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Zusammenfassung der Arbeit

Nicht-melanozytater-Hautkrebs (Non-Melanoma Skin Cancer, NMSC) ist die haufigste bosartige
Erkrankung in der hellhdutigen Bevolkerung und stellt insbesondere fiir Empfanger von
Organtransplantaten sowie flr Patienten, die an Epidermodysplasia verruciformis leiden eine enorme
Einschrankung der Lebensqualitat dar. Epidemiologische Studien belegen eine Rolle der humanen
Papillomviren (HPV) bei der Entstehung von NMSC. In der hier vorgelegten Studie wird die
Afrikanische Vielzitzenmaus Mastomys coucha, welche auf natirliche Weise mit dem
wirtsspezifischen Mastomys natalensis Papillomavirus (MnPV) infiziert ist, als praklinisches
Modellsystem verwendet. Es ist bereits bekannt, dass MnPV zusammen mit UV Licht durch einen , Hit-
and-Run“ Mechanismus an der Ausbildung von NMSC in Mastomys beteiligt ist. Bislang war jedoch

unbekannt, welche Prozesse in der Zelle diesem Effekt zugrunde liegen.

Im Rahmen der hier vorgestellten Arbeit wurden neue Einblicke in das Zusammenspiel zwischen MnPV
und der Zielzelle aufgedeckt. So wurden erstmals Proteome verschiedener NMSC Subtypen im
Kontext der Tumorheterogenitat raumlich verordnet und analysiert. Hier ergaben sich grofle
Unterschiede in den Proteinexpressionsmustern der einzelnen Subtypen. Dies lieferte neue und
tiefgreifende Einblicke in die inter- und intratumorale Heterogenitdt von NMSCs. Zudem konnten
durch, basierend auf in vitro Proteom Studien, der Einfluss von MnPV Onkoproteinen auf
Signaltransduktionswege verschiedenster zelluldre Prozesse gezeigt werden. Interaktomstudien
ergaben mehrere wirtszelluldre Interaktoren der MnPV-Onkoproteine E6 und E7. Dabei konnten
bereits bekannte Bindungspartner (Mamll von MnPVE6) bestitigt, aber auch neue
Interaktionspartner wie Smad2/3 (MnPVE6) und PtpN14 (MnPVE7) erstmals beschrieben werden.
Mithilfe eines Top-Down-Ansatzes wurde in MnPV-infizierten Zellsystemen eine Wirkung von MnPV
auf den HIPPO-Signalweg beobachtet. In einem weiteren in vitro System konnte dieser Effekt auf das
Onkoprotein E7 zurlickgefihrt werden, welches sich reduzierend auf die Expression von PtpN14, eine
zum HIPPO-Signalweg gehérende Phosphatase, auswirkt. Die Haupteffektoren dieses Signalweges
Yap/Taz, wurden in MnPVE7- und MnPVEGE7-exprimierenden Zellen aufgrund der verringerten
PtpN14 Expression verstarkt in den Zellkern verlagert. Dieser Effekt konnte im Rahmen dieser Arbeit

zum ersten Mal flr einen kutanen PV-Typ gezeigt werden.

Zusammenfassend zeigt diese Arbeit neue Erkenntnisse liber die Interaktion zwischen MnPV und der
Wirtszelle. Diese Aspekte einer kutanen PV-Infektion stellen interessante, neue Ansatzpunkte fir die

weitere Untersuchung der Genese von NMSCs dar.



Summary of the work

Non-melanoma skin cancer (NMSC) is the most common malignancy in the fair-skinned population
and represents a tremendous limitation in the quality of life, especially for organ transplant recipients
and in patients suffering from Epidermodysplasia verruciformis. Epidemiological studies support a role
of human papillomavirus (HPV) in the development of NMSC. In the study presented here, the African
multimammate mouse Mastomys coucha, which is naturally infected with the host-species specific
Mastomys natalensis papillomavirus (MnPV), is used as a preclinical model system. It is already known
that MnPV, together with UV light, is involved in the formation of NMSC in Mastomys through a "hit-
and-run" mechanism. However, until now it was unknown which processes in the cell underlie this

effect.

In the work presented here, new insights into the interplay between MnPV and the target cell were
uncovered. Thus, for the first time, spatial proteomes of different NMSC subtypes were analyzed in
the context of tumor heterogeneity. Here, large differences in protein expression patterns between
subtypes emerged. This provides novel and profound insights into the inter-/ and intra-tumor
heterogeneity of NMSCs. Moreover, based on in vitro proteomic studies, the influence of MnPV
oncoproteins on signal transduction pathways of diverse cellular processes could be demonstrated.
Interactome studies revealed several host cellular interactors of the MnPV oncoproteins E6 and E7.
Previously known binding partners (Mamll of MnPVEG6) were confirmed but also new interaction
partners such as Smad2/3 (MnPVEG6) and PtpN14 (MnPVE7) were described for the first time. Using a
top-down approach, an effect of MnPV on the HIPPO pathway was observed in MnPV-infected cell
systems. In another in vitro system, this effect could be attributed to the oncoprotein E7, which has a
reducing effect on the expression level of PtpN14, a phosphatase belonging to the HIPPO pathway.
The main effectors of this signaling pathway Yap/Taz, were increasingly translocated to the nucleus in
MnPVE7- and MnPVEG6E7-expressing cells due to reduced PtpN14 expression. This effect was

demonstrated for the first time for a cutaneous PV type in this work.

In summary, this work reveals new insights into the interaction between MnPV and the host cell.
These aspects of cutaneous PV infection represent interesting new starting points for further

investigation of the genesis of NMSCs.



Introduction

1 Introduction

1.1 Mucosal and cutaneous papillomaviruses

Papillomaviruses (PVs) are non-enveloped double-stranded DNA viruses with a genome size of
approximately 8 kb. To date, more than 400 PVs have been described infecting multiple different
animals like fish, reptiles, birds and mammals [10, 11]. Over 200 of these papillomaviridae infect
humans (HPV) [12]. Based on differences in the L1 genes, they are classified into five different groups
(alpha-, beta-, gamma-, nu-, and mu- papillomavirus, respectively) which is shown in the Figure 1 as a
phylogenetic tree [7]. The alpha genus can be subdivided into high-risk types (e.g., HPV16, 18, 31, 33,
45, 58) and low-risk types (e.g., HPV6, 11). While infection with low-risk types is associated with
genital warts, the infection with high-risk HPVs can be found in 99% of cervical cancers and other
cancers like head-and-neck cancer as well as penile, vulvar, and vaginal cancer [13]. Prophylactic
vaccines against high-risk alpha types have been available since 2006. After consequential
implementation of vaccination programs, the rate of HPV-induced cancers has already been

significantly minimized [14, 15].

Alpha-papillomavirus

mucosal & cutaneous

Mu-papillomavirus
cutansous

Mu-papillomavirus
cutaneous

— a10HPY121
[ 910HPY 334
10y

e 1304

Gamma-
papillomavirus
cutanaous

Beta-papillomavirus
cutaneous

Figure 1: The diversity of human papillomaviruses. HPV types can be divided into five groups (alpha-, beta-,
gamma-, nu-, and mu- papillomavirus). The high-risk types marked in red and are confirmed as "carcinogenic
to humans". The similarity of the individual types is calculated based on the alignment of the E1, E2, L1 and

L2 genes. Figure adapted from: [7]
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The cutaneous types of the beta and gamma genera can infect cutaneous epithelia. Genus beta
contains 54 HPV types, which can be subdivided into five different species [16]. BetaHPV infections
occur in the entire human population [17-19]. Serological studies showed that 52% of the Dutch and
67% of the Italian population had already been exposed to an infection in their lifetime [19]. Initial
infection can already be detected in young children and a similar distribution of subtypes can be found
within a family, suggesting infection through skin-to-skin contact within the family [20-22]. DNA of the
cutaneous types is detected in hair follicle stem cells, which serve as a reservoir for the viruses [23,

24].

Cutaneous squamous cell carcinoma (SCC) are particularly common in immunosuppressed patients
(e.g. organ transplant recipients) [25, 26] as well as in patients with the rare hereditary disease
Epidermodysplasia verruciformis (EV). In particular, HPV 5 and 8 were isolated from SCCs of EV
patients. Due to their oncogenic potential, these beta types belonging to species B1 are also referred

to as high-risk cutaneous types [27].

1.2 Genome organization and life cycle of HPV

The HPV genome codes for six early proteins (E1, E2, E4, E5, E6, and E7), while cutaneous PV lack the
E5 gene. The two structural late proteins (L1 and L2) finally, form the capsid [7] (Figure 2). The early
proteins E1 and E2 are mainly responsible for viral replication and viral gene expression. They are able
to bind to the upstream regulatory region (URR), which is located within the HPV genome between
the early gene E6 and the late L1 gene [28, 29]. Host cellular transcription factors can also bind to this
site and thus influence the expression of viral genes. E4 causes virion release by perturbing the
cytokeratin network [30]. E5 can inhibit the immune response by modulating the antigen presentation
as well as inflammatory pathways [31, 32]. The two oncoproteins E6 and E7 prevent bind to tumor
suppressors and are able to enhance host cell proliferation. The viral capsid consists of 72 capsomers
each formed by pentamers of L1 proteins and stabilized by disulfide bonds and calcium ions [33].
Transcription of viral genes starts at an early promoter located within a locus control region (LCR)
(early genes) or from the late promoter located in the E7 ORF (late genes) [7]. The differentiation
status of the host cell is the decisive factor which promoter is used. This allows differential expression

of the viral proteins in the different skin layers [7, 34, 35].
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Te9 HPV5

7746 bp

Figure 2: Schematic genome organization of HPVs and MnPV. A) HPV16 as an example for mucosal alpha types
contains an E5 ORF. B) HPV5, a cutaneous beta-HPV, lacks the E5 ORF. C) Like cutaneous HPVs, MinPV lacks the
E5 ORF. The picture was adapted from: [2]

The PV lifecycle completely dependents on the host cell differentiation. The term differentiation
refers to a developmental process in which cells acquire the ability to change their phenotype and
take on a more specialized function [36]. Differentiation processes take place in the skin, for example,
where they enable continuous renewal of the epidermis. This contributes to the function of the skin

as a barrier to the environment as well as to wound healing.

Differentiation is subject to a strictly regulated process: both intrinsic factors such as the genetic
background (precursor cells) and extrinsic factors such as hormones and the microenvironment of the
cells play an important role in the homeostasis [37, 38]. Epidermal cells develop from stem cells in the
basal layer (stratum basale) to the suprabasal epidermal layers (stratum spinosum and stratum
lucidum), which consist of differentiating cells. The uppermost layer of the skin, the stratum corneum,
is formed by terminally differentiated and dead cells. In the skin, well-described differentiation
markers indicate distinct degree of cellular differentiation levels. Certain keratins, e.g. keratin 10 (K10)
[39] and keratin 14 (K14) [40], are expressed in differentiated epidermal layers, whereas involucrin
[41], is expressed exclusively in the uppermost layer of the epidermis, allowing the identification of
terminally differentiated areas of the skin [42]. Terminal differentiation begins when cells withdraw

from the cell cycle and lose their ability to adhere to the basal membrane zone [43].

Observations in the context of cancer show that the differentiation process can be reversed and that
malignant cells show a dedifferentiate phenotype [44]. The differentiation status of tumor cells is an
important aspect in assessing their malignant potential and aggressiveness. In general, a high degree
of differentiation indicates a better prognosis than a low degree [45]. Highly differentiated tumor

tissue means that the neoplasm is morphologically similar to the original organ, while a low stage of
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differentiation indicates that cells are gradually losing their structural organization [45]. This has been
shown in many tumor types such as neuroblastoma, prostate cancer and in SCC as in criterion for a

more severe course of the disease [45-48].

Infection with HPV begins with virus entry into the basal epithelial layer through micro-injuries of the
epithelium allowing HPV to access the single-layered basal keratinocytes. Papillomaviruses bind to
heparan sulphate proteoglycans (HSPGs) on the cell surface of basal keratinocytes via their L1 capsid
proteins. Binding of the virus to the target cell triggers a conformational change of the capsid, which
is mediated by cyclophilin B. This conformational change exposes the N-terminus of the minor capsid

protein L2, allowing the virus to enter the cell via furin cleavage-mediated endocytosis [49].

When the viral DNA enters the nucleus, viral gene expression is initiated [50]. The gene expression of
papillomaviruses is closely linked to the differentiation state of its host cell [51]. Initially, the two early
proteins E1 and E2 are activated, which amplify the viral genome [52]. E2, which contains a DNA-
binding domain binds the URR of the viral genome and regulates PV gene expression. E2 also binds
the viral DNA helicase E1 and recruits it to the viral origin of replication to initiate genome
amplification[53]. The two proteins E1 and E2 are thus responsible for the viral genome replication at

this stage [54].

In the late phase of HPV infection, E4 which is the most abundant transcript of PVs, is expressed by
infected cells in the G2 phase in the upper epithelial layers [55]. The two capsid proteins L2 and L1 are
subsequently produced and encapsulate the viral DNA, resulting in the formation of new infectious
virus particles. The E4 protein is involved in the release of virions by facilitating the disintegration of

cytokeratin filaments, thus enabling passive viral shedding [56].
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The early protein E5 is absent in all cutaneous PVs. This oncoprotein of the subtype HPV16 for

instance, has transforming properties in fibroblasts and keratinocytes [57-59]. It is thought to have

HPV

Figure 3: Protein expression map of high-risk mucosal HPVs.

Oncoproteins E6 and E7 (red arrow) are expressed in the basal layer of

2L

the epidermis. E4, E2 and E1 (green arrow) are expressed in almost the
whole epidermis. Capsid proteins L1 and L2 (yellow arrow) are

regulated from the late promoter and expressed only in upper layers of

the epidermis. Viral capsids are formed in the highest, almost

i s, |8
A (TR ST R R

keratinized areas. Figure adapted from: [3]

epithelium

the ability to influence apoptosis [60] and intracellular trafficking [61, 62]. It is also able to suppress

of the presentation of the viral antigen via the MHC-complex by downregulating its expression [32].

In high-risk PV, such as HPV16, amplified viral genomes persistent in initially infected keratinocytes.
They are maintained and passed on as episomes to the daughter cells during cell division [63]. In high-
risk types such as HPV16 and 18, many cellular processes have already been described that are
influenced by the expression of the two oncoproteins E6 and E7, whereby these proteins play a central
role in the impairment of cell homeostasis. These include, for example, cell proliferation, initiation of
apoptosis and the retention of the cell in the cell cycle [11, 64, 65]. A schematic overview of the

protein expression of mucosal HPV types is shown in Figure 3.
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1.3 The two oncoproteins E6 and E7
The oncogenic potential of the two proteins E6 and E7 was first described for HPV16 in 1986 [66].
Both have transforming properties in primary rodent cells [67, 68], making them key drivers in HPV-

mediated cellular transformation.

