
Deregulation of Host Gene Expression and
Control of Wart Formation by Papillomavirus

E8^E2

Dissertation
der Mathematisch-Naturwissenschaftlichen Fakultät

der Eberhard Karls Universität Tübingen
zur Erlangung des Grades eines
Doktors der Naturwissenschaften

(Dr. rer. nat.)

vorgelegt von
Franziska Kühner

aus Sinsheim

Tübingen
2023



Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der
Eberhard Karls Universität Tübingen.

Tag der mündlichen Qualifikation: 10.07.2023

Dekan: Prof. Dr. Thilo Stehle
1. Berichterstatter: Prof. Dr. Alexander Weber
2. Berichterstatter: Prof. Dr. Frank Stubenrauch



Zusammenfassung

1 Zusammenfassung

Persistierende Infektionen mit humanen Papillomviren (HPV) der Hochrisiko-Typen wie HPV16
können anogenitalen und oropharyngealen Krebs verursachen. HPV infizieren Keratinozyten
in der Basalschicht von kutanen und mukosalen Epithelien. Das virale E8^E2 Protein ist
ein hochkonservierter Repressor der PV-Replikation und der Genexpression, der Vorteil der
Expression von E8^E2 für PV bleibt jedoch unklar. HPV16 Genome ohne Expression von
E8^E2 (E8-), zeigen ebenfalls eine verstärkte Genomreplikation und virale späte Proteinex-
pression in differenzierten Zellen. Durch eine globale Transkriptomanalyse von differenzierten
HPV16 Wildtyp und E8- Zelllinien wurde eine geringe Anzahl von unterschiedlich exprimierten
Genen identifiziert. Die Analyse ausgewählter Gene deutete darauf hin, dass ihre Dereg-
ulierung die Differenzierung von Keratinozyten erfordert und mit der späten viralen Transkription
korreliert. In Übereinstimmung damit wurde die Deregulierung dieser Wirtszellgene durch das
zusätzliche Ausschalten der viralen E4 und E5 Gene, von denen bekannt ist, dass sie die pro-
duktive Replikation fördern, gemildert. Diese Daten zeigen zum ersten Mal, dass die produktive
HPV16-Replikation die Transkription der Wirtszellen moduliert.

Durch die Expression und Aufreinigung des HPV16 E2 Proteins für die anschließende Pro-
duktion polyklonaler Antikörper in Kaninchen konnte ich die Expression von E2 und E8^E2 Pro-
teinen in HPV16-positiven Zelllinien charakterisieren. Eine geringere Anzahl von wt im Vergle-
ich zu E8- Zellen weist nukleäre E2 Foci auf, die mit dem Replikationsprotein RPA32 kolokalisiert
sind und somit höchstwahrscheinlich virale Replikationszentren darstellen. Zellen mit E2 Foci
exprimierten auch das späte virale E4 Protein, was darauf hindeutet, dass diese Zellen den
produktiven Replikationszyklus erreicht haben. Dies bestätigt, dass HPV16 E8^E2 die produk-
tive Replikation reguliert und ermöglichen es, die Rolle von E2 und E8^E2 im Lebenszyklus
von HPV16 weiter zu untersuchen.

Da PV sehr speziesspezifisch sind, ist das Mus musculus (Mmu) PV1-Maus-Modell ein
geeignetes Modell, um die Funktion von E8^E2 in vivo zu untersuchen. Kürzlich durchgeführte
Studien haben gezeigt, dass MmuPV1 E8^E2 Knock-out-Genome eine erhöhte virale Genex-
pression in kultivierten Keratinozyten aufweisen, aber in T-Zell-defizienten Foxn1nu/nu Mäusen
keine Warzen bilden. Ich konnte zeigen, dass das MmuPV1 E8^E2 Protein mit Komponenten
des NCoR/SMRT Co-Repressor-Komplexes in Abhängigkeit von der E8 Domäne interagiert,
um die Transkription und Replikation zu unterdrücken, was darauf hindeutet, dass diese In-
teraktion zwischen MmuPV1 und HPV konserviert ist. Interessanterweise zeigen MmuPV1
E8^E2 mt Genome eine stark erhöhte Expression des viralen späten E4 Proteins in undif-
ferenzierten murinen Keratinozyten. MmuPV1 E4 verursachte einen Arrest in der G2-Phase
des Zellzyklus, ähnlich wie seine HPV-Gegenstücke. Dies verhindert höchstwahrscheinlich die
Ausbreitung virusinfizierter Keratinozyten in der Basalschicht des Epithels, was das Ausbleiben
der Warzenbildung in vivo erklärt. Zusammenfassend deuten diese Daten darauf hin, dass die
Hauptfunktion von E8^E2 darin besteht, die unvorgesehene Induktion des produktiven Replika-
tionszyklus in basalen Keratinozyten zu verhindern.
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Abstract

2 Abstract

Persistent infections with high-risk human papillomaviruses such as HPV16 can cause anogen-
ital and oropharyngeal cancers. HPV infect keratinocytes in the basal layer of cutaneous or
mucosal epithelia. The viral E8^E2 protein is a highly conserved repressor of PV replication
and gene expression, but the advantage of the expression of E8^E2 for PV remains unclear.
HPV16 genomes lacking E8^E2 expression (E8-) show also enhanced genome replication and
viral late protein expression in differentiated cells. A small number of differentially expressed
genes were identified by global transcriptome analysis of differentiated HPV16 wild-type (wt)
and E8- cell lines. The analysis of selected genes suggested that their deregulation requires
keratinocyte differentiation and correlated with viral late transcription. Consistent with this, the
additional knock-out of the viral E4 and E5 genes, which are known to enhance productive
replication, alleviated the deregulation of these host cell genes. These data reveal for the first
time that productive HPV16 replication modulates host cell transcription.

Through the expression and purification of the HPV16 E2 protein for subsequent polyclonal
antibody production in rabbits, I was able to characterize the expression of E2 and E8^E2 pro-
teins in HPV16 positive cell lines. A smaller number of wt compared to E8- cells display nuclear
E2 foci and these colocalize with the replication protein RPA32 and thus represent most likely
viral replication centers. E2 foci-positive cells also expressed the viral late E4 protein indicat-
ing that these cells have entered the productive replication cycle. This confirms that HPV16
E8^E2 regulates productive replication and makes it possible to further explore the roles of E2
and E8^E2 in the life cycle of HPV16.

Since PV are highly species-specific, a suitable model to investigate E8^E2 function in vivo
is the Mus musculus (Mmu) PV1-mouse model. Recent studies revealed that a MmuPV1
E8^E2 knock-out genome displays increased viral gene expression in cultured keratinocytes,
but failed to form warts in T-cell deficient Foxn1nu/nu mice. I was able to show that the MmuPV1
E8^E2 protein interacts with NCoR/SMRT co-repressor complex components in an E8-domain
dependent manner in order to repress transcription and replication, indicating that this inter-
action is conserved between MmuPV1 and HPV. Interestingly, MmuPV1 E8^E2 mt genomes
display greatly increased expression of the viral late E4 protein in undifferentiated murine ker-
atinocytes. MmuPV1 E4 caused an arrest in the G2 phase of the cell cycle, similar to its HPV
counterparts, and this most likely prevents the expansion of virus-infected keratinocytes in the
basal layer of the epithelium which explains the lack of wart formation in vivo. In summary,
these data indicate that the main function of E8^E2 is to prevent the unscheduled induction of
the productive replication cycle in basal-like keratinocytes.
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Introduction

3 Introduction

3.1 Papillomaviruses

Papillomaviruses (PV) are non-enveloped, double-stranded DNA viruses. Of the more than 440
different sequenced genotypes 220 infect humans (Doorslaer et al., 2016). Papillomaviruses
infect keratinocytes in the basal layer of cutaneous or mucosal skin in a species specific man-
ner. HPV infection can cause a number of diseases in women as well as men, including genital
warts and different types of cancers (Schiffman et al., 2007).

3.2 Classification of human papillomaviruses and clinical relevance

Human papillomaviruses can be phylogenetically allocated to five different genera: alpha-,
beta-, gamma-, mu- and nu-HPV (Figure 1).

Figure 1: Classification of human papillomaviruses. Human papillomaviruses are classified into five genera:
alpha-, beta-, gamma-, mu- and nu-HPV. The evolutionary tree is based on alignment of the E1, E2, L1,
and L2 genes. Alpha- (yellow for low-risk and pink for high-risk), beta- (blue) and gammapapillomavirus
(green) represent the largest groups. The high-risk types written in red are confirmed human
carcinogens. Figure from Egawa and Doorbar, 2017.
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Papillomaviruses are divided into low-risk (LR) and high-risk (HR) types, only the latter can
cause cancer (zur Hausen, 2009). The major risk factor for the development of cervical, other
anogenital cancers as well as a percentage of cancers of the oropharynx is persistent infection
with the HR HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59 (De Martel et al., 2017).
Cervical cancer is the fourth most common cancer among women globally. In 2020 about 90%
of the new cases and deaths worldwide occurred in low- and middle-income countries, due
to limited access to prevention and late diagnosis (Sung et al., 2021; Stelzle et al., 2021).
Oropharynx cancer is now the most common cancer caused by HPV in the US, surpassing
cervical cancer (Chaturvedi et al., 2011; Tota et al., 2019; Van Dyne et al., 2018).
Beta HPV have been linked to the development of cutaneous squamous cell cancer (cSCC) in
patients with epidermodysplasia verruciformis (EV) and in organ transplant recipients (Howley
and Pfister, 2015; Orth, 2006). EV is a rare genodermatosis caused by mutations in the CIB1,
EVER1 and EVER2 genes (De Jong et al., 2018).

3.3 Structure of the HPV genome

Human papillomaviruses have a circular double-stranded DNA genome of about 8 kb. High risk
HPV genomes contain reading frames for early (E1, E2, E4, E5, E6, E7) and late proteins (L1,
L2), as well as a non-coding region of about 1 kb (upstream regulatory region, URR).
Beta-HPV do not encode a E5 gene (Howley and Pfister, 2015). Complete wt beta-HPV
genomes are not able to immortalize normal human keratinocytes, in contrast to high risk al-
pha HPV genomes (Dürst et al., 1987; Woodworth et al., 1989; Rehm et al., 2022b; Rehm
et al., 2022a). Many papillomaviruses encode the highly conserved E8 reading frame, which
is transcribed as spliced E8^E2 mRNA (Kuehner and Stubenrauch, 2022). Interestingly, im-
mortalization of keratinocytes by the beta HPV49 genome requires the inactivation of the viral
E8^E2 repressor protein, whereas HPV8 and HPV38 E8- genomes are unable to immortalize
NHK (Rehm et al., 2022b; Rehm et al., 2022a).
There are two main promotors in HR-HPV. The major early promoter is located in front of the
E6 gene and is highly active in both undifferentiated and differentiated keratinocytes. The ma-
jor late promoter, located in the E7 gene, is only highly active in differentiated keratinocytes
(Grassmann et al., 1996; Hummel et al., 1992; Wang et al., 2011).
The early viral transcripts are processed at the early polyadenylation signal downstream of the
E5 gene, late transcripts can be processed at either the early or the late polyadenylation signal
downstream of L1 (Graham, 2008; Jia and Zheng, 2009; Johansson and Schwartz, 2013; Wu
et al., 2017). A high risk HPV genome is shown in Figure 2.
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Figure 2: Alpha HPV genome organization. The circular dsDNA genome of an alpha-HPV is pictured here. The
replication proteins, E1 and E2, are shown in dark cyan, the structural proteins are shown in orange.
URR= upstream regulatory region (light cyan), PE= early promotor, PL= late promoter, pAE= early
polyadenylation site and pAL= late polyadenylation site. The replication origin is indicated. From
McBride, 2017.

3.4 Viral life cycle

The HPV replication cycle is linked to the differentiation state of the infected keratinocytes
of mucosal and cutaneous epithelia (Figure 3). The viral life cycle starts after mitosis and the
entry of the virus into the nucleus (Calton et al., 2017). The ubiquitous transcription factors SP1
(specificity protein 1) and AP1 (activator protein 1) are involved in HPV transcription (Gloss and
Bernard, 1990; Hoppe-Seyler and Butz, 1992; Thierry et al., 1992; Thierry, 2009). Amplification
of the viral genome can activate the DNA damage response (DDR) due to torsional stress on
the viral genome caused by clashing replication forks (Bristol et al., 2017). Furthermore, high-
risk HPV E1, E6 and E7 can activate the DDR when expressed on their own (James et al.,
2020). Activation of DDR is required for the amplification stage of the viral life cycle (Beglin
et al., 2009; Hong and Laimins, 2013; Moody and Laimins, 2009; Spriggs and Laimins, 2017).

The viral genome is maintained at a low copy number after initiation of replication and in
the proliferating infected cell moving through the epithelium. The copy number increases in
the upper layers of the epithelium through amplification (James et al., 2020). Expression of
early viral proteins, which modulate genome replication (E1, E2, E8^E2), viral gene expression
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(E2, E8^E2) and host cell pathways (E5, E6, E7) takes place after initial transcription. Infected
cells in the suprabasal layer express S-phase markers upon cell division and activate cellular
DNA replication, which is due to the activities of the HPV E6 and E7 oncoproteins (Moody and
Laimins, 2010). In the middle layer of the epithelium, infected cells activate the differentiation-
dependent viral late promoter located in E7, amplify their genomes and begin to express the
viral E4 protein (Doorbar, 2013; Moody and Laimins, 2010). Furthermore, changes in viral
late promoter activation, polyadenylation site usage and splicing patterns of viral transcripts
result in the differentiation-dependent expression of the late L1 and L2 proteins, which leads to
the synthesis of infectious virions in the uppermost layers of the epithelium. The mechanisms
controlling the switch to the productive phase remain uncertain (Doorbar, 2013; Kuehner and
Stubenrauch, 2022).

Figure 3: HPV life cycle. Schematic representation of the stratified epithelium and the HPV life cycle.
Differentiation dependent expression of viral proteins is indicated with arrows on the right. Basal cells
are infected via microlesions in the epithelial barrier. The viral E5, E6, and E7 oncoproteins as well as
the replication modulatory E1, E2, and E8^E2 proteins are expressed after introduction of viral genomes
into undifferentiated keratinocytes. Expression of E1^E4 coincides with viral genome amplification.
Expression of L1 and L2 in terminally differentiated cells leads to the packaging of viral genomes, virion
synthesis, and the release of virions. Figure from Kuehner and Stubenrauch, 2022
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3.5 Papillomavirus proteins

3.5.1 The E1 and E2 replication proteins

E1 and E2 are highly conserved, sequence-specific DNA binding proteins. The viral origin of
replication, located in the URR, is recognized by the E1 protein. DNA is unwound by E1’s
helicase activity and then replicated by the recruitment of the cellular DNA replication ma-
chinery. Even though DNA damage signaling and genomic stress can reduce the quality of
E1-E2-mediated DNA replication leading to a higher mutation frequency, the quantity is not
changed (Bristol et al., 2016). E1 consists of an N-terminal regulatory domain, a DNA-binding
domain (DBD) that is also responsible for dimerization, and a C-terminal oligomerization do-
main (Bergvall et al., 2013). The E2 protein consists of a transactivation domain (TAD), a
C-terminal DNA binding and dimerization domain (DBD), connected by an unstructured hinge
domain. The conserved N-terminal domain (200 aa) of E2 mediates the binding of E1 to the
viral origin (Bergvall et al., 2013; McBride, 2013). The E2 DBD is responsible for the specific
recognition of E2 binding sites (E2BS) and also for the dimerization of E2 proteins (McBride,
2013). The integration of the virus usually disrupts the E1 and/or E2 open reading frames
(ORFs), leading to transcriptional activation of the viral oncogenes E6 and E7 (Akagi et al.,
2014; Kadaja et al., 2009; Tsakogiannis et al., 2015;Wentzensen et al., 2004; Xu et al., 2013).

3.5.2 The E8^E2 repressor protein

HPV16 E8^E2 is translated from a spliced mRNA that initiates at a promoter within the E1
gene and uses a splice donor site at nucleotide (nt) 1302 linked to the main splice acceptor
(SA) site in E4 at nt 3358 (Straub et al., 2015). E8^E2 shares the hinge and the DBD with
E2 and can therefore bind to viral genomes via E2 binding sites in the URR (Kuehner and
Stubenrauch, 2022). The E2 N-terminal domain is replaced by the E8 domain and binds to cel-
lular NCoR/SMRT-HDAC3 corepressor complexes (Dreer et al., 2016; Powell et al., 2010). The
E8^E2 -NCoR/SMRT interaction represses both gene expression from viral promoters and the
E1- and E2-dependent replication of the viral origin (Dreer et al., 2016; Powell et al., 2010). The
exon structure of the E8^E2 mRNA as well as the E8 peptide sequence is conserved among PV,
emphasizing the importance of E8^E2 expression during the viral life cycle (Puustusmaa and
Abroi, 2016). Short-term phenotypes of PV E8^E2 knock-out (E8-) genomes are highly con-
served, including increased genome replication and viral gene expression. Interestingly, there
are differences in the long term: HR-HPV16 E8- and beta-HPV49 E8-, but not HR-HPV31 E8-
genomes can be stably maintained extrachromosomally in high copy numbers in keratinocytes
(Lace et al., 2008; Rehm et al., 2022b; Straub et al., 2014; Stubenrauch et al., 2000). The
change of the HPV16 E8 residues K5/W6/K7 to A5/A6/A7 in HPV16 KWK mt genomes also re-
sulted in an increase in copy numbers and amounts of early and late viral transcripts compared
to wt genomes in undifferentiated keratinocytes. Furthermore, E2 RNA levels were increased
4-fold in E8- cell lines and 3.8-fold in E8 KWK mt cell lines (Straub et al., 2014). One possible
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explanation for the function of E8^E2 is the evasion of the innate immune response to avoid
downregulation of cellular proliferation and the induction of senescence (Bristol et al., 2017;
James et al., 2020). Intriguingly, MmuPV1 E8- genomes did not induce warts in T cell-deficient
mice in contrast to wt genomes, indicating that E8^E2 limiting viral protein expression is not to
prevent T cell-mediated elimination of infected cells and its function is not primary an immune-
evasive mechanism (Stubenrauch et al., 2021). The change of E8^E2 and E2 amounts or
activities in differentiated cells could also be part of the switch from the non-productive to the
productive replication phase of papillomaviruses (Straub et al., 2014).

3.5.3 The E4 protein

The start of productive replication in suprabasal keratinocytes is marked by by the activation
of the viral late promoter in E7 and genome amplification leading to the abundant expres-
sion of the viral E4 protein (Grassmann et al., 1996; Hummel et al., 1992; Pray and Laimins,
1995; Sterling et al., 1993). The non-structural late protein E4 is expressed form the spliced
E1^E4 RNA, and is localized in the cytoplasm (Doorbar, 2013; Moody and Laimins, 2010). The
function of E4 during the early life cycle of HPV is not completely understood, but several stud-
ies suggest that it is involved in productive genome amplification, the induction of a G2-arrest,
the modulation of kinase activity, and virus assembly (Doorbar, 2013). The E4 protein can as-
sociate with and reorganize the cytokeratin network of the host cell, which might contribute to
efficient virus release (Doorbar et al., 1991; Roberts et al., 1997; Roberts et al., 1994; Wang
et al., 2004). Interestingly, the role of E4 varies greatly between different HPV types and cell
backgrounds. For HPV16 different effects depending on the length of the E4 protein expressed
in a spontaneously immortalised human keratinocyte cell line were described (Nakahara et al.,
2005). For HPV18 and 31, loss of full length E4 protein can result in impaired genome am-
plification in human primary foreskin keratinocytes (Wilson et al., 2005; Wilson et al., 2007).
Truncated HPV11 E4 has been reported not to compromise life cycle completion in a human
foreskin keratinocyte cell line immortalized by transduction with the telomerse reverse transcrip-
tase (TERT) gene (Fang et al., 2006). This great variability suggests that E4 may have different
functions in papillomaviruses (Egawa et al., 2017).

3.5.4 The E5, E6 and E7 oncoproteins

The early oncoproteins E5, E6 and E7 contribute to tumour progression. Of the five genera of
HPV, only the alpha HPV encode and express E5 (Basukala and Banks, 2021). HPV E5 have
weak transforming activity in vitro in comparison to BPV E5, which is BPV1s major transforming
protein (DiMaio et al., 1986), but HPV E5 can still transform mammalian cells (Genther Williams
et al., 2005; Maufort et al., 2010; Stöppler et al., 1996). The E5 protein contributes to genome
amplification in differentiated cells (Egawa and Doorbar, 2017; Fehrmann et al., 2003; Genther
et al., 2003; Nakahara et al., 2005; Wilson et al., 2005). E5 increases growth factor signalling,
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in particular epidermal growth factor receptor (EGFR), to promote exit from G0-G1 (Ilahi and
Bhatti, 2020; Roden and Stern, 2018). Upon integration of high-risk HPV genomes, E5 is often
disrupted, but sometimes expression of E5 is still detectable in HPV16 positive cervical and
oropharyngeal cancers, indicating that E5 may contribute to malignant progression of the can-
cer (Chang et al., 2001; Kell et al., 1994; Sahab et al., 2012; Taberna et al., 2018; Um et al.,
2014). Differentiation-dependent replication of HPV genomes requires the activities of the E6
and E7 proteins, which induce cell cycle entry and a DNA damage response in suprabasal cells
(Moody, 2017). E6 binds and triggers proteasomal degradation of p53 and other pro-apoptotic
factors to promote cell survival. E7 binds to multiple targets, notably RB, to overcome its restric-
tion (Roden and Stern, 2018). Beta HPV oncoproteins share some targets, but act somewhat
differently (Tommasino, 2017). Ectopic expression of high-risk E6 and E7, but not low-risk HPV,
can immortalize primary keratinocytes and induce genomic instability (zur Hausen, 2002). DDR
can activate the innate immune response, HPV have to suppress that to avoid downregulation
of cellular proliferation and the induction of senescence disrupting the viral life cycle (Bris-
tol et al., 2017; James et al., 2020). The transcription of interferon-stimulated genes (ISGs)
through ISGF3 (interferon stimulated gene factor 3) is activated by class 1 interferons (Ivashkiv
and Donlin, 2014; Schoggins, 2014; Schoggins et al., 2014). HPV E7 binds to STING pre-
venting the production of interferon (Lau et al., 2015), HPV E6 can inhibit IRF3’s transcription
(Ronco et al., 1998). Figure 4 illustrates how high-risk HPV E5, E6 and E7 regulate pathways
that promote the hallmarks of cancer (Hanahan and Weinberg, 2011; zur Hausen, 2002).
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Figure 4: Hallmarks of cancer affected by high-risk HPV oncoproteins. High-risk HPV E5, E6 and E7 regulate
pathways that promote the hallmarks of cancer (Hanahan and Weinberg, 2011; zur Hausen, 2002).
Through deregulation of pathways, proliferative signaling is sustained (E7 and E5), replicative
immortality is enabled (E6), invasion and metastasis is activated, cellular energetics are deregulates
(E6) and local angiogenesis is induced (E6 and E7). Growth suppressors that promote cell death are
then supressed by E6 (via degradation of p53 among other things), which can result in dsDNA breaks,
genomic instability and mutations. Furthermore, immune evasion mechanisms have been evolved by
high-risk HPV. EGFR (epidermal growth factor receptor); HDAC (histone deacetylase); HIF1 alpha
(hypoxia-inducible factor 1 alpha); KDM6A (lysine-specific demethylase 6A); VEGF (vascular endothelial
growth factor). From Roden and Stern, 2018.

