins, but 

to a lesser degree than the wild-type MAML1. The same result was obtained in an overexpression 

assay and immunoprecipitation assays, which included MAML1 LHHL. Hence, HPV-8 E6 and 

HPV-18 E6 retained the ability to achieve interaction with MAML1 LHHLL, indicating that 

binding to the LXXLL motif is required for the interaction with E6, but also suggests that broader 

peptide domains or specific adjacent amino acids can be included in achieving the complete 

interaction. Immunoprecipitation assays were used to evaluate whether the LHHLL mutant could 

contribute to the increased E6 protein levels despite its weaker binding with E6s. Residual binding 

was observed during immunoprecipitation analysis, indicating that the LXXLL motif is involved 

in the interaction and that the introduced mutations do not entirely block the interaction. It is 

possible that other amino acids within the motif are necessary for complete binding. To entirely 

eliminate the binding effect, the MAML1 ADDAA mutant, which is entirely ineffective in binding 

may be required (Tan et al. 2012b). 

Interestingly, the protein levels of HPV-16 E6 were not increased when co-expressed with 

MAML1 LHHLL, possibly because of its weaker binding to MAML1 in the comparison with 

HPV-18 E6, as shown in GST pull-down assays, and thus mutating the aspartate residues in the 

LXXLL motif was sufficient to completely abrogate the binding. Therefore, it is possible that their 

binding is somewhat different, as it is the case with the two types of binding of different E6s with 

E6AP (Drews et al. 2020a). Namely, even though previous mutagenesis experiments performed 
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on E6AP showed that E6 interacts with a 20 amino acid peptide in E6AP structure that contains 

an LXXLL sequence (Huibregtse et al. 1993e), novel research concerning E6/E6AP interaction 

has established two different modes of interaction between E6 and E6AP (Drews et al. 2020b). 

Type I interactions imply that E6 interacts directly with the LXXLL peptide motif independently 

from the rest of the structure of E6AP. This type of interaction is present in the recruitment of p53 

and some other cellular targets. Futhermore, type II interaction with the LXXLL peptide motif of 

E6AP is a bit different (Drews et al. 2020b). For this type of interaction, binding of E6 requires 

additional auxiliary regions of E6AP structure in a proximity of the LXXLL motif, in the direction 

of either amino terminus or carboxy-terminal HECT domain. There are no studies involving 

research whether similar LXXLL-motif accessory regions are required for E6/MAML1 

interaction. Furthermore, it is yet unknown if cutaneous E6 oncoproteins are restructured upon 

binding to LXXLL, as it was above described for HPV-16 and HPV-18 (Ansari et al. 2012), which 

would be of a great value to be determined.  

Overall, it was rather surprising to notice that HPV-16 E6 and HPV-18 E6 exhibited diverse 

results, even though their behavior in the previously presented overexpression results has been 

identical. It is likely to conclude that all amino acids in LDDLL motif are involved in the 

association with E6s and that the interactions of different E6 oncoproteins with MAML1, even of 

the same genus and oncogenic risk, cannot not be generalized and could have potentially somewhat 

different impact. A comparison with E6/E6AP interaction may be relevant to explain this effect, 

as studies have shown that HPV-16 E6 has a stronger affinity for E6AP in comparison to HPV-18 

E6, but both E6s exhibit comparable effects on the degradation of p53 (Huibregtse et al. 1991). 

 

As described above, the performed assays which included ectopically expressed E6, 

MAML1 and E6AP demonstrated that α- and β-E6s bind to MAML1, and this binding resulted in 

upregulation of E6 protein levels. However, since the overexpression experiments cannot entirely 

recapitulate naturally occurring cellular system, it was necessary to additionally verify whether the 

same effect on increased E6 protein levels can be observed in the cell lines that endogenously 

express E6/E7 oncoproteins. Silencing endogenous MAML1 in HPV-18 positive HeLa cells 

resulted in downregulation of E6 protein levels. Strikingly, this downregulation of E6 protein 

levels was not accompanied by a subsequent effect on the regulation of p53 protein levels. As 

degradation of p53 is one of the main HR E6 functions (Scheffner et al. 1990b), it would have 
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been expected that a decrease in the E6 levels would result in an increase in p53 protein levels as 

a result of a reduction in HR E6-medated p53 degradation, but that was not the case with MAML1 

silencing. This particular result was the first one to suggest that MAML1 does not affect HPV-18 

E6 cellular pool involved in p53 degradation. It also confirmed that E6 was stabilized at the protein 

level, as blocking of the proteasome function with bortezomib nullified the observed effect. Since 

the same experimental setting in HPV-16-positive CaSki cells yield the same result, this confirmed 

that lack of the increase in p53 protein levels as a consequence of MAML1 silencing was not an 

HPV-18 E6 exclusive effect. Silencing MAML1 in HPV-8 E6 expressing HT1080 cell line 

(Hufbauer et al. 2015b) decreased the amount of endogenous 8 E6 protein levels, while silencing 

E6AP had no effect on HPV-8 E6 protein levels and protein stabilization. Levels of p53 were not 

monitored since it is known that b-HPV E6s do not degrade p53 (Wallace et al.  2014b; White et 

al. 2014b). The obtained results in HT1080 HPV-8 E6-expressing cells were expected, since it was 

previously demonstrated that the majority of β-HPV E6s do not interact with E6AP (Miranda 

Thomas et al. 2013a), but no such studies have been performed including HPV-8 E6 so far. At this 

point of research these results created a basis to hypothesize that HPV-infected cells exhibit two 

distinct cellular pools of HR E6. One of the HR E6 pools is MAML1-associated, resulting in 

upregulation of E6 protein levels and protein stabilization. This E6/MAML1 complex seems not 

to be involved in well-established HR E6/E6AP-dependent functions, such as the principal p53 

degradation. The remaining cellular pool of HR E6 is bound to E6AP and is involved in well-

characterized E6 oncogenic functions, which are described in detail in the introduction of this 

thesis. As demonstrated also by immunofluorescence experiments, HR E6/E6AP-bounded pool 

functions include E6 protein stabilization and p53 degradation. Using confocal microscopy, the 

restoration of p53 levels was observed in HeLa cells following E6AP silencing. Silencing MAML1 

did not affect the HPV-18 E6 pool involved in p53 degradation, as no changes in cellular 

localization and protein levels of p53 were observed. E6AP silencing in HT1080 HPV-8 E6-

expressing cells did not have an evident effect on HPV-8 E6 protein localization, while MAML1 

silencing resulted in the downregulation of nuclear HPV-8 E6. This observation additionally 

corroborated with previous results indicating that there is likely only one cellular pool of HPV-8 

E6, which exclusively interacts with MAML1 and is involved in b-E6 oncoprotein stabilization. 