B

HPV16E& MHQKRTAMFQDPQERPR! )ITLEC /Y ) 7 80
HPV3BE® LPKPQ' /EDLLI TYIELREFDY LOI 50
MnPVEG R 46
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— HPV3BE6 110
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1 37-41 70-73 110103 143-146 158 HPV16E®
HPV16E6 N—] 1 I mevisEe
) _—— MnPVEE

PBM * % s & sahh & X% *

Zine Finger
CKIl site
1218 5 5861 9154 98 c

MnPVE7 MIGPDT--TRCLTGETPDSVSL) .DE 3 P--TE. LYQVLIECPE 56
HPV16E7 MHGDTP]] <
HPV38E7 MIGKQAT

60
57
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Figure 4: The two HPV oncoproteins E6 and E7. A) Schematic illustration of HPV16 oncoprotein structure.
Numbers indicate amino acid position. CR: conserved region, TM: transmembrane domain, CKII: Casein kinase
Il. Figure adapted from: [1]. B) and C) show multiple sequence alignment of oncoprotein sequences of different
PV types using CLUSTAL Omega. B) Alignment of HPV16 HPV38 and MnPV E6. C) Alignments of HPV16, HPV38

and MnPV E7 oncoproteins.

Immortalization of human keratinocytes is also enabled by the expression of these PV proteins [69-
71], with co-expression of both genes, E6 and E7 together, necessary for the immortalization of these
cells [71, 72]. The oncogenic potential of HPV16 E6 and E7 could also be demonstrated in vivo.
Transgenic mice expressing HPV16 E6 and E7 under the control of the keratin14 promoter developed
cervical tumors [69, 70]. Since the K14 promoter is active in the basal keratinocytes, these mice also
developed skin tumors. Interestingly, HPV16 E7 appears to be the dominant oncogene in this system.
Its expression was sufficient to lead to the formation of reproductive tract tumors in combination with
estrogen treatment [73, 74]. However, this was not the case for HPV16 E6. Nevertheless, combined
expression of both oncoproteins led to the formation of significantly larger tumors when compared

to the tumors developed under the influence of E7 expression only [71, 72].
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HPV16 E6 has several zinc finger domains, which are crucial for the oncogenic potential of the virus
[75]. E7 is characterized by three different conserved regions (CR). CR1 and CR2 are homology
domains and conserved between different HPV E7 proteins [76]. A schematic representation of these
protein structures can be seen in Figure 4 A). Furthermore, Figure 4 B) and C) show the similarities
and differences of these proteins between different PV types by alignment. If one compares different

PV oncoproteins against each other, only a few sequential similarities can be found.

The expression of HPV16E7 can keep the cell in a proliferative stage by activating the G1/S-phase
checkpoint of the host cells [64]. A transition into the differentiation phase of keratinocytes is thus
bypassed, which favors viral replication in proliferative cells. In addition, it has already been
extensively described that E7 of diverse HPVs can bind to the family of pocket proteins such as pRb,
p107 and p130 [77]. This binding leads to conformational change of the pocket proteins, which results
in the release of E2F transcription factors. The subsequent expression of cyclin A and cyclin E is thus
increased and leads to the cell entering the S phase of the cell cycle [78]. It should be noted that the
interactome of the respective oncoproteins and its effects on the host cell differ greatly between high-
and low-risk HPVs. For example, both high and low risk HPV types show binding between E7 and the
pocket protein Rbl, but there are strong differences in the binding affinity and the resulting effect.
High-risk types are able to achieve proteasomal degradation of Rb1 through binding, while low-risk

types bind but do not degrade Rb1 [79, 80].

E6 can target cell proteins and cause disturbances of cell homeostasis. To avoid induction of apoptosis,
cells infected with the high-risk types HPV16 and 18 E6 oncoproteins can bind to the E3-ubiquitin
ligase E6AP to induce proteasomal degradation of p53 [81]. In addition, E6 proteins of these HPV types
can directly inhibit the transcriptional activity of p53 by binding to p300 [82]. The interaction of the
two oncoproteins E6 and E7 can allow cell proliferation to continue and apoptosis initiation to be

suppressed.

In addition, the expression of E6 was shown to influence the initiation of the host immune response.
Interleukin 1 beta (IL-1B), a proinflammatory cytokine involved in B- and T-cell activation and antibody
production, is able to reduce UV-induced DNA damage [83]. Reduced expression allows UV-induced
DNA damage to accumulate and may thus promote cancer formation. This cytokine is degraded in the
presence of E6 which has been shown in vivo in a transgenic animal model with cutaneous HPV38E6
[84, 85]. Many studies show the mechanisms by which cutaneous HPVs are involved in skin

carcinogenesis: Like high-risk HPVs, cutaneous types are also able to inhibit the function of p53
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through the functions of oncoprotein E6. However, this occurs via different mechanisms than in the
high-risk types of the alpha genus [86]. For example, HPV38 has been shown to induce the expression
of deltaNp73, an inhibitor of p53 [87]. In addition, E6 from beta-HPVs can indirectly disrupt DNA
damage responses by reducing levels of cellular p300, ATM and ATR [88-91]. This allows p53 to initially

accumulate in the cell, leading to a blockade of cell cycle progression [92].

In addition, E6 also plays an important role in apoptosis, which is induced by toxic UV radiation. In
uninfected cells, toxic doses of UV radiation lead to perforation of the outer mitochondrial membrane,
triggered by the pro-apoptotic protein Bak, followed by the activation of the caspase cascade and the
initiation of apoptosis [93]. After UV exposure, E6 is able to bind Bak by promoting its degradation
[94-96], thereby blocking the intrinsic apoptotic pathway. Its inhibition protects the cell from
apoptosis allowing continued cell division and virus replication in these altered cells. In addition to E6,
the second oncoprotein E7 also plays an important role in disrupting the cell homeostasis by arresting
the cell cycle progression. E7 can bind to a region of the retinoblastoma protein (Rb) at a site essential
for its function as a tumor suppressor [97, 98] . This binding occurs in high risk as well as in cutaneous
PVs but it leads to different outcome. While high-risk HPV type 16 E7 binding to Rb leads to its
degradation and in the following cell cycle progression, binding of HPV38 E7 does not lead to cell cycle
progression [99]. Furthermore, expression of the HPV8 E7 leads to an increase in terminal
differentiation and hyperproliferation, allowing dermal fibroblasts to migrate and invade the dermis
[100]. In addition, keratinocytes expressing the complete early genomic region (CER) of HPV8 were
shown to have a profound loss of CHK1 proteins, which are an important regulator of the cell cycle
and DNA damage response [101]. The two junctional bridging proteins B-catenin and ZO-1 are strongly
upregulated by the E7 oncoproteins of HPV5 and HPV8 in keratinocytes grown in organotypic skin

cultures, which probably contributes to the oncogenic potential of these viruses [102].

Overall, HPV oncoproteins have demonstrated their ability to interfere with their host cell in a variety
of ways to prolong the cell cycle, inhibit apoptosis, delay differentiation, and find ways to bypass the

immune system of the host.
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1.4 The promotion of the development of non-melanoma skin cancer (NMSC) by
cutaneous HPVs

Non-melanoma skin cancer (NMSC) is the most common malignancy in the fair skinned population
and can be classified into various subtypes [103]. The most common ones are basal cell carcinomas
(BCC, approximately 80%) SCC (approximately 20%) [104]. SCCs are among the most frequent solid
cancers in humans (Cancer Facts and Figures 2022, American Cancer Society). The precursor of these
forms of skin cancer is actinic keratosis (AK). It is caused by long-term UV exposure and is the most
common precancerous condition that forms on skin [105, 106]. Although mortality rate is quite low,
the development of NMSC displays a big burden for the patients themselves. The combined charges
for direct and indirect costs of occupational NMSC cases is $28.9 million ($15.9 million for BCC and

$13.0 million for SCC) in Canada in 2011 [107]. In Australia, the costs of care for NMSC in 2015 for the
entire population was estimated to exceed AUD$700 million [108]. In 1972, it was postulated that
cutaneous HPVs might play a role in the development and progression of skin cancer [109]. Although
UV radiation is considered as the main risk factor for SCC, the synergistic effect of HPV is still debated

[110, 111]. An overview presentation of the risk factors for NMSC formation is shown in Figure 5.

uv
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Figure 5: Risk factors for cutaneous squamous cell carcinoma (SCC). Figure modified from [6].

Epidemiological studies have found an association of SCCs and actinic keratosis (AKs) with certain HPV
types [112, 113], which was also confirmed in a 2014 meta-study [114]. Nevertheless, the role of HPV

infection in the development of SCCs is still not 100% clear due to the ubiquitous presence of
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cutaneous HPVs in the population [7, 115]. Furthermore, the absence of detectable HPV mRNA in
SCCs also raises questions about its role in the development of NMSCs. While the viral DNA load in
AKs is high, indicating productive infection, SCCs or metastases have only one copy of viral DNA in one
or two thousand infected cells [116], which may suggest that viral DNA is lost during progression from
precursors to SCC. Copy numbers of cutaneous HPVs in lesions are much higher when compared to
normal skin [117, 118], and HPV genomes are frequently found in lesions of OTRs [119-122].
Therefore, it has been suggested that HPV infection may be important for the initiation but not the
further development of NMSC [123], which is referred to as the "hit and run"-mechanism. Currently,
cutaneous HPVs are thought to play a role in the development of SCC by promoting proliferation,
preventing DNA repair and apoptosis, leading to an accumulation of mutations in host cell DNA and
potential changes in cellular geno- and phenotype [124]. This needs to be proven in further studies to
gain deeper insight into the specific virus- host cell relationship. As mentioned above, the
development of SCC can be promoted by cutaneous HPVs, but the impact of the oncoproteins E6 and
E7 on the development of the forementioned subtypes of SCC is not completely understood at this

time and needs to be further investigated.

1.5 The preclinical animal model Mastomys coucha

The African multimammate rodent Mastomys coucha is a very attractive animal model system for the
investigation of papillomaviruses. Mastomys coucha belongs, like Mus musculus to the family Muridae
(Figure 6 A). They are distributed throughout sub-Saharan Africa. The animal samples used in this
thesis, originate from the Mastomys colony of the German Cancer Research Center and are naturally
and persistently infected with two different papillomaviruses [125, 126]. Additionally, samples from
experimentally infected animals were used in this work [44]. The animals of the naturally infected
colony are hosts of Mastomys coucha papillomavirus 2 (McPV2, pi genus), and Mastomys natalensis
papillomavirus (MnPV), the latter will be the focus of the present study. The naming of the two viruses
dates back to the 1970s. At that time Mastomys coucha was wrongly classified as Mastomys
natalensis, which was revised decades later and henceforth the species Mastomys natalensis and
Mastomys coucha were distinguished. These are morphologically very similar and can only be clearly
discriminated on the basis of the number of chromosome sets. While M. natalensis has only 32

chomosomes, M. coucha has 36 [127].
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Naturally MnPV-infected Mastomys coucha at the German Cancer Research Center spontaneously
develop benign skin lesions compared to a virus-free colony housed in parallel after long-term UV-

irradiation. These lesions can develop into SCCs (Figure 6 B and C) [44]. Etiologically, these lesions

A

Figure 6: The preclinical animal model Mastomys

coucha. A) Photo of an adult Mastomys coucha from

our colony. B) and C) show UV-induced tumors of

Mastomys coucha. The animals develop both

mim

dedifferentiated tumors (nKSCC) as shown in panel B
and well-differentiated ones as shown in panel C (KSCC).
Pictures modified from: [2]

were previously classified as "keratoacanthomas" or papillomas due to their similarity to human
lesions [128-130]. Most of these keratoacanthomas occur on the trunk and head of Mastomys,
especially around the ears and cheeks. In addition, the animals also develop lesions on the tongue
and in the anogenital region, which correspond to human condylomas associated with the mucosal
PV type McPV2 [131]. MnPV-infected M. coucha therefore show the same types of skin tumors found
in patients. These are on the one hand the well-differentiated keratinized (KSCCs) and on the other
the dedifferentiated non-keratinized SCCs (nKSCCs). The two tumor subtypes not only differ in their
morphology but also in their overall MnPV load [44, 132]. The well-differentiated forms contain
several thousand virus copies/cell, while dedifferentiated SCCs only contain an overall very low viral
load with (< 1 copy/cell) Interestingly, a preceding MnPV-infection is serologically detectable [44]

implicating, that MnPV acts under the control of a “hit-and run”-mechanism .

The genomes of both described Mastomys papillomaviruses, code for the late genes L1 and L2 as well
as for the early genes E1, E2, E4, E6 and E7, but not for E5. This shows a further similarity to the

cutaneous HPV types like HPV38 described above [84, 125, 133].
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Taken this together, M. coucha allow to follow the entire cycle of a PV infection (here MnPV) in its
natural, immunocompetent host. This unique preclinical model is the only one available that is
persistently infected with a genuine papillomavirus and mimics all aspects of human squamous cell

carcinomas induced by UV light.
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1.6 Aims of the study
The aim of this study was to describe the influence of MnPV on host cells. Anticipating a key role of
PV oncogenes in cell transformation which can lead to the formation of premalignant skin lesions, the

crosstalk between E6 and E7 with the host cell was investigated.
Therefore, the aims of the present study can be outlined as follows:

e Todescribe the spatial proteomes of NMSC subtypes from Mastomys coucha.

e The establishment of an appropriate cell system expressing MnPV and HPV38 E6 and E7(as
reference) to perform interactome and proteome studies to estimate global changes within
the
host cells caused by MnPV oncogenes.

e Toidentify potential targets deregulated by MnPV oncogene expression.

e To analyze individual deregulated candidates, to validate data and gain deeper knowledge of
the underlying effect.

e To name host cellular pathways deregulated by MnPV infection and in particular oncoprotein
expression which might serve as a complementing role to support MnPV-induced

carcinogenesis.
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2 Results

To better understand the role of MnPV in NMSC development, proteomic analyses and interactome
studies were carried out. Through subsequent pathway analyses, new insights will be obtained,

providing the basis for further investigations on this tumor entity.

For this purpose, the in vivo situation was examined by spatial proteome analysis of different SCC
subtypes of Mastomys coucha. To enable a mechanistic analysis, additional in vitro studies
investigated the influence of the expression of the entire MnPV genome as well as the expression of

the two oncoproteins E6 and E7 in particular on the host cell proteome.

In addition, to obtain the overall network of molecular interactions of oncoproteins and host cell

proteome, the interactomes of E6 and E7 of MnPV as well as HPV38 were constructed.

A schematic overview of the experiments and methods performed is shown in Figure 7.

Proteomics
Interactomics
MnPV
| | Infected
HPV38 MnPV
(6 / E7) (E6/ E7)

MnPV HPV38

(E6 / E7) (E6 / E7)

=) (=]

Figure 7: Schematic overview of experiments and methods performed within this thesis.
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Please note that according to the commonly used gene/protein nomenclature for humans (see
https://www.genenames.org/) and mouse (https.//rgd.mcw.edu/wg/species/mouse/), in the
following, the spelling of the protein/gene names differ according to the context, for instance PTPN14

(human) or PtpN14 (Mastomys or mouse).