3.5.5 The capsid proteins L1 and L2

The viral genome is packaged into capsids which consist of the major capsid protein L1 and the
minor capsid protein L2 only in the most superficial cell layers. While L1 can self-assemble into
empty virus-like particles (VLPs), L2 lacks this capacity. The icosahedral capsid is composed
of 360 copies of L1 and 12–72 copies of the L2 protein. (Buck et al., 2013; Chen et al., 2000;
Buck et al., 2008; Goetschius et al., 2021; Mikuličić et al., 2021; Modis et al., 2002). L1 interacts
with heparan sulfate proteoglycans of the basement membrane, and is necessary for entry into
the target cell (Buck et al., 2013). Even though L2 alone does not form capsids, it is involved in
packaging, capsid assembly, and endosomal release of the virus (Wang and Roden, 2013).
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3.6 HPV vaccination

Since 2007, HPV vaccination has been recommended and reimbursed for girls in Germany
(STIKO, 2007). In June 2018 the German Standing Committee on Vaccination (STIKO) rec-
ommended the additional vaccination of adolescent boys due to the high burden of disease of
HPV-associated cancers in men (STIKO, 2018a; STIKO, 2018b; Wähner et al., 2023). Virus-
like particles (VLPs), which lack the oncogenic viral genome and are immunologically similar
to native virions, can be produced through the recombinant expression of L1 and are the ba-
sis for HPV vaccines licensed today (Kirnbauer et al., 1992; Roden and Stern, 2018). Since
the protection by L1 VLP is type-restricted, it is necessary to include several HPV types to
ensure a broad neutralization and high and durable titers of neutralizing antibodies (Breitburd
et al., 1995; Deschuyteneer et al., 2010; Suzich et al., 1995). Table 1 compares the bivalent,
quadrivalent and nonavalent HPV vaccines (De Oliveira et al., 2019; Brotherton, 2018).

Table 1: HPV vaccine types

Bivalent
vaccine

Quadrivalent
vaccine

Nonavalent
vaccine

Company GlaxoSmithKline Merck Merck
Brand name Cervarix Gardasil, silgard Gardasil 9
L1 virus like
particle types

HPV16/18 HPV6/11/16/18 HPV-6/11/16/18/
31/33/45/52/58

Cross protection HPV31/33/45 HPV31 Unknown
Expression
system

Baculovirus-insect
cell

Yeast Yeast

Licensed in
Germany

2007 2006 2016

Although the vaccines mentioned before are very effective in prophylaxis of HPV associated
malignancies, they do not have therapeutic effects, suggesting a need for therapeutic reagents
(Roden and Stern, 2018).
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3.7 Mus musculus papillomavirus (MmuPV1)

The species-specificity of papillomaviruses makes it necessary to address phenotypes of PV
mutant genomes in in vivo models. The mus musculus papillomavirus 1 (MmuPV1), first de-
scribed in 2011 (Ingle et al., 2011), belongs to the PV genus pi and allows investigating the
effects of viral mutants on tumor formation in mice. Its genomic organization is comparable to
other PV and it lacks a E5 ORF (Figure 5).

MmuPV1 encodes and transcribes E8^E2. The MmuPV1 (m)E8^E2 protein inhibits MmuPV1
promoter activity and the E1 and E2-dependent activation of the viral origin of replication. The
mutation of the E8 start codon (E8-) in the MmuPV1 genome results in greatly increased viral
gene expression in cultured murine tail keratinocytes (Stubenrauch et al., 2021). Surprisingly,
MmuPV1 E8- genomes did not induce warts in Foxn1nu/nu mice suggesting that E8^E2 is nec-
essary for tumor formation in vivo (Stubenrauch et al., 2021). Foxn1nu/nu mice, first described by
Flanagan in the 60s (Flanagan, 1966), are nude and athymic. These mice are T cell-deficient
due to agenesis of the thymus and are severely immunocompromised (Pantelouris, 1968).

MmuPV1 E6 interacts with MAML1 (Mastermind-like protein 1), similarly to cutaneous low-
risk HPV E6 proteins that bind MAML1 and inhibit NOTCH signaling (Meyers et al., 2017).
Saunders-Wood and colleagues suggested that the interaction between MAML1 and E6 was
necessary for the basal-layer persistence of MmuPV1 E6-expressing cells (Saunders-Wood
et al., 2022). MmuPV1 E7 can bind the C terminal domain of RB1 through its C terminus
(Grace and Munger, 2017; Wang et al., 2010; Wei et al., 2021), independently of a canonical
LXCXE (L, leucine; C, cysteine; E, glutamic acid; X, any amino acid) binding motif.

MmuPV1 has a differentiation-dependent life cycle similar to HPV. Epithelial lesions are in-
duced and the viral late proteins E4 and L1 are expressed in suprabasal layers of such lesions
(Brendle et al., 2021; Handisurya et al., 2014; Uberoi et al., 2016; Saunders-Wood et al.,
2022). Preclinical models for papillomavirus-mediated disease and cancer of the anal tract
(Blaine-Sauer et al., 2021), head and neck cancer (Wei et al., 2020) and disease of the female
reproductive tract (Spurgeon et al., 2019) were described in the last years.
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Figure 5: Comparison of MmuPV1 genome with alpha and beta HPV. MmuPV1 genomic organization,
classification, and tissue tropism compared to an alphapapillomavirus (HPV16) and a betapapillomavirus
(HPV5). Figure from Spurgeon and Lambert, 2020
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3.8 NCoR/SMRT corepressor complex

Gene expression is controlled by a cascade of transcription factors and coactivators or core-
pressors, which modify specific residues of histones and thereby regulate the accessibility of
chromatin to the basal transcription machinery (Glass and Rosenfeld, 2000).

Histones can be modified through (de)acetylation of lysine residues in N-terminal histone
tails (Allfrey et al., 1964; Grunstein, 1997; Verdin and Ott, 2015), coactivators have histone
acetyltransferase (HAT) activity, while corepressors possess histone deacetylase (HDAC) ac-
tivity (Brownell et al., 1996; Ng and Bird, 2000; Sterner and Berger, 2000; Taunton et al., 1996).
Furthermore, methylation, phosphorylation, ubiquitylation and glycosylation of histones are in-
volved in transcriptional control (Dall’Olio and Trinchera, 2017; Lawrence et al., 2016).

Nuclear hormone receptors (NRs) are responsible for the regulation of transcription of target
genes in a ligand-dependent manner (Ishii, 2021). Through the integration and delivery of
developmental, hormonal and environmental cues to the genome, they act as genetic switches
of gene transcription (Emmett and Lazar, 2019). The main corepressors responsible for gene
suppression mediated by NRs are NCoR1 (nuclear receptor corepressor 1) and the closely
related SMRT (silencing mediator of retinoic acid and thyroid hormone receptor, also NCoR2),
which have been first identified in the mid 1990s (Chen and Evans, 1995; Hörlein et al., 1995;
Ordentlich et al., 1999; Park et al., 1999). NCoR1 and SMRT proteins form core complexes
with HDAC3 (histone deacetylase 3), TBL1 (transducin-beta like 1), TBLR1 (TBL-related 1)
and GPS2 (G protein pathway suppressor 2) (Guenther et al., 2000; Li et al., 2000; Yoon et al.,
2003; Zhang et al., 2002). The conserved interaction between HPV E8^E2 and the cellular
NCoR/SMRT corepressor complexes (Figure 6) is important for the mediation of repression of
transcription and DNA replication (Dreer et al., 2016).

Figure 6: HPV E8^E2 proteins repress viral replication and transcription. HPV E8^E2 proteins bind to E2BS
via the C-terminal DNA binding domain. The E8 domain recruits NCoR/SMRT corepressor complexes
consisting of of GPS2, HDAC3, NCoR1, SMRT (NCoR2), TBL1, and TBLR1. This inhibits the
transcription from different viral promoters and E1/E2-dependent replication of the viral origin. Figure
from Kuehner and Stubenrauch, 2022
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3.9 Objectives

It is known that cell lines that stably express HPV16 E8- genomes maintain higher copy num-
bers and express higher levels of early and late transcripts than wt genomes under both undif-
ferentiated and differentiated conditions (Lace et al., 2008; Straub et al., 2014). An increased vi-
ral transcription in undifferentiated normal mouse tail keratinocytes (NMTK) was also described
for MmuPV1 E8- genomes. In contrast, MmuPV1 E8- genomes did not induce warts in T
cell-deficient Foxn1nu/nu mice suggesting that E8^E2 is necessary for tumor formation in vivo
(Stubenrauch et al., 2021).
The advantage of the expression of E8^E2 for PV remains unclear, as well as the amount of
E2 and E8^E2 protein during the PV replication cycle. To explore this, the cellular transcrip-
tome of HPV16 wt and E8- cell lines were compared to identify deregulated cellular genes.
Furthermore, HPV16 E2 was purified for antibody production to characterize the expression of
E2 and E8^E2 on a protein level in HPV positive cell lines. To provide further evidence that the
lack of wart formation in vivo is due to the lack of E8^E2 and not cis-elements overlapping with
the E8 start codon, additional mutations in E8 were generated. Furthermore, the interaction
of mE8^E2 with NCoR/SMRT components and its importance on E8^E2’s repression activity
were analyzed.
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4 Material and Methods

4.1 Material

4.1.1 Antibodies

4.1.1.1 Primary antibodies

Table 2: Primary antibodies

Epitope Host Supplier (Order number) Application Dilution

ATF3 rb cell signaling (#18665) WB/IF 1/100-1/1,000
Cytokeratin 10 ms DAKO (#M7002) IF 1/200
Cytokeratin 10 rb Novus (#NBP2-75765) IF 1/200
Cytokeratin 14 ch Biolegend (#906004) IF 1/300
HA Tag ms cell signaling (#2367) WB/IF 1/1,000
HA Tag rb cell signaling (#3724) WB/IF 1/1,000
HDAC3 ms cell signaling (#3949) WB 1/1,000
HPV16 E1^E4 ms Santa Cruz (#53324) WB/IF 1/200-1/500
HPV16 E2 rb self-made WB/IF 1/200-1/1,500
HPV16 E2 B9 ms Wieland et al., 2020 WB/IF 1/200-1/1,500
HSP90 ms Santa Cruz (#69703) WB 1/2,000
MmuPV1 E4 rb Egawa et al., 2021 WB/IF 1/200-1/3,000
RPA32 rat cell signaling (#2208) IF 1/200
TBL1 ms Santa Cruz (#137006) WB 1/1,000
YFP ms Clontech (# 632381) WB 1/1,000
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4.1.1.2 Secondary antibodies

Table 3: Secondary antibodies

Epitope Host Conjugate Supplier Dilution Application

Mouse IgG goat Alexa Fluor 488 Invitrogen 1/1,000 IF
Rabbit IgG goat Alexa Fluor 555 Invitrogen 1/1,000 IF
Chicken IgG goat Alexa Fluor 555 Invitrogen 1/1,000 IF
Mouse IgG donkey Alexa Fluor 555 Invitrogen 1/1,000 IF
Rabbit IgG donkey Alexa Fluor 488 Invitrogen 1/1,000 IF
Rabbit IgG goat Alexa Fluor 405 Invitrogen 1/1,000 FCA
Mouse IgG goat IRDye® 680RD Li-Cor 1/15,000 WB
Mouse IgG goat IRDye® 800CW Li-Cor 1/15,000 WB
Rabbit IgG goat IRDye® 680RD Li-Cor 1/15,000 WB
Rabbit IgG goat IRDye® 800CW Li-Cor 1/15,000 WB

4.1.2 Bacterial culture

4.1.2.1 Antibiotics

Table 4: Antibiotics

Antibiotic Supplier Final Concentration

Ampicillin Thermo Fisher 100 µg/ml
Kanamycin Thermo Fisher 30 µg/ml
Zeocin Thermo Fisher 25 µg/ml

4.1.2.2 Competent bacterial strains

Table 5: Competent bacterial strains

Strain Supplier

E. coli DH5 alpha Clontech Laboratories Inc.
E. coli BL21(DE3) New England BioLabs
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4.1.2.3 Media for bacterial culture

Table 6: Media for bacterial culture

Media Ingredients

Freezing medium 65% glycerol
0.1 M MgSO4

0.025 M Tris [pH 8.0]

LB medium (for growth of liquid cultures) 2.5% [w/v] LB broth powder
dissolved in H2O
100 µg/ml ampicillin or 30 µg/ml kanamycin

LB agar 2.5% [w/v] LB broth powder
1.2% [w/v] select agar
dissolved in H2O
100 µg/ml ampicillin or 30 µg/ml kanamycin

SOC medium 2% [w/v] bacto-trypton
0.5% [w/v] bacto-yeast extract
10 mM NaCl
2.5 mM KCl
10 mM MgCl2
10 mM MgSO4

20 mM glucose

TB medium 24 g/L yeast extract
12 g/L peptone
0.4% [v/v] glycerol
5 g/L NaCl
17 mM KH2PO4

72 mM K2HPO4

2 mM MgSO4

0.05% [w/v] glucose
100 µg/ml ampicillin or 30 µg/ml kanamycin
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4.1.3 Buffers and solutions

Table 7: Buffers and solutions

Buffer/Solution Ingredients

Antibody dilution buffer (IF) 1x PBS
1% [w/v] BSA fraction V
0.3% [v/v] triton-X 100

Annealing buffer (oligonucleotides) 200 mM potassium acetate
60 mM HEPES-KOH [pH 7.5]
4 mM magnesium acetate

Blocking buffer (IF) 1x PBS
5% [v/v] normal goat/donkey serum
0.3% [v/v] triton-X 100

Blocking buffer (WB) 1x PBS
5% [w/v] nonfat dried milk powder

CAPS transfer buffer (WB) 10 mM CAPS
10% [v/v] methanol
pH 10.3

Coomassie staining solution 0.05% [w/v] coomassie brilliant blue R-250
10% [v/v] acetic acid
25% [v/v] isopropanol

CoIP elution buffer 50 mM Tris-HCl [pH 6.8]
50 mM DTT
1% SDS
1 mM EDTA
0.005% bromphenol blue
10% glycerol

DNA-loading buffer (10x) 20% [w/v] ficoll 400
0.1 M Na2-EDTA pH 8.0
1% [w/v] SDS
0.25% [w/v] bromphenol blue
0.25% [w/v] xylene cyanol
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Table 7: Buffers and solutions (continued)

Buffer/Solution Ingredients

Elution buffer 20 mM maltose
20 mM Tris-HCl [pH 8 @ 8 ˝C]
600 mM NaCl
5% [v/v] glycerol
1 mM TCEP

FCA buffer 1% FCS in 1x PBS

FCA blocking buffer 10% FCS in 1x PBS

FCA PI-staining solution 50 µg/ml PI
0.33 mg/ml RNAse A

FCA permeabilization buffer 1% FCS in 1x PBS
0.1% triton-X-100

Firefly luciferase buffer 100 mM KPO4 [pH 7.8]
15 mM MgSO4

5 mM ATP
1 mM D-luciferin

Lysis buffer (Luciferase assay) 100 mM potassium phosphate buffer [pH 7.8]
1% [v/v] triton-X 100
1 mM DTT

Lysis buffer (Low molecular weight DNA) 400 mM NaCl
20 mM Tris-HCl [pH 7.5]
5 mM EDTA [pH 8]

Lysis buffer (Protein test expression) 50 mM Tris-HCl [pH 8 @ 8 ˝C]
200 mM NaCl
5% [v/v] glycerol
1 mM EDTA
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Table 7: Buffers and solutions (continued)

Buffer/Solution Ingredients

Lysis buffer (Protein expression) 40 mM Tris-HCl [pH 8 @ 8 ˝C]
50 mM NaCl
3 mM MgCl2
5% [v/v] glycerol
1 mM TCEP
1250 U benzonase (Merck)
3.5 mg/ml lysozyme
EDTA-free protease inhibitor cocktail

Mounting media (IF) 25% [v/v] glycerol
10% [w/v] mowiol 4-88
100 mM Tris-HCl [pH 8.5]

PBS (10x) 137 mM NaCl
2.7 mM KCl
1.5 mM KH2PO4 [pH 7.2]

PBS-T 0.05% [v/v] tween-20 in 1x PBS

Renilla luciferase buffer Gaussia-juice
1 mM coelenterazine

RIPA buffer (WB) 1% [v/v] igepal CA 630
1% [w/v] sodium deoxycholate
0.1% SDS [v/v]
150 mM NaCl
10 mM sodium phosphate [pH 7.2]
2 mM EDTA
50 mM sodium fluoride
1x cOmplete protease inhibitor (EDTA free)
1x PhosStop phosphatase inhibitor

Running buffer (SEC) 20 mM HEPES pH 7.5
600 mM NaCl
5% [v/v] glycerol
1 mM TCEP
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Table 7: Buffers and solutions (continued)

Buffer/Solution Ingredients

Running buffer (MBP trap) 40 mM Tris-HCl [pH 8 @ 8 ˝C]
50 mM NaCl
5% [v/v] glycerol
3 mM MgCl2
1 mM TCEP

SDS-PAGE running buffer (5x) 125 mM Tris-HCl
0.96 M glycine
17.3 mM SDS

TAE buffer (50x, DNA electrophoresis) 2 M Tris
1 M acetic acid
0.1 M EDTA pH 8.5

4.1.4 Chemicals and reagents

Table 8: Chemicals and reagents

Chemical/Reagent Supplier

Acetic acid Merck
Agar Carl Roth
Agarose LE VWR
Bromophenol blue Thermo Fisher
BSA (Albumin Bovine Fraction V) Carl Roth
Bovine collagen I Thermo Fisher
Chloroform Carl Roth
cOmplete protease inhibitor cocktail Roche
Coomassie brilliant blue R-250 Thermo Fisher
Collagen type 1 from rat tails Corning
Coelenterazine (CTZ) PJK
D-luciferin PJK
DAPI Fluka Honeywell
DEPC Carl Roth
Dithiothreitol (DTT) Thermo Fisher
dNTPs Thermo Fisher
EDTA Carl Roth

20



Material and Methods

Table 8: Chemicals and reagents (continued)

Chemical/Reagent Supplier

Ethanol Honeywell
Formaldehyde Carl Roth
FuGENE® HD transfection reagent Promega
G418/ geneticin Thermo Fisher
Gaussia juice fluid PJK
Gene ruler 1 kb Plus DNA ladder Thermo Fisher
Gene ruler 100 bp DNA ladder Thermo Fisher
Glycerine Carl Roth
Isopropanol Honeywell
LightCycler® SYBR Green I master Roche
Lipofectamine RNAiMAX reagent Thermo Fisher
Lysozyme Merck
Magnesium chloride Carl Roth
Maltose Carl Roth
Manganese chloride Merck
Methanol Honeywell
Monopotassium phosphate Carl Roth
Mowiol 4-88 Carl Roth
Paraformaldehyde Thermo Fisher
PageRuler prestained protein ladder Thermo Fisher
Penicillin-Streptomycin Thermo Fisher
Peptone Carl Roth
PhosSTOP Roche
Potassium chloride Carl Roth
Potassium dihydrogen phosphate Carl Roth
Roti®-Load 4x Carl Roth
Rotiphorese® Gel 30 Carl Roth
Rubidium chloride Merck
Sodium chloride Carl Roth
Sodium dodecyl sulfate (SDS) Carl Roth
Sodium hydroxide Carl Roth
TCEP Thermo Fisher
Tris Carl Roth
Tween-20 Signa Aldrich
Xylene cyanol Merck
Yeast extract Carl Roth
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4.1.5 Consumables

Table 9: Consumables

Consumable Supplier

10 µl pipette tips Biozym
200 µl and 1000 µl pipette tips Greiner Bio-One GmbH
10ml serological pipets Corning
25ml serological pipets Corning
50 ml centrifuge tubes Greiner Bio-One GmbH
5ml serological pipets Corning
C-Chip counting chamber NanoEnTek
Cell Culture Plates (Nunc, 6 well, 12 well, 24 well) Thermo Fisher
Cell lifter (Corning, Costar®) Thermo Fisher
Coated cell culture dishes (100 mm) Thermo Fisher
µColumns Miltenyi Biotec
Conical centrifuge tubes (CELLSTAR®, 15+50 ml) Greiner Bio-One
Cover slips Carl Roth
Cryo tubes bacterial stocks (3.6 ml) Thermo Fisher
Cryo tubes cell culture (Cryo.s, 2 ml) Greiner Bio-One
Filter pipette tips (10, 20, 200, 1000 µl) Thermo Fisher
High precision microscope cover glasses Paul Marienfeld GmbH Co. KG
HiLoad® 16/600 Superdex® 200 prep grade S200 GE Healthcare Life Sciences
HiLoad® 16/600 Superdex® 75 prep grade S75 GE Healthcare Life Sciences
LightCycler® 480 multiwell plate 96, white Roche
MBPTrap™HP (1 and 5ml) Cytiva Life Sciences
Nitrocellulose membrane (0.22 µm) Whatman pIc
Pierce™ protein concentrator PES (10K MWCO) Thermo Scientific
Reaction tubes (1.5 ml, 2.0 ml) Eppendorf
Scalpel, disposable B. Braun Melsungen AG
Sterile filters 0.22 µm, 0.45 µm (Millex-GP) Merck KGaA
SuperFrost plus adhesion slides Thermo Scientific
Syringe B. Braun
Transfection tubes (3.5 ml) Sarstedt AG + Co. KG
Tubes for bacterial culture (14 ml, sterile) Greiner Bio-One
Whatman paper Whatman pIc
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4.1.6 Enzymes

Restriction enzymes and respective buffers from New England Biolabs or Thermo Fisher have
been used, in addition to the following enzymes:

Table 10: Enzymes

Enzyme Supplier

Exonuclease V (RecBCD) NEB
Dispase II (neutral protease, grade II) Roche
FastAP Thermosensitive Alkaline Phosphatase Thermo Fisher
GoTaq G2 DNA Polymerase Promega
Pyrobest DNA Polymerase Takara Bio Inc.
T4 DNA Ligase Thermo Fisher

4.1.7 Eukaryotic cell culture

4.1.7.1 Eukaryotic cell lines generated for this thesis

Table 11: Eukaryotic cell lines generated for this thesis

Cell line Mutation

HPV16 wt NHK (normal
human keratinocyte)

HPV16 114b wt genome, was kindly provided by M. Dürst (Kirn-
bauer et al., 1993)

HPV16 E8- NHK The E8- mutation replaces the codon for W6 with a stop codon
in the E8 ORF (TGG to TAG) (Lace et al., 2008, Straub et al.,
2014)

HPV16 E8-E4- NHK E4 mutation st15 (Nakahara et al., 2005) was introduced into the
HPV16 E8- genome to prevent E4 expression

HPV16 E8-E5- NHK Stop codon at residue 3 of E5 was introduced into the HPV16
E8- genome to prevent E5 expression

4.1.7.2 Eukaryotic cell lines used

Table 12: Eukaryotic cell lines used

Cells Origin

C33A HPV-negative cervical carcinoma cell line, carrying mutations in
TP53 and RB1 (Auersperg, 1964, Scheffner et al., 1991, Yee et al.,
1985).
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Table 12: Eukaryotic cell lines used (continued)

Cells Origin

HeLa HPV18 positive cervical carcinoma cell line (Gey, 1952).

HPV16-positive human
keratinocyte cell lines

Generated in our laboratory by stably transfecting NHK derived
from different donors with HPV16 wt or mutant genomes.

NIH-3T3-J2 (J2) Murine fibroblast cell line, used as feeder cell layer for ker-
atinocytes (Jainchill et al., 1969).

Normal human
keratinocytes (NHK)

NHK were isolated from human foreskin after routine circumcision
upon informed consent of patients which was approved by the
ethics committee of the medical faculty of the university Tübingen
(6199/2018BO2) and performed according to the principles of the
declaration of Helsinki.

Normal mouse tail
keratinocytes (NMTK)

Isolation from mouse tails as described previously (Stubenrauch
et al., 2021).

