Effects of human papillomavirus 16 (HPV16) E6
oncoprotein on cell polarity regulators in head and
neck cancers

Luli¢, Lucija

Doctoral thesis / Disertacija
2022

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj: University of
Zagreb, Faculty of Science / SveucilisSte u Zagrebu, Prirodoslovno-matematicki fakultet

Permanent link / Trajna poveznica: https://urm.nsk.hr/urn:nbn:hr:217:603079

Rights / Prava: In copyright /Zasticeno autorskim pravom.

Download date / Datum preuzimanja: 2024-12-18

L BTE U 3
QC,\\‘\S Ao

»
< 'y
S %
‘o % . N
> < Repository / Repozitorij:
5> 5 , . . .
7% ET: Repository of the Faculty of Science - University of
3 = Zagreb
% T
<, 5
O =

Yo parens®

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII



https://urn.nsk.hr/urn:nbn:hr:217:603079
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.pmf.unizg.hr
https://repozitorij.pmf.unizg.hr
https://repozitorij.unizg.hr/islandora/object/pmf:11279
https://dabar.srce.hr/islandora/object/pmf:11279

FACULTY OF SCIENCE
DEPARTMENT OF BIOLOGY

Lucija Luli¢

EFFECTS OF HUMAN PAPILLOMAVIRUS 16
(HPV16) E6 ONCOPROTEIN ON CELL
POLARITY REGULATORS IN HEAD AND
NECK CANCERS

DOCTORAL DISSERTATION

Zagreb, 2022



PRIRODOSLOVNO-MATEMATICKI FAKULTET
BIOLOSKI ODSJEK

Lucija Luli¢

UTJECAJ ONKOPROTEINA E6
PAPILOMAVIRUSA COVJEKA TIPA 16
(HPV16) NA REGULATORE STANICNE

POLARNOSTI U TUMORIMA GLAVE | VRATA

DOKTORSKI RAD

Zagreb, 2022



Hvala

.. mojem mentoru, Vjekoslavu, na pruzenoj prilici, ukazanom povjerenju, svakoj kritici, savjetu i podrsci
tijekom i nakon izrade ovog rada te svakom ,,Jos malo i gotovo! :)“. Bile su ovo turbulentne godine, ali iz
njih smo izvukli ono najbolje!

... mojim sadasnjim i bivsim ,,odraslim** LMVB-ovcima, Magdaleni, lvanu, Nini, Jasminki i Nathanielu, na
savjetima i glasu zdravog razuma kada mi je zatrebao. Kseniji, na svakoj rijeci podrske, kavi, Pacman
tortama i smijehu iz petnih Zila koji je proZimao svaki kutak LMVB-a.

... mojoj lab partnerici i prije svega prijateljici, najboljoj postdokici Josipi, za sve ranojutarnje kave, sve
poslovne i privatne razgovore, sve diskusije, za svo znanje koje si podijelila sa mnom. Jo, prava si
inspiracija! Ali najvise, hvala ti sto si bila ono $to mi je najvise trebalo u bilo kojem trenutku!

... mojim ,,curama s kata za rucak”, Tini, bike&hike buddyu i za ono malo odlazaka na Sljeme $§to nam je
davalo snagu za nove lab pothvate. Ivani, Eni, Anamariji, Ani, za sve dijeljene trenutke, utjeSne rijeci i rijeci
ohrabrenja. Hvala i Maji, Bastienu i Ani R., kolegama koji su tijekom ovog putovanja postali dragi prijatelji.

.. mojim ,,vanjskim suradnicima‘ Dragomiri Majhen, Filipu Rokic¢u i Maji Sabol na svim sugestijama,
protokolima i mozganjima u pojedinim fazama ovog doktorskog istrazivanja te mojim LAMBDAma dodatno
na svim jutarnjim kavama i (ne)sportskim razgovorima!

... doc.dr.sc. Emilu Dediolu, dr.med., dr.sc. Antoniji Jakovcéevié, dr.med., Luki Manojlovi¢u dr.med. i dr.sc.
Spomenki Manojlovi¢ dr.med. na prikupljenim uzorcima i suradnji tijekom objave mojeg prvog znanstvenog
rada.

... to the members of Parish/Roberts Empire, especially to Dr Jo Parish, for giving me the last chance to
enjoy all the charms of student exchanges and for your selfless help. To Dr Sally Roberts, for every
discussion and smile that the word 'DLG" would bring to your face! To Jack, for devoting your time to teach
me new things and not freaking out for using your bench! To Megan, Kamini and Molly for your dedicated
ring search and all the talks. To all other members, great scientists and even better laser-tag partners, for
accepting me as your own and made this time unforgettable!

. najdrazim prijateljima, na neogranicenoj potpori i vjeri u Zivotu! Hvala na svakom saslusanom
Jjadikovanju o neuspjelim pokusima i Sto ste tolerirali moju pasivau drustvenost, posebno tijekom ove
godine, i pritom niste odustali od mene!

Najposebnije hvala

... mojim roditeljima, Tanji i Jurici, mojim ¢vrstim osloncima u svakodnevnom Zivotu i Zivotnoj snazi. Hvala
vam Sto ste me naucili da budem ono Sto jesam, da je vaznije ono "tko si" od onoga "sto si". Hvala mojim
sestrama Petri i Marti te braci Stipi i Luki, na beskrajnoj ljubavi, razumijevanju, podrsci i vjeri u mene!
Svima vam hvala §to ste bili moja stijena i §to mi niste dopustili da odustanem kada bi postalo tesko. Bez

vas sada ne bih bila tu gdje jesam! Bolju obitelj nisam mogla niti sanjati! ¢}



... Luki, §to si bio uz mene na dijelu ovog putovanja kada je odustajanje Cesto bila prihvatljiva misao. Tvoje
strpljenje, ljubav i ohrabrenje su ga malkec olaksalili. Veselim se iduéim zajednickim koracima! oy



Znanost moze postavljati granice znanju, ali ne bi

trebala postavljati granice masti.

— Bertrand Russel

Science may set limits to knowledge but should

not set limits to imagination.

— Bertrand Russel



This doctoral thesis was prepared at the Ruder Boskovi¢ Institute, under the guidance of Vjekoslav
Tomai¢, PhD, senior research associate, as part of the postgraduate doctoral study of Biology at

the Biology Department of the Faculty of Science, University of Zagreb.

The dissertation was prepared with the support of The Croatian Science Foundation within the
program "Young Researchers’ Career Development" and within the project "Elucidating the HPV
E6/E7 Oncogenic Functions at Different Anatomical Sites" (supervisor: Vjekoslav Tomaié, PhD).



Supervisor

Vjekoslav Tomai¢ was born in Zagreb, Croatia. In 2001, he graduated in experimental biochemistry
from Washington College in the State of Maryland, USA. After that, as a graduate student, he
began studying human papillomaviruses (HPVs) in Richard Schlegel's laboratory at Georgetown
University, Washington D.C., USA. In 2009 he received his PhD in Natural and Biomolecular
Sciences researching HPVs at the International Center for Genetic Engineering and Biotechnology
(ICGEB) in Trieste, Italy in collaboration with the Open University in Milton Keynes, UK, under
the mentorship of Lawrence Banks and co-mentorship of John Doorbar, University of Cambridge.
After obtaining his PhD, he continued his postdoctoral training at ICGEB in the field of viral
oncology, researching HPV infection, productive viral cycle and HPV-induced malignant
transformation. In 2015, he acquired the title of adjunct assistant professor. In 2016 he joined the
Department of Molecular Medicine of the Ruder Boskovi¢ Institute. He started a group within the
Laboratory of Molecular Virology and Bacteriology with the aim to investigate the mechanisms of
HPV-mediated malignancies, which better understanding could contribute to the development of
new therapies. Furthermore, a part of his research is focused on discovery of new biomarkers that
could predict the development of the disease at early stages. He is a principal investigator of
international projects, editor and reviewer in scientific journals, organizer of several international

scientific conferences and has received numerous awards for his scientific work.



University of Zagreb Doctoral thesis
Faculty of Science
Department of Biology
Effects of human papillomavirus 16 (HPV16) E6 oncoprotein on
cell polarity regulators in head and neck cancers

Lucija Luli¢
Ruder Boskovi¢ Institute

Human papillomaviruses (HPVs) are significant contributors to the global cancer burden by
causing cancers at various anatomical sites, particularly in anogenital and head and neck (HN) area.
A unique EG6 feature of all oncogenic HPVs is the ability to target DLG1 and SCRIB proteins which
play roles in the regulation of cell growth and polarity. Their contribution to the onset of HPV-
induced HN malignancy is still unknown. Therefore, the potential impact of 16E6 on DLG1 and
SCRIB protein localization and expression were investigated in keratinocytes derived from HN
and genital areas, organotypic 3D raft cultures and oropharyngeal squamous cell carcinomas
(OPSCCs). Obtained results suggest that 16E6 contributes to DLG1 delocalization but not
exclusively, thus implying that any deregulation of DLG1 can contribute to malignancy.
Additionally, 16E6 caused SCRIB upregulation in the cell lines and 3D raft cultures, suggesting
its requirement for E6 protein stability. Interestingly, significant SCRIB downregulation was
observed with the progression of OPSCCs, and was more evident in HPVV16 OPSCCs, indicating

that its loss could serve as a potential late-stage marker in oropharyngeal carcinogenesis.
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Utjecaj onkoproteina E6 papilomavirusa ¢ovjeka tipa 16 (HPV16)

na regulatore stani¢ne polarnosti u tumorima glave i vrata
Uvod:

Virusne infekcije prepoznate su kao jedan od ¢imbenika rizika za razvoj karcinoma te se povezuju
s 12-20% tumora diljem svijeta. Jedni od njih su i papilomavirusi Covjeka (eng. human
papillomavirus, HPV) koji uzrokuju vise od 600 000 karcinoma godisnje. HPV infekcije povezane
su s gotovo 100% slucajeva raka vrata maternice koji je jo$ uvijek na visokom ¢etvrtom mjestu po
ucestalosti 1 smrtnosti. Osim toga, infekcije visokorizi¢nim mukoznim HPV tipovima povezane su
i s oko 70% anogenitalnih karcinoma, a sve je viSe studija koje ih povezuju i s karcinomima
plocastog epitela glave i vrata (engl. head and neck squamous cell carcinoma, HNSCC), Sestom
naj¢es¢om zlo¢udnom bolesti diljem svijeta. HNSCC ¢ine rak usana i usne Supljine, nazofarinksa,
orofarinksa, grkljana i hipofarinksa, ali HPV se povezuje s 40-60% karcinoma plocastih stanica
orofarinksa (eng. oropharyngeal squamous cell carcinoma, OPSCC) te samo s oko 5% karcinoma
glave 1 vrata izvan podru¢ja orofarinksa. lako su HPV infekcije najceS¢e spolno prenosive
infekcije, u vedini slu¢ajeva imunosni sustav prepoznaje zarazene stanice te neutralizira infekciju
unutar nekoliko mjeseci do dvije godine od pocetne infekcije. U suprotnom, kada infekcija HPV-
om opstane kroz dulje vrijeme i postane kroni¢na, zaraZzene osobe su pod povecanim rizikom za
razvojem malignih promjena. Ovaj je proces od primarne infekcije do razvoja raka dobro definiran
u vratu maternice. Dva glavna virusna onkoproteina, E6 i E7, izravno su odgovorna za razvoj
zlocudnih bolesti uzrokovanih HPV-om. Oni kooperativno ciljaju razli¢ite stani¢ne puteve
ukljucene u regulaciju stani¢nog ciklusa i apoptoze. Poznato je da veZzu i usmjeravaju za razgradnju
tumorske supresore, p53 i pRb. Osim §to potice razgradnju p53, brojne studije su pokazale da E6
domene, module proteinskih interakcija uklju¢ene u odrzavanje stani¢ne homeostaze. Neki od
najbolje okarakteriziranih E6 interaktora su proteini koji sadrze PDZ domene iz kompleksa
Scribble: Scribble (SCRIB) i Discs Large 1 (DLG1). Posljedicno, E6 potice njihovu razgradnju

proteasomom. Obzirom da DLGI 1 SCRIB imaju klju¢nu ulogu u uspostavljanju i odrzavanju



polariteta stanica, stanice koje eksprimiraju E6 formiraju slabije stani¢ne kontakte i rastu na
neorganiziraniji na¢in. Samim time, posljedice ovih interakcija doprinose razvoju kasnijih stadija
E6-uzrokovanih bolesti. Proteini DLG1 i SCRIB takoder su okarakterizirani i kao tumorsKi
supresori, a do sada je njihovo ponasanje istrazeno u karcinomima debelog crijeva. Osim toga,
promjene proteina DLG1 primijecene su i u razvoju raka vrata maternice. Neke studije upucuju na
to da ekspresija i lokalizacija DLG1 variraju u lezijama povezanim s HPV-om, §to sugerira na
njegovu ulogu u progresiji cervikalnih intraepitelnih lezija niskog stupnja. Zanimljivo je da je isti
proces od pocetne infekcije do razvoja raka u podrucju glave i vrata jos uvijek neistrazen, ali ¢ini
se da je znatno kraci nego u vratu maternice. Isto tako, gotovo 70% slucajeva raka vrata maternice
I prekanceroznih lezija uzrokovano je dvama tipovima, HPV16 i HPV18, dok se ostatak pripisuje
drugim visokorizi¢nim tipovima HPV-a. Interesantno, 90-95% tumora orofarinksa uzrokovano je
isklju¢ivo HPV-om tipa 16. Ove varijacije u tipovima HPV-a i njihovog uzrokovanja zlo¢udnih
promjena potencijalno mogu biti posljedica razli¢itog intenziteta interakcija E6 s proteinima DLG1
i SCRIB, ovisno o anatomskom podrucju. Prema tome bi razjasnjavanje funkcije onkoproteina E6
kao i potencijalnih odstupanja njegova ucinka na navedene proteine dodatno pridonijelo boljem
razumijevanju uloga ova dva tumorska supresora u procesu HPV-posredovane i neposredovane
tumorigeneze u podrucju glave i vrata. Takoder bi moglo dodatno razjasniti njihov potencijalni
znacaj kao biljega za predvidanje razvoja bolesti u ranim fazama.

Ciljevi istrazivanja:

Proteini DLG1 1 SCRIB prethodno su okarakterizirani kao stani¢ne mete onkoproteina E6.
Medutim, dosadas$nja istrazivanja pokazala su da onkoproteini E6 razli¢itih tipova HPV-a imaju
razliCite afinitete vezanja proteina DLG1 i SCRIB, odnosno, HPV16 E6 preferencijalno veze
protein SCRIB dok je DLGI1 ucinkovitije vezan od strane HPV18 E6. Takoder, njihove su
promjene u stanicnoj lokalizaciji 1 ekspresiji pokazane u razliCitim karcinomima neovisno o
prisustvu HPV-a $to ukazuje na njihovu vaznost u procesu onkogeneze opéenito. Obzirom da je
HPV16 prevladavajuéi tip u HPV-pozitivnim tumorima glave i vrata, primarni je cilj ovog
istrazivanja bio ispitati razlike u utjecaju onkoproteina 16E6 na DLG1 i SCRIB u stanicama
izoliranim iz podrucja glave i vrata te anogenitalne regije, a zatim i u produktivnom ciklusu virusa
proucavanog u modelu orofarinksa. Nadalje, cilj je bio i istraziti potencijalne promjene u ponasanju

proteina DLG1 i SCRIB u arhivskim uzorcima tumora orofarinksa ovisno o prisustvu HPV16.



Da bi se do toga doslo, potrebno je:

= Uspostaviti prethodno imortalizirane stani¢ne linije keratinocita izoliranih s razli¢itih
anatomskih mjesta; Kkeratinocite zubnog mesa (eng. immortalized normal oral
keratinocytes, INOK), keratinocite tonzila ¢ovjeka (eng. immortalized human tonsilar
keratinocytes, iHTK) i keratinocite prepucija ¢ovjeka (eng. immortalized human foreskin
keratinocytes, iIHFK) u kojima su stabilno eksprimirani onkoproteini E6/E7.

= |straziti utjecaj onkoproteina E6 na intenzitet vezivanja te razinu proteina DLG1 i SCRIB
u uspostavljenim stani¢nim linijama keratinocita.

= Istraziti promjene u stani¢noj lokalizaciji i distribuciji DLG1 i SCRIB uzrokovane
onkoproteinom 16E6 u uspostavljenim stani¢nim linijama keratinocita.

= Usporediti utjecaj razine transkripcije 16E6 na razinu transkripcije DLG1 i SCRIB u
primarnim stani¢nim linijama keratinocita tonzila 1 prepucija (HTK i HFK) kao i u
stani¢nim linijama izoliranim iz HPV-negativnih i HPVV16-pozitivnih tumora orofarinksa.

= Povezati promjene na razinama transkripcije s promjenama u lokalizaciji proteina DLG1 i
SCRIB tijekom produktivnog ciklusa HPV16 u organotipskim 3D raft kulturama HTK
stanica.

» Razjasniti bioloski utjecaj 16E6 na distribuciju proteina DLG1 i SCRIB u prikupljenim
parafinskim uzorcima HPV-negativnih i HPV16-pozitivnih tumora orofarinksa.

Materijali i metode:

Istrazivanje je zapoCelo uspostavom stani¢nih linija imortaliziranih keratinocita izoliranih s
razli¢itih anatomskih podru¢ja (iNOK, iHTK te iHFK) u kojima se Zeljelo uspostaviti stabilnu
ekspresiju onkoproteina E6/E7 HPV tipa 16. KoriSteni su razli¢iti pristupi; ,,ubacivanje* gena
koriste¢i CRISPR-Cas9 Knock-in sustav, konstruiranje lentivirusa koji eksprimiraju onkoprotein
E6 HPV tipa 16 te transfekciju cjelokupnim genomima HPV16. Uspjesnost kreiranja Knock-in i
lentivirusnog vektora provjerena je umnazanjem lancanom reakcijom polimerazom (eng.
polymerase chain reaction, PCR) gena HPV16 E6 te sekvenciranjem dok je uspjeSnost uspostave
linija dokazana umnazanjem gena p53 i HPV16 E6 metodom PCR te Western blot metodom
detekcije proteina p53. Kao kontrola u svim pokusima, koriStene su stanice HPV16-pozitivnog
raka vrata maternice CaSki te stanice HPV-negativnog raka vrata maternice C33A. Kako bi se

istrazile potencijalne razlike u vezivanju onkoproteina E6 s proteinima DLG1 1 SCRIB ovisno 0



anatomskoj regiji, proveden je esej interakcija metodom GST pull-down. Nadalje, ispitan je i
utjecaj onkoproteina E6 na endogenu ekspresiju proteina DLG1 i SCRIB u uspostavljenim
staniénim linijama keratinocita. Utjecaj E6 na lokalizaciju istih istrazen je upotrebom
imunofluorescencije i konfokalne mikroskopije, a potvrden je metodom frakcioniranja stanica
koriste¢i komercijalno dostupan set kemikalija. Nakon pokusa provedenih na uspostavljenim
stani¢nim linijama keratinocita, utjecaj onkoproteina 16E6 na DLG1 i SCRIB istrazen je i u
primarnim keratinocitima HTK 1 HFK. IstraZzen je utjecaj na transkripcijskoj razini koristec¢i
reverznu transkripciju i kvantitativni PCR (eng. reverse transcription quantitative polymerase chain
reaction, RT-gPCR). Kao kontrole, koristene su stanice HPV-negativnog tumora jezika CAL27 i
SCCO040 te stanice HPV16-pozitivnog tumora jezika SCC104 i SCC147. Iste primarne stanice HTK
koristene su za uspostavu organotipskih 3D raft kultura u kojima je pracen utjecaj 16E6 na
promjene DLG1 i SCRIB na proteinskoj razini tijekom produktivnog ciklusa virusa, koriste¢i
metodu imunofluorescencijske histokemije. Za odredivanje statistiCke znacajnosti, provedena je
analiza varijance (eng. analysis of variance, ANOVA). Nadalje, u ovom je istrazivanju provedena
i analiza utjecaja E6 na proteine DLG1 i SCRIB u arhivskim uzorcima tumora orofarinksa
uklopljenima u parafin (eng. formalin fixed paraffin embedded, FFPE). Svi uzorci bili su
podijeljeni u skupine obzirom na prisutnost i dokazanu aktivnost HPV-a nakon provedene
genotipizacije metodom PCR koristec¢i specificne pocetnice za umnazanje dijelova HPV-genoma.
U navedenim uzorcima je imunohistokemijski istrazena ekspresija biljega koji se trenutno najvise
koristi, proteina p16, a zatim i ekspresija proteina DLG1 i SCRIB. Kruskal-Wallis test, a zatim i
Dunn podtest za viSestruko usporedivanje koriSteni su za evaluaciju mogucih znacajnih razlika

izmedu testiranih grupa uzoraka tumora orofarinksa.
Rezultati i rasprava:

Stani¢ne linije imortaliziranih keratinocita koje stabilno eksprimiraju onkoproteine E6/E7 HPV
tipa 16 uspostavljene su radi usporedbe utjecaja onkoproteina E6 na proteine DLG1 i SCRIB u
stanicnim modelima pojedinih anatomskih podru¢ja. Obzirom da onkoproteini E6 razgraduju
tumorski supresor p53, uspjesnost ekspresije virusnih onkoproteina potvrdena je metodom Western
blot koja je pokazala smanjenje razine proteina p53 u prisustvu onkoproteina E6. Nadalje,
provjereno je i postoje li razlike u vezivanju DLG1 i SCRIB s onkoproteinom E6 ovisno o
anatomskom podrucju 1 tipu HPV-a. Prema dobivenim rezultatima, HPV16 E6 veze SCRIB s
vec¢im afinitetom dok HPV18 E6 jace veze DLGI, $to je u skladu s rezultatima brojnih prethodnih



istrazivanja, no, zanimljivo je da je afinitet vezivanja ostao nepromijenjen U imortaliziranim
stanicama izoliranim s razlicitih anatomskim podruc¢ja. Obzirom da je preferencija stani¢ne mete
ostala nepromijenjena, a da je HPV16 prevladavajuci tip virusa u tumorima glave i vrata, dalje je
istrazivan utjecaj onkoproteina E6 HPV tipa 16 na ekspresiju i lokalizaciju proteina DLG1 i
SCRIB. Prema dobivenim rezultatima, ¢ini se da nije bilo znacajne razlike u ekspresiji DLGI
proteina u prisustvu 16E6 §to je kontradiktorno studijama koje su pokazale da E6 potice razgradnju
proteina DLG1. Medutim, vecina tih studija provedena je u uvjetima prekomjerne ekspresije ili u
prisustvu HPV18 E6. Nadalje, dobiveni rezultati ovog doktorskog rada su u skladu sa studijom
provedenom u slicnim uvjetima odnosno kada je praéen utjecaj E6 na razinu endogeno
eksprimiranog DLG1. Medutim, male promjene u prisustvu E6 uocene su na transkripcijskoj razini
DLG1 - u stanicama genitalnog podrijetla HFK, u kojima je doSlo do povecanja razine transkripcije
DLG1 u veéoj mjeri nego u stanicama HTK podrijetla iz orofarinksa. Nadalje, ovo je istrazivanje
pokazalo da prisustvo HPV16 E6 potice promjenu lokalizacije DLG1 neovisno o anatomskom
podrijetlu stanica. Ovakvi su rezultati u skladu sa studijom koja pokazuje smanjeni membranski
DLGI sa znacajno poviSenim citoplazmatskim razinama u cervikalnim neoplazijama visokog
stupnja. Zanimljivo je da vece promjene distribucije nisu zabiljezene u pokusima frakcioniranja.
Razlog tome moze biti nemoguénost razdvajanja stanicnih i jezgrinth membrana pokusima
frakcioniranja kao i moguénost nespecifi¢nog bojanja u pokusima imunofluorescencije koje moze
doprinijeti lazno pozitivnom signalu. Suprotno, povecanje razine proteina SCRIB zabiljeZeno je u
prisustvu HPV16 E6 neovisno o anatomskoj regiji, Sto je uoceno i na transkripcijskoj razini.
Rezultati su u suprotnosti sa studijom koja je pokazala da HPV16 E6 poti¢e obiljeZzavanje proteina
SCRIB ubikvitinom te razgradnju posredovanu proteasomom. Medutim, prethodne su studije
uglavnom provedene u uvjetima prekomjerne ekspresije proteina SCRIB i E6. Kako je SCRIB
membranski protein koji stupa u interakcije s brojnim stani¢nim proteinima poput vimentina,
moguce je da takva interkacija ima zastitnicko djelovanje i npr. mijenja konformaciju proteina
SCRIB koja vise ne odgovara vezivanju onkoproteina E6. Nadalje, pokazano je da je prisutnost
SCRIB potrebna za povecanje stabilnosti E6, pa ovakav ucinak stabilizacije moze pridonijeti u
provodenju odredenih funkcija onkoproteinu E6 koje su bitne za rane faze infekcije. Zanimljivo je
da postoje studije koje protein SCRIB karakteriziraju i kao onkogen $to bi objasnilo povecanje
zabiljezeno u prisustvu onkoproteina E6. Shodno tome, ovdje su istrazivane i potencijalne

promjene u DLG1 i SCRIB vezane uz produktivni ciklus virusa s ciljem povezivanja uocenih



razlika s procesom razvoja zlo¢udnih promjena. Produktivni ciklus virusa strogo je vezan uz
diferencijaciju keratinocita, stoga su promjene pracene u organotipskim 3D raft kulturama
keratinocita tonzila koji se koristi kao model za ovakav tip istrazivanja. Uocena je promjena
lokalizacije proteina DLG1 i SCRIB u bazalnim i parabazalnim slojevima 3D raft kultura iz
membrana u citoplazmu. Razlog tome moze biti jata ekspresija onkoproteina E6 u donjim
slojevima epitela koji potice njihovu translokaciju radi potencijale razgradnje, sporijeg
zacjeljivanja mikroosStecenja, brzeg Sirenja lezija ili, ponovno, radi osiguravanja stabilnosti samog
E6. Dosadasnji rezultati istrazivanja u stani¢nim kulturama i 3D organotipskim raft kulturama
mogu posluziti kao indikatori promjena u stadijima koje prethode zlo¢udnoj promjeni no ne daju
konkretne informacije o potencijalnim promjenama u stvarnim tumorima. Prema tome,
potencijalne razlike istrazene su i u prikupljenim arhivskim uzorcima tumora orofarinksa.
Zanimljivo, ¢ini se da do promjene lokalizacije DLG1 dolazi s progresijom HPV-negativnih
tumora orofarinksa. Medutim, promjena je veéa u prisustvu onkoproteina 16E6 §to implicira da
ovakav fenotip doprinosi razvoju zlo¢udnih promjena neovisno o HPV-u. Nadalje, znacajno je
smanjenje razine proteina SCRIB uoceno s progresijom HPV-negativnih tumora orofarinksa dok
je isto bilo jo§ uodljivije u prisutnosti HPV16. Iz svih koristenih sustava moze se zakljuciti da
onkoprotein 16E6 ima veéi utjecaj na svoju preferencijalnu stani¢nu metu SCRIB. Dobiveni
rezultati sugeriraju da odredene oscilacije ekspresije i/ili lokalizacije dovode do poremecaja
normalnih funkcija regulatora stani¢ne polarnosti i tumorskih supresora DLG1 i SCRIB, §to

vjerojatno doprinosi razvoju bolesti u podrucju glave i vrata, posebice u prisustvu HPV-a.
Zakljucdci:

Iz eksperimenata provedenih na imortaliziranim keratinocitima izoliranim s razli¢itih anatomskih
mjesta, primarnim keratinocitima, organotipskim 3D raft kulturama i uzorcima tumora orofarinksa

izvedeni su sljedeci zakljuccei:

= Preferencija vezivanja onkoproteina E6 za DLG1 i SCRIB ostaje nepromijenjena u
imortaliziranim keratinocitima bez obzira na anatomsko podrijetlo.

= HPV16 E6 nema utjecaja na endogenu ekspresiju DLG1 proteina, ali utjeCe na promjenu
njegove stani¢ne lokalizacije u imortaliziranim keratinocitima. Ovi ucinci su najocitiji u

stanicama iHFK.



= HPV16 E6 uzrokuje poveéanje razine endogenog proteina SCRIB, ali i male promjene u
lokalizaciji $to nije ovisno o anatomskom mjestu.

= HPVI16 E6 inducira povecanje ukupne razine DLG1 mRNA u primarnim stanicama HFK,
dok u primarnim stanicama HTK nije vidljiv takav ucinak.

= HPVI16 E6 povecava razinu SCRIB mRNA u primarnim stanicama HTK i HFK

» HPV16 uzrokuje promjene u stani¢noj lokalizaciji proteina DLG1 i SCRIB s membrana u
citoplazmu u bazalnom i parabazalnom sloju organotipskih 3D raft kultura. Taj je pomak
bio jos o¢itiji s produljenjem vremena kultiviranja stanica HPV16-HTK od kojih su 3D raft
kulture napravljene.

* Promjena lokalizacije DLG1 iz membrane u citoplazmu stanica povecava se s
napredovanjem HPV-negativnih tumora orofarinksa, ali je ucinak veéi u prisutnosti
HPV16.

= Tijekom progresije HPV-negativnih tumora orofarinksa dolazi do malih promjena u
lokalizaciji proteina SCRIB s membrana u citoplazmu.

= Razine proteina SCRIB smanjuju se s napredovanjem HPV-negativnih tumora orofarinksa,

a ovo je smanjenje znacajnije u prisutnosti HPV16.
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1 INTRODUCTION

1.1 Head and neck cancer (HNC)

Head and neck squamous cell carcinomas (HNSCCs) are the most common type of head and neck
cancers (HNCs), making up more than 90% of cases and those include malignancies of the upper
aerodigestive tract that occur from the mucosal epithelium (Johnson et al., 2020). Years ago,
HNSCCs were considered a single disease, which evolves from the same cell type origin. However,
after extensive research, divergence in epidemiological trends as well as phenotypical patterns i.e.,
different tumor behavior, severity, and survival, clarified that HNSCCs in fact represent a
heterogenous group of malignancies (Olshan, 2010; Pai and Westra, 2009). These include cancers
of the lip and oral cavity, nasopharynx, oropharynx, larynx, and hypopharynx (Cramer et al., 2019),

as presented in Figure 1.
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Figure 1. Common anatomical sites of head and neck mal‘ignancies. Most frequent cancers occur at paranasal sinuses, nasal
cavity, oral cavity, tongue, salivary glands, larynx, and pharynx (including the nasopharynx, oropharynx, and hypopharynx).
Adopted from https://news.cancerconnect.com/head-neck-cancer/overview-of-head-neck-cancer (accessed 03.02.2022.)

1.1.1 Epidemiology and etiology of HNCs

With a total of 878 348 new cases and 444 347 deaths in 2020, HNCs remain a substantial disease,
accounting for approximately 5% of all human cancers. Tracking the epidemiology of HNCs over
extended periods of time has shown that these tumors are rising both in incidence and mortality.
By 2040, both aspects are estimated to increase by roughly 1.5 times, which will account for

approximately 1 288 168 new cases and result in 669 770 deaths (Figure 2.).
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Figure 2. Global incidence and mortality of HNCs. The estimated age-standardized rate of HNCs incidence (blue) and mortality
(red) worldwide show combined data for both, male and female. The data represents lip and oral cavity, nasopharyngeal,
oropharyngeal, hypopharyngeal and laryngeal cancers from GLOBOCAN, 2020. https://gco.iarc.fr/today/home, (accessed
25.02.2022.)

Interestingly, males are affected significantly more than females, with a range from 3:1 to 4:1.
Epidemiological studies have unveiled a wide range of HNSCC risk factors including tobacco and
alcohol abuse, exposure to carcinogens, diet, poor oral hygiene, family and/or medical history and
infection agents (IARC, 2007; Johnson et al., 2020; Pai and Westra, 2009). Of those, tobacco
smoking represents the major risk factor and correlates with the intensity and duration of smoking.
However, some studies have found a strong association between HNCs and smokeless use of
tobacco products like chewing a betel quid (Chen et al., 2008). Interestingly, more recent studies
analyzed the impact of e-cigarettes and found that lesions of the oral mucosa were more frequent
in e-cigarette users than in former smokers. Nevertheless, epidemiological studies on e-cigarettes
and HNC are yet to be conducted (Aupérin, 2020). Alcohol abuse was recognized as a risk factor
for oropharyngeal and hypopharyngeal cancers. However, heavy alcohol consumption is strongly
synergistic with tobacco use since alcohol, as a chemical solvent, enhances and extends effects of
carcinogens in tobacco smoke (Olshan, 2010; Pai and Westra, 2009). Along with those, novel risk
factors for a subset of HNCs were shown to be infections with oncogenic viruses, including human
papillomaviruses (HPVs), which have been mostly associated with oropharyngeal squamous cell
carcinoma (OPSCC) and the Epstein-Barr virus (EBV), which was shown to be linked with
nasopharyngeal carcinoma (Brockstein and Masters, 2003). Additionally, Herpes simplex virus-1
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IS proposed to act as a potential risk factor, but together with tobacco and alcohol abuse or in a co-
infection with other oncogenic viruses (Wotacewicz et al., 2019).

1.1.2 Clinical presentation and TNM staging of HNCs

Although HNC subtypes are clinically, histologically, and molecularly distinct, they are all
represented with similar symptoms. Typical symptoms usually include swelling or a sore that does
not heal, a red or white patch in the mouth, a painful or even painless mass in the HN area, and
hoarseness. The diagnosis usually starts with a physical exam that relies on the type of cancer
suspected, signs and symptoms, patient’s age, general health, and the prior medical exams. It
involves endoscopy, biopsy, biomarker testing and imaging (Argiris et al., 2008). Cancer staging
and grading are then used to predict the clinical behavior, potential outcome of malignancies and
to establish appropriate treatment plan. Cancer grade represents the degree of cancer cells’
abnormality compared to healthy cells or a measure of differentiation and is usually graded 1-3.
Grade 1 (G1) denotes well-differentiated cancers, meaning that cancer cells are morphologically
similar to healthy cells and tissue. Grade 2 (G2) stands for moderately differentiated cancers where
cancer cells are somewhat abnormal, while grade 3 (G3) represents poorly differentiated or
undifferentiated cancer, in which cancer cells look completely abnormal and have the highest
proliferation rate (Figure 3.). These cancers typically grow and spread faster than the lower grade
cancers (Espina, 2017).

Grade | Grade Il Grade Ill

Figure 3. Histopathological view of oral cancer grades 1-3. In Grade 1 or well-differentiated cancers, cancerous cells are similar
to healthy cells. However, in Grade 2 or moderately differentiated cancers, malignant cells start to lose their normal morphology
and become somewhat abnormal. The highest grade is grade 3 which represents poorly differentiated or undifferentiated cancers in
which cancer cells look completely abnormal.