2.1 Proteomic studies reveal insights into virus-host interactions

Proteomic studies used in this work are based on the powerful tool of mass spectrometry enabling
insights into the virus-host interplay. Such analyses were never done so far and enabled to dissect
protein networks and pathways affected by MnPV. To obtain information about the effects of MnPV
infection in vivo analyses of different tissues were performed. The aim was to get global insight into

pathways affected by MnPV, e.g., the disruption of differentiation processes of the host cells.

2.2 Semi-spatial proteomics of Mastomys coucha tumor tissue reveal strong
differences on the entire proteome when compared to uninfected skin control

Semi-spatial proteomics of Mastomys coucha skin tumors were successfully established to distinguish
between MnPV-infected and uninfected areas within one tumor. Immunofluorescence (IF) stainings
against the viral E4 protein were performed prior to the dissection of the tumor tissue. The E4 protein
is translated from the most abundant spliced transcript of MnPV, E1"E4, and can be used as an

infection marker, due to its high expression. A representative IF-staining of MnPV-infected tumor is

shown in Figure 8.

P
£

Figure 8: IF staining of a MnPV-
positive Mastomys skin tumor. Areas
outlined in yellow show MnPV-
positive epidermal structures, while
areas outlined in white are MnPV-
negative. MnPVE4 serves as marker
of infection (red). DAPI was used as

nuclear marker (blue).
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In our model, spontaneously formed epithelial tumors but also different cSCCs subtypes under long-
term UV irradiation and simultaneous MnPV-infection can be observed. These subtypes were either
well-differentiated keratinized squamous cell carcinoma (KSCC) or dedifferentiated non-keratinized
squamous cell carcinomas (nKSCC) [44]. The latter usually also harbor better differentiated areas in
upper parts or the tumor, phenotypically similar to KSCCs, and transition zones to dedifferentiated
lower areas. Figure 9 shows a HE staining of a representative tumor and its subsections of well-

differentiated (red) and dedifferentiated (green) areas. MnPV-uninfected skin (blue) served as a

control.
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Figure 9: Exemplary HE stained nKSCC tumor to visualize the subdivision of micro-dissected areas.

The dissected FFPE tissue was analyzed to investigate differences in the proteomic profile of the

abovementioned SCC subtypes of Mastomys coucha [44].

Care was taken to ensure that a minimum of 0.135 mm? tissue was used as starting material, which
was defined as the minimum tissue volume by dissecting tumor areas of different sizes, which were
lysed and subsequently analyzed by western blotting. An illustration is shown in Supplemental Figure

1.

After the lysis of dissected tissue, SP3 purification [134], a bead-based, single-pot purification method
for quality optimization of protein mixtures was performed. After SP3, samples have been handed
over to the Genomics and Proteomics Core Facility of the DKFZ where they were trypsin digested and
subsequently desalted. Resulting peptides were separated via analytical column and analyzed by a

mass spectrometer.
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Data analysis was carried out by MaxQuant (version 1.6.14.0). In total 13239 peptides and 2414
proteins could be identified by MS/MS based on an FDR cutoff of 0.01 on peptide level and 0.01 on
protein level. Quantification was done using a label free quantification approach based on the MaxLFQ

algorithm [135].

Principal component analysis (PCA) was performed to determine the frequency levels of the

A B
— Dedifferentiated vs skin MnPV-positive vs skin
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Well-differentiated vs skin
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Figure 10: The analysis of the in vivo proteome results shows a successful application of the new method. A)
PCA shows clear discrimination between the respective samples taken from both skin and tumor tissue. B) Venn
diagram depicting a comparison of differentially expressed proteins found in tumor proteomes when compared

to skin control.

characteristics in the different runs and to identify the main axes of frequency variation (Figure 10 A).

As can be seen from the PCA, the proteomes of well-differentiated tissues appear to have the highest
similarity to the control skin as these clusters show great spatial proximity to each other.
Dedifferentiated and MnPV-positive tissues, on the other hand, have large structural differences in
the protein networks when compared to skin. Here, the spatial proximity appears larger in the PCA

representation.

Comparing the measured signal intensities of all proteins quantified in the tumor sample with those
from the skin control group reveals differences in the expression patterns. The amount of
differentially expressed proteins in the tumor tissues in comparison to control skin can be illustrated

in a Venn diagram (Figure 10 B).

The greatest similarity between the proteomes can be seen between skin and well-differentiated

tissue. Here, only 97 proteins (shown in the Venn diagram as: 14 + 24 + 31 + 28) with significantly
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different expression levels were found. Dedifferentiated tissues show greater differences in the
proteomes compared to skin, a total of 240 proteins (shown in the Venn diagram as: 132 + 53 + 31 +
24) were found here. The common explanation for the development of dedifferentiated tumor tissue
from well-differentiated precursors could be confirmed by these data. It is possible that in well-
differentiated tissue additional driver mutations cause more aggressively proliferating and
dedifferentiated tumor areas. MnPV infection also appeared to have a particularly substantial impact
on the protein network, as a total of 571 proteins (shown in the Venn diagram as: 459 + 53 + 31 + 28)

were differentially expressed when compared to control skin.

31 proteins could be found in all three tumor subtypes with significant different expression levels
compared to skin. A list of proteins with strongest up- and downregulations for the different

comparisons is shown in Supplemental Table 1.

Volcano plots were created to graphically illustrate the comparisons between the resulting data sets
of the semi-spatial proteomics of Mastomys tissue (Figure 11). This type of representation allows a

quick visual identification of the extent of the differences and their significance.
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As depicted in the volcano plots, well-differentiated tissues and skin showed comparatively small
differences in their proteomes. This is shown by only a few data points representing protein
expression values that are far from the origin (0/0) (Figure 11 B). More pronounced differences could
be seen when comparing the proteomes of dedifferentiated tissue and skin (Figure 11 C). However,
the greatest difference is visualized by volcano blots between the skin and MnPV-infected tissues
(Figure 11 A). This might be indicative for a hit-and-run mechanism, in which driver mutations are

induced by the expression of MnPV, which finally lead to tumor development.
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Figure 11: Volcano blots show overview of comparison between different in vivo proteomes. The negative
logarithm of the p-value is plotted on the y-axis to base 10. Data points with low p-values (highly significant) appear
at the top of the graph. The x-axis displays the logarithm of the fold change between two conditions. A) MnPV tumor
vs skin B) Well-differentiated tissue vs skin C) Dedifferentiated tissue vs skin D) MnPV-positive tissue vs well-
differentiated tissue E) MnPV-positive tissue vs dedifferentiated tissue F) Dedifferentiated tissue vs well-

differentiated tissue.
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Thus, this study supports the already known heterogeneity of skin tumors [136-139]. To put the
results into a biological context, further analyses of affected signaling networks were performed using
the Ingenuity Pathway Analysis software (QIAGEN IPA). IPA compares a given data set with
experimental results of over 100,000 publicly available data sets of previous experiments making it
possible to identify causal relationships between own data sets, diseases, cellular networks and

upstream regulators.

Based on the significantly differentially expressed proteins found in the lable free quantification (LFQ)-
values, a canonical IPA pathway analysis was performed to determine the most affected pathways in

the tumor tissue compared to the skin control (Figure 12).
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Figure 12: Top 15 altered canonical pathways identified by IPA in in vivo proteomic data sets. A) MnPV-positive
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Based on the data of the comparison to control skin, a significant downregulation of the mTOR

signaling pathway in MnPV-positive tumor tissue was predicted (z-score = -1.89). MTOR signaling

pathways regulate protein synthesis, cell division and cell proliferation [140].

Dysregulation of the protein synthesis machinery in cancer has significant implications for

pathophysiology, including cancer development and progression [141]. Using canonical pathway

analysis by IPA, tRNA-charging was found to be significantly upregulated (z-score =

2.33) when

comparing dedifferentiated tissue with control skin. Since the loading of t-RNA is an elementary
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component of protein biosynthesis, it can be assumed that this central mechanism is disturbed in

dedifferentiated tissue [142].
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Figure 13: Upstream analysis generated with Ingenuity pathway analysis (IPA) revealed p53 as potentially

inhibited in its activation in MinPV- positive tissue when compared to skin control.

Based on the dataset, IPA also allows identifying potential upstream regulators that show a different

pattern of activity which could explain the observed changes in protein expression. For this,

information about the expected effects between transcriptional regulators and their target genes,

which are stored in the Ingenuity® Knowledge Base is used. Therefore, significantly (p-value <0.05)

altered proteins have been entered to the system which gave a statement about the activity of

potential upstream regulators. Interestingly, based on the protein expression pattern of altered

proteins, IPA names p53-activity as being significantly reduced. In total, the expression pattern of 88
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proteins, which are shown in Figure 13, led to this statement. One of these proteins is caveolin (Cav1l)

which appears to be significantly downregulated (log2FC = -1.32).

2.2.1 MnPV-infected areas within a tumor display weaker expression of differentiation
marker keratin 10 compared to uninfected areas

The global semi-spatial proteome study has revealed interesting candidates (Supplementary Table 1)
that are altered in tumor tissue when compared to skin. One of these is the differentiation marker
keratin 10 (K10). In IF MnPVE4 served as a marker of infection. In addition, MnPV copy number
variations within a tumor could be discerned via ISH (Figure 14). Staining of Mastomys coucha tissue
revealed that K10 is downregulated or lost in MnPV-positive areas when compared to MnPV-negative

areas.

Differentiation markers of the skin such as K10 are widely described and considered as well accepted
markers for determining the differentiation status of a cell [39-41]. However, it is known that HPVs

are able to influence their expression levels [143].

Figure 14: IF and ISH stainings confirm K10 reduction in MnPV-positive tissue when compared to negative tissue.
K10 (green) is downregulated in MnPVE4 (red) positive areas. DAPI (blue) served as nuclear marker. In ISH purple

stained areas are positive for MnPV- DNA. Scale bars: 50 um

These results confirm the findings obtained in the proteomic study and highlight the similarities

between MnPV infection in Mastomys and HPV infection in humans [128, 129].
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2.3 Invitro proteomics provides new insights into the interplay between MnPV and
host cells

The results of the semi-spatial proteomic analysis of different skin tissue types from Mastomys coucha

provide far-reaching new insights into the effects of a MnPV infection.

However, one must keep in mind that the use of an in vivo system entails a high degree of
heterogeneity, which is due to the high complexity of an organism. Reducing this complexity by using

a top-down approach enables a mechanistic analysis of the influence of MnPV on its host cell.

2.3.1  Invitro proteomics using infected murine keratinocytes

MnPV-infected murine 308 keratinocytes [144] are a valid system to investigate the influences of
whole virus expression on the cell. In this system, established by Dr. Rui Cao in the laboratory of Prof.
Frank Rosl, the entire virus genome is expressed in the target cell (Dissertation of Rui Cao, 2021). The
generation as well as the quality control of the infected murine 308 keratinocytes was also done by
Dr. Rui Cao (see chapter 5.1.8.), who was able to demonstrate successful infection of the keratinocytes

using IF and western blot (WB) (Dissertation Rui Cao, 2021).

Proteome studies of these cells were included within this work. For this purpose, MnPV-infected cells
and uninfected cells were lysed and total cell lysates were analyzed by mass spectrometry in triplicates
by the Genomics and Proteomics Core Facility of the DKFZ. In total 83872 peptides and 5980 proteins
could have been identified by MS/MS based on an FDR cutoff of 0.01 on peptide level and 0.01 on
protein level. In all samples 24468 peptides and 4436 proteins had been identified. Match between
runs option was enabled to transfer peptide identifications across aw files based on accurate
retention time and m/z. Quantification was done using a label free quantification approach based on

the MaxLFQ algorithm [135].

To illustrate the comparison of this data set, a volcano plot was created using the LFQ-values of the
analysis (Figure 15) showing the extent of the differences and their significance. MnPV infection has
an obvious effect on the host cellular proteome, which is reflected in the number of data points that
are located far from the origin in the blot. A total of 80 proteins showed a significantly and biologically
relevant altered expression level. A list of the top 10 altered proteins is given in Supplemental Table

2.
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MnPV-infected vs uninfected keratinocytes Figure 15: Volcano blot prowdes a general

impression of the comparison of the

6
g proteomes between MnPV-infected
% 4 keratinocytes vs control. For this blot LFQ-
g 3 ; values had been used. Grey dots: all values
2 ; : available, orange dots: missing or imputed
1 values, purple dots: missing or imputed data in

-4 -3 -2 1 0" : 1 2 3 one condition.

Log2 fold change
An IPA canonical pathway analysis was performed using the datasets from the proteomic analysis of
the infected compared to uninfected control cells. With this, it was possible to put the results into a
biological context. Therefore, all significantly altered proteins (LFQ-values) were entered into the

software. The top 15 of these pathways are shown in Figure 16.
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Figure 16: Altered canonical pathways (top 15) of infected murine keratinocytes when compared to control. A
pathway analysis allows the visualisation of altered pathways in infected keratinocytes when compared to control
cells. For simplicity, only the top 15 altered pathways are shown. Negative z-score: pathway inhibition, positive z-
score: pathway activation. IPA applies a -log (p-value) cutoff of 1.3; p-value equal to or greater than 0.05 are hidden.

LFQ-values had been used to perform this analysis.
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The analysis revealed, among others, a significant increase in the activity of the HIPPO pathway in

MnPV-infected keratinocytes.

The HIPPO pathway is one of the central components of tissue homeostasis. Many studies have shown
a crucial role of this pathway in the control of organ size, tissue regeneration and self-renewal [145-
147]. The finding that this pathway is significantly activated in MnPV-infected keratinocytes is also of
particular interest, as an effect on this pathway has already been described for HPV-expressing cells

[148-150].

To further elucidate whether the two oncoproteins of MnPV are responsible for this effect of the
HIPPO pathway, proteomic studies were performed with cells stably expressing MnPVE6, E7, and E6

together with E7. Figure 17 A shows a schematic overview of the cloned constructs which were
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Figure 17: Establishment of 308 keratinocyte cell lines expressing MnPVE6, E7 or E6 and E7. A) Schematic
overview of expression cassettes lentivirally transduced to the cells. B) Transcription control of transduced 308
keratinocytes using semi-quantitative RT-PCR. PCR was performed with primers against MnPVEG6 or E7. cDNA
from plenti_empty transduced cells served as control. GAPDH served as loading control. C) WB revealed
oncoprotein expression in transduced cells. Lysates from transduced cells were used to confirm oncoprotein
expression using anti-Flag antibody. pLenti_empty transduced cells were used as control. Unspecific band of

anti-Flag antibody served as a loading control.
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transduced into 308 mouse keratinocytes. Successful transduction and subsequent selection of cells

was confirmed by semiquantitative PCR (Figure 17 B) and WB (Figure 17 C). The obtained cells were
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Figure 18: Comparison of the proteome of cells expressing MnPV oncoproteins and control proteome of
lentivirally transduced 308 keratinocytes. Volcano Blots show an overview of altered proteins in oncoprotein-
expressing murine keratinocytes when compared to plLenti_empty. A) Comparison of MnPVE6-expressing cells
compared to control. B) MnPVE7 influenced proteomes compared to empty control. C) Proteomes of cells
expressing both oncoproteins at the same time compared to control. To create the volcano blots, LFQ-values had

been used.

lysed and transferred to the Genomics and Proteomics Core Facility of the DKFZ for mass

spectrometric analysis. All samples had been prepared in triplicates.