4.1.7.3 Media for eukaryotic cell culture

Table 13: Media for eukaryotic cell culture

Media Ingredients

DMEM-CS Dulbecco’s Modified Eagle Medium (Thermo Fisher)
50 mg/l gentamycin
10% [v/v] CS (Calf serum)

DMEM-FCS DMEM (Thermo Fisher)
50 mg/l gentamycin
10% [v/v] FCS (Fetal calf serum)

E-media three parts DMEM (Thermo Fisher)
one part Ham’s F12 (Thermo Fisher)
5% [v/v] FCS Hyclone
24 µg/l adenine
0.4 ng/l hydrocortisone
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Table 13: Media for eukaryotic cell culture (continued)

Media Ingredients

E-media (continued) 10 ng/l cholera toxin
5 µg/l transferrin
20 pM 3,30-5-triodo-L-thyronine
5 ng/l epidermal growth factor
5 µg/l insulin
100 U/ml penicillin and 100 µg/ml streptomycin

KSFM Keratinocyte Serum-Free Medium (Thermo Fisher)
0.05 mg/ml bovine pituitary gland extract
0.005 µg/ml recombinant human EGF
50 mg/l gentamycin

KSFM without Ca2Cl KSFM without calcium chloride (Thermo Fisher)
0.05 mg/ml bovine pituitary gland extract
0.005 µg/ml recombinant human EGF
100 U/ml penicillin and 100 µg/ml streptomycin
supplemented with 50 µM Ca2+

4.1.8 Kits

Table 14: Kits

Kit Supplier Application

EZ1 DNA Tissue Kit Qiagen DNA extraction
µMACS HA Isolation Kit Miltenyi Biotec CoIP and IP
QIAgen®Plasmid Plus Maxi Kit Qiagen plasmid DNA isolation
QIAgen® Plasmid Plus Midi Kit Qiagen plasmid DNA isolation
QIAprep® Spin Miniprep Kit Qiagen plasmid DNA isolation
QIAquick® Gel Extraction Kit Qiagen DNA extraction agarose gels
QIAshredder® Kit Qiagen homogenizing cell lysates
QuantiTect Reverse Transcription Kit Qiagen cDNA synthesis
QIAquick PCR Purification Kit Qiagen PCR purification
Rapid DNA Ligation Kit Thermo Fisher DNA ligation
RNeasy® Mini Kit Qiagen RNA isolation
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4.1.9 Laboratory equipment

Table 15: Laboratory equipment

Equipment Supplier

Autoclave ZIRBUS technology GmbH
ÄKTA pure protein purification system Cytiva
BioPhotometer spectrophotometer Eppendorf AG
BioRobot EZ1® DSP workstation Qiagen
Certomat IS shaking incubator B. Braun Biotech International GmbH
CO2 incubator C200 LaboTect
French Pressure Cell FA-078 Thermo Scientific
Fluorescence microscope Axio Observer.Z1 Zeiss
Herasafe sterile workbench Thermo Fisher
Intas Gel iX20 Imager Intas Science Imaging Instruments GmbH
Kelvitron® T incubator Heraeus
LI-COR Odyssey® Fc Imaging System LI-COR Biosciences
LightCycler® 480 Instrument Roche
µMACS Seperator Miltenyi Biotec
MACS Quant Analyzer VYB Flow Cytometer Miltenyi Biotec
Milli-Q UF Plus Merck KGaA
Mini-, Wide-, Sub Cell GT chambers Bio-Rad Laboratories, Inc.
Mr. Frosty freezing container Thermo Fisher
Multipette plus Eppendorf AG
NanoDrop 2000 spectrophotometer Thermo Fisher
Neubauer Chamber 0.100 mm Glaswarenfabrik Karl Hecht GmbH Co. KG
PCT 200 Peltier Thermal Cycler Bio-Rad Laboratories, Inc.
pH-meter WTW pH 526 Xylem Inc.
PIPETMAN Classic TM P10/20/200/1000 Gilson Inc.
Pipettor pipetus Hirschmann Laborgeräte GmbH Co. KG
PowerPac 200 Bio-Rad Laboratories, Inc.
Precision scales GJ and 770 KERN + SOHN GmbH
Reax top vortexer Heidolph Instruments GmbH Co. KG
Research® Pro electronic pipette 5 - 100 µl Eppendorf AG
SonoPuls Sonifier UW 2200 Bandelin electronic GmbH Co. KG
Sprout mini centrifuge Heathrow Scientific
Tabletop centrifuges 5804R, 5810R Eppendorf AG
Tabletop centrifuges 5417R, 5424R Eppendorf AG
Thermomixer comfort Eppendorf AG
ThermoStat plus Eppendorf AG
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Table 15: Laboratory equipment (continued)

Equipment Supplier

Trans-Blot Cell chamber Bio-Rad Laboratories, Inc.
Transmitted light microscope DM IRB Leica Camera AG
TriStar2S Berthold Technologies GmbH Co. KG
UV transilluminator NU-72 KL Konrad Benda Laborgeräte
VacuSafe scavenge pump INTEGRA Biosciences AG
Water bath WB10 Memmert GmbH Co. KG

4.1.10 Plasmids

All inserts were verified by DNA sequencing and mutant PV genomes were completely se-
quenced to ensure that no additional changes were introduced during the cloning procedure.

Table 16: Plasmids

Plasmid Properties

GPS2-sYFP coding sequence of human GPS2 inserted into pSYFP2-C1

pCI-Neo-Rluc based on pCI-neo (Promega), expresses a codon-optimized
version of the renilla luciferase amplified from plasmid
pGL4.72 (Promega)

pC18-Sp1-luc four synthetic E2 binding sites and two synthetic SP1 bind-
ing sites upstream of a minimal adenovirus major late pro-
moter composed of the TATA box and the initiator element
inserted into the luciferase reporter plasmid pALuc (a kind
gift of G. Steger, Institute of Virology, Cologne, Germany)

pGL mURR/E1-luc MmuPV1 nt 6899 to 7510/ 1 to 741 were inserted between
the NheI and NcoI sites of pGL3-basic (Stubenrauch et al.,
2021)

pSV2 neo Provides selectable marker for resistance to antibiotic G418
in mammalian cell lines

pAsylum MmuPV1 E8-
genome

MmuPV1 genome with E8 ATG (nt 1094 to 1096) ex-
changed to ACG (Stubenrauch et al., 2021)
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Table 16: Plasmids (continued)

Plasmid Properties

pAsylum MmuPV1 E8 SD mt
genome

MmuPV1 genome with mutation in the E8 splice donor
(AG|GT to AA|GT)

pAsylum MmuPV1 E8 Stop mt
genome

MmuPV1 genome with G9X mutation

pAsylum MmuPV1 E8^E2 RPR
mt genome

MmuPV1 genome with K2/L3/K4 exchange to R2/P3/R4

pAsylum MmuPV1 wt
genome

MmuPV1 genome in pAsylum as previously described by
Wang et al., 2015

pBS HPV16 114b:1 genome HPV16 114/b wt genome, was kindly provided by M. Dürst
(Kirnbauer et al., 1993)

pBS HPV16 E8- genome HPV16 genome with E8- mutation that replaces the codon
for W6 with a stop codon in the E8 ORF (TGG to TAG) and
is silent in the overlapping E1 gene

pBS HPV16 E8 KWK mt
genome

HPV16 genome with E8 residues K5/W6/K7 changed to
AAA (Straub et al., 2014)

pBS HPV16 E8- E4- genome HPV16 genome with E4 L15 stop (TTA to TAA) and E8 W6
stop (TGG to TAG)

pBS HPV16 E8- E5- genome HPV16 genome with E5 N3 stop (AAT to TAA) and E8 W6
stop (TGG to TAG)

PEF-IRES-P hPGK1 encoding the cDNA for human phosphoglycerate kinase 1
(PGK1) as standard for qPCR

pETm41 Expression plasmid with sequences for 6xHis tag, MBP
tag (maltose binding protein) and tobacco etch virus (TEV)
cleavage site (all N terminal on backbone)

28



Material and Methods

Table 16: Plasmids (continued)

Plasmid Properties

pETm41-HPV16 E2C co Expression plasmid for the codon optimized HPV16 E2 frag-
ment as a His6-MBP-TEV-HPV16 E2C co fusion protein (E2
hinge aa202-286, DBD/Dimerization aa286-365) cloned in
pETm41

pSG5 Expression plasmid with SV40 early promoter and
polyadenylation signal, T7 bacteriophage promoter, beta-
globin intron II, with different PV protein genes insterted:
pSG HPV16 E2
pSG5 HPV16 E2-HA
pSG HPV16 E8^E2
pSG5 HPV16 E8^E2 -HA
pSG5 HPV16 E8 KWK
pSG5 HPV16 E8 KWK-HA
pSG5 mE8^E2 RPR
pSG mE8^E2 d9-11
pSG mE1 G126V
pSG5 mE8^E2 wt
pSG 3xHA-mE1^E4

pSYFP2-C1 pSYFP2-C1 was a gift from Dorus Gadella (Addgene plas-
mid 22878, Kremers et al., 2006)

psYFP-HDAC3 coding sequence of human HDAC3 inserted into pSYFP2-
C1

pUC57 HPV16 E1^E4^L1 HPV16 nt 865 to 880/ 3358 to 3632/ 5639 to 5696, con-
centration determination (dilution series) in HPV16 qPCR,
ordered from genscript

pUC57 MmuPV1 E1^E4^L1 MmuPV1 nt 662 to 757/ 3139 to 3431/ 5372 to 5496, con-
centration determination (dilution series) MmuPV1 qPCR,
ordered from genscript
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Table 16: Plasmids (continued)

Plasmid Properties

pUC57 MmuPV1 URR^E4 MmuPV1 nt 7108 to 7243/ 3139 to 3318, Concentration de-
termination (dilution series) qPCR MmuPV1, ordered from
genscript

sYFP-TBLR1 coding sequence of human TBLR1 inserted into pSYFP2-
C1

4.1.11 Software

Table 17: Software

Software Version

FlowLogic 8.3
GraphPad Prism 9.1.2
ICE 1.0.9.8
Image Studio software 2.0
ImageJ 1.53e
Intas Gel Doc 0.2.14
Snap Gene 4.1.9
ZEN 2 (blue edition) 2.0.0.0
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4.1.12 Synthetic oligonucleotides

4.1.12.1 siRNAs

Table 18: siRNAs

siRNA Supplier Order
number

Sequence

AllStar neg. control Qiagen SI03650318 proprietary

ON-TARGETplus
HDAC3 (human)

Dharmacon J-003496-09 AAAGCGAUGUGGAGAUUUA

ON-TARGETplus
SMARTpool GPS2
(human)

Dharmacon M-004329-01 UGACAGAGCCAAACAAAUG
GCGCUGCACCGGCACAUUA
GCGAUUCUACCACAAGUGA
UGGAUAAGAUGAUGGAACA

ON-TARGETplus
SMARTpool NCoR1
(human)

Dharmacon L-003518-00 GCACACGGCCGAUAAUUGA
GCACUUAUUUGACUUCUCA
GGAAAGUCCUCCAUACGA
GCUGAGGGCUUCUGCAAGAU

ON-TARGETplus
SMARTpool NCoR2
(human)

Dharmacon L-020145-01 GCGAUGCGGAAGAAGCUAA
GGCAGUAUCAUGAGAACAU
AGGCAUCCCAGGACCGAAA
CAGCCAGGGAAGACGCAAA

ON-TARGETplus
SMARTpool Ncor1
(mouse)

Dharmacon L-058556-00 GCAGUGGAAGGAAGUAUAA
GAAAUCCCACGGCAAGAUA
CAACAACUCAGGUAAUCA
CCAGGUCGAUGACAAGUGA

ON-TARGETplus
SMARTpool Ncor2
(mouse)

Dharmacon L-045364-00 GGCAAAGCCCACUGACUUA
GCAUGAGGUUUCUGAGAUC
GAAUGAGGUUCCCAGAGUU
GUACCCACCUUACCUCAUC

TBL1XR1 FlexiTube
siRNA (human)

Qiagen SI03025925 TTGTTTGATGGTCGACCAATA
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4.1.12.2 Primers

Table 19: Primers

Primer Sequence 5’-3’

HPV16 E1^E4 3440 R AGGCGACGGCTTTGGTATG
HPV16 E1^E4 880/3358 F TGGCTGATCCTGCAGCAGC
HPV16 E4^L1 3503 F CCCTGCCACACCACTAAGTT
HPV16 E4^L1 5690 R CTGGGACAGGAGGCAAGTAG
HPV16 E6Star 226/409 F ACAGTTACTGCGACGTGAGATG
HPV16 E6Star 445 R TTCTTCAGGACACAGTGG
hsATF3 F GTGCCGAAACAAGAAGAAGG
hsATF3 R TGGAGTCCTCCCATTCTGAG
hsCYR61 F CAACCCTTTACAAGGCCAGA
hsCYR61 R TGGTCTTGCTGCATTTCTTG
hsHDAC3 E1 F ACGTGGGCAACTTCCACTAC
hsHDAC3 E3 R GACTCTTGGTGAAGCCTTGC
hsKRT10 F CGCCTGGCTTCCTACTTGG
hsKRT10 R CTGGCGCAGAGCTACCTCA
hsNCOR 1715 F GAAAGACTGCCAACAGTCAGG
hsNCOR 1883R CATCGAGAGGTCTCCACAGG
hsPDL1 1F GTGCCGAAACAAGAAGAAGG
hsPDL1 1R TGGAGTCCTCCCATTCTGAG
hsPGK1 F CTGTGGGGGTATTTGAATGG
hsPGK1 R CTTCCAGGAGCTCCAAACTG
hsSMRT 1428 F GCACGAGGTGTCAGAGATCA
hsSMRT 1653 R GAACTTCTCCCGGAAGGTCT
hsTBLR1 E11 F CCAGCATTGGATGTTGATTG
hsTBLR1 E13 R ATGTGCTTGCAAATCATGGA
hsULBP1 F CAACCCTTTACAAGGCCAGA
hsULBP1 R TGGTCTTGCTGCATTTCTTG
mE1^E4 3312 R ATGCAGGTTTGTCGTTCTCC
mE1^E4 721 F CGTCGTACGTGAACCTCAGA
mE4^L1 3295 F AGAACGACAAACCTGCATCC
mE4^L1 5451 R TCGTCTGTGCTCTGCACTTT
mE6 7 F ATCGGCAAAGGCTACACTCTC
mE6 194 R CTGCGGCACACAATACAAGC
mE7 491 F GTGAGCCTGACCTACCCGAT
mE7 622 R GTCGCAGCAAAAGCAGGTTG
mE8E2 1055 F GAAAGAGCAGGAGACGGTTG
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Table 19: Primers (continued)

Primer Sequence 5’-3’

mE8^E2 3169 R TTTTTGATGCCCTTCTTTGG
mE8^E2 3312 R ATGCAGGTTTGTCGTTCTCC
mNcor1 F CTGGTCTTTCAGCCACCATT
mNcor1 R CCTTCATTGGATCCTCCATC
mPGK1 F GAAGGGAAGGGAAAAGATGC
mPGK1 R TCAAAAATCCACCAGCCTTC
mSmrt F GGGTAAATATGACCAGTGGGAAGAG
mSmrt R TGGCATTCAGAGGGTTAAAAGC
mURR^E4 3169 R TTTTTGATGCCCTTCTTTGG
mURR^E4 7138 F TCTGTTGGCTGTGTGCTCTC
Mycoplasma PCR F CCAGACTCCTACGGGAGGCA
Mycoplasma PCR R TGCGAGCATACTACTCAGGC
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4.2 Methods

4.2.1 DNA methods

4.2.1.1 Agarose gel electrophoresis
To separate nucleic acids according to their size, agarose gels were prepared with 0.7 % to 2 %
of agarose in TAE buffer and ethidium bromide, and placed in TAE buffer for electrophoresis. In
order to determine fragment size, an Invitrogen 1 Kb Plus DNA ladder was used as standard.
Samples were loaded with DNA loading buffer and gels were run at 90 V for 30-60 min followed
by analysis with the Intas Gel iX20 Imager imaging system.

4.2.1.2 Restriction digest
For restriction digest, nucleic acids were incubated with a mixture of enzyme, buffer and addi-
tives according to the manufacturer’s instructions and incubated for 1 hour or 15 min for fast
digest enzymes. The reaction was stopped by incubation at 65 ˝C or 80 ˝C for 20 min, depend-
ing on the applied enzyme. Agarose gel electrophoresis was performed to confirm successful
digestion.

4.2.1.3 Isolation of DNA after electrophoretic separation
Purification of DNA after digestion of plasmid DNA with restriction enzymes or after amplifi-
cation of DNA via PCR was done by electrophoretic separation followed by recovery of the
nucleic acid from the agarose gel with the QIAquick® Gel Extraction Kit (Qiagen) according to
the manufacturer’s instructions.

4.2.1.4 Quantification of nucleic acids
Concentration of nucleic acids was measured with the NanoDrop reader, using the respective
dissolvent for blanking. Purity was determined by the ratio of absorbance at 260 nm and 280 nm
with 1.8 for pure DNA and 2.0 for pure RNA. If necessary, samples were diluted to obtain reliable
results.

4.2.1.5 Hybridization of oligonucleotides
The oligonucleotide pairs were diluted to a final concentration of 1 µg/ µl. 12.5 µl of each oligonu-
cleotide were mixed with 25 µl 2x annealing buffer. The following hybridization protocol was
used by default (Table 20).
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Table 20: Hybridization steps of oligonucleotides

Temperature Time

95 ˝C 5 min
70 ˝C 10 min
0.1 ˝C/s to 60 ˝C

60 ˝C 10 min
0.1 ˝C/s to 50 ˝C

50 ˝C 10 min
0.1 ˝C/s to 40 ˝C

40 ˝C 10 min
0.1 ˝C/s to 25 ˝C

25 ˝C 10 min
0.1 ˝C/s to 4 ˝C

4 ˝C 8

4.2.1.6 Polymerase chain reaction (PCR)
To amplify DNA, PCR was performed in a 50 µl mix containing the following reagents:

Table 21: PCR reagents and amounts

Reagent Amount

10 x PCR-buffer 5 µl
dNTPs 4 µl
Forward Primer (1µM) 2.5 µl
Reverse Primer (1µM) 2.5 µl
Template 2 µl
Polymerase 0.25 µl
USF-H2O 33.75 µl

The following amplification program was used by default:

Table 22: PCR cycler program

Step Temp. (in ˝C) Duration (in min) Cycles

Initial denaturation 95 5 1

Denaturation 95 1
Annealing 55 1 35
Elongation 72 1

Terminal elongation 72 10 1
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4.2.1.7 Sequencing
All newly generated plasmid DNAs were sequenced before being used for the first time. This
was done by sanger sequencing performed by the Eurofins Scientific SE/ GATC Biotech AG
(Luxemburg).

4.2.1.8 Molecular cloning
Ligation of DNA fragments, eluted from agarose gels, with linearized vectors was performed
using the rapid DNA ligation kit (Fermentas) according to the manufacturer’s instructions. The
circular plasmids generated were subsequently transformed into competent E.coli.

4.2.1.9 Isolation of low molecular weight DNA from mammalian cells
Cells were washed with PBS, then scarped of the 100 mm dish and centrifuged for 20s at
4 ˝C and 14,000 rpm. The pellet was resuspended in 1ml lysis buffer (400 mM NaCl, 20
mM Tris-HCl [pH 7.5], 5 mM EDTA pH 8) and proteinase K and SDS was added to a final
concentration of 50 µg/ml and 0,2% respectively. After shaking for several hours at 55 ˝C, NaCl
was added to a final concentration of 1M and incubation overnight at 4 ˝C. The next morning
samples were centrifuged for 1h at 4 ˝C and 1,4000 rpm. Next, a phenol–chloroform extraction
was performed. RNase A (50 µg/ml) was added to the aqueous phase and incubated at 55
˝C for one hour. The second phenol-chloroform extraction was then performed, and 250%
sample volume of ethanol and 10% sample volume of sodium acetate were added last to the
aqueous phase and incubated overnight (16-18 h) at -20 ˝C. The next day, the sample was
centrifuged at 20,000 rcf for one hour. The supernatant was discarded and the pellet was
washed twice with 1 ml of 70% ethanol. The pellet was air dried, resuspended in 50 µl H2O,
and DNA concentration and purity were determined using the nanodrop. DNA from organotypic
cell cultures for analysis in multiplex qRT-PCR was isolated using the EZ1 DNA Tissue Kit
(Qiagen). For this, 190 µl of proteinase K buffer and 10 µl of proteinase K were first added to
the tissue and incubated overnight at 65 ˝C in a shaker. The DNA was then isolated using the
BioRobot EZ1 workstation and the corresponding EZ1 DNA Tissue Kit (Qiagen) according to
the manufacturer’s instructions.

4.2.1.10 Exonuclease V resistance assay
The assay was adapted from Myers et al., 2019, with minor modifications: total cellular DNA
(100 ng) was incubated in the presence or absence of 5 U exonuclease V (NEB M0345S) in
1× NEBuffer 4 supplemented with 1 mM ATP for 60 min at 37 ˝C. Then, the enzyme was
inactivated for 10 min at 95 ˝C. Finally, 10 ng input DNA was measured by qPCR using primers
for HPV16 E2 and ACTB.
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4.2.2 RNA methods

4.2.2.1 Isolation of total RNA from mammalian cells
To isolate total RNA from cells the RNeasy® mini kit from Qiagen was utilized. As a first step,
cells were harvested by adding RLT buffer with beta-mercaptoethanol directly to the wells. Af-
terwards the cell lysate was passed through QIAshredder® columns (2 min, 21130 rcf, room
temperature) to homogenize the sample and remove insoluble cell debris. RNA isolation was
then carried out as described in the manual of the kit. The total RNA was eluted in 50 µl of
RNase-free water and concentration as well as purity was determined using the NanoDrop
2000 spectrophotometer. Only RNA with a 260/280 ratio of 2.0-2.2 was used for cDNA syn-
thesis. To allow detection of E6 and E7 transcripts in transiently transfected cells, mRNA was
enriched from total RNA using the RNeasy Pure mRNA bead kit (Qiagen) according to the
manufacturer’s instruction.

4.2.2.2 Synthesis of complementary DNA (cDNA)
The isolated RNA was subsequently reverse-transcribed to cDNA using the QuantiTect® re-
verse transcription kit from Qiagen according to the manufacturer’s instructions. The prepared
cDNA was diluted with RNase-free water to yield a concentration of 5 ng/ µl.

4.2.2.3 Quantitative real-time PCR (qPCR)
Relative quantification of transcription levels was conducted via quantitative real-time PCR us-
ing 25 ng of cDNA. cDNA was analyzed in duplicates by qPCR for viral and cellular transcripts
using Light-Cycler 480 SYBR green I master mix (Roche Applied Science) and 0.3 µM of the
respective primers. All ingredients except the cDNA were prepared as a master mix and stored
on ice until usage. The master mix was distributed on a 96 well plate, cDNA was then added.
Amplification was performed using the LightCycler 480 and the following program.

Table 23: qPCR cycler program

Step Temp. (in ˝C) Duration Cycles

Initial denaturation 95 15 min 1

Denaturation 95 15 s
Annealing/elongation 60 1 min 40

Melt curve 95 15 s
60 1 min
0.05 ˝C/s

The standard SYBR green program of software version 1.5 (Roche Applied Science) was used
for cDNA quantification, the second derivate/max analysis was chosen to obtain crossing point
values, and melting curves were analyzed to ensure measurement of a single amplicon. The
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CP value corresponds to the cycle at which the fluorescence first stands out significantly from
the background fluorescence. Afterwards, crossing point values were converted to fold induc-
tion compared to the respective control according to Pfaffl, 2001 and PGK1 as the reference
gene transcript, in order to compare different samples and experiments. Copy numbers were
determined by plasmid standards run in parallel.