While different cancer grades represent various abnormalities of cancer cells, cancer stages define
cancer size and how far it has spread from the primary site. There are several different staging
systems, yet the TNM staging system is widely used. It is a three-category system that involves: T,
the characteristics of the tumor at the primary site, which can be based on a size and/or location;
N, the degree of regional lymph node involvement; and M, the absence or presence of distant
metastases. The specific TNM status of each patient is then tabulated to give a numerical status of

Stage I, 11, 111, or IV with stage IV being the most severe stage (Espina, 2017; Zanoni et al., 2019).

1.1.3 Treatment of HNCs

The HNC treatment is fundamentally complex since it requires a multidisciplinary approach for
optimal decision making, treatment planning, posttreatment care, support, and overall outcome.
Therefore, medical and radiation oncologists, maxillofacial surgeons, radiologists, speech
therapists, social workers, psychologists, plastic and/or reconstructive surgeons, and dentists, all
need to be involved. Moreover, the role of each is being redefined as new improvements in
treatment are being discovered and implemented (Lo Nigro et al., 2017). HNCs are usually treated
with surgical dissection, followed by adjuvant radiation therapy (RdT) or chemotherapy (CT) plus
radiation (known as chemoradiotherapy or CRdT). This depends on the disease stage, location of
the lesion and the functional deficit that may occur. Lately, a targeted therapy is becoming a part
of the HNC treatment plan (Johnson et al., 2020). Nowadays, Cetuximab, an immunoglobulin-G1
chimeric monoclonal antibody directed against EGFR, is the only targeted therapy known to
contribute to a better locoregional control, progression-free survival, and overall survival. This was
shown to be the case both in the localized advanced stage cancer (Bonner et al., 2006) and in the
platinum-resistant recurrent and/or metastatic cancer in combination with CT rather than RdT alone
(Vermorken et al., 2008). Cetuximab is usually used in the combination with RdT in HPV-negative
HNSCCs where comorbidities prevent the use of cytotoxic chemotherapy. Clinical studies in HNC
treatment are now more focused on incorporation of other agents like immune checkpoint inhibitors
including Nivolumab and Pembrolizumab, which were approved by the Food and Drug
Administration (FDA) for treatment of recurrent or metastatic HNSCCs, and Pembrolizumab as

the primary treatment for unresectable cancers (Johnson et al., 2020).



1.1.4 Diagnostic markers for HNCs

In recent years, with the continuous advancement of diagnosis and treatment, the mortality of HNC
patients seems to gradually decrease, yet its absolute number should not be underestimated.
According to the reports from 2010-2016, 5-year survival of HNC patients varied depending on
cancer localization. The highest survival rate of 92% was related to lip cancer patients, while the
lowest rate of only 32% falls on hypopharyngeal cancer patients (https://www.cancer.org, accessed
12.11.2021.) due to their late diagnosis. Importantly, the overall survival benefits from the
appropriate treatment accompanied with smoking and alcohol consumption cessation (Wang et al.,
2021). Nevertheless, finding proper biomarkers for early diagnosis of each subtype of HNCs could
improve both the prognosis and survival rates. Therefore, several biomarkers with different
approaches have been investigated so far (Konings et al., 2020). Promoter hypermethylation is
correlated with gene silencing in cancer and is suggested to be an early event in carcinogenesis.
This phenotype was observed in HNC patients too, making it a great potential biomarker. Notably,
viral infections can induce aberrant DNA methylation, leading to carcinogenesis, and HPV-
associated HNSCCs tend to harbor a higher amount of hypermethylated DNA than HPV-negative
ones. In addition, DNA methylation could serve as a marker to classify subgroups based on
outcome (Nakagawa et al., 2021). More precisely, HPV-positive cancers are suggested to be driven
by the promoter hypermethylation in tumor suppressor genes. Especially CADM1 and TIMP3,
which seem to be significantly more frequently hypermethylated in HPV-positive and CHFR in
HPV-negative OPSCCs (Kempen et al., 2014). Though, despite a high specificity of promoter
hypermethylation as a biomarker, sensitivity is quite low, so additional research should be
conducted to provide more suitable diagnostic tools (Guerrero-Preston et al., 2011; Konings et al.,
2020). Additionally, EBV-positive nasopharyngeal and HPV-positive oropharyngeal cancers are
usually easily diagnosed due to a combination of high-specificity DNA-load detection together
with EBV (Leung et al., 2004) and HPV (Kreimer et al., 2018) seropositivity, respectively. The
analysis of DNA-ploidy has also been investigated as a potential biomarker since it allows
carcinoma detection months before it can be validated by immunohistochemistry (Hemmer and
Kreidler, 1990). Previous analyses revealed that HPV-positive HNSCCs had a significantly smaller
nuclei than HPV-negative ones. Therefore, they proposed that the core classification can provide
information on the ploidy of HNSCCs and that HPV-positive tumors represent a distinct
morphological and genetic carcinoma subtype (Kotb et al., 2010). However, all these studies were
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conducted on a rather small number of cases. Also, conventional swabs are quite hard to be used
for out-of-reach sites like oropharynx (Konings et al., 2020). Only a few studies so far have
investigated metabolites in tissues or body fluids as potential biomarkers and have found that
plasma and salivary cortisol levels were significantly higher in HPV-negative oral squamous cell
carcinoma (OSCC) than in the controls (Bernabé et al., 2012). Two contradictory studies were
published in 2019 and 2021; one proposed that there were significant differences in glycolytic
metabolites between HPV-negative and HPV-positive HNSCCs (Fleming et al., 2019), while the
other suggested that plasma metabolites related to glycolysis and mitochondrial oxidative
phosphorylation may be biomarkers of HNSCC patient prognosis independent of HPV presence or
smoking (Eldridge et al., 2021). Thus, future investigations should be conducted to provide more
concrete results. Nevertheless, the biggest problems with metabolomics studies underlie in the fact
that diet, age, lifestyle, sex, and environment all affect metabolite levels (Konings et al., 2020).
Interestingly, microbiome changes were detected between healthy volunteers, patients with oral
precursor lesions and oral cancer patients meaning that those differences could be potentially used
for monitoring oral cancer progression (Lee et al., 2017). Despite all of this, numerous proteins
were investigated as potential biomarkers since examining proteins remains the easiest and the
cheapest technique. Moreover, the transformation from normal to abnormal cells carries along
significant changes in cellular protein expression not only of cancerous cells, but also of
surrounding healthy cells, connective tissue and infiltrating inflammatory cells. These include p50
and IkB proteins reported to be constitutively expressed in HNCs resulting in aberrant cell
proliferation, survival and even metastasis. According to the reported results, the level of p50 was
high at early stages of the disease and it has slightly decreased posttreatment (Gupta et al., 2016).
Protein p50 is a functional subunit of NF-kB, whose activation seems to be regulated conversely
by HPV16 oncoproteins - 16E7 inhibits its activation by blocking the upstream signaling
(Spitkovsky et al., 2002), whilst 16E6 activates it through the PDZ-binding motif (James et al.,
2006). Furthermore, differential gene expression profile analysis revealed that STAT3 and NF-xB
target gene signatures could effectively distinguish HPV-positive from HPV-negative HNSCCs
(Gaykalova et al., 2015). Similarly, RACKL1 protein overexpression was shown to be correlated
with the severity of the epithelial dysplasia and with the clinical stage of OSCC. Thus, RACK1 can
be proposed as an important predictor of OSCC outcome (Wang et al., 2009). Despite numerous
attempts, conventional diagnosis of HNCs nowadays is based on histopathological evaluation of



tissue sections including both biopsies and dissections. So far, p16 protein has been widely used.
It is involved in cell cycle regulation and is considered as a tumor suppressor (Serrano, 1997) due
to its modulations in multiple cancer types (Figure 4.). It has been studied intensively in several
cancers, yet its expression varied from complete loss in gastrointestinal stromal tumor (Schneider-
Stock et al., 2005), downregulation in bronchial lesions (Brambilla et al., 1999a) and non-small
lung carcinoma (Brambilla et al., 1999b), to an obvious overexpression in colorectal adenoma
carcinoma (Zhao, 2006), breast cancer (Milde-Langosch et al., 2001), and oral cancer (Buajeeb et
al., 2008). Additionally, its overexpression is strongly associated with HPV infections since E7
oncoprotein binds and inactivates pRb and this inactivation releases p16 from its negative feedback
control. Consequently, p16 is overexpressed in HPV-induced cancers such as cervical cancers and
HNCs. Previous reports suggested that immunostaining of pl6 overexpression allows precise
identification of even small cervical intraepithelial neoplasia (CIN) or cervical cancer lesions in
biopsies (Klaes et al., 2001; Lesnikova et al., 2009). The prognostic value of overexpressed p16 in
cervical cancer has been evaluated for several years now. Interestingly, it was suggested that
HPV16 and p16 overexpression together were associated with better survival since patients with
pl6-negative HPV-associated cervical cancer were older, presented with advanced disease and had
worse prognosis (da Mata et al., 2021). Although p16 status is of great significance for cervical
cancer screening, when used by itself it may not be sufficient for actual diagnosis. Ki-67 is a nuclear
antigen that is present only in proliferating cells. It was shown that Ki-67 and p16 were positively
correlated with the degree of cervical lesions and when combined for diagnosis, sensitivity and
specificity were both at a high level (Shi et al., 2019). Additionally, p16 expression was examined
in OPSCCs in the presence and absence of HPV showing minor divergences — about 13% of HPV-
positive OPSCCs were p16-negative and vice versa (Dok and Nuyts, 2016; Golusinski et al., 2017).
Taking all this into account, p16 overexpression should only be used as a surrogate marker to PCR

or in situ hybridization (Mooren et al., 2014).
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Figure 4. Schematic overview of p16 expression possibilities in human cancers. (a) p16 overexpression in Schwannoma benign
lesions is associated with senescence induction in response to oncogenic stimuli. In this case very low Ki67 was observed. (b) Loss
of pl6 in malignant peripheral nerve sheath tumor showing high Ki67 staining. (c) pl6 is overexpressed in high-grade
undifferentiated sarcoma associated with pRb alterations. H&E: Hematoxylin/eosin staining. Adopted from (Romagosa et al., 2011).
1.2 Human papillomaviruses

1.2.1 History of human papillomaviruses

Knowing that most sexually active women and men will be infected with HPVs at least once in
their lifetime, HPV infection is reasonably considered the most commonly sexually transmitted
disease worldwide. However, other non-sexual modes of virus transmission have been reported
including saliva exchange, skin-to-skin contact, perinatal fluid, and shared contaminated objects

(Petca et al., 2020).

Papillomaviruses (PVs) are small DNA viruses named by the Latin word papilla meaning a wart
or a nipple, which those infected cells form, and the Greek word oma meaning a tumor. They were
first discovered back in 1907 by an Italian scientist Giuseppe Ciuffo who injected himself with the
cell-free extract of warts just to prove that the growths were caused by an infectious agent. Even
though warts were not considered as tumors at the time, his discovery of PVs as transmissible
agents causing cytopathogenic changes was supported by numerous groups worldwide (IARC,
2007). Almost 70 years have passed since Ciuffo’s discovery until HPV was shown to be associated
with human malignancies based on the detection of HPV DNA in genital warts (Zur Hausen, 1976).

At first, HPVs were considered as causative agents of anogenital cancers exclusively and of those,
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HPV-induced cervical cancers are the most characterized. Cervical cancer development includes
well-defined premalignant phases known as cervical intraepithelial neoplasia (CIN) and this is
represented by a variety of histological abnormalities graded 1 to 3. CIN1 represents mild dysplasia
limited to the basal layer of the epithelium, CIN2 refers to moderate dysplasia, whilst CIN3 features
severe dysplasia and is considered as carcinoma in situ/precancer stage (Woodman et al., 2007).
However, in 1983 HPV was detected in focal epithelial hyperplasia (FEH), and condyloma
acuminatum (CA), oral squamous cell lesions, which led to the first hypothesis suggesting of a
possible role of HPV infections in certain special types of OSCCs (Syrjanen et al., 1983). Only two
years later, the first reports of the specific HPV types in tongue and other oral carcinomas were
reported (Loning et al., 1985). All those studies indicated that some members of the PV family
were important human carcinogens (Figure 5.), which demanded an increase in studies to elucidate

HPV roles in human malignancies (Pesut et al., 2021).
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Figure 5. HPV-related cancer sites. HPV was reported to be responsible for more than 90% of anal and cervical cancers, about
70% of vaginal and vulvar cancers, 60% of penile cancers, as well as 50-70% of oropharyngeal cancers (including the tongue, the
soft palate, the side and back walls of the throat, and the tonsils), 60% of anus, penis, vagina, and vulva.

1.2.2  Prevention of HPV infection: screening and vaccination

Current methodologies and strategies of HPV screening can be divided into non-molecular and
molecular methods. Non-molecular techniques for detection of HPV infection do not in fact detect
the presence of HPV, but the appearance of clinical and/or histological changes. Those methods
include colposcopy, cytology, and histology. Colposcopy usually relies on color changes of

cervical cells after being washed with 3-5% acetic acid or with Lugol’s iodin solution (IARC,
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2007). Cytology based testing like Papanicolaou (Pap) test rely on the interpretation of
morphological changes of cells collected from the cervix. It is a low-cost, painless and quick
method, however, it is not completely reliable (Bedell et al., 2020). Because of the low sensitivity
of non-molecular methods, HPV testing as a molecular method has been proposed. It is used for
primary screening, triage of unclear Pap smears as well as for the follow-up of patients after the
treatment of higher grade cervical lesions (Grce et al., 2007). Although HPV detection methods for
cervical cancer have improved a lot in the last decades, screening methods for most HPV-caused
cancers are still missing. Therefore, the most efficient tools against HPV infections remain to be

constant education, large scale screening programs and vaccination.

Three HPV vaccines are currently approved for use by the United States FDA - Gardasil, Cervarix,
and Gardasil 9. All these approved vaccines contain L1 virus-like particles (VLPs) derived from
the corresponding HPV types. L1 proteins can assemble into highly immunogenic VLPs almost
indistinguishable from mature virions (Kirnbauer et al., 1992) and are thus great foundation for
HPV vaccine designs. Gardasil by Merck & Co. was the first commercially available HPV vaccine
approved by the United States FDA, in 2006. It is a quadrivalent HPV vaccine that protects from
two most common high-risk (HR) HPV types - HPV16 and 18, and two most common low-risk
(LR) types - HPV6 and 11. Cervarix by GlaxoSmithKline was approved by the European
Medicines Agency (EMA) in 2007 and by the FDA in 2009. It is the bivalent HPV vaccine which
protects against the most common oncogenic HPV types - HPV16 and 18. A few years later, in
2014, the FDA approved the nine-valent vaccine, Gardasil 9 by Merck & Co. In addition to already
covered LR HPVG6 and 11 as well as HR HPV16 and 18, Gardasil 9 offers protection against five
additional HR types - HPV31, 33, 45, 53, and 58. The collected evidence for all currently available

HPV vaccines shows their effectiveness against vaccine-type HPV infection (Villa et al., 2020).

1.2.3 Classification of papillomaviruses

Papillomaviruses belong to the Papillomaviridae family, which is divided into 39 genera (Figure
6.) that are named using the Greek alphabet (Alpha-, Beta-, Gamma-, Deltapapillomavirus, etc.,
and derivatives thereof, e.g., Dyodeltapapillomavirus). All PVs share an identical structure of a
naked, icosahedral capsid of approximately 55 nm in diameter, composed of 72 capsomeres. The
classification of PV types is based on the DNA sequence of the L1 gene, the most conserved region

within the genome and thus has been used for identification of new types. As agreed at the
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International Papillomavirus Workshop in Quebec in 1995, a new type is defined if L1 sequence
differs by more than 10% to the closest known type, whereas 2-10% difference in sequence define
a subtype and less than 2% difference a new variant (de Villiers et al., 2004; IARC, 2007). HPVs
are classified into one of the five genera; alpha (a), beta (), gamma (y), mu () and nu (v), based
on the viral genome sequence, host-species specificity, and biological properties, including the
associated diseases. Most HPVs belong to the a and B genera, and all o members have been
associated with several malignant or benign conditions. However, a few members of the § and vy
genera can also cause diseases in humans, but wunder specific circumstances i.e.
immunodeficiencies or DNA damage where these HPV types act as co-factors in disease
development (Doorbar et al., 2015).

In total of 66 HPVs from the Alphapapillomavirus genus preferentially infect oral or anogenital
mucosa in humans and primates. These were later classified by the International Agency for Cancer
Research (IARC) as LR and HR depending on their ability to initiate malignant transformation
(IARC, 2007). LR HPVs are commonly associated with oral and genital warts along with benign
skin lesions and recurrent respiratory papillomas that tend to be difficult to treat clinically (de
Villiers et al., 2004). Although they are rarely found in squamous intraepithelial lesions — most
likely as part of multiple infections with HR types (Boda et al., 2018; Bouvard et al., 2009), LR
types carry a small (1-3%) risk of cancer progression (Egawa and Doorbar, 2017). Up to date,
HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59 have been classified by the World Health
Organization (WHOQ) as carcinogenic to humans (Group 1). The available studies have shown the
unique carcinogenic potential of HPV16 and, to somewhat lesser extent, of HPV18, and those two
types are associated with about 70% of HPV-related cervical cancers. HPV63 is defined as
probably carcinogenic (Group 2A) due to limited evidence so far, whereas types 26, 53, 66, 67,
70, 73 and 82 were defined as possibly carcinogenic to humans (Group 2B), as evidence of

carcinogenicity is inadequate in humans and limited even in experimental animals (IARC, 2007).

The Betapapillomavirus genus contains 64 types associated mostly with the development of
cutaneous benign lesions, but have also been identified in normal, precancerous, and cancerous
epithelial cells. Although B-HPVs are primarily latent and are considered to be LR in the general
population, they may pose a higher risk in certain hypersensitive groups - e.g., patients with severe
combined immunodeficiency or with epidermodysplasia verruciformis (Egawa and Doorbar,

2017). Some B-HPVs have also been identified as a causative agent of non-melanoma skin cancer
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(NMSC), when combined with ultraviolet (UV) radiation or other DNA damage instigators
(Tommasino, 2017). Gamma (y), Mu (n) and Nu (v) HPV types all target the cutaneous epithelia
and are associated with the development of papillomas and warts with no oncogenic potential
(Egawa and Doorbar, 2017).
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Figure 6. HPV phylogenetic tree. HPVs are classified into five genera (a, B, v, p and v) where o and B represent the majority of
HPV types. Within the o genus, HPVs are classified as LR cutaneous viruses (brown), LR mucosal viruses (yellow) or HR mucosal
viruses (pink). o types, highlighted in red, are defined as carcinogenic virus types (Group 1), while the others of the same group are
either probably (Group 2A) or possibly carcinogenic (Group 2B), categorized by the IARC. Adopted from (Doorbar et al., 2012).

1.2.4 HPV genome organization and protein functions

The HPV genome is a circular double-stranded DNA molecule which varies in size from 5748 to
8607 bp and contains three functional regions - (i) an upstream regulatory region (URR) that
regulates the expression and replication of viral genes; (ii) the early region and (iii) the late region

(Figure 7.). The URR controls gene expression in PVs at various post-transcriptional levels by
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cellular and viral transcription factors and different promoters. This region contains four E2 binding
sites (E2BS), and two of them separate the URR into three functionally distinct segments: the 5’,
the central and the 3'. The 5-URR segment contains the polyadenylation site that serves as a
transcription termination signal while the central part represents the majority of transcription factor
binding sites as it contains the epithelial specific enhancer. These motifs include binding sites to
AP1, NF1, TEF1, OCT1, YY1, BRN-3a, NF-IL6, KRF-1, NF-kB, FOXA1, and GATA3, and
several others (Ribeiro et al., 2018). Finally, the 3’ segment of the URR contains a single E1 binding
site, an Sp1 transcription factor binding site, two E2 binding sites and a TATA box. Together, these
sites represent the origin of replication and the E6/E7 promoter activity (IARC, 2007).

HPV16 genome

7906 bp

Figure 7. HPV16 genome organization. HPV genome is divided into the URR (grey box), the early and late regions. The URR
contains a DNA replication origin and functions as the replication regulator. This region contains four binding sites for viral E2
protein indicated in blue boxes (E2BS). The early region encodes E6 and E7 indicated in red and E1, E2, E4 and E5 shown in green,
while the late region encodes structural proteins L1 and L2 displayed in yellow. The early and late polyadenylation sites are shown
as pink triangles between the E5 and L2 ORF and L1 and the URR, respectively. Figure was created using SeqBuilder Pro 17.

The early region encodes six proteins (E1, E2, E4, E5, E6, E7, and E8) which are expressed under
the early promoter, p97 or p105, in HPV16 or HPV18, respectively, at different stages during
epithelial cell differentiation. The early proteins play various roles in viral transcription, viral
genome replication and maintaining continuous host cell proliferation. E1 protein is the only HPV
protein with an enzymatic activity. It is an adenosine triphosphatase (ATPase) and DNA helicase
that recognizes and binds to the viral origin of DNA replication in 3’-URR segment, which makes

this protein pivotal in the initiation of transcription (Hughes and Romanos, 1993). E2 is a highly
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multifunctional protein playing roles in different viral processes. It is the main transcriptional
regulator, which functions by forming a homodimer that can bind to the E2BSs within the URR
resulting in either activation or repression of viral transcription, depending on the context of these
binding sites and nature of the associated cellular factors (McBride, 2013). E2 enhances E1 DNA
binding activity and also plays an important role in the partitioning of newly replicated viral DNA
into daughter cells (Dixon et al., 2000; Sedman et al., 1997). Likewise, E2 interacts with the minor
viral structural protein L2, as well as with numerous cellular proteins in cultured cells. E4 is a
heterogeneous protein made of a 5-amino acid sequence from the N-terminus of E1 spliced to the
E4 ORF (E17E4). Despite its genomic location and its ‘early’ name, E4 is predominantly expressed
at later stages of viral productive cycle and is the most abundant viral protein expressed during this
process. It is detected both in the proliferative and highly differentiated cells that express late genes,
however, it is not present in new viral particles. Therefore, E4 is reported to have important roles
in supporting the viral genome amplification, regulation of late genes expression, and likely, the
control of the viral maturation and release (Doorbar, 2013). The E5 oncoprotein is a small viral
protein of 8 to 9.5 kDa, expressed by a subset of HPV types. Its primary function was proposed to
be the inhibition of death receptor-mediated apoptosis in human keratinocytes (Kabsch and Alonso,
2002). E5 oncoprotein was also suggested to have a role in the productive stage of viral cycle
(DiMaio and Petti, 2013). Regardless of the mentioned mechanisms, E5 oncoprotein is most likely
not vital for HPV-induced oncogenesis since it is expressed in only few HPV-positive cancers and
its silencing would not lead to cessation of cancer cell growth or apoptosis (Miiller et al., 2015).
Conversely, E6 and E7 were demonstrated to play multiple roles in cell transformation, since E6
enables apoptosis avoidance, whereas E7 promotes continuous cell proliferation. Although these
two functions are considered as some of the most important, others essential for the process of

carcinogenesis are described in Chapters 1.2.6-8.

The late region encodes virion-forming L1 and L2 capsid proteins (Bravo and Félez-Sanchez, 2015;
Garcia-Vallvé et al., 2005). L1 is the major structural protein of about ~55 kDa which can self-
assemble into pentamers, while a total of 72 pentamers set up virus-like particles or VLPs (Buck
et al., 2013). As described, the discovery that L1 protein can assemble into highly immunogenic
VLPs almost indistinguishable from mature virions, except they lack encapsulated viral DNA
(Kirnbauer et al., 1992), has provided a platform for modern HPV vaccine designs. Moreover, this
also established a basis for creating pseudovirions by which the process of infection, entry and
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internalization is studied. L1 almost completely covers the outer surface of the mature virion and
is required for initial attachment to host tissues or cells. L2 is a protein of 64-78 kDa (Doorbar and
Gallimore, 1987) which plays major roles in both papillomavirus assembly and the infectious
process but lacks the capacity to form VLPs (Wang and Roden, 2013). Nevertheless, L2 is highly
conserved among HPV types and has now been used as an alternative target antigen to develop a
broadly protective HPV vaccine since immunizations with isolated L2 proteins induce low-titer

cross-neutralizing antibodies to a diverse range of genotypes (Yadav et al., 2019).

1.2.5 Productive HPV cycle

The coevolution of papillomaviruses with their target host cells has contributed to the development
of their tropism for squamous epithelial cells. The ability of HPV to have a productive cycle
depends both on the site of infection and on the microenvironment (Figure 8.). It is assumed that
the existence of microtraumas is necessary for HPV infection to occur at all. Through them virus
reaches cells of the basal lamina of the stratified epithelium which is believed to be vital for two
reasons: first, because the virus enters in cells that have a high proliferative capacity, which allows
the formation of permanent lesions (Doorbar et al., 2012; Schiller et al., 2010), and secondly
because active cell division, which occurs as a response to the damage, allows the expansion of
infection and the production of new virions (Ledwaba et al., 2004; Schiller et al., 2010). Likewise,
it was reported that HPV infection can occur in a setting where virus enters cells at the
squamocolumnar junctions (Herfs et al., 2012). Further studies have shown that cell cycle
progression through the early stages of mitosis is critical for successful HPV infection. Cellular
events in the early prophase include nuclear envelope breakdown and changes in chromatin
structure which are necessary for the HPV DNA to enter the nucleus (Pyeon et al., 2009).
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Figure 8. From HPV infection to malignancy. HPV infects cells of the basal lamina through microtraumas. In these cells, early
genes E1, E2, E5, E6 and E7 are expressed, and the viral DNA is maintained in episomal form within the nuclei of the cells. In the
suprabasal layer of epithelia, the viral episomes are maintained at a low copy number. As cells divide, they move towards the upper
layers and the late stage of the productive cycle occurs. During the late phase, late genes L1 and L2, and E4 are expressed. Virions
are then assembled, and newly synthesized virions are released from keratinocytes in cornified epithelium. The host immune system
usually resolves viral infection within a few months of the initial infection. However, if the infection becomes persistent, cells in
the parabasal layers become dysplastic leading to the formation of precancerous lesions. If HPV genome integration occurs, the
viral cycle becomes abortive. This leads to E6 and E7 DNA integration to the host genome and they become expressed
uncontrollably, which can finally result in cancer development. Red arrows indicate viral oncoproteins E6 and E7 during the
productive cycle and malignancy on the left and right sides of the figure, respectively. The green arrow represents the E1, E2, E4,
E5 expression, while yellow arrow represents the expression of late genes, L1 and L2. Figure was made using BioRender.

HPV infection is initiated upon virus arrival at the basal cells. The virus binds to heparan sulfate
proteoglycan chains (HSPGs) on the cell membrane or on the extracellular matrix via the L1 capsid
protein, leading to the structural changes and exposure to the L2 capsid protein (Gheit, 2019).
Although the exact mechanism of the virus internalization is not completely understood, it appears
to vary between different HPV types. It was reported that L2 exposure is followed by endocytosis
via clathrin-, caveolin-, cholesterol-, lipid raft- and dynamin-independent mechanisms (Schelhaas
et al., 2012). After internalization, the viral capsid is disassembled in the late endosomes to L1 and
L2-viral DNA complexes. L2 then mediates relocation of the viral DNA via the trans-Golgi
network to the nucleus, where the initial phase of genome amplification begins. Presumably both
E1 and E2 are required to support the amplification of viral DNA (McBride, 2017). In this phase,
the genome is thought to be rapidly amplified as an episome in a low copy number, around 50-100
copies per cell (Graham, 2017a; Pyeon et al., 2009). The relatively small HPV genome does not
encode proteins with enzymatic functions, apart from E1, so viral replication depends on cellular

replicative machinery. Likewise, the virus must use and manipulate the replicative machinery in a
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coordinated and regulated manner so productive HPV cycle is closely tied to the biology of
keratinocytes and epithelial differentiation (McKinney et al., 2016; Scarth et al., 2021). Following
nuclear entry, viral DNA replication begins by binding of E2 proteins to specific sites in the URR,
allowing E1 helicase to bind to ori (Sanders and Stenlund, 1998). As a small number of copies are
amplified, such limited replication can be achieved by the interaction of NCOR/SMRT repressor
complexes with E8"E2C proteins, which inhibits viral replication (Dreer et al., 2016). Likewise,
viral genome expression is negligible due to E2-mediated repression of the early promoter, which
happens as a result of the immune response avoidance (Scarth et al., 2021). After this step, the so-

called maintenance phase occurs.

During the maintenance phase a constant number of viral episomes in the nuclei of undifferentiated
basal cells is maintained allowing the formation of a long-lasting infection. In addition to E1 and
E2 proteins, the action of E6 and E7 oncoproteins is necessary for the stable maintenance of viral
episomes (Park and Androphy, 2002; Thomas et al., 1999). Vegetative or productive viral
replication begins in the stratified squamous epithelium where new virions are produced
(Maglennon et al., 2011; Moody and Laimins, 2010). In uninfected basal keratinocytes, cells
undergo asymmetrical division to produce two daughter cells; one remaining in the basal cell layer
with a mitotic potential and the other daughter cell entering the process of differentiation in the
upper layers of epithelium (Koster and Roop, 2007). As cells migrate away from the basal layer,
they exit the cell cycle, and the DNA replication is halted. This signifies a problem for HPV cycle
as it depends upon host’s replication machinery. To overcome this, HPVs have developed strategies
to prevent cell cycle arrest and apoptosis. This happens through the abundant expression of E6 and
E7 oncoproteins that associate with cell cycle and apoptosis regulators (Doorbar et al., 2012).

The late stage of the productive cycle occurs in the superficial layers of the stratified epithelium
consisting of terminally differentiated cells. It involves the amplification of the viral genome, the
expression of E1”E4 and late genes L1 and L2, the encapsidation of synthesized DNA, and the
release of the progenitor virions (Doorbar et al., 2012; IARC, 2007; Tomai¢, 2016). It was reported
that both, E1"E4 and E5 proteins contribute to this phase of the viral cycle (Peh et al., 2004; Wilson
etal., 2007). Although the exact E1"E4 functions in the upper layers of the epithelia have not been
fully elucidated yet, studies have shown that E1"E4 is able to cause cell cycle arrest between G2
to M phase, to inhibit entry into S phase as well as inhibit cellular DNA replication (Knight et al.,
2011; Peh et al., 2004; Wilson et al., 2007). Altogether, the functions of E1"E4 are to provide a
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suitable environment required for DNA amplification and the expression of capsid proteins
(Doorbar, 2013; Knight et al., 2011). Later, the assembly of viral capsids occurs in the nucleus
where 360 molecules of L1 and a variable number of L2 molecules assemble into pentameric units.
Those units form an icosahedral structure which is stabilized by the intermolecular disulphide
bonds between L1 proteins (Buck et al., 2013; Finnen et al., 2003). Finally, virions are released
during the natural sloughing of keratinocytes through a yet undefined process. However, it is
speculated that this may be due to E1"E4-mediated disruption of the keratin cytoskeleton (Roberts
etal., 1997).

1.2.6 Molecular mechanisms of HPV induced oncogenesis

HPV infections are usually cleared by the immune system within 2 years from the initial viral entry
and do not result in the development of any pathologies (zur Hausen, 2002). As described above
(Figure 8.), during the productive viral cycle, E2 protein is expressed. Aside from its essential role
in viral replication, E2 also functions as a transcriptional repressor of the viral oncogenes, E6 and
E7. However, if the infection persists for longer periods of time, there may be a collapse of the
productive cycle under hitherto unexplained circumstances. Persistence can induce HPV genome
integration into the host cell genome leading to the disruption of E2 and finally the upregulation of
E6 and E7 (Doorbar et al., 2020; Harden and Munger, 2017). In HNSCCs, however, E2 is more
commonly inhibited by DNA methylation of E2BS, leading again to continuous and uncontrolled
expression of E6 and E7 (Nakagawa et al., 2021). There are several molecular mechanisms by
which HPV oncogenes cause malignancies including regulation of cell proliferation and
differentiation, DNA damage response (DDR) and base excision repair (BER). Additionally, HPV
can modulate epigenetics again contributing to malignant transformation of infected cells.

As described, non-infected cells in the suprabasal layers of stratified epithelium exit cell cycle and
terminally differentiate. Interestingly, E7 oncogene was characterized as both necessary and
sufficient for cellular transformation since inactivation of pRb alone caused inducement of the host
DNA replication machinery and prolonged cell proliferation (Halbert et al., 1991). This was also
confirmed in transgenic mice showing that HPV16 E7 can alter epithelial cell growth to potentiate
tumorigenesis (Herber et al., 1996). Additionally, in a study in transgenic mouse HNSCC model,
E7 was shown to act as the major transforming oncogene, whereas E6 more likely plays a secondary

role in contributing to later stages of carcinogenesis (Strati and Lambert, 2007). E7 also induced
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progression to microinvasive cervical cancers in transgenic mouse model of cervical cancer, while
EG6 elevated centrosome copy number and eliminated detectable p53 protein, but did not provoke
neoplasia or cancer (Riley et al., 2003). All these suggest that E6 alone is not sufficient for cellular
transformation, but the presence of E7 is required. E6 also contributes to this phenotype by binding
to various PDZ domain-containing proteins (Accardi et al., 2011; Nguyen et al., 2003). In addition,
HPV16 E5 was described to contribute to cell cycle progression to the S-phase and synthesis of
DNA, since it was linked to the downregulation of the cellular tumor suppressors p21 and p27, on
the transcriptional level or through the reduction of their half-lives (Pedroza-Saavedra et al., 2010;
Tsao et al., 1996). However, p53 degradation by E6 results in modulation of apoptosis, again
leading to cellular immortalization. E6 also contributes to this process through the induction of
telomerase expression (Klingelhutz et al., 1996) as well as through provoking degradation of the
transcriptional repressor, NFX1-91 (Gewin et al., 2004). HPV E5 oncoprotein can enhance cellular
immortalization regulated by E6/E7 probably because it inhibits the normal downregulation of the
EGFR. Therefore, this mitogenic stimulus caused by E5 may produce actively growing cells which
are more efficiently transformed than quiescent cells suggesting E5 could play a role in the

pathogenesis of early HPV infections (Maufort et al., 2010; Stoppler et al., 1996).

Intriguingly, cells have developed a DDR pathway to repair the newly induced DNA damage in
the DNA. This response plays a crucial role in cell division because after the repairment of DNA,
the cell cycle checkpoints are diminished, and cells continue to divide. Apart from the well-known
interactions described above, HPVs were shown to have an impact on DDR. Precisely, in HPV
positive cervical cancers, the host DDR, including the ataxia telangiectasia mutated-dependent
(ATM) pathway and the ataxia telangiectasia mutated-dependent DNA-related (ATR) pathway,
have been shown to be constitutively activated. Those DDR alterations were considered to be
required for the completion of the productive viral cycle in the cervical epithelium (Moody and
Laimins, 2010). Indeed, increased activation of DDR factors, particularly members of the ATR
pathway and FANCD?2 were reported in HPV-positive as compared to HPV-negative HNCs and
the control tissue (Kono et al., 2020; Kono and Laimins, 2021). Likewise, HPVV16 E7 was reported
to lessen the DDR and promote cell division by accelerating claspin degradation (Spardy et al.,
2009). So far, this was shown only for this specific type. Additionally, p53 was reported to have a
role in the BER (Zhou, 2001). Because of E6-mediated degradation of p53, the damage response
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fails to pose apoptotic threats to cells and allows replication to produce rearranged host genome
with multiple breakpoints.

