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Abstract

Beta human papillomavirus (HPV) infections are associated with cutaneous squamous cell
carcinomas in immunocompromised individuals. There is currently no treatment or vaccines
targeting beta HPVs. The oncoprogression is dependent on persistent infections, and despite
their clinical relevance, the mechanisms of the persistent beta-HPV replication remain poorly

understood.

In this study, we aimed to investigate the role of viral replication proteins E1 and E2 in the
establishment and long-term maintenance of the episomal HPV5 genome that represents the
best-studied beta HPV type. In a transient system, £/ and E2 RNA interference led to a
time-dependent decrease in viral genome replication. Cell cycle and viability were unaffected
by the EI and E2 silencing. These results confirmed that E1 and E2 are essential for

establishing viral genome replication.

Further, we created and characterized a stable cell line Dbearing the
HPV5-E1HA-Nluc-E2Flag genome (HS5-Nluc+ cells), as well as compared it to a previously
described cell line bearing the HPVS WT genome (H5+ cells). Southern blot analysis
confirmed the episomal nature of viral genomes in both cell lines. H5-Nluc+ cells carried
approximately 16-fold more viral genome copies than H5+ cells. During investigation of the
physical state of the viral genomes, we observed a previously described dominant oligomeric
replicon in H5+ cells that replicates in an E1 and E2-independent manner, while no such
replicon was present in the H5-Nluc+ cells. These findings suggest that there are two modes
of HPVS5 replication, one dependent on the E1 and E2 expression and another supported by
host cell machinery, with the latter developing after long-term maintenance of the HPVS
genome. However, whether the E1/E2-independent mode of replication occurs during natural

HPYV infection remains to be elucidated.

Keywords: replication, human papillomavirus (HPV), chronic infection
CERCS: B230 Microbiology, bacteriology, virology, mycology.
Institute name: Institute of Technology

Research group: Molecular virology laboratory



Viiruslike E1 ja E2 valkude roll inimese papilloomiviiruse tiiiip 5 genoomi

stabiilses replikatsioonis

Liihikokkuvote

Inimese beeta papilloomiviiruste (HPV) nakkused on seotud naha lamerakk-kartsinoomide
tekkega immuunpuudulikkusega isikutel. Hetkel puuduvad beeta-HPV-de vastu suunatud
ravimid vOi vaktsiinid. Onkogeenne progresseerumine soltub HPV-de pikaajalisest
persistentsest nakkusest, kuid vaatamata nende kliinilisele olulisusele on beeta-HPV-de

stabiilse replikatsiooni mehhanismid endiselt halvasti mdistetud.

Kéesolevas uuringus oli meie eesmark uurida viiruse replikatsiooni valkude E1 ja E2 rolli
episomaalse HPVS genoomi kujunemisel ja sdilitamisel — HPV5 on seni kdige pdhjalikumalt
uuritud beeta-HPV tiitip. Transientse replikatsiooni mudelis viis E1 ja E2 RNA-vaheline
vaigistamine ajas sOltuva viiruse genoomi replikatsiooni vihenemiseni. Rakutsiikli kulg ja
rakkude eluvdoime ei olnud mojutatud E1 ja E2 vaigistamisest. Need tulemused kinnitasid, et

E1 ja E2 on viiruse genoomi replikatsiooni alustamiseks hddavajalikud.

Lisaks 1dime ja iseloomustasime stabiilse rakuliini, mis kandis HPV5-E1HA-Nluc-E2Flag
genoomi (H5-Nluc+ rakud), ning vordlesime seda varem kirjeldatud rakuliiniga, mis kandis
HPVS5 metsiktiitipi genoomi (H5+ rakud). Southern blot analiiiis kinnitas viiruse genoomide
episomaalset iseloomu molemas rakuliinis. HS5-Nluc+ rakkudes oli ligikaudu 16 korda
rohkem viiruse genoomi koopiaid kui H5+ rakkudes. Viiruse genoomide fiiiisilise seisundi
uurimisel tdheldasime HS5+ rakkudes eelnevalt kirjeldatud domineerivat oligomeerset
replikoni, mis paljuneb E1- ja E2-s6ltumatult, samas kui H5-Nluc+ rakkudes sellist replikoni
ei esinenud. Need tulemused viitavad, et HPV5-1 on kaks replikatsiooni mehhanismi: ks,
mis soltub E1 ja E2 ekspressioonist, ja teine, mida toetab peremeesraku replikatsiooni
masinavéirk ning mis tekib pédrast HPVS genoomi pikaajalisel sdilumisel peremeesrakus.
Siiski jadb selgitamata, kas E1/E2-soltumatu replikatsioonimehhanism toimub loodusliku

HPV nakkuse ajal.

Votmesonad: replikatsioon, inimese papilloomiviirus (HPV), krooniline infektsioon

CERCS: B230 Mikrobioloogia, bakterioloogia, viroloogia, miikoloogia.



TABLE OF CONTENTS

TERMS, ABBREVIATIONS AND NOTATIONS..... .ottt 5

INTRODUGCTION.......eetieeteeee ettt ettt et et et e e st e st et et e eseeneeseeseeseeneanseeseeneensessesneensensas 8

I LITERATURE REVIEW.....oooiiiiiii ettt ettt et ss et sse st nsesseeseennensens 9

1.1 Introduction to PaPIllOMAVITUSES.......cccueeriieriieriieieeie ettt ettt et ettt seeesaaesaeesneesaeas 9

1.2 HPV fTANSIIISSION. ....ceuiiititieiiete sttt ettt ettt ettt st e ettt sbe et et e e bt est et e s ae e bt ent e tesaeeseenaennens 9

1.3 HPV ClINICAl OULCOMIES. ... .cueeuieiieiieieie ettt ettt ettt et see et e e stesee et e eesseeneeneeseeeneeneennes 11

1.4 HPV INfectious life CYCIE......uiiiiiiiieiiiece ettt st e e e eneee s 14

1.5 HPV genome organisation and viral protein functions.............cceeueeeieriiriiniinienie e, 17

1.6 HPV ET1 PIOtEIN....ceiuieiiieitieitieiieieesieesttet ettt et ettt et e e ebe e beebeenseenseenseenseenseenseensesnsesnsennns 18

1.7 HPV E2 PIOtCIN....cccieiiieriieiieriierieesieestettesitesteesteeteeseessaessaesseessaesseesseesseessesssesssesnsesnsennsesssennns 20

1.8 Existing systems for stable HPV replication investigation............c.cecvvevveerieerieecieeresnresvesneenns 21

2 THE AIMS OF THE STUDY ...ttt ettt ettt et e e seeneesessesseeneensens 23

3 EXPERIMENTAL PART ..ottt ettt ettt et besseeseenseseesaesnensense e 24

3.1 MATERIALS AND METHODS......c.cotiiiiieiiinereeeeestee ettt 24

3.1.1 DNA and STIRINA CONSIIUCTS. ....cc.eeueriirtieieierierieeteie ettt ettt sttt eeeee s saeas 24

T 0 <) | 3 U< SRS 24

3.1.3 Cell line handling and transSfeCtion............cccveervieiiiieiciie et e e 25

3.1.4 Stable cell line generation and SEIECTION. ........ccoeerierieiieiieeeie et 26

3.1.4.1 Hygromycin B minimum lethal concentration determination..............cccceceevuenee. 26

3.1.4.2 Generation of HPV5-E1HA-NIuc-E2Flag-positive clones...........ccccoeeevercverrennnnns 26

3.1.5 Low molecular weight DNA isolation (Hirt method).........c.cccceeeviviiiieniienienieniesieen, 27

3.1.6 Southern blot and hybridiZation............cccveeriieriiiiiieie ettt evee e e ens 27

I B 31 01§ (<) o R T OSSPSR 29

3. 1.8 RNA EXITACHION. c..eutitieiieieieettet ettt sttt ettt et sttt ettt st sbe et e st sbe st eaenbesaea 30

3.1.9 Complementary DNA (CDNA) SYNthESIS......eciierieriieriieiieieeieereereeresnesnesnesnessnesenas 30

3.1.10 Quantitative polymerase chain reaction (QPCR).........c.ccvveiiiiiiviiciieiiciccie e 31

3.1.11 Protein extraction and immunoprecipitation (IP)..........ccccccvveveiiiiiiiiiieeiie e 32

31012 WESEETTE DLOT. . .eieiiieiiiee ettt ettt ettt et et e eate et eeneeeneas 33

3.1.13 Cell VIaDIlity @SSAY....ueecveeieeririerierresteetesteseeesteesteesseesseeseesseeseesseenseenseenseenseensensennns 35

3.1.14 Cell cycle analysis through flow CYtOMELrY........cceevvveiiecrieiiiieeie e 35

0 2 1 U 50 1 TSR 36

3.2.1 E1 and E2 RNAI inhibits the initial amplification of HPVS5..........cccooovviiiiiiiiiiiiiees 36

3.2.2 Establishment of the stable cell line bearing the episomal HPVS5 genome...................... 39

3.2.3 Characterization of HPV5-E1HA-NLuc-E2Flag and HPVS5 WT-positive cell lines....... 41

3.2.4 E1 and E2-dependent stable replication of beta-HPVS..........ccooevvviiviiienieieeeeen 44

4 DISCUSSTON.. ...ttt ettt ettt ettt et et e et e e st eat e s e aseestenee s e eaeeseemsenseeseeseeneensenseeneeneenes 48

SUMMARY ..ttt ettt ettt ettt et et et e e tese e e st e s e eseeseenteseeseentensenseaseentansessesseensensensesseeneans 50

SUPPLEMENTARY MATERIALS.......oooi ittt sttt st ssessa s ense s e 51

REFERENCES ...ttt ettt ettt s b et b e she et e b e e bt eae et et e ebe et eaenees 52
NON-EXCLUSIVE LICENCE TO REPRODUCE THE THESIS AND MAKE THE THESIS

PUBLIC . ...ttt bttt b et b e et e b e bttt et b e bt e e e st ebeete et e s eneenene 66



TERMS, ABBREVIATIONS AND NOTATIONS
AP - alkaline phosphatase

ATP - adenosine triphosphate

c¢DNA - complementary DNA

CIN - cervical intraepithelial neoplasia
¢SCC - cutaneous squamous cell carcinoma
DBD - DNA binding domain

DDR - DNA damage response

DNA - deoxyribonucleic acid

dNTPs - deoxynucleoside triphosphates

DR - dominant replicon

DTT - dithiothreitol

ECM - extracellular matrix

EDTA - ethylenediaminetetraacetic acid

EV - epidermodysplasia verruciformis

FCS - fetal calf serum

Flag-tag - peptide protein tag with DYKDDDDK sequence
GAPDH - glyceraldehyde 3-phosphate dehydrogenase
HA-tag - human influenza hemagglutinin peptide protein tag with YPYDVPDYA sequence
HIV - human immunodeficiency virus

HPYV - human papillomavirus

HR - high-risk

HRP - horseradish peroxidase

IC - immunocompromised



IMDM - Iscove's Modified Dulbecco's medium
IP - immunoprecipitation

LCR - long control region

LMW - low molecular weight

LR - low-risk

ND10 - nuclear domain 10 bodies

NES - nuclear export signal

NLS - nuclear localization signal

NMSC - non-melanoma skin cancer

OREF - open reading frame

ori - origin of viral replication

PBS - phosphate-buffered saline

PBS-T - phosphate-buffered saline containing 0.1% Tween
PCR - polymerase chain reaction

PI - propidium iodide

PVDF - polyvinylidene fluoride

PVs - papillomaviruses

qPCR - quantitative polymerase chain reaction
RIPA - radio-immunoprecipitation assay buffer
RLU - relative light units

RNA - ribonucleic acid

RNAI - RNA interference

RT - room temperature or reverse transcriptase
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SDS - sodium dodecyl-sulfate

SDS-PAGE - sodium dodecyl-sulfate polyacrylamide gel electrophoresis
siRNA - small interfering RNA

SSC - saline-sodium citrate

STI - sexually transmitted disease

TAE - tris-acetate-EDTA

TEMED - tetramethylethylenediamine

URR - upstream regulatory region

UV - ultra violet

WT - wild-type



INTRODUCTION

Papillomaviruses (PVs) are double-stranded DNA viruses that infect epithelial tissues and
can lead to various malignancies in humans. While much of the research on human
papillomaviruses (HPVs) has focused on high-risk alpha types such as HPV16 and HPV 18,
which are responsible for the majority of cervical and anogenital cancers, other variants, such
as pro-oncogenic cutaneous HPV types, also may play a crucial role in the development of
epithelial malignancies. This is particularly evident in non-melanoma skin cancers (NMSC)
affecting immunocompromised individuals, such as organ transplant recipients or patients

undergoing certain treatments.