4.2.2.4 Multiplex qPCR
HPV16 copy numbers were quantified in total cellular DNA by multiplex qPCR, which allows the
simultaneous determination of HPV16 E2 and the reference gene ACTB in one sample. The
reaction was prepared in a 96 well plate according to the following scheme:

Table 24: Multiplex qPCR master mix

Component Amount

DNA (10ng/ µl) 2 µl
Fast advanced master mix (10x) 10 µl
Oligonucleotide probe mix (4 µM) 3 µl
H2O 5 µl

The analysis was performed under the following conditions in the LightCycler 480:

Table 25: Multiplex qPCR cycler program

Temp. (in ˝C) Duration Cycles

95 15 min 1

56 10 s
72 5 s 45

Color compensation for the VIC, Cy5, and FAM dyes was performed and saved previously
(Manawapat-Klopfer, 2013) and could therefore be applied to all multiplex qRT-PCR experi-
ments. To determine the efficiency of oligonucleotide-probe pairs, dilution series of a plasmid
containing the HPV16 genome (107 copies - 101 copy in 1:10 dilution steps) and DNA of hu-
man primary keratinocytes (20 ng/ µl - 2 pg/ µl DNA in 1:2 dilution steps) were prepared. The
dilution series were measured using the three pairs of oligonucleotide probes. The determined
standard curve was saved and could be applied to all multiplex experiments by carrying a cal-
ibrator. Samples were measured in duplicates in each case. Measurement of the reference
gene beta-actin allowed calculation of the absolute cell number per µl of sample . For this pur-
pose, the amount of genomic DNA (ng) in the sample was divided by the weight of one genome
equivalent (6.6 pg/cell). The viral load in the sample was calculated as the number of HPV16
E2 copies per cell.
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4.2.2.5 RNA-Seq and data analysis
Total RNA was isolated from two independently grown organotypic cultures per cell line from
HPV16 wt or E8- cell lines from two different donors (Straub et al., 2014). The Institute
for Medical Genetics and Applied Genomics (IMGAG) was responsible for NGS data gen-
eration and the QBiC at the University of Tübingen for data analysis, long term data stor-
age and management. Raw sequencing data was generated at IMGAG with libraries pre-
pared using the TruSeq Stranded mRNA Library Preparation Kit and samples eventually se-
quenced on a Hiseq2500 using 1x 65 bp read length (single-end (SE)). Illumina‘s Casava
software was used to de-multiplex the sequenced reads providing individual raw fastq sam-
ple files. Raw fastq files was pre-filtered using the chastity filter to remove reads that contain a
“Y” flag. FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, version v0.11.4)
was then used to determine quality of the resulting fastq files. Subsequently adapter trim-
ming/removal process was conducted with Cutadapt (https://pypi.python.org/pypi/cutadapt/),
version 1.8.3). This step used FastQC output (see step before) to identify reads that
showed a match to some typical overrepresented (Illumina) sequences/adapters. TopHat2
(https://ccb.jhu.edu/software/tophat/index.shtml,version v2.0.12) was used as aligner to map
the quality controlled remaining reads to the human genome version hg19, downloaded from
UCSC. Read counting to features (e.g. genes or exons) in the genome was performed with HT-
Seq (http://www-huber.embl.de/users/anders/HTSeq/doc/count.html, version 0.6.0.). Counting
was performed using “union’ mode on the feature”gene_id" where each gene is considered
here as the union of all its exon counts. The stranded option was also set to “–stranded=no”
to indicate to count features on both strands. For differential expression analysis the raw read
count table outputted from HTSeq was used and fed into the R package DESeq2 (version
1.10.1) to analyze for statistical significant differential expression of genes between the two
experimental groups mutant and wt. Genes were considered differentially expressed if the p-
adjusted value was ě 0.05. No logFold change cut-off was applied during assessment of
DE analysis. Further exploratory analysis graphs were also produced in the R language (R
version 3.2.1) mainly using the R package ggplot2 (version 2.1.0). Reports in .html format
were produced using the R package rmarkdown (version 0.9.6). Gene set enrichment analysis
was performed with g:Profiler (Version e107_eg54_p17_bf42210) with g:SCS multiple testing
correction (Raudvere et al., 2019). For this functional enrichment analysis, also known as over-
representation analysis (ORA), genes are mapped to known functional information sources and
statistically significantly enriched terms are detected. Data from the Ensembl database (Cun-
ningham et al., 2022) is used, in addition to data from Gene Ontology (Dolinski et al., 2000;
Consortium, 2021; Mi et al., 2019), pathways from KEGG (Kyoto Encyclopedia of Genes and
Genomes; Kanehisa and Goto, 2000; Kanehisa et al., 2023; Sun et al., 2015), Reactome (Fab-
regat et al., 2018) and WikiPathways (Martens et al., 2021), miRNA targets from miRTarBase
(Huang et al., 2022) and regulatory motif matches from TRANSFAC (Matys et al., 2006), tissue
specificity from Human Protein Atlas (Uhlén et al., 2015), protein complexes from CORUM (Tsit-
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siridis et al., 2023) and human disease phenotypes from Human Phenotype Ontology (Köhler
et al., 2021).

4.2.3 Microbiological methods

4.2.3.1 Production of chemical competent bacteria
To generate competent bacteria that can take up plasmid DNA, bacteria were treated with
CaCl2, RbCl and MnCl2. Cells were grown in LB medium overnight, this pre-culture was diluted
in fresh LB medium and grown to an OD600 of 0.45 to 0.55. Bacteria were then incubated
on ice and resuspended in buffers containing calcium, rubidium and manganese, followed by
snap-freezing in liquid nitrogen and storage at - 80 ˝C (Ausubel et al., 1990).

4.2.3.2 Transformation of plasmid DNA
Competent bacteria were transformed with the heat shock method (Ausubel et al., 1990). For
that, bacteria were thawed on ice and incubated with DNA for 15 min. Next, a 1 min heat-shock
at 42 ˝C was performed. SOC medium was then added and bacteria were grown for 30 min at
37 ˝C shaking. Next the SOC/bacteria mix was plated on agar plates containing the selection
antibiotic and incubated at 37 ˝C over night (o/n). The next afternoon, clones were picked and
inoculated in LB media containing the selection antibiotic. DNA was isolated the next day and
sequence was validated by sequencing.

4.2.3.3 Culture of bacteria for DNA amplification and isolation
To amplify DNA, bacteria harboring the plasmid of interest were cultured in LB media with either
100 µg/ml ampicillin or 30 µg/ml kanamycin, depending on the resistance gene of the respective
plasmid. Different amounts of LB media were inoculated from frozen bacteria stocks: 3 ml for
a mini prep, 50 ml for a midi prep or 200 ml for a maxi prep, dependent on the quantity of DNA
needed. The cultures were grown for 16 to 18h at 37 ˝C and 130-160 rpm. Frozen bacteria
stocks were prepared for long-term storage by mixing bacteria with the same amount of freezing
medium and transferring them to -80 ˝C.

4.2.3.4 Preparative isolation of plasmid DNA from bacteria
Isolation of plasmid DNA from bacteria was performed using different Qiagen kits depending on
the amount of DNA needed. The QIAprep® spin miniprep kit was used to isolate small amounts
of plasmid DNA, for larger amounts the QIAgen® plasmid plus midi kit or the QIAgen® plasmid
plus maxi kit were used. All kits were used as described in the manufacturer’s instructions.
Concentration of DNA were measured with the NanoDrop reader, purity was determined by the
ratio of absorbance at 260 nm and 280 nm with 1.8 for pure DNA.
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4.2.4 Cell culture methods

4.2.4.1 Culture of cells
All cells were grown in Nunc cell culture dishes in a humidified incubator (95% relative humidity)
at 37 ˝C and 5% CO2. Cells were examined microscopically every other day to determine cell
density and morphology. The media was then either exchanged with fresh medium or cells
were distributed to new dishes. To passage cells, the media was aspirated and PBS was used
to wash away remnants of the medium and dead cells. Trypsin-EDTA was then used to detach
cells at 37 ˝C. Cells were then collected in serum-containing medium to inactivate trypsin
and distributed to new dishes. Since keratinocytes are cultivated in serum-free medium, an
additional centrifugation step (250 rcf, 5 min) to pellet the cells was performed followed by the
resuspension in KSFM and distribution to new dishes. Depending on the cell type, cells were
passaged in a ratio of 1:2 up to 1:10.

4.2.4.2 Freezing and thawing of mammalian cells
For long-term storage, cells were kept in liquid nitrogen. Cells were trypsinized, resuspended
in serum-containing medium and collected by centrifuging at 250 rcf for 5 min. Afterwards, the
pellet was resuspended in 2 ml of freezing medium per 100mm dish and distributed to two cryo
tubes. The cryo tubes were placed into a freezing container and immediately transferred to -80
˝C. The next day, cells were moved to the liquid nitrogen tank. Freezing media were chosen
depending on cell type and consisted of 10% [v/v] DMSO (for J2, NHK and HeLa) or 20% [v/v]
glycerol (for HPV genome containing NHK), 10% [v/v] of the preferred serum (CS, FCS) in their
standard media. For thawing cells, they were removed from liquid nitrogen, thawed in the 37
˝C water bath and immediately transferred to 10 ml of 37 ˝C warm medium. To remove the
remnants of DMSO or glycerol the media was changed the next day.

4.2.4.3 Test for mycoplasma contamination
Cell lines were checked regularly for mycoplasma contamination. The supernatant of cells
grown in antibiotic-free medium for at least 48 h was used for a mycoplasma test PCR. After
heating the supernatant at 95 ˝C for 5 min, it was used as a template for the PCR. The following
reaction was prepared for the samples in addition to a negative (H2O) control and a positive
control (Table 26). The PCR was run according to the program in table 27. Afterwards, the PCR
products were analyzed on a 1% agarose gel. A DNA band at 560 bp indicates the presence
of mycoplasma.

41



Material and Methods

Table 26: Mycoplasma PCR reagents and amounts

Reagent Amount

5x GoTaq Green Reaction Buffer (Promega) 10 µl
dNTPs (10 mM each) 1 µl
Mycoplasma F and R ( 10 µM), each 2.5 µl
Culture supernatant or H2O or positive control 1 µl
GoTaq Polymerase (Promega) 0.25 µl
H2O 32.75 µl

Table 27: Mycoplasma PCR cycler program

Step Temp. (in ˝C) Duration Cycles

Initial denaturation 95 5 min 1

Denaturation 95 20 s
Annealing 65 20 s 35
Elongation 72 20 s

Terminal elongation 72 2 min 1

4.2.4.4 Transfection of cells
For transfection of DNA into human cells, cells were seeded on cell culture dishes one day
prior to transfection. Transfection was always performed with the complexing agent FuGENE
HD (Promega) according to the manufacturer’s instructions. In a sterile polystyrene (PS) tube
OptiMEM was mixed with the DNA and FuGENE HD was then added in a 5:2 ratio (5 µl Fu-
GENE to 2 µg DNA). The transfection mixture was vortexed and incubated for 15 min at room
temperature. Meanwhile, the medium of the cells to be transfected was changed. After incu-
bation, the transfection mixture was added drop wise to the cells. After 24 hours, the medium
of the transfected cells was changed again and 48 hours after transfection, the cells were har-
vested or the corresponding analysis was performed.

4.2.4.5 Harvest of cells
First, feeder cells were removed prior to the harvest by thoroughly washing with PBS or addition
of versene (1x PBS with 0.5 mM EDTA), which was removed by washing trice with PBS. To
prepare whole cell extracts, the growth medium was removed, the cells were washed with PBS,
fresh PBS was added and cells were scraped off the dish with a cell lifter and centrifuged at
4 ˝C to collect them. For subsequent RNA extraction RLT buffer from the RNeasy® mini kit
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(Qiagen), supplemented with 1% [v/v] beta-mercaptoethanol, was added directly to the cells,
leading to their detachment.

4.2.4.6 Mitomycin C treatment of feeder cells
Before using fibroblasts as feeder cells for keratinocytes carrying viral genomes, they are
treated with mitomycin C, which interferes with the formation of the spindle apparatus and
inhibits cell division, resulting non-proliferative fibroblasts that are still viable and can support
keratinocyte growth but cannot overgrow the keratinocyte population anymore (Blacker et al.,
1987). Murine J2 cells, which are kept in DMEM-CS, were treated with 8 µg/ml mitomycin C
(stock: 400 µg/ml in PBS) for 1 to 2 h and then thoroughly washed with PBS to remove rem-
nants of the cytostatic agent. For co-cultures the fibroblasts were cultivated in E-medium sup-
plemented with FCS.

4.2.4.7 Isolation of normal human keratinocytes (NHK) from human foreskin
After routine circumcision upon informed consent of patients, tissue samples were collected
in PBS. The samples were then rinsed once with PBS and covered with fresh PBS for the
preparation procedure under the cell culture hood. After removing the underlying blood vessels
and fat tissue with sterile tweezers and scissors, the remaining keratinocyte layer was cut into
small pieces, transferred into a 60 mm cell culture dish and covered with 5 ml of dispase.
After incubation for 12-16 hours at 4 ˝C, the upper layer of the skin could be detached and
cut into small pieces and was then transferred into trypsin-EDTA in a 100 mm cell culture
dish. The 10 min incubation at 37 ˝C was followed by the resuspension of cells in serum-
containing medium and passing them through a 100 µm nylon cell strainer. Single cells were
then collected by centrifugation at 250 rcf for 5 min and resuspended in KSFM. The isolated
keratinocytes were seeded in one or two coated cell culture dishes (Corning Primaria) and
grown until near-confluency.

4.2.4.8 Generation of HPV16 positive keratinocyte cell lines
For the establishment of stable HPV16 positive NHK cells, a plasmid containing the HPV16
genome was first cleaved with BamHI to release the viral genome from the bacterial vector.
The viral DNA was then purified with an agarose gel, and the DNA was subjected to overnight
religation at 16 ˝C using T4 DNA ligase (10 µg/ml, Fermentas). To concentrate the DNA, the
next day 2.5 times sample volume of ethanol and 10% sample volume of sodium acetate were
added to samples and incubated overnight (16-18 h) at -20 ˝C. The next day, the samples were
centrifuged at 20,000 g for one hour, the supernatant was discarded, and the pellet was washed
twice with 1 ml of 70% ethanol. The pellet was air dried and then resuspended in H2O. NHK
cells to be transfected were seeded in KSFM culture medium on 60 mm cell culture dishes and
transfected the next day using FuGENE HD (Promega) with 4 µg of religated genome and 2 µg
of the selection plasmid pSV2neo, which encodes resistance to G418. Twenty-four hours after
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transfection, cells were transferred to 100 mm cell culture dishes containing mitomycin C treated
neomycin-resistant 3T3-J2-NHP and E medium. Another 24 hours later, cells were selected
with the neomycin analog G418 (100 µg/ml). Selection was performed for approximately one
week. Cell culture medium was removed and replaced with fresh medium with added G418
every other day. Uninfected NHK were included as a selection control. After selection was
complete, cells were cultured with mitomycin C treated J2.

4.2.4.9 Isolation of normal mouse tail keratinocytes (NMTK)
Tails from mice were stored in ethanol until use and then transferred to a petri dish with PBS,
and about 2 mm of the tail tip was discarded. To peel the skin off the bone, a scalpel was used
to cut along the tail. The skin was then cut into 1 to 2 cm pieces, and placed with the epidermis
side up in a 60 mm petri dish with 10 U dispase (Gibco) overnight in a 4 ˝C refrigerator. The
next day, the epidermis was removed with forceps and incubated in trypsin in a 37 ˝C incubator.
Single cells were scratched out and resuspended in 5 ml DMEM/ 10% FCS, the suspension
was passed through to a 100 µm cell strainer. After centrifugation for 5 min at 250 rcf, cells
were resuspended in keratinocyte serum-free medium without CaCl2 (catalog no. 37010022;
Thermo Scientific) supplemented with 50 mM CaCl2 and seeded in 6-well plates or 60 mm
dishes coated with bovine collagen I.

4.2.4.10 Organotypic cultures
To induce differentiation, HPV16-positive keratinocytes were seeded onto collagen plugs (rat
tail collagen type I) in which NIH 3T3 J2 cells were embedded in cell culture inserts. After the
keratinocytes reached confluence, the medium was completely removed from the inside of the
inserts. Inserts were then placed in 100 mm culture dishes, and complete E medium without
epidermal growth factor (EGF) was added to the culture dishes and changed every other day.
Organotypic cultures were harvested 16 days after exposure to the air-liquid interface. To har-
vest the organotypic cell cultures, they were excised from the cell culture inserts together with
the underlying collagen matrix and the polycarbonate membrane was removed. The epithelium
was then peeled away from the collagen matrix. The tissue was lastly cut with a scalpel into
smaller pieces for DNA or RNA isolation.
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4.2.5 Analysis of eukaryotic cells

4.2.5.1 Western blot analysis
For western blot (WB) analysis, proteins are firstly separated electrophoretically according to
their molecular weight under denaturing conditions in a polyacrylamide (PAA) gel and then
transferred from the gel onto a membrane. Next, the proteins can be detected by applying
antisera or antibodies directed against the proteins of interest.
All WB samples were either directly resuspended in Roti®-Load (Carl Roth, 4x) or lysed with
lysis buffer and then supplemented with Roti®-Load to yield an at least 1x concentrated Roti®-
Load suspension. The samples were stored at -20 ˝C and were heated at 95 ˝C for 5 min
before usage. To shear the viscous DNA, samples were sonified using the SonoPuls Sonifier
UW 2200 (Bandelin) for 15s with 40% power before loading them on a PAA gel.
Protein extracts were separated in a one-dimensional polyacrylamide gel electrophoresis (SDS-
PAGE). The stacking gel contained 4% PAA, the separation gel 8-15% PAA, depending on the
size of the proteins to be analyzed. The PageRuler prestained protein ladder (Thermo Fisher)
was included as a size standard in each electrophoresis. The PAGE was conducted in 1x SDS-
PAGE running buffer at 160-200V for 45-90 min.
The separated proteins were then transferred to a nitrocellulose membrane with a pore size of
0.22 µm (Whatman pIc) using the wet blot technique. All items used for the blotting sandwich
were soaked in freshly prepared CAPS transfer buffer and assembled, starting from the cathode
as following: - sponge - two blotting papers - gel - membrane - two blotting papers - sponge.
The transfer was carried out at 90V for 90 min using a cooling coil and a magnetic stirrer. The
membrane was then incubated with blocking buffer (milk powder or BSA in PBS depending
on antibody) and gently moved for 30-60min to reduce unspecific binding. Afterwards, the
blocking buffer was washed away and the membrane was incubated overnight with the primary
antibodies at 4 ˝C shaking. The next day, 3x5 min washing steps with PBS-T were performed,
followed by 1 h of incubation with the secondary, fluorescence-labeled antibodies (LI-COR,
1:15000) in the dark. After 3 more 5 min washing steps, protein bands were detected using the
Odyssey® Fc imaging system (LI-COR Biosciences).

4.2.5.2 Coomassie staining of SDS gels
In addition to immunological detection, separated proteins were also detected directly by stain-
ing SDS gels with coomassie. For this purpose, the SDS gel was incubated in a coomassie
staining solution (0.05% [w/v] coomassie brilliant blue R-250, 10% [v/v] acetic acid, 25% [v/v]
isopropanol) for 20 to 30 min at RT. Subsequently, the SDS gel was destained for at least
one hour with a destaining solution (10% [v/v] acetic acid). The stained SDS gels were then
scanned for documentation.
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4.2.5.3 Co-immunoprecipitation (Co-IP)
C33A or HeLa (2.5 x 106 cells) were seeded in 100 mm cell culture dishes. The next day they
were transfected, 48h later they were harvested and then lysed in IP-buffer (50 mM HEPES
[pH 7.5], 150 mM NaCl, 10% [v/v] glycerol, 5 mM EDTA, 1 mM DTT, protease and phosphatase
inhibitors or 50 mM HEPES [pH 7.9], 150 mM NaCl, 0.3% [v/v] igepal 630, 1 mM DTT, pro-
tease and phosphatase inhibitors). IP was carried out using magnetic anti-HA-beads or protein
G-beads (Miltenyi Biotech). Beads were washed with IP-buffer using µMACS columns and
µMACS Separator (Miltenyi Biotech). Bound proteins were eluted in elution buffer (50 mM Tris-
HCl [pH 6.8], 50 mM DTT, 1% SDS, 1 mM EDTA, 0.005% bromphenol blue, 10% glycerol)
heated to 95 ˝C and analyzed by immunoblotting.

4.2.5.4 Immunofluorescence (IF)
For IF analyses cells were seeded on coverslips in 6 well plates and transfected with expression
plasmids for the protein of interest the next day or left untransfected for endogenous proteins.
Cells were fixed 48h later by addition of 4% paraformaldehyde and incubated for 15 min at room
temperature. Afterwards, cells were washed three times with PBS and blocked with blocking
buffer (1 x PBS, 5% [v/v] normal goat/donkey serum, 0.3% [v/v] triton-X 100) for 1h at RT.
After that the primary antibody was diluted in antibody dilution buffer (1x PBS, 1% [w/v] BSA
fraction V, 0.3% [v/v] triton-X 100) and incubated at 4 ˝C overnight. The next day, coverslips
were washed three times in PBS and then incubated with the secondary fluorescence labelled
antibody for 1h at room-temperature. After three PBS washing steps, the coverslips were incu-
bated in DAPI solution (0.01 µg/mL in 1 x PBS) for 20 s, followed by three more washing steps
with PBS and one washing step with H2O. Afterwards, coverslips were placed on one droplet
of mounting medium on a microscope slide and fixed using nail varnish. The prepared slides
were analyzed with the fluorescence microscope Axio Observer.Z1 (Zeiss). Colocalization was
quantified with the Colco2 plugin from ImageJ.

4.2.5.5 Reporter gene assays
C33A or NMTK were seeded into 24-well dishes one day before transfection. Cells were trans-
fected with reporter plasmids alone or together with pSG HPV16 E1, pSG HPV16 E2, pSG
MmuPV1 E8^E2, or MmuPV1E8^E2 mt expression constructs or the empty vector pSG5 using
the Fugene HD reagent (Promega) and Opti-MEM (Life Technologies). Furthermore, 10 ng of
renilla plasmid was cotransfected as an internal control. Renilla and firefly luciferase assays
were carried out 48 h after transfection. No delay before measurement and a counting time of
5 s was used.
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4.2.5.6 Flow cytometry analysis (FCA)
After trypsinization, the cells were centrifuged for 5 min at 600 rcf and the supernatant was
discarded. All following centrifugation steps were performed with 600 rcf for 5 min unless other-
wise stated. The pellet was then resuspended in FCA buffer and centrifuged, the supernatant
was discarded. The cells were fixed with 4% PFA for 10 min at 37°C shaking and centrifuged
for 10 min at 600 rcf. The pellet was resuspended in FCA buffer (1x PBS and 1% FCS) and
centrifuged. To permeabilize the cells, the pellet was resuspended in 100 µl of permeabilization
buffer (FCA buffer + 0.1% triton-X-100), after incubation at RT for 5 min, the cells were washed
twice with FCA buffer. After centrifuging, the pellet was resuspended in 150 µl blocking buffer
(FCA buffer + 10% FCS) and incubated at RT for 30min. Cells were then centrifuged again
and the primary antibody was added in FCA buffer and incubated for 1h at 4 ˝C (rabbit-anti-E4,
1:200, 100 µl total volume). After that, the cells were washed twice in FCA buffer, stained with
the secondary antibody (anti-rabbit-AF405, 1:1000) for 1h at 4 ˝C and washed again before PI
staining. The PI solution (working concentration 50 µg/ml) was supplemented with 0.33 mg/ml
RNAse A and incubated for 30min at 37 ˝C. Cells were then analyzed with MACS Quant
Analyzer VYB Flow Cytometer (Miltenyi Biotec).