In addition to stimulating cell growth and preventing any type of cell death, methylation aberration
is often considered as one of the hallmarks of cancer (Mesri et al., 2014). HPV-mediated cancers
are unique because viral oncoproteins also contribute to these methylation changes. Precisely,
methyltransferase is regulated by both, E6 and E7. E6-mediated degradation of p53 leads to
decreased inactivation of Spl transcriptional factor. Hence, the remaining active Spl increases
DNMT1 transcription. On the contrary, E7-mediated interactions with pRb causes the release of
E2F that further promotes DNMT1 expression. E7 then binds to DNMT1, promotes its activity,
and leads to significant increase in methylation levels (Durzynska et al., 2017). However, change
in methylation patterns was reported in both the host’s and HPV DNAs.

1.2.7 HPV E7 oncoprotein

E7 is a small acidic protein which consists of approximately one hundred amino acid residues. It
does not share significant structural similarities with cellular proteins other than the LxCxXE motif.
However, its structural integrity is critical for E7 activities (Patrick et al., 1994; Tomai¢, 2016).
The N-terminus contains two E1A adenovirus protein-like regions; a small portion of the conserved
region 1 (CR1), and almost the entire CR2 that are conserved between different HPV types. CR1
and CR2 are separated by non-conserved sequences of different lengths and amino acid
composition (Phelps et al., 1992). E7 oncoprotein also contains a conserved zinc-binding finger
CR3, at the C-terminus, containing two CxxC domains similar to those in E6 oncoproteins,
meaning that the carboxyl terminal domain of HPV E7 can be functionally replaced by the
homologous E6 protein sequences without apparent loss of function (Miinger et al., 2001). The
CR1 domain plays a role in cellular transformation since CR1 has been shown to bind and
deactivate UBR4/p600 whose loss of activity induces anchorage independency (DeMasi et al.,
2005; Huh et al., 2005). Moreover, ubiquitin ligase UBR4/p600 is required for E7 proteasome-
mediated degradation of PTPN14, which correlates with the pRb-independent transforming activity
of HR HPV E7 (Szalmas et al., 2017; White et al., 2016). Likewise, CR1 interacts with P/CAF and
reduces its acetyltransferase ability. Since pRb acetylation was shown to be necessary for exiting
the cell cycle, deactivation of P/CAR causes the reduced acetylation of pRb (Avvakumov et al.,

2003). Furthermore, many ubiquitin ligases were reported to interact with E7 via the CR1 domain.
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The main one is Cullin-2 ubiquitin ligase complex, which E7 utilizes to drive cell cycle progression
by the degradation of pRb and consequent upregulation of cyclin dependent kinase 2 (CDK2) and
cyclins A and E (Puki¢ et al., 2020; Huh et al., 2007). Overall, various cellular pathways were
described to be interfered by E7 (Figure 9.). Nevertheless, it is believed that the main function of
E7 is to keep proliferative cells in competent state for DNA replication by interacting with pRb

tumor suppressor.
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Figure 9. HPV E7 interferes with multiple host’s signaling pathways. E7 oncoproteins disrupt cell cycle and induce
hyperproliferation through the inhibition of retinoblastoma (pRb) protein family members, which results in subsequent activation
of E2F-responsive genes. Cell cycle control is also deregulated through E7 inhibition of CDK inhibitors (such as p21 and p27),
stimulation of cyclins and through direct activation of CDK2. Cellular gene expression is affected through interaction with histone
deacetylases (HDACs) and E2F6. E7 induces DNA damage and activates the ATM—ATR pathway (ataxia telangiectasia-mutated
ATM and RAD3-related DNA damage response), which may contribute to the accumulation of chromosomal alterations. E7
interacts with the components of the interferon (IFN) response (IFN regulatory factor 1 (IRF1) and p48, contributing in this way to
escape from the immune surveillance and the establishment of a persistent infection. Adapted from (Moody and Laimins, 2010).

One of the main properties of E7 is that, through its LXCXE motif located in CR2, it binds and
inactivates the retinoblastoma protein family members including pRb, p107 and p130. A plethora
of published papers characterized pRb as a master regulator of biological pathways as it influences
cell growth, cell cycle checkpoints, differentiation, senescence, self-renewal, replication, genomic
stability and apoptosis (reviewed by Engel et al., 2014). In normal, non-cancerous cells, pRb is
phosphorylated during G1 by active cyclin/CDK complexes - cyclin D1/CDK4, cyclin D1/CDK6
and cyclin 2/CDKE. The phosphorylation of pRb causes its conformational changes leading to the
dislocation of transcription factor E2F and ultimately to the initiation of transcription of E2F-

responsive genes responsible for the cell cycle progression (Giacinti and Giordano, 2006). In the
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presence of antiproliferative signal such as DNA damage, pRDb protein is activated by inhibition of
CDK complexes. Therefore, active and hypophosphorylated pRb is in a conformation that
promotes its ability to bind to E2F. Eventually, pRb/E2F complex prevents the binding of the E2F
leading to the repression of transcription of E2F-responsive genes and cell cycle arrest (Hiebert et
al., 1992). By binding to hypophosphorylated form of pRb, E7 mimics pRb phosphorylation and
enables the inappropriate release of E2F transcription factor. This leads to the stimulation of E2F
binding to DNA, which is followed by transcription of genes required for G1 to S phase transition
(Miinger et al., 2001). Ultimately, E7/pRb interaction drives suprabasal cells into the cell cycle,
which leads to the initiation of host defense pathways including p53-mediated apoptosis (Doorbar
et al., 2020). These E7/pRb interactions are sufficient for the abrogation of cell cycle arrest in
human epithelial cells. However, E7 interactions with other cellular proteins are required for
maintaining viral genomes in proliferating cells and modulating numerous cellular processes
including cell migration, immune response, and apoptosis (Reinstein et al., 2000). The pRb-related
proteins p107 and p130, also bind members of the E2F family. More precisely they bind and inhibit
E2F4 and E2F5, respectively, in a manner similar to pRb and these interactions also contribute to
the regulation of the cell cycle (Tomai¢, 2016). Adjacent to LXCXE motif is a consensus
phosphorylation site for casein kinase Il (CKII), which has been shown to be important for cell
transformation (Barbosa et al., 1990). This CKII phosphorylation site has been shown to be
important for E7 ability to target and inactivate pRb and related proteins (Genovese et al., 2008).
Likewise, HPV16 E7 was suggested to interact with E2F6, a member of the E2F family of
transcription factors, directly and independently of pRb since E2F6 lacks the C-terminal binding
domain (Durzynska et al., 2017). E7 oncoproteins have also been shown to retain DNA synthesis
competent state in differentiated keratinocytes via abrogating CDK inhibitors p21 and p27 to
maintain the activity of CDK2/cyclin A complex (Helt et al., 2002; Shin et al., 2009). Since p21
has multiple cellular functions, E7 may thus regulate a variety of processes ranging from viral
persistence in stem cells to vegetative replication in terminally differentiated cells. Similarly, E7
upregulates cyclin E transcription to promote cell cycle progression (Mcintyre et al., 1996).
Previous studies have revealed that full-length E7 proteins with mutations outside of the LXCXE
motif retain the ability to degrade pRb, but they fail to abrogate cell cycle arrest and facilitate
immortalization (Helt et al., 2002). This is due to E7 interactions with class | histone deacetylases
(HDACs) comprised of HDACL, 2, 3 and 8. HDACs enzymes are well known for their removal of
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acetyl groups from histone lysine tails, in that way making the chromatin more compact and less
accessible to transcription factors. This ultimately leads to the local transcriptional repression of
many cellular promoters including E2F-dependent ones. However, the importance of E7/HDAC
interactions for HPV carcinogenesis are yet to be elucidated. On the other hand, there is some
evidence of the importance of E7/HDAC complexes for productive viral cycle as both, HR and LR
E7 proteins, were reported to bind to HDACs (Pesut et al., 2021). Those interactions were
speculated to have a role in episomal maintenance (Longworth and Laimins, 2004; Wise-Draper,
2008). E7 was also reported to upregulate interleukin-8 (IL-8) to prevent cellular senescence and
evade cellular immune response by interfering with IL-18-mediated lymphocyte activation. This
seems to be a combined action of both viral oncoproteins, E6 and E7, and thus may contribute to

viral pathogenesis (Richards et al., 2014).

1.2.8 HPV E6 oncoprotein

The E6 oncoproteins are small proteins of about 15 kDa which consist of four CxxC motifs that
form the N- and C-terminal zinc fingers connected by a 36 amino acids long-linker (Howie et al.,
2009). These CxxC motifs are highly conserved in all E6 oncoproteins and have been defined as
vital for E6s’ functions (Barbosa and Wettstein, 1987; Cole and Danos, 1987). Structural analysis
of E6 revealed that two zinc domains and a linker helix form a basic-hydrophobic pocket, the so-
called LxxLL maotif. This motif participates in several protein-protein interactions associated with
various aspects of transcriptional regulation (Zanier et al., 2013). The first one discovered and one
of the best studied interactions which occurs through this motif is the association between E6 and
E6-associated protein (UBE3A/E6AP). EGAP is a member of the cellular HECT E3 ubiquitin ligase
family, which was demonstrated as crucial for normal brain development since maternally inherited
deletions, mutations, and copy number variations of the UBE3A gene in brain tissues, were shown
to be responsible for Angelman syndrome development, a severe neurological disorder (Khatri and
Man, 2019). E6AP was originally isolated as an interacting partner of the E6 protein of oncogenic
HPV types (Huibregtse et al., 1991). Complexing with E6 induces conformational change of EGAP,
in this way causing an E6AP specificity shift. Thus, EG6 is able to target proteins for a proteasome-
mediated degradation, which are normally not recognized by E6AP, thereby contributing to HPV-
induced carcinogenesis (Scheffner et al., 1993). Interestingly, E6 was reported to be rapidly
degraded by the ubiquitin proteasome system (UPS) when E6AP was silenced in HPV-positive
cells. Furthermore, its overexpression stabilized ectopically expressed HPV16 and HPV18 EG6, so
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these results demonstrated that the stability of E6 is critically dependent upon the presence of EGAP
(Tomaic et al., 2009). In addition to LxxLL, the C-terminus of E6 oncoproteins of only HR types
contain a conserved amino acid sequence named PDZ-domain binding motif (PBM). This motif is
responsible for interactions with several PDZ-domain containing proteins including DLGI,
Scribble (SCRIB), MUPP1, MAGI-1/2/3, NHERF1, NHERF2 and many others (Ganti et al., 2015;
Saidu et al., 2019). Each interaction achieved through any of these three motifs is beneficial to viral
replication and also contributes to the migration and proliferation of infected cells, immune
response, Warburg effect, modulation of proteasome system function, sumoylation and tumor

formation as summarized in Figure 10.
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Figure 10. HPV E6 interferes with several host signaling pathways. E6 modulates cellular pathways to avoid apoptosis as well
as the host Hippo, PI3K/AKT, Wnt/B-catenin and JAK/STAT signaling pathways by interacting with various cellular proteins.
Collectively, these interactions lead to evasion and stimulation of cell proliferation, which typically occur by modulation of the
expression of downstream target genes associated with cell growth and survival. Adopted from (Scarth et al., 2021).

1.2.8.1 EG6 regulation of apoptosis

The most extensively studied function of E6/E6AP complex is proteasome-mediated degradation
of p53, which is considered to be the most important oncogenic function of E6 (Scheffner et al.,
1993). Protein p53 is a 53 kDa long nuclear phosphoprotein, which acts as the principal mediator
of growth arrest, senescence, and apoptosis in response to a broad range of cellular damages
(Levine, 1997). Under normal circumstances, in the absence of HPV or other stressors, p53 is
regulated by cellular RING finger domain-containing ubiquitin ligase MDM2. Principally, MDM2
promotes monoubiquitylation and rapid proteasomal degradation of p53 in unstressed cells (Haupt
etal., 1997). MDM2 and p53 form an autoregulatory feedback loop since p53 positively regulates
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MDM2 through binding to the p53 DNA consensus binding element in the first intron of the MDM2
gene. The upregulation of p53 can occur because of stresses such as irradiation or active oncogenes.
The mechanisms by which p53 regulates MDM2 differs due to the initiator, but can be a result of
p53 phosphorylation, which causes the reduced affinity of p53 for MDM2, and thus contributing
to increased p53 protein stability and, finally, leading to apoptosis. Additionally, downstream
proteins such as ARF or AKT may bind to MDMZ2, resulting in the segregation of MDM2 from
p53, again contributing to p53-induced apoptosis (Hu et al., 2012). Mutations in p53 gene are the
most frequent genetic changes reported in many malignancies. However, in HPV-driven
malignancies, p53 protein is not mutated, but rather degraded by the proteasome (Brady and
Attardi, 2010; Mantovani et al., 2019). Interestingly, while LR E6 oncoproteins are able to bind to
E6AP just like HR types, these interactions do not lead to E6-mediated p53 proteasomal
degradation (Brimer et al., 2007). This is thought to be due to the different binding of E6 of specific
types to different p53 domains. HR E6 oncoproteins were reported to bind to the core region of
p53, which appears to be required for E6-mediated degradation (Li and Coffino, 1996). In addition
to proteasomal degradation, E6 can also affect p53 function by inhibiting its binding to DNA. This
is due to induction of conformational changes in p53 that either prevent p53-DNA binding and/or
disruption of already formed p53-DNA complexes (Thomas et al., 1995). One other mechanism by
which E6 modulates p53 function distinct from degradation is sequestration, since in E6-expressing
cells, a proportion of p53 is retained in the cytoplasm (Pietsch and Murphy, 2008), although, the
mechanism behind this is still not fully understood. E6 further disrupts p53 activity by binding to
the histone acetyltransferases p300 and CREB binding protein (CBP), inhibiting p53 acetylation,
which would otherwise stabilize p53, and increase E6 stability (Patel, 1999; Thomas and Chiang,
2005). Additionally, E6 targets other proteins involved in intrinsic and extrinsic apoptotic
pathways, such as Bcl-2 homologous antagonist/killer, BAK (Thomas and Banks, 1998), FADD
and caspase-8, leading to their degradation (Filippova et al., 2004) and thus disruption of apoptosis.
All this points to the important role of E6 in avoiding apoptosis of infected cells. Along with p53,
E6 induces the EGAP-mediated degradation of ANp63a protein, a splice variant of p63 and a p53-
related protein. Since p63 is important for cell proliferation regulation, this interaction favors cell
proliferation (Citro et al., 2020).
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1.2.8.2 E6 manipulates DNA ends

E6 also contributes to the extension of the cellular life span through alterations of human
telomerase, hTERT (Van Doorslaer and Burk, 2012). hTERT is the host cell enzyme that catalyzes
the RNA-dependent extension of 3'-chromosomal termini with the 6-nucleotide telomeric repeat
sequences. This elongation of chromosomal ends is important for the immortalization of
keratinocytes (Klingelhutz et al., 1996), but is inactive in non-affected somatic cells. Thus, each
division and DNA replication causes the slight shortening of telomeres and when they become
critically shortened, cells senesce (Katzenellenbogen et al., 2009). Since HPV requires active cell
division, it has found a way to overcome cellular senescence due to shortened telomeres - E6
induces activation of the catalytic subunit of A TERT through the degradation of its repressor NFX1-
91. This degradation of NFX1-91 then allows c-myc binding to the hnTERT-promoter, resulting in
induction of hTERT expression (Gewin et al., 2004). Furthermore, E6-mediated activation of the
hTERT promoter requires a complex of E6/E6AP to engage the hTERT promoter and this
activation is dependent upon c-myc binding sites in the promoter (Liu et al., 2005). E6 also
upregulates c-myc expression which enhances hTERT expression even further (McMurray and
McCance, 2003). Additionally, regulation of hnTERT was observed on a posttranscriptional level
in HPV16 E6-expressing human foreskin keratinocytes (HFK) through direct interaction of NFX1-
123 to hTERT mRNA, which increases its stability (Katzenellenbogen et al., 2009).

1.2.8.3 E6 modifies host signaling pathways involved in cell proliferation
Signaling pathways are cellular mechanisms involved in determination of cellular fate. Hence,
many of them, including JAK/STAT, Hippo, Wnt/B-catenin, and PI3K/AKT have been identified

as deregulated in various cancers.

The JAK/STAT pathway plays diverse roles in hematopoiesis, immune regulation, inflammation,
cell proliferation and apoptosis. Therefore, aberrant JAK/STAT signaling contributes to cancer
progression and metastatic development (Morgan and Macdonald, 2020). STAT3 and STAT5
proteins play an essential role in the development of cervical cancer which is majorly caused by
HPVs. STAT3 was identified as critical during productive HPV18 cycle since its inhibition
significantly decreased genome maintenance in undifferentiated keratinocytes. The same group
also showed that E6 stimulated STAT3 phosphorylation, which led to overexpression of host

proteins required for cell cycle progression and survival (Morgan et al., 2018). Additionally,
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STAT3 was shown to be overexpressed and constitutively active in cervical cancer, which also
seems to increase with the progression, thus indicating its potential role in progression of HPV16

mediated cervical carcinogenesis (Shukla et al., 2010).

The Hippo signaling pathway is an evolutionarily conserved pathway required for various
biological processes, including organ size control, cell proliferation, cancer development, and
virus-induced diseases. Yes-associated protein (YAP) is the major downstream effector of the
Hippo pathway, which was found to be overexpressed in cervical cancer, as it appears that E6
stabilizes YAP and leads to the maintenance of its activity associated with the progression of
cervical cancer (He et al., 2015). To obtain this, E6 was shown to decrease the expression of
phosphorylated YAP form and preserve the level of YAP by preventing its degradation from
proteasome-dependent pathways. Moreover, E6 also regulates the localization of YAP by
interacting with cellular PDZ domain-containing proteins, including LRPPRC, RLGAPB, EIF3A,
SMC2/3, AMOT, AMOTL1, and ARHGEF1 (Wang et al., 2020).

The Whnt signaling pathway plays a role in development, proliferation, differentiation, adhesion,
and cellular polarity. Wnt ligands have been reported to activate at least three signaling pathways
- canonical Wnt/B-catenin pathway and two non-canonical pathways: the planar cell polarity
pathway (Wnt/PCP) and the Wnt/Ca?* pathway (Bello et al., 2015). Several studies indicated E6
role in the activation of the canonical Wnt/B-catenin pathway. Indeed, HPV16 E6 binds
Dishevelled 2 (DVL2) protein, which inhibits formation of the p-catenin degradation complex
leading to B-catenin nuclear accumulation. Additionally, E6/E6AP complex was reported to
stabilize B-catenin, probably through the interaction and proteasomal degradation of NHERF1, a
negative regulator of canonical Wnt signaling (Scarth et al., 2021).

The PIBK/AKT/mTOR signaling pathway affects many fundamental processes including cell
survival, growth, proliferation, migration, and energy metabolism. Its aberrant activation can
contribute to the malignant phenotype of tumor cells and to therapy resistance (Zhang et al., 2015).
NHERF1, a negative regulator of the Wnt pathway, was reported to inhibit PI3K signaling by
supporting the binding of PTEN. Thus, HPV16 mediated NHERF-1 degradation correlates with
the activation of the PI3K/AKT signaling pathway (Accardi et al., 2011). Another binding partner
of PTEN is a known E6 target, DLGL1. It was hypothesized that E6 expression was sufficient to
increase PI3K and AKT phosphorylation through this DLG1 binding and degradation (Contreras-
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Paredes et al., 2009). All things considered, E6 appears to modulate multiple cellular pathways
through its interactions with various PDZ domain-containing proteins.

1.3 PDZ-domain containing proteins

1.3.1 Cellular functions of PDZ domain-containing proteins

PDZ domains are abundant protein-protein interaction modules which consist of 80-110 amino
acids. They were named as the acronym representing the first three proteins that they were
characterized in: postsynaptic density protein of 95 kDa (PSD95), Drosophila disc large tumor
suppressor (DIgA), and zonula occludens-1 protein (Zo-1) (Bilder, 2001; Fanning and Anderson,
1999). PDZ domains have a well conserved fold and are usually made of 5 or 6 B-strands and 2 or
3 a-helices, but their secondary structure differs (Lee and Zheng, 2010). These modules typically
recognize the extreme C-termini of target proteins containing the PBMs. This was first
demonstrated in a study which investigated the interaction between PSD95 and COOH-terminus
of the Shaker K™ (Kim et al., 1995). The study indicated that the binding of PDZ to PBM does not
change the PDZ domain structure; PBM rather serves as an extra B-strand and participates in the
extensive hydrogen-bonding pattern with the main chain PDZ domain residues (Doyle et al., 1996).
Additionally, PDZ domains can also recognize the internal sequence motif of target proteins
through a single binding site. The best characterized PDZ-mediated interaction through this internal
motif is binding of neuronal NO synthase with either syntrophin or PSD95 (Christopherson et al.,
1999). This study suggested that the internal motif-mediated interactions occur only if they are
presented within a specific tertiary structure context that conformationally mimics a chain

terminus.

Sequence analysis studies have suggested that the human genome encodes from 234 up to 450 PDZ
domains (Castro-Cruz et al., 2020), making over 320 PDZ domain-containing proteins (James and
Roberts, 2016). These proteins often comprise more than one PDZ domain and/or more than one
type of interaction module. According to their modular organization, they are sorted into four main

groups (Figure 11.).
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Figure 11. Families of PDZ domain-containing proteins. Proteins are sorted into groups by modular organization. Black lines
represent proteins and are scaled to the length of the primary sequence. MAGUK family includes scaffold proteins involved in
diverse cellular processes, such as cell-cell communication, cell polarity and signal transduction. LAP family is consisted of proteins
that contain both LRR and PDZ domains in the same molecule and are involved in cell polarity and receptor targeting. MULTI PDZ
is a diverse family of polypeptides that contains only multiple PDZ domains. Tyrosine Phosphatase family is a superfamily of
enzymes that functions in a coordinated manner with protein tyrosine kinases to control signaling pathways of fundamental
physiological processes. Indicated domains: PDZ, PSD/DLG/Z0; SH3, Src Homology 3; C1, Protein kinase C conserved region 1;
C2, C2 domain; L27, Lin2-7; WW, tryptophan fold; PH, Pleckstrin homology domain; LIM, LIM domain; GuK-like, Guanylate
like kinase; LRR, Leucine rich repeat; FERM, 4.1/Ezrin/Radixin/Moesin domain; PTP, Protein tyrosine phosphatase; S/T kinase,
serine/threonine-protein kinase. Adopted from (Javier and Rice, 2011).

The membrane associated guanylate kinase (MAGUK) is a superfamily of scaffolding proteins that
play roles in signal trafficking, cell polarity, and synaptic polarity (Funke et al., 2005; Zhang et al.,
2013). Apart from PDZ domains, MAGUK proteins also comprise domains such as SH3, GuK-
like, calcium-calmodulin kinase (CaMK), tryptophan fold (WW) and L27 domains. While the GuK
domain is similar to the yeast guanylate kinase, it lacks the main catalytic residues and is
catalytically inactive (Harris et al., 2001). The best-known members of MAGUK protein family
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are PSD95 and DLG1. The LAP protein family is described by the presence of 16 N-terminal
leucine-rich repeats (LRR), two LAP-specific domains, and four PDZ domains. So far, there are
only four LAP family proteins identified in mammals: SCRIB, Erbin, Lano, and Densin-180
(Bonello and Peifer, 2019; Santoni et al., 2020). As LAP proteins possess both LRR and PDZ
domains in the same molecule, they are involved in cell polarity regulation and receptor targeting
(Santoni et al., 2002). Most of the individual PDZ domain-containing proteins are primarily
involved in one pathway. However, some of them, such as 26S proteasome non-ATPase regulatory
subunit 9 (PSMD9) or PDZ domain-containing protein 11 (PDZD11), are involved in a plethora of
different processes (Christensen et al., 2019).

1.3.2 HPV E6 PDZ domain-binding motif (PBM)

Currently, three classes of the PBMs are defined according to the last four amino acid residues
making the carboxy-terminal consensus sequences, Class | — I1l. Class | PBMs bind to the C-
terminal motifs with the sequence of [Ser/Thr-x-& COOH], Class II bind to the sequence of [®-X-
®-COOH] and Class Il prefer the sequence of [Asp/Glu-x-®-COOH], where ® represents any
hydrophobic amino acid and x can be any amino acid residue. Sometimes, the recognition of the
PBM involves residues placed outside of this consensus sequence. This was first demonstrated for
postsynaptic protein CRIPT whose residues at the -1 position and upstream of the last four amino
acids determine its specificity for an individual PDZ domain, PDZ3 (Niethammer et al., 1998).

E6 oncoproteins comprise the Class | PBMs at their extreme C-termini. This seems to be a unique
feature of HR types since LR E6 oncoproteins do not contain a PBMs (Nicolaides et al., 2011,
Thatte et al., 2018). Although all HR E6 oncoproteins comprise the canonical x-Ser/Thr-x-®
COOH consensus site, they still demonstrate a diversity in their PBMs (Ganti et al., 2015) as shown
by the multiple sequence alignment of E6 proteins from different HR HPV types, the MmPV1 E7,
and two most frequent LR HPV types (Figure 12.).
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Figure 12. Differences in PBM sequences among E6 oncoproteins of various HR and LR HPV types. C-terminal sequences of
most frequent HR and LR HPV E6 oncoproteins were aligned and compared. The bordered amino acids at the extreme C-terminus
represent Class | PBM. Adopted from (Ganti et al., 2015).

While the importance of the E6 PBM/PDZ interaction has been primarily studied in the context of
HPV-related carcinogenesis, this association seems to also regulate multiple aspects of the
productive cycle. Studies in HPV31-transfected HFKs have demonstrated that the depletion or
mutations in the E6 PBM lead to reduced growth rates, loss of viral episomes, and increased
number of unstable viral genomes (Lee and Laimins, 2004). Furthermore, an exaggerated epithelial
to mesenchymal transition (EMT) phenotype and changes in actin cytoskeletal organization were
significantly reduced in the cells containing HPV18 E6 PBM mutant (Watson et al., 2003).
Furthermore, it was also shown that PBM is required for preserving mitotic stability of HPV18
infected cells, the episomal maintenance and amplification in primary human keratinocytes (Marsh
et al., 2017). Additionally, the importance of E6 PBM was studied in transgenic mouse models of
HNCs. They showed that in mice expressing E6 with deleted PBM, E6 was still able to induce
HNSCCs in co-action with E7 (Jabbar et al., 2010). These results indicate that HNSCC initiation

most likely involves a mechanism which is E6 PBM-independent.

Interestingly, some studies have suggested that E6 protein stability is dependent on its intact PBM,
since the loss of PBM/PDZ domain-containing proteins interactions resulted in enhanced
proteasomal degradation of the HPV16 E6 oncoprotein (Nicolaides et al., 2011 ). This was further
confirmed in a study which showed that SCRIB protein is required for the stability of E6 and this
was PBM/PDZ dependent (Kranjec et al., 2016). In addition to their contribution to the optimal
completion of the productive viral cycle, PBM/PDZ interactions play important roles in HPV-
driven malignancies. This was described both in tissue culture model systems and in transgenic

mouse models. In established human tonsillar epithelial cells, HPVV16 E6 appears to interact with
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protein tyrosine phosphatase (PTPN13) through its PDZ domain leading to its degradation and
consequent anchorage-independent growth. However, in those cells which encoded PBM-depleted
E6, neither immortalization nor EMT were observed since no PTPN13 degradation has occurred
(Spanos et al., 2008). In transgenic mouse models, the integrity of E6 PBM was shown to be
required for the induction of hyperplasia. However, the ability of E6 to recognize PDZ domains is
not constitutive. These E6 PBM/PDZ domain-containing protein interactions seem to be negatively
regulated by the protein-kinase A-mediated phosphorylation of the PBM. A few HR E6 proteins
contain canonical cyclic AMP-dependent protein kinase A recognition motifs (R-R/K-x-T/S)
within the PBM. Thus, the disruption of this specific event would have profound effects upon
keratinocyte growth and on the productive viral cycle. It was described that the loss of PKA
recognition site on HPV18 E6 PBM causes the increased cell growth, so changes in PKA signaling
pathways could lead to cancer formation and progression (Delury et al., 2013). In addition to
regulating E6 PBM-PDZ interactions, PKA phosphorylation allows for E6 interactions with non-
PDZ domain-containing proteins such as 14-3-3 family members (Boon et al., 2015; Boon and
Banks, 2013).

All these studies indicate the importance of PBMs for various functions of E6 oncoproteins.
Intriguingly, a few LR E6 oncoproteins were reported to degrade PDZ-domain containing proteins
despite of the lack of PBMs. HPV40 EG6 displayed a complete degradation of MAGI-1 protein
(James and Roberts, 2016; Van Doorslaer et al., 2015), while HPV11 E6 was reported to degrade
NHERF-1 (Drews et al., 2019). Also, LR HPV70 and possibly HR HPV82 E6 oncoproteins were
shown to interact and degrade PDZ domain-containing proteins DLG1 and MAGI-1 in the same
way as HPV16 and HPV18 E6s do. In contrast, HR HPV66 E6 does not bind to, or degrade DLG1
and MAGI-1 (Muench et al., 2009). All these findings suggest that the ancestor of both HR and
LR types acquired the ability to bind PDZ proteins, possibly for a new niche adaptation rather than

as an oncogenic trait (\Van Doorslaer et al., 2015).

1.3.3 Cell polarity

Cell polarity is the asymmetric organization of the plasma membrane, cytoskeleton, or organelles.
It is an evolutionary conserved phenomenon implicated in cell differentiation, proliferation, and
morphogenesis of both unicellular and multicellular organisms. There are two types of cell polarity:

planar cell polarity (PCP) and apical-basal cell polarity (ABCP). PCP is a coordinated alignment
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of cell polarity across the tissue plane important for cell migration and organ morphogenesis
through the activation of cytoskeletal pathways (Axelrod, 2020; Etienne-Manneville and Arkowitz,
2020). ABCEP is crucial for the formation and function of epithelial cells. It drives the localization
of the adhesion molecules and effects the vertical organization of individual cells (Etienne-
Manneville and Arkowitz, 2020). Epithelial cells thus contain at least two plasma membrane
domains: the apical surface facing the external medium and the basolateral surface turned to

connective tissue (Assémat et al., 2008).

1.3.3.1 Apical-basal cell polarity complexes

The proteins that regulate ABCP are grouped into complexes according to their localization
(Figure 13.). Par and Crumbs complexes have been reported to be localized subapically, while
Scribble complex is positioned basolaterally (Assémat et al., 2008). The ‘partitioning defective’
(Par) complex was first identified in Caenorhabditis elegans. This complex includes two Par
proteins, Par3 and Par6, the serine/threonine atypical protein kinase C (aPKC) and small GTPases,
such as Cdc42 or Racl (Joberty et al., 2000). In normal cell types, the Par complex regulates cell
polarity and maintains cell homeostasis (Aranda et al., 2008). It is located at the apical region of
epithelial cells, together with the Crumbs complex, where it regulates the maintenance of the apical
membrane. The Crumbs complex was first identified in Drosophila melanogaster. It consists of
transmembrane proteins Crumbs and cytoplasmic scaffolding proteins Protein associated with Lin
seven 1 (Palsl) and Palsl-associated tight junction (PATJ) (Assémat et al., 2008). It is an
evolutionarily conserved complex which acts as a regulator of cell growth and polarity at the apical
membranes in polarized epithelia (Médina et al., 2002). Finally, the Scribble complex was also
identified in Drosophila melanogaster. It consists of Scribble (SCRIB), Discs large (DLG1) and
Lethal giant larvae (LGL1) proteins located at the basolateral region. In epithelial cells, the Scribble
complex is required for membrane arrangement and maintenance (Bilder and Perrimon, 2000;
Elsum et al., 2012).

These three complexes antagonize each other during cell polarity establishment. In the Par
complex, Par6 interacts with Crumbs during the establishment of tight junctions (Etienne-
Manneville and Arkowitz, 2020). Likewise, aPKC negatively regulates LGL from the Scribble
complex by phosphorylation, which prevents its apical localization. In contrast, aPKC stabilizes

the Crumbs complex, probably via Par6 binding or directly by phosphorylation of Crumbs proteins.
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Furthermore, studies have indicated that Scribble complex restricts the localization of Crumbs and
Par complexes to the apical region of epithelial cells, where they may act together to regulate tight
junction formation (Assémat et al., 2008; Martin-Belmonte and Perez-Moreno, 2012). Thus, even
a slight deregulation of any of the protein members of these polarity complexes can have a negative
impact on cellular polarity and therefore, can contribute to cancer progression. Indeed, loss of
polarity protein function during tumor progression promotes a dysplastic phenotype that precedes
hyper-proliferation to induces neoplastic cell growth (Lin et al., 2015). Some of those PDZ proteins
that are known cell polarity regulators have also been reported as targets of HPV E6 oncoprotein
and they include SCRIB (Nakagawa and Huibregtse, 2000; Thomas et al., 2005), DLG1 (Gardiol
etal., 1999), Par3 (Facciuto et al., 2014), PATJ (Storrs and Silverstein, 2007), and others.

Cell polarity
complexes in a
polarized cell

3 \ntegrin51 o

Basement membrane

Figure 13. Cell polarity complexes. The CRUMBS complex (blue) is required for establishment of the apical membrane. It
comprises the transmembrane protein CRB and the associated cytoplasmic proteins PALS1 and PALS1-associated tight junction
protein (PATJ). The PAR complex (red) mediates the establishment of the apical-lateral membrane border and comprises PAR3,
PARG, atypical protein kinase C (aPKC) and cell division control 42 (CDC42). The Scribble complex (pink) comprises lethal (2)
giant larvae homologue (LGL), discs large homologue (DLG) and scribble proteins. It defines the basolateral plasma membrane
domain. Adapted from (Martin-Belmonte and Perez-Moreno, 2012).

1.3.4 Discs Large Homologue 1 (DLG1)

DLG1 is a member of MAGUK protein family, and, like other members of this family, it is
constituted of various domains. Those enable a variety of protein-protein interactions which have
an impact of numerous functions. DLG1 is a modular protein which contains a proline-rich N-

terminal region, 3 PDZ domains, a SH3 domain, a HOOK (hinge, protein 4.1 binding) domain and
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a GUK-like domain. Currently, two DLG1 protein isoforms have been identified which are
encoded from DLG1 gene; DLG1a and DLG1p. These two isoforms differ only by an inclusion of
an L27 domain in the N-terminus of DLG1a (Figure 14.) and they correlate to Drosophila DLGA
and DLGS97 proteins, respectively (Maiya et al., 2012; Mendoza et al., 2003). Furthermore,
according to the Uniprot data base, there is one validated but 37 described potential isoforms of
DLG1 that were computationally mapped and are a result of alternative splicing which mainly
occurs in two principal regions: one at the N-terminus, right before the PDZ1 domain and the other
in the HOOK region. It is speculated that these isoforms play diverse roles in humans (Roberts et
al., 2007; Waites et al., 2009).

splicing splicing
sites * sites *

DLG1a GuK-like

splicing splicing
sites * sites *

o 1

Figure 14. DLG1 isoforms and functional domains. Both DLG1a and DLGI1 proteins encode 3 PDZ domains, a SH3 domain,
a HOOK domain and a GuK-like domain. The DLG1 also encodes L27 region at N-terminus. Alternative splicing sites at the N-
terminus and in the HOOK region are indicated. Adapted from (Roberts et al., 2012).