Peptides have been analyzed by a mass spectrometer. Data analysis was carried out by MaxQuant. In
total 70625 peptides and 5153 proteins could have been identified by MS/MS based on an FDR cutoff
of 0.01 on peptide level and 0.01 on protein level. Quantification was done using a label free
quantification approach based on the MaxLFQ algorithm [135]. Volcano blots were created to
illustrate the differences between the samples of oncoprotein-expressing cells and control cells

(Figure 18).

A Venn diagram with the significant and biologically relevant changed proteins of the respective
groups is shown in Figure 19. Intensity-based absolute quantification (iBAQ)-values [151] had been
used for this blot. A total of 151 proteins were found for MnPVE6-expressing cells, showing a
significant and biologically relevant change in the expression level when compared to control cells

(Figure 19). The biological relevance of a change was defined by Log2FC > (1) or Log2FC < (-1). For

MnPVEBG vs Control MnPVE7 vs Control
Figure 19: Venn diagram comparing the results from

transduced 308 in vitro proteomics. Strongest differences
could be examined in cells expressing MnPVE6E7 compared
to control (179 proteins were altered). Comparison between

MnPVE7-expressing cells and control revealed 117 altered

proteins and MnPVE6-expressing cells show 151 altered
140 proteins when compared to control. Diagram is based on

R iBAQ- values.
MnPVEGE7 vs Control

MnPVE7-expressing cells, 117 proteins with these specifications could be identified (Figure 19), for

cells co-expressing both oncoproteins, 179 proteins with the above specifications (Figure 19) had been

identified, representing the strongest differences to the control proteome. A representation of the
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strongest differentially expressed proteins in the abovementioned comparisons is shown in

Supplemental Table 3.
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Figure 20: Altered top 15 canonical pathways in in vitro proteomic data sets of transduced 308 cells. A)
MnPVEG6-expressing cells compared to control cells. B) MnPVE7-expressing cells vs control cells. C) MnPVEGE7-
expressing cells compared to control cells. IPA's z-score indicates a predicted activation or inhibition of a pathway.
Negative z-score (blue): pathway inhibition, positive z-score (orange): pathway activation. Pathways with a p-

value of 0.05 or more are not shown.

For the comparison of MnPV oncoprotein-expressing and control datasets, a canonical pathway
analysis was performed using IPA to put the results in a biological context. For this analysis, all
significantly altered proteins (LFQ-values) of MnPVE6, E7 or EGE7-expressing cells compared to control
cells were entered into the software. The top 15 potentially altered canonical pathways are shown in

Figure 20.
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The analysis of the canonical signaling pathways showed, among others, a significant upregulation of
the endocannabinoid cancer inhibition pathway in MnPVEGE7-expressing cells compared to the
control (z-score: 1.13). Endocannabinoids are endogenous lipid signaling molecules [152], which have
a wide variety of effects on cells. For example, they inhibit the proliferation of cancer cells, stop the
cell cycle and are able to induce cell death [153, 154], which had been demonstrated in both in vitro

and in vivo in various malignant tumors [155, 156].

2.3.2 Wwp2 and Cullin7 are downregulated in the presence of MnPVE7

The results generated in the proteome studies of the transduced 308 keratinocytes provided
interesting new insights to the effect of MnPV oncoprotein expression in the cell. Representative
altered proteins from this study were additionally examined using WB and IF analyses to confirm the

proteome data.

One of these candidates is the NEDD4-like E3 ubiquitin-protein ligase Wwp2. Wwp2 ubiquitinylates
E3 SUMO-protein ligase EGR2 and thereby promotes its proteasomal degradation [157]. In T cells, this

DAPI Wwp2 Merge

--- Figure 21: Wwp2 is reduced in
MnPVE7- and MnPVEGE7-
expressing cells when compared to
control. Reduction of Wwp2 can be
visualized in  MnPVE7-  and
MnPVEGE7-expressing cells by IF.
Wwp?2 is stained in green. DAPI was
used as nuclear marker (blue). Scale
bars: 20 um

Control

MnPVEG6

MnPVE7

MnPVEGE7
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ubiquitinylation inhibits induced cell death [158]. In addition, Wwp2 ubiquitinylates DNA-directed
RNA polymerase Il subunit RPB1, which leads to its degradation [159]. In the proteomic analysis of
MnPVEGE7-expressing cells compared to control, Wwp2 was significantly downregulated (log2FC = -
1.8, p-value = 0.002). By IF, this downregulation was confirmed in MnPVEGE7-expressing cells.

Interestingly, downregulation of Wwp2 was also observed in MnPVE7-expressing cells (Figure 21).

In addition to Wwp2, another candidate was investigated in detail. Cullin7 (Cul7) is the core

component of the 3M and Cul7-RING(FBXW8) complexes, which mediates the ubiquitination of target

& Figure 22: Downregulation of Cul7 in MnPVE7- and
> L& L&
& q-.k Q&s 6.}' MnPVEG6E7-expressing cells shown by WB. MnPV
£ & & L
S & &I oncoprotein-expressing keratinocytes and empty-plasmid
igg: _— - <+— Cullin7 transduced control cells were lysed, and lysates were used in
WB revealing downregulation of Cul7 in MnPVE7- and
122: —— — — Vinculin MnPVE6E7-expressing cells. Vinculin served as loading
control.

proteins [160]. Target proteins are, among others, MAP4K1/HPK1. Cullin7 recognizes and binds auto-
phosphorylated MAP4K1/HPK1, leading to its degradation and thereby affecting cell proliferation and
differentiation [161]. In the proteomic study a significant reduction (log2FC = -1.95, p-value = 0.025)
of Cullin7 in MnPVEGE7-expressing cells was observed when compared to control. In fact, its reduction

in MnPVE7- as well as MnPVEGE7-expressing cells could be observed by WB (Figure 22).

2.3.3 HPV38 oncoprotein-expressing keratinocytes

Cutaneous HPV type 38 was included in this study as it can contribute, like MnPV in Mastomys, to the
development of NMSC in humans via a hit-and-run mechanism in combination with UV light [84] and
is therefore a particularly interesting candidate for placing the results from the Mastomys model to a
human context. Therefore, the effect of the oncoprotein expression of the cutaneous HPV38 on the

host cell proteome was examined.

For this purpose, normal oral keratinocytes (NOK) cells were lentivirally transduced with the
constructs shown in Figure 23 A. After selection with puromycin, successful transduction was verified

by semi-quantitative RT- PCR (Figure 23 B). Morphologically, no differences between the generated
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Figure 23: Establishment of NOK cell lines expressing HPV38 oncoproteins. A) Schematic overview of expression

cassettes which allow expression of Flag-tagged HPV38E6 or E7 or both oncoproteins together. Constructs were
lentivirally transduced to NOK cells. pWPI_empty serves as control construct. B) Transcription control of transduced
NOK using semi-quantitative RT- PCR. Primers against HPV38E6 and E7 was performed with cDNA from empty
vector control (pWPI_empty) or oncogene-transduced cells. GAPDH served as loading control. C) Light microscopic
images of oncoprotein-expressing cells show no morphological differences when compared to pWPI_empty control.

Scale bars: 50 um.

cell lines could be detected, as shown by light microscopy (Figure 23 C). The lysates of these cell lines
were forwarded to the Genomics and Proteomics Core Facility of the DKFZ for further proteomic
analyses performed in triplicates to identify their proteomes in comparison to empty plasmid
transduced control cells. For data analysis, MaxQuant software was used. In total 70360 peptides and

5246 proteins could have been identified by MS/MS based on an FDR cutoff of 0.01 on peptide level
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and 0.01 on protein level. Quantification was done using a label free quantification approach based

on the MaxLFQ algorithm [135].
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Figure 24: Comparison of the proteomes of HPV38 oncoprotein-expressing and control transduced NOK cells.
Volcano Blots give an overview of altered proteins in oncoprotein-expressing cells when compared to
pWPI_empty control. A) Comparison of proteome datasets from HPV38E6-expressing cells with those from
control cells B) Proteomes of cells influenced by the expression of HPV38E7 compared to control. C) Strongest
differences can be described in proteomes from HPV38E6E7-expressing cells when compared to control. The
negative logarithm of the p-value is plotted on the y-axis to base 10. The x-axis shows the logarithm of the fold

change between the two conditions. For the generation of the volcano blots, LFQ-values were used.

To graphically illustrate the comparisons between the resulting data sets volcano blots were created

(Figure 24).

Comparing the proteomes of the HPV38E6-expressing NOK cells with those of the control cells
transduced with pWPI_empty, 176 proteins are significantly and biologically relevantly altered.
Biologically relevance is classified by log2FC < (-1) or log2FC > (1). For HPV38E7, compared to the
control, 97 proteins fulfill these specifications, for cells expressing both oncoproteins at the same time

224 proteins were altered. A compilation of the most affected proteins is shown in Supplemental

Table 4.

A Figure 25: Venn diagrams show
comparison of altered proteins of in vitro
MnPVE6 HPV38E6 proteomic studies of MnPV and HPV38

vs control vs control
oncoprotein-expressing cells compared to
the respective controls. A) Comparison
B between protein data sets of altered
proteins characterized in MnPVE6- and
MnPVE7 HPV38E7 HPV38E6-expressing cells compared to the
vs control vs control respective control. B) Comparison between
MnPVE7 and HPV38E7 datasets. C)
Comparison between data sets resulting
¢ from cells expressing both oncoproteins.
For the generation of these diagrams the
xncz\r/]ffo? 157 yspéloarifgf / LFQ-values of significantly (p < 0.05) and

biologically relevant [log2FC < (-1); log2FC

>(1)] altered proteins had been used.
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A Venn diagram shows the comparison between altered proteins from the MnPV and HPV38
proteome analyses (Figure 25). For the MnPVEG6-expressing cells, 11 proteins were found that were
also altered in HPV38E6-expressing cells. For the E7-expressing cells, 12 proteins were found, and for
cells expressing both oncoproteins simultaneously, 22 proteins were found altered in both cell lines

compared to the respective control.

2.4 Interactome studies uncover host cellular interaction partners of cutaneous PVs
oncoproteins

Interactome studies were performed for the E6 and E7 oncoproteins of MnPV and HPV38 to obtain
information on the interaction between the virus and the host cell. HPV38 was used as a reference in

this context since much information is already available for this HPV type [84, 162-164].

To generate the interactome for the oncoproteins, two methods were used: Firstly, the BiolD method
[165], which allows labeling and subsequent characterization of a host cell protein surrounding a
target protein by biotinylation within a living cell, and secondly, an immunoprecipitation (IP) to detect

binding partners [166]. For both methods, a mass spectrometric evaluation was used.

2.4.1 BiolD for MnPV and cutaneous HPV38 oncoproteins

To detect potential interaction partners of MnPV and HPV38 oncoproteins, BiolD was performed
[165]. First, a construct was cloned to generate a fusion protein consisting of a promiscuous biotin
ligase (BirA*) [167] linked to protein of interest (MnPVE6 or MnPVE7) (Figure 26 A). Target cell line
was chosen according to previous biotinylation tests (Supplemental Figure 2). To guarantee a
sufficiently strong biotinylation for the subsequent BiolD, MaFi132 cells were first transiently
transfected with plenti_GFP-BirA* control, treated with 50 uM of biotin overnight and lysed the next
day. The lysates were tested for successful biotinylation of the host cell proteins in a WB with

antibodies against biotin. An illustration of an exemplary blot is provided in Supplemental Figure 3.
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After successful lentiviral transduction of the target cells (Mastomys fibroblasts 132; MaFil132 [168]),
verified by semi-quantitative PCR (Figure 26 B) and WB (Figure 26 C), the fusion proteins enabled the
labeling of surrounding proteins through biotinylation within the living cell. Subsequent streptavidin
pulldown allowed the purification of the labeled proteins, which were subsequently characterized by

mass spectrometry.
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Figure 26: Establishment of MaFi132 cell lines to describe the interactome of MnPV E6 and E7 by BiolD. A)
Schematic overview of constructs used to transduce MaFil32. plenti_GFP-BirA* served as control.
plenti_MnPVE6-BirA* and pLenti_ MnPVE7-BirA* code for E6 or E7 fused to BirA*. The fusion proteins were Flag-
tagged to enable the detection in WB. The fusion site of BirA* (at N/C-terminal of the oncoprotein) is based on
functionality tests using the same principle on HPV16 in our group (unpublished, manuscript in preparation). B)
Transcription control of transduced MaFil132 using semi-quantitative PCR with primers against BirA* verifies
successful transduction. GAPDH served as loading control. C) WB confirmed biotin ligase fusion protein expression

in transduced cells using anti-Flag or anti-GFP antibodies. Actin served as a loading control.

Within the interactome study using the BiolD method, 41 host cell proteins could be identified as
putative interactors of MnPVE6 and 157 of MnPVE7. These proteins are listed in Figure 27. The

enrichment factor given in
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this Figure shows how often a particular protein appeared in the triplicated samples when compared
to control. In addition to the interactome study for E6 and E7 of MnPV, a BiolD was also performed

for the two oncoproteins of the cutaneous HPV38. For this purpose, NOK cells were transduced with
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Figure 27: lllustration of MnPVEG6 and E7 interaction partners identified by BiolD. Enrichment factors show
the frequency that the named protein appeared in the samples when compared to control. A) Putative

interactors of MnPVE6. B) Putative interactors of MnPVE7.
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a construct consisting of a fusion protein of the respective oncoprotein and the biotin ligase BirA*. An
illustration of these constructs is shown in Figure 28 A. Successful transduction was verified by semi-
guantitative PCR using primers against BirA* (Figure 28 B). WB (Figure 28 C) was performed to verify

the expression of the genes and the translation to fusion proteins.
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Figure 28: Establishment of stable NOK cell lines to describe the interactome of E6 and E7 of HPV38 via BiolD.