The immunofluorescence experiments were conducted in HPV-18 positive cells, so it was 

decided to further investigate the two pool hypotheses by using HPV-16 E6 as an additional way 



164 
 

to verify this hypothesis. Hence, the analyses were expanded by examining p53 degradation and 

degradation of another well-defined a-E6 oncoprotein target, a PDZ domain-containing protein 

DLG1. As mentioned in Part I of the discussion, current studies have shown that p53 is degraded 

exclusively in the presence of E6AP (Huibregtse et al. 1993a), whilst  degradation of DLG1 is 

E6AP-independent (Grm and Banks 2004). In addition to this, a recent study expanded this 

knowledge by showing that E6 can mediate the degradation of DLG1 independently of E6AP 

ubiquitin ligase activity, utilizing currently still unknown E6AP-independent mechanism (Vats et 

al. 2019). So, the following assays included individually overexpressed HPV-16 E6, or in 

combination with either MAML1 or E6AP in HEK-293 E6AP KO cells. Downregulation of 

endogenous p53 protein levels was observed in the presence of ectopically expressed HPV-16 E6 

alone or with E6AP. However, on the contrary, overexpression of MAML1 with HPV-16 E6 led 

to restoration of the initial p53 levels. This result suggested that the overexpression of MAML1 

can lead to its abundant presence within the cell, potentially occupying both cellular pools of HPV-

16 E6 molecules. As a result of this, E6 may be prevented from interacting with E6AP and driving 

p53 proteasomal degradation. Importantly, this finding suggests that MAML1 has no effect on the 

degradation of E6's targets mediated by E6AP.  

As it was expected, DLG1, as an E6AP-independent E6’s target, was efficiently degraded 

in the presence of HPV-16 E6 alone and in the combination with E6AP, while no changes in DLG1 

levels were detected when HPV-16 E6 was overexpressed with MAML1. This result indicated, 

same as for p53, that HPV-16 E6 pool that is stabilized by MAML1 is not involved in the 

regulation of DLG1 degradation. Both results of the degradation assays, including p53 and DLG1 

suggest that E6/MAML1 complex is likely to be involved in other cellular activities which do not 

involve degradation of some of the well-known E6 substrates. Taken together with all previously 

discussed results, these observations suggest that, while both E6AP and MAML1 stabilize HPV-

16 and -18 E6, they do not promote stability of the same cellular pools of E6. When MAML1 is 

silenced, the remaining pool of E6 is still in complex with E6AP and retains its catalytic activities 

involving degradation of some of the well-characterized cellular targets, such as p53 and DLG1. 

However, when MAML1 is overexpressed together with HR E6, the stability of the E6 pool bound 

to MAML1 is increased, but it appears that this cellular pool of E6 is not catalytically active in 

targeting cellular substrates such as p53 or DLG1. These findings suggest that the interaction 

between MAML1 and HR E6 may be involved in regulating other cellular processes beyond the 
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degradation of specific substrates, highlighting the need for the further research to fully understand 

the implications of these findings. 

To further verify the effects of silencing MAML1 on E6 protein levels for both a- and b-

HPV genus with a confirmed proteasome-dependent regulation, the following experiment included 

determination of E6 half-life in the presence or absence of MAML1 by performing cycloheximide 

chase assays. In this experiment, E6AP was included as a control for the comparison of the effects 

of MAML1 silencing on E6 protein turnover, with E6 turnover in the absence of E6AP. This setting 

allowed to directly compare the impact of MAML1 on E6 half-life with the well-established role 

of E6AP in regulating E6 protein turnover. The results of these analyses showed that ablating 

MAML1 caused a decrease in the half-life of both HPV-18 and -8 E6, while silencing E6AP only 

decreased HPV-18 E6 half-life. HPV-18 E6 protein downregulation as a consequence of silencing 

E6AP is in agreement with previously published results (Tomaić, Pim, and Banks 2009a). The 

result of this cycloheximide chase assay agrees with the presented hypothesis of the existence of 

one cellular pool of HPV-8 E6 which is exclusively regulated via MAML1. Moreover, silencing 

both MAML1 and E6AP had the synergistic impact on HPV-18 E6 turnover, as the mutual 

silencing resulted in a further decrease in the protein half-life, when compared with individually 

silenced E6AP or MAML1. These findings also corroborate the two-pool hypothesis for HR E6s, 

so when either MAML1 or E6AP are depleted, HPV-18 E6 half-life is shorter than when both are 

present. Furthermore, the results presented in this doctoral thesis are consistent with a previous 

study that demonstrated the differential expression levels of E6 between HR mucosal and 

cutaneous HPVs. Specifically, a previous study showed that the steady-state expression levels of 

mucosal HPV-16 E6 were lower compared to cutaneous HPV-8 E6 (Kehmeier et al. 2002). This 

observation is consistent with the results of the described half-life experiments, which also 

confirmed differences between mucosal and cutaneous E6s, with HPV-18 E6 half-life being 

shorter than the half-life of HPV-8 E6. 