DLG1 has a modular organization which enables interactions with a plethora of proteins, thus
allowing its involvement in various cellular processes. As a component of the conserved Scribble
polarity complex, DLGL1 is required for cell polarity establishment and maintenance, as well as for
asymmetric cell division and cell migration (Marziali et al., 2019; Stephens et al., 2018).
Furthermore, DLGL1 is expressed in neuronal cells where it contributes to normal nerve cell
functions by regulating various signaling pathways. It was reported that DLG1 forms complexes
with AMPA and NMDA-type glutamate receptors, both key components of the glutamatergic
synapse (Howard et al., 2010). Additionally, DLG1 seems to play a major role in trafficking and
anchoring ion channel surface expression via interactions with various potassium channels
(Gardoni et al., 2007; Kuras et al., 2012). All things considered, DLGL1 is involved in modulation
of several important cellular functions and therefore its deregulation can contribute to a number of

human disorders and diseases.
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1.3.4.1 Involvement of DLG1 modulations in human pathologies

DLGL1 interacts with various members of the nervous system pathways so its deregulation can
contribute to a wide verity of neurological disorders. Indeed, DLG1 deregulation was noticed in
schizophrenia, Alzheimer disease, depression, Parkinson’s disease and many others (Dunn et al.,
2013; Marcello et al., 2012; Sato et al., 2008). In addition, a growing number of reports have
suggested that DLG1 mutations, loss or even overexpression, contributes to various cancer types
in humans. DLG1 mutations were reported in breast cancer, whereas a complete loss was detected
in lung, larynx, and hepatocellular cancers (Marziali et al., 2019). The reverse pattern, an
upregulation of DLGL1 in the early stages of the disease, followed by a clear downregulation was
observed in colon cancer (Gardiol et al., 2006; Zhu et al., 2017). DLG1 was also described as a
target of numerous viral oncoproteins including the adenoviral E4-ORF1 (Kong et al., 2014) and
the Tax protein encoded by human T cell leukemia virus type 1 (Hirata et al., 2004; Marziali et al.,
2017). Furthermore, DLG1 was the first PDZ-domain containing protein identified as a target of
HR E6 oncoproteins (Kiyono et al., 1997). This interaction occurs via one of two PDZ domains in
DLG1, PDZ1 and PDZ2, and E6 PBM, which ultimately leads to proteasome-mediated degradation
(Gardiol et al., 1999). Surprisingly, recent analyses suggested that this E6 driven process is E6AP-
independent (Vats et al., 2019). Interestingly, E6 degrades DLG1, but it does not completely
eliminate it due to E6 specific affinity for a subset of nuclear and hyperphosphorylated forms of
DLG1 (Massimi et al., 2006, 2004). Likewise, the specificity of various HPV E6 oncoproteins for
binding DLG1 depends on their PBMs sequences (Thomas et al., 2002) and HPV18 E6 was shown
to be one of the E6s that preferentially targets DLG1 (Thomas et al., 2005). This seems to be due
to the threonine residue in 18E6 PBM, which was shown to be essential for this interaction, since
substitutions with other residues inhibit the binding and subsequent protein turnover at the
proteasome (Gardiol et al., 1999). Interestingly, the specificity appears to be also reliant on cellular
localization of DLG1, since it was suggested that 18E6 preferentially targets cytoplasmic and
nuclear forms of DLG1 (Massimi et al., 2004; Narayan et al., 2009). All these findings and the fact
that HPV induces more than 99% of cervical cancers, have risen a question of DLG1 involvement
in cervical cancer. A few studies have indicated DLG1 to be an important factor in the progression
of low-grade cervical intraepithelial lesions (LSILSs), since it was upregulated in all LSILs that

progressed to high-grade squamous intraepithelial lesions (HSIL) (Cavatorta et al., 2004; Lin et al.,
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2004). In contrast, a reduction of DLG1 was observed in the invasive cervical carcinoma implying

to the diversity of its regulation in premalignant and malignant lesions.

1.3.5 Scribble (SCRIB)

SCRIB protein is an approximately 1700 amino acids long member of the LAP protein family. As
the other members of this family, it contains 16 leucine rich repeats (LRRs) and four PDZ domains
(Figure 15.). LRRs are necessary and sufficient for membranous localization of LAP proteins and
this seems to require the engagement of E-cadherin (Navarro et al., 2005). Interestingly, only a few
known binding partners, including LGL, associate with SCRIB via LRRs (Kallay et al., 2006;
Santoni et al., 2020). Additionally, SCRIB has phosphorylation sites which are responsible for the
control of its ligand localization and consequently the signaling pathways they regulate. Ras
signaling pathway protein kinase ERK appears to bind and phosphorylate SCRIB, which could
prevent ERK translocation to the nucleus and thus regulate ERK signaling. SCRIB also has a PKA
protein kinase phosphorylation site which was suggested to play a role in regulating ERK binding
to SCRIB (Stephens et al., 2018).

leucine rich phosphorylation
repeats sites
1 1

m PDZ 1 PDZ 2 e DVA] PDZ 4 e e

Figure 15. SCRIB structure and functional domains. SCRIB protein comprises 16 LRRs (blue) required for its localization into
cell membranes. In addition, it contains four PDZ domains (red), each enabling different interactions with various cellular proteins.
SCRIB function seems to depend on the phosphorylation state regulated by ERK and PKA protein kinases at indicated sites.

Due to a variety of domains, SCRIB acts as a scaffold protein and enables key molecular
interactions at distinct subcellular localizations. SCRIB has a role in regulation of different aspects
of polarized cell differentiation during epithelial and neuronal morphogenesis as well as T-cell
polarization. Most of these interactions occur through PDZ domains and interestingly, although
similar, each of SCRIB PDZ domains can exhibit unique binding preferences towards specific
ligands (Lim et al., 2017). The best-described function of SCRIB is its involvement in
establishment and maintenance of cell polarity. Together with DLG1 and LGL, SCRIB is a part of
the Scribble complex required for apical-basal polarity (Elsum et al., 2012). Along with the
regulation of cell polarity, SCRIB is also involved in cell migration as it was shown to have a strong
impact on the function of PAK and Rac, two key molecules implicated in this process (Nola et al.,
2008). Due to its role in cell polarity regulation and migration, SCRIB has also been implicated in
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EMT, where it was shown to be involved in stabilization of the association of E-cadherin with
catenin. This was demonstrated to lead to the regulation of epithelial cell adhesion and migration
(Qinetal., 2005). Thus, any deficiency in SCRIB function impairs cell polarity and cell movement,

although the exact mechanisms have yet to be elucidated.

Junctional localization of SCRIB seems to be the foundation for its tumor suppressive role (Feigin
et al., 2014). Indeed, in the collaboration with c-myc oncogene, the loss of SCRIB leads to the
transformation of epithelial cells. In addition, in human epithelial cells which express oncogenic
Ras or Raf, loss of SCRIB was shown to promote invasion of cells through the extracellular matrix
in an organotypic culture system (Dow et al., 2008). Similarly, mislocalization of SCRIB from cell-
cell junctions alone was shown to be adequate to promote cell transformation (Zhan et al., 2008).
Surprisingly, analysis of human and mouse tumors have revealed both downregulated and
mislocalized SCRIB suggesting its likely evolutionary conserved roles in carcinogenesis among

different species.

1.3.5.1 SCRIB modulations leading to human pathologies

SCRIB expression and localization have been investigated in several human pathologies. SCRIB
deregulations are not unique in cancers since SCRIB was reported as degraded, mislocalized, or
even upregulated in various cancer types. These reports suggested its dual function, both as tumor
suppressor and oncogene. The tumor suppressive role of SCRIB was first discovered in Drosophila
when it was shown that its mutations lead to neoplastic overgrowth (Bilder, 2004). Its tumor
suppressive role was later supported in studies showing the disruption of SCRIB protein expression
in various human cancers. For example, downregulation of SCRIB was associated with the lack of
epithelial cell polarity and disorganized tissue architecture in colon cancer (Gardiol et al., 2006).
Additionally, a study investigating breast cancers showed that most lobular tumors did not express
SCRIB, again suggesting its role as a tumor suppressor (Navarro et al., 2005). Aside from its
downregulation, it was also reported that mislocalized SCRIB functions as a neomorph to promote
mammary tumorigenesis by affecting subcellular localization of PTEN and activating an
Akt/mTOR/S6kinase signaling pathway (Feigin et al., 2014). Similarly, SCRIB was reported to be
mislocalized in breast cancer, in which this deregulation affected polarity, morphogenesis, and
apoptosis (Zhan et al., 2008). A tumor suppressive function of SCRIB was further confirmed after

it was characterized as a target of HPV E6 oncoproteins. Unlike DLG1, SCRIB is targeted for
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ubiquitination and proteasome mediated degradation by the E6/E6AP complex (Nakagawa and
Huibregtse, 2000; Vats et al., 2019). Also, on the contrary to DLG1 being preferential target of
HPV18 E6, 16E6 was reported to target and degrade SCRIB more efficiently via PBM-PDZ
interaction than other E6 oncoproteins (Thomas et al., 2005). Unveiling that SCRIB is a cellular
target of EG6 initiated a series of studies aimed at investigating its expression in cervical cancer
progression. These analyses indicated that E6-mediated degradation of SCRIB increases during the
progression from LSIL to HSIL. The same study proposed that downregulation of SCRIB mRNA
expression in combination with ubiquitin-mediated degradation of SCRIB led to the complete
ablation of SCRIB during the progression from HSIL to invasive cervical cancer (Nakagawa et al.,
2004). In contrast to the previous reports, some studies demonstrated SCRIB to be overexpressed
in several human cancers (Vaira et al., 2011), suggesting its oncogenic role in certain malignancies.
Hence, SCRIB was found to be highly expressed in patients with colorectal cancer, where this
upregulation was associated with malignant characteristics, such as increased proliferation,
cessation of apoptosis, and promoted EMT (Shen et al., 2021). Furthermore, a recent study in
ovarian cancer cell lines described overexpression of SCRIB to stimulate cell proliferation and
invasion (Hussein et al., 2021). Moreover, loss of SCRIB was also reported to delay the onset of
myc-driven lymphoma, once again suggesting it has oncogenic functions in some human cancers
(Hawkins et al., 2016). Given the numerous studies showing the contradictory behavior of the
SCRIB protein, its role in oncogenesis is still not fully elucidated. Therefore, SCRIB remains one
of the focuses of further research which could provide important novel information about its roles

in the process of carcinogenesis.
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2 HYPOTHESIS AND AIMS

A total of 15 HPV types are classified as HR due to their ability to cause malignant transformation
at various anatomical sites. In the cervix, the process from the initial infection to development of
malignancy is well defined - it is dependent on the co-action of E6 and E7 oncoproteins. Along
with p53 targeting, E6 from all HR HPVs forms interactions with PDZ-domain containing proteins
DLG1 and SCRIB, which have vital roles in cell polarity establishment and maintenance.
Variations in both DLG1 and SCRIB expression was observed to be associated with progression
of certain cancers, including some that are HPV-positive. Obtained results suggested that E6 may
be responsible for those variations. Interestingly, the role of HPV in HN carcinogenesis is still
unclear. Moreover, 70% of cervical cancers are caused by HPV16 and HPV18, while HPV16 is
the predominant type in HN area, causing 90-95% of HNSCCs. This indicates that the process of
HPV-driven cell transformation might be significantly different in this anatomical region.
Therefore, we hypothesized that the diversity in preference of 16E6 targeting DLG1 and SCRIB
may cause modulations of their normal cellular functions, which could potentially be significant

for the onset of HN malignancy.
To validate the hypothesis, this research aimed to:

= Establish previously immortalized keratinocyte isolated from HN (iNOK and iHTK) and
genital area (iHFK) cell lines which stably express 16 E6/E7 oncoproteins.

= Investigate the binding capacity of HPV16 E6 and HPV18 E6 with DLG1 and SCRIB and
examine the impact of 16E6 on their protein levels in three keratinocyte cell lines.

= Examine 16E6-mediated modulations in the localization and distribution of DLG1 and
SCRIB proteins in previously established immortalized keratinocyte cell lines.

= Correlate changes in E6, DLG1 and SCRIB transcription levels in primary keratinocyte cell
lines containing HPV16 episomes with HPV-positive and HPV-negative OPSCC-derived
cell lines.

= Associate observed fluctuations in transcription levels with changes in the localization of
DLG1 and SCRIB proteins during HPV16 productive cycle in HTK derived organotypic
3D raft cultures.

» Elucidate biological impacts of DLG1 and SCRIB deregulation in HPV16-positive and
HPV-negative OPSCC tissues.
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Plasmids

All the plasmids which were used to prepare this doctoral thesis are listed in Table 1. Briefly,
plasmids pcDNA3 E6 and E7 were used as DNA templates, while donor vectors pAAVS1-BSD-
DNR and pUltra-GFP as well as plasmids pCas-Guide and p-Cas Scramble were used to establish
keratinocytes stably expressing HPV oncogenes. Additionally, pMD2.G and psPAX2 were used
for production of lentiviruses encoding HPV16 E6.

Table 1. Plasmids for cloning experiments and establishment of keratinocytes expressing HPV16 genes.

Plasmid Description Manufacturer Cat.
number
cDNA3 E6 cDNA3 expressing HA-tagged HPV16 E6
P ; al I d 2 Kind gift from Lawrence Banks
pcDNA3 E7 pcDNA3 expressing HA-tagged HPV16 E7
pAAVS1- Donor vector with AAVS1 homologous arms, C-terminal OriGene, Maryland, GE1000
BSD-DNR Myc-DDK tag, Blasticidin resistance USA 35
pCas- pCAS-Scramble, pCas-Guide vector with a scrambled OriGene, Maryland, GE1000
Scramble sequence as a negative control USA 03
. pCas-Guide vector (with Cas9 expression) for genomic target  OriGene, Maryland, GE1000
pCas-Guide .
sequence cloning USA 02
3rd generation Lentiviral vector for bi-cistronic expression of ~ Addgene,
pUltra-GFP EGFP and gene of interest Massachusetts, USA 24129
. . Addgene,
pMD2.G VSV-G envelope expressing plasmid e, USA 12259
. L . . Addgene,
psPAX2 2nd generation lentiviral packaging plasmid. Massachusetts, USA 12260
pT2Zh . . . .
HPV16 plasmid carrying all HPV16 early genes Kind gift from John Doorbar

3.1.2 Nucleotides

The nucleotides which were used for PCR amplifications of genes of interest in experiments of
plasmid constructions as well as cloning validation are listed in Table 2.

Table 2. Nucleotides for PCR amplifications in cloning and genotyping experiments.

Nucleotides Manufacturer Cat. number
dATP, PCR Grade Roche Holding AG, Switzerland 11934511001
dTTP, PCR Grade Roche Holding AG, Switzerland 11934546001
dCTP, PCR Grade Roche Holding AG, Switzerland 11934520001
dGTP, PCR Grade Roche Holding AG, Switzerland 11934538001
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3.1.3 PCR primers

Specific primer sequences used for verifying DNA isolation, confirming the quality of DNA and

HPV genotyping by PCR are listed in Table 3.

Table 3. PCR primers for determining gene expression.

Gene Primers Length Tm
Beta 6999-7018 5- CCACACTGTGCCCATCTACG
actin 7097-7072 5- AGGATCTTCATGAGGTAGTCAGTCAG 100 bp 60°C
PGMY11 A 5-GCACAGGGACATAACAATGG
PGMY11 B 5’-GCGCAGGGCCACAATAATGG
PGMY11C 5’-GCACAGGGACATAATAATGG
PGMY11D 5-GCCCAGGGCCACAACAATGG
PGMY11l E 5’-GCTCAGGGTTTAAACAATGG
PGMYQ9 F 5’-CGTCCCAAAGGAAACTGATC
PGMY09 G 5-CGACCTAAAGGAAACTGATC
PGMYQ09 H 5’-CGTCCAAAAGGAAACTGATC
DoVl | PGMY09 2 5-GCCAAGGGGAAACTGATC 450bp /.
globin PGMYQ09 J 5’-CGTCCCAAAGGATACTGATC 256 bp
PGMY09 K 5-CGTCCAAGGGGATACTGATC
PGMYQ09 L 5’-CGACCTAAAGGGAATTGATC
PGMY09 M 5-CGACCTAGTGGAAATTGATC
PGMYQ09 N 5’-CGACCAAGGGGATATTGATC
PGMYQ9 Pa 5’-GCCCAACGGAAACTGATC
PGMY09 Q 5-CGACCCAAGGGAAACTGGTC
PGMY09 R 5’-CGTCCTAAAGGAAACTGGTC
HMBO01b 5-GCGACCCAATGCAAATTGGT
GP5 S>-TTTGTTACTGTGGTAGATAC
GP5/6 142 bp 40 °C
GP6 5’-GAAAAATAAACTGTAAATCA
SPF 1A 5’-TAATACGACTCACTATAGGGCICAGGGICACAATAATGG
SPF 1B 5’-TAATACGACTCACTATAGGGCICAGGGICATAACAATGG
SPF10 SPF 1CD 5’-TAATACGACTCACTATAGGGCICARGGICATAATAATGG 65 bp 51°C
SPF 2BD 5’-ATTTAGGTGACAACTATAGGTIGTATCIACWACAGTAACAAA
SPF 1A 5’-TAATACGACTCACTATAGGGCICAGGGICACAATAATGG
HPV16 | 16E6/E7_F 5'- GGTCGGTGGACCGGTCGATG
EG/E7 16E6/E7_R 5'- GCAATGTAGGTGTATCTCCA 99 bp >4°C
p53 Full_F 5-TTCTTGCGGAGATTCTCTTCCT
p53 full 1386 bp 63 °C
p53 Full_R 5'-CCATCTACAAGCAGTCACAGCA
p53 p53egll F  5-TTTGGGTCTTTGAACCCTTG 81 bp 63 °C
exon 11 | p53egll R  5-GATTTGAATTCCCGTTGTCC
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3.1.4 gPCR primers
RT-gPCR primer sequences used to determine DLG1 and SCRIB transcription levels in

differentiating keratinocytes containing HPV16 episomes are listed in Table 4.

Table 4. RT-gPCR primers for defining transcription level rates of mMRNA of interest.

Gene Primers Length Tm

HPV16_E6_F 5’-CAGGAGCGACCCAGAAAGT o
HPV16 E6 HPV16_E6_R 5’-AGTCATATACCTCACGTCGCAG 116 bp 00°C

DLGIB F 5’-CGGAAGCAAGATACCCAGAG o
DLGIf DLGIB R 5’-AATTGGTTCAGACGGCTTTG 113 bp >9°C
DLG1 DLG1 HOOK_F 5’-GCCCATTCCTAGCGCATGAACTCC 93 b 59 °C
HOOK DLG1 HOOK_R 5’-GCCATTCTGGTGGATGGCAGAG P

SCRIB_F 5’-CCTGCCAGCTCCAGCACCAC .
SCRIB SCRIB_R 5’-CGGCTGGGGTGGGGCAGTTA 147 bp >9°C

3.1.5 Enzymes and enzyme-related buffers
Enzymes and their corresponding buffers which were used for cloning experiments including
multiplying DNA fragments, DNA restriction and insert ligation are listed in Table 5.

Table 5. Enzymes and enzyme-related buffers.

Enzymes and buffers Manufacturer Cat. number
GoTaq G2 DNA Polymerase Promega, Wisconsin, USA M7841
GoTaq G2 Hot Start Tag Polymerase | Promega, Wisconsin, USA M7401
T4 DNA Ligase Promega, Wisconsin, USA M1801
Ascl New England biolabs, Massachusetts, USA R0558S
Xbal New England biolabs, Massachusetts, USA R0145S
Milul New England biolabs, Massachusetts, USA R0198S
Sall-HF New England biolabs, Massachusetts, USA R3138S
Bcll-HF New England biolabs, Massachusetts, USA R3160S
BamHI-HF New England biolabs, Massachusetts, USA R3136S
EcoRI-HF New England biolabs, Massachusetts, USA R3101S
5X Green GoTag® Reaction Buffer Promega, Wisconsin, USA M791A
T4 DNA Ligase 10X Buffer Promega, Wisconsin, USA C126A
CutSmart® Buffer New England biolabs, Massachusetts, USA B7204S

3.1.6 Antibodies

Primary and secondary antibodies used to determine protein expression levels and localization in
cells, organotypic 3D raft cultures or tissues, and to verify protein interactions are all listed in Table
6.
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Table 6. Primary and secondary antibodies for Western blot and immunohistochemistry.

Antibody Manufacturer Cat. number
Anti-SAP 97 Antibody (2D11) Santa Cruz Biotechnology, Texas, USA sc-9961
Anti-Scrib Antibody (C-6) Santa Cruz Biotechnology, Texas, USA sc-55543
Anti-Scrib Antibody (D-2) Santa Cruz Biotechnology, Texas, USA sc-374139
Anti-p53 Antibody (DO-1) Santa Cruz Biotechnology, Texas, USA sc-126
Anti- g-Actin HRP (AC-15) Sigma-Aldrich, Missouri, USA A3854
Anti-g-Actin (AC-74) Sigma-Aldrich, Missouri, USA A2228
Anti-THOC1 Antibody (p84, E-10) Santa Cruz Biotechnology, Texas, USA c-514123
Anti-a Tubulin (B-7) Santa Cruz Biotechnology, Texas, USA sc-5286
Anti-CD71/ (3B8 2A1) Santa Cruz Biotechnology, Texas, USA sc-32272
Anti-Vimentin Antibody (V9) Santa Cruz Biotechnology, Texas, USA sc-6260
Rabbit Anti-Mouse HRP Agilent Technologies, California, USA P0O161
Goat anti-Mouse 1gG (H+L) HRP Thermo Fisher Scientific, Massachusetts, USA 31430
Swine Anti-Rabbit /HRP Agilent Technologies, California, USA P0217
Alexa Fluor 488 donkey anti-mouse 1gG Invitrogen by Thermo Fisher Scientific, A21202
(H+L) Massachusetts, USA

Alexa Fluor 488 donkey anti-rabbit 1IgG Invitrogen by Thermo Fisher Scientific, A21206
(H+L) Massachusetts, USA

Rhodamine Red-X Goat anti-mouse (H+L) Invitrogen by Thermo Fisher Scientific, R6393

Massachusetts, USA

3.1.7 DNA ladders and protein markers

In Table 7. are depicted all DNA ladders and protein markers used to determine the correct size of

amplified PCR products or corresponding-size protein bands in Western blot, respectively.

Table 7. DNA ladders and protein markers.

Marker Manufacturer Cat. number

BenchTop 1kb DNA Ladder Promega, Wisconsin, USA GT754A

GelPilot 100 bp Ladder Qiagen, Germany 239035
DNA GelPilot 50 bp Ladder Qiagen, Germany 239025
ladders (E:(;(cjl;—rload Purple 1 kb Plus DNA New England biolabs, Massachusetts, USA  N0550S

Quick-load Purple 100 bp DNA Ladder New England biolabs, Massachusetts, USA  N0551S

Precision Plus Protein Standard All Blue  Bio-Rad Laboratories, California, USA 1610373
Protein | PageRuler™ Plus Prestained Protein Thermo Fisher Scientific, Massachusetts, 26619
markers | Ladder USA

Regular Range Protein Marker ProteinTech Group, United Kingdom PL00001

3.1.8 Growth media and supplements

The supplemented media used for growing and maintaining cells depended on the cell type.

Bacterial cells used for plasmid production were grown in liquid lysogeny broth (LB) and on agar
plates. HeLa, CaSki, C33A, HEK293, HEK293T and 3T3-J2 were grown in Dulbecco’'s Modified
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Eagle Medium (DMEM). Immortalized keratinocytes iNOK, iHFK and iHTK were grown in
Keratinocyte supplement free medium (KSFM) supplemented with bovine Pituitary Extract (BPE)

and EGF, Human Recombinant to make KGM complete media, while primary keratinocytes iHTK

were grown in E-media. All the media and corresponding supplements are listed in Table 8.

Table 8. Growth media and corresponding supplements for cultivation of human, bacterial and mice cells.

Media Product Manufacturer Cat. number
LB broth and | Agar Sigma-Aldrich, Missouri, USA 05040
LB agar LB Broth Sigma-Aldrich, Missouri, USA L3022
plates Ampicillin sodium salt Sigma-Aldrich, Missouri, USA A9518
Dulbecco's Modified Eagle Medium Thermo Fisher Scientific, 31600-083
(DMEM) Massachusetts, USA
. . Thermo Fisher Scientific,
e Gibco Sodium Pyruvate (100 mM) e, USA 11360039
complete L-glutamine, >99% TLC Sigma-Aldrich, Missouri, USA G-3126
P Gibco Penicillin-Streptomycin (10,000  Thermo Fisher Scientific, 15140122
U/mL) Massachusetts, USA
. . Thermo Fisher Scientific,
Gibco Fetal Bovine Serum (FBS) Massachusetts, USA 26140079
Gibco Keratinocyte supplement free Invitrogen by Thermo Fisher 17005-059
medium (KSFM) Scientific, Massachusetts, USA
KGM . - Invitrogen by Thermo Fisher
B P E BPE . . .
complete ovine Pituitary Extract ( ) Scientific, Massachusetts, USA supplied with
. Invitrogen by Thermo Fisher KSFM
EGF, Human Recombinant Scientific, Massachusetts, USA
. Thermo Fisher Scientific,
DMEM - high glucose Massachusetts, USA D5796-500ML
Adenine Sigma-Aldrich, Missouri, USA A-2786
Cholera enterotoxin ICN Biomedicals, Inc., Ohio, USA 856011
E-media . . Thermo Fisher Scientific,
and Gibco F-12 Nut Mix (Ham) Massachusetts, USA 21765-029
3T3-J2 Hydrocortisone Sigma-Aldrich, Missouri, USA H-0888
media Insulin Sigma-Aldrich, Missouri, USA 1-6634
Transferrin Sigma-Aldrich, Missouri, USA T-1147
3,3’,5-Triiodo-L-thyronine Sigma-Aldrich, Missouri, USA T-6397
— . Invitrogen by Thermo Fisher
GIBCO Penicillin-Streptomycin Scientific, Massachusetts, USA 15140122

3.1.9 Commercially available Kits

All commercially available kits which were used for various experiments, from DNA isolation to

immunofluorescence are listed in the Table 9.
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Table 9. Commercial kits for implementation of various experiments.

Product Manufacturer Cat. number
CINtec p16 Histology Kit Roche Holding AG, Switzerland 9511
Dako EnVision+ Dual Link System-HRP . . N

ako EnVision+ Dual Link System Agilent Technologies, California, USA K4065
(DAB+)
Glutathione—Agarose Sigma-Aldrich, Missouri, USA G4510
Monarch DNA Gel Extraction Kit New England biolabs, Massachusetts, USA  T1020G
Monarch PCR & DNA Cleanup Kit New England biolabs, Massachusetts, USA  T1030G
NucleoBond PC 500, Maxi Macherey-Nagel Gmbh, Germany 740574.50
NucleoSpin DNA FFPE XS Macherey-Nagel Gmbh, Germany 740980.50
P E. P .

roteo .xtmc,t@ Subcellular Proteome The Calbiochem by Merck KGa, Germany 539790
Extraction Kit
Protease Inhibitor Cocktail set | The Calbiochem by Merck KGa, Germany 539131
Qiagen Plasmid Maxi Kit Qiagen, Germany 12163
Wizard Plus SV Minipreps DNA Purification i T, LS AL460
System
Wizard SV Gel and PCR Clean-Up System Promega, Wisconsin, USA A9282
Direct-zo/™ RNA Miniprep Zymo research, California, United States R2050
FuGENE® HD Transfection Reagent Promega, Wisconsin, USA E2311
Viromer® PLASMID Transfection Reagent Lipocalyx GmbH, Germany VpD-01LB-01
VIROMER® RED Transfection Reagent Lipocalyx GmbH, Germany VR-01LB-00

Th Fish ientific, M h
Lipofectamine™ 2000 Transfection Reagent USimO 8137 SEIBHIE, BNl Selis; 11668019
RNeasy Mini Kit Qiagen, Germany 74104
QuantiTect Reverse Transcription Kit Qiagen, Germany 205311
RNase-Free DNase Set Qiagen, Germany 79254
Tetro cDNA Synthesis Kit Meridian Bioscience Inc., Ohio, USA B10-65043
Th Fish ientific, M h

Power SYBR™ Green PCR Master Mix Usir\mo Isher Scientific, Massachusetts, 4368577
SensiFAST SYBR No-ROX Kit Meridian Bioscience Inc., Ohio, USA B10-98020
PVDF Western Blotting Membranes Roche Holding AG, Switzerland 03010040001

3.1.10 Other reagents

Table 10. includes a list of all the chemical solutions which were used for preparation of buffers

and for conduction of various experiments in this doctoral research.

Table 10. Other reagents for various experiments and cell treatment.

Product Manufacturer Cat. Number
2-Mercaptoethanol Sigma-Aldrich, Missouri, USA 60242
5-Bromo-2 -deoxyuridine Sigma-Aldrich, Missouri, USA B-9285
Acetic acid Sigma-Aldrich, Missouri, USA 695092
Acrylamide Carl Roth Gmbh & Co. Kg, Germany 7871.2
Agarose Sigma-Aldrich, Missouri, USA A9539
Amersham ECL Western Blotting Cytiva, United Kingdom RPN2106

Detection Reagent
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Product Manufacturer Cat. Number
Ammonium persulfate Sigma-Aldrich, Missouri, USA 09913-100
BioClear New Biognost, Croatia BCL-1L
Biomount new Biognost, Croatia BMN30
Bovine Serum Albumin Fraction V Roche Holding AG, Switzerland 10735078001
Bovine Serum Albumin Standard Thermo Fisher Scientific, Massachusetts, USA 23209
Ampules, 2 mg/mL

Brilliant Blue R Sigma-Aldrich, Missouri, USA B-0149
Bromophenol Blue sodium salt Dye Sigma-Aldrich, Missouri, USA 114405
Calcium chloride, CaCl, Kemika d.d., Croatia 1146609
Cintec Wash Buffer 10x Roche Holding AG, Switzerland 8550
Dal_<o_ Mayer's Hematoxylin Histological Agilent Technologies, California, USA S3309
Staining reagent

EDTA Sigma-Aldrich, Missouri, USA E-5134
Ethanol absolute pro analysi Gram mol, Croatia P147300
Fluoroshield Sigma-Aldrich, Missouri, USA F6182
Glycerol Kemika d.d., Croatia 07119 01
Glycine Sigma-Aldrich, Missouri, USA 33226
HEPES Sigma-Aldrich, Missouri, USA H4034
Histo-Clear National Diagnostics, Georgia, USA HS-200
Methanol, pro analysi Gram mol, Croatia P140500
MgClI2, 25 mM Promega, Wisconsin, USA A3511
y’E]K’/I]\E"’[])V"Te”amethy'ethy'e”e‘j'am'”e’ Sigma-Aldrich, Missouri, USA T9281
N,N'-Methylenebisacrylamid Sigma-Aldrich, Missouri, USA M7279
NaCl Gram mol, Croatia 7647-14-5
NaHCO3 J.T. Baker, New Jersey, USA 3506-01
NaOH J.T. Baker, New Jersey, USA 3722-01
NP-40 Thermo Fisher Scientific, Massachusetts, USA 28324
Ponceau-s Sigma-Aldrich, Missouri, USA P3504
Protein Assay Dye Reagent Concentrate | Bio-Rad Laboratories, California, USA 500-0006
QIAzol Lysis Reagent Qiagen, Germany 79306

Rat tail collagen type | Corning Inc., New York, USA 354249
Sodium dodecyl sulfate, SDS Sigma-Aldrich, Missouri, USA L3771
SuperSignal™ West Pico PLUS Thermo Fisher Scientific, Massachusetts, USA 34580
Tris Merck KGa, Germany KB313482
Tris-HCI Sigma-Aldrich, Missouri, USA 1185-53-1
Tween-20 Sigma-Aldrich, Missouri, USA p2287

3.1.11 Buffers

All buffers and their composition with the exact amounts of each component are listed in Table
11. The buffers were used for either washing cells, rafts, tissues, or membranes, for making agarose

and acrylamide gels, for cell lysis etc.
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Table 11. Buffers composition.

Buffer Components Amount
NaCl 137 mM
KCI 2.7mM
PBS, pH 7.4
Na;HPO4 10 mM
KH2PO4 1.8 mM
TBS, pH 7.4 Na.CI L>M
Tris-HCI 05M
HEPES 50 mM
2x HBS NaCl 280 mM
Na;HPO, 1.5mM
Acrylamide stock Af:rylamlde_ >3 M
Bisacryalmide 65 mM
TE Tris 10 mM
EDTA 1 mM
HEPES 250 mM
E1A buffer NaCl >M
EDTA 05 M
NP-40 10%
Tris-HCI 25 mM
Running buffer Glycine 190 mM
SDS 0,10%
Tris-HCI 25 mM
Transfer buffer Glycine 190 mM
Methanol 20%
SDS 4%
2-Mercaptoethanol 10%
Laemmli 2x buffer/loading buffer glycerol 20%
bromophenol blue 0,00%
Tris-HCI 125 mM
. Methanol 40%
Destain buffer L
Acetic acid 7%
Tris 40 mM
TAE buffer Acetate 20 mM
EDTA 1 mM
NaCl 15M
TBST 1x buffer Tris-HCI 05M
Tween-20 0,10%
Ponceau-s 0,10%
Ponceau-s L
acetic acid 5%
Coomassie Brilliant Blue R250 3g/L
Coomassie Brilliant Blue Glacial acetic acid 10%
Methanol 45%
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Buffer Components Amount
NaHO3 2.2%

10x Reconstitution buffer (in NaOH) | HEPES 4.77%
NaOH 0.05M
TBS 1X

Ab solution BSA 1%
FBS 10%
Triton X-100 0,3%
EDTA 1 mM

EDTA buffer (pH 8) Tween-20 0,1%
NaOH

3.1.12 Instruments and programs

All the instruments which were used for performing experiments and computer programs used for

data analysis and visualization are listed in Table 12.

Table 12. Instruments and programs for data analysis and visualization.