Although preventive measures such as vaccination have been highly successful in reducing
productive infections by some alpha HPVs (up to 9 types), there are no antivirals for ongoing
infections or vaccines targeting cutaneous HPVs, to which a vast majority of HPVs identified

so far belong.

A major obstacle in drug development targeting cutaneous HPVs is a lack of cellular models
that mimic chronic infection and enable rapid screening of potential drug candidates, as well
as a gap in understanding of the mechanisms involved in the regulation of HPV long-term or

stable replication, which is a prerequisite for neoplastic changes.

Human primary keratinocytes, as the native host of HPV, are commonly used in HPV
research, but they are challenging and expensive to culture. In contrast, U20S osteosarcoma
cells are one of the few cell lines capable of supporting robust replication of multiple HPV
types, including HPVS, that represents one of the most-studied and best-described cutaneous
pro-oncogenic HPV types. In most other cell types studied, HPV replication may be triggered
only by the simultaneous overexpression of two viral proteins — helicase E1 and

transcription factor E2.

In this thesis, we focused on the development and characterization of a U20S-derived HPV5
stable replication model, which mimics a chronic infection observed in clinical settings.
Specifically, we aimed to investigate the role of the E1 and E2 proteins in this model to better

understand the mechanisms regulating stable HPV5 replication.

This study was performed within the molecular virology research group at the Institute of

Technology, University of Tartu.



1 LITERATURE REVIEW
1.1 Introduction to papillomaviruses

Papillomaviridae family consists of non-enveloped double-stranded DNA viruses with
circular genomes that infect epithelial tissues of various vertebrate animal species, including
humans, macaques, domestic cows, dogs, cats, rodents, birds, and others (Munday et al.,
2017; Rector & Van Ranst, 2013). PVs infect keratinocytes in stratified cutaneous or mucosal
epithelia (Doorbar ef al., 2015). While most infections are asymptomatic and resolve without
medical intervention, certain HPVs are associated with benign proliferative lesions, such as
condylomas, warts, papillomas, as well as epithelial cancers (Doorbar ef al., 2015; McBride,

2024; Myers et al., 2025).

HPVs are classified into five genera: alpha, beta, gamma, mu, and nu, based on their genome
structure, particularly the sequence of the L/ capsid protein gene, and tissue tropism (Figure
1) (de Sanjosé et al., 2018; Mlynarczyk-Bonikowska & Rudnicka, 2024). Mu and nu HPVs
cause hands and feet warts, whereas beta and gamma HPVs infect cutaneous epithelia
(McBride, 2024). Alphapapillomaviruses target both mucosal and cutaneous epithelia, with
various types exhibiting oncogenic potential (McBride, 2024). Notably, certain beta HPVs,
along with UV exposure and other co-carcinogens, contribute to the development of

cutaneous squamous cell carcinoma (cSCC) (Lambert et al., 2020).

Based on their oncogenic potential, HPVs are divided into high-risk (HR) and low-risk (LR)
groups. HR HPVs are implicated in the development of cervical, vaginal, vulvar, penile, anal,
and head and neck cancers, whereas LR HPVs primarily cause benign lesions such as

anogenital warts (McBride, 2024).
1.2 HPYV transmission

HPV is primarily transmitted through skin-to-skin or skin-to-mucosa contact (Petca et al.,
2020) and is often regarded as the most common sexually transmitted infection (STI). In the
United States, the lifetime probability of acquiring HPV by age 45 is estimated to exceed
80% for men and women with at least one sexual partner of the opposite sex (Chesson et al.,
2014). While sexual transmission is the most well-documented route, other modes of
transmission have been described as well (Petca et al., 2020). For instance, a meta-analysis

on HPV prevalence in foreskin samples of asymptomatic healthy infants and children found
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that approximately 17.3% tested positive for some type of HPV, indicating the possibility of
non-sexual transmission routes, such as horizontal, self-inoculation, and vertical transmission
(B. Lee et al., 2017; Petca et al., 2020). Horizontal transmission can occur through fomites,
fingers, mouth, and non-sexual skin contact (B. Lee et al, 2017), with various studies
exploring these potential routes, including the role of contaminated gynecological equipment
in transmission (Gallay et al, 2016). Self-inoculation has been identified as a potential
transmission route, as evidenced by studies showing HPV presence in female virgins and
non-abused children with genital warts (Mammas et al., 2019; Sun-Kuie et al., 1990).
Additionally, vertical transmission to a newborn child is another possible route, occurring
through amniotic fluid, placenta, or contact with genital mucosa during vaginal delivery

(Petca et al., 2020).

Alpha-papillomavirus

mucosal & cutaneous

Mu-papillomavirus

cutaneous

Nu-papillomavirus
cutansous

Gamma-
papillomavirus
cutaneous

Beta-papillomavirus
cutansous

Figure 1. Evolutionary relationships among HPVs, based on alignments of £/, E2, L1, and
L2 gene sequences from the PaVE database (Egawa et al., 2015). Alphapapillomaviruses are
categorized into LR cutaneous (light brown), LR mucosal (yellow), and HR (pink) based on
their oncogenic potential. High-risk types confirmed as human carcinogens are marked in red.
The tissue tropisms are indicated as cutaneous or mucosal below the genus name, though

exceptions are possible.
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Hygiene methods as a prevention strategy for HPV transmission haven’t been shown to be
effective. HPVs are highly stable, resistant to heat and drying, and can retain 30% infectivity
even after seven days of dehydration (Casalegno ef al., 2012).

1.3 HPYV clinical outcomes

Despite the wide range of transmission modes and viral particle stability, the majority of HPV
infections are asymptomatic and often resolve without medical intervention within 6 to 24
months (Petca et al., 2020). Still, various malignancies are associated with papillomavirus

infections, ranging from benign warts to anogenital and skin cancers (Table 1).

The clinical outcomes of HPV infection vary widely depending on the viral type, site of
infection, and certain risk factors. Many infections remain subclinical, with studies reporting
a 10-12% overall HPV prevalence in normal cervical cytology samples worldwide (Bruni et
al., 2010; de Sanjosé et al., 2007). Other infections may manifest as benign lesions, such as
plantar, common, flat, and genital warts, which are predominantly associated with LR HPV
types (Table 1) (Mlynarczyk-Bonikowska & Rudnicka, 2024). Although these lesions are
non-malignant, they can cause significant discomfort, reduce quality of life, and impose a

psychological burden (Nahidi et al., 2018; Qi et al., 2014).

A subset of infections, particularly those caused by high-risk HPV types, can persist over
time (McBride, 2024). Persistent infection is a critical factor in the development of
precancerous lesions and subsequent progression to malignancy (McBride, 2024). It is
estimated that HPV infections account for approximately 600,000 cases of cancers annually
(Arbyn et al., 2012). They have been associated with nearly 100% of cervical cancers, over
80% of anal cancers, approximately 70% of vaginal cancers, about 40% of vulvar cancers,
over 70% of oropharyngeal cancers and about 47% of penile cancers (Arbyn et al., 2012).
The 5-year relative survival rate for HPV-associated cancers in the United States has been

estimated at around 47-66% (Razzaghi et al., 2018).

One of the most recent findings in HPV malignancies is the involvement of beta HPV types
as a cofactor in the development of cutaneous squamous cell carcinoma (¢cSCC) (Rollison et
al., 2019). Beta HPVs contribute to carcinogenesis primarily by interfering with the cellular
response to environmental stressors such as ultraviolet (UV) radiation and potentially other
carcinogens (Hasche et al., 2017; Rollison et al, 2019; Uberoi et al., 2016). Under
physiological conditions, UV exposure induces DNA damage in keratinocytes, leading to
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Table 1. The association of different HPV types with selected skin or mucosal lesions

(adapted from Mlynarczyk-Bonikowska & Rudnicka, 2024; image sources are listed below

the lesion type).

Type of Skin/Mucosal Lesions

HPYV Types

Lesion image

plantar warts (image adapted
from Images Library DermNet)

usually HPV 2, 27, 57, 63,
furthermore HPV 1, 4, 10, 41,
65, 88, 95, 60, 65, 66

common warts (image adapted
from Images Library DermNet)

HPV 27,57,2,1,4

flat warts (image adapted from
Images Library DermNet)

HPV 3, 10, 26, 27, 28, 29, 77,
78,94, 114, 41

genital warts (Condyloma
acuminatum) (image adapted
from Images Library DermNet)

usually (90%) HPV 6 and 11,
less commonly HPV 2, 16,
18, 30-33, 35, 39, 41-45,
51-56, and 59

cervical intraepithelial
neoplasia (CIN), and cancer
(high-grade CIN image is
adapted from Palmer &
Gillespie, 2010)

HPV 16 (mostly), HPV 18,
31, 33, 35, 39, 45, 51, 52, 56,
58, 59 (carcinogenic), 68
(probably carcinogenic), 26,
53, 66, 67, 69, 70, 73, and 82
(possibly carcinogenic)

focal epithelial hyperplasia
(image adapted from
Garcia-Corona ef al., 2004)

mainly HPV 13 and 32, but
infection or co-infection with
other HPVs, such as HPV 6,
11, 16, 18, 31, 39, 40, 51, 52,
55, 58, 66, 68, 69, 71, 74, 90

Warts and possible NMSC in
EV and IC patients; may be
linked to NMSC in the general
population (EV image adapted
from Images Library DermNet)

HPV 5, 8 (possibly
carcinogenic), HPV 9, 12, 14,
15,17, 19-25, 36-38, 47, 49,

75. 76. 80, 92. 93, 96, 98—100, |

104, 105, 107, 110, 111, 113,
115, 118, 120, 122, 124, 143,
145
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either cell cycle arrest and repair or apoptosis (Lambert et al., 2020). However, expression of
E6 and E7 viral proteins from beta HPVs can disrupt these protective mechanisms, promoting

the accumulation of DNA mutations and oncoprogression (Figure 2) (Lambert et al., 2020).

Another malignancy frequently associated with persistent cutaneous beta HPV infections is
Epidermodysplasia Verruciformis (EV) (Table 1), a rare skin disorder characterized by the
development of wart-like lesions that can progress to cSCC in sun-exposed areas (Rollison et
al., 2019). EV can be inherited in an autosomal recessive manner or acquired in
immunocompromised individuals, such as patients with HIV or those undergoing
immunosuppressive therapy (Myers et al., 2025). Inherited EV is usually caused by
mutations in TMC6/EVER1 or TMC8/EVER2 genes, which result in reduced immune
response to certain beta HPV infections within keratinocytes (Ramoz et al., 2002). The
defective immune response allows persistent viral replication and contributes to malignant

transformation in the presence of cofactors such as UV (Patel et al., 2010).