The results obtained by blocking the protein synthesis using cyclohexamide suggested that 

increased protein levels and E6 stabilization by MAML1 occurs at the protein level, rather than at 

transcriptional level. Concerning the E6 stabilization and whether it occurs at the protein level, it 

is important to explain that the stabilization effect of E6 protein levels as a consequence of β-E6 

interaction with MAML1 could be also attributed to the fact that MAML1 is a known co-activator 

of p300/CBP, which are histone acetyltransferases, that can stabilize and enhance the 
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transcriptional activity of E6 oncoproteins (Meyers et al. 2013). It is important to note that this 

mechanism is proposed for β-E6 oncoproteins, while it is not clear if the same mechanism can be 

applied to α-HPV E6 oncoproteins. In the case of HPV-18 E6, it has been shown that interaction 

with Scrib leads to both increase in E6 transcription levels and an increase in the rate of E6 

translation (Kranjec et al. 2016). However, this doctoral dissertation explored those aspects and 

the half-life experiments confirmed that E6 stabilization by MAML1 occured on the protein level 

for both α and β types of E6, despite the possibility of regulation at the transcriptional level.  

 

The association of cellular proteins with their interacting partners can induce shuttling of 

the associated complex to other cellular compartment, leading even to modulations in protein 

functions. HPV-16 and HPV-18 E6 were reported to localize in the cytoplasmic perinuclear region 

(Daniels et al. 1998), to co-localize in the cytoplasm with p53 (Liang et al. 1993), as well as being 

evenly distributed in the cell cytoplasm and the nucleus (Guccione et al. 2002). Those inconsistent 

results can be assigned to the different cell lines used in the experiments, potential individual 

differencies of HPV-16 and HPV-18 E6, different cell cycle phases and specific E6-fusion proteins 

and antibodies that were used in different studies. It is also highly likely that E6 oncoproteins 

undergo continuous localization changes within the cell and that cellular localization of HPV-16 

and -18 E6 oncoproteins is not always uniform, but rather a snapshot of their dynamic distribution, 

considering the range of their different functions and the number of interaction partners. An 

additional study suggested that the subcellular localization of E6 is essential for p53 degradation 

activity revealing that the monomeric forms of HPV-16 and HPV-18 E6 exhibit predominant 

localization in the cell nucleus (García-Alai et al. 2007). Those monomeric species promote 

degradation of p53 in proteasome-dependent manner, which correlates with their nuclear 

localization. In contrast, the oligomeric E6 species do not promote p53 degradation, which is 

consistent with their localization in the cytoplasm (García-Alai et al. 2007). There is also a report 

indicating that the formation of HPV-18 E6/p53 complex causes protein shuttling from the nucleus 

to the cytoplasm (Stewart et al. 2005).  Thus, E6 mediates the accumulation of polyubiquitinated 

p53 in the nucleus, but it is co-exported with p53 from the nucleus to the cytoplasm, and afterwards 

E6-driven p53 degradation can be mediated by both nuclear and cytoplasmic proteasomes (Stewart 

et al. 2005). Interestingly, MAML1 and E6AP are both usually found in the nucleus, but can be 

found in the cytoplasm as well (Kim et al. 2020; Hatakeyama et al. 1997).  
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Therefore, it was of interest to investigate if MAML1 and E6 interplay affects their cellular 

distribution. To determine whether E6 distribution and the accumulation in cellular compartments 

is changed by complexing with MAML1, in the comparison to binding with E6AP, a fractionation 

assay was performed. The assay showed that HPV-16 E6 distribution was primarily detected in 

the cytosolic fraction, while co-transfection of 16 E6 with MAML1 resulted in a change in the 

distribution of 16 E6. Specifically, there was an increase in the amounts of 16 E6 detected in the 

nucleic and membrane fractions, in addition to the cytosolic fraction where it was primarily 

detected. MAML1 by itself is predominantly present in the cytosolic fraction, while a smaller 

proportion is also present in the microtube fraction. The analysis of MAML1 when it was co-

transfected with 16 E6 demonstrated that changes in 16 E6 distribution, were accompanied by an 

accumulation of MAML1 in the same fractions, indicating that the two proteins interact and E6 

affects MAML1's distribution. The increase of 16 E6 in the nucleus and membranes in the presence 

of MAML1 can be explained with the fact that MAML1 increases the amount of E6 protein levels 

because it stabilizes one particular pool and thus increases its total amount. The observed increase 

of HPV-16 E6 in the nuclear fraction may impact E6 functions by exposing it to different binding 

partners. On the other hand, E6AP is hijacked by 16 E6 and used as a molecular helper for 

performing diverse cellular functions including target degradation in the cytoplasm, so the 16 

E6/E6AP complex is primarily found in that part of the cell. Overall, stabilization of HPV-16 E6 

by MAML1 resulted in a drastic increase of 16 E6 distributed in the nucleus and membranes, while 

16 E6 stabilization induced by E6AP increased the E6 cytosolic fraction, indicating that the two 

different pools are distributed in different cellular compartments. The results of the fractionation 

assay additionally supported the observation that MAML1 and E6AP stabilize two distinct pools 

of HPV-16 E6, which are also distributed differently within the cell. 

HPV-8 E6, like HPV-16 E6, has been observed to have a predominant nuclear distribution 

with a lower presence in the cytoplasm (Mesplede et al. 2012). When examining HPV-8 E6 

overexpressed in HEK-293 cells using the fractionation assays, again it was noticed that the 

distribution of HPV-8 E6 changes depending on the presence of MAML1. Expressed alone, HPV-

8 E6 was mostly found in the nucleus, while when co-expressed with MAML1, HPV-8 E6 was 

distributed in the cytosolic and nuclear fractions. The immunofluorescence assay also revealed 

that HPV-8 E6 predominantly localized in the nucleus, and smaller amount with the cytoplasmic 

localization. Furthermore, when MAML1 was silenced in the immunofluorescence assay, the 
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HPV-8 E6 signal was significantly weakened, indicating that MAML1 plays a crucial role in 

regulating the stability of HPV-8 E6 oncoprotein. Furthermore, considering that HPV-8 E6 

interacts with proteins distributed in the nucleus and cytoplasm, it would be of interest in future 

analyses to investigate effects of HPV-8 E6 binding to some other targets and whether the absence 

of MAML1 impacts the interaction profile of HPV-8 E6. Potential interaction of HPV-8 E6 with 

proteins both in the nucleus and cytoplasm suggests that this viral oncoprotein may have a wide 

range of effects on different cellular processes. Identifying additional targets of HPV-8 E6 may 

gain a better understanding of the molecular mechanisms underlying HPV-8-associated diseases, 

such as epidermodysplasia verruciformis and non-melanoma squamous cell carcinoma. 