A) Schematic overview of cloned and transduced constructs. Construct pLenti_ GFP-BirA* served as control.
Constructs pWPI_HPV38E6-BirA* and pWPI_HPV38E7-BirA* code for E6 or E7 fused to BirA*. The fusion site of
BirA* is based on the same functional tests that already served for the construction of MnPV-BirA* constructs
(unpublished, manuscript in preparation). B) Transcription control of transduced NOK cells using semi-
quantitative PCR proved transcription of BirA* in transduced cells. pLenti_GFP-BirA* serves as control. GAPDH
served as loading control. C) WB revealed correct biotin ligase fusion protein expression in transduced NOK cells

using anti-Flag antibody. pLenti_GFP-BirA* cell lysates were used as control. Vinculin served as loading control.
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After streptavidin purification, the biotinylated protein mixtures were handed over to the Genomics
and Proteomics Core Facility of the DKFZ. Here, the mixtures were analyzed mass-spectometrically in
triplicates. Data analysis was carried out by MaxQuant. In total 25669 peptides and 2747 proteins
could have been identified by MS/MS based on an FDR cutoff of 0.01 on peptide level and 0.01 on
protein level. Quantification was done using a label free quantification approach based on the MaxLFQ

algorithm [135].

Using the above- mentioned BiolD, in total 304 interacting proteins could be found for HPV38E6 and
300 for HPV38E?7.

S100A9, which plays a key role in cell cycle regulation and inflammation [169-171], was described here
by BiolD as an interaction partner of HPV38E7. Interestingly, this protein shows altered expression
patterns in many types of cancer (reviewed in: [172]), including in cells of head and neck squamous

cell carcinoma (HNSCC), in which it is downregulated [173].

A comparison of interactors of MnPV and HPV38 oncoproteins is shown in chapter 2.3.2. Figure 31.

2.4.2 Analysis of the interactome of the two oncoproteins MnPV E6 and E7 using IP

In addition to the BiolD performed, IP followed by mass spectrometric analysis (IP/MS) was done to
further characterize the interactome of MnPVE6 and MnPVE7 in more detail. To determine cellular
interaction partners of MnPV oncoproteins using IP, transiently transfected Mastomys Fibroblasts
(MaFi132) expressing either MnPVE6-Flag or MnPVE7-Flag were lysed. Whole cell lysates were
subjected to a Flag-IP followed by MS (IP/MS).

With this method a total of 125 host cellular proteins were identified as interactors for MnPVE6 and
386 for MnPVE784 proteins could be described as interactors for both oncoproteins, resulting in 41
proteins that bind exclusively to MnPVE6 and 302 that bind only to MnPVE7 (Figure 29). To illustrate
interactors found in BiolD as well as in IP, a Venn diagram was created. For this diagram iBAQ values

had been used.
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MnPVEG interactors (IP)
Figure 29: Comparison between interactors revealed for

MnPVEG6 and E7 in IP. For MnPVEG6 125 host cell proteins
could be characterized as interaction partner using IP. For
MnPVE7 386 interactors had been identified. 84 proteins

are interactors of both oncoproteins. iBAQ-values had

MnPVE7 interactors (IP) been used to generate this diagram.

In order to validate the results obtained from the interactome studies, single candidates were
examined in detail. For this purpose, an IP using lysates of transiently transfected Mastomys
fibroblasts (MaFi132) expressing either MnPVE6-Flag or MnPVE7-Flag was performed. This IP was

followed by WB. The results of this analysis are shown in Figure 29.
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Figure 30: Immunoblotted IPs verifies PtpN14 as interaction partner of MnPVE7 and Maml1 binding to
MnPVE6. Lysates from MnPV oncoprotein transfected MaFil32 cells were used in IPs against Flag-tag.
Precipitates were analyzed in WB using Flag, Maml1 and PtpN14 antibodies. pCMV_empty transfected MaFi132

served as control. A) 10% input samples. B) IP:Flag samples.

Among the interaction partners of E6 found by IP, Smad2/3 could be characterized, for which the

context to HPV E6 proteins had already been shown [174].
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The results of the WB analyses confirmed the IP/MS results. Thus, Mastermind-like protein 1 (Maml1)
can be verified as an already described interaction partner of MnPVE6 [175]. In addition, Tyrosine-
protein phosphatase non-receptor type 14 (PtpN14) can be characterized as an interaction partner of

MnPVE7 for the first time (Figure 30 B).

Comparisons of the interacting proteins characterized by the different experiments were made and

presented as Venn diagrams (Figure 31).
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Figure 31: Comparison of interactomes for E6 and E7 of MnPV and HPV38 analyzed by BiolD and IP. A) The
competitive interaction analyses for E6 show that there is only one common interactor for MnPV (BiolD and IP)
and HPV38, which is Ipo5. B) For E7 no interactor could be described for MnPV E7 that appears in in IP and
BiolD as well as for HPV38E7 (BiolD). iBAQ values had been used to generate these diagrams.

A direct comparison of the interactomes data obtained by different methods revealed only one
common interaction partner for MnPVE6 and HPV38E6, which is Ipo5. However, if the BiolD results
are compared with each other, 6 common interactors of the oncoproteins could be characterized. For
the comparison between the IP performed for MnPVE6 and the HPV38E®6 BiolD, 7 common interactors
can be found. Among them is Maml1, which has already been shown in other studies to be an
interactor of MnPVE6 and HPV38E6 [175, 176]. In the comparisons of MnPVE7 and HPV38E7
interactors, common binding partners are only found when the results obtained in BiolD are
compared (8 in common) or when the BiolD for HPV38E7 and the IP results for MnPVE7 are compared

(37 in common).
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2.5 Deeper understanding of the influence of MnPV oncoproteins on the host cell -
Investigation of the influence of MnPV on the HIPPO signaling pathway.

The proteome and interactome studies conducted in this work have already provided new insights
into how MnPV affects the host cell. One of the effects observed is the downregulation of PtpN14 in
MnPV oncoprotein-expressing cells. To gain a deeper understanding of the processes involved, which
may be interrupted by MnPV, the effect of PtpN14 downregulation on the host cell was investigated.
To this end, the reduction of PtpN14 in MnPVEGE7-expressing cells described in the proteomic analysis
was first verified in WB and IF. To analyze the downstream effects of this protein, the localization of

Yap/Taz was investigated since their intracellular compartmentation is controlled by PtpN14.

2.5.1 PtpN14 reduction under the influence of PVE7
PTPN14 is a member of the PTP protein family which are signaling molecules known to regulate a

variety of different cellular processes.

Apart from the binding of PtpN14 to MnPVE7 as revealed in the interactome study by BiolD and
IP/MS, PtpN14 was characterized as an altered protein in the in vitro proteome studies of
MnPVEG6E7-transduced keratinocytes showing a significant reduction of this phosphatase compared

to control (log2FC of -2.02 at p-value < 0.05).

To validate this observation, MnPV oncoprotein-expressing 308 cells were lysed and PtpN14 levels
were determined using WB, which confirmed its reduction in MnPVEGE7-expressing cells (Figure 32
A). Apart from this, a reduction of PtpN14 could also be seen in MnPVE7-expressing cells. In addition,
an IF was performed showing a reduced expression of this phosphatase in MnPVE7- and MnPVEGE7-
expressing cells (Figure 32 B). These differences in the PtpN14 signal intensity in IF had also been
quantified using the software Imagel (Figure 32 C). Here, measurements of the signal intensity of
PtpN14 showed a significant down-regulation (p-value = 0.028) of PtpN14 in 308 keratinocytes
expressing MnPVE7. This trend is also observed in MnPVEGE7 cells (p-value = 0.059) when compared

to control. For this measurement, three pictures of three independent experiments had been used.
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Figure 32: PtpN14 reduction in MnPVE7-expressing murine keratinocytes. A) WB of transduced 308
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keratinocytes reveals PtpN14 reduction in MnPVE7- and MnPVEGE7-expressing cells. Vinculin served as loading
control. B) IF of transduced 308 cells show PtpN14 reduction in MnPVE7- and MnPVEG6E7-expressing cells. C)
Signal quantification of PtpN14 IF stainings reveal significant reduction of this phosphatase in MnPVE7-
expressing cells (p = 0.028). In addition, the tendency of a reduction can also be shown in MnPVEG6E7-expressing

cells (p = 0.059).

Since the reduction of PtpN14 could be demonstrated, the question arises as to what effect this
reduction has. To answer this question, special attention was paid to the role of PtpN14 in the HIPPO

pathway.

2.5.2 Downstream effects of PtpN14 downregulation- Investigating the localization of
Yap/Taz

PTPN14 is shown to be a negative regulator of the oncogenic potential of YAP through a direct

interaction of PTPN14 PPxY motifs and YAP/TAZ WW domains [177].

In the past, various methods have been used to determine the activity of these two co-transcription
factors. One of them is the visualization of the nucleocytoplasmic shuttling of YAP/TAZ. This method

represents a quantitative and automatable analytical procedure to get information about the activity
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of these proteins [178, 179]. In this work, IF was applied using 308 keratinocytes expressing MnPV
oncoproteins to determine the localization of endogenous YAP/TAZ (Figure 33 A). The IF showed an
altered localization in MnPVE7- and MnPVEGE7- expressing cells. Here, the localization of Yap/Taz

seemed to be more towards the nucleus compared to cells expressing MnPVEG6 or the empty control

plasmid.

To quantify the signals in the corresponding cell compartment, intensities of Yap/Taz and DAPI
staining from 3 independent experiments (3 images of each experiment) were measured using Image)
software. To calculate the ratio between nuclear and cytosolic signal intensity, the total signal

intensity was calculated first, which served as the 100% signal intensity. Then, the cytosolic and
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Figure 33: Translocation of Yap/Taz towards the nucleus. A) IF shows an altered localization of Yap/Taz in
MnPVE7- and MnPVEGE7-expressing cells. The approach of Yap/Taz to the nucleus compared to the localization
in control cells and MinPVE6-expressing cells is unambiguous. DAPI served as nuclear marker. Scale bars: 20 um

B) Quantification of Yap/Taz signal intensity from IF using Imagel illustrates the tendency of these proteins
towards the nucleus in MnPVE7- and MnPVEGE7-expressing cells. DAPI signal was used as a nuclear marker. C)
Cell fractionation was done to elucidate the localization of Yap/Taz in MnPV oncoprotein-expressing 308
keratinocytes. Here, an increased presence of Taz in nuclear fractions of MnPVE7-expressing cells compared to
other cell lines can be observed. Histone H3 served as marker for nuclear fraction, Pyruvate kinase isozymes

M1/M2 (Pkm2) was used as marker for cytosolic fraction. ¢ = cytosol, n = nucleus.
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nuclear signals were determined as percentage values. Using this quantification method, a clear
tendency of the Yap/Taz localization towards the nucleus in MnPVE7- and MnPVEGE7-expressing cells

was found (Figure 33 B).

To test whether a translocation of Yap or its homologue Taz happens, a nucleus/ cytoplasm separation
of MnPV oncoprotein-expressing cell lines was performed and analyzed by WB (Figure 33 C). Here,
Taz was found to be enriched in the nucleus in cells expressing MnPVE7. However, this effect could
not be shown in cells expressing MnPVE6 or MnPVEGE7. But in general, an overall stronger signal

intensity of Yap/Taz was shown compared to control, MnPVE6- or MnPVE7-expressing cells.

Thus, for the first time, an effect directly mediated by MnPVE7 on the cell could be described.

3  Summary of results

In the present thesis, the influence of MnPV on the host cell was investigated using, among others,
the mass spectrometry-based interactomics and proteomics.

By semi-spatial proteomics, great differences between the different SCC subtypes of Mastomys
coucha was shown in the proteome composition, depending on their level of differentiation.
Especially naturally MnPV-induced benign tumors strongly differed from dedifferentiated nKSCCs
developing after UV-irradiation. Furthermore, it is of particular interest that MnPV-infected tissue
shows extremely large differences in the proteome composition compared to uninfected tissue or
skin control. The influences on differentiation processes in infected cells could also be verified by IF
staining against the differentiation marker K10.

In the following, the effect of MnPV-infection on keratinocytes was further characterized in detail by
using in vitro proteomics. These studies identified a plethora of proteins influenced by the presence
of oncoproteins from MnPV and HPV38. A significant effect on the important HIPPO signaling pathway
found was used to verify these data.

By focusing on effects mediated by MnPV E6 and E7, proteomic analyses, WB and IF were performed.
Here, a significant reduction of Wwp2, Cul7 and PtpN14 was observed in MnPVE7- and MnPVEGE7-
expressing cells.

Interactome studies performed for MnPV- and HPV38- oncoproteins revealed the complex sites of
action of these PV proteins within a cell. My analyses have shown that the PV proteins studied bind

to cellular proteins involved in a variety of cellular pathways. Thus, they most likely influence a variety
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of biological processes, such as apoptosis, proliferation, and cell cycle control. By demonstrating for
the first time the interaction of MnPVE7 with cellular PtpN14, a direct link between MnPV-infection
to the HIPPO pathway was uncovered, in which this phosphatase plays a regulatory role.

Subsequent experiments showed that the MnPVE7-mediated influence on the HIPPO pathway impairs
the localization of its main effectors Yap and Taz towards the nucleus. Further IF and nuclear/cytosol
fractionation followed by WB uncovered that Taz is more abundant in the nucleus of MnPVE7-
expressing cells while in MnPVEGE7 a general higher expression level of Yap/Taz was observed when
compared to control.

In summary, the study provides new insights into SCC development in vivo (first time done for SCCs)
and in vitro. In addition, a proteomic analysis was done for the first time to investigate the effect of
HPV38 E6 and E7 on the host cell. In the interactome analysis, new and known interactors were found

that explain how cutaneous PVs can facilitate SCCs.

4 Discussion

In recent years, the role of beta types in the development of skin cancer has been increasingly
considered concluding, that cutaneous beta HPVs promote the development of SCCs via a hit-and-run
mechanism in which PVs act together with the accumulation of UV-induced DNA mutations [44, 84].
Confirmation of this postulated system was achieved using the African mammalian rodent Mastomys
coucha, which has proven to be a suitable animal model for the study of papillomavirus-associated

skin carcinogenesis [2, 44].

Until now, however, it remained unclear which processes take place in an infected cell that ultimately
lead to uncontrolled cell division. This led to the question which cellular proteins are affected in
presence of viral proteins and what effects this interference has on cell homeostasis and on

elementary signaling pathways.

This work provides first steps to answer these fundamental questions by using proteomics and
interactomics, paving the way for more in-depth research on cutaneous PVs using Mastomys coucha

as a preclinical animal model.
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4.1 Proteomic analyses provide new in-depth insights into the virus-host cell
interplay of MnPV

Proteins fulfill a wide range of tasks within a cell. Cellular properties essentially depend on the
composition and structure of the totality of all proteins produced. Therefore, the analysis of the so-

called proteome can provide information about various cellular processes [180].

Nowadays, proteomics are used in various fields of research [181]. The analysis of proteins as effectors
of biological functions thus represents one of the most important pillars of modern biology for

characterizing biological systems and describing relevant global changes [182].