Group Product Manufacturer
BB-16 D-63450 Incubator Heraeus group, Germany
Laminar flow, fume hood KTV-S Klimaoprema d.d., Croatia
OmnIPET Pipette Filler Cleaver Scientific Ltd, UK
Cell culture Easypet® 4421 pipetting aid Eppendorf, Germany
equipment LABSONIC® M The ultrasonic homogenizer Montreal Biotech Inc., Montreal, Canada

Probe 0.5 mm and 1 mm
NanoPhotometer® N60
CellDrop FL Fluorescence Cell Counter

Montreal Biotech Inc., Montreal, Canada
Implen GmbH, Germany
DeNovix Inc., Delaware, USA

Thermal Cyclers

Applied Biosystems Veriti™ 96-Well Fast
Thermal Cycler
Stratagene MX3005P Real-Time QPCR System

Thermo Fisher Scientific, Massachusetts,
USA
Agilent Technologies, California, USA

Microscopes

Olympus CK30 Culture microscope
Olympus BX51 Fluorescence microscope
Olympus U-RFL-T power supply

Eclipse E600 Fluorescence microscope
Nikon HB-10103AF Power Supply
Leica TCS SP8 X

Olympus Corporation, Japan
Olympus Corporation, Japan
Olympus Corporation, Japan
Nikon Corporation, Tokyo, Japan
Nikon Corporation, Tokyo, Japan
Leica Microsystems, Germany

Imaging systems

EVOS FLoid Imaging System

Alliance 4.7 Fluorescence and
Chemiluminescence Systems

Alliance Q9 Advanced Chemiluminescence
Imager

Thermo Fisher Scientific, Massachusetts,
USA

Uvitec Ltd, UK

Uvitec Ltd, UK

Centrifuges

Centrifuge 5403
Centrifuge 5415 C
Centrifuge 5415 R
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Group Product Manufacturer
Heraeus Multifuge 3S-R Thermo Scientific, Massachusetts, USA
Sorvall LYNX 4000 Superspeed Centrifuge Thermo Scientific, Massachusetts, USA
Optima XL-100K Ultracentrifuge Beckman Coulter Inc., California, USA
Rotators SARMIX® M2000 Rotation mixer Sarstedt AG & Co. KG, Germany

Multi Bio RS-24 Programmable rotator

Biosan Laboratories, Inc., Michigan,
USA

Electrophoresis
and transfer

omniPAGE
PowerPRO 300 Power Supply
Mini-PROTEAN® Electrophoresis System

Cleaver Scientific, UK
Cleaver Scientific, UK
Bio-Rad Laboratories, California, USA

systems PowerPac™ Basic Power Supply Bio-Rad Laboratories, California, USA
Trans-Blot® Turbo™ Transfer System Bio-Rad Laboratories, California, USA
ImageJ Fiji National Institutes of Health, USA
Leica Application Suite X (LAS X) Leica Microsystems, Germany
Programs PhotoScape X MOOII Tech, Korea
GraphPad Prism GraphPad Inc., California, USA
MxPro QPCR Software Agilent Technologies, California, USA

3.2 Cell culture
All cell culture work was carried out in a HEPA-filtered laminar flow hood. Surfaces were wiped
clean with 70% ethanol, while the interior and contents were sterilized using UV lamp for 15 min

prior and after work.

3.2.1 Cell lines
All cell lines used for this research are indicated in Table 13. All those are adherent cell lines and

will grow in vitro until complete confluency, or the medium is depleted of nutrients.

HelLa, CaSki, C33A and HEK293 cell lines have been used as control cell lines. Three keratinocyte
cell lines isolated from different anatomical sites and immortalized by hTERT: normal oral
keratinocytes (iNOK), human tonsillar keratinocytes (iIHTK) and human foreskin keratinocytes
(IHFK) were kind gifts from Dr Karl Miinger and Dr Aloysius Klingelhutz. They were used for
immunocytochemical evaluation of antibodies and for studying various aspects of DLG1 and
SCRIB proteins.

Primary human tonsillar (HTK) and foreskin (HFK) keratinocyte cells were isolated under ethical
approval granted to Professor J Parish (REC #06/Q1702/45) and transfected with HP\VV16 genomes
(HPV16-HTK, HPV16-HFK) in the Parish laboratory. These cells were later used for the
establishment of organotypic 3D raft cultures. The y-irradiated 3T3-J2 cells were used as feeder

cells for growing keratinocyte cell lines.
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HEK?293T cell line was used for lentiviral production and were a kind gift of Filip Roki¢.

Table 13. Cell lines.

Cell line Properties

HelLa HPV18-positive cervical adenocarcinoma cell line

CaSki HPV16-positive advanced cervical carcinoma cell line

C33A HPV-negative cervical cancer cell line

HEK293 Adenovirus- immortalized human embryonic kidney cell line

3T3 mouse embryonic fibroblast cells

iINOK h-TRET immortalized normal oral keratinocyte cell line

iHTK h-TRET immortalized human tonsillar keratinocyte cell line

iHFK h-TRET immortalized human foreskin keratinocyte cell line

HTK primary human tonsillar keratinocyte cell line

HFK primary human foreskin keratinocyte cell line

HPV16-HTK primary human tonsillar keratinocytes transfected with HPV/16 genomes in the Parish lab
HPV16-HFK primary human foreskin keratinocytes transfected with HPV16 genomes in the Parish lab
HEK293T stable clone derivative of HEK293 expressing the large T antigen of Simian virus 40

3.2.2 Cell maintaining

HelLa, CaSki, C33A, HEK293 and HEK293T cells were maintained in DMEM medium
supplemented with 10% (v/v) FBS, 2 mM L-glutamine and 1 mM sodium pyruvate with 1% (v/v)
penicillin/streptomycin (DMEM complete). Cells were passaged when they were > 80% confluent.
Firstly, cell media was aspirated off cells, and afterwards they were washed with PBS. After PBS
removal, 1 mL/10 cm dish of Trypsin/EDTA warmed to room temperature was added and dish was
returned to incubator for 1-5 min, which was sufficient for cells to detach completely from the dish
surface. Trypsin/EDTA was inactivated by addition of 5 mL of fresh DMEM complete media since
FBS quenches the trypsin enzymatic activity. Media was pipetted gently up and down to allow
breakage of formed cell clusters. The appropriate volume of cells needed for 1:5 - 1:10 dilution
was transferred into new dishes. Transferred cells were distributed evenly by shaking the dish back
and forth and then placed in the incubator at 37 °C with 5% COx.

INOK, iTONS and iHFK keratinocyte cell lines were grown in Keratinocyte growth medium
(KGM) complete media consisting of keratinocyte SFM (KSFM-keratinocyte supplement free
medium) supplemented with human recombinant epidermal growth factor (rEGF) and bovine
pituitary extract (BPE) provided along with media and 1% (v/v) penicillin/streptomycin (KGM
complete). Cells were passaged when they were > 90% confluent. Cell media was aspirated off the

cells, and cells were washed with PBS. Cells were then detached by addition of 1 mL
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Trypsin/EDTA warmed to room temperature. Trypsin/EDTA was inactivated by addition of 5 mL
of 2% FBS-PBS. Cells in suspension were transferred into a 15 mL conical tube and centrifugated
at 4 °C for 4 min at 800 x g. Supernatants were aspirated and cell pellets were resuspended in KGM
complete media by gentle up-and-down pipetting. The appropriate volume of cells needed for 1:4
dilution was transferred into new dishes and the cells were distributed evenly by shaking dish back
and forth. Cells were grown in the incubator at 37 °C with 5% CO..

3T3-J2 cells were maintained in DMEM medium supplemented with 10% Gibco adult bovine
serum (v/v) and 2,5% (v/v) HEPES. Cells were split at 80-85% confluency. As described
previously for other cells, media was removed, and cells were then washed with room temperature
PBS. Cells were detached using 2 mL TrypLE trypsin solution per 10 cm dish, followed by
incubation at 37 °C. Trypsin was inactivated with complete DMEM media and cells in suspension
were transferred to a 15 mL conical tube and centrifugated for 5 min at 250 x g. Cells were then
resuspended in complete DMEM media, counted using the FAST READ 102® system and plated
at a density of 2x10* cells per dish. Cells were grown in the incubator at 37 °C with 5% COs.

Primary HTK, HFK, and HPV16-HTK and HPV16-HFK cell lines were grown in E-media
supplemented with 10% (v/v) fetal calf serum (complete E-media, CEM) on a layer of y-irradiated
3T3-J2 feeder cells. For this, 3T3-J2 cells were grown to 80% confluency, harvested by
trypsinization, and resuspended at 2x10° cells/ml in CEM before irradiation with 30 Gray using a

Caesium-137 radiation source (Biomedical Services Unit, University of Birmingham, UK)

Irradiated 3T3- J2 cells were plated out in the CEM at a concentration of 2x10° per 10 cm tissue
culture dish and allowed to settle for at least two hours before the addition of HPV16 genome
containing primary keratinocytes. Keratinocytes were split once they reached 80-85% confluency.
The media was removed, cells were washed with PBS and detached using 2 mL/10 cm dish of
TrypLE trypsin solution with incubation at 37 °C. Trypsin was inactivated with CEM and cell
suspension was then transferred to a 15 mL conical tube and centrifugated for 5 min at 250 x g.
Cells were then resuspended in CEM, counted using the FAST READ 102® system and plated at a
density of 2x10° cells per dish on existing layer of irradiated 3T3-J2 cells. Cells were grown in the
incubator at 37 °C with 5% CO..
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3.2.3 Organotypic 3D raft cultures
Organotypic 3D raft cultures of primary HTK were used to study DLG1 and SCRIB protein
expression levels and localization in differentiating epithelium and during productive HPV16

cycle.

Firstly, the stainless-steel metal grids were treated with sulfuric acid for 1 h to remove any residues
that could interfere with the differentiation process. Grids were then rinsed overnight with tap water
and for an additional 3-5 h with double distilled water, dried out and autoclaved. For each raft, one

collagen gel was required.

Non-irradiated 3T3-J2 fibroblasts were grown as mentioned before, collected in E-media and 2x10°

cells/gel were spun down for 5 min at 250 x g. Cell pellet was placed on ice.

For each collagen gel, 9.6 mg rat-tail collagen type I, 0.3 mL 10x reconstitution buffer and 0.3 mL
of 10x DMEM without NaHCOs were gently added with cold pipettes and mixed in the tube
containing 2x108 3T3-J2. By adding a couple of drops of filtered, sterilized 1 M NaOH and gently
mixing, the gel mixture has changed the color from yellow to reddish indicating the correct pH.
Two mL of collagen mix was quickly added to 35 mm dishes using a cold pipette and the collagen
mix was set to solidify in the incubator at 37 °C for 30 min. Then, 2 mL of E-media with EGF was
added on top of solidified collagen and dishes were returned to the incubator at 37 °C for 1 day.
The following day keratinocytes were prepared for differentiation. Keratinocytes were grown in E-
media as previously described, trypsinized, collected with E-media and spun down for 5 min at
250 x g. For each raft, 2x10° keratinocytes were placed onto the top of the prepared collagen gel
and allowed to grow to confluency. E-media was replaced daily, and confluency was confirmed by
color change from reddish to yellow the day after the media was changed, which usually takes 2-4
days. When keratinocytes were confluent, an autoclaved metal grid was placed in a 100-mm dish
using sterile forceps. The media was removed from the collagen gel and the perimeter of the gel
was cut with a sterile spatula to release it from sides of the dish. To remove collagen gel, dish was
slightly tilted, and gel was lifted by sliding a spatula underneath. Collagen gel was laid on a metal
grid without generating any bubbles between the grid and gel. To create an air-liquid interface, E
media without EGF was added to the bottom of the dish so that the medium was touching the metal
grid but not the collagen (Figure 16.). Rafts were incubated at 37 °C and media was changed every

other day and after 13 days, 6 h before fixation, 20 uM of the thymidine analogue 5-bromo-2’-
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deoxyuridine was added to media. BrdU was incorporated into the newly synthesized DNA
allowing the detection of replicating cells. In preparation for downstream immunofluorescent
analysis, rafts were fixed by flooding the raft-containing dish with 3.7% (w/v) paraformaldehyde
in DMEM and then were paraffin embedded.

Figure 16. Collagen gel on metal grid. Cells were cultured with E media without EGF, forming an air-liquid interface at the raft
grid. This induced cell differentiation, leading to the formation of a stratified epithelium.

3.2.4 Cryopreservation of cells

For maintaining the stock of cells, cells were frozen at -80 °C or in liquid nitrogen at -196 °C. After
trypsinization as mentioned above, cells were collected from a dish with 2% FBS-PBS and
transferred into a 15 mL conical tube. Cells were pelleted by centrifugation for 4 min at 800 x g,
resuspended in 1 mL 10% DMSO-FBS and transferred into cryovials, which were then transferred
into -80 °C freezer. The next day, some of the cryovials were relocated and stored at -196 °C in the

liquid nitrogen tank.

3T3-J2 cells were processed as above for cell maintenance and after centrifugation, cells were
resuspended to 2x10° cells/ml in freezing media; complete DMEM containing 10% (v/v) DMSO.
Primary keratinocytes were frozen to 2x10° cells/cryovial in CEM supplemented with 10% (v/v)
FCS containing 20% (v/v) glycerol and stored at -80 °C in a Nalgene Mr Frosty system. For long-
term storage, cells were relocated and stored at -196 °C in the liquid nitrogen tank.
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3.2.5 Thawing cells

All the cells, excluding 3T3-J2 cells and HPV16-HTK and HPV16-HFK, were thawed rapidly after
which were added to 5 mL of 2% FBS-PBS in 15 mL conical tubes. To completely remove DMSO,
cells were separated by centrifugation at 4 °C at 800 x g for 4 min. Cells were then gently
resuspended in either DMEM complete or KGM complete media depending on the cell line and
placed in the incubator at 37 °C with 5% COx.

3T3-J2 cells and primary HTK and HFK were removed from liquid nitrogen and allowed to thaw
briefly in a water bath set to 37 °C. Cells in the solution were transferred to a conical tube
containing 10 ml of required media, before centrifugation for 5 min at 1000 x g. Cells were then

resuspended in fresh media and plated out at the required density.

3.3 Cell biology

3.3.1 Calcium phosphate transient transfection

A day prior to transfection, 2-4x10° cells/6 cm dish were seeded in 2,5 ml DMEM complete media
so that, at the time of transfection, cells would be about 20-30% confluent. The following day
transfection was carried out in a 1,5 mL tube as follows: 95 pL of TE buffer was mixed with 11 pL
of CaClz and the specific amount of DNA depending on the experiment and used plasmid size. The
mixture was vortexed quickly and then 100 pL of 2X HBS was added dropwise while aerating.
The final transfection mix was incubated for 45 min at room temperature and then drop-by-drop
added around the dish. Dish was gently mixed back and forth, after which was placed back in the
incubator at 37 °C and 5% CO2. Approximately 16 h post transfection, cell media was aspirated

and replaced with fresh DMEM complete media or cells were harvested for further experiments.

3.3.2 Lipofectamine 2000 transfection

A day before transfection, 3x10° cells/well were seeded in 6-well plates in 1 mL of KGM complete
media so that cell confluency would be 70-90% at the time of transfection. For each sample,
transfection complexes were prepared so that DNA:lipofectamine ratio would be 1:3 in this
manner: 0.5 ng DNA was diluted in KGM complete media to make 50 pL in total in the first 1.5
mL tube. In the other tube, 1.5 pL of Lipofectamine 2000 were diluted in 50 uL. of KGM complete
media in the second 1.5 mL tube. Mixtures were incubated separately for 5 min at room temperature
and were then combined gently by pipetting. The combined mixtures were then incubated for 20

min at room temperature and added dropwise on cells. The 6-well plate was mixed gently by
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shaking back and forth, after which was left in the incubator at 37 °C and 5% CO: for 24-48 h prior
to testing for transgene expression. The media was changed 4-6 h later when formed complexes

already entered cells.

3.3.3 Viromer transfection
A day prior to transfection, 8x10* cells per well were seeded in a 24-well plate in 500 pL of KGM

complete media.

Transfection was carried out in two separate tubes in DNA:Viromer ratios 3.3, 5 or 6.7 as follows:
calculated amount of DNA was diluted to 11 ng/uL using provided buffer in total volume of 135
pL. Depending on used ratio, specific amount of Viromer reagent was placed onto the wall of a
fresh tube and provided buffer was added immediately in a total volume of 15 pL. The solution
was vortexed for 3-5 s. DNA-buffer mixture was pipetted from Tube 1 onto the 15 pL of the
Viromer solution in Tube 2, mixed and incubated for about 15 min at room temperature. Formed
transfection complexes were added to cells and they were returned in the incubator at 37 °C and

5% CO2 until needed for further experiments.

3.3.4 FuGENE transfection
A day before transfection, 2x10° cells were seeded in 6 cm dishes in 1 mL of KGM complete media

so that cells would reach 70-90% confluency at the time of transfection.

For each sample, transfection complexes were prepared in a polystyrene tube so that
DNA:FuGENE ratio would be 1:3 as follows: 100 pL of KGM complete media were mixed with
2 pg of DNA and 6 pL of provided Trans reagent. The mixture was then incubated for 15 min at
room temperature. During the incubation, the cell media was gently aspirated and replaced with 1
mL of fresh KGM complete media. The transfection mix was added dropwise on cells after which

the dishes were returned in the incubator.

For transfections with HPVV16 genomes, 1.6 pg of a plasmid containing whole HPV16 genome and
0.4 pg of a plasmid carrying blasticidin resistance were mixed. The transfection protocol was the
same as mentioned above yet antibiotic selection was carried out 24 h after transfection. The cell
media was aspirated after which dishes were washed with PBS. After removing PBS, 2 ml of fresh
KGM complete with 1.75 pL of blasticidin were added to each dish which were placed in the

incubator and passaged as needed for further experiments.
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3.3.5 Single cell colony in 96-well plate

Limited dilution method was used to obtain single cell colony carrying selection. Cells were plated
at very low cell densities (< 1 well per well) in 96-well plates and expanded to form colonies. The
whole time, cells were grown in KGM complete media containing 0.7 pg/mL blasticidin in the

incubator under previously described conditions.

3.3.6  Immunohistochemical analysis of DLG1 and SCRIB proteins

3.3.6.1 Tissue samples

The study was conducted on FFPE OPSCC samples (n = 66) grouped and named HPV16-positive
oropharyngeal cancer (n = 21), HPV-negative oropharyngeal cancer (n = 36) graded 1-3, and
healthy tonsillar tissue (n = 8). The tissue samples were obtained from the archives of the
Department of Pathology and Cytology, University Hospital Dubrava (ethical permit no. BEP-55
48/2-2016) and the Department of Pathology and Cytology University Hospital Centre, Zagreb,
Croatia (ethical permit no. 02/21 AG, Class 8.1-21/15-2). All the tissue samples were previously
fixed in 10% buffered formalin and embedded in paraffin.

3.3.6.2 DNA isolation

From each FFPE block, five to seven slices of 10 um were cut on microtome and used for DNA
isolation. DNA was then isolated using a commercial kit NucleoSpin® DNA FFPE XS, according
to the manufacturer’s instructions. The concentration of the isolated DNA was measured using
NanoPhotometer® N60. The efficacy and quality of the isolated DNA were validated by PCR,
using primers generating 99 bp long beta-actin fragments. Briefly, 50 ng of DNA sample was used
as a template. DNA was amplified in a Veriti™ 96-Well Fast thermal cycler under the following
conditions: initial denaturation at 95 °C for 12 min, followed by a total of 40 cycles of 95 °C for
30 s, 60 °C for 1 min, and 72 °C for 1 min. Final elongation was performed at 72 °C for 7 min.

PCR products were analyzed on 2% agarose gel using gel electrophoresis.

3.3.6.3 Detection and Genotyping

For HPV DNA detection, PCR was performed using short primers suitable for FFPE tissue samples
GP5/6 (~142 bp) and SPF 10 (~65 bp) to avoid false negative results, due to high DNA degradation
of FFPE samples. GP5/6 was amplified using nested PCR, a technique that reduces nonspecific
amplification of the DNA template. For GP5/6 detection, PGMY/B-globin PCR reaction was

performed with primers that cover the L1 sequence. For this, 50 ng of isolated DNA were used as
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a template. PCR was performed in Veriti™ 96-Well Fast thermal cycler under the following
conditions: initial denaturation at 95 °C for 9 min, followed by a total of 40 cycles of 95 °C for 1
min, 51 °C for 1 min, and 72 °C for 1 min with final elongation at 72 °C for 5 min. After the first
PCR, a second reaction for GP5/6 detection was performed using amplificons form the first PCR
reaction as a template. This time, 1 pL of PCR products was used as a template and DNA was
amplified in a thermal cycler as follows: initial denaturation at 95 °C for 9 min, followed by 45
cycles of 94 °C for 1 min, 40 °C for 2 min, and 72 °C for 90 s with final elongation at 72 °C for 4

min.

SPF10 PCR was performed in a Veriti™ 96-Well Fast thermal cycler using Hot Start Taq
polymerase as demonstrated: initial denaturation at 95 °C for 4.5 min, followed by 40 cycles of 95
°C for 30 s, 51 °C for 30 s, and 72 °C for 30 s with final elongation at 72 °C for 7 min. The PCR
products (10 uL) were run on 3% agarose gels and sample was considered as HPV-positive if either
the GP5/6 or SPF10 PCR was positive.

In addition, for the detection of HPVV16 E6/E7, a supplementary primer pair, generating a shorter
DNA sequence (98 bp), was used. HPV16 E6/E7 DNA was amplified in Veriti™ 96-Well Fast
thermal cycler using following steps: initial denaturation at 95 °C for 10 min; 40 cycles of 95 °C
for 1 min, 54 °C for 1 min and 72 °C for 2 min; with a final elongation at 72 °C for 7 min. The

PCR efficacy was confirmed by loading 10 puLL of PCR products on 3% agarose gels.

3.3.6.4 Antibodies

DLG1 and SCRIB were detected in FFPE tissue sections using mouse monoclonal antibodies anti-
SAP97 (DLG1, 2D11) or anti-SCRIB (C-6) at 1:20 dilutions. Biotinylated secondary antibodies
were provided in commercial kits CINtec® Histology kit system and EnVision® + Dual Link
System-HRP.

3.3.6.5 Immunohistochemistry

Seven um FFPE tissue sections were mounted on pretreated glass slides, deparaffinized in xylene
substitute BioClear, and rehydrated using a graded ethanol series as follows: 100%, 95% and 70%.
The expression of p16 was analyzed using the CINtec® Histology kit system in accordance with
the manufacturer’s instructions and compared with the previously determined HPV status of the

corresponding tissue.
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Endogenous expression of DLG1 and SCRIB was detected using EnVision® + Dual Link System
in line with the manufacturer’s instructions. Negative controls for each sample were processed in
the same way, except that the primary antibody was replaced with the negative control solution
provided in CINtec® Histology kit system for p16 determination or Ab solution. The intensity of
DLG1 and SCRIB immunoreactivity was graded and scored by three independent pathologists as
follows: 0 (no staining), 1+ (low intensity), 2+ (medium intensity), and 3+ (strong intensity).

3.3.6.6 Statistical Analysis
Descriptive statistics were used to evaluate differences in DLG1 and SCRIB protein expression

and localization in HPV-positive and HPV-negative OPSCCs.

A Kruskal-Wallis test was used to evaluate possible significant differences between the designated
groups, HPV-negative OPSCCs grades 1-3 and HPV16-positive OPSCCs with Dunn’s multiple
comparison posttest. The ratio of DLG1- or SCRIB-positive staining in tumor cells was evaluated

by three independent pathologists.

Pearson’s y2 test was used for evaluation of any significant differences in DLG1 or SCRIB
localization between designated groups: HPV-negative OPSCCs grades 1-3 and HPV16-positive
OPSCCs. All statistical analyses were performed using GraphPad Prism software.

3.3.7 Immunofluorescence (IF)

3.3.7.1 IF staining of cells and analysis by confocal microscopy

One day prior to IF assay, the sterile cover slips were placed in 12 or 24 well plates, rinsed with
PBS, followed by a quick rinse with culture media. Cells were plated on cover slips at a density of
~ 10,000/well. The other day, cells were rinsed with PBS and fixed with 3.7% PFA in PBS for 30
min at room temperature. Cells were then washed gently three times with PBS and permeabilized
with 0.1% Triton for 5 min at room temperature. After permeabilization, cells were again washed
three times with PBS and incubated in PBS containing 2% BSA for 30 min at room temperature
and then washed again three times in PBS. Cells were then incubated overnight at + 4°C in primary
antibody diluted 1:30 in Ab solution. The next day, cells were gently washed three times with PBS
and incubated for 30 min at room temperature in secondary antibody diluted 1:700 in Ab solution.
Cells were rinsed again three times with distilled water and cover slips with cells were mounted
facing down on the glass slides. Excess liquid was removed with filter paper and cover slips were

sealed with nail polish. Confocal fluorescent images were obtained by laser scanning microscope
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Leica TCS SP8 X, equipped with a HC PL APO CS2 63x/1.40 oil objective and analyzed by Leica
Application Suite X (LAS X) software.

3.3.7.2 IF analysis of organotypic 3D raft cultures

Raft sections were prepared at Human Biomaterials Resource Centre, College of Medical and
Dental Sciences, University of Birmingham. Four nm raft sections were deparaffinized in Histo-
Clear TMI for 10 min and rehydrated by incubation in 100% ethanol for 5 min. Slides were then
rinsed three times in distilled water. A heat-induced epitope retrieval (HIER) technique using an
EDTA buffer was applied to paraffin-embedded and formalin-fixed samples. To enhance the
staining intensity of antibodies the sections were immersed overnight in EDTA buffer, heated to
65 °C and continually agitated on a stirrer. Retrieved raft sections were then washed with distilled
water and blocked in Blocking buffer containing of 20% v/v heat-inactivated goat serum (HINGS)
with 0.1% w/v BSA in PBS, for 2 h at room temperature in humidified dark chamber. Primary
antibody was diluted in the same blocking buffer according to tested dilutions, applied to raft
sections and incubated overnight at 4 °C in humidified dark chamber. Excess antibody was
removed by washing sections in PBS for 5 min with continuous agitation, three times. The
appropriate secondary fluorophore-conjugated antibody was diluted in the same blocking buffer,
applied to each slide, and incubated for 1 h at 37 °C in humidified dark chamber. The sections were
then washed in PBS for 5 min with continuous agitation, three times as before. Slides were then
immersed in PBS containing 20 ul of 4'.6-diamidino-2-phenylindole (DAPI) for highlighting the
cell nuclei. Slides were mounted using Fluoroshield and visualized on a Nikon Eclipse E600

microscope.

3.4 Molecular methods

3.4.1 CRISPR-Cas9 Knock-in

3.4.1.1 PCR amplification of HPV16 E6 or HPV16 E7

Donor plasmids pAAVS1-16E6-DNR and pAAVS1-16E7-DNR were constructed by subcloning
of the coding sequence for the HPV oncogenes from original plasmids pcDNA3.1. Multiple PCR

reactions were performed using specific primers for more successful purification and better yield.

Both HPV16 E6 and E7 genes were amplified in Veriti™ 96-Well Fast thermal cycler using the
same PCR conditions for both in this order: initial denaturation at 94 °C for 3 min; 35 cycles of 94
°C for 40 s, 58 °C for 30 s and 72 °C for 2.5 min; with a final elongation at 72 °C for 7 min.
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3.4.1.2 DNA purification
For DNA separation, agarose was dissolved in TAE buffer by heating to make a 2% solution. This

was later quickly cooled, and Midori Green detection dye was added before pouring into the mold.

DNA samples were loaded on a gel and were ran in a tank containing TAE buffer at 120 V. DNA
marker was used for determination of bands molecular weights. Proper-sized DNA bands were
excised from gel, placed in a 1.5 ml microcentrifuge tube and DNA was purified using Wizard®
SV Gel and PCR Clean-Up System according to the manufacturer’s instructions. Briefly, once gel
slice containing DNA has dissolved, an equal volume of Membrane Binding Solution was added
to the PCR amplification and the solution was transferred to the Minicolumn assembly. The
solution was removed by centrifugation and DNA fragments were washed and eluted using
provided nuclease-free water. The concentration of purified DNA was measured by
NanoPhotometer® N60.

3.4.1.3 Construction of pAAVS1-16E6-DNR and pAAVS1-16E7-DNR donor plasmids

Before ligation, both vector pAAVS1-BSD-DNR and HPV16 E6/E7 inserts were cut by restriction
digestion enzymes Ascl and Mlul. The Ascl degradation was performed in the appropriate buffer
compatible with both enzymes in the total reaction volume of 40 pL or 100 puL for HPV inserts or
donor vector, respectively. After 1 hour at 37 °C Ascl was inactivated by heating the solution to 80
°C for 20 min. The solution was cooled to 37 °C and Mlul was added for additional 1 h at 37 °C.
In the vector ligation solution, calf intestinal alkaline phosphatase (CIP) was added 30 min after
Mlul enzyme to prevent religation of linearized plasmid DNA.

The enzymatically treated vector and HPV oncogene inserts were ligated in the ratio 1:10
(vector:insert) using the enzyme T4 DNA ligase in the total volume of 30 pL. Two negative
controls were used; one was vector only without insert and T4 ligase while other contained vector

and T4 ligase without insert. The ligation was performed overnight at 16 °C.

3.4.2 Generation of HPV16 E6-encoding lentiviruses

3.4.2.1 PCR amplification of HPV oncogenes

HPV16 E6 gene was amplified using the same PCR conditions in Veriti™ 96-Well Fast thermal
cycler as described: initial denaturation at 95 °C for 5 min; 40 cycles of 95 °C for 40 s, 62-63 °C
for 40 s and 72 °C for 2.5 min; with final elongation at 72 °C for 7 min. PCR amplificons were

loaded on a 2% gel and gel-purified as described above.
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3.4.2.2 Construction of pUltra-GFP-16E6 vector

As previously described, before ligation, both vector pUltra-GFP and HPV E6 inserts were digested
by appropriate specific restriction enzyme pair Xbal/Sall-HF. The digestion was performed in the
appropriate buffer compatible with both enzymes in the total reaction volume of 50 uL or 100 uL
for HPV inserts or donor vector, respectively at 37 °C for 2 h. CIP was added in the vector ligation
solution 1 h after digestion started to prevent religation of linearized plasmid DNA.

The vector and the HPV insert were ligated in the ratio 1:10 (vector:insert) using T4 DNA ligase
in the total volume of 30 puL overnight at 16 °C.

3.4.2.3 Preparation of lentiviral particles
Properly constructed plasmids containing HPV oncogenes were co-transfected in HEK293T cells
with additional two plasmids, pMD2.G and psPAX2, VSV-G envelope expressing plasmid and

gag-, pol- packaging expressing plasmid respectively.

A day prior to transfection, 4x10% HEK293T cells were seeded in 10 cm dish in DMEM complete
media. Transfection was performed using either Lipofectamine 2000 or calcium phosphate as
described above with difference being in equimolar usage of 18 pg of DNA in total. Cells were
incubated at 37 °C and 5% CO- for 18-20 h after which cell media was replaced with 6 mL of fresh
DMEM complete media. The supernatant containing lentiviral particles was collected 48 and 72 h
after transfection, respectively. Fresh DMEM culture medium was replaced after the collection of
supernatant, at 48 h time point. After collecting the virus twice, the transfected HEK293T cells
were discarded, and the collected supernatant was filtered with 0.45 pm filter membrane to an
ultracentrifuge tube. This was then centrifuged at 164000 x g for 1.5 h at 21 °C using
ultracentrifuge, the supernatants were discarded, lentiviral deposition was resuspended in 3 mL of

fresh medium, aliquoted in 300 pL aliquots and kept at -80 °C.

3.4.2.4 Titration of purified lentiviruses

Lentiviral titer was determined with fluorescent microscopy. One day in advance, 9x10°
keratinocytes/well were seeded in a 24-well plate. Various amounts (0-500 pL) of lentiviral
particles were added to each well per virus. Two days post infection, fluorescent positive cells were

visualized using EVOS FLoid Imaging System for estimating the lentiviral titer.
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3.4.3 Transfection of HPV16 genomes

Keratinocytes isolated from various anatomical site origins were transfected with pT2ZH plasmid,
a derivative of pUC19 containing the entire HPV16 genome cloned into the unique BamHI site.
The cells were transfected using FUGENE reagent as previously explained in detail. Transfected
cells were grown and passaged without 3T3-J2 feeder cells for a longer period in KGM complete
media at 37 °C and 5% COz. This fastened the integration of HPV E6/E7 oncogenes into host cell

genome and establishment of stable keratinocyte cell lines expressing HPV16 E6/E7 oncoproteins.

3.4.3.1 DNA isolation

Established cells containing HPV16 E6/E7 oncogenes were grown in KGM complete media. Cells
were collected and total DNA was isolated. Cell pellets were resuspended in 700 pL of TEX buffer,
15-25 uL of proteinase K depending on the pellet size were added, and the solution was incubated
overnight at 37 °C with agitation. The next day, 1/3 vol. of cold 5 M NaCl was added and incubated
for 15 min at 4 °C. The solution was centrifugated for 15 min at 15000-16000 x g at +4 °C and
supernatant was divided into two new 1.5 mL tubes. In each, 2 vol. of cold 96% ethanol was added,
the content was briefly vortexed and incubated at -20 °C for at least 2 h for DNA to precipitate.
Tubes were centrifuged at 2 °C for 30 min at 17000-18000 x g, supernatant was discarded, and
remaining DNA pellets were washed with 2 mL of ice-cold 70% ethanol. After the incubation of
15 min at -20 °C, DNA was separated by centrifugation at 2 °C for 15 min at 17000-18000 x g and
incubated at 56 °C for 2-3 min to allow the ethanol to completely evaporate. DNA was diluted in
miliQ water depending on DNA pellet size at 37 °C for 1-2 h and stored at -20 °C.

3.4.4 RT-gPCR

The gene expression quantification was then given as a ratio of the levels of MRNA transcripts of
the gene of interest in an experimental sample (HPV16-containing keratinocytes of various
anatomical sites: iIHTK, iINOK, iHFK) to a defined control sample (non-transfected iHTK, iNOK,
IHFK respectively) as well in CaSki and C33A control cells.

3.4.4.1 RNAsolation

Prior to RT-gPCR reactions, cells were collected, counted, and washed twice in 1.5 mL of PBS.
Cell pellets were then resuspended in QIAzol buffer according to cell number (300 uL. of QIAzol
to 1x10° cells or 100 uL more for each additional 1x10° cells). RNA isolation was then proceeded

using Direct-zol™ RNA Miniprep according to manufacturer's instructions. Briefly, an equal
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volume of absolute ethanol (95-100%) was added to a lysed sample, mixture was mixed
thoroughly, transferred into a Zymo-Spin™ IICR Column in a collection tube and centrifuged. The
column was transferred into a new collection tube and the flow-through was discarded. The column
was washed using RNA Wash Buffer and DNase | treatment was performed directly on column.
For that, DNase | and DNA Digestion Buffer mixture was added to the column matrix followed by
incubation at room temperature for 15 min. RNA was washed using Direct-zol™ RNA PreWash
and then with RNA Wash Buffer. RNA was eluted into an RNase-free tube by addition of
DNase/RNase-Free Water directly to the column matrix. Concentrations of isolated RNAs were
measured using NanoPhotometer® N60 and were considered to be pure if A2eo/280 ratio was more
than 1.8.