Maintenance of the
cancer phenotype
s independent of
viral gene expression

Accumulation of r
UV-induced DNA > cSCC
mutations

UV radiation
Skin TS ?NtA Cell-cycle arrest and
mutations ; DNA repair
QODDJDDDQD o or
apoptosis

Immunosuppression i

More
B-HPV
infections

Figure 2. Model for cooperation between some types of beta HPV and UV radiation in

promoting ¢cSCCs (Lambert et al., 2020).
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While conditions like EV highlight the role of genetic predisposition and immunosuppression
in severe HPV outcomes, a range of other risk factors have also been associated with
increased risk of HPV infections and disease severity. Behavioural factors include smoking,
alcohol consumption, early onset of sexual activity, chronic stress, a high number of sexual
partners, and unsafe sex practices (Chelimo et al., 2013; Del Pino et al., 2024; Gheit, 2019;
Kuebler et al., 2021; M. Lee et al., 2024). Biological factors such as co-infection with other
pathogens and chronic inflammation can further elevate risk (Del Pino et al., 2024; Ebrahimi
et al., 2024). Additionally, demographic variables, such as age, sexual orientation, and
education level, have been shown to influence the likelihood of HPV infections (Del Pino et

al., 2024).

Given the range of factors that influence HPV susceptibility and disease progression,
effective treatment strategies are essential, but options remain limited. While multiple
vaccines exist to protect against the infections with up to 9 of the most common and harmful
mucosal HPV types, there is no treatment available for ongoing HPV infections, and no

vaccines targeting cutaneous HPVs (Cheng et al., 2020; de Oliveira et al., 2019).
1.4 HPV infectious life cycle

The HPV life cycle is dependent on keratinocyte differentiation and can be divided into the
following stages: viral entry, establishment of viral replication, maintenance replication
during the cell cycle, vegetative or productive replication along with host cell differentiation,

viral particle assembly, and release of the virus (Figure 3) (Gheit, 2019).

To initiate infection, the HPV virion must access the dividing basal cell layer of stratified
epithelium, typically through microabrasions or entry via hair follicles, to infect basal
keratinocytes or stem epithelial cells (Gheit, 2019; McBride, 2022). The virus initially binds
to the heparan sulfate proteoglycans on the cell membrane or on the extracellular matrix
(ECM) via major capsid protein L1 (Day & Schelhaas, 2014; Gheit, 2019; McBride, 2022).
Laminin-332 has also been shown to act as a transient binding receptor on the ECM, although
it appears to be non-essential for viral entry (Day & Schelhaas, 2014). This binding triggers
conformational changes in the viral capsid structure and proteolytic cleavage of L1, exposing
the amino terminus of the minor capsid protein L2 (Day & Schelhaas, 2014; Feng et al.,
2024; Gheit, 2019). Next, the N-terminus of L2 is cleaved, which allows for the HPV capsid
to bind to the secondary, currently unidentified, entry receptor (Feng et al., 2024). The virus

14



is then internalised via endocytosis, and the L2-viral DNA complex, along with a portion of
L1, is trafficked to the trans-Golgi network (Day & Schelhaas, 2014; Feng et al., 2024; Gheit,
2019). Within endosomes, the virus undergoes further uncoating, leading to the dissociation
of L1 protein from L2 (Day & Schelhaas, 2014; Feng et al., 2024). The L2-viral DNA
complex is subsequently transported into the nucleus, which is potentially facilitated by
nuclear localisation signals on L2 and involves progression of the host cell through early

mitosis (Day & Schelhaas, 2014).

Upon entry into the nucleoplasm, the L2-viral DNA complex localises to nuclear domain 10
(ND10) bodies, which serve as sites of early transcription and replication for many DNA
viruses (Gheit, 2019; McBride, 2022). A central region of the L2 protein facilitates tethering
of the viral genome to host mitotic chromosomes (Aydin et al., 2017). The HPV replication
cycle begins with establishment replication, a phase in which the episomal viral genomes are
maintained at approximately 50-400 copies per cell (Doorbar et al., 2015; Gheit, 2019;
Hoffmann et al., 2006). Transcripts encoding the viral E1 and E2 proteins are initiated by
cellular factors, and once El and E2 proteins are synthesized, E2 recruits El to the viral
origin of replication (ori), where E1 unwinds it, allowing cellular factors to amplify the viral
DNA (Bergvall et al., 2013; Della Fera et al., 2021; Doorbar et al., 2012; McBride, 2017). To
evade the host cell immune system and keep the viral genome copy number low, the viral
genome amplification is most likely limited by the E8"E2 viral repressor protein that acts as
an E2 antagonist in the regulation of viral transcription and replication (Dreer ef al., 2017,

Gheit, 2019).

Following the establishment of viral replication, the infection progresses to the maintenance
replication phase, where a constant number of viral episomal genomes is maintained in the
nuclei of undifferentiated, proliferating basal cells (Doorbar et al., 2012). These viral
genomes are generally believed to replicate once per S phase in coordination with the host
cellular DNA and are tethered to host chromatin via the E2 protein to ensure proper
partitioning into the daughter cells during mitosis. However, alternative models of replication
have been proposed, suggesting a random-choice replication pattern, in which some viral
genomes replicate multiple times per S phase, others only once, and some do not at all
(Hoffmann et al., 2006). In parallel, the low-level expression of the viral E6 and E7
oncoproteins occurs during early infection, likely to avoid triggering oncogenic

transformation while subtly modulating the host environment (Graham, 2017a). To sustain
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the maintenance replication, HPVs have evolved multiple strategies involving interactions of
early viral ES, E6, and E7 proteins with various cellular factors and enzymes (Della Fera et
al., 2021). These interactions contribute to immune evasion, inhibition of cellular
differentiation and apoptosis, prevention of replicative senescence and growth arrest, and
promotion of continued cell proliferation (Della Fera et al., 2021). This phase can persist for
extended periods, enabling the virus to maintain a reservoir within the basal layer of the

epithelium (Doorbar et al., 2012).

As infected basal keratinocytes differentiate and migrate toward the epithelial surface, the
HPV genome transitions to productive replication, which is characterized by robust genome
amplification, late viral genes expression, and assembly of progeny virions (Doorbar et al.,
2012). Since differentiated cells typically lack the replication machinery required for DNA
synthesis, HPV hijacks the host DNA damage response (DDR) pathway, primarily through
the activity of E6 and E7 oncoproteins (Della Fera ef al., 2021). Activation of DDR allows
the virus to create specialized nuclear sites, which recruit host repair machinery and facilitate
viral replication outside of S phase, avoiding competition with host genomic replication

(Bergvall et al., 2013; Della Fera et al., 2021).

Productive replication phase also involves activation of a differentiation-dependent viral
promoter, resulting in expression of E4 and ES5 viral proteins, as well as higher levels of E1l
and E2 (Doorbar et al., 2012; Graham, 2017a, 2017b). Completion of the viral life cycle
includes expression of major and minor capsid proteins, L1 and L2. Once viral capsids are
assembled around the replicated genomes, virions are released through shedding of the outer

epithelia (McBride, 2022).
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Figure 3. Eosin-stained HPV16-infected cervical epithelium. Nuclei are stained purple.
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The key events in viral replication are noted on the left, and viral protein expression patterns

are noted on the right (Graham, 2017).
1.5 HPYV genome organisation and viral protein functions

The HPV genome is typically 7-8 kb in size and can be divided into three major regions: a
non-coding long control region (LCR) or upstream regulatory region (URR), the early region,
and the late region (Figure 4) (Gheit, 2019). The URR is located upstream of the early region
and contains ori, early promoter, and multiple regulatory elements required for viral
replication and transcription (Della Fera et al., 2021; Gheit, 2019). The early region can
encode the E1, E2, E4, ES5, E6, and E7 proteins, which serve various functions in viral gene
expression, genome replication, and host cell survival (Gheit, 2019). The late region encodes
structural capsid proteins L1 and L2. Only four open reading frames (E/, E2, L1, and L2) are
considered necessary for replication and shedding of the virus, and are present in all known
HPVs (Doorslaer & McBride, 2016). While the general organization is shared among the
papillomaviruses, the genome structure and specific functions of encoded proteins may differ
between HPV genera or between HR and LR types of HPVs (Figure 4). The main functions

of individual HPV proteins in viral infections are summarized in Table 2.
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Figure 4. Genome organisation of beta and alpha HPVs. a) HPVS5 represents beta HPVs;
b) HPV16 represents alpha HPV (images were adapted from PaVE). URR is marked in

yellow, the early region is highlighted in green, late — in blue.
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Table 2. The main functions of HPV proteins during infection. The functions listed are
primarily based on studies focusing on high-risk alpha HPVs and may not all be applicable to

other genera.

Protein | Main functions during HPV infection

El ATP-dependent DNA helicase, essential for viral replication, interacts with
cellular DNA replication machinery and other proteins that assist and/or
regulate viral replication (Bergvall et al., 2013)

E2 Transcriptional regulator, loads E1 onto ori during replication initiation, tethers
viral genomes to host chromosomes in mitosis, enhances viral genomes
packaging, can inhibit cell growth and induce apoptosis (McBride, 2013)

ES5 Reduces immune detection, promotes cell division, and productive viral
replication (McBride, 2022)

E6 Assist in transformation and immortalization of keratinocytes, can inhibit
keratinocyte differentiation and interferon response, interacts with various
cellular proteins, assists in genome amplification upon differentiation (Vande
Pol & Klingelhutz, 2013)

E7 Assist in transformation and immortalization of keratinocytes, support viral
replication, disrupt host cell cycle, assist in immune evasion, inhibit apoptosis
(Roman & Munger, 2013)

E8"E2 [ Repress viral transcription and replication (Dreer et al., 2017)

E1"E4 | Promote viral genome amplification and viral particle release (McBride, 2022)

L1 Major capsid protein of the HPV virion, interacts with cellular receptors for
viral entry (Buck ef al., 2013)

L2 Minor capsid protein, facilitates viral encapsidation, host cell entry, vesicular
trafficking and escape during infection (Wang & Roden, 2013)

1.6 HPYV El1 protein

El protein is an ATP-dependent helicase and the only protein with enzymatic activity
encoded by HPVs (Bergvall ef al., 2013). Its size ranges from approximately 600 to 650
amino acids, depending on the PV type (Bergvall et al., 2013). E1 initiates viral replication
by assembling as a double-hexamer at the ori, where it unwinds the DNA and recruits host

replication machinery (Morin et al., 2011). It interacts with several cellular proteins involved
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in DNA synthesis, including a-DNA polymerase, replication A proteins, topoisomerases I

and II, nuclear proliferation cell antigen, and the replication factor C (Bergvall et al., 2013).

Additionally, E1 has been shown to interact with host factors involved in epigenetic
processes, which may support viral replication (D. Lee ef al., 1999; Swindle & Engler, 1998).
Multiple studies have shown that E1 proteins shuttle between the nucleus and cytoplasm to
regulate viral replication, utilizing nuclear localisation and nuclear export signals (NLS,
NES) (Bergvall ef al., 2013). However, during the S phase of the cell cycle, E1 is primarily
localized in the nucleus (Bergvall et al., 2013).

Structurally, E1 contains three main functional segments: N-terminal regulatory region, DNA
binding domain (DBD), and C-terminal or helicase domain (Bergvall et al., 2013). The
N-terminal region is the least conserved and spans roughly 200 amino acids (Bergvall et al.,
2013). It contains NLS and NES and has been shown to be essential for optimal replication in
vivo (Morin et al., 2011). The DBD spans approximately 150 amino acids and binds specific
sequences within the viral origin of replication (Bergvall ef al., 2013; Castro-Mufioz et al.,
2019). Additionally, the DBD contributes to replication through interactions with host factors
(Bergvall et al., 2013). The C-terminal enzymatic domain contains a minimal oligomerization
domain, an ATPase segment, and a C-terminal brace (Bergvall et al., 2013). It is responsible
for E1 oligomerization and DNA unwinding (Bergvall ef al., 2013; Coté-Martin et al., 2008).
This domain contains conserved motifs required for ATP binding and hydrolysis, and
assembles E1 monomers into a functional hexamer (Bergvall et al., 2013; Castella et al.,
2006). A flexible C-terminal brace helps to stabilize the oligomer during replication (Bergvall
etal.,2013).