During the last few years, using a variety of methods (reviewed in: [183]) including proteomic analyses
[184-188] extensive new insights have been gained into how HPV interacts with its host cell. So far,
however, limited is known about how cutaneous HPV types contribute to the development of skin
cancer by interfering with cell homeostasis. In this work, proteomic studies were carried out to
describe the processes involved in the development of NMSC in Mastomys coucha and to further

elucidate the role of MnPV in this process.

The inter-/ and intra-tumoral heterogeneity in NMSCs was illustrated for the first time to investigate
the hit-and-run mechanism. Therefore, proteome analyses revealed differences between the various
tumor subtypes on a spatial and molecular level in correlation with the MnPV infection status and

their morphology.

The tumor heterogeneity was already shown in a PCA analysis (Figure 10 A), displaying a comparison
of the different proteome comparisons in dependency of the tissue origin. Here, a comparable large
similarity of the overall proteome composition of well-differentiated tissue and control skin
represented was described. Dedifferentiated tissues, on the other hand, appeared to have greater
differences from the control skin, which was to be expected since the morphology of the two tissues
already exhibits strong differences (Figure 9). This observation is supported by the known processes
of dedifferentiation, in which progressive changes in cells leads to even greater differences compared
to normal tissue, potentially resulting in aggressively growing tumor tissue (reviewed in: [189]). The
differences found between well-differentiated and poorly differentiated tissues compared to normal
skin (Figure 11 B and C) suggest the hypothesis that changes in proteome composition have a
sustained and widespread effect on cell homeostasis leading to the multistep process of

dedifferentiation, which ultimately causes tissue to degeneration.

49



Discussion

The effects of dedifferentiation and MnPV infection on the host cell were further elucidated by an IPA
canonical pathway analysis (Figure 12). In general, only few reliable statements could be made about
altered cellular pathways in the comparison between well-differentiated tissue and skin with less than
100 proteins significantly and biologically relevant altered (Figure 10 B). Since these proteins form the
basis of the following pathway analysis, the initial data set was too small for IPA to carry out reliable
and meaningful analyses. Assuming the morphological similarity of the two tissue types, it is obvious

that minor differences were found between the proteome networks of these two tissue types.

The situation was different when comparing proteomes from the dedifferentiated tissues with those
of control skin. Here, more than 240 proteins were found to be altered (Figure 10 B). The protein
networks of these two tissue types show differences, which were displayed in a canonical pathway
analysis (Figure 12 C). One of the altered pathways found was the tRNA charging, as a central
mechanism of protein biosynthesis. This pathway was found to be significantly upregulated (z-score
= 2.33) in dedifferentiated tissue, scince among others, aspartyl-tRNA synthetase 1 (Dars1), glycyl-
tRNA synthetase 1 (Garsl), lysyl-tRNA synthetase 1 (Karsl) and tryptophanyl-tRNA synthetase 1
(Wars1) were significantly upregulated in dedifferentiated tissue. Dysregulation of the protein
synthesis machinery in cancer has significant implications for pathophysiology, including cancer
development and progression [190]. Since t-RNA loading is a fundamental component of protein
biosynthesis, it can be assumed that this central mechanism is disturbed in dedifferentiated tissue
compared to control skin, supporting the hypermetabolic nature of these cancer cells (reviewed in:

[191]).

Spatial proteomics also showed that MnPV infection has a deep impact on the host cell proteome,
since a total of 571 proteins were found to be significantly altered in MnPV-positive tissue compared
to control skin (Figure 10 B). The canonical pathway analysis (Figure 12 A) showed among others a
significant downregulation of the mTOR signaling pathway in MnPV-expressing tissue (z-score = -1.89).
The mTOR signaling pathway has multiple roles in the cell and controls elementary functions such as
protein synthesis, cell division and cell proliferation [192] for instance. The signaling pathway, based
on mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), induce a transition from the G1 to
the S phase of the cell cycle and thus cell division [193]. mTOR inhibitors suppressing these signaling
cascades [194], lead to G1 arrest and stop cell growth. Thus, these inhibitors are frequently used in
tumor therapy (reviewed in: [192]) making it even more interesting that in MnPV-positive tumor

tissue this signaling pathway is significantly downregulated when compared to skin control.
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Interestingly, activation of the mTOR signaling pathway is a frequently described feature of HPV16-
positive head and neck squamous cell carcinoma (HNSCC) (reviewed in: [195]). The fact that under
the influence of cutaneous MnPV infection the opposite effect takes place, namely a downregulation
of this pathway, may represent a kind of protective mechanism of the cell against the virus. By
downregulating the activity of this pathway, the cell possibly represses the progression of the cell

cycle and the associated virus protein synthesis and replication.

In contrast, the xenobiotic metabolism PXR signaling pathway was significantly upregulated (z-score
1.508) in MnPV-expressing tissue when compared to control skin (Figure 12 A). This is particularly
interesting as this pathway appears to be downregulated in UV-induced well- (z-score = -2.00) and
dedifferentiated tumor areas (z-score = -1.63). Therefore, upregulation of the xenobiotic metabolism
PXR signaling pathway can be attributed to MnPV- infection, which is a particularly interesting
observation with respect to inter-tumoral heterogeneity. Since the xenobiotic metabolism PXR
signaling pathway has multiple influences on various cellular functions through its effector pregnane
X receptor (PXR or NR112) [196-200] its dysregulation of this pathway can lead cancer development
(reviewed in [201]). Until now, no relationship between PV infections and the xenobiotic metabolism
PXR signaling pathway has been described. The extent to which this pathway is also affected in tumors
with an HPV context has to be investigated in further studies. In any case, however, the work

presented here represents a new approach to study inter-/ and intra- tumoral heterogeneity.

In addition to canonical pathway analyses, underlying upstream regulators were also determined by
using IPA (Figure 13). These analyses are based on prior knowledge about the expected effects
between transcriptional regulators and their target genes, which are stored in the Ingenuity®
Knowledge Base, making it possible to predict transcription factors which is potentially altered in their
activity. The upstream regulator analysis performed here revealed a potentially reduced activity of
the tumor suppressor p53 in MnPV-expressing tissue when compared to control skin. This statement
is based on the up- and downregulation profile of 88 proteins found in the named comparison. One
of these is Cavl which was found to be significantly downregulated (log2FC = -1.32) in MnPV-positive
tissue when compared to skin control. Since reduced expression of mouse Cav1l has been described
in dermal fibroblasts of embryonic homozygous mice with mutated p53 gene (knockout) [202], it can

be assumed that the lower expression in MnPV-positive tissue is due to lower activity of p53.

P53 is a known degradation target of E6 of diverse HPV types [203]. Various studies have shown that

the expression of E6 leads to the degradation of cellular p53 and that this contributes to the
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transformation properties of HPV (reviewed in: [204]). This activity is not the case for MnPVE6 as
shown in previous studies [44]. The decreased activity of p53 might also be caused in by mutations in
the Trp53 gene. However, it is important to remember that no decreased levels of p53 were detected
in MnPVE6- expressing cells. Therefore, potential mutations in Trp53 may only affect the activity, but

not the expression level of p53.

The demonstration of reduced p53 activity in MnPV-expressing tissues represents a new insight into
the intracellular activity of this PV. Although the expression level of p53 is not directly affected by
expression of MnPVE6, the virus appears to suppress the activity of p53 via a yet unknown process
during natural infection. Interestingly, this effect was not found in the in vitro proteomic studies
performed in this work using cells expressing E6 or E7. Thus, it can already be shown that the
downregulated p53 activity is not due to the two oncoproteins. Further studies must be carried out

to clarify how the suppression is induced by MnPV and which viral proteins are responsible for this.

The data from the spatial proteomics uncovered interesting cellular candidates altered in MnPV
infected tissue. One of these is the differentiation marker K10. In the skin, differentiation markers are
well described and mark a certain degree of cellular differentiation. Specific keratins, e.g. K10 [39] and
keratin 14 (K14) [40], are expressed only in early steps of differentiating cells of epidermal layers while
involucrin [41], for instance, is exclusively expressed in the uppermost layer of the epidermis, which
allows the identification of terminally differentiated areas [42]. In proteomic analysis, K10 was found
to be 4-fold reduced in MnPV-expressing tissue compared to control skin. IF stainings of Mastomys
tissue confirmed the reduction in MnPV-expressing tissue, suggesting that MnPV has an impact on
cell differentiation (Figure 14). This finding is in accordance with previous studies on HPV16 and
HPV18, where a reduced expression of K10 could be observed in vitro in E7-expressing cells [205]. This
effect on K10 could now be shown for the first time in vivo in MnPV-induced Mastomys coucha tissue,

representing another example for intra-tumoral heterogeneity.

4.1.1 Proteomic analyses of MnPV-infected cells provide insights into canonical pathways
which are altered by infection

Within the framework of the top-down approach carried out, the influences of a MnPV infection on
the intracellular system were examined. Here, the lower complexity an in vitro system was utilized to
precisely investigate the influences of MnPV on the host cell. For this purpose, MnPV-infected murine

308 keratinocytes [144] were proteometrically analyzed and IPA canonical pathway analyses were
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carried out (Figure 16). A particularly noteworthy result of this pathway analysis was the predicted
activation of the HIPPO pathway in MnPV-infected cells. The HIPPO pathway is a highly conserved
pathway from Drosophila to Mammalia playing a central role in the regulation of organ size [145, 206,
207]. The main effectors of this pathway are the two transcriptional coactivators YAP and TAZ, which
together with TEA domain family members (TEAD) transcription factors control the expression of

various genes involved in cell proliferation, apoptosis and cell fate [208].

It is already known that different HPV types have a direct influence on the HIPPO pathway [150, 209]
and thus support the transforming properties of some HPV types [150]. An influence of MnPV on this
pathway has not yet been described and so represents a new central starting point for further
analyses. Interestingly, a link between MnPV infection and the activity on the HIPPO pathway was also
found in the MnPV oncoprotein-expressing system studied in this work. Here, a reduced expression
of non-receptor tyrosine phosphatase 14 (PtpN14) was found in MnPVE7-expressing cells which is

discussed in more detail in chapter 3.3.

4.1.2 The expression of MnPV and HPV38 oncoproteins affects the entire host cell
proteome

The influence of MnPV, E6 and E7 oncoproteins on cell homeostasis was described in the context of

this work by proteomic investigations.

For this purpose, in vitro proteomic analyses of MnPV and HPV38 E6, E7 and E6E7-expressing cells
were performed (Figure 18). Cutaneous HPV type 38 was included in this study (Figure 24) as it can
contribute, like MnPV in Mastomys, to the development of NMSC in humans via a hit-and-run
mechanism in combination with UV light [84] and is therefore a particularly interesting candidate for
placing the results from the Mastomys model to a human context. The investigation of the target cell

proteome is one way to describe the influences of the abovementioned oncoproteins on the host cell.

Interestingly, comparing the effects at the proteome level, some similarities between MnPV and
HPV38 could be identified (Figure 25). For example, Cullin7 (Cul7) was shown to be significantly
downregulated in MnPVEGE7- expressing cells (Figure 22) as well as in HPV38E6E7-expressing cells.

These similarities are particularly noteworthy because the used experimental systems have significant
differences. The most obvious one is the use of different cell lines. While for MnPV proteome studies

murine 308 keratinocytes [144] were examined, normal oral keratinocytes [210] (NOKs) were used to
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investigate the influence of HPV38. In addition, cells were transduced using different lentiviral vectors,
which may also have an influence on the protein expression profile of the cells. These differences
probably led to a generally low level of global agreement in the IPA analyses carried out for the two
sets of experiments, in which no cellular pathway was found to be affected by both HPV38 and MnPV.
Nevertheless, the in vitro-based proteomic studies conducted here provide new insights into the
influence of MnPV and HPV38 oncoproteins on the cell and revealed exciting new starting points for

further studies, especially in single-candidate analyses like for Cul7.

Among other candidates, a significant downregulation of Cul7 in MnPVEGE7-expressing as well as in
HPV38E6E7-expressing cells was detected in the in vitro proteome analysis (Figure 22 and
Supplemental Table 4). For MnPV, this downregulation could be attributed to MnPVE7, but not to
MnPVES6 (Figure 22). In addition, a CUL7 downregulation was observed in HPV38E6E7-expressing cells

in the proteome analyses. However, no significant different expression levels of Cul7 could be shown
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Figure 34: Members of the CUL-protein family influence various signaling pathways in the cell which are

associated with the development of cancer. Figure adapted from: [5]

for HPV38E7, which is why further experiments are needed here to be able to attribute the observed

effect to an oncoprotein of HPV38 (Supplemental Table 5).
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CUL7 also known as p185 was discovered in 1994 [211]. Together with 5 others, it forms the family of
CUL proteins. Unlike all other CUL proteins, CUL7 does not have a CUL repeat sequence [212]. Cullins
are involved in various signaling pathways and influence a wide variety of biological functions like
apoptosis, cell cycle control, gene transcription and signal transduction (reviewed in: [5]) (Figure 34).
CUL7 is the core component of the 3M and Cul7-RING(FBXWS8) complexes [160, 213] which mediate
the ubiquitination of various target proteins [161, 214-216]. By influencing substrate stability, CUL7
can thus affect multiple signaling pathways, including processes controlling cell proliferation and cell
cycle progression [217, 218]. Cullins in general represent crucial regulators of cell homeostasis [219].
Several studies have also shown a link between CUL7 and the development of tumors such as breast
cancer [220], lymph node metastases [221] or colon cancer [222]. Here, CUL7 promotes cell growth
and migration. Therefore, CUL7 is also referred to as a putative tumor-promoting protein.
Additionally, CUL7 is known to bind directly to the p53 tetramerisation domain [223]. Functional
analysis of this binding showed that p53 function was attenuated after DNA damage by CUL7 binding
[224].

Interestingly, however, CUL7 appears to have a dual role. DeCaprio et al. were able to show a tumor-
suppressing function of CUL7 using an SV40 antigen model system [225]. Nevertheless, further studies
are needed to assess the postulated context-dependent dual role of CUL7 in different systems. In
particular, the expression level of CUL7 in NMSC is not yet described. A connection between CUL7 and
HPV infection has also not been shown so far making this protein a new, interesting target for further
studies in the field of PV research. Especially, further research of the downstream effects of CUL7/Cul7
downregulation in HPV38E6E7- and MnPVE7-expressing cells will show how this affects cell

homeostasis and might contribute to the formation of skin cancer.

In addition to Cul7, the WW domain containing E3 Ub-protein ligase 2 (WWP2) was also characterized
in the proteomic analyses as significantly downregulated (log2FC = -1.8) in MnPVEGE7-expressing cells
compared to control cells. This result was verified in IF analyses which showed that a downregulation
of Wwp2 is not only observed in cells expressing MnPVEGE7, but also in cells expressing E7 only (Figure
21). Thus, the downregulation of Wwp2 seems to be an effect triggered by the oncoprotein E7 and

that E6 is not significantly involved in this so far not described process.