4.2.6 Expression and purification of HPV16 E2 for antibody production

4.2.6.1 Test expression in E. coli
A fragment encompassing the codon optimized HPV16 E2 fragment as a His6-MBP-TEV-
HPV16 E2C co fusion protein (E2 hinge aa202-286, DBD/Dimerization aa286-365) was cloned
in pETm41. The plasmid was transformed in Escherichia coli strain BL21(DE3), which was
cultured at 37 ˝C and 130 rpm o/n in 20 ml TB medium (24 g/L yeast extract, 12 g/L peptone,
0.4% [v/v] glycerol, 5 g/L NaCl, 17 mM KH2PO4, 72 mM K2HPO4, 2 mM MgSO4, 0.05% [w/v]
glucose) supplemented with 30 µg/ml kanamycin. The next day, 20 mL TB medium were in-
oculated with the preculture and incubated at 37 ˝C and 130 rpm until optical density at 600
nm (OD600) = 0.5 was reached and 1 mM isopropyl beta-d-1 thiogalactopyranoside (IPTG) was
added to induce expression of recombinant protein and incubated for 4 h at 37 ˝C. Samples
were taken to monitor cell growth according to the OD600 and protein expression via SDS-
PAGE. After 4 h the culture was harvested (6,000 rcf, 4 ˝C, 20 min). To analyze the solubility of
the expressed proteins, the cell pellet was resuspended in 2 ml cell lysis puffer (50 mM Tris-HCl
[pH 8 at 8 ˝C], 200 mM NaCl, 5% [v/v] glycerol, 1 mM EDTA) and lysed via ultra-sonification
(3 cycles with 30 s ultrasound each, Ms 72, 25% power, SonoPuls UW 2200). To separate the
soluble (supernatant) and insoluble (pellet) fraction, the cell lysate was centrifuged at 12,000
rcf, 30 min at 4 ˝C and analyzed.

47



Material and Methods

4.2.6.2 Expression and purification of HPV16 E2
For purification of recombinant protein, the His6-MBP-TEV-HPV16 E2C co plasmid was trans-
formed in E. coli BL21(DE3) and plated on a LB agar plate with 30 µg/ml kanamycin, a single
clone was picked to start an overnight pre-culture, which was then used to inoculate the 4 liter
production culture. This culture was grown at 37 ˝C to an OD600 of ˜0.5 and recombinant-
protein production was induced by addition of IPTG. The cells were harvested after 4h (6,000
rcf, 4 ˝C, 30 min) and the cell pellet was resuspended in 40 ml lysis buffer (40 mM Tris-HCl [pH
8 @ 8 ˝C], 50 mM NaCl, 3 mM MgCl2, 5% [v/v] glycerol, 1 mM Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP)). After resuspending the cell pellet 5 µl benzonase (Merck, 500,000 U,
activity ě 250 U/ µl), 3.5 mg/ml lysozyme, and a complete EDTA-free protease inhibitor cocktail
pill (Roche, Germany) were added and incubated for 30 min at 4 ˝C. Cells were lysed by French
press (Thermo Spectronic French Pressure Cell Press Model FA-078 With Pressure Cell) in 3
cycles at a pressure of 600-1,000psi. After re-adjusting the pH to 8.0, the suspension was
incubated for 1 h at 4 ˝C and subsequently centrifuged at 30,000 g for 1 h at 4 ˝C to remove
cell debris. The clarified supernatant was filtered with an 0.45 µm syringe filter (Whatman 25
mm Roby Syringe Filters, GE Healthcare, USA) and the recombinant protein was enriched by
affinity chromatography with 2 x 5 ml MBP Trap columns in row (Cytiva Life Sciences™ MBP-
Trap™HP), and washed with running buffer (40 mM Tris-HCl [pH 8 @ 8 ˝C], 50 mM NaCl 5%
[v/v] glycerol, 3 mM MgCl2, 1 mM TCEP). Bound protein was eluted with elution buffer contain-
ing 20 mM maltose, as well as 20 mM Tris-HCl [pH 8 @ 8 ˝C], 600 mM NaCl, 5% [v/v] glycerol,
1 mM TCEP. The eluted protein was incubated o/n with 600 mM NaCl at 4 ˝C, followed by
size exclusion chromatography (SEC) with a S200 column (HiLoad® 16/600 Superdex® 200
prep grade, GE Healthcare Life Sciences, UK), pre-equilibrated with running buffer (20 mM
HEPES [pH 7.5], 600 mM NaCl, 5% [v/v] glycerol, 1 mM TCEP). Protein concentrations were
determined spectroscopically (Specord 200, Analytik Jena, Germany).

4.2.6.3 Cleavage of the fusion protein
His6-MBP-TEV-HPV16 E2C was incubated with tobacco etch virus (TEV) protease in a 1:20
mass ratio (protease:protein) at 4 ˝C o/n and centrifuged the next day (30,000 rcf, 4 ˝C, 30
min), the reaction was analyzed by SDS-PAGE. The supernatant was used as input for SEC
with a S75 column (HiLoad® 16/600 Superdex® 75 prep grade, GE Healthcare Life Sciences,
UK) and a running buffer containing 20 mM HEPES [pH 7.5], 600 mM NaCl, 5% [v/v] glycerol, 1
mM TCEP. The eluate was subsequently concentrated with Pierce™ protein concentrator PES
(10K MWCO), followed by a 1ml MBPTrap HP (1ml MBPTrap™HP, Cytiva Life Sciences™) run
with the same HEPES running buffer as previously used.
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4.2.6.4 Polyclonal antibody production in rabbits
The purified protein was sent to Davids Biotechnology (Regensburg) for polyclonal antibody

production in New Zealand white rabbits. Rabbits were immunized five times according to the
following schedule (Table 28).

Table 28: Immunization schedule for antibody production

Day Step

1 First Immunization
14 Second Immunization
28 Third Immunization
42 Fourth Immunization
56 Fifth Immunization
63 Final bleed for Antiserum harvest

The antiserum was then affinity purified by Davids Biotechnology and used for WB, IF and IP
assays.

4.2.7 Animal experiments

All animal studies were carried out by Margaret Wong and Richard B.S. Roden (Department
of Pathology, The Johns Hopkins University) in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and with
the prior approval of the Animal Care and Use Committee of Johns Hopkins University.

4.2.8 Statistical analysis and generation of figures

After processing the results of different experiments as described in the respective section,
the calculated values of the single biological replicates were used to do statistical analysis
and create graphical representations of the data. This was done using the GraphPad Prism
software (GraphPad Software Inc., San Diego, US; software version 9.1.2).
The GraphPad statistics guide (H. J.Motulsky, GraphPad Statistics Guide) was used to decide
what statistical test to use.
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5 Results

5.1 Deregulation of host gene expression by HPV16 E8^E2 is due to enhanced
productive replication

It has previously been shown that HPV16 genomes lacking E8^E2 replicate to higher levels in
stable cell lines and express higher levels of early and late transcripts than wt genomes under
both undifferentiated and differentiated conditions (Lace et al., 2008; Straub et al., 2014). In
differentiated cells HPV16 E8- genomes additionally express increased levels of the late viral
E4 and L1 proteins (Straub et al., 2014). The advantage of the expression of E8^E2 for HPV16
remains unclear on the other hand. To further explore this, the cellular transcriptome of HPV16
wt and E8- cell lines from two different donors grown in organotypic cultures were compared.
The data discussed in this chapter are published in Kuehner et al., 2023.

5.1.1 RNA sequencing of organotypic cultures

The expression of only 43 cellular genes were significantly deregulated (P adj<0.05) in the
RNA-seq analysis. Of those 27 were upregulated and 16 downregulated in HPV16 E8- cell
lines (Figure 7 A). Over-representation analysis (ORA) or gene set enrichment analysis, maps
genes to known functional information sources and detects statistically significantly enriched
terms (Raudvere et al., 2019). Gene set enrichment analyses with g:Profiler identified only the
hypertrophy and the photodynamic therapy-induced unfolded protein response pathways as
significantly enriched, most likely due to the small number of differentially expressed genes (Fig-
ure 7 B). Neither keratinocyte differentiation genes, cell cycle nor DNA replication genes were
deregulated, which confirms previous observations that HPV16 E8- cell lines lack changes in
differentiation patterns or induction of cell cycle and DNA replication markers despite increased
early and late viral transcription (Straub et al., 2014).
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Figure 7: Differential host cell gene expression of HPV16 wt and E8- cell lines grown in organotypic
cultures. (A) RNA-seq analysis identified 27 upregulated (left table, red) and 16 downregulated (right
table, blue) genes with an adjusted P-value (padj) <0.05; log2FC= log2 fold change by comparison of
HPV16 E8- with wt cell lines. (B) Gene set enrichment analysis was performed with g:Profiler (Raudvere
et al., 2019) with g:SCS multiple testing correction method applying a significance threshold of 0.05.
Figure from Kuehner et al., 2023.

5.1.2 Analysis of copy number and integration frequency of wt and E8- cell lines

NHK from different donors were used to generate cell lines by transfection with recircularized
HPV16 wt or E8- genomes and selection to validate these findings. Viral copy numbers were
increased in E8- cell lines compared to the wt (Figure 8 A), which supports previous results
(Straub et al., 2014). The extrachromosomal HPV16 genome fraction, resistant to exonuclease
V digestion (Myers et al., 2019), was similar in wt (38%) and E8- cell lines (34%) indicating that
E8^E2 does not influence integration events (Figure 8 B).
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Quantification of spliced viral transcripts revealed significant increase of E1^E4 and E4^L1 in
undifferentiated HPV16 E8- cell lines compared to the wt. Both transcripts were further in-
creased in organotypic cultures (Figure 8 C+D) consistent with previously published data
(Straub et al., 2014). Increased amounts of both transcripts in organotypic cultures indicates
the successful induction of the productive cycle (Kuehner et al., 2023).

Figure 8: Increased copy number and E1^E4 as well as E4^L1 expression in E8- cell lines, but similar
integration frequency. (A) Total cellular DNA was isolated from HPV16 wt and E8- cell lines and viral
copy numbers were determined by qPCR using amplicons in HPV16 E2 and the cellular ACTB genes
and copy number standards. (B) Total cellular DNA was treated with or without exonuclease V (ExoV)
and then the copy numbers were determined by qPCR as described in (A). (C+D) The spliced viral
E1^E4 and E4^L1 transcripts were quantified with qPCR in cells grown in monolayer (M) or organotypic
(D) cultures using PGK1 as a cellular reference gene. Data are presented relative to wt cells grown in
monolayer cells. Averages are derived from at least seven independent experiments, and the error bars
represent the Standard Error of the Mean (SEM). Statistical significance was determined by wilcoxon
signed rank test (˚,P ĺ 0.05; ˚˚,P ĺ 0.01q.
Figure from Kuehner et al., 2023.
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5.1.3 Deregulation of host gene expression after differentiation

Four cellular genes were used to validate the transcriptome data:
The Activating Transcription Factor 3 (ATF3) as it is part of both identified enriched pathways.
Cysteine-rich Angiogenic Inducer 61 (CYR61, also known as CCN1) since it belongs to the
hypertrophy pathway. Lastly, the immune regulators CD274 (also known as Programmed Cell
Death 1 Ligand 1 (PDL1)) and UL16 Binding Protein 1 (ULBP1) were chosen for further analysis
(Sharpe and Pauken, 2018; Schmiedel and Mandelboim, 2018).
The expression of all four genes was significantly different in qPCR analysis in HPV16 wt com-
pared to E8- cells grown in organotypic cultures confirming the RNA-seq results (Figure 9).
Interestingly, no significant differences could be observed between monolayer wt and E8- cells.
Furthermore, expression in wt cells grown in monolayer was significantly upregulated for ATF3
or downregulated for CYR61 compared to organotypic cultures.

Figure 9: Deregulation of host gene expression after differentiation. RNA was isolated from monolayer (M)
and 3D organotypic cultures (D) of HPV16 wt and E8- cell lines, transcribed to cDNA and used for qPCR
with ATF3, CYR61, PDL1 and ULBP1, and PGK1 reference gene primers. Averages are derived from at
least seven independent experiments, and the error bars represent the SEM. Statistical significance was
determined by Kruskal Wallis uncorrected Dunns (˚,P ĺ 0.05; ˚˚,P ĺ 0.01q.
Figure from Kuehner et al., 2023.

Differential expression of ATF3 at the protein level could be confirmed by immunoblotting (Fig-
ure 10) revealing an increased ATF3 expression in a HPV16 E8- cell line grown in organotypic
cultures compared to the monolayer and the associated wt cell line.
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Figure 10: ATF3 expression changes on the protein level after differentiation. Monolayer (M) and 3D
organotypic cultures (D) of HPV16 wt and E8- cell lines were harvested and lysed with 4xSDS lysis
buffer. The expression of ATF3 (bottom) and HSP90 (top) was analyzed with specific antibodies by WB.

5.1.4 Increased expression of viral late transcripts but not early transcripts contribute
to the deregulation of cellular genes

The induction of the viral late promoter that drives expression of E4- and L1-encoding mRNAs
is a key event upon differentiation in the HPV replication cycle. Correlation analyses were
performed to investigate if the expression of early or late viral mRNAs influences the expression
of ATF3, CYR61, PDL1 and ULBP1 (Figure 11). These revealed that an increased expression
of both E1^E4 and E4^L1 transcripts was significantly positively correlated with ATF3, PDL1,
and ULBP1, but not CYR61 expression. The expression of the early E6*I transcript however
did not correlate with any of the deregulated genes. These data suggested that the increased
expression of viral late transcripts but not early transcripts contributes to the deregulation of the
majority of analyzed cellular genes.
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Figure 11: Correlation analysis of viral and cellular transcripts. The correlation between viral transcripts
E1^E4, E4^L1 or E6*I and the cellular genes ATF3, CYR61, PDL1, or ULBP1 was analyzed by simple
linear regression (GraphPad Prism 9) of more than 50 samples. Figure from Kuehner et al., 2023.
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5.1.5 E4 and E5 influence copy number but not integration frequency in HPV16 E8-/E4-
and E8-/E5- cell lines

HPV16 E4 and E5 modulate genome amplification and late gene transcription (Egawa and
Doorbar, 2017; Fehrmann et al., 2003; Genther et al., 2003; Nakahara et al., 2005; Wilson et al.,
2005). Therefore, the previously described HPV16 E4 mutation st15 (Nakahara et al., 2005)
or a stop codon at residue 3 of E5 was introduced into the HPV16 E8- genome to prevent E4
or E5 expression, respectively. HPV16 E8-/E4- or HPV16 E8-/E5- genomes were then used to
generate stable cell lines. In undifferentiated cells copy numbers of HPV16 E8-/E4- and E8-/E5-
genomes were similar to E8- genomes (Figure 12 A). This indicates that the over replication
phenotype of E8- genomes is independent from E4 and E5 in undifferentiated cells. In contrast,
copy numbers of cells differentiated in organotypic cultures were lower for E8-/E4- and E8-/E5-
genomes compared to E8- genomes (Figure 12 A). The levels of integration determined by
resistance to exonuclease V were similar for all tested cell lines (Figure 12 B).

Figure 12: Characterization of HPV16 wt, E8-, E8-/E4- and E8-/E5- cell lines. (A) Total cellular DNA was
isolated from HPV16 wt, E8-, E8-/E5- and E8-/E4- monolayer (M) and organotypic (D) cultures and viral
copy numbers were determined by multiplex qPCR using amplicons in HPV16 E2 and the cellular
ACTB genes and copy number standards. (B) Total cellular DNA was treated with or without ExoV and
then the copy numbers were determined by qPCR. Averages are derived from at least seven
independent experiments, and the error bars represent the SEM. Statistical significance was
determined by ordinary one-way ANOVA. Figure from Kuehner et al., 2023.
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5.1.6 Reduced expression of late transcripts in HPV16 E8-/E4- and E8-/E5- cell lines
compared to E8- cell lines

Analysis of the late E1^E4 and E4^L1 viral transcripts revealed a reduced expression of both
transcripts in E8-/E4- and E8-/E5- cell lines compared to E8- cell lines maintained in both
monolayer or organotypic cultures (Figure 13). This indicated that not only copy number but
also late viral transcription is reduced consistent with the published phenotypes of E4- and E5-
genomes.

Figure 13: Viral transcript analysis in E8-/E4- and E8-/E5- cell lines compared to E8- cell lines. RNA was
isolated from monolayer (M) and 3D organotypic cultures (D) of HPV16 wt, E8-, E8-E5- and E8-E4- cell
lines, transcribed to cDNA and used for qPCR with (A) E1^E4 and (B) E4^L1 primers to quantify their
expression and using PGK1 as a cellular reference gene. Averages are derived from at least four
independent experiments, and the error bars represent the SEM. Statistical significance was
determined by ordinary one way ANOVA (˚,P ĺ 0.05; ˚˚,P ĺ 0.01q.
Figure from Kuehner et al., 2023.

5.1.7 Reduced expression of cellular genes in HPV16 E8-/E4- and E8-/E5- cell lines
compared to E8- cell lines

The expression of ATF3, CYR61, PDL1 and ULBP1 in 3D organotypic cultures was reduced
in E8-/E4- and E8-/E5- cell lines compared to E8- cell lines, this was only significant for ATF3
(Figure 14). The amounts of the analyzed cellular transcripts in E8-/E5- and E8-/E4- cell lines
in monolayer cultures were similar to E8- cells.
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Figure 14: Cellular transcript analysis in E8-/E4- and E8-/E5- cell lines compared to E8- cell lines. RNA was
isolated from monolayer (M) and 3D organotypic cultures (D) of HPV16 wt, E8-, E8-E5- and E8-E4- cell
lines, transcribed to cDNA and used for qPCR with (A) ATF3, (B) CYR61, (C) PDL1 and (D) ULBP1
primers to quantify their expression and using PGK1 as a cellular reference gene. Averages are
derived from at least four independent experiments, and the error bars represent the SEM. Statistical
significance was determined by ordinary one way ANOVA (˚,P ĺ 0.05; ˚˚,P ĺ 0.01q.
Figure from Kuehner et al., 2023.

Taken together these data support the idea that the deregulation of cellular genes by E8-
genomes is a consequence of genome amplification and late gene transcription in differenti-
ated cells.
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5.2 Characterization of HPV16 E2 and E8^E2

E2 is involved in the viral DNA replication, genome maintenance, and transcription and is ex-
pressed at early and intermediate stages of the viral life cycle. E8^E2 mediates transcriptional
repression of the viral promoter. The amounts of E2 and E8^E2 protein during the PV replica-
tion cycle have not been investigated so far. In a 2010 paper by Xue and colleagues, cervical
intraepithelial neoplasia lesions (CIN) stained with a HPV16 E2 antibody, mainly resulted in a
signal in the upper parts of the lesions (Xue et al., 2010). The antibody used recognized the C-
terminal part of HPV16 E2 and thus both HPV16 E8^E2 as well as E2. To better understand E2
and E8^E2 expression in HPV positive cell lines, I purified the HPV16 E2 protein for antibody
generation. Additionally, a monoclonal HPV16 E2 antibody from Andreas Wieland was used
to validate the following results further. This HPV16 E2 antibody was generated from HPV16
E2-specific activated B-cells, which were single cell sorted, and their IgG heavy and light chain
genes were then cloned. Recombinant monoclonal Abs were expressed as mouse IgG2c and
purified using protein A agarose (Wieland et al., 2020).

5.2.1 Expression and Purification of HPV16 E2 for antibody production

A codon optimized HPV16 E2 fragment (E2 hinge aa202-286, DBD/Dimerization aa286-365)
was expressed as a His6-MBP-TEV-HPV16 E2C fusion protein in E. coli BL21(DE3) and then
purified before sending it off for antibody production. The recombinant protein was enriched
by affinity chromatography with 2x 5 ml MBP Trap columns in row (Cytiva Life Sciences™
MBPTrap™HP). Bound protein, which is about 68 kDa in size, was then eluted with buffer
containing 20 mM maltose. Analysis by SDS-PAGE showed that a band at the expected size of
about 68 kDa could be detected for the four fractions from the elution peak (Figure 15).

Figure 15: Affinity purification of His6-MBP-TEV-HPV16 E2C with MBP trap column. Coomassie stained SDS
gel of the purification progress after affinity chromatography with a MBP trap column. Fractions 1-4
(F1-4) with the target fusion protein were pooled and used for further purification steps. L= load, FT=
flow through.
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The eluted protein was then incubated o/n with 600mM NaCl to remove contamination by DNA
and/or RNA, followed by SEC with a S200 column (HiLoad® 16/600 Superdex® 200 prep grade,
GE Healthcare Life Sciences, UK) to remove protein impurities (Figure 16).

Figure 16: Result of the SEC with a S200 column. SDS-PAGE analysis (after Coomassie staining) of the
purification progress after SEC with a S200 column. Fractions 1-3 (F1-3) with the target protein were
pooled and used for further purification steps. L= load, FT= flow through.

To remove the MBP tag, the His6-MBP-TEV-HPV16 E2C protein was incubated with tobacco
etch virus (TEV) protease in a 1:20 mass ratio (protease:protein) at 4˝C for one to four hours or
o/n and centrifuged (30,000 g, 4˝C, 30 min), the reaction was analyzed by SDS-PAGE (Figure
17). The simultaneous decrease of the fusion protein (68 kDa) and the increase of free MBP
tag (40 kDa) and of cleaved HPV16 E2 protein (18 kDa) over time is clearly visible on the gel.

Figure 17: Result of the TEV cleavage of His6-MBP-TEV-HPV16 E2C. His6-MBP-TEV-HPV16 E2C (68 kDa) was
cleaved with TEV protease for different time points (t0= before cleavage, t1-4= cleavage for 1-4h or ON=
over night) and analyzed by SDS page and coomassie staining. Specific bands for the fusion protein,
the MBP tag (40 kDa), the TEV protease (27 kDa) and 16 E2C (18 kDa) are clearly visible on the gel.
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Since the o/n cleavage of His6-MBP-TEV-HPV16 E2C showed the best result, I decided to use it
as input for SEC with a S75 column (HiLoad® 16/600 Superdex® 75 prep grade, GE Healthcare
Life Sciences, UK) and a HEPES running buffer. The eluate was subsequently concentrated
with a Pierce™ Protein Concentrator PES (10K MWCO), followed by a 1 ml MBPTrap HP
(1 ml MBPTrap™HP, Cytiva Life Sciences™). The purified protein was then sent to Davids
Biotechnology for antibody generation in rabbits (Section 4.2.6.4).

Figure 18: Final purified and concentrated HPV16 E2C protein. SDS-PAGE analysis (after Coomassie
staining) of the HPV16 E2 protein after SEC with a S75 column and MBP trap. The protein was
concentrated and then sent for antibody production.

5.2.2 HPV16 E2 antibodies detect transfected E2 and E8^E2 in IF and WB

To compare and validate the mono- and polyclonal HPV16 E2 antibodies, C33A cells were
transfected with expression vectors encoding HPV16 E2, E8^E2 or E8^E2 KWK mt and ana-
lyzed 2 dpt by western blot. Both the polyclonal HPV16 E2 antibody as well as the monoclonal
B9 antibody was able to detect HPV16 E2, E8^E2 and E8^E2 KWK mt proteins (Figure 19).
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Figure 19: WB of C33A transfected with HPV16 E2, E8^E2 or E8^E2 KWK mt. C33A cells were transfected
with the indicated expression plasmids and harvested 48 hpt (hours post transfection), lysed and
analyzed with WB. Both polyclonal and monoclonal HPV16 E2 antibodies detected the HPV16
E2/E8^E2 /E8^E2 KWK mt proteins, n=4.