The E1 protein plays a crucial role in different stages of the HPV replication cycle (McBride,
2022). It is essential during the initial amplification phase, however, its role in maintenance
replication has been found to be more variable (Piirsoo et al., 2020). Studies on mucosal
alpha HPV18 and HPV16 have shown that E1 is dispensable for viral replication in stable
cell lines, suggesting that host cell machinery may compensate for its function (Egawa et al.,
2012; Murakami et al., 2019; Piirsoo et al., 2020). This indicates that mucosal alpha HPV
replication involves both E1-dependent and E1-independent mechanisms. Currently, no data

is available for stable replication of cutaneous HPV types.
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1.7 HPV E2 protein

E2 is a regulatory viral protein, spanning approximately 400 amino acids, that acts as the
main viral transcriptional regulator, assists El in the initiation of replication, and ensures
proper partitioning of viral genomes during cell division (Kurg, 2011; McBride, 2013). E2
regulates viral transcription by binding to specific sequence motifs in the viral genome and
recruiting cellular factors that influence transcriptional outcome (McBride, 2013). E2 may act
either as a transcriptional activator or repressor depending on a combination of factors,
including its expression levels, the context of its binding sites within viral genome and the
nature of the recruited cellular factors (Fujii et al., 2001; Graham, 2016; McBride, 2013;
Steger & Corbach, 1997).

Additionally, E2 participates in the initiation of viral replication by recruiting the E1 helicase
to the ori. This process occurs in two steps: first, E2 cooperatively binds with E1 to form a
sequence-specific ori recognition complex. Then, E2 is displaced, and additional El
molecules are incorporated to form an active double-hexameric helicase (Mohr et al., 1990;

Sanders & Stenlund, 1998, 2000).

Beyond its roles in transcription and replication, E2 is also crucial for viral genome
maintenance, as it tethers the viral episome to host chromosomes and ensures proper
partitioning during mitosis (McBride, 2013). This attachment is essential for the transition
from transient to stable maintenance replication. E2 binds to specific sites near ori and to host
mitotic chromosomes, facilitating the viral genome partitioning into daughter cells (Oliveira
et al., 2006). Additionally, E2 has been implicated in the regulation of cellular gene
expression, growth inhibition, apoptosis, post-transcriptional RNA processing, and packaging

of viral DNA (Johansson et al., 2012; McBride, 2013; Parish et al., 2006; Zhao et al., 2000).

Structurally, E2 contains a transactivation domain and a DNA binding and dimerization
domain (DBD), which are connected by a hinge region (McBride, 2013). The transactivation
domain is approximately 200 amino acids long and is essential for transcriptional regulation,
as well as for interaction with E1 and binding to host chromatin (Antson et al., 2000;
Chojnacki & Melendy, 2018; Kasukawa et al., 1998; McBride, 2013; White et al., 2003). The
DBD, comprising 85-100 amino acids, mediates DNA sequence recognition and formation of

stable E2 dimers (McBride et al., 1988, 1989). The hinge region, although not well conserved
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among HPVs, plays important roles in nuclear localization, chromatin binding, and

interactions with host proteins (Lai et al., 1999; McBride, 2013; Zou et al., 2000).

In addition to the full-length E2 protein, some HPVs encode truncated E2 variants, including
E8”E2, which retain the DBD but lack the transactivation domain (Kurg, 2011). These
shorter forms function as negative regulators of viral transcription and replication by

competing with full-length E2 for binding sites (Kurg, 2011; Lace ef al., 2008).
1.8 Existing systems for stable HPV replication investigation

Understanding stable beta HPV replication is essential for gaining insights into chronic
infection mechanisms and developing targeted antiviral therapies. However, the development

of reliable in vitro systems to study stable replication of beta HPV has been limited.

Primary keratinocytes, isolated from various body sites, such as foreskin, larynx, and cervix,
are commonly used to study early HPV replication. These cells can support low-level
replication of HPV genomes, and while they reflect the initial stages of infection, they have a
limited lifespan, are costly to maintain, and are not suitable for long-term studies of stable

episomal replication (Geimanen et al., 2011; Kurg, 2011).

Cell lines derived from mild cervical dysplasia, such as W12 (HPV16) and CIN-612
(HPV31b), have been useful for studying alpha HPVs infections (De Geest et al., 1993;
Stanley et al., 1989). They maintain episomal HPV genomes over multiple passages and have

been used to study stable replication, episome loss, and viral integration (De Geest et al.,

1993; Pett et al., 2004; Stanley et al., 1989).

Recently, several keratinocyte-derived cell lines stably bearing episomal high-risk alpha HPV
genomes have been described (Evans et al., 2017; Sprague et al., 2002). However, there are
no comparable cell lines available for beta HPVs. Only one immortalized
keratinocyte-derived cell line bearing an episomal beta-HPV49 genome has been described
so far (Rehm et al., 2022). This stable cell line was created due to the inactivation of the
E8"E2 repressor and subsequent robust increase in HPV49-E8- genome copy numbers and

E6/E7 expression levels that are required for proper immortalization (Rehm et al., 2022).

The human osteosarcoma cell line U20S has been widely used in HPV research. It supports

replication of various circular HPV genomes, including beta HPVs, and allows for the
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establishment of persistent HPV replication (Geimanen et al., 2011). It is a promising

platform for studying long-term HPV genome maintenance.
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2 THE AIMS OF THE STUDY

In this study, we aimed to gain deeper insight into the roles of E1 and E2 viral proteins in

stable HPVS5 replication in U20S cells. To achieve this, we:
- Designed and validated £/ and E?2 targeting siRNAs

- Created a U20S-based stable cell line bearing episomal HPV5-E1HA-Nluc-E2Flag
genome, allowing for fast and efficient analysis of the genome copy numbers via
measurement of Nluc activity and E1 and E2 protein detection using the

epitope-specific antibodies

- Evaluated the EI/E2 RNAI effects in stable replication of the wild-type (WT) and
modified HPVS5 genomes
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3 EXPERIMENTAL PART
3.1 MATERIALS AND METHODS

3.1.1 DNA and siRNA constructs
- HPV5 m.c.— HPVS5 WT genome (Sankovski et al., 2014).

-  HPV5-E1HA-Nluc-E2Flag m.c. — a modified HPVS5 genome, where the HA
tag-encoding sequence was inserted after the 15th nucleotide of the E/ OREF,
sequences encoding nanoluciferase and 2A region of foot-and-mouth disease virus

were inserted after the £/ stop codon, Flag tag-encoding sequence was introduced

after the first ATG in the £2 ORF (Lototskaja et al., 2021).

- pLEX-Frb:Akt2-IRES-Hygromycin — Hygromycin resistance vector for mammalian
cells (Addgene plasmid #120713), obtained from the molecular virology laboratory

collection

- Scrambled siRNA control sense: UAGCGACUAAACACAUCAA, antisense:
TAGCGACTAAACACATCAA (Sigma-Aldrich)

- HPV5 EI siRNA 1 sense: GUGGGAUAGGUGCAAUGUCAU, antisense:
GTGGGATAGGTGCAATGTCAT

- HPVS5 EI siRNA 2 sense: GGGCACUGGUCAGAUAUAGUA, antisense:
GGGCACTGGTCAGATATAGTA

- HPV5 E2 SsiRNA 1 sense: GAGCCAUGGACUCUAGUUGAU, antisense:
GAGCCATGGACTCTAGTTGAT

- HPVS5 E2 siRNA 2 sense: GAGAAAGGUGUUACAAGGCUU, antisense:
GAGAAAGGTGTTACAAGGCTT

All siRNAs contained dTdT overhang on their 3’ ends. Silencing RNAs were designed using
the Invivogen siRNA Wizard web tool and produced by Microsynth AG, unless stated

otherwise.

3.1.2 Cell lines

- Human osteosarcoma U20S cell line (purchased from American Type Culture

Collection (ATCC))
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- Clone 15 stable cell line (Geimanen et al., 2011) — U20S-based cell line that

maintains HPV5 m.c. in a stable manner

- Clone 14 stable cell line — U20S-based cell line that maintains
HPVS-E1HA-Nluc-E2Flag m.c. as an extrachromosomal plasmid. The cell line was
created during this study.

3.1.3 Cell line handling and transfection

All cell lines were cultured in Iscove’s Modified Dulbecco's Media (IMDM) (Corning),
supplemented with 10% fetal calf serum (FCS) (Corning) and 1% penicillin/streptomycin
(Sigma-Aldrich) at 37 °C in a humidified atmosphere containing 5% CO,.

Cells were transfected via electroporation approximately 24 hours after splitting, using the
Gene Pulser XCell system (Bio-Rad Laboratories) with the following settings: exponential
mode, 220 V, 975 pF, in a 4 mm cuvette. For splitting, the medium was aspirated, and cells
were washed with 3 ml of phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KClI, 8
mM Na,HPO,, and 2 mM KH,PO,) per 10 cm plate. Cells were then detached with 2 ml of
0.25% Trypsin-EDTA (Thermo Fisher Scientific) and plated onto new 10 cm plates with 10
ml of IMDM.

For transfections, a similar procedure was followed, except that cells were collected into
Falcon tubes instead of being plated. Centrifugation was performed at 1000 rpm for 5 min in
an Eppendorf Centrifuge 5810R (Thermo Fisher Scientific). After centrifugation, the medium
was aspirated, and the cell pellet was resuspended in 250 pl of IMDM per transfection.

The following quantities of nucleic acids were used per 10 cm plate of confluent cells:

o 1.6-1.8 pg of HPV5-E1HA-Nluc-E2Flag m.c. or HPV5 w.t. m.c.
e 80nM of E/ siRNAs

e 40 nM of E2 siRNAs

e 40 nM of scrambled control siRNAs

Additionally, 5 pg of salmon sperm DNA was used as carrier DNA for each transfection. The
mixture of viral genome (if applicable), siRNAs (if applicable), and carrier DNA was added

to 250 pl of cell suspension and transferred into an electroporation cuvette. After
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electroporation, cells were transferred into fresh IMDM and plated according to the

experimental needs.
3.1.4 Stable cell line generation and selection

3.1.4.1 Hygromycin B minimum lethal concentration determination

Based on a literature search (Dellal et al., 2020; Munoz et al., 2014) and antibiotic
manufacturer protocol, U20S cell viability testing was performed using the following
concentrations of Hygromycin B Gold (InvivoGen): 50 pg/ml, 75 pg/ml, 100 pg/ml, 125
pg/ml, 150 pg/ml, 175 pg/ml, 200 pg/ml, and 250 pg/ml. The antibiotic solution was
prepared in a cell-culturing medium. U20S cells were plated at approximately 20-25%
confluency on 24-well plates. Twenty-four hours after plating, the medium was changed to
IMDM containing Hygromycin B at different concentrations. The medium was then replaced
with fresh Hygromycin-containing IMDM every 3-4 days to maintain selection pressure. The
effects on cell viability were evaluated by observing the cells under a light microscope at 10X
magnification. Following a 7-day period of selection, it was established that the minimal

lethal concentration of Hygromycin B Gold for U20S cells was 175 pg/ml.