WWP?2 is an E3 ubiquitin protein ligase which influences various cell functions such as the translation

in stem cells or the regulation of inflammatory processes by acting on the immune system.
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In addition to these properties, WWP2 has also been described as a novel oncogene as it appears to
be associated with the formation of various forms of cancers [226-232] but so far, no studies have
investigated the expression levels of WWP2 in NMSC. In vitro studies performed with different cell
lines [231-233] revealed an accumulation of cells in the G1 phase when WWP2 was knocked down
[228, 231]. Furthermore, a decreased expression of cell cycle dependent genes such as cyclin D1 and
cyclin E was observed when WWP2 is decreased [228]. To date, there is no evidence on how inhibition
of WWP2 function/expression affects proliferation, differentiation, or apoptosis functions in

keratinocytes in vitro.

Thus, the results presented here are an interesting new starting point for further analyses that will

elucidate the effect of downregulation of WWP2 in the PV-promoted NMSC context.

Interestingly, the described effects on Cul7 and Wwp2 could not be shown in MnPV-infected cells,
which could have several reasons, e.g., the expression level of the oncoproteins, which is likely higher
when controlled by a constitutive promoter than controlled by viral URR but has not been proven in
detail may influence the effects on the cell. In a previous study (Dissertation of Rui Cao, 2021), the
number of infected cells was estimated to be about 40% of the total cell population based on E4
stainings. This makes a direct comparison of effects between both experimental systems even more

difficult.

The results of the proteome study of MnPV oncoprotein-expressing cells were placed in the biological
context by an IPA pathway analysis (Figure 20). This showed that various cellular functions are
impaired by the presence of the oncoproteins. Among others, a significant upregulation of the
endocannabinoid cancer inhibition pathway in MnPVEGE7-expressing cells (z-score: 1.134) was found.
Based on a decreased expression of G protein subunit alpha 13 (Gna13), which is a mechanistic target
of rapamycin kinase (Mtor) and the regulatory associated protein of MTOR complex 1 (Rptor), IPA
identifies the endocannabinoid cancer inhibition pathway to be upregulated in MnPVEGE7-expressing
cells. Endocannabinoids are endogenous lipid signaling molecules of which the two best characterized
are anandamide (AEA) and 2-arachidonoylglycerol (2-AG) [152]. These signaling molecules are natural
or synthetic cannabinoids which inhibit the proliferation of cancer, stop the cell cycle and are able to
induce cell death [153, 154]. These effects of endocannabinoids have been demonstrated both in vitro
and in vivo in various malignant tumors [155, 156] but have not yet been described in the context of
PVs. Endocannabinoids induce de novo synthesis of ceramides leading to activation of the ERK

signaling cascade [234]. This promotes apoptosis and inhibits cell proliferation in various cancers
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[235]. However, cannabinoids have a dual role. It has been shown that they are able to suppress the
functions of the immune system [236]. Their otherwise cancer-fighting effects can be greatly impaired
by this side effect. However, the extent to which the expression of MnPVE6 and E7 and the resulting
increased activity of the endocannabinoid cancer inhibition pathway affect cell homeostasis remains

to be clarified by further studies.

The proteomic data presented here showed great differences (Supplemental Figure 4). This could be
due to various experimental aspects. First, the transfer of results from in vitro experiments to the in
vivo situation is always a great challenge due to the great differences in the complexity [237].
Secondly, the use of mouse cells (308 keratinocytes) made a direct comparison with the data from
the Mastomys in vivo study difficult since two different species were used. For the abovementioned
reasons, it is easy to understand that the proteomic investigations made using in vivo and in vitro
starting material are not directly comparable with each other. Nevertheless, these proteomic studies
display interesting starting points for further studies that will address the question of what influence
cutaneous papillomaviruses have on the cell and how this, together with UV light, can promote NMSC

formation.

4.2 Interactome analyses of MnPV and HPV38 oncoproteins reveal interaction sites
of oncoproteins with cellular proteins

Various approaches exist for the investigation of PV oncoprotein bound host cell proteins [238, 239].
Current studies use methods such as the Y2H system or affinity purification mass spectrometry to

identify interaction partners of PV proteins (reviewed in: [80]).

To identify host cellular proteins interacting with MnPVEG6 or E7, BiolD and IP/MS were performed. An
overlap of 24 proteins between the two data sets from BiolD and IP was found for MnPVE7 interactors.
For E6, only one protein (Ipo5) was characterized as an interactor in both methods which might be
due to the overall small dataset revealed by BiolD (41 interactors in total, Figure 27)). The fact that a
comparatively small data set of potential interactors for MNnPVE6 was found using BiolD may be due
to the fact that the MnPVE6-BirA* showed a generally low biotinylation rate (Supplemental Figure 2)
compared to MnPVE7-BirA* and the control GFP-BirA*. It is also possible that MnPVE6-BirA* is less

expressed or that biotinylation is affected by proteins bound to the fusion protein. Also, the
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localization of the construct within the cell may play a role in the effectiveness of the reaction (number

of available proteins).

Comparing the interactomes of MnPV and HPV38 oncoproteins, it is noticeable that generally only a
few proteins can be described as common interaction partners of the respective PV oncoproteins
(Figure 31). The highest commonality is given comparing the results of the IP study of the MnPV
oncoproteins with the BiolD results of the HPV38 oncoproteins. This is probably due to the generally

larger interactome data set described in the IP studies.

One of the candidates found in the IP for HPV38E6 and MnPVEG6 is Mamll, which was additionally
verified for MnPVEG6 in an IP followed by WB (Figure 30). Maml1 has already described as a binding
partner of both MnPVE6 [175] and HPV38E6 [176], further confirming the correctness of the data
shown here. Therefore, the presented study provides far-reaching insights into the binding partners
of MnPVE6 and E7 for the first time and can be considered as a milestone for the detailed description
of MnPV host cell interaction. In addition, there is further evidence for the comparability of the

interaction points of MnPV and cutaneous HPVs with their respective host cells.

4.2.1 Confirmation of MnPVES6 interaction with Maml1 and newly discovered interaction
with Smad2/3

In addition to many other interactors, Maml1 was verified as a cellular interaction partner of MnPVE6
in IP/MS. This result is in line with a large-scale interaction study from 2017, in which 45 different E6
proteins from various PVs were investigated for their binding properties to MAML1 and E6AP [175].
Here, it was shown that the vast majority of E6 proteins bind either to MAML1 or to E6AP. An
oncoprotein that had both cellular proteins as binding partners could not be found in the performed
IP with subsequent WB [175]. This is consistent with the results from the interactome study conducted
here. Neither the BiolD nor the IP with subsequent MS analysis identified E6GAP as interaction partner

of MnPVEG.

MAML1 is a transcriptional coactivator of NOTCH signaling pathway, which plays a crucial role in
epithelial differentiation processes [240] and therefore is a necessary factor in maintaining the natural

barrier function of the skin [241].

In PV-uninfected skin, NOTCH signaling is regulated by cell-cell contact [242]. Extracellular proteins

bind to NOTCH receptor proteins which induce a conformational change of NOTCH, releasing the
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fragment Intracellular NOTCH (ICN) to the intracellular space. ICN can then form a complex together
with RBPJ and the co-activator MAML1 to specifically repress genes. Target genes of the NOTCH
signaling pathway include Hairy and Enhancer od Split (HES) genes, MYC (coding for c-myc) and CCND1
(coding for cyclin D1) (reviewed in: [243]). However, it is important to notice that NOTCH target genes
are lineage specific, and NOTCH target genes of differentiating keratinocytes have not been well

characterized so far.

In 2012 it was described that MAML1 is a cellular interaction partner of many beta HPV types as well
as Mus musculus papillomavirus 1 (MmuPV1) [244, 245] and that this binding is associated with
inhibition of NOTCH signaling in various in vitro and in vivo contexts. HPV8E6 binds to MAML1 via the
LXXLL motif [176, 245]. The exact function of this domain is unknown, but the TAD1 domain of MAML1
is able to bind to p300 [246]. It is currently assumed that binding of E6 to TAD2 of MAML1 can
effectively inhibit the expression of NOTCH target genes on the one hand [176] and on the other hand
impede the association of p300 with TAD1 of MAML1. Binding of MnPVE6 to p300, which has already
been described for many HPV types as well [82, 90, 247], would then not be necessary to inhibit

NOTCH signaling effectively. However, this hypothesis needs to be verified by further experiments.

In immunodeficient nude mice [248], an intact binding site of E6 to MAML1 was necessary for the
outgrowth of papillomas and carcinomas in experimentally MmuPV1- infected animals [249]. As a
result of this disruption of the NOTCH signaling pathway, keratinocyte differentiation was found to be
reduced and cell cycle arrest was found to be inhibited, which is considered to be an important point

in the differentiation process of cells [240].

To determine which effect, the interaction between MnPVE6 and MAML1 on the NOTCH signaling
pathway and the differentiation processes has needs to be carried out in further experiments.
However, it is obvious that there is a connection between the expression of MnPV proteins and the
expression of intracellular differentiation markers such as K10 which could be shown in IF stainings

and spatial proteomics (Figure 14).

In addition to Maml1, Smad2 and Smad3 were also identified as interaction partners of MnPVE6.
These proteins are the main components of the TGF-beta transduction pathway which has been
shown to induce epithelial stemness and to control proliferation in differentiating keratinocytes [250-
252]. TGF-beta has a tumor suppressor activity in epithelial cells and mutations in this pathway are

common in epithelial tumors [253-255]. In addition, TGF-beta is a factor in epithelial to mesenchymal
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transmission (EMT) and causes increased expression of metalloproteases and is associated with
increased migration and invasion of human keratinocytes [256].

The interaction of E6 proteins with SMAD2/3 has previously been described for various HPV types as
well as MmuPV1E6 [244, 257]. An illustration of the effect of E6 binding to SMAD2/3 is shown in the

IAG
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NOTCH

TGFBR1 . TGFBR2

E6

MAML1 ICN

Differentiation,
cell cycle arrest RBPJ

Figure 35: Hypothetical consequence of MnPVE6 binding to MAML1 and SMAD2/3 on NOTCH and TGF-8

signaling pathway. The proven binding of MnPVE6 to SMAD2/3 could prevent binding to co-SMAD4, which could
subsequently lead to a blockade of differentiation processes (left part). In addition, it is possible that this effect is
achieved by MnPVEG6 binding to Maml1 (right part).

left part of Figure 35. In order to clarify whether the newly discovered interaction of MnPVE6 and

SMAD proteins leads to a dysregulation of the TGF-beta signhaling pathway, further experiments are

needed.

Taken together, the results from the interactome study for MnPVE6 demonstrate for the first time
the binding of MnPVE6 to Smad2/3 and Maml1 in Mastomys cells. The identification of Maml1 and
Smad2/3 as interaction partners of MnPVEG6 lead to potential mechanisms which may be involved in

MnPV contribution to skin cancer formation in Mastomys coucha.

4.2.2 PtpN14is a novel discovered interaction partner of MnPVE7
PTPN14 is a non-receptor tyrosine phosphatase with a mass of approximately 135 kDa. It is

characterized by an N-terminal FERM domain and a C-terminal catalytic domain. In the middle part of
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the protein are two proline-rich motifs (PPXY) [258, 259] which allow binding of PtpN14 to WW
domain-containing proteins. Such proteins include YAP and Kibra [177, 260]. In addition, this
phosphatase is able to bind to cytoskeletal and plasma membrane proteins via the FERM domain

[261].

PtpN14 was described as an interaction partner of HPV16 and HPV18 E7 in 2016, which could be
additionally demonstrated in the following studies on various E7 proteins of different PVs [79]. Also,

the binding site of HPV18E7 to PTPN14 catalytic domain could be shown by structural analysis [262].

Within interactome study carried out here, the binding of MnPVE7 and PtpN14 was demonstrated for
the first time. This interaction could be shown in both BiolD and IP/MS. In addition, the binding could
be verified by IP with subsequent WB. Binding of HPV38E7 to PTPN14 could not be shown in this work
using BiolD, which is in line with already known results from previous studies on interactome of
various HPV types, in which PTPN14 could also not be shown as an interaction partner of HPV38E7
[79]. The resulting effects of MnPVE7 binding to PtpN14 are further described in more detail in chapter
3.3.

4.3 Influence of MnPVE7 on the HIPPO pathway through the binding to PtpN14

In this work, a reduction in the expression of PtpN14 under the influence of MnPVE7- expression was
demonstrated. This was shown in the proteome analyses by a significant, 4-fold reduction (log2FC = -
2.03) of the PtpN14 expression level MnPVEGE7-expressing cells as well as in WB and IF (Figure 32).
Here, it turned out that in MnPVEGE7- as well as in MnPVE7-expressing cells, a reduction of this
phosphatase can be observed, which allows the conclusion that this effect is maintained by MnPVE7.
Furthermore, the question arose what effect the downregulation of PtpN14 by the oncoprotein has
on the host cell homeostasis. Therefore, the regulatory role of PtpN14 in the HIPPO pathway was

examined in more detail.

The HIPPO signalling pathway plays a crucial role in various cellular processes such as cell proliferation,
survival, mobility, stemness and cellular differentiation (reviewed in: [206]). This pathway is
considered as highly conserved from Drosophila melanogaster, where it was described first, to
Mammalia. The main components of the HIPPO pathway are kinases, which control the activity of the
pathway and its effects within the cell through a phosphorylation cascade. The serine/threonine

kinases MST1/2 first form heterodimers with Salvador Family WW Domain Containing Protein 1
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(SAV1) [263, 264] via their SARAH domains. This interaction is necessary to enable phosphorylation of
MOB kinase activator 1A (MOB1A) and the Serine/threonine-protein kinasees LATS1/2 [265]. LATS1/2
directly phosphorylates the main effectors of the HIPPO pathway Yes-associated protein (YAP) and
Transcriptional co-activator with PDZ-binding motif (TAZ) at multiple sites and can thus control the
localization of these transcriptional coregulators [266]. A simplified representation of the signaling
cascade of this pathway is shown in Figure 36. It is important to consider, that the activity of this
pathway is a dynamic process, which is why the representation in Figure 36 is intended to be a

simplified illustration of the cascade but is not the underlying real situation in the cell.