Furthermore, the absence of MAML1 could impact the interaction profile of HPV-8 E6 because 

of the impaired HPV-8 E6 stabilization, and also due to the fact that MAML1 is known interactor 

of several transcription factors and co-activators. It is possible that MAML1 could modulate the 

ability of HPV-8 E6 to bind to certain targets or affect downstream signaling pathways. A complete 

depletion of MAML1, which is not achieved in siRNA experiments, could potentially result in the 

complete loss of HPV-8 E6 and its associated functions. This raises the question what role HPV-

8 E7 plays in such a situation, which would be interesting to investigate. Additionally, studying 

the effects of MAML1 depletion on some other β-types, such as HPV-38 E6 (for which is 

confirmed that binds E6AP), would imply that a portion of HPV-38 E6 would probably remain in 

cells and be bound to E6AP in the absence of MAML1, and this could provide important insights 

into the functions of those E6 types, which could then be compared to HR E6 oncoproteins. On 

the contrary, when HPV-8 E6 was expressed with E6AP there was no changes in HPV-8 E6 

localization, additionally confirming that E6AP does not influence HPV-8 E6 protein pool nor 

cellular shuttling between the compartments.  

 

So far, the effects of E6/MAML1 binding on the stability, localization and distribution of 

both α- and β- HPVs were discussed. However, it remains an open question whether and how this 

interaction translates into biological functions. Therefore, the focus of this doctoral thesis was also 

directed towards revealing the cellular and biological effects of HR E6/MAML1 complex 

formation. Silencing MAML1 or E6AP does not have an impact on cellular apoptosis both in HeLa 

and HT1080 HPV-8 E6 cells. Even though it would be expected that the decrease in E6 stability, 

as a consequence of MAML1/E6AP silencing, would result in an increase of cellular apoptosis 
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levels, in the case of HPV-18 E6 mostly as a result of a restoration of p53 levels (Garnett and 

Duerksen-Hughes 2006b). A slight induction in apoptosis was seen in HeLa cells treated with both 

MAML1 and E6AP, possibly as a synergic effect of their silencing on decreased HPV-18 E6 

protein levels. The introduction of this thesis extensively describes the mechanisms by which α-

HPVs protect infected cells from apoptosis (Alfandari et al. 1999; Evan and Vousden 2001; 

Garnett and Duerksen-Hughes 2006b; Underbrink et al. 2008a; Yamato et al. 2006). The absence 

of increased apoptosis levels in HeLa and HT1080 HPV-8 E6 cells may can be understood in the 

light of a study done on HPV-16 E6 and -8 E6 (Underbrink et al. 2008a). Hence, this particular 

study showed that HPV-8 E6, same as HPV-16 E6 possess the ability to protect keratinocytes from 

apoptosis by reducing levels of Bak in those cells, via blocking the intrinsic apoptotic pathway 

(Underbrink et al. 2008a). Importantly, the expression of β-HPV-8 E6 oncoproteins protected 

keratinocytes from the apoptosis to the same extent as HPV-16 E6-expressing cells. Since it was 

previously described that Bak levels are normally regulated by E6AP (M. Thomas and Banks 

1998b), as well as that E6-driven Bak degradation is also dependent upon the E6AP presence in 

the cells, it can partly explain why in this doctoral thesis silencing E6AP in HeLa and HT1080 

HPV-8 E6 cells did not have an impact on apoptosis. Since cellular levels of E6AP were 

downregulated, subsequently also decreasing E6s protein levels, HPV-18 E6 and 8 E6 were unable 

to reduce Bak thus preventing and protecting HPV-positive cells from apoptosis. This implies that 

the basal, or constitutive, levels of Bak in E6-expressing cells, and with that also the levels of 

apoptosis, compared to those of siLuc-treated control cells, remained unaffected. Furthermore, to 

ensure that the protective effect seen for cells expressing HPV-8 E6 is limited to the ability to 

degrade Bak, in the mentioned study other Bcl-2 family members that are important for apoptosis 

signaling were also examined and it was found that their expression is not affected by the presence 

of HPV-8 E6 (Underbrink et al. 2008a). On the other hand, it is plausible that the restoration of 

p53 levels through E6AP silencing may require a longer time period than 72 hours to observe the 

impact on cellular apoptosis in HeLa cells.  

On the contrary to the silencing of E6AP, it seems that silencing MAML1 cannot be 

explained by not mentioning the broader context of Notch signaling. In the case of silencing 

MAML1 in HeLa and HT1080 8 E6 it is necessary to emphasize once again that response to Notch 

differs greatly between cell types, with Notch promoting cell proliferation in some contexts, and 

apoptosis in others (Radtke and Raj 2003b). In brief, the interplay between Notch signaling and 
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HPV in the context of cervical carcinogenesis is a complex process, and the exact molecular 

mechanisms underlying their roles in cervical cancer are still a subject of a debate and research. In 

respect to HeLa cells that were analyzed for the apoptosis rates, it is important to mention that 

activated Notch signaling is detected in cells derived from cervical cancers, highlighting the 

likelihood of Notch activation as one of the complements to E6 and E7 towards cellular 

transformation (Zagouras et al. 1995; Lathion et al. 2003), as well as the notion that continued 