3.1.4.2 Generation of HPVS5-E1HA-Nluc-E2Flag-positive clones

One 10 cm plate of U20S cells was transfected with 1.8 ug of HPVS5-E1HA-Nluc-E2Flag
m.c. genome and 200 ng of Hygromycin B resistance gene expression vector in a ratio of 9:1
to ensure the presence of the HPV5-E1HA-Nluc-E2Flag genome in Hygromycin B-resistant
cells. Transfected cells were seeded onto one 10 cm plate. Once confluent, cells were split
onto eight 10 cm plates to ensure low density. The next day, the antibiotic-containing medium
was added. Hygromycin B at a concentration of 175 pg/ml was used for the selection of

positive clones.

Once colonies were visible, cells were washed with 1x PBS, single colonies were detached
and resuspended in a drop of trypsin-EDTA and transferred onto 24-well plates using one

colony per well.

Selected colonies were further propagated. Early during passaging, levels of
HPVS5-E1HA-Nluc-E2Flag genome replication in each clone were analyzed through Nluc
assay, and only clones with Nluc levels comparable with Nluc activity typically observed in

the transient system were further propagated.
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3.1.5 Low molecular weight DNA isolation (Hirt method)

To isolate LMW DNA, 800 ul of Hirt lysis buffer (0.5% SDS, 50 mM Tris, pH 8.0, and 10
mM EDTA in water) was added to one 10 cm plate, previously washed with PBS, and
incubated for 5 to 15 min at room temperature (RT). Following incubation, lysates were
collected into the microtubes, and 200 pl of 5 M NaCl was added dropwise. Gentle
end-to-end mixing was performed, followed by incubation at 4 °C overnight. Next day,
lysates were centrifuged at 4 “‘C 14800 rpm for 15 min (Fresco 21 Microcentrifuge, Thermo
Fisher Scientific). Then, supernatants were transferred to new microtubes, and 600 pl of
isopropanol was added. The mixture was vortexed and incubated at -20 °C for at least 30 min
or overnight. Afterward, the samples were centrifuged again for 15 min as previously
described, the supernatant was removed, and DNA was resuspended in 200 pl of Sol IV
buffer (20 mM Tris 7.5 pH, 100 mM NaCl, 10 uM EDTA, 0.2% SDS) supplemented with 50
pg/ml of Proteinase K, and incubated for 0.5-1 h at 56 °C. Then, 200 pl of phenol-chloroform
(1:1) mixture (Sigma-Aldrich) was added, and samples were vortexed, followed by
centrifugation at RT and 13000 rpm for 3 min (Heraeus Biofuge Pico, Heraeus instruments).
The majority of the upper aqueous phase containing DNA was transferred to a new 1.5 ml
microtube, and 450 pl of 96% ethanol was added to each sample for DNA precipitation.
Samples were then vortexed and centrifuged at 4 “C and 14800 rpm for 15 min. The
precipitates were then washed with 200 pl of ice-cold 75% ethanol and air-dried. Then, DNA
precipitate was resuspended in 30 pl of TE buffer (MACHEREY-NAGEL) containing 20
pg/ml of RNase A (Thermo Fisher Scientific) and incubated at 37 °C for 1 hour. DNA
concentrations were measured using a Nanodrop-1000 spectrophotometer (Thermo Fisher

Scientific).

3.1.6 Southern blot and hybridization

LMW DNA was digested with restriction enzymes suitable for experimental goals. Dpnl was
used to digest bacterially input DNA in case of transient replication; Sacl, BstxI, and Bgll
were used for the linearization of viral genomes; Nhel and Xbal were used for the analysis of
the uncut WT HPVS5 and HPVSETHANIucE2Flag, respectively. Approximately 16-20 pg of
LMW DNA was used to analyze a pattern of the uncut viral genomes, and approximately 4-6
png of LMW DNA was digested to visualize the linearized viral DNA. Additionally, 150 pg of
linearized viral genome was used as a marker (M), and 3-4 ng of uncut viral genome was

used for linearized and uncut gels, respectively. For restriction analysis, the LMW DNA was
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digested with 1-2 pl of restriction enzyme (Thermo Fisher Scientific) in 30 pl of 1x
FastDigest Green Buffer (Thermo Fisher Scientific) at 37 °C overnight.

After restriction, samples and 3-4 pl of GeneRuler 1 kb DNA Ladder (Thermo Fisher
Scientific) were loaded onto 0.6-0.8% agarose-TAE (40 mM Tris-acetate, | mM EDTA) gel
containing 30 pg of ethidium bromide (Invitrogen) per 100 ml. The gels were run at 40 V

overnight.

The next day, the equal loading of DNA was visualized under the UV lamp. Then, gels were
trimmed according to the regions of interest. Gels were first incubated in 0.25 M HCL for 10
min, followed by incubation in Solution A (0.5 M NaOH, 1.5 M NaCl) for 40 min, and
Solution B (1 M Tris pH 8.0, 1.5 M NaCl) for 30 min. Then, the transfer sandwich was
assembled according to Figure 5, using a charged nylon membrane (GSV). DNA transfer
was performed overnight at RT in 10x SSC transfer buffer. After the transfer, the DNA was
crosslinked to the air-dried membrane using Stratalinker UV crosslinker 1800 (Stratagene)

for approximately 40 sec.
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Figure S. Southern blot transfer setup (Karcher, 1991).

The membrane was blocked in prehybridization solution (6x SSC, 5x Denhardt’s Solution

(1% Bovine serum albumin, 1% Ficoll, 1% Polyvinylpyrrolidone), 0.5% SDS, 0.2 mg/ml
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denatured Salmon Sperm DNA in water) for an hour at 65 °C on rotation in the hybridization
oven (GFL, 7601). In the meantime, the hybridization probe was synthesized. Random
priming premix (0.2 pg of hexamer primer mix in 2.5x reaction buffer for Klenow Fragment
(Thermo Fisher Scientific)) was mixed with 150 ng of linearized HPV5 m.c. DNA, and pure
water was added up to 40 pl. The mixture was then denatured at 100 °C for 5 min, and chilled
on ice. After the addition of 3 pl of 10 mM dNTPs mix without dATP (Thermo Fisher
Scientific), 3 uCi of a-P33-dATP isotope (Hartmann Analytic), and 5 U of Exo-Klenow
DNA polymerase (Thermo Fisher Scientific), the mixture was incubated at 37 °C for 15 min
to start the synthesis of the new radioactively labelled DNA strand. Afterward, 4 pl of 10 mM
dNTP mix was added, and the mixture was incubated at 37 °C for 15 min to finish the strand
synthesis. Finally, the probe was denatured at 100 °C for 5 min and added to the membrane in
the prehybridization solution. The membrane was incubated at 68 °C under rotation

overnight.

The next day, the solution was discarded, and the membrane was washed in preheated
washing solutions: Soll (2x SSC, 0.1% SDS) twice for 5 min, Solll (Ix SSC, 0.1% SDS)
once for 15 min, Solll (0.1x SSC, 0.1% SDS) twice for 10 min. After the washing step, the
membrane was air-dried, placed in a transparent plastic folder, and exposed to a pre-cleared
screen in a phosphoimager cassette (GE Healthcare Biosciences) for 24-72 h. The screen was
scanned using an Amersham Typhoon Biomolecular Imager (GE Healthcare Biosciences)

with a phosphor imaging plate to detect P33 radioisotope signals.

3.1.7 Luciferase assay

Cells were grown on 96-well plates in quadruplicate after transfection and washed twice with
PBS prior to luciferase assay. The cells were lysed in 30 pl of 1x Luciferase Cell Culture
Lysis Reagent (Promega) at RT on a shaker for 15 min. Then, 12 pl of cell lysate was
transferred onto a white 96-well plate and mixed with 25 pl of Nano-Glo Luciferase Assay
Substrate in 1x Luciferase Assay buffer (1:400, Promega). Chemiluminescence was measured
using the GloMax 96 Microplate Luminometer (Promega). Alkaline phosphatase (AP) was
used to normalize Nluc measurements. For AP measurement, 12 pl of cell lysate was mixed
with 30 pl of Tropix CSPD Ready-To-Use Substrate (Thermo Fisher Scientific) on a white
plate and incubated for 7 min prior to chemiluminescence measurement. RLU values were
calculated by dividing Nluc values by AP values, afterward, the average of replicates,

standard deviation, and p-values were calculated. All calculations were performed in
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Microsoft Excel, and the results were plotted using the ggplot2 library in R, with error bars

corresponding to one standard deviation.

3.1.8 RNA extraction

Cells were grown on 6 cm plates and washed with PBS prior to RNA extraction. Total RNA
was isolated using the Quick-RNA Miniprep kit (Zymo Research). Cells were lysed with 600
ul of RNA lysis buffer. The lysate was then scraped using a cell scraper and transferred onto
a yellow Spin-Away column in a collection tube. Centrifugation was performed at 13000 rpm
for 1 min to remove genomic DNA. The flowthrough was collected, and 600 pl of ethanol
was added and mixed thoroughly. The mixture was loaded onto a green Zymo-spin column,
and the lysate was centrifuged at 13000 rpm for 30 seconds, and the flow-through was
discarded. Next, 400 pul of RNA Prep Buffer was added to the column, followed by
centrifugation at 13000 rpm for 30 seconds and discarding the flowthrough. Next, 700 ul of
RNA Wash Buffer was applied, and the column was centrifuged at 13000 rpm for 30 seconds.
After discarding the flowthrough, 400 pl of RNA Wash Buffer was added, and the column
was dried via centrifugation at 13000 rpm for 2 min. Finally, RNA was eluted by adding 30
ul of nuclease-free water and centrifuging for 1 min. The concentration of eluted nucleic
acids was measured using a Nanodrop-1000 spectrophotometer, and the extracts were stored

at -70 °C until further use.

Approximately 7 pg of total RNA was treated with 3 pl of TurboDNase (Invitrogen) in 50 pl
of Ix TurboDNase buffer (Invitrogen) for 2 hours at 37 °C to remove traces of genomic,
viral, and carrier DNA. Following incubation, DNase was inactivated by incubation at 75 °C
for 10 min in the presence of 15 mM EDTA. Next, RNA was precipitated by adding 32.5 ul
of 7 M LiCl/15 mM EDTA, followed by incubation at -20 °C for at least 30 min and
centrifugation at 4°C at 13000 rpm for 20 min. The supernatant was discarded, and 100 pl of
RNA-grade 70% ethanol was added, the samples were then centrifuged for 4 min. After
removing the ethanol, the pellet was air-dried and subsequently dissolved in 11 pl of
nuclease-free water. The concentration of RNA was measured, and the samples were stored at

-70 °C until further use.

3.1.9 Complementary DNA (¢cDNA) synthesis

Oligo(dT)-primed cDNA synthesis was performed using approximately 3 pg of total RNA
and a RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific). First, the total
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RNA volume was adjusted to 11 pl with nuclease-free water. For each reaction, 1 ul of 100
uM oligo(dT) primer was added, and then the mixture was incubated at 65 “C for 5 min and
placed on ice after a brief spin. For each reverse transcription reaction, 4 pl of 5x reaction
buffer, 2 ul of 10 mM dNTP mix, 20 U Ribolock RNase Inhibitor enzyme, and 200 U of
Reverse Transcriptase were added. For negative controls, validating the absence of traces of
viral DNA, 1 pl of water was added instead of the Reverse Transcriptase. The tubes were
then incubated at 42 °C for 1 hour, followed by heat inactivation of the enzymes at 70 “C for
5 min. All cDNA samples were stored at -20 “C until further use.