Furthermore, the HPV16 E2 antibodies were validated with an IP assay. C33A cells were
transfected with expression vectors encoding HPV16 E2 and E8^E2 and analyzed 2 dpt (days
post transfection). The monoclonal HPV16 E2 B9 antibody was used to coat the protein G
beads, the polyclonal antibody was used for detection. The enrichment of HPV16 E2 and
E8^E2 is clearly visible on the right side of the blot with some minor signal in the samples
without monoclonal antibody (Figure 20).

Figure 20: IP assay of C33A transfected with HPV16 E2 or E8^E2 expression plasmids. C33A cells were
transfected with the indicated expression plasmids, harvested 48 hpt and lysed. IP was performed with
protein G beads and the monoclonal HPV16 E2 antibody B9 and analyzed by WB, n=3.
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The signal for the monoclonal B9 and the polyclonal HPV16 E2 antibody colocalized in an IF
assay where C33A cells were transfected with expression vectors encoding HPV16 E2 and
E8^E2 (Figure 21).

Figure 21: IF of C33A transfected with HPV16 E2 or E8^E2 expression plasmids. C33A cells were
transfected with the indicated expression plasmids and stained with the indicated Antibodies 48 hpt.
Both polyclonal (pAb) and monoclonal (mAb) HPV16 E2 antibodies detected the HPV16 E2 proteins
with little background. Magnification 630x, scale bar is 20 µm, n=3.

5.2.3 HPV16 E2 antibodies recognize endogenous E2 and E8^E2 in IF in HPV16 wt and
E8- cell lines

Since both antibodies detected transfected HPV16 E2 and E8^E2 by IF, NHK cell lines immor-
talized with either HPV16 E6 and E7, HPV16 wt or E8- genomes were stained with them. In
the HPV16 E6/E7 negative control, where E2 and E8^E2 are absent, neither the monoclonal
B9 nor the polyclonal E2 antibody detected anything. Interestingly, E2 RNA levels in HPV16
E8- cell lines have been described to be increased by 4-fold compared to wt cell lines (Straub
et al., 2014). E2 foci of different sizes were visible in the nuclei of wt and E8- cell lines (Figure
22), but they could be found only in a fraction of cells and not all of them. There were generally
more and bigger foci in E8- than in wt cell lines. E8^E2 has been shown to localize to E1-E2
induced replication foci (Dreer et al., 2016; Dreer et al., 2017; Khurana et al., 2021).
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Figure 22: IF of HPV16 E6/E7, HPV16 wt or E8- cell lines with mono- and polyclonal HPV16 E2 antibodies.
NHK cell lines expressing either HPV16 wt or E8- genomes or HPV16 E6/E7 cell lines were stained
with monoclonal or polyclonal HPV16 E2 antibodies to detect endogenous E2/E8^E2 and imaged.
Magnification 630x, scale bar is 20 µm, n=3.
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5.2.4 Detection of endogenous E8^E2 by IP in HPV16 KWK mt cell lines

The IF assay of different HPV positive cell lines (Figure 22) confirmed the expression of HPV16
E2 and possibly E8^E2, but also revealed the relatively low expression levels of the proteins.
Therefore, I decided to enrich HPV16 E2/E8^E2 by IP before analysis by WB. I was able to
detect E8^E2 in a E8 KWK mt cell line after IP, but not in HPV16 wt nor E8- cell lines (Figure
23). Nevertheless, none of the samples showed a specific band at around 40kDa for E2 protein,
indicating very low levels of E2 expression.

Figure 23: IP assay of endogenous HPV16 E2/E8^E2 in different HPV16 cell lines. IP assay of endogenous
HPV16 E2/ E8^E2 in HPV16 E6/E7, wt, E8- and KWK mt cell lines. IP was performed with Protein G
beads and the monoclonal HPV16 E2 antibody B9 and analyzed with WB, n=2.
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5.2.5 E2 foci and RPA32 partially colocalize in HPV16 E8- cell lines

Next, HPV16 E6/E7 and E8- cell lines were stained with the monoclonal HPV16 E2 antibody
and an antibody that recognizes the replication protein A 32 (RPA32). It is known that the het-
erotrimeric RPA complex, composed of the 70, 32, and 14 kDa subunits, binds single-stranded
DNA, and is involved in cell cycle, DNA damage checkpoints, and DNA repair (Kastan and
Bartek, 2004; Sancar et al., 2004; Wold and Kelly, 1988; Zhou and Elledge, 2000). It was
shown that RPA32 localized to HPV DNA foci, suggesting that these were sites of viral DNA
synthesis (Gillespie et al., 2012). Some, but not all of the E2 foci colocalized with RPA32 in
HPV16 E8- cell lines (Figure 24), indicating active replication.

Figure 24: IF of HPV16 E6/E7 or E8- cell lines with HPV16 E2 and RPA32 antibodies. NHK cell lines
expressing either HPV16 E8- genomes or HPV16 E6/E7 were stained with the monoclonal HPV16 E2
Antibody B9 as well as a RPA32 antibody. Magnification 630x, scale bar is 20 µm, n=3.
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5.2.6 Late E4 protein and keratin 10 (K10) expression in HPV16 E8- cell lines

Lastly, HPV16 E6/E7 or E8- cell lines were co-stained with antibodies for HPV16 E2 and HPV16
E4 or K10. Productive replication of HPV is characterized by genome amplification and expres-
sion of the E4 protein and takes place within suprabasal, differentiated keratinocytes (Grass-
mann et al., 1996; Hummel et al., 1992; Pray and Laimins, 1995; Sterling et al., 1993). K10
is a suprabasal keratinocyte differentiation marker (Coulombe et al., 1991; Fuchs and Green,
1980). Some HPV16 E2 positive cells expressed the late viral E4 protein (Figure 25 A). Fur-
thermore, E4 positive cells expressed the suprabasal keratinocyte differentiation marker keratin
10 (Figure 25 B). This suggests that E2 accumulation might precede E4 protein expression and
E4 protein expression may require cellular differentiation as evidenced by K10 expression.

Figure 25: IF of HPV16 E6/E7 or E8- cell lines with HPV16 E2, E4 and K10 antibodies. NHK cell lines
expressing either HPV16 E8- genomes or HPV16 E6/E7 were stained with either (A) the monoclonal
HPV16 E2 antibody B9 (green) and a E4 antibody (red) or (B) the HPV16 E4 antibody (green) as well
as a K10 antibody (red). Magnification 630x, scale bar is 20 µm, n=3.
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5.3 Inactivation of the MmuPV1 E8^E2 protein induces late E4 protein
expression but prevents wart formation

It has recently been shown that MmuPV1 E8- genomes did not induce warts in T cell-deficient
Foxn1nu/nu mice suggesting that E8^E2 is necessary for tumor formation in vivo (Stubenrauch
et al., 2021). The data in this chapter are part of the accepted manuscript Kuehner et al., (Mus
musculus papillomavirus 1 E8^E2 represses expression of late protein E4 in basal-like ker-
atinocytes via NCoR/SMRT-HDAC3 co-repressor complexes to enable wart formation in vivo,
mBio, accepted 22.05.2023).

5.3.1 Mutation of the MmuPV1 E8 splice donor but not a stop codon in E8 increases
viral transcription

To provide further evidence that the lack of wart formation in vivo is due to the lack of E8^E2 and
not cis-elements overlapping with the E8 start codon, additional mutations in E8 predicted to
prevent E8^E2 expression by introducing a stop codon in E8 (G9X; E8 Stop mt) or disrupting
the splice donor signal AG|GT (AA|GT; E8 SD mt) were generated (Figure 26 A).
NMTK were transfected with wt, E8-, E8 Stop mt, or E8 SD mt genomes and the amount of
E1^E4 transcripts was measured by qPCR 6 dpt (Figure 26 B). E8 SD mt increased E1^E4 tran-
scripts to significantly higher levels than the wt, the levels were even higher than for E8-
genomes. Surprisingly, gene expression from E8 Stop mt genomes was only slightly, but not
significantly, increased compared to wt.
The E1 coding sequence in E8 Stop mt genomes is affected and E1 G126 is exchanged to V,
in contrast to E8- and E8 SD mt genomes, where the E1 ORF is not changed (Figure 26 A).
However, reporter assays using the pGL mURR/E1-luc plasmid, which harbors several
MmuPV1 promoters and the viral origin of replication (Figure 27), revealed similar activation
levels for wt mE1 and mE1 G126V in the absence and presence of mE2 (Figure 26 C). This
suggests that the lack of a transcriptional phenotype of E8 Stop mt is not due to changes of
mE1. When evaluating the mutated sequence of E8 Stop mt, it became evident that the change
from G to T created a potential novel splice donor sequence (GGTGA, Figure 26 D). RT-PCR
was therefore performed using RNA isolated from wt or E8 Stop mt transfected murine ker-
atinocytes and primers in the E8 and E4 region. DNA sequencing of gel-purified amplicons
revealed that in E8 Stop mt transfected cells nt 1116 was linked to nt 3139 (wt: nt 1125 to
nt 3139) confirming that the introduction of the stop codon accidentally created a novel splice
donor sequence. The novel splice donor removes the artificial stop codon in E8 and produces
an in-frame fusion of E8^E2 from which residues 9-11 are deleted (mE8^E2 d9-11).
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Figure 26: mE8 Stop mutation creates a new splice donor site resulting in a truncated E8^E2 d9-11.
(A) Schematic representation of the E8 ORF (light grey) with the overlapping E1 reading frame (dark
grey) and the impact of the E8 Stop mutation on E1 (G126V in light green) and the lack of E1
involvement for E8 splice donor mutation. (B) NMTK were transfected with ligated wt or mutant
MmuPV1 genomes. RNA was harvested 6 dpt and qPCR was performed with E1^E4 and Pgk1 as a
reference. Averages from at least three independent experiments, error bars= SEM, one way ANOVA
test (ns, not significant; *, P, 0.05; **, P, 0.01). (C) There is no significant difference between mE1
G126V and mE1 wt on replication. C33A cells were transfected with 100 ng of pGL mURR/E1-luc
reporter plasmid, 10 ng Renilla-luc, 1,000 ng wt or d9-11 pSG5 mE1; 100 ng pSG5 mE2, plus empty
vector (pSG5), to obtain equal amounts of plasmid DNA. Luciferase activities were determined 48 hpt.
Data are presented as ratios between firefly luciferase (Fluc) and renilla luciferase (Rluc) activities.
Averages are derived from three independent experiments, the error bars represent the SEM.
Statistical significance was determined by unpaired t-test (ns, not significant). (D) The G to T mutation
in the mE8 stop mutant creates a new splice donor site resulting in a truncated E8^E2 d9-11. Figure
from Kuehner et al., accepted for publication in mBio.

Murine E8^E2 d9-11 is expressed at similar levels as wt mE8^E2 in C33A cells after transfec-
tion of the respective HA-tagged expression vectors indicated by immunoblot (Figure 27 A). To
test whether the deletion of residues 9-11 has an impact on it’s repression activity, the pGL
mURR/E1-luc reporter plasmid was co-transfected with mE1 and mE2, and different amounts
of mE8^E2 or mE8^E2 d9-11 expression vectors. This revealed that E8^E2 d9-11 behaves
as a repressor comparable to wt E8^E2 (Figure 27 B+D). Similar results were obtained with
an pC18-Sp1-luc-reporter containing E2BSs (Figure 27 C+E). The lack of increased gene ex-
pression from E8 Stop mt genomes is most likely due to the expression of E8^E2 d9-11 which
compensates for wt E8^E2.

69



Results

Figure 27: Expression of mE8^E2 d9-11 compensates for wt mE8^E2. (A) WB of C33A cells transfected with
either pSG5, mE8^E2-HA wt or d9-11 indicates similar levels of expression when stained with anti-HA
antibody, n=2. (B) C33A cells were transfected with 100 ng of pC18-Sp1-luc reporter plasmid, 10ng
renilla-luc, and the indicated amounts of pSG5 mE8^E2 -HA wt or d9-11, plus empty vector (pSG5), to
obtain equal amounts of plasmid DNA. Luciferase activities were determined 48 hpt. Data are
presented as ratios between Fluc and Rluc activities. Averages are derived from three independent
experiments, and the error bars represent the SEM. Statistical significance was determined for
mE8^E2 (black) and mE8^E2 d9-11 (grey) by ordinary one way ANOVA (ns, not significant). (C) C33A
cells were transfected with 100 ng of pGL mURR/E1-luc reporter plasmid, 10 ng renilla-luc, 1,000 ng
pSG5 mE1, 100 ng pSG5 mE2, and the indicated amounts of pSG5 mE8^E2 -HA wt or d9-11, plus
empty vector (pSG5), to obtain equal amounts of plasmid DNA. Luciferase activities were determined
48 hpt. Data are presented as ratios between Fluc and Rluc activities. Averages are derived from at
least three independent experiments, and the error bars represent the SEM. Statistical significance was
determined by ordinary one way ANOVA (ns, not significant; *, P < 0.05). (D) Schematic structure of the
pGL mURR/E1-luc plasmid. Localization of the upstream regulatory region (URR), the E6 and E7
genes, and transcription start sites of the P7107, P7503, P360, and P533 promoters are indicated. (E)
Schematic structure of the pC18-SP1-luc plasmid with four E2 binding sites is shown. Figure from
Kuehner et al., accepted for publication in mBio.

5.3.2 mE8^E2 interacts with NCoR/SMRT complex components

It has been previously shown that HPV1, 8, 16, and 31 E8^E2 proteins interact with
NCoR/SMRT co-repressor complexes. These complexes consist of NCoR1 and/or SMRT,
HDAC3, TBL1 and/or TBLR1, and GPS2 and the conserved K5/W6/K7 residues in HPV16
and 31 E8 or K2/L3/K4 residues in HPV1 and 8 E8 are required for the interaction (Dreer et al.,
2017). MmuPV1 harbors conserved K2/L3/K4 residues, elucidated in the sequence alignment
of HPV1, 5, 8, 38, 49, and MmuPV1 E8, making it possible that MmuPV1 also functionally
interacts with NCoR/SMRT complexes (Figure 28 A). The conserved K2/L3/K4 residues were
also exchanged to RPR in mE8^E2 (E8^E2 RPR mt). To test this possible interaction and the
importance of the conserved KLK motif, HA-tagged mE8^E2 was co-expressed with GPS2,
HDAC3 or TBLR1 fused to sYFP in C33A cells and analyzed by co-IP analysis. Immunoblot
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and IF analysis revealed that E8^E2 RPR mt is stably expressed and localizes to the nucleus
comparable to the wt protein (Figure 28 B). Co-IP analyses revealed that mE8^E2 interacts with
HDAC3, GPS2 and TBLR1, whereas interaction with E8^E2 RPR mt, despite being expressed
at similar levels in the nucleus, was greatly impaired (Figure 28 C). Attempts to express full
length NCoR1 as a sYFP fusion protein to analyze the interaction with mE8^E2 failed for un-
known reasons. However, since HDAC3 and GPS2 interact with mE8^E2, which are known
to directly bind to NCoR/SMRT but not directly to each other (Watson et al., 2012), it can be
assumed that NCoR/SMRT complexes interact with mE8^E2. In line with this, the endogenous
NCoR/SMRT complex components HDAC3 and TBL1 can be immunoprecipitated with HPV16
E8^E2, mE8^E2 but not with the E8^E2 RPR mt in HeLa cells transfected with expression
vectors for HPV16 E8^E2 as a positive control, mE8^E2, or E8^E2 RPR mt (Figure 28 D).

Figure 28: mE8^E2 interacts with the NCoR/SMRT complex. (A) E8 consensus sequence of different
papillomaviruses, highly conserved KLK motif. E8 sequences were retrieved from the PAVE database
(pave.niaid.nih.gov, Van Doorslaer et al., 2017) and analyzed with Snapgene. (B) NMTK were
transfected with mE8^E2 -HA wt or RPR mutant pSG5 expression plasmids and fixed and stained with
HA antibodies 48 hpt. Magnification 630x, scale bar is 20 µm, three independent experiments. (C)
Co-IP analysis reveals an interaction of wt MmuPV1 E8^E2 with transfected sYFP tagged GPS2,
TBLR1, and HDAC3, which is decreased/abolished with RPR mt E8^E2. Cell lysates from C33A cells
were directly analyzed (input) or precipitated with anti-HA antibody (IP) and subjected to immunoblot
analysis, n=3. (D) Co-IP analysis reveals an interaction of HPV16 E8^E2 and mE8^E2 with HDAC3 and
TBL1. Cell lysates from HeLa cells were directly analyzed (input) or precipitated with anti-HA antibody
(IP) and subjected to immunoblot analysis, n=4. Figure from Kuehner et al., accepted for publication in
mBio.
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5.3.3 Lack of repression by mE8^E2 correlates with binding to NCoR/SMRT complexes

Next, reporter assays were conducted to evaluate if the interaction of mE8^E2 with
NCoR/SMRT components is important for repression activity. In contrast to the repression effect
of wt mE8^E2 on pC18-Sp1-luc activity in both human C33A cells and murine keratinocytes,
E8^E2 RPR mt has no inhibitory activity (Figure 29 A+B). Furthermore, the pGL mURR/E1 con-
struct is repressed by low amounts of mE8^E2 expression vector whereas E8^E2 RPR mt even
slightly activates the reporter at low input in C33A cells (Figure 29 C). The addition of mE1
and mE2 to pGL mURR/E1-luc to induce replication, the differences between mE8^E2 and
E8^E2 RPR mt are even more pronounced. Whereas E8^E2 represses the reporter almost
completely at 10 ng input, E8^E2 RPR mt only slightly inhibits at 100 ng input (Figure 29 D).
These data indicate that the conserved KLK residues are not only important for the interac-
tion with NCoR/SMRT complex components, but also for repression activity in both human and
murine cells.

Figure 29: Lack of repression by mE8^E2 correlates with binding to NCoR/SMRT complexes. (A) C33A cells
or (B) NMTK were transfected with 100 ng of pC18-Sp1-luc reporter plasmid, 10ng renilla-luc, and the
indicated amounts of pSG5 mE8^E2 -HA wt or E8^E2 RPR mt, plus empty vector (pSG5), to obtain
equal amounts of plasmid DNA. Luciferase activities were determined 48 hpt. (C+D) mE8^E2 inhibits
MmuPV1 promoter activity in the presence of mE1 and mE2. C33A cells were transfected with 100 ng
of pGL mURR/E1-luc reporter plasmid, 10 ng renilla-luc, and the indicated amounts of pSG5
mE8^E2 -HA wt or RPR, empty vector (pSG5), to obtain equal amounts of plasmid DNA and in (D)
additionally 1,000 ng pSG5 mE1 and 100 ng pSG5 mE2. Luciferase activities were determined 48 hpt.
Data are presented as ratios between Fluc and Rluc activities relative to those of pSG5-transfected
cells. Averages are derived from three independent experiments, and the error bars represent the
SEM. Statistical significance was determined by unpaired t-test (ns, not significant;
˚,P ĺ 0.05; ˚˚, P ĺ 0.01; ˚˚˚,P ĺ 0.001q.
Figure from Kuehner et al., accepted for publication in mBio.
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To further corroborate the importance of NCoR/SMRT complexes for mE8^E2 repression activ-
ity, RNA interference experiments were carried out. Previous studies have indicated that com-
binations of siRNAs against different complex components are necessary to relieve repression
activity of E8^E2, which is most likely due to the dimeric nature of these complexes and the
functional redundancy of NCoR and SMRT on the one side and TBL1 and TBLR1 on the other
side (Dreer et al., 2016). Therefore I tested combinations of siNCoR and siSMRT or of siHDAC3
and siTBLR1, in addition to siGPS2, which was previously not tested. All siRNAs reduced gene
expression of the respective target genes in human or mouse cells (Figure 30 A,D; Figure 31
A). The effect of siNCoR/siSMRT and siHDAC3/siTBLR1 on the reporters themselves were not
significant (Figure 30 B+C) in C33A cells. Repression of the pC18-Sp1-luc by mE8^E2 was
significantly relieved by both siNCoR/siSMRT and siHDAC3/siTBLR1, whereas the effect on
E8^E2 RPR mt is far less pronounced (Figure 30 B). Repression of the pGL-mURR/E1-luc
reporter in the presence of mE1 and mE2 by mE8^E2 was also significantly relieved by both
siRNA combinations, whereas no effect on E8^E2 RPR mt is seen (Figure 30 C). In contrast,
the knockdown of GPS2 had no effect on the repression by mE8^E2 of pC18-Sp1-luc or pGL-
mURR/E1-luc in the presence of E1 and E2 (Figure 30 E+F) in C33A.
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Figure 30: NCoR/SMRT complex mediates repression of transcription and replication by mE8^E2 in C33A.
(A) Knockdown Efficiency of siRNAs for SMRT, NCoR1, HDAC3 and TBLR1 in C33A cells compared to
control siRNA. (B+C) siRNA against NCoR/SMRT and HDAC3/TBLR1 relieves the repression of
transcription (B) and replication (C). C33A cells were transfected with siRNA combinations and 24 h
later with the pC18-Sp1-luc reporter (B) or mURR/E1-luc (C) as well as the expression vectors for
mE8^E2 wt or mE8^E2 RPR mt. Luciferase activities were determined 48 hpt. Averages from at least
three independent experiments, error bars= SEM. . (D) Knockdown Efficiency of siRNAs for GPS2 in
C33A cells compared to control siRNA. (E+F) siRNA against GPS2 does not relieve the repression of
transcription (E) and replication (F). C33A cells were transfected with GPS2 siRNA and 24 h later with
the pC18-Sp1-luc reporter (E) or mURR/E1-luc (F) as well as the expression vectors for mE8^E2 wt.
Luciferase activities were determined 48 hpt. Averages from at least three independent experiments,
error bars= SEM, ratio-paired t-test (ns, not significant; ˚,P ĺ 0.05; ˚˚, P ĺ 0.01q.
Figure from Kuehner et al., accepted for publication in mBio.

A similar effect of siNcor1/siSmrt on the repression of pC18-Sp1-luc by mE8^E2 could also
be observed in mouse keratinocytes (Figure 31 B). Taken together these reporter experiments
strongly indicate that NCoR/SMRT complexes contribute to the repression activity of mE8^E2.
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Figure 31: NCoR/SMRT complex mediates repression of transcription by mE8^E2 in NMTK. (A) Knockdown
Efficiency of siRNAs for Smrt and Ncor1 in NMTK compared to control siRNA. (B) siRNA against
Ncor1/Smrt relieves the repression of transcription in mouse keratinocytes. NMTK were transfected
with siRNAs for Ncor1 and Smrt and 24 h later with the pC18-Sp1-luc reporter as well as the
expression vectors for mE8^E2 wt or mE8^E2 RPR mt. Luciferase activities were determined 48 hpt.
Averages from four independent experiments, error bars= SEM, ratio-paired t-test (ns, not significant;
˚, P ĺ 0.05q.
Figure from Kuehner et al., accepted for publication in mBio.

5.3.4 Higher expression of spliced viral transcripts in E8- and E8^E2 RPRmt MmuPV1
than wt in NMTK

I next evaluated the contribution of NCoR/SMRT complexes to gene expression from MmuPV1
wt, E8- or E8^E2 RPR mt genomes in NMTK. In the presence of control siRNA, E8^E2 RPR
mt genomes displayed higher levels of E1^E4 (13-fold), E8^E2 (16-fold), and URR^E4 (54-
fold) transcripts than wt genomes (Figure 32). The simultaneous knock-down of Ncor1 and
Smrt by siRNA significantly increased E1^E4 (2.9-fold), E8^E2 (2.5-fold), and URR^E4 (7.1-
fold) transcripts from wt genomes (Figure 32 B-D), but reduced transcription from E8- and
E8^E2 RPR mt genomes. These data are consistent with the idea that mE8^E2 interacts with
NCoR/SMRT complexes to limit viral gene expression in NMTK.
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Figure 32: Increased expression of spliced viral transcripts from MmuPV1 E8- and E8 RPR mt genomes in
NMTK. (A) Knockdown Efficiency of siRNAs for Ncor1 and Smrt in NMTK compared to control siRNA
determined by qPCR using PGK1 as a reference. (B-D) NMTK were transfected with ligated wt or
mutant MmuPV1 genomes and transfected with control siRNA or siNcor/siSmrt the next day. RNA was
harvested 5 dpt and qPCR was performed with E1^E4, E8^E2 or URR^E4 primers and Pgk1 as a
reference. Averages from four independent experiments, error bars= SEM, unpaired t-test, Log10 scale
(ns, not significant; ˚,P ĺ 0.05; ˚˚, P ĺ 0.01q.
Figure from Kuehner et al., accepted for publication in mBio.