NOTCH1 expression is necessary to maintain neoplastic properties of CaSki, a cervical cancer 

derived cell line (Weijzen et al. 2002).  Furthermore, it was shown that activated Notch cooperates 

with HPV-16 E6 and E7, and inhibits p53-induced apoptosis exhibiting an oncogenic role (Nair et 

al. 2003b). Those observations consolidate the fact that activated Notch in cervical cancers can 

have an oncogenic function (Radtke and Raj 2003b; Zagouras et al. 1995; Weijzen et al. 2002), 

that seems to be the opposite with Notch tumor suppressor role in murine skin.  All of this implies 

that the role of Notch signaling in apoptosis is complex and not yet fully understood, with studies 

suggesting that it can have both pro- and anti-apoptotic effects depending on the cellular context 

and the stage of tumorigenesis. Therefore, it is possible that the interaction between E6 and 

MAML1 may indirectly influence apoptosis through its modulation of Notch signaling, but the 

precise mechanisms and effects are still not clarified, even though the experimental settings used 

in this doctoral dissertation may have required a longer time period than 72 hours to observe the 

impact of MAML silencing on cellular apoptosis. Additionally, the HT1080 HPV-8 E6 line was 

established from an immortalized cancer cell line, suggesting that the reduction of HPV-8 E6 

stabilization by silencing MAML1 may not exert a substantial effect on apoptosis in this 

experimental context. Moreover, it is not expected that cutaneous HPV types would have an 

excessive impact on apoptosis, as HPV-8 E6 is less efficient in utilizing these pathways compared 

to HR E6 types. Additionally, the silencing of MAML1 led to a reduction in HPV-8 E6 protein 

levels, and cells lacking MAML1 control achieved by HPV-8 E6 binding would presumably 

undergo the process of differentiation due to activated Notch signaling. Furthermore, the process 

of apoptosis in HPV-positive cells, even though is mainly an E6-controlled function, depends also 

upon the effects of E7, and therefore it is a result of a joint interplay between E6 and E7 

oncoproteins. Hence, as for the cellular proliferation that only partly depends on the effects of E6 

(Chang et al. 2010; Lea et al. 2007), reducing the amount of E6 by silencing E6AP and MAML1 

can also influence the cellular apoptosis to a limited degree and in cooperation with E7. 
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Previous reports have indicated the molecular consequences of the interaction between 

HPV-8 E6 and MAML1 on the Notch signaling pathway. These studies have revealed downstream 

effects, including repression of the transactivation of Notch-responsive genes, impacts on cell 

proliferation, and delay in keratinocyte differentiation (Brimer et al. 2012b; Tan et al. 2012b). To 

explore the effects of HR E6/MAML1 interaction on cell proliferation, HEK-293 E6AP KO cells 

were transfected with HPV-16 E6 and -18 E6 alone, or in combination with MAML1, E6AP or 

both. E6AP KO cells were utilized to eliminate any potential influence of endogenous E6AP and 

to rule out the possibility that the stabilization of E6 could be facilitated by the naturally occurring 

levels of E6AP. When overexpressed, E6AP-mediated E6 stabilization led to a statistically 

significant increase in cell proliferation. This effect of increased cell proliferation can be explained 

with the previously published results,  which indicated that HPV-16 and HPV-18 E6 can induce 

cellular proliferation in epithelial cells by deregulation of G1/S cell cycle transition via impacting 

p27 (Saidu et al. 2019). A cyclin-dependent kinase inhibitor p27 is a critical cell cycle regulator 

which acts as an inhibitor of CDK2 and CDK4. E6 oncoproteins can stimulate cell proliferation 

by indirectly regulating p27 through targeting of a PDZ domain-containing protein NHERF-2 

(Saidu et al. 2019). Revealing that E6 can induce cellular proliferation by deregulating the G1/S 

transition was rather surprising because it was thought to be mainly an E7-controlled function 

(Malanchi et al. 2002). HPV-16 E6 can overcome the antiproliferative signals by gaining the 

ability to drive p27-overexpressing cells into S phase. Hence, S phase entry required for viral DNA 

replication, is not exclusively controlled by E7, but involves also the actions of E6 (Malanchi et 

al. 2002). Futhermore, HPV-16 E6 promotes proliferation of keratinocytes in the basal layer 

through the combined inactivation of p53 and NOTCH1 (Kranjec et al. 2017). The inactivation of 

Notch signaling provides an insight into the possible mechanism that HR α-HPV E6 oncoproteins 

can utilize to contribute to the basal cell proliferation. 

MAML1-mediated stabilization of E6 did not exhibit noticeable effects on cellular 

proliferation, when compared with the effects of the analyzed HR HPV E6s alone. This effect can 

be augmented by the study which showed that expression of DN-MAML, a dominant negative 

form of MAML1 that blocks its coactivator activity, neither had any effects on cell proliferation 

of CaSki cells, nor an effect on cell cycle progression, preferably it only induced increase in cell 

viability (Kuncharin et al. 2011). These findings suggest that the interaction between E6 and 

MAML1 may not play a significant role in promoting cellular proliferation, but rather may have 
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other effects on cellular functions such as cell survival. Notably, when HPV-16 E6 or 18 E6 were 

co-expressed with both MAML1 and E6AP, the effect on cell proliferation was more pronounced 

than the effect of E6AP alone. This could be attributed to MAML1-mediated increase in E6 

stability, which in turn may increase the amount of E6 within a cell, leading to an increased 

interaction between E6 and E6AP.  