3.4.4.2 Reverse transcription and quantitative PCR

Preceding RT-gPCR, isolated and purified RNA was transcribed into complementary DNA
(cDNA) using a QuantiTect Reverse Transcription Kit according to manufacturer’s instructions.
RNA samples were then used directly in the process of reverse transcription, using a master mix
prepared from Quantiscript Reverse Transcriptase, Quantiscript RT Buffer, and RT Primer Mix.
The mixture was incubated at 42 °C for 25 min and Quantiscript Reverse Transcriptase was
inactivated by sample incubation at 95 °C for 3 min. The reverse-transcription reactions were

placed on ice until further usage.

RT-gPCR was used for detection of DLG1pB, DLG1 HOOK isoforms and SCRIB transcript levels
in primary keratinocytes and OPSCC-derived cell lines. Each reaction contained 40 ng of cDNA
template, 10 pl of SYBR SensiFAST mix, 0.25 ul of 10 pM primer mix, made up to a total volume
of 20 ul with nuclease-free water. Reactions were set up in triplicates in 96-well reaction plates and
analyzed using the Stratagene Mx3005p machine. Samples were initially subjected to a
denaturation step at 95 °C for 5 min, followed by 40 cycles of denaturation at 95 °C for 30 s,
annealing at 59 °C for 30 s and extension step at 72 °C for 30 s.

As control, HPV16 E6 and B-actin RT-gPCR was performed using the same conditions apart from

annealing temperature. Annealing was completed at 50°C for HPV16 E6 and at 60°C for B-actin.
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3.5 Bacterial methods

3.5.1 DHS5a transformation

DH5-a are chemically competent Escherichia coli cells suitable for high efficiency transformation.
For a transformation, 50 uL of DH5-a were mixed with 30 pL of ligation mixture and incubated
on ice for 2 min. This blend of bacteria and DNA was then placed at 42 °C for 2 min (heat shock)
and then put back on ice for additional 10 min. LB medium without antibiotic was added and the
transformed cells were incubated at 37 °C for 1 h with agitation for generation of the antibiotic
resistance proteins encoded in the plasmid backbone. Entire transformation mix was then plated
onto a 10 cm LB agar plate containing the ampicillin and plates were incubated overnight at 37 °C.
The next day, a few colonies were picked and grown in liquid LB media with ampicillin overnight
at 37 °C with agitation.

3.5.2 XL-1 transformation

For lentiviral plasmid production XL-1 Blue competent E. coli cells were used. XL-1 Blue cells
are endonuclease (endA) and recombination (recA) deficient, so using those can greatly improve
the quality of DNA prep and insert stability, respectively. The procedure mildly variates from
DH5a transformation protocol described above. After combining of 50 uL of XL-1 bacteria with
30 uL of ligation solution, the mixture was incubated on ice for 30 min and then placed at 42 °C
for 45 s (heat shock). Cells were then placed back on ice for additional 2 min. Hundred pL of
preheated LB media without antibiotics were added and the transformed cells were incubated at 37
°C for 1 h with agitation for generation of the antibiotic resistance proteins encoded in the plasmid
backbone. All of the transformation mix was plated onto a 10 cm LB agar plate containing
ampicillin and plates were incubated overnight at 37 °C.

3.5.3 DNA plasmid preparation

For large scale plasmid production in DH5a cells, bacterial cells were grown in 400 mL LB
overnight at 37 °C with agitation, after which they were pelleted, and plasmid DNA was isolated
using Qiagen Maxi-prep kit according to manufacturer’s instructions. Briefly, DH5a which
produced the desired plasmid were resuspended, lysed, and neutralized using the appropriate
buffers. Cell lysate was cleared by centrifugation at 12000 x g and DNA was bound on provided
QIAGEN-tip column. The solution was removed by centrifugation and DNA was washed and

eluted using provided elution buffer. DNA was then precipitated using isopropanol and the solution
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was removed by centrifugation. Precipitated DNA was washed in 70% ethanol, after which ethanol
was removed, and ultrapure DNA was diluted in a suitable amount of nuclease-free water or TE
buffer depending on the storage length. The concentration of purified DNA was measured on
NanoPhotometer® N60.

3.6  Protein biochemistry

3.6.1 Total protein extraction

When fully confluent, cells were collected and resuspended well in a suitable amount of E1A buffer
depending on pellet size. The mix of protease inhibitors was added in 1:25 dilution. The solution
was incubated on ice for 30 min and centrifugated for 30 min at 16000 x g at 4 °C. Proteins
solubilized in supernatant were collected in a new 1.5 mL tube and concentration was measured

using Bio-Rad protein assay.

3.6.2 Bio-Rad protein assay
The Bio-Rad protein assay is a dye-binding assay based on the method of Bradford in which the
Coomassie Brilliant Blue G-250 color change occurs in response to various concentrations of

proteins.

Firstly, the dye reagent was prepared by diluting 1 part of Dye reagent concentrate with 4 parts of
distilled water. Then, the BSA protein standard was prepared in dilution from 2-0 mg/mL with PBS
in 96-well plate. Samples were prepared and loaded on the same plate in triplicates in 1:3 to 1:5
dilutions with PBS. In total 5 pL of diluted samples were loaded in each well. Three hundred pL
of prepared dye reagent were added per well. The plate was incubated in a dark at room temperature
for at least 5 min and absorbance at 595 nm was measured. According to obtained data for BSA
standard dilutions, a chart of absorbance dependence on concentration was created. Protein

concentrations were determined using the graph equation.

3.6.3 Western Blot analysis

3.6.3.1 SDS-PAGE for Western Blot assay

Different separating gel percentages were used depending on the protein size (Table 14.). Freshly
prepared separating gel mixture was poured between glass plates and covered with isopropanol to
prevent polymerization inhibition and straighten the separating gel border. After complete

polymerization of separating gel, the isopropanol was removed using filter papers, and the stacking
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gel was poured on top of the stacking gel. The comb was placed to form wells during gel
polymerization. Equal amounts of protein samples were loaded into wells of the SDS-PAGE gels,

along with molecular weight protein marker. Gels were run at 100-120 V.

Table 14. Western Blot gels composition

Separating gel 7.5% 10% Stacking gel 4%
dH20 4,7 3,8 dH20 3,7
1.5M Tris-HCIpH 8.8 | 3 3 1 M Tris-HCI 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 0,003 TEMED 0,005

3.6.3.2 Protein transfer to nitrocellulose membrane

Nitrocellulose membrane, Whatmann papers and sponges were soaked in 1x Transfer Buffer prior
to assembly of the transfer cassette. After SDS-PAGE, the gel was removed from the tank the
transfer cassette was prepared. All air bubbles were gently removed with a roller so the inhibition
of protein transfer to the membrane was avoided. Prepared WB cassette was placed into a transfer
tank and proteins were transferred to a membrane overnight at a constant voltage of 20 V.

3.6.3.3 Immunoblotting

After protein transfer, membranes were rinsed briefly in 1x TBST and 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 staining was rinsed with several washes in 1x TBST until membrane
became clear. The membrane was blocked in TBST with 10% milk for 1 h at room temperature
with constant agitation, followed by incubation in primary antibody which was diluted as 1:500 in
1x TBST with 10% milk, overnight at 4 °C with gentle agitation. Membrane was washed with 1x
TBST three times for 10 min each with gentle rocking and incubated with the appropriate
secondary antibody diluted in 1x TBST with 1% milk or BSA for 1-2 h at room temperature with
gentle rocking. Membranes were then again washed in 1x TBST three times, each wash for 10 min,
with gentle agitation. To visualize separated proteins, membranes were incubated with ECL or

SuperSignal West Pico Substrate for 1-5 min and developed using Uvitec Alliance Q9 Mini system.

3.6.3.4 Statistical Analysis
Descriptive statistics were used to evaluate differences in DLG1 and SCRIB protein expression in
INOK, iHTK and iHFK-expressing HPV16 E6/E7 to their non-transfected matching controls.
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An ordinary one-way ANOVA test was used to evaluate possible significant differences between
keratinocytes expressing E6/E7 oncogenes and their matched controls. All statistical analyses were

performed using GraphPad Prism software.

3.6.4 GST-pull down

3.6.4.1 GST fusion protein production

For production of GST fused proteins, 50-100 uL of bacterial glycerol stock was inoculated in 40
mL LB with ampicillin and grown overnight at 37 °C with constant shaking. The whole overnight
culture was transferred to a new 400 mL of LB with ampicillin at a final concentration of 75 pg/ml
and incubated at 37 °C with shaking until ODesgo Was 0.5-0.6. To this culture isopropyl p-D-1-
thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM, and the suspension was
incubated on a shaker at 28 °C for additional 3-5 h. The bacteria were then separated for 15 min at
7000 x g. The supernatant was discarded, the bacterial pellet resuspended in 10 mL of ice-cold PBS
+ 1% Triton X-100 and transferred to a 30 mL conical tube. Cells were then sonicated 2x 30 s at
40-50% amplitude with at least 30 s pause between pulses and centrifugated for 10-15 min at 12000
X g. The supernatant was stored for next steps. Meanwhile, glutathione-S-transferase agarose beads
were rehydrated in cold PBS. The beads were separated by centrifugation at + 4 °C, combined with
bacterial supernatant and incubated overnight at +4 °C on a rotating wheel. The beads were
centrifuged at +4 °C for 4 min at 825 x g, the supernatant was discarded, and beads were washed
at least 3 times in ice-cold PBS with 1% Triton. Twenty pL of GST bound agarose beads were ran
on a gel to check the purity and the amount of produced protein. The amounts of produced GST
fused proteins for GST-pull down assays were balanced depending on the result of the gel. The rest
of the beads were resuspended in sufficient amount of cold PBS with 1% Triton-X-100 and 20%

glycerol and stored at -80 °C.

3.6.4.2 GST-pull down assay

Cells were collected, and proteins were extracted in E1A buffer as described previously. From
prepared protein extracts, 10% were transferred into a new 1.5 mL tube without beads which served
as an input. Meanwhile, the previously determined amount of glutathione-S transferase agarose
beads was prepared in 15 mL conical tube and washed three times with standard E1A buffer. Using
a Hamilton needle, the whole E1A buffer was removed from the beads, and they were incubated

with protein lysates overnight at + 4 °C on a rotating wheel. The other day, beads were separated
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by centrifugation for 3 min at 825 x g. The beads were washed at least three times with E1A buffer.
Using Hamilton needle, the whole supernatant was removed from the beads, followed by addition
of 2x SDS loading buffer. The beads were vortexed well and boiled for 10 min at 95 °C. The bound

proteins were analyzed on 7,5 or 10% gel using Western Blot analysis as described above.

3.6.5 Fractionation assays

Cells were fractionated into 4 fractions: cytosolic (F1), membrane/organelle (F2), nucleic (F3) and
cytoskeletal (F4) using ProteoExtract® Subcellular Proteome Extraction Kit according to
manufacturer’s instructions. For the extraction, 2.5x10° cells were collected and washed carefully
with cold PBS. They were resuspended in 600 ul Wash buffer, transferred to a tube, and incubated
for 5 min on ice. Cell pellets were resuspended in 300 puL of Extraction buffer I with 1.5 pL
Protease Inhibitor Cocktail set | and incubated for 10 min on ice. The suspension was centrifuged
for 10 min at 500-1000 x g at + 4 °C and the supernatant (F1) was collected in a new tube. The
remaining pellet was resuspended in 300 uL Extraction Buffer II with 1.5 pL Protease Inhibitor
Cocktail Set I and incubated for 10 min on ice. The suspension was centrifuged for 10 min at 5000-
6000 x g at + 4 °C and the supernatant (F2) was collected in a new tube. Cellular pellets were then
resuspended in 150 pL of the Extraction Buffer III with 1.5 pL of Protease Inhibitor Cocktail Set
I and incubated for 10 min on ice. These were again centrifuged for 10 min at 6800 x g at + 4 °C
and the supernatants (F3) were collected in a new tube. The remaining cell pellet was resuspended
in 150 pL Extraction Buffer IV with 1.5 pL Protease Inhibitor Cocktail set | and stored as F4.

Extracted proteins were validated using Western Blot.
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4 RESULTS

4.1 Establishment of HPV16 E6/E7 expressing cell lines

Three hTERT-immortalized keratinocyte cell lines iINOK, iIHTK and iHFK were used for
establishing cell lines which stably express HPV16 E6/E7 oncoproteins. This was first attempted
using the CRISPR-Cas9 Knock-in transfection system which utilizes incorporation of the gene of
interest into AAVSL1 locus in human cells, and results in its robust and stable expression. Briefly,
it is constituted of three plasmids: pCas-Guide-AAVS1, pCas-Guide-Scramble and donor plasmid
pPAAVS1-BSD-DNR, which is used as a vector for cloning a gene of interest (16E6 or 16E7) into
the multiple cloning site and it also provides an antibiotic marker for selection of transfected cells.
E6 oncogene insert was successfully amplified from the template pcDNA3.1 HPV16 E6 (Figure
17.A). To subclone the insert into the pAAVS1-BSD-DNR donor vector, both purified PCR
product and donor vector were digested using Ascl/Mlul restriction enzyme pair and ligated by T4
ligase. To validate the effectiveness of cloning, triple validation was carried out. Firstly, after
growing selected colonies and isolating the plasmids, they were digested by the same restriction
enzyme pair and the products separated on an agarose gel. The lane which contained two bands of
the sizes corresponding to the insert and the vector represented the colony transformed with the
cloned donor vector (Figure 17.B). To further confirm this, HPVV16 E6 was PCR amplified from
the constructed plasmid (Figure 17.C). Finally, to additionally verify the cloning efficiency, the
constructed plasmid was sent for sequencing. The obtained data were aligned with HPV16 E6
FASTA downloaded from NCBI and FLAG and HA-tags. Those tags were fused to DNA insert to
allow easier detection of E6 protein due to the absence of commercially available specific anti-
16E6 antibodies. According to the aligned results (Figure 17.D), E6 oncogene was successfully
cloned into the pAAVS1-BSD-DNR donor vector and could have been used for further

experiments.

70



NTC

16E6
16E6
16E6
16E6

DH5a; 16E6; 1:10; 1

DHS5a; 16E6; 110; 2

DH50; 16E6; 1:10; 3

DH5¢; 16E6; 1:10; 4

DH50; 16E6; 1:15; 1

DHS5c; 16E6; 115; 2

DH50,; 16E6; 1:15; 3

— ™
= =)
e p=3
< ] S
i =2 =2
= 3 3
o It} o
= at =
= =] a
.~ —
<
=)
5
w
o
S
w
£
=]

|

0 2 ¥ 50 50 & "
| | |

CCAATGBGBGBGTATATAGCABABCTCGTTTABGTBAACCBTCAGAATTTTBTA

50 uo 0 %0 m
| 1 | | 1 | | I
6 TcT T TGGGCBBBTCABACTA
GACTA
2%0 20 %0 0

([ O Ly e Pt g I i | I i
BCAABBTOBCTACCCATACGATBTTCCAGATTACOCATACCCATACOATOTTCCAGATTACGCABTACCTBOA

TACCCATACBATGTTCCABATTACBCA
TACCCATACBATGTTCCABATTACGCA

n k) ] u0 30 %
| | | | | | 1 | |

TTTCABGACCCACABGAGCEACCCABAAAGTTACCACABT TATGCACABABCTECAAACAACTATACATEATA

-F  TTTCABBACCCACABBABCBACCCABAAABTTACCACABTTATBCACAGABCTBCAAACAACTATACATBATA

20 &0 440 150 440 a0
| | | 1 | | i | | |

2 AACAGTTACTGCEACGTGAGETATATGACTTTECTTTTCEGEATTTATECATAGTATATAGABATEEGAATCC
AACABTTACTBCBGACBTOABBTATATBACTTTBCTTTTCOBBATTTATGCATAGTATATABABATBBBAATCC

50 20 50 560 0 50 50

1 | | 1 | | | 1 | |
BTTTTATTCTAAAATTAGTBAGTATABACATTATTGTTATAGTTTBTATEBAACAACAT TAGAACABCAATAC
BTTTTATTCTAAAATTABTBABTATABACATTATTOTTATABTTTBTATGBAACAACATTABAACABCAATAC

&0 &0 &0 40 o0 0 &0
| | | 1 | | 1 | | 1
ABGTGTATTAACTGTCAAAAGCCACTETETCCTEAAGAAAABCAAABACATCTEGACAAAAABCAAABATTCE
ABBTBTATTAACTBTCAAAABCCACTBTBTCCTBAABAAAAGCAAAGACATCTGBACAAAAABCAAABATTCC

0 br) 0 740 -] 70 ki)
| | | 1 | | i | I I
fastz2  GATGTATETCTTGTTBCABATCATCAAGAACACETABAGAAACCCAGCTGTAA
-F BATBTATBTCTTGTTGCABATCATCAABAACACBTABABAAACCCAGCTBTAAACGCECCATEB6CE6CTCAB

Figure 17. Cloning of HPV16 E6 sequence into the pAAVS1-BSD-DNR donor vector. (A) 16E6 PCR amplification from
pcDNA3.1 16E6 template, (B) Ligation validation by Mlul/Ascl digestion, (C) Ligation validation by PCR amplification, (D)

Cloning verification by DNA sequencing.

Using the same principle as for cloning and constructing plasmid containing 16E6, donor plasmid
pAAVS1-BSD-DNR-16E7 was also created. The oncogene 16E7 was cloned from pcDNA3.1
HPV16 E7 template and subcloned into the pAAVS1-BSD-DNR vector previously digested with
Ascl/Mlul enzyme pair (Figure 18.A). Once again, to confirm the efficacy of cloning, the triple

validation was performed as above described for HPVV16 E6 oncogene (Figure 18.B-D).
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Figure 18. Cloning of HPV16 E7 sequence into the pAAVS1-BSD-DNR donor vector. (A) 16E7 insert PCR amplification from
pcDNA3.1 16E7 template, (B) Ligation validation by MIlu/Ascl digestion, (C) Ligation validation by PCR amplification, (D)
Cloning verification by DNA sequencing.

Once verified, the constructed donor vectors were co-transfected with either pCas-Guide-AAVS1
or pCas-Scramble plasmids into three keratinocyte cell lines (Figure 19.A-B). The optimization of
transfection conditions including transfection reagents, incubation time and temperatures was
conducted to obtain the optimal transfection conditions of keratinocytes. To do that, the constructed
plasmids together with pGFP plasmid for easier microscopic detection of transfected cells were co-
transfected into INOK. A small proportion of the GFP positive cells was obtained when FuGene in

DNA: reagent ratio 1:3 respectively, was used (Figure 19.C-D).

Among all the used transfection reagents, FuGene in DNA:reagent ratio 1:3, respectively, resulted
in the maximal number of transfected cells. The same transfection conditions were then used for
transfecting iINOK, iHFK and iHTK cell lines. Blasticidin selection was carried out 24 h post-
transfection since blasticidin resistance gene was the antibiotic selection marker included in the
used plasmid. Cells that survived the antibiotic selection were then used for obtaining a single-cell
colony in 96-well plates. They were grown until confluent, and the efficacy of transfection was
validated using Western Blot analysis. However, even though a proportion of the transfected cells

survived the selection, E6 and E7 were not detected (data not shown).

72



2 oy g For
/m %,
& 2

S 2 o

£ N g
S pCas-Guide-AAVS1 ! pAAVSl‘.BSD'DNR & 51
g ’ 2 3
& = = pCas-Scramble &
Qe‘“? 3 Vs, 8.0 kb f L 3

% ) & %'4’/ = £
= G- o S ) 'S
ek % \W Q poy®
AAVST targeted by CRISPR/Cas Th ‘aﬂe\;gﬁgene °‘°”t9d in'the
ey “PDr vector pCas-Guide vector with a scrambled The targeted gene cloned in the
gt sequence as a negative control AAVSI donor vector
“~.__ cotransfection Sk A
T . cotransfection "
Vi TH 7
The transgene should be integrated at AAVST in the aa
genome The transgene should not be integrated at AAVST in the
genome

D
iNOK + 16 E6 + GFP iHTK +16 E6 + GFP iHFK +16 E6 + GFP iNOK + 16 E7 + GFP iHTK +16 E7 + GFP iHFK +16 ET + GFP

&S

)

{t
E
E.
[r{

AN (9 | g | Jle
, 4 {

ARV ERTRIAEY | (YRS |
[ 4 1“; By l ) i A ,‘.-

A

i

GFP

Figure 19. CRISPR Cas9 Knock-in transfection. (A) pCas-Guide-AAVS1 and HPV16 E6 or HPV16 E7 constructed vectors used
in co-transfection experiments. pCas-Guide-AAVS1 contains Cas9 and guide RNA allowing the introduction of a double-strand
break in the AAVS1 site in host cells. The donor pAAVS1-BSD-DNR vector contains transgene in the MCS and the left and right
homologous arms of AAVS1 for homologous repair, allowing the integration of the transgene cassette into the AAVSL1 locus. (B)
Negative scramble control. pCas-Scramble was used as a negative control that contains a nonspecific gRNA sequence in the pCas-
Guide vector. iNOKSs transfected with pAAVS1-16E6 (C) or pAAVS1-16E7 (D) knock-in vector using FuGene in DNA:reagent =

1:3 ratio are shown.

Since transfecting the CRISPR knock-in construct did not result in established keratinocyte cell
lines stably expressing the oncoproteins, a different approach was used. Lentiviral transduction
was reported to be an efficient method for transgene delivery to mammalian cells, since it enables
a robust and stable expression of transgenes (Elegheert et al., 2018). To establish lentiviruses
encoding HPV16 E6 oncogene three plasmids were used: pUltra-GFP, psPAX2 and pMD2.G.
Plasmid pUltra-GFP is the 3rd generation lentiviral vector used for bicistronic expression of GFP

and the gene of interest for easier selection of transduced cells. To construct such a plasmid, HPV16
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E6 oncogene was amplified from the same pcDNA3.1 16E6 template as described above. It was

then subcloned into pUIltra-GFP previously digested using Sall/Xbal restriction enzyme pair

(Figure 20.A-B), after which the double validation was conducted to confirm the efficacy of
cloning. Firstly, HPV16 E6 was amplified from the constructed pUItra-GFP-16E6 (Figure 20.C)

and secondly, the constructed plasmid was sequenced, and the results were aligned with HPV16

E6 FASTA. As the construction was successful (Figure 20.D), it was proceeded with the lentiviral

production in HEK293T cells. As previously reported, HEK293T cells produce superior viral titers

compared to HEK293 cells (Merten et al., 2016). To determine the exact titer of produced

lentiviruses needed for keratinocyte transduction, various amounts of the lentiviruses were tested.

Since pUltra-GFP-16E6 encodes GFP-16E6 fused protein, cells containing the constructed plasmid

were expected to emit the green signal. However, although the amount of used lentiviral titer

varied, none of the concentration was good enough to obtain cells emitting GFP signal (data not

shown). These results suggested a potential problem with the lentiviral production.
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Figure 20. Cloning of HPV16 E6 into the pUItra-GFP-DNR donor vector. (A) HPV16 E6 was cloned from pcDNA3.1 16E6
DNA template and inserted into pUltra-GFP vector previously digested by restriction enzymes Sall and Xbal, (B) 16E6 PCR
amplification from pcDNA3.1 16E6 template, (C) Ligation was verified by PCR amplification, (D) Cloning verification by DNA

sequencing.

74



Therefore, a third approach to engineer E6/E7 expressing keratinocytes was applied, in which
transfection of HPV16 genomes in INOK, iHTK and iHFK was used for creation of these cell lines
which would stably express HPV16 E6/E7 oncoproteins. To do so, cells were co-transfected with
HPV16 genomes and a plasmid carrying the blasticidin resistance gene to enable the selection of
transfected cells. Transfected keratinocytes were grown and passaged for at least 15 passages
without irradiated 3T3-J2 feeder cells. To validate whether keratinocytes were successfully
transfected, DNA was isolated from the matched iNOK, iHTK and iHFK cell lines as well as
HPV16 E6/E7 expressing CaSki cells, which served as a positive control. HPV16 E6 was
successfully amplified using the specific primers (Figure 21.A). Since E6 was shown to mediate
p53-degradation on the protein level (Scheffner et al., 1993), firstly, p53 gene presence was
confirmed in all used cell lines (Figure 21.B). After this was validated, HPV presence was
corroborated by showing p53 degradation in transfected iNOK, iHTK and iHFK as well as in CaSki
control cells. A clear degradation of p53 was detected in all transfected cell lines compared to non-
transfected matched control (Figure 21.C). Taken together, these results confirmed a successful
establishment of INOK, iHTK and iHFK stably expressing HPV16 E6/E7.
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Figure 21. Characterization of HPV16 E6/E7-expressing keratinocytes isolated from various anatomical sites. Immortalized
keratinocyte cell lines were transfected with HPV16 genomes. Transfection efficiency was verified using PCR. (A) HPV16 E6
amplification showed presence of 16E6 in all transfected cell lines and CaSki cells, which served as a positive control. (B) p53
amplification was performed to confirm the existence of p53 gene in tested cell lines (C) The presence of E6 was once again
confirmed by Western blot analysis showing p53 downregulation in the presence of E6. B-actin was used as the control for equal
protein loading.
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4.2 HPV16 and 18 E6 bind DLG1 and SCRIB with different affinities

Non-transfected INOK, IHTK and iHFK cell lines were also used to examine the interacting
capacity of E6 with DLG1 and SCRIB, which were previously characterized as preferential targets
of HPV18 E6 and HPV16 ES6, respectively, in series of GST-pull down assays of in vitro translated
PDZ domain-containing proteins (Thomas et al., 2005). To investigate if E6’s binding capacity
with DLG1 and SCRIB was altered in any way depending on the anatomical site, GST-pull down
assays were conducted. The obtained data (Figure 22.A) demonstrate an interaction between
HPV16 E6 and DLG1, but the interaction was evidently stronger between 18E6 and DLGL1 in all
three cell lines used for comparison. In contrast, a strong interaction was visible between HPV16
E6 and SCRIB in iINOK and iHFK, whilst a somewhat weaker, but still evident interaction was
detected between HPV18 E6 and SCRIB. However, although SCRIB was visible in the input of
IHTK cells, it was not detected with either GST-16E6 or GST-18E6 possibly due to lower amounts
of bound protein. Taken together, these results corroborate those previously published, showing
that while E6 oncoproteins from distinct HPV types can bind to DLG1 and SCRIB, DLG1 was
preferentially targeted by HPV18 E6, whereas HPV16 E6 preferentially targeted SCRIB (Thomas
et al., 2005) in INOK and iHFK. GST beads alone were used as negative control (Figure 22.B).
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Figure 22. HPV16 and HPV18 E6 bind DLG1 and SCRIB with different affinities. (A) Immortalized keratinocytes were
harvested, and cell lysates were incubated with GST-16E6, and GST-18E®6 fusion proteins. After washing, bound DLG1 and SCRIB
were separated on SDS-page and proteins were detected by Western blotting using corresponding anti-SAP97 (DLG1, 2D11) or
anti-SCRIB (C-6) antibodies, respectively. They were compared to the amounts of DLG1 or SCRIB present in 10% input. (B) GST
alone was used as a control. The lower gel shows the positions of purified GST proteins used in the pull-down assays visualized by
Ponceau-S staining.
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4.3 HPV16 EG6 exhibits effects on DLG1 and SCRIB endogenous expression

Considering that HPV16 is the predominant cancer causing HPV type in HNSCCs (Simoens et al.,
2021), it was further analyzed how E6 oncoprotein of this specific type influences DLG1 and
SCRIB expression levels in these cell lines. This would then allow determination of possible
differences which could be anatomical site dependent. Three HPV16 E6-expressing keratinocytes,
their matching non-transfected controls, as well as CaSki and HPV-negative cervical cancer cells
C33A were grown until fully confluent. Cells were then collected, and proteins extracted. Protein
concentrations were determined, and equal amounts were used for further Western blot analyses.
Protein levels of p53 were once again validated as a confirmation of HPVV16 E6 presence, while
expression of housekeeping gene -actin was used as a loading control. A representative result of
the Western blot analysis is shown (Figure 23.A).

Interestingly, from three independent experimental repeats used for statistical analysis, E6 was
shown to have only marginal effects on DLG1 protein levels (Figure 23.B). It was shown to be
slightly upregulated in HPV16 E6/E7-expressing iHFK cells, whilst in contrast, it seems that DLG1
protein levels remained unaffected regardless of HPV16 E6 presence in iNOK and iHTK, both
isolated from HN area. From the densitometry analysis of multiple experiments (Figure 23.C), it
is evident that SCRIB was upregulated in the presence of HPV16 E6 and this was not dependent
on the anatomical origin of the cells. Interestingly, the expression of SCRIB was decreased in
CaSki, HPV16-positive cervical cancer cell line, when compared to iINOK, iHTK or iHFK
expressing 16E6/E7. On the other hand, DLGL1 levels appeared to be higher in CaSki cells and in
IHFK in the presence of HPV16 E6/E7, while in iINOK and iHTK DLG1 protein levels remain
unchanged. These results suggested that HPV16 E6 has different effects on SCRIB and DLG1
protein expression levels, which may be important for the process of HPV-induced oncogenesis at

various anatomical sites.
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Figure 23. The effect of HPV16 E6 on DLG1 and SCRIB protein expression levels in immortalized keratinocytes from
various anatomical sites. (A) Cells were grown until fully confluent and harvested. Isolated proteins from complete cell lysates
were separated on SDS-page, detected by anti-SAP97 (DLG1, 2D11) or anti-SCRIB (C-6) antibodies and visualized by
chemiluminescence. B-actin was used as the control for equal protein loading. Densitometric analysis of three independent
experiments for DLG1 (B) or SCRIB (C) was performed using ImageJ software. The band densities were first normalized with
background for each sample after which relative expression was calculated by dividing normalized density with $-actin normalized
density. The intensity fold change was calculated by dividing the relative expression of co-transfected samples with non-transfected
matching controls, and the base 2 logarithm of that fold change was depicted on the bar chart, so that the increase in intensity is
seen as a positive value and the decrease as a negative value. Graphs were designed using GraphPad Prism software.

4.4 HPV 16 EG6 effects on DLG1 and SCRIB cellular localization and distribution

Normal protein functions can be disrupted by degradation, but also by changes in its common
cellular localization. This mislocalization can block proteins from performing their regular cellular
functions and together with fluctuations in expression levels, it can be a prerequisite for cancer
development and metastasis (Wang and Li, 2014). Hence, the cellular localization of DLG1 and
SCRIB proteins was investigated using immunofluorescence (IF). To do so, cells were grown on
coverslips until 70-80% confluent and were then fixed with paraformaldehyde. Cover slips were
stained with the corresponding antibodies, and DLG1 and SCRIB cellular localization was then
monitored by confocal microscopy. DLG1 was predominantly localized in the cytoplasm and, to a

lesser extent, in the nucleus of INOK cells (Figure 24.A). Conversely, in iIHTK, DLG1 was
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detected on its previously reported cellular sites, at cellular junctions, while some DLG1 was also
detected in the nucleus and cytoplasm. In iIHFK cells, DLG1 was localized in the cytoplasm,
cellular membranes and vaguely in the nuclei. Next, the effects of 16E6 on the localization of
DLG1 protein were investigated in established keratinocytes stably expressing HPV16 E6/E7
oncoproteins. In those (Figure 24. B), DLG1 localization appeared to be slightly affected in INOK
and iHTK cells in the presence of HPV16 E6. In iINOK-16E6/E7, DLG1 was detected in the
cytoplasm and nucleus with more intense staining visible in the perinuclear space. DLG1 was
additionally visible in the cellular junctions of iIHTK-HPV16/E7 cells. In contrast, DLG1 was not
detected in the membranes of IHFK-16E6/E7 cells like it was in their matching non-transfected
controls. However, in these cells DLG1 appeared to be accumulated in the perinuclear space. Taken
together, these results imply that 16E6 had a less intense effect on DLG1 in cells isolated from HN
area compared to those derived from genital area, which supports the results of E6 impact on

protein expression obtained through Western blot analysis.
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Figure 24. DLG1 localization in immortalized keratinocytes derived from various anatomical sites. Immunofluorescent 2D
confocal images of DLGL1 localization in (A) non-transfected iNOK, iHTK and iHFK and (B) HPV16 E6/E7-expressing iNOK,
iHTK and iHFK. DLG1 antigen was targeted using anti-SAP97 (DLG1, 2D11) and rhodamine red-X goat anti-mouse secondary

antibodies. The nuclei were identified by DAPI staining. White arrows indicate DLGL1 localization. Scale bars = 20 pm.
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SCRIB cellular localization was then analyzed in the same cell lines in the presence and absence
of HPV16 E6. The results (Figure 25.A) demonstrate a positive SCRIB signal at the plasma
membrane of INOK cells, with a small amount of SCRIB staining visible in the nuclei.
Furthermore, SCRIB was also accumulated in the cytoplasm and the perinuclear space in iNOK.
IniHTK, SCRIB was barely visible at the plasma membranes, whilst the majority was concentrated
around the nuclei with some nuclear staining. On the other hand, SCRIB was abundantly associated

with the plasma membranes of iIHFK cells, with some cytoplasmic and nuclear staining also visible.

Next, SCRIB cellular localization was investigated in the keratinocyte 16E6/E7-expressing cell
lines. As can be seen, the presence of 16E6 had an effect of SCRIB localization (Figure 25.B).
Precisely, in INOK-16E6/E7 and iHFK-16E6/E7 cells, SCRIB was seen predominantly
accumulated in the cytoplasm, whereas membranous staining was barely visible. On the contrary,
it appeared that 16E6 caused an accumulation of SCRIB at the plasma membranes in iHTK cells,
which was not observed in the absence of 16E6 in these cells. Taken together these results suggest
that 16E6 causes changes in the localization of SCRIB proteins to a greater extent than of DLG1.
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Figure 25. SCRIB localization in immortalized keratinocytes derived from various anatomical sites. Immunofluorescent 2D
confocal images of SCRIB localization in (A) non-transfected iNOK, iHTK and iHFK and (B) iNOK, iHTK and iHFK stably
expressing 16E6/E7. SCRIB antigen was targeted using anti-SCRIB (C-6) and rhodamine red-X goat anti-mouse secondary
antibodies. The nuclei were visualized by DAPI staining. White arrows indicate SCRIB localization. Scale bars = 20 um.
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Since the established cell lines were not cancer-derived cell lines, DLG1 and SCRIB protein
distribution was further examined and compared with CaSki and C33A cells, which were originally
isolated from cervical cancer patients. DLG1 was demonstrated to localize at adherent junctions in
C33A, an HPV-negative cancer cell line (Figure 26.A). Interestingly, of somewhat lower intensity,
but still very evident DLG1 signal was also observed in the cytoplasm and nuclei. In contrast, in
HPV16-positive cancer line CaSki, DLG1 was shown to be almost completely mislocalized from
cell-cell contacts to the cytoplasm and only a small amount visible in the nuclei. These results
imply that 16E6 promotes delocalization of DLG1 and this change was even more apparent in
comparison with iHFK-16E6 cells which were also isolated from anogenital region. Accordingly,
DLG1 localization changes might serve as an indicator of highly HPV-transformed cells.