3.1.10 Quantitative polymerase chain reaction (QPCR)

The qPCR mix had the following composition: 1 pl of cDNA or 500 pg of LMW DNA, 1 pl
of 10 uM oligonucleotide mix, 2 ul of 5x HOT FIREPol EvaGreen qPCR Mix Plus (Solis
Biodyne), and 6 ul of water. Viral gene expression levels were measured in triplicate, and
GAPDH or rDNA housekeeping gene levels were used to normalize them. Prior to the
program run, the 384-well qPCR plate (Roche Diagnostics) was sealed and centrifuged at
1000 rpm for 2 min. The reactions were run using the LightCycler 480 II (Roche Diagnostics)
machine according to the settings listed in Table 3. Afterward, absolute quantification
analysis using the second derivative maximum method was performed through LighCycler
software in order to quantify the cycle number at which the fluorescent signal crosses the
threshold (CT values), further calculations were performed in Microsoft Excel, and the results
were plotted using the ggplot2 library in R. Additionally, melting curves were visually

assessed to confirm the absence of non-specific signals.

During further calculations, an average of triplicates was taken for all samples and primer
sets. Then, GAPDH or rDNA average values were subtracted from viral gene average values
to normalize their expression levels. Afterward, negative siRNA samples were used as
reference values in RNAi experiments, and final values were calculated as follows:
2N(CTegsikna = CT g sirna)- Error bars were based on one standard deviation, and p-values

were calculated using Excel software based on the results of multiple experiments.
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Table 3. Quantitative PCR program for LightCycler 480 II. The continuous acquisition
mode of melting curve operation means that fluorescence data is acquired continuously, and

temperature is increased at a constant rate of 0.11 “C/sec.

Operation Temperature Time Number Analysis
of cycles mode
Preincubation 95 °C 12 min 1 None
Denaturation 95 °C 15 sec
Amplificati Annealing 58°C 15 sec Quantification
on 45
Extension 72°C 20 sec
95 °C 5 sec
65 C 1 min ‘
Melting curve 1 Melting curve
Continuous
97 C Acquisition
(0.11 °C/sec)
Cooling 40 °C 30 sec 1 None

3.1.11 Protein extraction and immunoprecipitation (IP)

Cells were grown on 10 cm plates until 70-90% confluency prior to lysis; 1 ml of cold RIPA
lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.1% SDS and 0.1%
TRITON-X100), supplemented with protease inhibitor cocktail (Roche)) was used per plate.
The cell lysate was collected into 1.5 ml microtubes and further homogenized using a 26 G
syringe, followed by incubation at 4 °C on slow end-to-end rotation for 40-60 min. The
mixture was then centrifuged at 13000 rpm for 5 min at 4 °C in the Refrigerated Centrifuge
5810R (Eppendorf). E2 and E1 immunoprecipitation was carried out using 650 and 330 ul of
supernatant, respectively. The remaining cell lysate (approximately 20 ul) was used for

GAPDH immunoblotting.

The proteins were precipitated with Dynabeads Protein G (Thermofisher Scientific), which
were conjugated with either an anti-E2 antibody (Lototskaja et al., 2023) or an anti-HA tag
antibody (Piirsoo ef al., 2019) produced in rabbit.
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For immunoprecipitation, 3 pl of Dynabeads Protein G per sample was used. Beads were first
washed with 1 ml of PBS, then with 1 ml of RIPA buffer. A magnet rack was used for
precipitation. Afterward, the beads were resuspended in 100 pl per sample of RIPA buffer,
approximately 2 pg per sample of the corresponding antibodies were added, and the mixture

was incubated at RT for 30 min.

After the addition of the Dynabeads-antibody complexes, the samples were incubated at 4 °C
on slow end-to-end rotation overnight. The following day, samples were precipitated on the
magnet rack, and the pellet was washed twice with RIPA lysis buffer and resuspended in 20

ul of RIPA buffer.

3.1.12 Western blot

Following immunoprecipitation, 10 pl of 3x Laemmli buffer (62.5 mM Tris-HCI pH 6.8, 10%
glycerol, 1% LDS, 0.005% Bromophenol Blue) containing 330 mM DTT was added to the 20
pl of protein samples, followed by 5-7 min of denaturation at 100 °C. Then, the samples were
spun down and loaded onto the acrylamide gels. GAPDH samples were separated on a 12%

gel, and 10% gels were used for E1 and E2.

The separating and stacking gel solutions were prepared according to Table 4. First, the
separating gel mixture was poured into the assembled gel chamber (Bio-Rad) and topped
with 1 ml of 96% ethanol to prevent air bubble formation. Once the separating gel hardened,
ethanol was poured out, and the stacking mixture was prepared and poured on top, followed
by the insertion of a gel comb. Prior to loading the samples, the comb was removed, and
wells were washed with 1x SDS running buffer using a 16G syringe. 18 pl of denatured
samples were loaded onto the gel, and 4 pl of PageRuler Prestained Protein Ladder (Thermo

Fisher Scientific) was used.

The gels were run at a constant 23 mA/gel in the gel bath filled with 1x SDS until the desired
separation of the ladder bands was achieved. For the wet transfer method, the PVDF
membrane (Thermo Fisher Scientific) was briefly wetted in 100% methanol and preincubated
in the transfer buffer (14.4 g/l glycine, 3.5 g/l Tris, 5% ethanol in water) for approximately 5
min. The transfer sandwich was assembled as follows, from black to transparent supports:
sponge layer, 2 pieces of 5x8 cm whatman paper, gel without stacking part, PVDF
membrane, 2 pieces of whatman paper, sponge layer. The transfer was performed at 400 mA

for 1.5 hours using 1 | of cold transfer buffer and an ice pack to prevent overheating.
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Table 4. Components for preparing separating and stacking gels. Components should be
added in the order listed below, with ammonium persulfate and TEMED being last to avoid

premature hardening.

Gel type (volume) Component Volume (ml)
water 1.9
30% acrylamide/bis . solution, 37.5:1 17
(SERVA Electrophoresis GmbH)
10% separation gel  |1.5 M Tris buffer (pH 8.8) 1.3
(5 ml) 10% SDS 0.05
10% ammonium persulfate 0.05
1,2-di-(dimethylamino)ethane (TEMED) 0.002
(Thermo Fisher Scientific) '
water 1.6
30% acrylamide/bis solution 2.0
12% separation gel ~ |1.5 M Tris buffer (pH 8.8) 1.3
(5 ml) 10% SDS 0.05
10% ammonium persulfate 0.05
TEMED 0.002
water 0.68
30% acrylamide/bis solution 0.17
Stacking gel 1.0 M Tris buffer (pH 6.8) 0.13
(1 ml) 10% SDS 0.01
10% ammonium persulfate 0.01
TEMED 0.001

Following the transfer, the membrane was blocked in 5% non-fat dry milk solution in PBS
containing 0.1% Tween (PBS-T) for 1 hour at room temperature. Then, the membrane was
incubated with a primary antibody diluted in PBS-T solution containing 2.5% milk overnight
at 4 °C. The following antibodies were used for different proteins: E1 - anti-HA-HRP 1:2000
(Sigma-Aldrich); E2 - anti-E2-rabbit 1:2000 (Icosagen); GAPDH - anti-GAPDH-HRP 1:7000
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(Invitrogen). The next day, the membrane was washed with PBS-T for 15 min 3 times. For
detection of the E2 protein, incubation with a secondary antibody for 40 min at RT was
performed, using the goat-anti-rabbit-HRP diluted 1:10000 in PBS-T containing 2.5% non-fat
dry milk. This was followed by the repetition of the washing step.

SuperSignal West Dura Extended Duration Substrate kit (Pierce) was used for exposure and
HRP signal detection. Enhance and luminol solutions were mixed in a ratio 1:1 to a final
volume of 800 pl and carefully distributed over the membrane. After a one-minute
incubation, the membrane was washed in the PBS-T solution and placed into a film cassette.
In the dark room, X-ray film (Agfa-Gevaert N.V.) was used for chemiluminescent signal
detection and then developed for 50 sec and fixed for 30 sec in Developer and Fixer solutions

(Agfa-Gevaert N.V.). Images were processed using Adobe Photoshop software.

3.1.13 Cell viability assay

The U20S cell viability and proliferation were evaluated using CellTiter 96 AQ,..s One
Solution Cell Proliferation Assay (MTS) (Promega Corporation). This assay quantifies cell

metabolic activity as an indicator of cell viability and number.

The same number of cells was transfected with different siRNAs and seeded onto transparent
96-well cell culture-grade plates in quadruplicate. Two days post-transfection, the medium
was aspirated, and 90 pl per well of fresh IMDM was added using a multichannel pipette,
followed by the addition of 18 ul per well of CellTiter 96 AQ,...s One Solution Reagent. The
plates were then incubated at 37 “C and 5% CO2 in a humidified atmosphere for 1-4 hours.
Then, absorbance was measured at 490 nm using a Synergy H1 Multimode 96-well plate
reader (Agilent BioTek). The averages and standard deviations of the quadruplicates were

calculated using Microsoft Excel, and the results were plotted using the ggplot2 library in R.

3.1.14 Cell cycle analysis through flow cytometry

Cells were grown on 6 cm plates, detached using trypsin-EDTA, harvested into a 15 ml
Falcon tube, and washed once with 1x PBS. The cell pellet was resuspended in 100 pl of
PBS, and fixation was performed by adding 900 pul of cold 80% ethanol dropwise to the cell
suspension while vortexing to minimize clumping and ensure even fixation. The mixture was
incubated on ice for at least 30 min, followed by centrifugation at 300 g for 5 min and two

washes with 1 ml of PBS. The cells were transferred to microtubes and centrifuged again
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under the same conditions. The cell pellet was then resuspended in 500 pl of PBS, containing
5 pg of RNase A (Thermo Fisher Scientific) and 20 pg of propidium iodide (PI)
(Sigma-Aldrich). The suspension was thoroughly mixed to ensure proper staining and
incubated for 40 min in the dark at RT. Measurements were performed using the Attune NxT
Flow Cytometer (Thermo Fisher Scientific). The flow cytometer laser was set at 488 nm
wavelength, and the detection filter of 610/20 nm bandpass was used for PI detection. The
event count was set between 5000 and 10000, depending on the density of cells used for the
experiment. A uniform population of cells was selected using the control untreated U20S
cells sample, and the same thresholding was applied to other samples in the experiment. The
size of cells and cell cycle phases were analyzed in the selected population and plotted using

the Floreada.io online tool.

3.2 RESULTS

3.2.1 E1 and E2 RNA.I inhibits the initial amplification of HPVS

To evaluate the effects of E1 and E2 on stable replication of HPVS5 as a model for chronic

infection, we applied RNAi using four different siRNAs, two targeting each gene.

First, we validated E/ and E2 silencing efficiency using RT-qPCR and Western Blotting,
respectively. U20S cells were co-transfected with the HPV5-E1HA-Nluc-E2Flag genome
and the respective siRNAs, using a scrambled Neg.siRNA as a negative control. For mRNA
quantification, total RNA was extracted 48 h post-transfection, and after cDNA synthesis,
qPCR was performed using primers complementary to £/ and E2 sequences. GAPDH
mRNA levels were used for normalization of £/ and E2 gene expression levels. For Western
blottings, cells were lysed 72 h post-transfection, E1 and E2 were immunoprecipitated and
detected using HA- and E2-specific antibodies, respectively. Additionally, we assessed
whether RNAi had any effect on U20S cell viability and proliferation. Cells were transfected

with the corresponding siRNAs, and 48 h later, a viability assay was performed.

We observed a significant reduction in both transcript and protein levels for all £/ and E2
targeting siRNAs (Figure 6B, C). Furthermore, E2 silencing led to a reduction in both E/
mRNA transcript and protein levels. This result was expected considering the E2’s role as a
transcriptional activator of £/ expression and the HPVS transcription pattern, showing that in

U20S cells, the full-size £/ is expressed only from transcripts that include £2 (Sankovski et
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al., 2014). Additionally, no statistically significant changes in U20S cell viability and

proliferation were detected (Figure 6D).