Evaluation of E6AP silencing in a scratch assay performed in HeLa cells resulted in a 

decreased rate of wound closure, due to growth suppression by p53, whose protein levels within 

the cell increase as a consequence of decreased E6 stability. This effect was confirmed in a study 

in which silencing E6AP resulted in the accumulation of p53 and growth suppression of HeLa 

cells (Hengstermann et al. 2005). Again, the plausible reason why apoptosis levels were not 

detected in these analyses could be that restored p53 initially affected cell proliferation and 

suppressed further growth in HeLa cells. Furthermore, the data from the scratch assay suggest that 

the anti-growth-suppressive effects of E6AP are reliant on its capability to facilitate the 

degradation of p53. In the same experimental settings, silencing MAML1 also led to a decrease in 

wound healing process, comparable to the decrease achieved by silencing E6AP. The same effect 

of reduced wound healing rate has been also previously reported in HeLa cells and the authors 

suggested that it was associated with the inhibition of Notch signaling (Yu et al. 2007).  It is 

possible that abrogation of Notch signaling by silencing MAML1 leads to a growth arrest and loss 

of epithelial integrity, as Notch signaling is very finely tuned and modulations can be detrimental 

for cell proliferation (Talora et al. 2005; Yu et al. 2007). However, it is worth noting that the effect 

of MAML1 silencing on wound healing may be HPV-18 E6-specific since HPV-16 E6 has 

established altering role in Notch signaling, but the underlying mechanism does not involves 

MAML1 (Kranjec et al. 2017). Interestingly, MAML1 and E6AP did not exhibit synergistic 

effects, as silencing of both did not lead to an additional decrease in the percentage of the healed 

wound. It is possible that MAML1 silencing has an impact on cell proliferation through decreasing 

the stability and availability of E6 for binding to E6AP, through which it exerts most of its 

functions. Furthermore, the proliferation of HeLa cells is primarily driven by the actions of E7, 

while the effects of E6 play a smaller part in cell proliferation, meaning that reducing the amount 

of E6 can have a limited impact on cellular proliferation. E7, as the main driver of proliferation, is 

still abundantly present in HeLa cells what could be the explanation for the observed effects (Jones 

et al. 1997; Barbosa and Schlegel 1989).  
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Taken together, and summarized in Figure 42, presented results imply the existence of two 

distinct pools of HR E6 oncoproteins. One pool, consisting of E6/E6AP, has been well-

characterized, while the other pool, comprising of E6/MAML1, requires further investigation to 

better understand its complete functions. E6/E6AP complex allows the viral oncoprotein to exert 

its oncogenic functions, while α-E6/MAML1 complex does not have the same effect, even though 

it does increase the overall stability of E6. The proportion of α-E6 that is stabilized by MAML1 

presumably has some distinct, currently unknown cellular functions, and possibly interacts with 

different partners than α-E6 stabilized by E6AP. This is further supported by the fact that HR E6 

stabilized by MAML1 is distributed differently within the cell compared to E6 stabilized by E6AP.  

Future research focused on exploring the specific cellular functions and molecular 

interactions of α- and β-E6/MAML1 pools is needed for a more complete understanding of their 

functions and potential roles in HPV-associated cancers. One possible avenue is to investigate the 

effect of HR E6/MAML1 interaction on other cellular pathways beyond those investigated in this 

doctoral dissertation, possibly cell cycle control since Notch signaling has important role in cell 

cycle progression. Another direction for future research could be to identify additional proteins 

that interact specifically with the E6/MAML1 complex, since the presented results indicate that 

there may be distinct cellular functions associated with the pool of HR E6 oncoproteins stabilized 

by MAML1. To enhance comprehension of E6 stabilization, it would be valuable to identify 

whether other E6 target proteins that utilize same LXXLL motif for E6 interaction (such as IRF-

3, E6BP and paxillin) have potential roles in stabilizing E6 protein levels and to investigate the 

broader implications of such interactions. Additionally, further studies could explore the effects of 

other cellular factors on the stability and activity of the E6/MAML1 pool, such as the histone 

acetyltransferase p300/CBP, which is a known coactivator of MAML1 (Jin et al. 2017). 

Furthermore, to gain a more comprehensive understanding of the role of MAML1 in HPV-

associated cancers, it would be beneficial to investigate the interactions between MAML1 and 

other HR HPV types beyond HR HPV-16 and -18 investigated in this doctoral thesis, and also 

oncogenic β-HPV types such as HPV-5 and -38, in addition to the investigated β-HPV-8. Even 

though for HPV-16 was shown not to influence Notch signaling pathway, this may not be the case 

with other HR E6 oncoproteins that can potentially form stronger interactions with MAML1, and 

thus may be able to influence Notch-responsive genes.  
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Overall, these novel studies could shed light on the broader network of molecular interactions and 

signaling pathways that regulate the activity of E6 oncoproteins in HPV-infected cells. 

 

 
Figure 42. A proposed model mechanism for α- and β-HPV E6 interplay with MAML1. The majority of β-E6 

oncoproteins exclusively associate with MAML1 (right panel), while α-E6 oncoproteins can bind both MAML1 and 

E6AP (left panel).  MAML1-dependent protein stability of both α-HPV E6 and β-HPV E6 impacts cell migration of 

HPV-18 positive cells, but it does not have an effect upon well-known HR E6 cellular target degradation. 
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6. CONCLUSIONS 
 

Investigating the carcinogenic potential of naturally occurring variants of 16 E6 can 

provide insights into the association between genetic alterations and the elevated risk of cervical 

neoplasia, thereby emphasizing the significance of assessing cervical cancer risk. Part I of this 

doctoral dissertation provides insights into the functional mechanistic analyses of three genetic 

variants of HPV-16 E6: HPV-16 E6 D25N, E6 L83V, and E6 D25N L83V. The study 

demonstrated that these naturally occurring amino acid variations in the HPV-16 E6 oncoprotein 

can modify the level of activity of the E6 oncoprotein in various functional assays.  