5.3.5 Disruption of E8^E2 activity prevents tumor formation by MmuPV1 genomes in
athymic nude Foxn1nu/nu mice

Next, it was determined if MmuPV1 E8 Stop mt, E8 SD mt, or E8^E2 RPR mt genomes induce
warts Foxn1nu/nu mice using the wt genome as a control. Foxn1nu/nu mice are nude, athymic and
T cell-deficient (Pantelouris, 1968), their phenotype is caused by null mutation of the transcrip-
tion factor Forkhead Box N1 (Foxn1), which is an important regulator for thymus development
as well as homeostasis (Vaidya et al., 2016). MmuPV1 genomes were introduced in two inde-
pendent experiments in the tail skin of ten Foxn1nu/nu mice per genome and analyzed after 4
and 5 months, respectively. All in vivo animal studies were carried out by Margaret Wong and
Richard B.S. Roden (Department of Pathology, The Johns Hopkins University). This revealed
that the wt induced warts in 9/10 mice and the E8 Stop mt in 7/10 mice (Figure 33). In con-
trast, the E8 SD mt and E8^E2 RPR mt genomes failed to induce warts (0/10 and 0/9 mice
respectively).
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Figure 33: Disruption of E8^E2 binding to co-repressor by defined mutants prevents tumor formation by
MmuPV1 genomic DNA in athymic nude Foxn1nu/nu mice. Wt and mutant MmuPV1 genomic DNA
was introduced in the tail skin of five Foxn1nu/nu mice per genome in two different studies. All mice were
euthanized and examined for tail warts (at 5 or 4 months after DNA challenge in studies 1 and 2
respectively), excepting animals that died at a 3.5 months, b 4 months and c 0.25 months post DNA
challenge for unrelated reasons. Tail tissues were excised and analyzed for the presence of MmuPV1
DNA and transcripts. In vivo experiments were done by Margaret Wong and Richard B.S. Roden.
Figure from Kuehner et al., accepted for publication in mBio.
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Challenge sites were analyzed by qPCR for the presence of MmuPV1 mRNA and PCR for viral
DNA. The presence of viral RNA at visible lesions could be confirmed, indicating that they were
indeed viral warts. Except for one E8 SD mt challenged mouse where MmuPV1 mRNA was
found, no mRNA was detected at sites without lesions. Viral sequences could be amplified
by PCR from wt and E8 Stop mt DNA challenge sites but not the E8 SD mt or E8^E2 RPR
mt challenges, with one exception (1/10 E8^E2 RPR mt). Sequencing of the PCR products
confirmed the expected wt and E8 Stop mt genomes and ruled out contamination with wt virus.
Interestingly, one mouse challenged with wt DNA produced tail warts positive for viral DNA but
no mRNA was detected, possibly due to an integration event.
In summary, these data confirm and extend previous findings that MmuPV1 E8- genomes dis-
play increased gene expression in tissue culture but do not form warts or are maintained in the
skin of athymic nude Foxn1nu/nu mice. These data strongly suggest that the complete inactiva-
tion of E8^E2 or expression of a repression-defective E8^E2 protein is incompatible with tumor
growth in vivo even in the absence of T-cells.

5.3.6 E8^E2 regulates E4 expression from MmuPV1 genomes in cultured murine
keratinocytes

The differentiation-dependent genome amplification of PV resembles the increased genome
replication and expression of E1^E4 and L1 transcripts of E8^E2 mt genomes in undiffer-
entiated NMTK. The loss of MmuPV1 E8^E2 might therefore induce the switch to productive
replication and result in the expression of E4 in murine keratinocytes maintained in monolayer
culture. To test this, I constructed an expression vector for HA-tagged MmuPV1 E4 and ana-
lyzed E4 protein expression 2 dpt in murine tail keratinocytes by IF (Figure 34 A). This revealed
a complete absence of signals in empty vector-transfected cells for either anti-HA or anti-E4.
The overlap of signals for anti-HA and anti-mE4 antibody in HA-E4 transfected NMTK (average
Pearson correlation coefficient of 0.801 (range: 0.6451 - 0.950)) confirming the specificity of
the E4 antiserum (Egawa et al., 2021). As expected, mE4 is mainly expressed as a cytoplasmic
protein consistent with data for other PV E4 proteins.
Furthermore, E4-positive cells could be seen for murine keratinocytes transfected with wt, E8-,
E8 Stop mt, E8 SD mt, or E8^E2 RPR mt genomes 2 dpt (Figure 34 B). However, the number
of E4-positive cells appeared greatly increased in E8-, E8 SD mt and E8^E2 RPR mt compared
to wt or E8 Stop mt transfected cells.
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Figure 34: E8^E2 regulates E4 expression from MmuPV1 genomes in NMTK. (A) NMTK were transfected with
mE1^E4-3xHA, MmuPV1 wt or E8- and stained 2 dpt with HA and mE4 antibodies (Egawa et al.,
2021), magnification 630x, scale bar is 20 µm, n=3. (B) NMTK were transfected with MmuPV1 wt,
E8-, E8^E2 RPR mt, E8 SD mt or E8 Stop mt genomes and fixed and stained 2 dpt with mE4 antibody,
magnification 100x, scale bar is 200 µm, n=3. Figure from Kuehner et al., accepted for publication in
mBio.

To quantify this more accurately, flow cytometry experiments were carried out (Figure 35). Con-
sistent with the IF experiments, wt (0.33%) and E8 Stop mt (0.83%) transfected cells displayed
much lower numbers of E4-positive cells than E8- (2.31%), E8 SD mt (3.36%) or E8^E2 RPR mt
(1.99%) transfected cells. This indicates that the loss of functional E8^E2 induces expression
of the late E4 protein.
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Figure 35: MmuPV1 E8^E2 mt genomes increase the percentage of E4-expressing cells. Flow cytometry
analysis of NMTK 2 dpt transfected with MmuPV1 wt or different mt genomes using an anti-mE4
antibody. Data were analyzed with FlowLogic and the averages are derived from five independent
experiments, error bars indicate the SEM. Statistical significance was determined by one way ANOVA
and Fisher’s LSD (ns, not significant; ˚,P ĺ 0.05; ˚˚, P ĺ 0.01q.
Figure from Kuehner et al., accepted for publication in mBio.

HPV E4 expression has been linked to an arrest in the G2-phase of the cell cycle (Doorbar,
2013), I therefore quantified DNA content in E4-positive and -negative cells by flow cytometry.
Propidium Iodide staining, which passes through permeabilized membranes and intercalates
into cellular DNA, was used to analyze the cell cycle state, since the intensity of the PI signal
is directly proportional to DNA content. In the G0/G1 phase cells are active and growing, in
S phase, they are actively replicating DNA. In G2/M phase, cells are preparing for mitosis
and contain twice the normal amount of DNA (Fried et al., 1976). Figure 36 A depicts the
histograms, Figures 36 B, C and D show the Watson improved analysis to quantify the cell
cycle states.
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Figure 36: E4 protein expression changes the cell cycle profile in NMTK. Flow cytometry analysis of NMTK
transfected with pSG5 (vector), pSG 3xHA-mE4 (mE4) or MmuPV1 wt or different mt genomes using
anti-mE4 antibody and propidium iodide to stain DNA. (A) DNA content analysis in E4-negative and
positive cells 2 dpt. Quantification of E4-negative and positive cell fractions in the G0/G1 (B), S (C), or
G2/M (D) phase using FlowLogic and the Watson Improved analysis. Data are derived from 3
independent experiments and error bars indicate the SEM. Statistical significance was determined by
unpaired t-test. (ns, not significant; ˚,P ĺ 0.05; ˚˚, P ĺ 0.01; ˚˚˚,P ĺ 0.001q.
Figure from Kuehner et al., accepted for publication in mBio.
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To understand if the loss E8^E2 overcomes the need for cellular differentiation, I stained NMTK
after transfection of wt, E8-, E8^E2 RPR mt, and E8 SD mt genomes with markers for ker-
atinocyte differentiation. Keratin 14 is a marker for basal-like keratinocytes, and keratin 10 is
a marker for suprabasal keratinocytes (Hsu and Fuchs, 2022). Consistent with the culture of
NMTK in serum free medium with a low concentration of Ca2+ to preserve their basal-like phe-
notype, almost all cells were positive for keratin 14 and only very few cells expressed keratin
10 (Figures 37). All E4-positive cells in wt and E8^E2 mt transfections were positive for keratin
14 (Figure 37 A), only a minority was positive for keratin 10 (14.5% (wt), 6.1% (E8-), 12.5% (E8
RPR mt), and 12.5% (E8 SD mt)) (Figure 37 B). This suggests that E4 expression in cultured
mouse keratinocytes occurs mainly in cells with a basal-like phenotype.

Figure 37: IF staining for mE4 and the keratinocyte differentiation markers keratin 14 and 10. NMTK were
transfected with MmuPV1 wt, E8-, E8^E2 RPR mt, E8 SD mt genomes, fixed 2 dpt, and stained with
anti-mE4 (red) and either (A) -keratin 14 (KRT14, green) or (B) -keratin 10 (KRT10, green) antibodies
and DAPI to visualize DNA (blue). Magnification 200x, scale bar is 50 µm, n=2. Figure from Kuehner et
al., accepted for publication in mBio.
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To further evaluate if the loss of E8^E2 induces the late phase in cultured NMTK, I analyzed
transcripts for the early E6 and E7 genes derived from the early P7503 and P360 promoters
and the E1^E4 and URR^E4 transcripts that are mainly transcribed from the late P7107 and
P533 promoters (Xue et al., 2017). To avoid the detection of genomes in the case of E6 and
E7 as no splicing occurs in these genes, mRNA was isolated via polyA+ selection and then
subjected to qPCR (Figure 38). E6 levels were 2.5-fold increased at 3 dpt, and 6-fold at 6
dpt in E8- compared to wt-transfected cells. Similar increases were observed for E7 levels.
However, E1^E4 levels were increased 16.4-fold (3 dpt) and 17.6-fold (6 dpt) and URR^E4
levels were activated 29.6-fold (3 dpt) and 33.8-fold (6 dpt). This strongly indicates that the loss
of mE8^E2 activates viral late transcription to a much greater extent than viral early transcription
consistent with a switch to the productive phase.

Figure 38: MmuPV1 E8- genomes preferentially increase viral late transcripts. NMTK were transfected with
the indicated MmuPV1 genomes and RNA was harvested 3 dpt or 6 dpt. Poly-A+ RNA was analyzed
by qPCR to detect E6, E7, E1^E4 or URR^E4 transcripts and Pgk1 as a reference. Averages are
derived from three independent experiments and are presented relative to the wt on day three. Error
bars indicate the SEM. Statistical significance was determined by a ratio-paired t-test (ns, not
significant; ˚,P ĺ 0.05; ˚˚, P ĺ 0.01q.
Figure from Kuehner et al., accepted for publication in mBio.
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6 Discussion

6.1 Deregulation of host gene expression by HPV16 E8^E2 is due to enhanced
productive replication

The inactivation of E8^E2 in HPV16 genomes leads to increased viral gene expression and
genome replication in undifferentiated cells and late viral protein expression in organotypic
cultures (Lace et al., 2008; Straub et al., 2014). To gain insight into E8^E2’s role, the host
cell transcriptome of HPV16 wt and E8- cell lines grown in organotypic cultures was analyzed.
This revealed only a small number of deregulated cellular genes. I then further investigated the
ATF3, CYR61, PDL1 and ULBP1 host genes and was able to validate their upregulation in E8-
cell lines only in organotypic cultures but not in undifferentiated cells maintained in monolayer
culture (Figure 9).

6.1.1 Increased expression of viral late transcripts but not early transcripts contribute
to the deregulation of cellular genes

There was a strong correlation of ATF3, PDL1 and ULBP1 transcript levels with viral late
E1^E4 and E4^L1, but not early E6*I transcripts (Figure 11). This might indicate that the differ-
ential gene expression is a consequence of increased genome amplification and late promoter
induction, which is consistent with a greater number of E4-expressing cells in E8- compared to
wt organotypic cultures (Straub et al., 2014).

6.1.2 E4 and E5 contribute to the productive replication cycle of HPV16

Both E4 and E5 have been reported to contribute to the productive replication cycle of HPV16
and the closely related HPV31 (Egawa and Doorbar, 2017; Fehrmann et al., 2003; Genther
et al., 2003; Nakahara et al., 2005; Wilson et al., 2005). To modulate genome amplification, the
E8- mutation was combined with an E4- or E5- mutation. No influence of E4- or E5- on viral copy
numbers in undifferentiated E8- monolayer cultures could be observed, whereas in organotypic
cultures viral copy numbers only increase in E8-, but not in E8-/E4- or E8-/E5- cell lines (Figure
12 A). Furthermore, spliced E1^E4 and E4^L1 transcripts, mainly derived from the viral late
promoter P670, were also reduced in the double knockout cell lines (Figure 13). Likewise,
expression of deregulated host cell genes was reduced upon the additional inactivation of E4
or E5 (Figure 14). These data confirm that E4 and E5 contribute to the productive replication
cycle of HPV16 and strongly indicate that the differentiation-dependent deregulation of host
cell gene expression in HPV16 E8- cell lines is a consequence of the increased number of cells
entering the productive cycle. This suggests for the first time that productive replication impacts
the host transcriptome.

84



Discussion

6.1.3 Integration of HPV genomes and the productive replication cycle

Cell lines with exclusively integrated HPV genomes do not enter the productive replication cy-
cle (Frattini et al., 1996). The identification of changes due to productive replication is further
complicated by the use of mixed cell populations, which is likely responsible for the large de-
gree of variability in viral and host cell gene expression observed. A significant fraction of wt
and E8- positive cells harbor integrated genomes (Figure 8 B), determined with the exonucle-
ase V resistance assay that enables distinguishing between extrachromosomal and integrated
viral genomes in a quantitative manner (Myers et al., 2019). Bulk analyses of uninfected and
infected cells (Bienkowska-Haba et al., 2020; Chatterjee et al., 2019) may have missed those
changes since only a fraction of HPV16 cells in organotypic cultures enter the productive cycle
(Nakahara et al., 2005; Straub et al., 2014). This could be circumvented by single cell RNA
sequencing (scRNA-seq). Nevertheless, in summary our data strongly suggest that the pro-
ductive replication cycle of HPV16 induces host cell gene changes that have not been reported
before.

6.1.4 Role of ATF3, CYR61, PDL1 and ULBP1 in the productive replication cycle

It is currently unclear if ATF3, CYR61, PDL1 or ULBP1 play a direct role in the productive repli-
cation cycle. ATF3 has been reported to interact with HPV16 E6. Overexpression of ATF3 in
the cervical cancer cell line SiHa results in the activation of p53, cell cycle arrest and apoptosis
(Wang et al., 2010). Furthermore, ATF3 was recently described to mediate apoptotic functions
through a p53-independent pathway in HeLa cells (Kooti et al., 2022). The overexpression of
ATF3 in HPV16-positive CaSki cells was shown to lead to a significant cell cycle arrest in the
G1 phase, as well as a significant reduction of nuclear factor kappa B (NF-kB) level (Akbar-
pour Arsanjani et al., 2022). Unfortunately, the stable knock-down of ATF3 in HPV16 E8- cell
lines using different shRNA expression constructs was not achievable during this thesis (data
not shown), making it impossible to address its influence on viral replication in organotypic cul-
tures. Global expression profiling of HaCaT cells, transfected with HPV genomes to identify
interactions between HPV and the host cell at early stages of infection, identified CYR61 up-
regulation by high-risk HPV16 and -45 (Kaczkowski et al., 2012). Furthermore, CYR61 has
been described as an ATF3 target gene in hepatocellular cancer cell lines (Chen et al., 2018).
However, CYR61 expression, in contrast to ATF3, does not correlate with viral late expression
(Figure 11), suggesting that this regulation does not occur in HPV16-positive keratinocyte cell
lines. Furthermore, while the deregulation of CYR61 is independent from late viral transcript
expression, it still is modulated by E4 and E5 (Figure 14), indicating that several pathways reg-
ulate differential host gene expression in E8- cell lines. PDL1 and ULBP1 are known to be
involved in directing T-cell and natural killer cell responses towards tumor and virus-infected
cells (Schmiedel and Mandelboim, 2018; Sharpe and Pauken, 2018). Thus, they do most likely
do not play a direct role in the productive replication cycle, but may modulate immune responses
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towards HPV16. While high expression of ULBP1 is an indicator of good prognosis in cervical
cancer (Cho et al., 2014), numerous studies for PD-1 and PDL1 inhibitors as monotherapy or
as part of combination therapy for cervical cancer were conducted in recent years (Colombo
et al., 2021; Friedman et al., 2020; Lan et al., 2020; Naumann et al., 2019; O’Malley et al.,
2021; Rischin et al., 2020; Tewari et al., 2021). Interestingly, MmuPV1 E8- genomes do not
induce warts in T-cell deficient mice, making it unlikely that an upregulation of PDL1 contributes
to the failure to induce warts (Stubenrauch et al., 2021).

6.2 Characterization of HPV16 E2 and E8^E2

E2 is involved in the viral DNA replication, genome maintenance, and transcription and is ex-
pressed at early and intermediate stages of the viral life cycle. E8^E2 mediates transcriptional
repression of the viral promoter (Kuehner and Stubenrauch, 2022). To better understand E2
and E8^E2 expression in HPV positive cell lines, I purified the HPV16 E2 protein for antibody
generation. Due to the lack of protocols in the literature for the purification of HPV16 E2 hinge
and DBD and the vague description in Xue et al., 2010, protocols for purification of HPV16 E2
DBD (Hegde and Androphy, 1998; Sanders and Maitland, 1994; Mok et al., 1996), HPV31 E2
DBD (Bussiere et al., 1998) and full length cottontail rabbit papillomavirus E2 (Schneider et al.,
2020) were consulted. The codon optimized HPV16 E2 fragment was expressed as a His-MBP-
TEV-HPV16 E2C fusion protein (E2 hinge aa202-286, DBD/Dimerization aa286-365) in E. coli
BL21(DE3), purified and cleaved (Purification strategy described in 4.2.6) before sending it off
for antibody production to Davids Biotechnology. Additionally, the monoclonal HPV16 E2 anti-
body B9, kindly provided by Andreas Wieland (Wieland et al., 2020), was used to validate the
following results further.

6.2.1 Validation of HPV16 E2 antibody specificity

Both the polyclonal E2 antibody as well as the monoclonal B9 antibody were able to detect
transfected HPV16 E2, HPV16 E8^E2 and HPV16 E8^E2 KWK mt proteins in C33A cells in
western blot (Figure 19). The signal for both antibodies colocalized in an immunofluorescence
assay where C33A cells were transfected with expression vectors encoding HPV16 E2 and
E8^E2 (Figure 21). Furthermore, the HPV16 E2 antibodies were validated with an IP assay
(Figure 20). All together, these data clearly demonstrated the specificity of the 16E2 antibodies
and made further experiments in the characterization of E2 and E8^E2 possible.

6.2.2 Localization of HPV16 E2 in replication foci

Since both antibodies recognized transfected HPV16 E8^E2 and E2, NHK cell lines immor-
talized by either HPV16 E6/E7, HPV16 wt or E8- genomes were stained next. The nuclei of
HPV16 wt and E8- cell lines showed clear E2 foci of different sizes (Figure 22), which were
generally bigger and more abundant in HPV16 E8- than in wt cell lines. Papillomaviruses are
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dependent on the host replication machinery for replication of their genome, it is known that
the PV E1 proteins bind RPA and recruit it to sites of DNA replication (Han et al., 1999; Loo
and Melendy, 2004). Furthermore, HPV DNA foci indicate compartments that contain actively
replicating genomes (Gillespie et al., 2012). CIN 612 cell, stably maintaining HPV31 genomes
(De Geest et al., 1993), were stained by IF for RPA32 followed by fluorescence in situ hybridiza-
tion (FISH) to visualize HPV DNA, the localization of RPA32 to HPV DNA foci suggested that
these were sites of viral DNA synthesis (Gillespie et al., 2012). Some, but not all of the E2 foci
colocalized with the replication protein RPA32 (Fairman and Stillman, 1988; Liu and Weaver,
1993; Wobbe et al., 1987) in E8- cell lines (Figure 24), indicating that they were replication foci.
It was described before that undifferentiated HPV16 cell lines show an increase in early and
late transcripts in the absence of E8^E2 (Straub et al., 2014), this derepression might contribute
to the higher number of E2 foci in HPV16 E8- cell lines. The inhibition of E1/E2 dependent-
origin replication by E8^E2 does not only result from binding site competition between E2 and
E8^E2 since the E8 part has repression activity on its own (Ammermann et al., 2008; Zobel
et al., 2003). PV E2 proteins can associate with the cellular Brd4 (Bromodomain-containing
protein 4) protein and DNA damage response markers. These foci do not contain viral DNA
and are hypothesized to be immature nuclear foci (Baxter et al., 2005; Iftner et al., 2017; Jang
et al., 2014; McPhillips et al., 2005; Sakakibara et al., 2013; You et al., 2004), which might
explain the RPA negative HPV16 E2 foci.
Since the levels of integration were similar for the HPV16 wt and E8- cell lines I tested (Figure
12), it is unlikely that the integration frequency is the reason for lower foci numbers in HPV16 wt
cell lines. Productive replication of HPV is characterized by genome amplification and expres-
sion of the E4 protein (Grassmann et al., 1996; Hummel et al., 1992; Pray and Laimins, 1995;
Sterling et al., 1993) and takes place within suprabasal, differentiated keratinocytes, positive for
the suprabasal keratinocyte differentiation marker keratin 10 (Coulombe et al., 1991; Fuchs and
Green, 1980). The loss of HPV16 E8^E2 possibly leads to spontaneous differentiation and pro-
ductive replication. Consistent with that, many HPV16 E2 positive cells expresses the late viral
E4 protein (Figure 25 A). Furthermore, E4 positive cells express the suprabasal keratinocyte
differentiation marker K10 (Figure 25 B).