A DAPI DLG1 MERGE

C33A
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B DAPI SCRIB MERGE

Figure 26. DLG1 and SCRIB localization in CaSki and C33A cells. (A) Immunofluorescent 2D confocal images of DLG1
localization in CaSki and C33A cancer cell lines. DLG1 antigen was targeted using anti-SAP97 (DLG1, 2D11) and rhodamine red-
X goat anti-mouse secondary antibodies. (B) Immunofluorescent 2D confocal images of SCRIB localization in CaSki and C33A
cancer cell lines. SCRIB antigen was targeted using anti-SCRIB (C-6) and rhodamine red-X goat anti-mouse secondary antibodies.
In both cases, the nuclei were visualized by DAPI staining. White arrows indicate the protein localization. Scale bars = 20 um.
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Analyses of SCRIB localization, revealed that the majority of SCRIB protein was detected at
cellular junctions in C33A cells, whilst cytoplasmic SCRIB was barely visible. On the other hand,
SCRIB appeared to be predominantly located into the cytoplasm and nuclei in CaSki cells (Figure
26.B). Put together, these results show that 16E6 causes the alteration of SCRIB subcellular
localization in all cell lines regardless of their anatomical origin. However, the change was more
evident in CaSki then in iIHFK-16E6/E7 cells, which were both isolated from the genital region,
but the ratio of HPV-integration in those possibly varies. Taken together, HPV16 E6 possibly
affects the localization of DLG1 and SCRIB proteins, which most likely contributes to the
disruption of their normal cellular polarity maintenance function, and this is more evident with
SCRIB. Additionally, this effect seems to be more pronounced in the cell line derived from an

HPV-positive cervical cancer patient.

To further expand these analyses, DLG1 and SCRIB distribution changes were investigated in the
presence of HPV16 EG6 in the same three keratinocyte cell lines. To do that, fractionation assays
were performed. Subcellular fractionation was carried out on immortalized keratinocytes harvested
at 90% confluency. The results demonstrate that DLG1 was mostly detected in the membranes and

nuclei of iINOK cells, whilst the bands of lower intensity were also observed in the cytoplasmic
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and cytoskeletal fractions
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Figure 27.A). In the presence of HPV16 EG6, the cytoplasmatic DLG1 was depleted, but in the other
cellular compartments DLG1 remained unchanged. In iHTK (Figure 27.B), DLG1 was
predominantly detected in the membranes and nuclei. Still, somewhat weaker, but distinct DLG1
staining was observed in the cytoplasm as well. However, in the presence of 16E6, DLG1 was
detected only in the membranes and nuclei, while the cytoplasmic proportion was not observed.
Interestingly, no change to DLG1 subcellular localization was observed in iHFK regardless of 16E6
presence (Figure 27.C). In both cell lines, DLG1 was detected only in the membranes and nuclei.
Since distinct changes were observed in INOK and iHTK cells isolated from HN area, but not in
IHFK derived from genital area, this once again supports the notion that 16E6 differently affects

DLG1 distribution in cells of various anatomical origin.

In non-transfected iINOK cells, SCRIB was detected solely in the cytoplasm (Figure 27.A).

Nevertheless, in the presence of HPV16 E6, a small portion of SCRIB was visible in the nuclei as

83



well. Similarly, SCRIB was mostly detected in the cytoplasm of non-transfected, control iIHTK
cells, with a smaller proportion being visible in the membranes and nuclei as well (Figure 27.B).
As presented, it appears that SCRIB distribution remains unchanged in the presence of HPV16 E6.
Interestingly, SCRIB localization remained unaffected in the presence of HPV16 E6 in iHFK cells
(Figure 27.C). Interestingly, both DLG1 and SCRIB distributions were impacted by 16E6 in cells
isolated from HN area, suggesting a possible variation in the influence of E6 on these PDZ-domain

containing targets, which could be dependent on the anatomical area.
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Figure 27. DLG1 and SCRIB distribution in immortalized keratinocytes in presence and absence of 16E6. To investigate
DLG1 and SCRIB protein distribution, cells were grown until fully confluent, harvested, and fractionated. Proteins were separated
on SDS-page, detected by anti-SAP97 (DLG1, 2D11) or anti-SCRIB (C6) antibodies and visualized by chemiluminescence.
Tubulin, CD71, p84 and vimentin were used as the confirmation of F1, F2, F3 and F4 fractions, respectively. DLG1 and SCRIB
distribution was investigated in iINOK (A), iIHTK (B) and iHFK (C) cell lines.

45 DLG1 and SCRIB transcription is HPV16 E6-dependent
Although many studies have described alterations in DLG1 and SCRIB protein levels in the
presence of HPV16 E6, only a few of them have investigated and reported changes on the
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transcriptional levels of PDZ domain-containing proteins (Dizanzo et al., 2020; Lazi¢ et al., 2012).
Therefore, RT-qPCR was conducted to evaluate if the transcription of E6 increases with the
maintenance time or number of passages, and how these changes affect DLG1 and SCRIB
transcription levels. Moreover, discrepancies were also examined in the primary cell lines isolated
from genital and HN anatomical sites, HFK and HTK, respectively, which contained HPV16
episomes. To strengthen the significance of the obtained data, analysis was performed in two
independent keratinocyte donor backgrounds and in 3 biological replicas of each non-transfected,
low-passage (p5-p8) and high-passage (pl19-p22) HPV16 episome-containing HTK cells.
Likewise, to investigate differences in transcription depending on the anatomical site, two
independent donors of HFK cells were also used. Those HFK cells were harvested at passage p5.
Changes in the transcript levels were calculated relative to non-transfected cells of the same donor.
As expected, the presence of HPV16 E6 transcripts exclusively in the transfected cells regardless
of the donor background (Figure 28.A). Observably, E6 levels were higher in HTK harvested at
higher passages then in low-passaged ones. More interestingly, although harvested at p5, HFK
containing HPV16 episomes have shown extremely high transcription levels when compared to
low-passage HTK. Potential differences in DLG1 and SCRIB transcript levels were further
investigated in the same cell lines. From the obtained results (Figure 28.B), 16E6 causes the
upregulation of SCRIB transcription and this is not anatomical site dependent. Furthermore, this
change was significant for high-passage HTK in comparison to their non-transfected controls. The
levels of DLG1 were examined by using two different primer pairs, one detecting only DLG1f
isoform, and other specific for the HOOK region of DLGI1. According to the results, DLG1j
isoform levels were slightly lower in HPV16 episome-containing HTK cells and continued to
decline with the length of the maintenance time or number of passages. On the contrary, the
presence of HPV16 contributed to higher transcript levels of DLGI1f isoform in HFK cell line
(Figure 28.C). As for DLG1 HOOK (Figure 28.D), results were incoherent for HTK since the
downregulation was observed in low-passage HPV16-HTK cells, but the upregulation in high-
passage, when compared to non-transfected matching control. However, significant upregulation
of DLG1 HOOK was detected in the presence of HPV16 in HFK cells. These results again suggest
that HPV16 E6 has more pronounced impact on SCRIB then on DLGL1. All things considered, in

performed experimental analyses, E6 was observed to cause the upregulation of SCRIB on the

85



transcriptional level, which is likely to be required for early stages of infection and optimal
completion of productive HPV cycle.
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Figure 28. Relative transcript levels of HPV16 E6, SCRIB, DLG1p and DLG1 HOOK isoforms in primary HTK and HFK
cells containing HPV16 episomes. RNA was extracted from primary keratinocytes containing HPV16 episomes grown to either
low-passages (p5-p7) or high-passages (p18-p22), alongside non-transfected HTK (red bars) or HFK (blue bars) from two
independent donors. Transcript levels were normalized to an internal B-actin control and then to the transcript levels in non-
transfected cells of the same donor background. Transcript levels of (A) HPV16 E6, (B) SCRIB, (C) DLG1p and (D) DLG1 HOOK
are shown after combining donors by anatomical regions. N = 18 (3 biological replicates in 3 technical replicas for 2 donors) for
HTK and 6 (1 biological replicate in 3 technical replicas for 2 donors) for HFK. SD error bars quantify the scatter among the values.
Significance was determined in GraphPad using one-way ANOVA test with P<0,01 taken as significant and marked with **.

To investigate any potential changes in DLG1 and SCRIB mRNA transcripts that occur during
actual malignant transformation in HN area, the analysis was expanded to HPV-positive, and HPV-
negative OPSCC-derived cell lines. Four cell lines were examined: two HPV16-positive (SCC104
and SCC147) and two HPV-negative (SCC040 and CALZ27). The transcript levels in OPSCC-
derived cell lines were normalized to an internal $-actin control and then to the transcript levels in
HTK non-transfected cells. For the confirmation of HPV16 positivity, E6 transcript levels were
also determined and as expected, E6 was detected exclusively in HPVV16-positive OPSCC cell lines
(Figure 29.A). The results (Figure 29.B) demonstrate that SCRIB levels remained unchanged in

HPV-negative OPSCC-derived cells when compared to non-transfected HTK cells. However, a
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more abundant transcription of SCRIB was observed in HPV16-positive OPSCC cell lines. With
respect to DLG1, DLG1 transcripts were shown to be higher in both OPSCC cell lines compared
to the non-transfected HTK regardless of HPV16 presence (Figure 29.C). Conversely, DLG1
HOOK domain containing transcripts were decreased in both HPV-negative and HPV16-positive
OPSCC cell lines (Figure 29.D). All things considered, these results suggest that in HNC, HPV16
E6 exhibits a stimulatory effect on SCRIB transcription levels, and this was not the case with
DLGL1. However, interestingly, there is an evident change in DLGL1 transcription levels in HN
tumors regardless of HPV presence, which may be a consequence of DLG1 perturbations in the

process of carcinogenesis in general.
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Figure 29. Comparison of HPV16 E6, SCRIB, DLG1p and DLG1 HOOK transcript levels in OPSCCs derived cell lines.
Transcript rates of (A) HPV16 E6, (B) SCRIB, (C) DLG1B and (D) DLG1 HOOK are shown after combining donors by HPV
positivity. N=12 (2 biological replicates in 3 technical replicas for each OPSCC cell line). SD error bars quantify the scatter among
the values. Graphs were designed using GraphPad Prism software.

4.6 DLGL1 and SCRIB localization is altered during HPV16 cycle in HN area
The effects of observed fluctuations at the transcriptional level of DLG1 and SCRIB were then
correlated with changes in their protein localization during the HPV16 productive cycle in cells

derived from the HN area. Since the HPV productive cycle is intimately linked to keratinocyte
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differentiation (Graham, 2017Db), the alterations in DLG1 and SCRIB localization were examined
in HTK and HPV16-HTK Kkeratinocytes grown in organotypic 3D raft culture. This experimental
model mimics cellular differentiation and is sufficient for studying protein modifications which are
likely to occur during the productive viral cycle. The rafts were grown for previous studies from
the Roberts and Parish laboratories. As seen, established raft cultures showed the typical pattern of
keratinocyte differentiation Figure 30s0 the basal epithelial layer, the lower suprabasal and the upper
suprabasal layers were clearly distinguishable (Figure 30.). In the control raft derived from non-
transfected primary HTKSs, the upper suprabasal layer was shown to be accompanied with nucleus-
free cells making the granular layer. In rafts derived from HTKs containing HPV16 episomes, a
similar morphological growth was visible. However, there was an obvious expansion of the
suprabasal layer and preservation of the nuclei was visible throughout all the layers. The longer the
culturing time of these cells (i.e., the greater the number of passages), the higher levels of viral
gene transcripts, including E6/E7. Since E7 stimulates cell proliferation, as the cell division
numbers were increasing, this was reflected on the expansion of the rafts thickness.

CONTROL HTK + HPV16 LOW PASS HTK + HPV16 HIGH PASS
-
— e s 5 B e 0T
» R - s P TV - 5V - A-
5. S L R ) ~ & 2 | P S L - & i
Ve B - PR 2 === = R &
o D ) ’)r-,v e ! e = 0 e FaY . ~ ‘;‘ "
, ne TRy BN o o = s\ -
- ~ (G 3 Fig it ‘ & "\- -~ g &
BN s o o = nie o (X H P 4
- — = .. a7 7 of g H » &
[ g == y ] - &
. e e ) o AR RPN IR [
- - - .
«a’ &
- P . b T & 9
- o %, Olp S . ¥
x60 e - x60 | ) » x60

Figure 30. Morphological analysis of organotypic 3D raft cultures derived from low and high-passage HPV16 episome
containing HTK cells compared to primary HTK. Hematoxylin and eosin staining show pattern typical for keratinocytes
differentiation. Layers are clearly distinguishable. In the presence of HPV16 episomes, rafts were thicker and contained more
suprabasal layers. They were visualized by a light microscope with a magnification x60. Property of S. Roberts and J.L. Parish
(University of Birmingham).

After confirming the typical pattern of keratinocyte differentiation in the raft cultures, DLG1 and
SCRIB protein expression changes were explored during the productive phase of HPV16 cycle in
HTK derived raft cultures. Cells with or without HPV16 episomes were subjected to cellular
differentiation by growth in organotypic raft cultures for 13 days, after which they were formalin-
fixed, embedded in paraffin and cut in sections. As shown (Figure 31.), DLG1 was localized in

the membranes of cells in the upper layers of non-transfected HTK control rafts (top panel). Some
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cytoplasmatic staining was detected in both basal and upper layers, however, no cytoplasmic DLG1
was visible in the middle suprabasal layers. In the rafts derived from low-passaged HTK containing
HPV16 episomes (middle panel), DLG1 was detected in the cytoplasm and membranes, but some
nuclear staining was detected as well. In the high-passaged HPV16-HTK-derived rafts (lower
panel), membranous DLG1 was noticeable in the upper layers. Though, a shift from the membranes
to the cytoplasm was apparent in the lower layers. These results indicate that 16E6 impacts DLG1
localization during the productive viral cycle and this was more pronounced in high-passage
HPV16-HTK-derived raft cultures.

DAPI DLG1 MERGE

HTK + HPV16 LOW PASS CONTROL

HTK + HPV16 HIGH PASS

Figure 31. DLGL1 is delocalized in HPV16 positive HTK 3D organotypic raft cultures. Raft cultures were grown on a gel made
of collagen and mouse fibroblasts for 13 days, harvested and fixed with 3.7% paraformaldehyde. Individual sections were cut and
stained for DLG1 using 2D11 mouse monoclonal antibody and Alexa Fluor 488 donkey anti-mouse antibody (green). The nuclei
were stained with DAPI (blue). White dots represent the basal membrane. White arrows indicate DLG1 localization. Images were
taken under x60 magnification.
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Next, modifications in the subcellular localization of SCRIB were investigated under the same
experimental conditions. Sections from the same rafts were immunostained for SCRIB to
investigate potential differences in SCRIB localization during the keratinocyte differentiation in

the presence or absence of HPV16 episomes. The representative images are visible in Figure 32.
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Figure 32. SCRIB is delocalized in HPV16-positive HTK organotypic 3D raft cultures. Raft cultures were grown on a gel made
of collagen and mouse fibroblasts for 13 days, harvested and fixed with 3.7% paraformaldehyde. Individual sections were cut and
stained for SCRIB using D-2 (green) mouse monoclonal antibody and Alexa Fluor 488 donkey anti-mouse antibody. The nuclei
were stained with DAPI (blue). White dots represent basal membrane. White arrows indicate SCRIB protein. Images were taken
under x60 magnification.

In non-transfected HTK control raft (top panel), SCRIB was localized in the membranes of cells
throughout all the layers and a weak staining appeared in the lower layers closer to the basal
membrane. In the rafts grown from the low-passaged HTK cells containing HPV16 episomes
(middle panel), SCRIB was detected with higher intensity through the middle layers. In high-

passaged HPV16-HTK- derived rafts (lower panel), membranous SCRIB was detected in some
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cells of the upper layer. However, most of SCRIB was evidently mislocalized from the membranes
into the cytoplasm throughout the layers implying that E6 manipulates SCRIB localization for
achieving conditions required for optimal HPV replication. However, such changes during the
long-term infection accompanied with HPV E6/E7 integration may be a significant feature required

for the development of malignancy in HN area.

4.7 DLGL1 and SCRIB are distinctly regulated during the progression of OPSCC

After demonstrating in several assays that HPVV16 E6 has a greater impact on both transcriptional
and protein levels of SCRIB, in comparison to DLG1, this research was further expanded to
investigate how these findings reflect on the specific situation in HPV-negative and HPV16-
positive OPSCCs. A total of 66 OPSCC and 8 healthy, non-cancerous and non-infected tonsillar
tissue samples as controls were collected. DNA was isolated and sample quality was validated by

PCR amplification of f-actin used as an internal control (Figure 33.).

CaSki NTC M 2 4 5 8 9 10 12 16 18 19

Figure 33. DNA quality validation. DNA was isolated using NucleoSpin® DNA FFPE XS kit according to manufacturer’s
instructions. PCR amplification of B-actin was performed as an internal control of quality. Representative image shows positive
reactions for all samples except for non-template control, NTC. Lane numbers correspond to the sample number. M = Quick-Load
Purple 100 bp ladder

4.7.1 HPV genotyping

After confirming that the DNA was of adequate quality for further experiments, two consensus
PCR amplification protocols using GP5/6 and SPF10 primers were conducted, and representative
images are shown (Figure 34.A-B). The applied protocols are the most widely used PCR methods
for the detection of mucosal HPV types since these primer pairs are designed to cover the conserved
region of the L1 open reading frame. It is generally agreed that if either GP5/6 or SPF10 PCR
results in a positive reaction, a sample is considered as HPV-positive. After all GP5/6 or SPF10
positive samples were detected, an additional PCR reaction using primers for specific region
containing the end of the 16E6 and the beginning of the 16E7 gene was performed (Figure 34.C).

Based on the genotyping results, 21 out of 66 OPSCC samples, were classified as HPV16-positive
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and 36 as HPV-negative OPSCC. The remaining nine samples were excluded, as they were
inconclusive due to the insufficient DNA amount. Interestingly, some of the samples were detected
as either GP5/6 or SPF10 positive, but HPV16 E6 negative suggesting that this small proportion of
collected OPSCCs could have been caused by other HPV types.
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Figure 34. HPV genotyping of FFPE OPSCCs samples. To distinguish HPV positive samples, conserved region of L1 was
amplified using two different primer sets: (A) GP5/6 amplifying a product of ~142 bp and (B) SPF10 amplifying a product of ~65
bp. Samples that resulted with a band for either of them, were used to isolate HP\/16 positive samples. (C) 16E6 amplification using
primers which generate a product of 99 bp. Representative images are shown. Markers that were used GelPilot 50 bp Ladder, Qiagen
(A) and are Quick-Load Purple 100 bp ladder, NEB (B, C).

4.7.2 The pl6 expression

Although, as discussed in the introduction, there isn’t a 100% correlation between pl6 protein
expression and HPV positivity in OPSCCs, its expression was investigated in all samples, including
healthy tonsillar tissue. A specific staining of the reticulated cryptal epithelium was observed in
healthy tonsillar tissue (Figure 35.1). This staining was different than described in various
malignancies, but it corresponded to that previously shown in healthy tissues (Klingenberg et al.,
2010). The expression of p16 was then examined in HPV16-positive and HPV-negative OPSCCs.
According to the obtained results, the vast majority of HPV16-positive OPSCCs (18/21 or 85.71%)
were also pl6-positive. Interestingly, a noticeable proportion of HPV-negative OPSCCs (3/36 or
8.33%) also showed p16 positivity. Although a rather small sample size was investigated, these

results correlated well with the results of the previous studies (Dok and Nuyts, 2016; Golusinski et
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al., 2017). Representative images of every combination of p16 and HPV positivity are depicted
(Figure 35.11). Taking all this into account, p16 positivity was shown again as an unreliable

biomarker of HPV16 positivity.

Figure 35. Immunohistochemical analysis of p16 expression. Paraffin-embedded tissue sections were immunostained for p16,
counterstained with hematoxylin, and visualized by a light microscope. Representative images: (1) Positive p16 immunoreactivity
was detected in the reticulated crypt epithelium (RCE), but not in the superficial squamous cell epithelium (SSCE). (11) A. No p16
immunoreactivity was detected in the majority of HPV-negative OPSCCs. B. p16 immunoreactivity was observed in a few HPV-
negative OPSCCs. C. p16 immunoreactivity was detected in the majority of HPV16-positive OPSCCs. D. No p16 immunoreactivity
was observed in a few HPV16-positive OPSCCs. Scale bars =200 um and 100 um (I); 100 pm (ITA-D).

4.7.3 DLGI1 and SCRIB protein expression in healthy tonsillar tissue samples

The patterns of DLG1 and SCRIB distribution were examined in healthy control tissue prior to
investigating any potential differences that may contribute to malignant progression in the
oropharynx. DLG1 and SCRIB protein expression was observed in all 8 samples of the healthy
tonsillar tissue samples. As seen, both DLG1 and SCRIB were expressed mostly in the intermediate
layer of stratified squamous epithelia (Figure 36.). Intriguingly, they were almost completely
absent in the basal and superficial layers. When considering localization, both DLG1 and SCRIB
were predominantly expressed in the cytoplasm of cells in the upper parts of the intermediate layer.

These protein expression patterns were similar in all the healthy control tissue samples.
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DLG1 SCRIB

Figure 36. DLG1 and SCRIB expression patterns in cancer-free healthy tonsillar tissues. Paraffin-embedded biopsies were
immunostained with anti-SAP97 (DLG1, 2D11) and anti-SCRIB (C-6) antibodies, counter stained with hematoxylin, and visualized
by a light microscope. Representative images: (A) Positive cytoplasmic and membranous DLG1 immunoreactivity in squamous
cell epithelium. (B) Positive cytoplasmic and membranous SCRIB immunoreactivity in squamous cell epithelium. (C, D)
Enlargements of (A) and (B), respectively. Scale bars = 200 um (A, B); 100 um (C, D).

4.7.4 DLGI1 and SCRIB expression patterns in HPV-negative OPSCCs

Initially, DLG1 and SCRIB protein patterns were studied in HPV-negative OPSCCs to investigate
whether their localization and expression change during the malignant progression. From the
collected samples, three groups were defined by pathologists; G1 represented well differentiated
(7/36), G2 moderately differentiated (10/36), and G3 poorly differentiated or undifferentiated
(19/36) HPV-negative OPSCCs. Representative images of each group are shown (Figure 37.). As
indicated, DLG1 protein was detected with mostly low to middle intensity. Moreover, DLG1 was
equally localized in the cytoplasm and at cell—cell contacts of well differentiated OPSCCs. This
pattern was observed in all analyzed samples. In moderately differentiated HPV-negative
OPSCCs, DLG1 was absent in 2/10 or 20% of the OPSCCs and was expressed at a low intensity
in one sample. The remaining samples demonstrated mostly a medium intensity (5/10) of DLG1-
positive staining. However high intensity staining, as observed in healthy tonsils, was detected in
only 2/10 samples. Similarly, DLG1 protein was evenly localized in the cytoplasm and at cell—cell
contacts. Most of the HPV-negative OPSCCs were classified as poorly differentiated. In only one

G3 sample DLG1 was completely absent, while the vast majority showed either a low or medium
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DLG1 expression signal. In most of these samples, DLG1 was localized mainly in the cytoplasm,
but was also detected at cell-cell contacts. Taken together, only marginal changes in the levels of
DLGL1 expression were seen in all three groups of HPV-negative OPSCCs when compared to
cancer-free healthy tonsillar tissues. Still, the observed increase in relocation of DLG1 could
potentially lead to the disruption of its function. Although, DLG1 was observed in most of the
samples, its localization was changed, so it is speculated that this could potentially be caused by
modifications of DLG1 at the post-transcriptional and/or post-translational levels, rather than being
caused by genomic mutations in this set of tumors. Next, SCRIB protein expression changes were
monitored during the progression of HPV-negative OPSCCs. In well differentiated OPSCCs, most
samples showed low to middle intensity of SCRIB staining, similar to what was observed in the
healthy tonsillar tissue. In those, SCRIB was predominantly localized in the cytoplasm of cancer
cells. However, both cytoplasmic and membranous staining was observed in only one sample.
Interestingly, in moderately-differentiated OPSCCs, SCRIB was completely absent from 9/19,
while an additional 9/19 samples showed low intensity SCRIB staining. But, in one sample a
medium intensity SCRIB staining in a small proportion of cancerous cells was detected. In samples
in which positive SCRIB staining was observed, SCRIB was predominantly localized in the
cytoplasm, although membranous staining was noticeable in two samples. In the highest-grade
tumors, the poorly differentiated samples, SCRIB was not detected in 2/10 samples. A further 4/10
samples showed only a low intensity SCRIB staining and 3/10 showed a medium intensity staining.
Interestingly, in only one sample SCRIB staining was comparable to that noted in healthy tissue.
As before, when detected, SCRIB protein was mostly localized in the cytoplasm, apart from one
sample where both cytoplasmic and membranous staining were detected. These results suggest that

loss of SCRIB protein increases with the progression of HPV-negative OPSCCs.
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Figure 37. DLG1 and SCRIB expression levels in HPV-negative OPSCCs of various grades. Prior to investigating DLG1 and
SCRIB patterns, HPV-negative OPSCCs were graded and classified into three groups by pathologist; G1, well differentiated; G2,
moderately differentiated; G3, poorly differentiated or undifferentiated. Paraffin-embedded biopsies were immunostained with anti-
SAP97 (DLG1, 2D11) and anti-SCRIB (C-6) antibodies, counterstained with hematoxylin, and visualized by a light microscope.
Representative images are shown: G1. (A) Positive cytoplasmic and membrane DLG1 immunoreactivity. (B) Positive cytoplasmic
SCRIB immunoreactivity. G2. (C) Positive cytoplasmic and membrane DLG1 immunoreactivity. (D) Positive cytoplasmic SCRIB
immunoreactivity. G3. (E) Positive DLG1 immunoreactivity. (F) Negative SCRIB immunoreactivity. Scale bars = 100 um.

4.7.5 DLG1 and SCRIB expression patterns in HP\VV16-positive OPSCCs

Potential changes in the protein expression patterns and cellular localization of DLG1 and SCRIB
were analyzed in HPV16-positive OPSCCs to investigate 16E6 impact on these two substrates in
actual cancer cases. Representative images of the analyses are shown (Figure 38.). According to
the obtained results, DLG1 was absent in only 3/21 samples, which is consistent with the previously
reported preference of HPV16 EG6 targeting of SCRIB over DLG1 (Thomas et al., 2005). Of the
remaining 18/21 samples that stained positive for DLG1, 8/21 showed low-intensity cytoplasmic
staining. Interestingly, in total 9/21 samples showed medium intensity staining, similar to that

observed in healthy tonsillar tissue, while only 1/21 sample showed high intensity staining in the
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majority of cancer cells. In these HPVV16-positive OPSCCs, DLG1 was predominantly localized in
the cytoplasm (13/21), while 5/21 showed both cytoplasmic and membrane DLG1 positivity,
similar to the pattern observed in the healthy tonsillar tissue. These results suggest that the presence
of HPV16 did not have an impact on DLGL1 protein turnover. Next, the pattern of SCRIB protein
expression and localization was evaluated in the same samples. According to the observations,
SCRIB was completely absent in the majority of samples (17/21). This did not come as a surprise
since HPV16 E6 mediates proteasomal degradation of SCRIB, which is increased in more
malignant stages of the disease (Nakagawa and Huibregtse, 2000). Of the remaining four samples,
in 3/21, a low-intensity SCRIB staining was detected, and only 1/21 showed a higher intensity
staining in a small proportion of all cancer cells. More interestingly, in those samples where SCRIB
was still detectable, it was localized entirely in the cytoplasm of cancer cells, suggesting that

relocation of SCRIB from cell—cell contacts may contribute to cell transformation in these cancers.

DLG1 SCRIB

Figure 38. DLG1 and SCRIB expression levels in HPV16-positive OPSCC. Paraffin-embedded biopsies were immunostained
with anti-SAP97 (DLG1, 2D11) and anti-SCRIB (C-6) antibodies, counterstained with hematoxylin, and visualized by a light
microscope. Representative images: I. Pattern observed in most samples: (A) positive cytoplasmic DLG1 immunoreactivity; (B)
negative SCRIB immunoreactivity. Il. Conflicting pattern observed in several samples: (C) negative DLG1 immunoreactivity; (D)
positive SCRIB immunoreactivity. Scale bars = 100 pm.

The statistical analysis showed a reduction in SCRIB levels, which was concurrent with the
progression of HPV-negative malignancies (Figure 39.). More interestingly, this was much more

evident in the presence of HPV16 E6. Although, a relatively small sample size was studied, the
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change in SCRIB expression levels in HPV16-positive OPSCCs compared to either well-
differentiated (G1) or moderately differentiated (G2) HPV-negative OPSCCs was significant (p =
0.0003). However, this was not observed with DLG1; DLG1 expression levels in HPV16-positive
OPSCCs seemed to change significantly (p = 0.0214) only when compared to poorly differentiated
(G3) HPV-negative group. Taken together, these results suggests that fluctuations in DLG1 protein
levels are not likely to contribute to disease progression in the same way as SCRIB.

A DLG1 percentage of positively stained tumor cells B SCRIB percentage of positively stained tumor cells
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Figure 39. The ratio of DLG1 and SCRIB-positive staining in HPV-negative OPSCCs of various grades and in HPV16-
positive OPSCCs. The score of DLG1 (I)- and SCRIB (lI)-positive staining observed by pathologists was evaluated between
HPV16-positive and HPV-negative OPSCCs grades 1-3. Significance was determined using the Kruskal-Wallis test with Dunn'’s
multiple comparison posttest with: 1. p-value (*) 0.0214, II. p-value (**) 0.0003.

Changes in protein localization for DLG1 and SCRIB were then compared between the different
groups. According to the data presented (Figure 40.), DLG1 localization changed with the
progression of HPV-negative OPSCCs. Interestingly, this was even more noticeable in the presence
of HPV16 EB6. In contrast, the change in localization was not apparent in the case of SCRIB protein.
All things considered, these results suggest differences in the modulation of these two proteins

during malignant progression, regardless of HPV16 presence.
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Figure 40. Changes in expression and localization of DLG1 and SCRIB proteins in HPV16-positive OPSCCs and in HPV-
negative OPSCCs of various grades. Dark purple doted bars show the percentage of FFPE samples with a complete loss of antigen.
White bars represent the percentage of samples with only cytoplasmic localization of antigen. Light violet bars represent the
percentage of samples with both cytoplasmic and membranous localization of antigen.
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5 DISCUSSION

Almost 50 years have passed since the first attempt of finding HPV DNA in cervical cancer began
(Hausen et al., 1974; Zur Hausen, 1976). Shortly afterwards, this was confirmed by the isolation
of HPV16 DNA, the first cervical-cancer-linked HPV type (Diirst et al., 1983). All of this has
created a basis for decades of research on genital HPVs, which led to the discovery of multiple
viral types. To date, nearly 200 HPV genomes have been sequenced and sorted into 5 genera, one
third of which are referred to as Alphapapillomavirus species that preferentially infect anogenital
and oral mucosal epithelia (Bernard et al., 2010). After IARC classification, it has become widely
accepted that a total of 15 HR HPV types (HPV 16, 18, 31, 33, 35, 39, 45, 51, 52, 53, 56, 58, 59,
66 and 68) are causative agents of practically all cervical cancer cases (IARC, 2007). Interestingly,
almost simultaneously, HPV-caused lesions were also detected beyond the typical HPV infection
site (Gissmann et al., 1982; Syrjénen et al., 1983) by numerous follow up studies, which showed
that anal, vulvar, and penile cancers can all be caused by HPVs. In addition, more recent studies
have also recognized HPV infection as a causative agent of HNC at several different locations at
this anatomical site (Elrefaey et al., 2014; IARC, 2007). The vast majority of HNCs arise from
squamous epithelial cells lining the oral cavity, pharynx, larynx, or, more rarely, the nasal cavity
and are referred to as HNSCCs (Cramer et al., 2019). Risk factors such as alcohol consumption,
smoking, and/or chewing of tobacco increase the risk for HNSCC, but HPVs also significantly
contribute to these cancers accounting for 30-65% of all HNCs and 50-80% of OPSCCs (Blitzer et
al., 2014). The HPV prevalence to infect the oropharynx compared to other HN sites is yet
unresolved, but may be linked to the presence of transitional mucosa in the tonsillar tissue which
shows histological similarities to the cervical mucosa (Elrefaey et al., 2014). Over the past 30 years,
numerous studies have characterized HPV-induced OPSCCs to be epidemiologically, clinically,
anatomically, and biologically distinct disease from HPV-negative OPSCCs. Although rising in
prevalence when compared to HPV-negative OPSCCs, HPV-positive OPSCCs have a favorable
prognosis when treated with chemotherapy, radiation, surgery, or chemoradiotherapy possibly due
to their remarkable treatment sensitivity (Sabatini and Chiocca, 2020). Additionally, the incidence
of distant metastases seems to be lower in patients with HPV-related OPSCC compared to HPV-
negative OPSCC cancers, again contributing to better overall prognosis (Rahimi, 2020). However,
prediction of the disease development, early detection of primary cancers, and prevention of the
disease progression are still needed for survival rates to improve. Nowadays, approximately 4.5%
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cancers worldwide are attributable to HPVs, with HPV16 being consistently the most frequent type
(de Martel et al., 2017; McBride, 2022). Although being the most common sexually transmitted
viral infection, in most cases, T cells from the cell-mediated immune response infiltrate lesions and
clear them rapidly and spontaneously, leaving no long-term effects. Otherwise, HPV infections
become chronic, and infected individuals are at an increased risk for cancer development (zur
Hausen, 2002). This process from the primary infection to cancer development is well defined in
the cervix. The oncogenic capacity of HR HPVs relies on synergy of both viral oncoproteins, E6
and E7, which inactivate multiple cellular targets and pathways including tumor suppressors, p53
and pRD, respectively. E7 binds to pRb and disrupts its attachment to the E2F transcription factors
causing E2F release (Huh et al., 2007). Ultimately, free and active E2F promotes the transcription
of a group of genes that encode proteins essential for cell cycle progression (Miiller et al., 2001).
Additionally, E6 disrupts p53 signaling, which is required for cell growth inhibition, senescence,
and apoptosis (Huibregtse et al., 1991; Lechner et al., 1992). Inactivation of these two tumor
suppressor by the viral oncoproteins leads to a genomic instability and malignant progression
(Doorbar et al., 2012; Klingelhutz and Roman, 2012). In addition to provoking p53 degradation,
numerous studies have indicated that E6 has many other cellular targets including proteins which
contain PDZ domains, ubiquitous protein interaction modules involved in organizing and
maintaining scaffolding complexes (Mittal and Banks, 2017). Some of the best characterized E6
interactors which contain PDZ domains are proteins from the Scribble polarity complex: SCRIB
and DLG1, and E6 has been proven to promote degradation of these proteins by the UPS
(Nakagawa and Huibregtse, 2000; Pim et al., 2000). Since SCRIB and DLG1 play roles in
establishing and maintaining cell polarity, cells which express E6 form weaker cellular contacts
and grow in a more disorganized manner (Pim et al., 2000). Consequently, by inactivating them,
E6 contributes to the development of later stages of HPV-induced malignancies in anogenital area
(Cavatorta et al., 2017; Lin et al., 2004). Interestingly, the same process from the initial infection
to cancer development in HN area is still poorly understood. However, it seems to be much brisker
than in cervix where it generally takes 12-15 years for a persistent infection to result in the
development of carcinoma (Snijders et al., 2006). Besides the process being shorter in HN, the
prevalence of HPV type specificity somewhat varies. It is reported that approximately 70% of
cervical cancers and precancerous cervical lesions are caused by two types, HPV16 and HPV18
(Thomas et al., 2008). Intriguingly, HPV16 seems to be the predominant viral type associated with

101



OPSCC development, accounting for 90-95% of all cases (Elrefaey et al., 2014; Kreimer, 2005).
These variations in HPV prevalence and high mortality rates of OPSCCs patients in general, point
to the need for other more specific prognostic biomarkers that could be more accurate in predicting
the development of the disease in early stages at atypical infection sites. So far, p16 overexpression
is used as a surrogate marker for HPV infection in HNSCCs. However, it is not exclusive, since
approximately 10% of HPV-negative HNCs show p16 overexpression and vice versa (Seiwert,
2021). Therefore, the aims of this research were to better understand the process of HPV-driven
oncogenesis in HN area, to detect potential similarities and/or differences in 16E6 impact on DLG1
and SCRIB, which perturbations are likely to be important for the onset of malignancy at this

anatomical region.