After validating siRNA efficiency, £/ and E2 silencing were analysed in a transient
replication assay using HPV5-E1HA-Nluc-E2Flag genome and luciferase assay. It has been
previously shown that HPV5-E1HA-Nluc-E2Flag genome copy numbers correlate with
luciferase activity (Lototskaja et al., 2021). The transient replication assay mimics the initial
phase of viral genome replication, which is characterized by an increase in genome copy
number to approximately 100—400 copies per infected cell. Nluc activity was measured 2, 3,
and 4 days post-transfection and normalized to AP values, which indicate the number of
viable cells in each sample. Compared to the control cells co-transfected with the viral
genome and Neg.siRNA, a time-dependent decrease in luciferase activity was observed in the
cells challenged with the E7- or E2-specific siRNAs, with average reductions of 1.5, 4.6, and
12.3-fold for 48 h, 72 h, and 96 h, respectively (Figure 6A). These data indicate that E1 and
E2 are positive regulators of the initial phase of the HPV5 genome replication. Notably, the
reduction was much more pronounced for £2 targeting siRNAs, which could be attributed to

the fact that Nluc and E2 proteins are expressed from the same viral transcript.

To further validate these findings, we performed a Southern blot analysis of the linearized
viral DNA extracted from the U20S cells transfected as described above, at different time
points. A significant reduction in viral genome copy numbers compared to the Neg.siRNA

control was observed in response to £/ and E2-specific siRNAs (Figure 6E).
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Figure 6. Validation of E1 and E2 siRNA efficiency in the transient replication assay in
U20S cells. Silencing effects on viral replication, transcription, and protein expression were
analysed. For all experiments, U20S cells were co-transfected with the
HPV5-E1HA-NLuc-E2Flag genome and corresponding siRNAs, Neg.siRNA was used as a
control, unless stated otherwise. (A) Luciferase activity was measured in quadruplicates at 48
h, 72 h, and 96 h post-transfection, and normalized to alkaline phosphatase activity. The
normalized Nluc activity values for the control samples were set as 1 at every time point, data
from other samples are presented relative to the control. The average means +/- SD of three

independent experiments are presented. All differences between Neg.siRNA samples and
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other samples were statistically significant (p-value < 0.05). (B) Levels of the £/ and E2 viral
transcripts were measured in triplicate using RT-qPCR 72 h post-transfection. GAPDH
mRNA expression levels were used for normalization. The normalized £/ and E2 mRNA
expression levels in the control samples were set as 1, and data from other samples are
presented relative to the control. The average means +/- SD of two independent experiments
are presented. Differences in mRNA expression levels in samples co-transfected with £/ and
E?2 targeting siRNAs compared to control were statistically significant (p-value <0.05). (C)
El and E2 proteins were immunoprecipitated and analyzed using Western blotting and HA-
and E2-specific antibodies 72 h post-transfection. GAPDH was used as a loading control. (D)
U20S cells were transfected with £/ and E2 targeting siRNAs, and viability was measured
48 h post-transfection in technical triplicate. The number of viable cells in the samples
transfected with the Neg.siRNA was taken as 1. No statistically significant differences
between the negative control and siRNAs were observed. (E) U20S cells were transfected as
indicated, and total DNA was extracted at 48 h, 72 h, and 96 h post-transfection and analysed
using Southern blotting. Six pg of DNA was digested with Dpnl and Sacl to cut the input
DNA and linearize the viral genome, respectively. DNA was separated on a 0.8%
agarose-TAE gel, and hybridized with the radioactively labelled viral genome. M corresponds
to the linearized HPV5-E1HA-Nluc-E2Flag m.c. genome.

3.2.2 Establishment of the stable cell line bearing the episomal HPVS5 genome

Next, to create a cellular model for persistent beta-HPV infection, we aimed to develop a
stable U20S-based cell line bearing the HPV5-E1HA-Nluc-E2Flag genome episomally.
U20S cells were transfected with the HPV5-E1HA-Nluc-E2Flag genome and a vector
expressing the Hygromycin B resistance gene in a 9:1 proportion. After one round of
passaging, antibiotic-containing medium was added to the cells to select the resistant clones.
The individual colonies were picked up and propagated further separately. Seventeen clones

were obtained following this subcloning protocol.

Luciferase activity was measured in each clone to assess the presence and copy number of the
Nluc-positive viral genome. Only three clones, 10, 11, and 14, showed high levels of
luciferase activity, which indicates the presence of high copy numbers of the Nluc-positive

viral genome in these cells (Figure 7A). These clones were selected for further testing.
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Figure 7. Characterisation of stable cell line clones. (A) To select the
HPV5-E1HA-NIuc-E2Flag-positive cells, Nluc activity was measured and normalized to AP
activity in 17 individual hygromycin-resistant clones. The y-axis section between 5000 and
15000 relative light units (RLU) is omitted to improve readability. (B) Clones 10, 11, and 14
were grown on 10 cm plates. Immunoprecipitation followed by Western blotting was
performed to analyse the E1 and E2 protein levels, GAPDH served as the loading control.
Neg. and Pos. controls correspond to the lysates isolated from untransfected U20S cells and
U20S transiently transfected with HPV5-E1HA-NLuc-E2Flag genome, respectively. (C) To
assess the viral genome integration into the host cell genome, LMW DNA was extracted at
various passages and linearized with Bgll, BstXI, or Sacl restriction enzymes. 6 pg of DNA
was used per restriction, DNA was separated on a 0.8% agarose-TAE gel, and hybridized
with the radioactively labelled viral genome. PC and M correspond to U20S cells transfected
with HPVS5-E1HA-NLuc-E2Flag genome and HPVS5-E1IHA-NLuc-E2Flag m.c. treated with

the same restriction enzymes used as a marker, respectively.
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To evaluate whether the viral genome is expressed episomally or has integrated into the host
cell genome, we performed Southern blot analysis of LMW DNA extracted from clones 10,
11, and 14, linearized using three different restriction enzymes, each of which cuts the
HPV5-E1HA-NLuc-E2Flag genome at a unique site located far apart from each other —
within L1, E2, and E7 genes, respectively (Figure 7C). In case of an episomal viral genome,
digestion with a single-cutter enzyme will linearize HPV5-E1HA-NLuc-E2Flag genome,
resulting in a single band of approximately 8.5 kb. Integration of a viral genome into the host
chromosomes typically disrupts this pattern, as the viral genome often becomes fragmented
or rearranged, resulting in irregular restriction pattern and the appearance of bands of
unexpected sizes (see Supplementary Figure 1). We observed this for Clone 10 when cut
with Bgll or BstXI and for Clone 11 when cut with Bgll, BstXI, or Sacl. These results
indicate that only Clone 14 bears the episomal HPV5-E1HA-NLuc-E2Flag genome, while

other clones contain, along with the episomal copies, also the integrated viral genome.

Next, we evaluated the viral E1 and E2 protein expression in the three clones using
immunoblotting (Figure 7B). U20S cells transfected with the HPV5-E1HA-NLuc-E2Flag
genome were used as a positive control. Expression of E1 and E2 proteins was below the
detection level in clones 10 and 11, while clone 14 showed E1 and E2 expression levels
higher than those of the transiently expressed HPV5-E1HA-NLuc-E2Flag genome (Pos.
control on Figure 7B). Taken together, these data indicate successful creation of a
monoclonal cell line bearing multiple copies of the episomal HPV5-E1HA-NLuc-E2Flag

genome.

3.2.3 Characterization of HPVS5-E1HA-NLuc-E2Flag and HPVS WT-positive

cell lines

After analyzing the integration status and viral protein expression levels in the selected
clones, we proceeded with the propagation of the clone 14, hereafter referred to as H5-Nluc+,
and compared it to a previously generated cell line bearing the HPVS5 WT genome, hereafter

referred to as H5+ cells (Geimanen et al., 2011, clone 15).

First, we evaluated the viral genome integration status in H5+ cells using the same method as
for previously generated clones in Figure 7C. Restriction analysis revealed no prominent

bands of unexpected size, indicating that the viral genomes in HS5+ cells are primarily
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maintained episomally (Figure 8A). We then compared the cell cycle profiles, cell size, viral

DNA oligomer patterns, and genome copy numbers between H5+ and H5-Nluc+ cells.

Cell cycle and size were assessed by flow cytometry using PI staining to determine whether
stable maintenance of the viral genome had any adverse effects on cell division and growth.
All cells were cultured on 10 cm plates. Initial gating was based on untransfected U20S cells,
which served as a control. No prominent differences were detected in cell cycle or cell size
profiles. Representative results from one of two independent experiments are shown in

Figure 8B.

The physical state of the viral genome DNAs was analyzed in both H5+ and H5-Nluc+ cells.
Previous studies have shown that specific oligomers of HPV16, HPV18, and HPV11 DNA,
which are absent during early viral replication, can replicate independently of E1 function in
stable cell lines (Egawa et al., 2012; Murakami et al., 2019; Piirsoo et al., 2020). Similarly, it
has been previously suggested that replication of a certain oligomeric form of the viral
genome in H5+ cells, commonly referred to as the dominant replicon (DR), can occur in an
E2 activity-independent manner (Lototskaja et al., 2021). Based on these findings, we aimed
to analyse the physical state of the viral genomes in the stable cell lines and in the transiently

transfected cells and compare it with the viral DNA genomes used for transfections.

For this analysis, LMW DNA was extracted from cells grown on 10 cm plates. For transient
replication controls (PC), DNA was harvested three days post-transfection, for marker (M), 6
ng of the HPV5 m.c. genome was used. All samples were treated with a restriction enzyme to
digest the host DNA, while leaving the viral genome uncut. The DNA samples were then
separated on a 0.6% agarose-TAE gel and hybridized with a radioactively labelled viral

genome probe.

In H5+ cells, we observed the previously described DR, the expression of which was
negligible during transient replication of the HPVS genome or in the input HPVS5 DNA (PC
and M on Figure 8C, respectively). In contrast, the oligomers pattern of the viral genome in
the H5-Nluc+ cells largely resembled that of early viral replication (Figure 8D, PC), with the
exception of an additional band, marked with an asterisk, observed in the two later passages.
This band was undetectable during the transient replication of the same viral genome and
may represent an early form of DR. Additionally, the DR has been reported to emerge after

prolonged propagation of the cells maintaining the viral genome, as exemplified by the H5+
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cell line generated more than 15 years ago (Geimanen et al., 2011; Lototskaja et al., 2021). In
contrast, the H5-Nluc+ cell line was generated during this study, which might explain the
absence of DR.

Additionally, viral genome copy numbers were quantified by qPCR using LMW DNA
extracts from three different passages of each cell line and primers specific for the £/ and E2
genes. Viral genome copy numbers were normalized to those of ribosomal DNA. The first
passage of H5+ cells was set as 1, and copy number values for H5-Nluc+ are presented
relative to it. On average, the viral genome copy number was approximately 16-fold higher in
H5-Nluc+ cells, generated in this study, compared to the H5+ clone (Figure 8E). This

difference was statistically significant.
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Figure 8. Characterization of the HPVS-E1HA-NLuc-E2Flag (H5-Nluc+ cells) and
HPVS WT-positive (H5+ cells) cell lines. (A) To assess viral genome integration in H5+
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cells obtained from our laboratory collection, LMW DNA was extracted at different passages,
and 6 pg of DNA was digested with Bgll, BstXI, or Sacl restriction enzymes. DNA was
separated on a 0.8% agarose-TAE gel, transferred to a membrane, and hybridized with a
radioactively labelled HPV5 genome. (B) Cell cycle profiles and size of H5+ and H5-Nluc+
cells were analyzed by flow cytometry following PI staining. U20S cells were used to set the
flow cytometry control parameters, including cell population gating, and cell cycle phases
were assessed based on PI fluorescence relative to cell count, while cell size was evaluated
using forward scatter area (FSC-A) signals. (C) To evaluate the physical state of the viral
DNA in H5+ cells, LMW DNA was extracted at different passages. Approximately 20 pug of
DNA per sample was treated with a restrictase that doesn’t cut the viral genome, separated on
a 0.6% agarose-TAE gel, and hybridized with the radioactively labelled viral genome. PC and
M correspond to LMW DNA isolated from U20S cells transfected with HPVS5 WT genome
and HPVS WT m.c. DNA used as a marker, respectively. (D) The viral DNA isoforms in
H5-Nluc+ cells were analyzed as described in panel C. PC and M correspond to LMW DNA
from U20S cells transfected with HPVS5-E1HA-NLuc-E2Flag genome and
HPV5-E1THA-NLuc-E2Flag m.c. DNA used as a marker, respectively. (E) Viral genome copy
number was determined by qPCR using primers targeting the £/ and E2 genes. For each
reaction, 500 pg of LMW DNA extracted from H5+ and H5-Nluc+ cells at three different
passages was used. Ribosomal DNA expression levels were used for normalization. Gene
expression levels in H5+ cells were set to 1, and values for H5-Nluc+ cells are presented
relative to this. The average of E/ and E2 gene expression levels was used to estimate
genome copy number. Differences between HS5+ and HS5-Nluc+ cells were statistically

significant (p-value < 0.05).