6.2.3 HPV16 E2 transcripts versus HPV16 E2 protein

The HPV16 genome can be either maintained extrachromosomally as episomes or can be in-
tegrated in the host genome, both forms can even coexist in the same cell (Arias-Pulido et al.,
2006; Huang et al., 2008; Li et al., 2008; Matovina et al., 2009; Tsakogiannis et al., 2014).
Integration of the virus can result in the disruption of the E1 and/or E2 ORFs, transcriptional
activation of the viral oncogenes E6 and E7, loss of function of tumor suppressor genes, inter-
and intrachromosomal rearrangements, as well as changes in global promoter methylation and
transcription that can lead to carcinogenesis (Akagi et al., 2014; Kadaja et al., 2009; Rusan
et al., 2015; Tsakogiannis et al., 2015; Wentzensen et al., 2004; Xu et al., 2013). There is no
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expression of E2 in the vast majority of HPV-associated cervical cancers (Nulton et al., 2017;
Skeate et al., 2016). Cervical intraepithelial neoplasia (CIN) I/II stained with a polyclonal rabbit
antiserum that recognized the C-terminal domain of HPV16 E2, resulted in a signal in the inter-
mediate or upper layers but never in the basal layers of the lesions. In CIN III this expression
was either maintained in upper layers or completely lost. Due to the nature of the antibody,
the distinction of 16E2 and E8^E2 is unfortunately impossible (Xue et al., 2010). Maitland and
colleagues also saw E2 expression in the intermediate and upper layers of CIN especially in
koilocytes, which are squamous epithelial cells with perinuclear cavitation, nuclear enlarge-
ment, coarse chromatin, and irregular nuclear membranes (Krause et al., 2022; Maitland et al.,
1998). Both full-length and repressor forms of E2 protein were detectable in BPV1 infected wart
tissue at low levels along the basal cell layer and at high levels in a some cells in the spinous
layer (Burnett et al., 1990; Penrose and McBride, 2000). HPV6 E2 could be detected in nuclei
in the middle and upper layers of genital warts and laryngeal papillomas (Sekine et al., 1989).
My immunofluorescence assay of different HPV positive cell lines (Figure 22) confirmed the
expression of HPV16 E2, but also revealed a relatively low expression level. The HPV16 E2
foci could be only found in a fraction of cells and not all of them. Furthermore, I was able to
detect HPV16 E8^E2 protein in a HPV16 E8 KWK mt cell line by immunoblot (Figure 23), but
not E2. The inevitable use of mixed cell population with integrated and episomal PV genomes
might explain this.
Expression of HPV16 E2 protein in normal, spontaneously immortalized keratinocytes stably
transfected with HPV16 genomes (NIKS16) (Allen-Hoffmann et al., 2000; Isaacson Wechsler
et al., 2012), differentiated by culturing to high density in 1.2 mM Ca2+ media, could only be
observed after 13 days and not mid-differentiation (8 days), indicating the importance of differ-
entiation for E2 expression (Klymenko et al., 2017).
Even though it was described that E2 RNA levels in HPV16 E8- and E8 KWK mt cell lines
were significantly increased compared to wt cell lines (4 and 3.8-fold) (Straub et al., 2014),
immunoprecipitation with an E2 antibody (Figure 23) did not detect E2 protein. Interestingly, the
cervical squamous cell carcinoma cell line CaSki (Pattillo et al., 1977), harboring truncated but
also full-length HPV16 integrates with an intact E2 region (Baker et al., 1987; Mincheva et al.,
1987), have been shown to transcribe all HPV16 early genes including E2 (Schmitt and Pawlita,
2011), but lack E2 protein expression (Xue et al., 2012). Intriguingly, a similar phenotype was
also described for clinical samples of various grades of HPV16-associated cervical neoplasias:
the E2 ORF was not always disrupted and transcripts reduced by integration of the viral DNA
in the cellular genome, on the other hand expression of the E2 protein was always drastically
reduced. This suggests that downregulation of the E2 protein expression has to be mediated
by additional pathways linked to either transcriptional or translational control (Xue et al., 2012).
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6.3 Inactivation of the MmuPV1 E8^E2 protein induces late E4 protein
expression but prevents wart formation

Papillomaviruses replicate and propagate in keratinocytes. A key property of all PV investigated
is, that productive genome replication, capsid protein expression and synthesis of infectious
progeny only occur in the suprabasal layers of the epithelium which consist of keratinocytes
that have entered their terminal differentiation program. In line with keratinocyte differentiation
being required for productive replication, the propagation of HPV in vitro only occurs in organ-
otypic keratinocyte cultures which strongly resemble differentiated epithelium in vivo. Despite
intensive research, the key differentiation events required for HPV propagation are only par-
tially understood. A hallmark for the start of productive replication in suprabasal keratinocytes
is the activation of the viral late promoter in E7 and genome amplification which results in the
abundant expression of the viral E4 protein (Grassmann et al., 1996; Hummel et al., 1992; Pray
and Laimins, 1995; Sterling et al., 1993).

6.3.1 Mutation of the MmuPV1 E8 splice donor but not a stop codon in E8 increases
viral transcription

Previous studies have shown that the knock-out of E8^E2 expression in different HPV types re-
sults in increased genome replication and viral gene expression in undifferentiated cells (Lace
et al., 2008; Straub et al., 2014). The mutation of the putative start codon for E8^E2 in the
MmuPV1 genome (E8-) resulted in increased viral transcription in undifferentiated NMTK. Sur-
prisingly, despite being more transcriptionally active, MmuPV1 E8- genomes were unable to
induce warts or being maintained in tail or vaginal epithelium of T-cell deficient mice (Stuben-
rauch et al., 2021). To validate that this phenotype is caused by a lack of E8^E2 expression,
additional mutations disrupting E8^E2 expression were generated. Mutation of the conserved
E8 splice donor site (E8 SD mt) greatly increased viral gene expression in undifferentiated
NMTK consistent with the spliced E8^E2 transcript being responsible for the translation of an
inhibitory protein. Surprisingly, the introduction of a translation termination codon at codon 9 of
E8 did not increase viral gene expression (Figure 26 B). Transcript analyses revealed that this
mutation accidentally created a novel splice donor at nt 1116 leading to a transcript in which the
stop codon and also E8 residues 9-11 are removed (Figure 26 D). The analysis of mE8^E2 d9-
11 expression constructs revealed that this protein acts a transcriptional repressor comparable
to wt mE8^E2 (Figure 27 B+C). Thus mE8^E2 d9-11 may compensate for mE8^E2 expression
and prevent the induction of viral gene expression. Consistent with E8 residues 9-11 not being
important for repression activity, G9 and A10 are not conserved and conserved S11 is followed
by three consecutive serines which may compensate for the loss of S11 (Figure 28 A). Mutation
of residues 8 to 12 in HPV31 E8^E2 also had no impact on transcriptional repression support-
ing the idea that this part of E8 is not important for the repression activity (Stubenrauch et al.,
2001).
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6.3.2 Lack of repression by mE8^E2 correlates with binding to NCoR/SMRT complexes

High risk HPV16 and 31 and beta-HPV8 E8^E2 proteins interact via conserved residues in
E8 (K5/W6/K7 in HPV16 and 31; K2/L3/K4 in HPV8) with NCoR/SMRT complexes to in-
hibit transcription and replication (Dreer et al., 2016). In line with this, mutation of K2/L3/K4
residues of mE8^E2 attenuates the repression of transcription and replication reporters in hu-
man and mouse cells by mE8^E2 and also increases transcription from MmuPV1 genomes in
keratinocytes. Furthermore, mE8^E2 interacts with GPS2, HDAC3, TBLR1 and TBL1 which are
different components of NCoR/SMRT complexes in co-immunoprecipitation assays in a KLK-
dependent manner (Figure 28). SiRNA knockdown experiments confirm that NCoR and SMRT
or HDAC3 and TBLR1 relieve repression in an E8^E2 dependent manner (Figure 30 B+C).
Interestingly, the single knock-down of GPS2 had no impact on E8^E2 repression activity in-
dicating that repression is largely independent from GPS2 and also that GPS2 cannot be the
unknown direct interactor in NCoR/SMRT complexes of E8^E2 proteins (Figure 30 E+F). These
data confirm that E8^E2 proteins from animal and human PV use NCoR/SMRT complexes to
limit viral gene expression and replication.

6.3.3 Disruption of E8^E2 activity prevents tumor formation by MmuPV1 genomes in
athymic nude Foxn1nu/nu mice

Consistent with the phenotype of the MmuPV1 E8- genome, E8 SD mt and E8 RPR mt
genomes displayed increased viral gene expression in cultured NMTK but failed to induce tail
warts in athymic Foxn1nu/nu mice (Figure 33). This strongly suggests that the loss of E8^E2 ac-
tivity by a complete knock-out (E8-, E8 SD mt) or by an interference with its repression activity
(E8 RPR mt) is responsible for increased gene expression from viral genomes and the failure
to induce warts in vivo. The increase in E1^E4 as well as E4^L1 transcripts pointed to the
possibility that a loss of E8^E2 activity facilitates the switch to the productive phase in cells be-
ing maintained in an undifferentiated state (serum free medium, low Ca2+). Consistent with this
idea, E8^E2 mt genomes displayed a greatly increased number of cells expressing the late viral
E4 protein (Figure 35). This suggests that the loss of E8^E2 induces productive replication.

6.3.4 E8^E2 regulates E4 expression from MmuPV1 genomes in NMTK

Remarkably, MmuPV1 E8^E2 mt genomes displayed an increased number of cells express-
ing the late viral E4 protein in monolayer culture. Expression of HPV E4 proteins has been
shown to induce a G2 arrest in monolayer cultures independent from other viral gene products
(Davy et al., 2002; Knight et al., 2004; Nakahara et al., 2002). The expression of mE4 from
wt or mt MmuPV1 genomes in NMTK induces a shift in the cell cycle consistent with a G2
arrest. Remarkably, almost all E4-positive cells stained positive for keratin 14, a marker for
basal keratinocytes, but were only very rarely positive for keratin 10, a marker for suprabasal
keratinocytes (Figure 37). The analysis of L1 expression of these cells would certainly be very
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interesting. This strongly indicates that the loss of mE8^E2 greatly increases the probability
to induce productive replication independent from keratinocyte differentiation. This is further
supported by the finding, that the late E1^E4 and URR^E4 transcripts are induced to a much
greater extent than the early E6 and E7 transcripts from E8- genomes. The induction of E4
protein expression from HPV31 E8^E2 mt genomes in undifferentiated keratinocytes may also
explain the inability to stably maintain these genomes as autonomously replicating elements.
However, replicating HPV16 E8^E2 mt genomes can be maintained in keratinocytes and the
number of E4-positive cells is increased only in the suprabasal layers in organotypic cultures
(Straub et al., 2014). This suggests that HPV16, in contrast to MmuPV1, may require in addition
to the loss of E8^E2, a second differentiation-dependent signal to initiate productive replication.
Consitent with this, HPV16 E4 positive cells were sometimes K10 positive (Figure 37).
Similarly, HPV49 E8- genomes can be stably maintained at high extrachromosomal copy num-
bers in undifferentiated keratinocytes suggesting that HPV49 may also require a differentiation
signal to efficiently express E4 or that the HPV49 E4 protein has different activities than the
mE4 protein. However, since E6 and E7 levels are also induced upon a loss of E8^E2 (Figure
38; Lace et al., 2008; Rehm et al., 2022b; Rehm et al., 2022a; Straub et al., 2014; Stuben-
rauch et al., 2000) it is also possible, that not only E4, but also the activities of E6 and E7
determine the fate of E8^E2 mt genomes. Cell cycle analyses indicated that mE4-expressing
keratinocytes are preferentially in the G2/M compared to the S and G1/G0 phase. This is con-
sistent with findings that HPV E4 proteins induce a G2-arrest in undifferentiated cells (Davy
et al., 2002; Knight et al., 2004; Nakahara et al., 2002). HR-HPV genome amplification and
E4 protein expression in differentiated keratinocytes preferentially takes place in the G2 phase,
these cells then exit the cell cycle and do not undergo cell division before being shed from the
epithelium (Banerjee et al., 2011; Wang et al., 2009). Based on the tissue culture data, it can
be proposed that the infection of basal layer keratinocytes with MmuPV1 E8^E2 mt genomes
greatly enhances the probability of an immediate switch to the productive replication phase
leading to genome amplification which induces high-levels of E4 protein. The resulting shift to
the G2 phase prevents the cells from dividing. This would prevent an efficient expansion of
infected cells in the basal layer and in turn the development of warts. Furthermore, the DNA
content analysis provided evidence that a small fraction of E4-positive cells undergoes cell
death which is consistent with the induction of apoptosis by HPV16 E4 in HeLa cells (Raj et al.,
2004). This would further diminish the number of infected cells over time and could account for
the complete absence of viral RNA and DNA at E8- infected sites (Stubenrauch et al., 2021).

6.3.5 E8^E2 as a possible therapeutic target

HPV E8^E2 was hypothesized to be part of a copy number control mechanism required to
maintain viral genomes in dividing cells at a low, but relatively constant copy number (Straub
et al., 2015). The highly conserved E8^E2 might represent an attractive anti-viral target even
in settings without functional T-cells (Stubenrauch et al., 2021). HPV16 E8^E2 mt genomes
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express high levels of E4 only in suprabasal, differentiated cells indicating that HPV16 uses
additional mechanisms to prevent productive replication in undifferentiated cells (Straub et al.,
2014). My data suggest that the primary function of MmuPV1 E8^E2 is to prevent the initiation
of productive replication in basal-like cells in order to allow for lateral expansion of infected cells
and thus maximizing virus production. The manipulation of E8^E2 activity in lesions might have
the unintended consequence of enhancing productive replication and virion production. How-
ever, it is also possible that an inappropriate induction of the viral late phase in more basal cells,
which are not destined for this, might interfere with cell survival or lesion growth and thus have
a therapeutic effect. While the tissue culture data for HPV16 argue against a clinical benefit of
an interference with E8^E2, it is still possible that the outcome might be different in vivo. How-
ever, one should also consider that an interference with E8^E2 activity might induce malignant
tumors from HPV49-infected cells (Rehm et al., 2022b). Nevertheless, different patient groups
have been identified which display generalized wart or papilloma growth and recent data sug-
gest that this is often due to an inherited immunodeficiency (Béziat et al., 2021). Since E8^E2 is
highly conserved and required for wart growth in T-cell deficient mice, such patients might ben-
efit from an inhibition of E8^E2. The high conservation of E8^E2 and the observation that the
inactivation of E8^E2 facilitates the switch to the productive phase makes it likely that the inhi-
bition by E8^E2 needs to be at least partially overcome to allow the differentiation-dependent
switch in wt infected cells. Data obtained for HPV16 and 31 do not indicate that E8^E2 expres-
sion is transcriptionally down-regulated upon differentiation (Stubenrauch et al., 2000; Straub
et al., 2015). However, it has been proposed that the activation of the late promoter leads to in-
creased E2 protein levels which might out-compete E8^E2 protein levels (Klumpp and Laimins,
1999; Zheng et al., 2020). Therefore, it might be worthwhile to identify means to interfere with
E8^E2´s activity in order to evaluate if E8^E2 is a suitable target for the treatment of HPV in-
fections. In summary, MmuPV1 E8^E2 may inhibit E4 protein expression to prevent a cell cycle
arrest in order to enable the expansion of infected cells in the basal layer which is required for
wart formation in vivo. Future studies are required to understand how E2 and E8^E2 regulate
productive genome amplification and late gene expression in differentiating cells, which might
be useful to combat persistent infections and decrease HPV-related cancer cases.

92



Abbreviations

7 Abbreviations

µl microliter
µg microgram
µm micrometer
˝C Degrees Celsius
aa Amino acid
AP1 Activator protein 1
ATM kinase Ataxia telangiectasia mutated kinase
ATP Adenosine triphosphate
BRD4 Bromodomain-containing protein 4
BSA Bovine serum albumin
C Cysteine
CAPS Cyclohexaminopropanesulfonic acid
cDNA Complementary DNA
Chk2 Checkpoint kinase 2
CIN Cervical intraepithelial neoplasia
CK2 Casein kinase 2
CP Crossing point
CRPV Cottontail rabbit papillomavirus
CS Calf serum
cSCC Cutaneous squamous cell cancer
CYR61 Cysteine-rich angiogenic inducer 61, also known as CCN1
DAPI 4,6-diamidine-2-phenylindole
DBD DNA binding and dimerization domain
ddH2O Double deionized water
DDR DNA damage response
DEPC Diethylpyrocarbonate
DMEM Dulbecco’s Modified Eagle Minimum Essential Medium
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
dNTP Deoxyribonucleoside triphosphate
dpt days post transfection
DTT Dithiothreitol
E Early genes or early gene products of HPV or or glutamic acid
E. coli Escherichia coli
E1BS E1 binding sites
E2BS E2 binding sites
EDTA Ethylenediaminetetraacetate
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EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
EtOH Ethanol
EV Epidermodysplasia verruciformis
F Forward for primers in a PCR
FCS Fetal calf serum
FISH Fluorescence in situ hybridization
Fluc Firefly luciferase
FOXN1 Forkhead Box N1
h Hours
HA Hemagglutinin
HC-FKS Defined fetal calf serum
HDAC3 Histone deacetylase 3
HIF1α Hypoxia-inducible factor 1 α

HNSCC Head and neck squamous cell carcinoma
hpt hours post transfection
HR High Risk
IgG Immunoglobulin G
IMAG Institute for Medical Genetics and Applied Genomics
IP Immunoprecipitation
ISG Interferon stimulated gene
ISGF3 Interferon stimulated gene factor 3
JNK c-Jun N-terminal kinase
kb Kilobase(s)
KDM6A L ysine-specific demethylase 6A
KSFM Keratinocyte serum-free medium
L Late reading frame of papillomavirus or leucine
LB Complex medium for bacterial culture (lysogeny broth)
log2FC Log2 fold change
LR Low risk
Luc Luciferase gene
M Molar
mAb Monoclonal antibody
MAML1 Mastermind-like protein 1
MAPK Mitogen-activated protein kinase
MBP Maltose binding protein
min Minutes
MmuPV1 Mus musculus papilloma virus 1
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mRNA Messenger RNA
NCoR1 Nuclear Receptor Corepressor 1
NCoR2/SMRT Nuclear Receptor Corepressor 2, also known as SMRT
NF-κB Nuclear factor kappa B
NHK Normal human keratinocytes
NIKS Normal, spontaneously immortalized keratinocytes
NLS Nuclear localization signal
NMTK Normal mouse tail keratinocytes
NRs Nuclear hormone receptors
nt Nucleotide
NTD N-terminal domain
N-terminal amino-terminal
o/n Over night
OD Optical density
ORA Over-representation analysis
ORF Open reading frame
ORI Origin of replication
padj Adjusted P-value
PAGE Polyacrylamide gel electrophoresis
pAE early polyadenylation site
pAL late polyadenylation site
PBS Phosphate buffered saline solution
PCR Polymerase chain reaction
PDL1 Programmed Cell Death 1 Ligand 1, also known as CD274
PE early promotor
PGK1 Phosphoglycerate kinase 1
pH Negative decadic logarithm of H+ ion concentration
PKA Protein kinase A
PL late promoter
pmol Picomol
pRb Retinoblastoma protein
pt post transfection
PTM Post-translational modification
(H)PV (Human) papillomavirus
qRT-PCR Quantitative real-time PCR
R Reverse for primer in a PCR
rcf, g Relative centrifugal force
Rluc Renilla luciferase

95



Abbreviations

RNA Ribonucleic acid
RNase Ribonuclease
rpm Revolutions per minute
RT Room temperature
s Seconds
SA Splice acceptor
SCJ Squamo-columnar junction of cervix
scRNA-seq Single-cell RNA-sequencing
SD Splice donor
SDS Sodium dodecyl sulfate
SEM Standard error of the mean
SIL Squamous intraepithelial lesion
SMRT Silencing mediator for retinoid or thyroid-hormone receptor
SOC Super Optimal broth with Catabolite repression (medium)
SP1 Specificity protein 1
SSC Sodium citrate (saline-sodium citrate)
STAT3 Signal transducer and activator of transcription 3
STIKO German Standing Committee on Vaccination
SV40 Simian Virus 40
TBL1 Transducin beta like 1
TBLR1 Transducin beta like-related protein 1
TCEP Tris(2-carboxyethyl)phosphine hydrochloride
TEMED Tetramethylethylenediamine
TERT Telomerase reverse transcriptase
Tris Trishydroxymethylaminomethane
U Unit
ULBP1 UL16 Binding Protein 1
URR Upstream regulatory region
UV(B) Ultra violet (B) irradiation
V Volt
v/v Volume percent
VEGF Vascular endothelial growth factor
VLP Virus-like particle
w/v Mass concentration
WT Wild type
X Any amino acid
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11 Appendix
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Franziska Kuehner and Frank Stubenrauch (2022). Functions of Papillomavirus E8^E2 Pro-
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Franziska Kuehner, Elke Straub, Thomas Iftner, and Frank Stubenrauch (2023). Deregu-
lation of host gene expression by HPV16 E8^E2 knock-out genomes is due to increased
productive replication. Virology, https://doi.org/10.1016/j.virol.2023.02.007

Accepted publication:
Franziska Kuehner, Margaret Wong, Elke Straub, John Doorbar, Thomas Iftner, Richard
BS Roden, Frank Stubenrauch (2023). Mus musculus papillomavirus 1 E8^E2 represses
expression of late protein E4 in basal-like keratinocytes via NCoR/SMRT-HDAC3 co-repressor
complexes to enable wart formation in vivo. mBio, accepted 22.05.2023
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11.2 Location of Suppliers

Table 30: Location of Suppliers

Supplier Location

Abcam Cambridge, UK
Agilent Technologies Santa Clara, US
Analytik Jena Jena, Germany
AppliChem GmbH Darmstad, Germany
B. Braun SE Melsungen, Germany
Bandelin electronic GmbH Co. KG Berlin, Germany
Becton Dickinson East Rutherford, New Jersey, US
Berthold Technologies GmbH Co. KG Bad Wildbad, Germany
Bio-Rad Laboratories, Inc. Hercules, US
Biozym Scientific GmbH Hessisch Oldendorf, Germany
Carl Roth GmbH Co. KG Karlsruhe, Germany
Carl Zeiss Oberkochen, Germany
Cell Signaling Technology Danvers, US
Clontech Laboratories Inc. Mountain View, US
Corning New York, US
Cytiva Europe GmbH Freiburg, Germany
Davids Biotechnology Regensburg, Germany
Dharmacon Lafayette, US
ENVIGO Indianapolis, US
Eppendorf SE Hamburg, Germany
Eurofins Scientific SE/ GATC Biotech AG Luxemburg
Fermentas Waltham, US
GE Healthcare Chicago, US
Genscript Piscataway Township, USA
Gilson Inc. Middleton, US
Glaswarenfabrik Karl Hecht GmbH Co. KG Sondheim vor der Rhön, Germany
Greiner Bio-One GmbH Frickenhausen, Germany
Heathrow Scientific Vernon Hills, US
Heidolph Instruments GmbH Co. KG Schwabach, Germany
Heraeus Hanau, Germany
Hirschmann Laborgeräte GmbH Co. KG Eberstadt, Germany
Honeywell Specialty Chemicals GmbH Seelze, Germany
Intas Science Imaging Instruments GmbH Göttingen, Germany
INTEGRA Biosciences AG Zizers, Switzerland
KERN + SOHN GmbH Balingen, Germany
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Supplier Location

Konrad Benda Laborgeräte Wiesloch, Germany
LaboTect Rosdorf, Germany
Leica Camera AG Wetzlar, Germany
LI-COR Biosciences Lincoln, US
Life Technologies Carlsbad, US
Lonza Group AG Basel, Switzerland
Medac GmbH Wedel, Germany
Memmert GmbH Co. KG Schwabach, Germany
Merck KGaA Darmstad, Germany
Miltenyi Biotec Bergisch Gladbach, Germany
NanoEnTek Soul, Korea
New England BioLabs Ipswich, US
Paul Marienfeld GmbH Co. KG Lauda-Königshofen, Germany
Pechiney, Plastic Packaging Chicago, US
PerkinElmer Inc. Waltham, US
PJK GmbH Kleinblittersdorf, Germany
Promega Madison, US
Qiagen Hilden, Germany
Roche Holding Basel, Schwitzerland
Santa Cruz Biotechnology Dallas, US
Sarstedt AG Co. KG Nümbrecht, Germany
Takara Bio Inc. Kusatsu, Japan
Thermo Fisher Scientific Waltham, US
VWR International Radnor, US
Whatman pIc Maidstone , UK
Xylem Inc. Washington, D.C., US
ZIRBUS technology GmbH Bad Grund, Germany
Zymo Research Irvine, US
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