Based on these findings, it is possible that the naturally occurring variants of HPV-16 E6 

may exhibit additional biological functions beyond those investigated in this doctoral study, which 

could potentially contribute to their pathogenicity. These results could guide future structural and 

biochemical analyses of naturally occurring HPV-16 E6 variants to comprehensively investigate 

their biological functions, as well as their role in modulating the progression of carcinogenesis, 

 

The main concluding remarks of Part I are as follows: 

§ HPV-16 E6 D25N L83V variant exhibits an increased capacity to interact with E6AP 

§ HPV-16 E6 D25N L83V variant is the most efficient in triggering E6AP degradation 

among investigated E6 expression plasmids 

§ HPV-16 E6 D25N L83V variant shows higher protein levels in comparison 16 E6 D25N, 

16 E6 L83V and wild-type 16 E6, but it also displays a more rapid protein turnover rate in 

comparison to 16 E6 

§ Cellular localization of ectopically expressed HPV-16 E6 and D25N, L83V, and D25N 

L83V mutants was found to be similar  

§ HPV-16 E6 D25N L83V is less effective in degrading p53 and PDZ-domain containing 

substrates in vitro in comparison to the other mutants and 16 E6 

§ HPV-16 E6 and the corresponding mutants efficiently target p53 and PDZ-domain 

containing substrates MAGI-1 and DLG1 for proteasome-mediated degradation in cultured 

cells 
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The Part II of doctoral thesis was focused on the previously uninvestigated effects of the 

interaction between HR E6 and MAML1 on E6 protein stability and function. It appears that this 

interaction is critical for maintenance of E6 protein levels and for its mediated biological activities 

such as cell proliferation and migration.  

 
The main concluding remarks of Part II are as follows: 

§ HPV E6 oncoproteins from α-HPV types interact with MAML1 

§ MAML1 increases protein stability of both α- and β-HPV E6s in overexpression assays 

and in HPV-positive CaSki, HeLa and HT1080 8 E6 cells  

§ Intact LXXLL motif of MAML1 is required for E6 protein stabilization 

§ HPV E6 protein turnover is regulated by MAML1 

§ MAML1 stabilizes a distinctive cellular pool of HPV-18 E6 and an exclusive single cellular 

pool of HPV-8 E6 

§ MAML1 and HR E6 interaction does not affect p53 and DLG1 degradation 

§ E6 cellular localization and distribution of both α- and β- HPV types is changed in 

presence of MAML1  

§ MAML1 ablation has no effect on apoptosis in HPV-positive HeLa and HT1080 8 E6 

cells 

§ HR E6/MAML1 complex upregulates cell proliferation synergistically with E6AP 

§ 18 E6/MAML1 complex increases cell migration in HeLa cells 
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9. SUPPLEMENTARY DATA  

In addition to the results of an extensive analysis of α- and β-E6 protein stability in the 

presence of either MAML1 or E6AP (Figure 27A), the following figure separately presents 

additional negative controls (Supplementary Figure 1). The control samples included HEK-293 

cell transfected with empty pcDNA3 plasmid, FLAG- or Myc-tagged MAML1 or E6AP alone. 

Along with those negative controls, samples with MAML1 and E6AP in combination with HA-

tagged HPV-16 E6 are HPV-8 E6 are also depicted as a part of the same experiment 

(Supplementary Figure 1).  

 

Supplementary Figure 1. Negative controls for Figure 27A. HEK-293 cells were transfected with empty pcDNA3 

plasmid, FLAG- or Myc-tagged MAML1 or E6AP, alone or in combination with HA-tagged HPV-16 E6 and HPV-8 

E6. After 24 hours cells were harvested and isolated proteins separated on SDS-PAGE, processed for western blot 

analysis using anti-HA, anti-FLAG or anti-Myc antibodies and visualized by chemiluminescence. β-galactosidase 

(LacZ) was used as loading control. 

Same as for the experiment presented in Figure 27A, in addition to the results of an 

extensive analysis of E6 protein stability in presence or absence of MAML1 or E6AP in HEK-293 

E6AP KO cells (Figure 28A), in Supplementary Figure 2 negative controls are separately 

showed. The control samples included HEK-293 E6AP KO cell transfected with empty pcDNA3 

plasmid, FLAG- or Myc-tagged MAML1 or E6AP alone, along with samples co-transfected with 

HA-tagged HPV-16 E6 and HPV-8 E6 (Supplementary Figure 2).  
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Supplementary Figure 2. Negative controls for Figure 28A. HEK-293 E6AP KO cells were transfected with either 

FLAG- or Myc-tagged MAML1 or E6AP, alone or in combination with HA-tagged HPV-16 E6 or HPV-8 E6. After 

24 hours cells were harvested, isolated proteins from complete cell lysates separated on SDS-PAGE, detected by anti-

HA, anti-FLAG and anti-Myc antibodies and visualized by chemiluminescence. β-galactosidase (LacZ) was used as 

the control to monitor transfection efficiency and loading. 

The results of evaluating the significance of the LDDLL motif in the stabilizing effect on 

E6 are presented in Figures 30A and 30B. Supplementary Figure 3 shows negative controls 

separately. The control samples included HEK-293 cell and HEK2-93 E6AP KO cells transfected 

with empty pcDNA3 plasmid, Myc-tagged MAML1 or FLAG-tagged MAML1 LHHLL alone. As 

a part of the same experiment additional samples were co-transfected in combination with HA-

tagged HPV-18 E6 or HPV-8 E6. 

 

 



210 
 

Supplementary Figure 3. Negative controls for Figures 30A and 30B. (A) HEK-293 and (B) HEK-293 E6AP KO 

cells were transfected with Myc-tagged MAML1 or FLAG-tagged MAML1 LHHLL, alone or in combination with 

HA-tagged HPV18 E6 or HPV-8 E6. After 24 hours cells were harvested, isolated proteins from complete cell lysates 

were separated on SDS-PAGE and analysed by western blotting. MAML1 and MAML1 LHHLL were detected by 

anti-Myc and anti-FLAG antibodies, while HPV-18 E6 and HPV-8 E6 were detected by HRP-linked anti-HA 

antibody. β-galactosidase (LacZ) was used as the control for the transfection efficiency and loading control.   

In addition to the co-immunoprecipitation analysis conducted to determine if an intact LXXLL 

motif on MAML1 is necessary for HPV-8 E6 binding, as presented in Figure 31C, negative 

controls for this experiment are displayed separately in Supplementary Figure 4. The experiment 

was performed using HEK-293 cells transfected with an empty plasmid, FLAG-tagged MAML1 

and a mutated MAML1 LHHLL form either alone, or in combination with plasmid expressing 

HA-tagged HPV-8 E6 (Supplementary Figure 4).  