3.2.4 E1 and E2-dependent stable replication of beta-HPVS

To investigate the role of E1 and E2 proteins in stable HPV5 genome maintenance, we
silenced their expression in H5+ and H5-Nluc+ cells using RNAi and assessed the effects on
replication of viral genomes and their specific oligomers. In H5-Nluc+ cells, we additionally
evaluated genome replication through luciferase assay and measured viral protein expression

levels.

To assess the effects of £/ and E2 silencing on stable replication of the HPV5 genome, H5+
and H5-Nluc+ cells were transfected with the respective siRNAs. LMW DNA was extracted

at 3, 4, or 5 days post-transfection. The extracts were subsequently treated with a viral
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genome single-cutter or a non-cutting restriction enzyme to generate linear or uncut viral
DNA, respectively. The DNA samples were separated on 0.8% (linearized) or 0.6% (uncut)
agarose-TAE gels and hybridized with a radioactively labelled HPVS probe.

In H5+ cells, E1 and E2 silencing resulted in an average decrease of 24%, 45%, and 51% in
linearized DNA signals at days 3, 4, and 5 post-transfection, respectively, compared to the
negative control samples (Figure 9A, top panel). Additionally, we observed lower levels of
most viral DNA oligomers in response to the E/ and E2 silencing, while replication of the
DR remained largely unaffected (Figure 9A, bottom panel). These results suggest the
presence of two replication mechanisms in H5+ cells: one dependent on E1 and E2, and
another driven primarily by host cell replication machinery. Similar observations have been
previously reported for HPV16, HPV18, and HPV11 (Egawa ef al., 2012; Murakami et al.,
2019; Piirsoo et al., 2020).

In contrast, £/ and E2 silencing in H5-Nluc+ cells was approximately 20% more efficient,
showing average reductions of 53% and 76% in linearized viral DNA levels at days 3 and 5,
respectively, compared to the control samples (Figure 9B). Unlike H5+ cells, no clear pattern
of specific oligomeric forms being differently affected by the E/ or E2 silencing was

observed.

The silencing effects on stable replication of the HS5-Nluc+ genome were additionally
validated using a luciferase assay. The HPVS5-Nluc+ cells were transfected with the
E1/E2-specific or Neg. siRNAs. Luciferase activity was measured at 48, 72, and 96 h
post-transfection and normalized by AP activity. Silencing of E/ or E2 resulted in an average
80% reduction in Nluc activity at 96 h post-transfection that correlates with the Southern
blotting results (Figure 9C). The silencing efficiency was less pronounced at earlier time
points, as the viral genome is actively replicating prior to siRNA treatment. Consequently, £/
and E2 silencing leads to a gradual decrease in viral DNA copy number over subsequent cell
divisions. This contrasts with transient viral replication, where the viral genome is introduced
simultaneously with the siRNAs, and EI/E2 silencing occurs early in viral replication,

resulting in more immediate and pronounced inhibition (Figure 6A, Figure 9C).

Finally, we examined E1 and E2 protein levels at 72 hours post-transfection using IP and
western blotting with HA- and E2-specific antibodies. In H5-Nluc+ cells transfected with £/

targeting siRNAs, El1 protein was undetectable, and E2 levels were severely reduced.
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Conversely, transfection with E2 targeting siRNAs led to a significant decrease in El

expression and a partial reduction in E2 levels compared to the negative control (Figure 9D).
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Figure 9. Effects of E1 and E2 silencing on stable replication of HPVS. The cells were
transfected with the indicated siRNAs. (A-B) LMW DNA from H5+ or H5-Nluc+ cells was

extracted at 3, 4, and 5 days post-transfection. Approximately 6 ug and 20 pug of DNA per

sample were treated with either one-cutter or non-cutting restriction enzymes, separated on

0.8% or 0.6% agarose-TAE gel for the analysis of the linear and uncut viral DNA,

respectively. The DNA was hybridized with the radioactively labelled HPVS5 probe. The

images showing linearized and uncut viral DNA are presented on the top and bottom panels,

respectively. (C) The cells were seeded onto 96-well plates after transfection. Nluc activity

was measured at 48, 72, and 96 h post-transfection, and normalized by AP. The normalized

46



RLU values for each time point are presented relative to that of cells transfected with the
Neg.siRNA, which was taken as 1. Statistical significance is presented above the bars:
p-value > 0.05 - ns, p-value < 0.05 - *, p-value < 0.01 - **, p-value < 0.001. (D) Silencing
effects on E1 and E2 protein levels were analyzed through IP and western blotting with HA-
and E2-specific antibodies 72 h after transfection with the corresponding siRNAs. GAPDH

was used as a loading control.
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4 DISCUSSION

Skin-infecting HPVs are associated with various lesions that may progress to cancer,
particularly in immunocompromised individuals. Long-term maintenance of the viral genome
within host cells—its replication in concert with the host DNA and transmission to daughter
cells—is typically a prerequisite for cancer development. Currently, a limited understanding
of the molecular mechanisms underlying stable replication of cutaneous HPVs hinders the

development of new antivirals needed for cancer prevention and treatment.

One of the most promising directions for antiviral drug development against cutaneous HPVs
is targeting the E1 and/or E2 viral proteins shown to be absolutely required for the initial
phase of the viral genome replication in different cellular models. However, their role in the
stable replication of cutaneous HPVs remains to be elucidated. The main obstacle for these

studies is the absence of an appropriate cellular model.

In this study, we established and characterized a U20S-derived cell line harboring the
episomal HPVSEIHA-Nluc-E2Flag genome. This cell line was created to complement the
previously described H5+ cell line bearing the WT HPVS5 genome (Geimanen et al., 2011).
However, the new cell line enables easier monitoring of viral genome copy number through
measurement of highly sensitive Nluc activity as well as detection of the HA-tagged E1 and
Flag-tagged E2 viral proteins using the tag-specific antibodies. The viral genome copy
number in H5-Nluc+ cells was considerably higher than that in H5+ cells, simplifying viral
DNA and protein detection from a small number of cells, which may be a useful tool for

high-throughput screening of antiviral drugs.

Analysis of the physical state of both extrachromosomal viral genomes revealed a pattern
similar to that during transient replication of the same genomes in U20S cells. Our data
indicated that the monomeric forms of both viral genomes, as well as their oligomers,
replicate in an EI/E2-dependent manner. However, comparative analyses of H5+ and
H5-Nluc+ cells also revealed important differences in the maintenance of specific viral
genome oligomeric forms, with H5-Nluc+ cells missing the oligomeric form replicating
independently of the E1 and E2 proteins, which is present in H5+ cells as a dominant replicon

comprising approximately 50% of the viral DNA.

At present, it is unknown whether this specific oligomeric form of viral DNA, which

replicates in an E1/E2-independent manner, exists in keratinocytes during natural infection. If
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this mode of replication exists in HPV natural host cells, targeting E1/E2-dependent HPV
replication with antiviral drugs may be ineffective. However, to the best of our knowledge, no
cellular models based on cutaneous HPV-positive keratinocytes are currently available. The
oncogenic potential of cutaneous HPVs is relatively low compared to the mucosal types, and
they are unable to immortalize primary keratinocytes or persist in host cells during long-term
cultivation. So far, only one keratinocyte-derived immortalized cell line harboring an
extrachromosomal beta-HPV49-E8- genome has been described (Rehm et al., 2022). In this
model, knockout of the E§"E2 repressor led to high expression of the viral oncogenes E6 and
E7, which in turn enabled immortalization of primary keratinocytes. Our study showed that
HPV5-E1HA-NIuc-E2Flag genome copy numbers were substantially higher than those of the
HPVS5 WT genome in the corresponding U20S-derived cell lines, suggesting that the
HPV5-E1HA-Nluc-E2Flag genome may be a suitable candidate for successful keratinocyte

immortalization.

In future studies, along with creating the immortalized HPV5-E1HA-Nluc-E2Flag-positive
keratinocytes as a model for studying the stable cutaneous HPV replication, it would be
valuable to test whether increasing the concentration of the used siRNAs or/and duration of
the treatment through repeated transfections would lead to repression of the DR replication in
H5+ cells and whether it could lead to a complete elimination of the viral genome in
H5-Nluc+ cells. Additionally, investigating the effects of the multiple E£1/E2-specific siRNA

combinations may reveal more efficient strategies for inhibiting viral replication.

Our findings confirm that both E1 and E2 proteins are required for the HPVS5 replication
during the initial phase after transfection of the viral genome, but it remains unclear whether

they are necessary for the long-term maintenance of viral replication.
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SUMMARY

Cutaneous HPV can cause lesions that may progress to cancer, especially in
immunocompromised patients. Long-term persistent viral genome replication is a key process
associated with skin cancer. However, the molecular mechanisms of the HPV stable

replication are poorly understood.

In this study, we aimed to investigate the role of the E1 and E2 proteins in the transient and
stable modes of HPVS5 replication. HPV5 was chosen as the best-studied cancer-associated
cutaneous beta-HPV type. We analyzed the effects of £/ and E2 knockdown on the transient
HPVS replication, representing the initial phase of the replication cycle after infection of a
host cell. Additionally, we generated a U20S-derived cell line bearing the extrachromosomal
HPV5-E1HA-Nluc-E2Flag genome (referred to as HS5-Nluct) to study stable HPVS
replication. The newly established cell line was compared to a previously described cell line
carrying the HPV5 WT genome (H5+). We evaluated the impact of £/ and E2 silencing in
both stable cell lines to better understand the role of these viral proteins in episomal

maintenance.
This study resulted in the following conclusions:

- EI and E2 targeting siRNAs can efficiently inhibit the expression of the
corresponding viral transcripts

- El and E2 are essential for the establishment of HPV5 replication

- The established cell line bears the viral genome episomally and has a different pattern
of oligomeric forms of viral DNA than that in H5+ cells

- Effects of E/ and E2 silencing in the H5+ cell line suggest that two modes of HPVS
stable replication exist, one dependent on E1 and E2 proteins and another reliant on
host cell machinery

- These findings were not confirmed in H5-Nluc+ cells, suggesting that an E1 and
E2-independent mode of replication develops after prolonged maintenance of viral

replication
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SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. Viral genome integration and restriction patterns on Southern
blotting. The top panel illustrates viral genomes (orange) and host DNA (blue). Restriction
enzymes are marked as R1, R2, and R3, with arrows indicating their specific sites. Curly
brackets denote the expected restriction fragment size; their colors correspond to the band

colors shown in the bottom panel.
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