5.1 Establishment of HPV16 E6/E7-expressing immortalized keratinocytes

In this research, DLG1 and SCRIB localization and expression patterns in the presence and absence
of 16E6 were investigated in monolayer cultures of keratinocytes isolated from various anatomical
sites, in organotypic 3D raft cultures and finally in FFPE OPSCC samples. To do this, firstly, cell
lines that stably express HPV16 E6/E7 oncoproteins were established. Three previously
immortalized keratinocyte cell lines were used: INOK, iHTK and iHFK. The initial attempt in
achieving stable expression of individual E6 and E7 oncoproteins was performed by CRISPR Cas9
Knock-in method. In particular, the AAVS1 transgene knock-in transfection system which
generates double strand DNA brakes at AAVS1 locus was applied. This locus allows stable, long-
term transgene expression in many cell types. Moreover, its disruption is not associated with any
known disease, so it is often considered as a safe-harbor for transgene targeting (Oceguera-Yanez
et al., 2016). After successful construction of the donor plasmid pAAVS1-BSD-DNR containing
E6 or E7 oncogenes, the transfection conditions were optimized by applying various kinds of
transfection reagents. This step was performed since keratinocytes are generally quite hard to
transfect. To further obtain homogenous E6 or E7-expressing cell lines, single-cell colony isolation
in 96-well plates was conducted. To verify that the transfected lines were expressing HPV
oncoproteins, cellular proteins were isolated, separated on SDS-PAGE and analyzed by Western
blotting. FLAG or HA antibodies were used to detect tags fused to E6 or E7 oncoproteins, however,
there was no positive signal detected. Given that all the previous steps have been confirmed to be
successful and that the cells survived the antibiotic selection, it is likely that the problem with the

integration of transgenes may have occurred. It is estimated that only about 10% of adeno-
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associated viral (AAV) vectors integrate into the host cell genome, while the majority of vector
plasmids persist in an episomal and non-integrated forms (Smith, 2008). Thus, the transfected cells
could have survived the antibiotic selection even if the transgenes were not integrated. On the other
hand, even if the integration of the HPV oncogenes was an effective one, it is likely that a very
small number of the insert DNA became integrated. However, theoretically, only one integrant
should be sufficient for expressing high levels of E6/E7 thus this effect was more likely to be due
to epigenetic changes under the challenge for cell survival (Van Tine et al., 2004). Apparently,
CpG methylation modifications may affect HPV productive cycle, but this is not yet
mechanistically understood. It has been observed that episomal form of HPV DNA in premalignant
biopsies is unmethylated indicating that methylation may occur after HPV integration into the host
DNA leading to reduction of viral transcription (Burley et al., 2020). Also, there was a possibility
that the viral DNAs became transcriptionally inactive due to a type of integration. There are two
types of HPV integration processes which occur in natural HPV infections. In type 1, a single
genome is integrated into cellular DNA while in type 2, multiple tandem head-to-tail repeats have
been found at a single locus (Jeon et al., 1995). In those, it is reported that usually only the 3’-
junctional copy of the viral genome is transcriptionally active (McBride, 2017). Hence, if type 2
integration has occurred due to targeting of the specific AAVS1 locus, most of the integrated viral
DNA copies would be transcriptionally inactive. Moreover, high-throughput viral integration
detection (HIVID) method identified so-called hotspots for HPV integration in specific human
genes of which many encode proteins in cancer-associated pathways. This suggested that HPV is
integrated within the genome initially at random and that the integration occurs at some loci which
provides a selective advantage to host cells. However, there is no evidence of showing the AAVS1
locus being one of the hot spots (Hu et al., 2015). After trying several times and obtaining
unsuccessful results, the approach was changed. Knowing that close to 100% infection efficiency
of keratinocytes can be achieved by retroviral vectors (Garlick et al., 1991), lentiviruses encoding
HPV16 E6 oncogene were produced. Construction of the donor vector containing HPV16
oncogene begun with E6 amplification from pcDNA3.1 16E6 template, followed by the insert
ligation into pUIltra-GFP vector. To validate the cloning efficiency, a double validation was
performed, including PCR amplification and sequencing. After the confirmation, lentiviruses
encoding 16E6 oncogene were produced in HEK293T cells. Prior to transduction of iNOK, iHFK

and iHTK cells, it was necessary to determine the viral titer by using various amounts of lentiviral
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particles on iINOK cells. Surprisingly, none of the lentiviral particle concentrations which was used
resulted in cells emitting green 16E6-GFP signal. Although the sequencing confirmed the
successful cloning it is possible that transcription or translation did not occur. Therefore, to verify
this, HEK293 cells were transfected with only pUltra-GFP-16E6, and positive fluorescent signal
was observed meaning that the transcription and translation processes were functional. Although
the plasmid construction was successful, it seemed that the production of viral particles was
ineffective. This might have occurred because HEK293T cells used for lentiviral production were
grown in DMEM supplemented with 10% FBS, since the presence of heat-labile complement
proteins and immunoglobulin G apparently inhibits viral production (Powers and Trobridge, 2013).
Moreover, for some transgenes, transfection optimization simply is not enough to get a sufficient
titer due to inefficient packaging of larger inserts (Kumar et al., 2001). Finally, keratinocyte cell
lines expressing E6/E7 were established by transfections with HPV16 genomes, which was shown
to be a reliable method. Since the plasmid containing HPV16 genome does not contain any
selective markers, to easily select transfected cells, cells were co-transfected with HP\VV16 genomes
and a plasmid carrying blasticidin resistance gene. Cells were passaged for at least 15 passages for
viral DNA integration to occur. This approach yielded cell lines which were then used for further

investigation of 16E6 effects on DLG1 and SCRIB at various anatomical sites.

5.2 HPV16 E6 exhibits distinct effects on DLG1 and SCRIB endogenous expression

Several proteomic analyses have demonstrated that E6 oncoproteins of different HPV types have
distinct binding affinities for PDZ domain-containing proteins, including DLG1 and SCRIB (Vats
et al., 2021; Vincentelli et al., 2015). Indeed, HPV16 E6 more efficiently interacts with SCRIB
protein, while DLG1 is strongly bound by HPV18 E6 (Gardiol et al., 1999; Pim et al., 2000;
Thomas et al., 2005). As demonstrated, binding affinities depend upon the precise amino acid
sequence of the E6 PBMs. HPV16 is the only oncogenic HPV type having E6 PBM Leucine at the
first amino acid position, rather than Valine, which was demonstrated to increase the preference
for binding SCRIB (Thomas et al., 2005). Moreover, the preference of 16E6 for SCRIB may be
also due to the fact that E6 is able to bind to any or even all of the PDZ domains of SCRIB protein
(Nakagawa and Huibregtse, 2000). However, no studies have yet indicated whether the binding
preference changes depending on the anatomical area. To assess this, GST-pull down assays were
performed, and they displayed that E6 binding preferences did not change towards DLG1 and
SCRIB depending on the anatomical area. Although, INOK and iHTK are cell lines both derived

104



from HN area, SCRIB interaction with 16E6 was not detected in iIHTK possibly due to low SCRIB
expression levels or lower intensity interaction between these two proteins at this specific
anatomical site. This has further risen a question whether 16E6 potentially exhibits different effects
on DLG1 and SCRIB endogenous protein expression levels and this was examined in three
established keratinocyte cell lines stably expressing HPV16 E6/E7 using Western Blot analysis.
According to the obtained data, 16E6 presence had only marginal effects on DLG1 protein levels,
since it was vaguely upregulated in iIHFK-16E6/E7 cells, whilst it remained unaffected regardless
of 16E6 presence in iNOK and iHTK. This was surprising since numerous studies have shown E6-
mediated DLG1 degradation and thus its downregulation. However, those studies were conducted
on in vitro translated E6 and/or DLG1 or even under the conditions of overexpression. Also, in
those analyses, HPV18 EG6 effects on DLG1 were examined (Gardiol et al., 1999; Kiihne et al.,
2000; Pim et al., 2000). Here, effects of 16E6 on endogenous DLGL1 protein levels were
investigated and, so far, there are hardly any reports which investigated 16E6 impact on DLGL1 in
this experimental setting. However, in a study set under similar conditions, comparable
observations were made - in primary immortalized HFK infected with retroviruses containing
HPV16 E6/E7 did not result in reduced levels of endogenous DLG1 (Choi et al., 2013). If
considering the established iHFK-16E6/E7 cell line as a model of genital higher-grade
premalignant lesions in which integration has occurred, our study suggests that DLG1 is
upregulated as a cellular defense mechanism, while a reduction is observed in CaSki, HPV16-
positive cervical cancer cell line. This is in a correlation with a study showing that DLG1 was
overexpressed in intraepithelial cervical, vulvar, and laryngeal HPV-associated lesions, while a
marked level of reduction was observed in HPV-positive invasive cervical carcinomas (Cavatorta
et al., 2004; Watson, 2002).

In contrast to DLG1, results of this doctoral thesis showed upregulation of SCRIB in all three
keratinocyte cell lines at the protein level in the presence of HPV16 E6. This conflicts with previous
studies showing that 16E6 binds and targets SCRIB for a proteasome-mediated degradation
(Nakagawa and Huibregtse, 2000; Thomas et al., 2005). However, studies showing clear SCRIB
degradation were conducted under the conditions of ectopic expression. Since endogenously
expressed SCRIB is a membranous protein which interacts with various cellular proteins, those
interactions may have a protective role, i.e., change in its confirmation which could potentially

inhibit E6-mediated degradation. Also, there might be an insufficient amount of endogenously
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expressed E6 in these cell lines, which is inadequate to degrade SCRIB, its primary PDZ-domain
containing substrate, but not the general target. This lower cellular quantity of E6 most likely
targets primarily p53 rather than SCRIB or other cellular interactors. Likewise, with both being
overexpressed, SCRIB could potentially be expressed in a different cellular compartment, in the
cytoplasm, where protein turnover at proteasomes occurs, and thus be more accessible to be
targeted by E6 for a proteasome-mediated degradation. Also, endogenously and exogenously
expressed SCRIB proteins may undergo different posttranslational and posttranscriptional
modifications that affect their solubility and therefore this might make some of these SCRIB forms
more accessible to E6, which is also likely to lead to its degradation. Indeed, in a study on cancer-
derived cells, different cellular pools of SCRIB were investigated showing that the majority of
soluble SCRIB protein was degraded by the proteasome (Massimi et al., 2004). Up to date, a very
few studies reported an upregulation of endogenous SCRIB protein. One study was conducted to
determine whether SCRIB protein levels were altered due to increased E6/E7 expression. They
used clonal cells from a human CINs harboring the HPV16 genome either in episomal (W12E) or
integrated form (W12l), CaSki and C33A cells. As reported, Western blot analyses indicated that
SCRIB was somewhat decreased in W12l and CaSki when compared to W12E. Since this decrease
was not observed in C33A cells, they suggested that diminished SCRIB could be dependent on E6
expression. They performed additional Western blots to compare the level of SCRIB in the soluble
and insoluble fractions of NIKS and NIKS harboring the HPV16 genome and showed that SCRIB
levels might be upregulated in the presence of HPV16 (Simonson et al., 2005). Therefore, HPV16
is also likely to be causing upregulation of endogenous SCRIB to stabilize itself. Interestingly, the
presence of SCRIB was previously reported to be required for maintaining high levels of E6 protein
(Kranjec et al., 2016). However, this was shown only in HeLa, HPV18-driven cancer cells, whilst
the same has not been investigated for HPV16 type. The observed SCRIB upregulation is also in a
correlation with a study showing that SCRIB was overexpressed in atypical dysplastic glands of
the polyp and its levels decrease with the disease progression (Gardiol et al., 2006). In addition, to
possibly stabilizing E6 protein levels in three keratinocyte cell lines, SCRIB might also play a role
as an oncogene. This was previously shown in a transgenic mouse model for mammary carcinoma,
where loss of SCRIB in conjunction with oncogenic activation of c-myc significantly enhanced the
size of tumors compared with activating c-myc alone (Zhan et al., 2008). All things considered, the
difference in the binding fondness between 16E6 and DLG1 as well as 16E6 and SCRIB reflected
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on the patterns of their expression. A stronger effect of 16E6 was observed on SCRIB than on
DLG1 expression regardless of the anatomical sites, which all points to the importance of

E6/SCRIB interaction in the process of HPV16-mediated oncogenesis.

5.3 DLG1 and SCRIB are delocalized in the presence of HPV16 E6

Both DLG1 and SCRIB were previously characterized as tumor suppressors and cell polarity
regulators; DLGL is essential for the regulation of polarity and cellular growth in response to cell—
cell contact (Pim et al., 2012), whilst SCRIB is required for maintenance of an epithelial phenotype
at low cell densities (Nakagawa and Huibregtse, 2000). Consequently, even a minor shifts in
localization of these proteins can impact the loss of cell polarity and therefore contribute to cancer
progression and consequent cell invasiveness, which is observed during metastasis (Snijders et al.,
2006). Moreover, mislocalization of cell polarity regulators is considered as a hallmark of cancer,
since it can drive cancer development and metastasis (Wang and Li, 2014). Hence, we sought to
investigate DLG1 and SCRIB localization in the presence and absence of HPV16 E6 in iNOK,
IHTK and iHFK cell lines using IF confocal microscopy and fractionation assays. According to the
IF results, the presence of 16E6 had a negligible impact on DLG localization in iNOK cells, while
slight deregulation of cytoplasmic DLG1 was observed in iIHTK-16E6/E7 cells. Intriguingly, 16E6
instigated complete delocalization of membranous DLG1 into the cytoplasm in iHFK cells. These
results further confirmed observations from the experiments in which endogenous DLG1 protein
expression was monitored and proposed that 16E6 has a greater effect on DLGL1 protein levels in
cells isolated from genital than from HN area. Furthermore, iIHFK-16E6/E7 cells are likely to
mimic some of the events which occur in premalignant lesions of the anogenital area. Although
viral DNA integration is present, the degree of cell transformation is not the same as in cells isolated
from late stages of HPV cancers. Still, these results are in agreement with the study showing
diminished membranous DLG1, while the cytoplasmic levels have significantly increased in high-
grade cervical neoplasia (Watson, 2002). Interestingly, fractionation assays did not show any
differences in DLG1 distribution in iIHFK in the presence of 16E6. However, it should be taken
into consideration that the fractionation kit does not have the ability to separate the nuclear and
cytoplasmic membrane into individual fractions. Likewise, this divergence of IF and fractionation

results may also be due to partly non-specific IF staining which might have occurred.
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Next, strong binding affinity of 16E6 towards SCRIB was correlated with changes in its cellular
localization and distribution in the same cell lines. Firstly, SCRIB localization was investigated in
INOK cells, in which SCRIB was detected in the membranes and cytoplasm, whilst the minority
was visible in the nuclei as well. As observed, 16E6 caused the shift of SCRIB protein with the
majority being detected in the cytoplasm and this was corroborated with the fractionation assays.
SCRIB delocalization was observed in iIHTK-16E6/E7 in comparison to the control iIHTK cells as
well. Surprisingly, although in this specific anatomical cell origin background, the change in
localization seems to be reversed, SCRIB was delocalized from the perinuclear space to the cellular
membranes and, interestingly this was in collaboration with results of the fractionation assays.
Finally, SCRIB was nicely detected in or just under the membranes of iHFK cells, yet some
cytoplasmic and nuclear staining were visible as well. However, exclusively cytoplasmic staining
was detected only in the presence of HPV16 E6. This contrasts with fractionation assays, which
showed a preserved cytoplasmic localization independent of 16E6 presence, suggesting that some
IF signal might have been produced due to the non-specific staining. Additionally, no markers
could have been used in this study for co-localization assays with either SCRIB or DLG1 due to
the cross-reactivity and origin limitation, so potentially visible membranous staining may represent
the accumulation right beneath the cell membrane. Regardless of what was mentioned above,
importantly, HPV16 E6 impacted SCRIB localization in all immortalized cell lines, which are
likely to resemble some of the phenotype characteristic for HPV-caused neoplasias as well as in
CaSki cells derived from a cervical cancer patient. These observations are in agreement with a
study showing that modulated SCRIB was associated with the clinical stage, histopathological
differentiation, and lymph node metastasis in the development of endometrial cancer (Ouyang et
al., 2009). All this once again alludes on a stronger effect of 16E6 on SCRIB, causing changes in
its cellular localization and distribution, which likely impacts its normal functions, and in this way

contributes to malignant cellular transformation.

5.4 DLG1 and SCRIB transcript levels correlate with E6 transcript abundance

Most studies which investigated E6 impact on DLG1 and SCRIB were conducted at the protein
level and reported their altered expression and localization. However, only a few of them have
investigated and reported changes in the levels of transcription of PDZ-domain containing proteins
(Dizanzo et al., 2020; Lazi¢ et al., 2012). Therefore, a series of studies were conducted in primary

HFK and HTK cells which contained HPV16 episomes to evaluate if the transcription level of E6
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increases with the number of passages, and how this might affect the transcription levels of DLG1
and SCRIB. Interestingly, E6 mRNA levels increased proportionally with the higher number of
passages in HTK. This might be because the number of viral genomes increases with the cultivation
time, so longer-passaged cells contained higher amounts of viral genomes, which over all
consequently resulted in increased mRNA levels. Likewise, although these cells were grown on
irradiated 3T3-J2 feeder cells, to keep HPV16 in the episomal form as long as possible, a small
proportion of them might have still integrated, consequently leading to uncontrolled and increased
transcription of E6/E7 oncogenes. Remarkably, although harvested at p5, HFK cells containing
HPV16 episomes have shown higher transcription levels, when compared to HTK implying that
the viral genome is more transcriptionally active in HFK than in HTK. This is in a correlation with
the results showing that greater percentage of the total HPV16 virions grown in tonsillar epithelium
become fully mature and stable faster than in foreskin tissue (Israr et al., 2016). Thus, since new
virions mature slower in HFK, E6 activities are likely to be more pronounced in these cells. It was
further investigated whether in this setting E6 has any effects on DLG1 on the transcriptional level.
DLGI1 transcript levels were examined using two different primer pairs, one detecting only DLGI1f3
isoform, and the other specific for the HOOK region in DLG1. The two primer sets were used
because it was suggested that HPV can manipulate with serine-arginine-rich (SR) proteins involved
in multiple stages of MRNA maturation, including the constitutive and alternative splicing (Prescott
et al., 2014). According to obtained data, DLG1p isoform levels were slightly lower in HTK cells
containing HPV16 episomes and continued to decline with the cultivation time. Conversely, the
presence of HPV16 episomes induced higher transcript levels of both DLG1p and DLG1 HOOK
in HFK cell line. Since the HOOK region is present in all DLG1 isoforms, these results suggest
that 16E6 initiates upregulation of overall DLG1 mRNA levels in cells regardless of the anatomical
area. Furthermore, potential changes in SCRIB transcription levels were also assessed due to the
16E6 increased transcription over time. Interestingly, SCRIB transcription levels correlated with
E6 mRNA levels regardless of the donor background, which is in the line with the results of the
endogenous protein expression analysis. Apart of using SCRIB as a protein stabilizer, E6 may also
upregulate SCRIB transcription to prolong the infectivity period and make the environment

suitable for optimal completion of productive viral cycle.

The cell lines investigated in this doctoral thesis were artificially established HPV-positive cell
lines. They contained episomal forms of HPV16 and in this way were used to mimic early stages
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of HPV infections. Therefore, this analysis was expanded to cell lines derived from HPV16-
positive, and HPV-negative OPSCCs for comparison of how much the presence of different forms
of HPV16 E6 contributes to these differences. In those cells, DLG1p transcripts were higher in
both types of OPSCCs compared to the non-transfected HTK, so this effect on DLGIp levels
appeared to be HPV16-independent. In contrast, DLG1 HOOK domain transcripts were decreased
both in HPV-negative and HPV16-positive OPSCCs. This observation was in correlation with a
study demonstrating a downregulation of DLG1 mRNA levels in CaSki and HelLa cells in
comparison to C33A and HaCaT, spontaneously immortalized and transformed skin keratinocytes,
in which the highest DLG1 mRNA expression rates were demonstrated (Mantovani et al., 2001).
Although DLG1 transcription was not downregulated in C33A, HPV-negative cervical cancer cell
line in previously mentioned study, downregulation of DLG1 mRNA was observed in other cancers
such as non-small cell lung cancer tissue in comparison to normal tissue (Szymanowska-Narloch
etal., 2013). Interestingly, SCRIB levels remained unchanged in HPV-negative OPSCC cells when
compared to non-transfected HTK control cells, but were increased in HPV16-positive OPSCC,
suggesting that E6 modulation of SCRIB mRNA levels is an important aspect of HPV16-driven
oncogenesis. However, additional studies are required to elucidate the link between the

transcriptional levels of E6 and SCRIB in greater detail.

5.5 DLG1 and SCRIB are differently regulated during HPV16 cycle

It was further investigated if the variations in DLG1 and SCRIB transcript levels in the presence
of 16E6 somehow reflect on their protein localization during the productive viral cycle. It is a well-
established fact that HPV replication cycle is closely linked to epithelial differentiation (Graham,
2017a). Hence, potential differences in DLG1 and SCRIB distribution during the productive viral
cycle, were investigated in HTK organotypic 3D raft culture, an in vitro system that faithfully
recapitulates epithelial differentiation, so it can be used for studying HPV cycle. In control raft
cultures grown without HPV16 episomes, DLG1 was localized preferentially in the cytoplasm of
the basal cells, but in the suprabasal layers it was predominantly present in the membranes.
However, no cytoplasmic DLG1 was visible in the middle suprabasal layers. This is in correlation
with the study showing that both DLG1 and SCRIB expression gradually increased towards the
upper colonic crypt areas. As cells divide, they move towards the upper layers of the epithelium,
differentiate, and lose their proliferative capacity. Thus, this increase in DLG1 and SCRIB
expression levels may suggest their role in epithelial differentiation and in the negative control of
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cell proliferation (Gardiol et al., 2006). In rafts grown from low-passage HTK cells containing
HPV16 episomes, DLG1 was detected in the cytoplasm and membranes, but it appeared that
membranous DLG1 was partially shifted to the cytoplasm in the lower and suprabasal layers where
E6/E7 expression was reported to be the highest (Doorbar et al., 2020). In the upper layers of those
rafts, membranous DLG1 was preserved likely because in these layers new virions were produced
and E6/E7 expression was minimal. This was even more evident in rafts grown from high-passage
HTK cells containing HPV16 episomes, again implying that E6-mediated DLG1 manipulation is
required for successful viral replication and these changes in DLG1 may be important for the
malignant development. These observations support a study which investigated DLG1 expression
in HFK organotypic 3D cultures containing HPV18 episomes. The authors showed that DLG1 was
localized preferentially in the cytoplasm of the basal cells, but in the suprabasal areas it was
predominantly present at cell contacts (Valdano et al., 2016). In control HPV-negative rafts, SCRIB
expression was comparable to DLGL1 - it was localized in the membranes of cells throughout all
the layers with higher intensity observed in the upper layers closer to the cornified epithelium, as
previously described in colon (Gardiol et al., 2006). In rafts grown from low-passaged HTK cells
containing HPV16 episomes, SCRIB showed higher intensity through the middle layers, which
builds well on the results of SCRIB upregulation observed on the protein level in immortalized
IHTK-16E6/E7, as well as on the transcript levels increase in the same cells used for growing these
rafts. Additionally, in rafts derived from high-passaged HTK cells containing HPV16 episomes,
membranous SCRIB was detected in some cells of the upper layer. However, most of SCRIB was
evidently mislocalized from the membranes into the cytoplasm. Based on the observed results,
HPV16 presence could potentially stimulate the delocalization of SCRIB and DLG1 to expand the
infection through the tissue. Likewise, this regulation might also contribute to slowing down the
healing of micro ruptures in the epithelium, which is likely to alleviate new viral infection and

consequently production of new virions.

5.6 DLG1 and SCRIB are distinctly regulated in OPSCCs independently of 16E6

The previously presented results obtained from the experiments in monolayer cell cultures and
organotypic 3D raft cultures can serve as indicators of changes that are likely to precede the onset
of cancer development. Therefore, we further sought to verify whether similar changes occur in
FFPE OPSCC samples and, if so, whether changes in the expression levels and/or localization of
DLG1 and SCRIB are dependent upon HPV status. If so, they could then be used as a potential
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marker since, currently, the guidelines for HPV detection in OPSCCs and prediction of the disease
development in early stages have not met the golden standard. Even though IHC staining of p16 is
widely used as a surrogate marker for diagnosis of HPV positivity in OPSCC, approximately 10%
of HPV-negative HNCs show p16 overexpression and vice versa (Seiwert, 2021). In combined
analysis of PCR genotyping and p16 IHC staining, 14.3% of the total of HPV16-positive samples
analyzed were p16-negative. Comparably, 8.3% of HPV-negative samples were, at the same time,
pl6-positive. Thus, these results corroborated reports showing pl6-positivity both in HPV-
negative and HPV-positive OPSCCs (Dediol et al., 2016; Inoue and A. Fry, 2018). To have a basis
for comparison, DLG1 distribution and expression were first examined in control tonsillar tissue.
In those, DLG1 was localized both in the cytoplasm and to the adherent junctions, mostly in the
intermediate layer of the stratified squamous epithelium but was absent from the basal and
superficial layers. This distribution pattern corroborated with one observed in 3D raft cultures and
was also similar to that found in tonsillar tissues in The Human Protein Atlas. Next, to examine
potential changes that occur during disease progression, DLG1 was examined in a series of HPV-
negative OPSCCs, which were graded by pathologists depending on the level of differentiation
from well- to poorly-differentiated, G1 to G3, respectively. In G1 samples (7/36), DLG1 expression
levels varied, but the localization remained similar to that in control tonsillar tissue. In G2 OPSCCs
(10/36), DLG1 expression was not detected in two samples, but in the remaining, it was of a
medium or high intensity. In those, DLG1 localization was unaffected. Finally, in poorly-
differentiated OPSCC samples (19/36), DLG1 was diminished in only one sample, while the vast
majority showed either low or medium intensity expression, with cytoplasmic and membranous
localization. These results are in agreement with a study showing exclusive membranous DLG1
staining in normal mammary epithelial ducts with intensely cytoplasmic staining in ductal in situ
carcinoma cases (Fuja et al., 2004). Similarly, a downregulation of the membranous DLG1 was
observed in semi-differentiated colon adenocarcinomas with DLG1 protein being almost
undetectable in poorly differentiated stages (Cavatorta et al., 2004; Gardiol et al., 2006). Taking
all this together, perturbations in DLG1 localization seem to increase with the cancer progression
implying that deregulation of DLG1 normal function is likely to be linked with the disease
development. These alterations could have occurred because of other processes during cancer
progression. It was speculated that acquisition of certain mutations in DLG1 gene can promote
malignant transformation. So far, missense mutations G338R, 1348V, Y349S, K352R, K352E,
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G356A, H360Q, and H360N in the DLG1 PDZ-2 domain have been observed in breast cancer
(Fujaetal., 2004) and were later suggested to disable DLG1 interaction with the tumor suppressors
APC and PTEN (Marziali etal., 2019; Sotelo et al., 2012). These results emphasized the importance
of DLG1 functions and suggest that any alterations in DLG1 function may contribute to the process
of oncogenesis, which is in correlation with the hypothesis of DLG1 acting both as a tumor
suppressor and cell polarity regulator (Elsum et al., 2012; Marziali et al., 2019). DLG1 expression
and localization patterns were further examined in HPV16-positive OPSCCs to investigate whether
E6 has any effects in this background. In those, DLG1 expression was reduced significantly when
compared to G3 HPV-negative cancers only, but localization was almost unaffected suggesting
that HPV16 E6 does not evidently affect localization of DLG1.

The changes in SCRIB distribution patterns were next investigated in control tonsillar tissues. In
those, SCRIB was expressed both in the cytoplasm and membranes of cells from the parabasal
layer of the stratified squamous epithelium but was absent from the basal and superficial layers.
This observation is contradictory to the one from The Human Protein Atlas, where SCRIB was
demonstrated to be detected in the basal and intermediate layers of squamous epithelia, but not in
the superficial layers. However, similar SCRIB pattern was observed in the organotypic raft
cultures as mentioned above. In the HPV-negative OPSCCs, SCRIB expression remained
unaffected in almost all G1 and G2 samples, but one sample showed SCRIB levels that were similar
to those seen in control tonsillar tissues. SCRIB was predominantly delocalized from the
membranes to the cytoplasm of cancerous cells. However, in G2 OPSCCs, SCRIB was completely
absent in 2/10 samples and the loss was more obvious in G3 samples, implying that SCRIB
mislocalization could be a risk factor for malignant transformation. Indeed, these results were
consistent with studies on breast cancer cells and on mutant transgenic mice, showing that
cytoplasmic SCRIB promotes cancer development by affecting subcellular localization of PTEN
and activation of the Akt/mTOR/S6 kinase signaling pathway (Feigin et al., 2014; Stephens et al.,
2018). HPV16-positive OPSCCs samples are classified as poorly differentiated, and thus share
morphological similarities with G3 HPV-negative ones. Therefore, no significant change was
observed in SCRIB expression and localization pattern between G3 HPV-negative and HPV16-
positive OPSCCs. More precisely, SCRIB was diminished in almost all samples, but in those where
it was detected, it was expressed at low levels and solely in the cytoplasm. However, significant
changes in both SCRIB mislocalization and expression were detected between lower graded HPV-
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negative cancers (G1 and G2) and HPV16-positive ones, suggesting that the relocation of SCRIB
is likely to be an important event in promoting malignant transformation. Since SCRIB is a
membrane protein which interacts with various cellular proteins, its delocalization could disrupt
those interactions causing modulations in functions of the interacting partners. Likewise, it is likely
that SCRIB has a dual function under certain conditions, so any mutations or presence of E6 could
cause the shift to growth promotion rather than inhibition. Even though the complete delocalization
or loss of SCRIB protein was not an exclusive result of HPV16 infection in the HN area, the overall
SCRIB expression was significantly lower in HPV16-positive OPSCCs than in HPV-negative
ones. This is in line with a cervical cancer study showing that E6-mediated degradation was one of
the causal roles for the progressive decrease of SCRIB expression during the disease progression
from LSIL to HSIL. This then led to the complete decrease of SCRIB expression during the process
of carcinogenesis from HSIL to invasive cervical cancer (Nakagawa et al., 2004). Most
importantly, a marked, progression-dependent SCRIB downregulation was detected in the HPV-
negative OPSCCs, especially in G3 HPV-negative samples. Similarly, decreased expression and
changed localization of SCRIB were associated with clinical stage, histopathological
differentiation, and lymph node metastasis suggesting that SCRIB is involved in the development
of endometrial cancer (Ouyang et al., 2019, 2009). Therefore, results of this doctoral study suggest
that certain fluctuations in SCRIB expression and localization patterns are likely to correlate with
higher grades of OPSCCs. Moreover, these oscillations are even more evident in the presence of
HPV16 implying that the loss of SCRIB could serve as a potential late-stage marker in

oropharyngeal carcinogenesis.
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6 CONCLUSIONS

HPV16 is the predominant type in HPV-induced OPSCCs, thus this research aimed to get a better

understanding of the process of HPV-mediated oncogenesis at this anatomical site by investigating

potential similarities and differences in 16E6 effects on DLG1 and SCRIB. The results were

obtained from experiments on immortalized keratinocytes isolated from anogenital and HN area,

primary keratinocytes, organotypic 3D raft cultures and on OPSCCs samples. From those, it was

concluded that:

The preference of HPV E6 oncoproteins’ binding to DLG1 and SCRIB remains unaltered
in immortalized keratinocytes regardless of the anatomical origin.

HPV16 E6 has no effect on endogenous expression of DLG1 protein but impacts its cellular
localization in immortalized keratinocytes. These effects are the most evident in iHFK-
16E6/ET7.

HPV16 E6 causes an increase in endogenous SCRIB protein expression levels, but it
exhibits minor changes in cellular localization, and this is not anatomical site-dependent.
HPV16 E6 induces upregulation of overall DLG1 mRNA levels in primary HFK cells,
while there is no evident effect on DLG1 mRNA levels in primary HTK cells.

HPV16 E6 upregulates SCRIB mRNA levels in primary HTK and HFK.

HPV16 causes a shift in cellular localization from the membranes to the cytosol of both
DLG1 and SCRIB proteins in the basal and parabasal layers of organotypic 3D raft cultures.
This was more evident in rafts grown from high passaged HPV16-expressing HTKSs.
DLGL1 delocalization from the membranes to the cytoplasm increases with the progression
of HPV-negative OPSCC and this is even more evident in the presence of HPV16 E6.
SCRIB is insignificantly mislocalized from the membranes to the cytoplasm during the
progression of HPV-negative OPSCCs.

SCRIB proteins levels decrease with the progression of HPV-negative OPSCCs and this
loss of SCRIB is significant in the presence of HPV16 E6.

Put together, this research provides novel insights about the roles of HPV16 E6 in HN

carcinogenesis, through effects on DLG1 and SCRIB proteins, and shed a light on DLG1 and

SCRIB similarities and differences in their behavior during the process of carcinogenesis in

oropharynx, in the presence and absence of HPV16 E6.
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