 

Supplementary Figure 4. Negative controls for Figure 30C. HEK-293 cells were transfected with either an empty 

plasmid, Myc-tagged MAML1, FLAG-tagged MAML1 LHHLL mutant, as well as with HA-tagged HPV-8 E6 alone 

or in combination with MAML1 and MAML1 LHHLL. Twenty-four hours post transfection the cells were harvested, 

lysed in E1A buffer and incubated with anti-HA beads on a rotating wheel overnight at 4°C. The beads were 

extensively washed and co-immunoprecipitated complexes were subjected to western blot analysis with anti-Myc, 

anti-FLAG and anti-HA antibodies to compare the amount of MAML1, MAML1 LHHLL or 8 E6 present in 10% of 

the input. 
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10.  ABBREVIATIONS 

α-HPV – Alpha human papillomavirus  

β-HPV – Beta human papillomavirus 

aa - Amino Acid 

ADAM – A Disintigrin and Metalloprotease 

ADC - Adenocarcinoma  

AKT -  AKT Serine/Threonine Kinase 

ATM - Ataxia Telangiectasia Mutated 

ATR – Ataxia Telangiectasia And Rad3-Related Protein 

aPKC - atypical Protein Kinase C 

APOBEC - Apolipoprotein B mRNA Editing Enzyme, Catalytic Polypeptide-like  

Bcl-2 - B-cell Lymphoma 2 

b-HLH - basic Helix-Loop-Helix  

BPV - Bovine papillomavirus 

CBF1 – other name for RBP‐Jĸ 

CBP – CREB-binding Protein  

CDK - Cyclin-Dependent Kinase  

CD1 - Conserved Domain 1 

CD2 - Conserved Domain 2 

CD3 - Conserved Domain 3 

Chk - Checkpoint Kinese   

CKII - Casein Kinase II  
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CIN - Cervical intraepithelial neoplasia  

CSCC - Cutaneous Squamous Cell Carcinoma 

CSL - an acronym for CBF-1/RBP-Jκ 

CUL2 - Cullin 2 

DDR -  DNA Damage Response 

DISC - Death-Inducing Signaling Complex  

DLG - Discs Large protein 

DLL1‐3‐4 - Delta‐like 1, 3, and 4 

DSB - Double-strand breaks in DNA 

ECM - Extracellular Matrix 

EDD/UBR5 - E3 Ubiquitin Ligase Identified by Differential Display; UBR5 (Ubiquitin Protein 

Ligase E3 Component n-recognin 5) 

EGFR - Epidermal Growth Factor Receptor 

EMT - Epithelial-mesenchymal Transition 

E6AP - E6-associated Protein; UBE3A (Ubiquitin Protein Ligase E3A) 

E6BP -  E6-binding Protein, Calcium-binding Protein ERC-55 

FADD - FAS-associated Protein With Death Domain  

FAK - Focal Adhesion Kinase 

FCS- Forward Scatter 

h - hours 

HECT - Homologous to the E6-AP Carboxyl Terminus 

HERC - HECT and RLD Domain Containing E3 Ubiquitin Protein Ligase Family Member  

HES - Hairy and Enhancer of Split  
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HEY - Hairy Ears, Y-Linked 

HNC - Head-And-Neck Cancer 

HNSCC – Head-and-neck squamous cell carcinoma 

HPV - Human papillomavirus  

HR - High-risk  

HSPG – Heparan Sulfate Chains of Proteoglycans 

hTERT – human Telomerase Reverse Transcriptase  

IAP2 - Inhibitor of Apoptosis Protein 2  

ICTV - International Committee on the Taxonomy of Viruses  

 IRF-3 - Interferon Regulatory Factor 

JAG1‐2 - Jagged‐1 and 2 

MAGI-1 - Membrane-associated Guanylate Kinase, WW and PDZ domain-containing protein 1 

MAML1 – Mastermind-like Protein 1 

MHC – Major Histocompatibility Complex 

MAPK - Mitogen-activated Protein Kinase 

NFX1 - Nuclear Transcription Factor, X-Box Binding 1 

NHEJ - Non-Homologous End Joining  

NMSC - Non-Melanoma Skin Cancer 

NICD - NOTCH Intracellular Domain  

NIKS - Normal Immortal Keratinocytes  

NTC - NOTCH-RBPJĸ Transcriptional Complex  

LCR - Long Control Region  

LR – Low risk  



214 
 

OPSCC - Oropharyngeal Squamous Cell Carcinoma  

OIS - Oncogene-induced senescence  

ORF – Open Reading Frame  

PBM - PDZ-domain Binding Motif  

PDZ – PSD95/Dlg/ZO-1 Binding Domain  

PI – Propidium iodide 

PKA – Protein Kinase A 

PKB - Protein Kinase B 

PSD95 - Post Synaptic Density 95 

pRb – protein Retinoblastoma 

PTPN14 - Protein Tyrosine Phosphatase Non-Receptor Type 14 

PXN - Paxillin  

p53 – protein 53 

RBP‐Jĸ - Recombination Signal Binding Protein for Immunoglobulin Kappa J Region/suppressor 

of hairless  

RING - Really Interesting New Gene (RING) finger E3 ubiquitin ligases 

RT – Room temperature 

SSC – Side scatter 

SSC – Squamus Cell Carcinoma 

STAT3 - Signal Transducer and Activator of Transcription 3   

SV40 T - Simian Vacuolating Virus 40 Large Tumor Antigen  

TNFα - Tumor Necrosis Factor α  

TNFR1 - Tumor Necrosis Factor Receptor 1  
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TRAIL - TNF-Related Apoptosis-Inducing ligand  

TRIM25 - Tripartite Motif Containing 25 

URR - Upstream Regulatory Region  

UPS - Ubiquitin Proteasome System  

USF - Upstream Stimulating Factor 

UV - Ultraviolet irradiation 

ZO-1 - Zona Occludens 1 
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