When the HIPPO pathway is activated, it inhibits tissue growth and cell proliferation by

phosphorylating the effectors YAP/TAZ which remain in the cytosol where they bind to cytosolic
Hippo “OFF” Hippo “ON”
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Figure 36: Core components of the HIPPO signaling pathway in mammals base on the dynamic change in
localization of the two main effectors YAP and TAZ between nucleus and cytoplasm. When the pathway is
"OFF”, YAP and TAZ are present in a dephosphorylated state and accumulate in the nucleus, where, together
with TEADs, they control the gene transcription of target genes. When the pathway is active (“ON”), YAP and
TAZ are present in a phosphorylated state. Thus, they can bind to cytoplasmic proteins such as 14-3-3 and
PTPN14, which leads to their cytoplasmic retention and degradation. This signaling pathway is always
dynamically regulated. An exclusive “ON” or “OFF” state is rarely achieved, which is why the representation

shown here should be seen as a simplification of the real situation within a cell. Figure modified from: [9]

proteins such as 14-3-3 [267] and PTPN14 [259]. If the HIPPO pathway is turned off, YAP/TAZ are
dephosphorylated. At this stage, they translocate into the nucleus where they bind to TEAD
transcription factors. This induces transcriptional programs that are important for cell proliferation,
survival, and migration. In the absence of YAP/TAZ, TEAD acts as a standard repressor and represses

the expression of the corresponding target genes [268-270].
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In this work, an altered localization of Yap/Taz in MnPVE7- and MnPVE6E7-expressing keratinocytes
was observed in IF (Figure 33). Quantitative measurements revealed a tendency of Yap/Taz
localization towards the nucleus in MnPVE7- and MnPVEGE7-expressing cells (Figure 33). Interestingly,
these cell lines also showed decreased expression of PtpN14, suggesting that the lower expression of
PtpN14 advocates localization of these HIPPO effectors towards the nucleus. This effect has already
been shown in HPV16 and HPV18 E7-expressing keratinocytes [271]. It was found that binding of E7
to PTPN14 induced proteasomal degradation of this protein, making binding to the HIPPO effector
YAP no longer possible [205]. Thus, activated YAP/TAZ translocate towards the nucleus in E7-
expressing cells where it extended the lifespan of primary keratinocytes [205]. In addition, genomic
data from human cancer genome analyses revealed a more frequent mutation rate of HIPPO pathway

components in HPV-negative tumors than in HPV-positive HNSCC [272].

Differences in binding affinity between high-risk and low-risk HPVs and the resulting effect on the cell
have already been described. While in high-risk types the binding of E7 to PTPN14 lead to proteasomal
degradation and therefore lower expression level of PTPN14, a change in expression level was not

observed in cells expressing low-risk HPV types [271, 273].

A recently published study showed that YAP/TAZ is activated under the influence of HPV16 and 18
and, together with TEAD, is required for the carcinogenic activity of HPV E7. In addition, it was shown

that basal epithelial cells remain in a proliferative stage due to the expression of E7 [205].

The two paralogues YAP and TAZ are transcriptional coactivators with 46% amino acid identity [274].
Thereby, great similarities between the available binding sites of these proteins and the resulting
binding possibilities arise (Figure 37). Both proteins control cell proliferation and regulate organ size
[9, 275]. They also play an important role in cellular stress, where they control cell survival. YAP/TAZ
are required for embryonic tissue growth, wound healing, and organ regeneration [275-277]. In vivo,
loss-of-function experiments have shown that YAP/TAZ activity in adult tissues such as skin is not
essential for the maintenance of cell homeostasis [278-281]. In addition to that, YAP/TAZ also have
important functions in the induction of epithelial-to-mesenchymal transition (EMT) [282-284],

regulation of heart development and many more [285-290].
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Figure 37: Schematic representation of the domains of YAP and TAZ as well as their interactors and interaction
binding sites. A total of five serines (S) of YAP correspond to four S of TAZ. Serines activated by LATS1/2
phosphorylation are colored in yellow. BD: binding domain. TAD: transcription activation domain. Figure adapted
from: [4]

Within this thesis, nuclear/cytoplasmic separation was performed showing that Taz is more abundant
in the nucleus than in the cytoplasm in MnPVE7-expressing cells. Most of the available literature
attributes functional redundancy to YAP and TAZ [291, 292]. However, there is also evidence that the
two co-transcription factors show a context dependency, which can even lead to opposing roles of
YAP and TAZ (reviewed in: [293]). In squamous epithelial cells, activation of YAP and TAZ can equally
promote basal cell proliferation, while inhibition of the activity of these proteins induces keratinocyte
differentiation [294-299]. A different role of the two proteins within adult skin has not yet been
described. Therefore, YAP and TAZ can be considered as equivalent regulators of epithelial

differentiation processes.

Interestingly, the effect of increased nuclear presence of Yap or Taz could not be detected in
MnPVEG6E7-expressing cells. This unexpected observation allows various hypotheses of the possible

underlying effects. It might be the case that MnPVE6 enhances the binding of Yap/Taz to cytoplasmic
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proteins such as PtpN14 [300]. However, an indirect influence of MnPVE6 on the translocation of
Yap/Taz is more likely, as in the interactome studies performed here PtpN14 had not been found to
bind to MnPVES6. A particularly noteworthy fact is the predicted activation of the HIPPO pathway in
MnPV-infected cells (Figure 16). Thus, an effect on this pathway could be demonstrated in two

different systems within this work.

It is already known that some HPV types have a direct influence on this pathway [150, 209] and thus
support the transforming properties of some HPV types [150]. An influence of MnPV on this pathway
has not yet been described and thus represents a new central starting point for further analyses which
are needed to elucidate the context-dependent role of Yap/Taz in MnPV infected Mastomys coucha
tissue. However, the description of important basic implications on mechanistic effects of MnPV
infection represents an elementary contribution to a deeper understanding of the development of
skin tumors under the influence of cutaneous PVs. Thus, the HIPPO signaling pathway with its

effectors YAP and TAZ could be assigned a central role in the development of NMSC for the first time.
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5 Summary of the Discussion

In the context of the work presented here, new insights into the interplay between MnPV and the

target cell were uncovered using multiple different techniques.

For the first time, spatial proteomes from different NMSC tumor subtypes were described within this
thesis uncovering huge differences in the protein expression patterns of the individual tumor
subtypes. This brought new profound insights into the inter-/ and intra- tumoral heterogeneity of

NMSCs.

Additional interactome studies using BiolD and IP/MS revealed multiple host cellular interactors of
the MnPV oncogenes. Here, Mamll was confirmed as a binding partner of MnPVE6, and new
interaction partners such as SMAD2/3 were described for the first time. In addition, PtpN14 was
identified as a binding partner of the second oncoprotein MnPVE7, again demonstrating the similarity
of the cutaneous PV type studied here with extensively described HPV types. This fact further supports
the use of Mastomys coucha as a preclinical model system for the investigation of skin tumor

development.

Using a top-down approach, an effect of MnPV on the HIPPO signaling pathway was observed in
MnPV-infected cell systems. Alterations in Hippo signaling elements have already been identified in
HPV-related cancers [205, 301]. In transduced murine keratinocytes, the effect on the HIPPO pathway
could be attributed to the oncoprotein E7 which reduces the expression level of PtpN14, a
phosphatase which belongs to the HIPPO pathway. Due to its reduced expression level, the main
effector of the HIPPO pathway, Yap/Taz was increasingly translocated towards the nucleus in
MnPVE7- and MnPVEG6E7-expressing cells. This effect could be shown here for the first time for a
cutaneous PV type. On closer examination of the abovementioned effect, translocation in MnPVE7-

expressing cells could be restricted to Taz.

The analysis of candidates influenced by MnPVE6 and/or E7, partly by interaction, as well as their
influence on intracellular signaling pathways showed that these oncoproteins can profoundly disrupt
the cellular homeostasis. Thus, MnPV can force the development of NMSC, which together with UV
can lead to malignancy and dedifferentiation of tissue. This eliminates the need for the continued
presence of the virus for the progressive process of tumor development, referred as hit-and-run
mechanism. Thus, my study represents a starting point for further exciting investigations using the

preclinical Mastomys model system on PV related NMSC development research.
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6 Material

6.1 Chemicals and reagents

2-Propanol Merck

6 x DNA Loading Dye

Acetic acid

Acrylamide-Bis (29:1), 30% solution
Agarose

Ammonium acetate

Ammonium bicarbonate
Ammonium persulfate

Aqua ad iniectabilia

Bradford Reagent

Bromophenol blue

BSA

Complete Protease Inhibitor Cocktail
DMSO

dNTPs Set PCR Grade

ECL Super Signal West Femto

Material

Calbiochem, Darmstadt
Fermentas, St. Leon-Rot

Merck Calbiochem, Darmstadt
Serva Feinbiochemica, Heidelberg
Sigma-Aldrich, Steinheim

Merck Calbiochem, Darmstadt
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim

Braun, Melsungen

Bio-Rad Laboratories, Minchen
Serva Feinbiochemica, Heidelberg
New England Biolabs, Frankfurt
Roche, Mannheim

Carl Roth GmbH, Karlsruhe
Invitrogen, Karlsruhe

Thermo Fisher Scientific, USA

Enhanced Chemiluminescence Substrate (ECL) PerkinElmer, USA

Ethanol, absolute

Ethidium bromide, 1% solution
Glucose

Glycerol

Glycine

Hydrochloric acid

KCl

KH2PO4

Methanol

Merck Calbiochem, Darmstadt
Fluka, Steinheim

Carl Roth GmbH, Karlsruhe
AppliChem, Darmstadt

Gerbu, Gaibach

Carl Roth GmbH, Karlsruhe
Merck Calbiochem, Darmstadt
Carl Roth GmbH, Karlsruhe

Sigma-Aldrich, Steinheim
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MgCl, Merck Calbiochem, Darmstadt
MgSQO, Serva Feinbiochemica, Heidelberg
Milk powder Carl Roth GmbH, Karlsruhe
Na2HPO4 Carl Roth GmbH, Karlsruhe
Na3Vv04 Sigma-Aldrich, Steinheim

NaCl Sigma-Aldrich, Steinheim

NaF Sigma-Aldrich, Steinheim

NaOH Carl Roth GmbH, Karlsruhe
Nonidet® P-40 Sigma-Aldrich, Steinheim

Protease Inhibitor Cocktail Complete, EDTA-free Roche, Mannheim

Protein A/G PLUS-Agarose beads Santa Cruz, Heidelberg
RiboLock RNase inhibitor Thermo Scientific, St. Leon-Rot
SDS, Ultra-pure Carl Roth GmbH, Karlsruhe
Sodium deoxycholate Merck Calbiochem, Darmstadt
Sucrose Carl Roth GmbH, Karlsruhe
TEMED Sigma-Aldrich, Steinheim
Triton® X-100 Serva Feinbiochemica, Heidelberg
Trizma base (Tris) AppliChem, Darmstadt
Tween® 20 Gerbu, Gaibach

Urea Carl Roth GmbH, Karlsruhe
B-Mercaptoethanol Carl Roth GmbH, Karlsruhe
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6.2 Reagents for Bacteria Cultivation
Ampicillin

BactoTM Agar

BactoTM Trypton

Kanamycin

LB Medium

Doxycycline

6.3 Reagents for cell culture

0.25% Trypsin/EDTA

Biotin

Dulbecco’s Modified Eagle’s Medium (DMEM)
Dulbecco’s Phosphate Buffered Saline (PBS)
Fetal Bovine Serum (FBS)

Keratinocyte SFM Medium

MG132 Merck

Opti-MEM serum-free medium

polybrene

Polyethylenimine 25 kDa linear (PEI)

Puromycin

Penicillin/Streptomycin (100 x)
Supplements for Keratinocyte SFM Medium
Trypan blue

Turbofect in vitro Transfection Reagent
Hank’s Balanced Salt Solution (HBSS) 10 x
Incubator-Clean

MEM amino acids (50x)

MEM vitamins (100x)

Material

Sigma-Aldrich, Steinheim

Becton Dickinson, Heidelberg
Carl Roth GmbH, Karlsruhe
BIOTREND Chemikalien, Cologne
Carl Roth GmbH, Karlsruhe

Sigma-Aldrich, Steinheim

Invitrogen, Karlsruhe

Thermo Fisher Scientific, Darmstadt
Sigma-Aldrich, Steinheim
Invitrogen, Karlsruhe

Linaris GmbH, Wertheim
Invitrogen, Karlsruhe

Calbiochem, Darmstadt

Invitrogen, Karlsruhe

Santa Cruz Biotechnology

Polysciences Europe GmbH, Hirschberg an der
Bergstrasse

Sigma-Aldrich, Steinheim

Thermo Fisher Scientific, Darmstadt
Invitrogen, Karlsruhe

Biochrom, Berlin

Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
VWR International, Darmstadt
Biochrom, Berlin

Thermo Fisher Scientific, Darmstadt
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Table 1: Composition of the 308 keratinocyte medium. Mixture of Hanks 10 x and H,O is prepared
and autoclaved previously to the addition of the other components. Final volume of the prepared

medium is 528 ml witha pH ~ 7.3

Additive Volume [ml] Concentration [%]
Hanks 10 x 40 7.575
H20 345 64.341
MEM vitamins 100 x 16 3.03
MEM amino acids 50 x 32 6.061
NEAA 100 x 16 3.03
L-Glutamine 200 mM 4 0.758
NaHCO3 16 3.03
Pen/Strep 5 0.947
HCl4 M 1.7 0.34
FCS 10 % 50 9.47
6.4 Kits
CloneJET PCR Cloning Kit Thermo Fisher Scientific, Darmstadt
GenelET Plasmid Miniprep Kit Thermo Fisher Scientific, Darmstadt
QIAGEN® Plasmid Midi Kit Qiagen, Hilden
QIAquick® Gel Extraction Kit Qiagen, Hilden
RNeasy® Mini Kit Qiagen, Hilden
TURBO DNA-freeTM Kit Thermo Fisher Scientific, Darmstadt

6.5 DNA and protein size markers

GeneRulerTM 1 kb DNA Ladder Thermo Fisher Scientific, Darmstadt

PageRulerTM Plus Prestained Protein Ladder Thermo Fisher Scientific, Darmstadt
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6.6 Universal enzymes

DreamTagTM Green DNA Polymerase

FastAP Thermosensitive Alkaline Phosphatase
iTag™ Universal SYBR® Green Supermix (2 x)
Phusion® High-Fidelity PCR Master Mix (2 x)
RevertAid Reverse Transcriptase

T4 DNA Ligase

NEBuilder® HiFi DNA Assembly Cloning Kit

6.7 Restriction enzymes

FastDigest Sbfl
FastDigest Mlul
FastDigest BamHI
FastDigest Sall
FastDigest EcoRI
FastDigest Spel

FastDigest Xhol

6.8 Consumables

AmershamTM HybondTM P 0.45 PVDF
Capillary tips (200 pl)

Cell culture dishes (6, 10, 14 cm)

Cell culture flasks (25, 75,175 cm2)
Cell culture plates (6, 12, 24, 96 well)
Cell scraper Corning

Cryo Tubes

Gloves (Microflex® XCEED)

Incidin® Foam

Material

Thermo Fisher Scientific, Darmstadt
Thermo Scientific, St. Leon-Rot
Bio-Rad, Miinchen

New England Biolabs, Frankfurt
Thermo Fisher Scientific, Darmstadt
New England Biolabs, Frankfurt

New England Biolabs, Frankfurt

Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt

Thermo Fisher Scientific, Darmstadt

Th. Geyer, Renningen

Biozym, Hessisch Oldendorf
Greiner, Frickenhausen

Greiner, Frickenhausen

Greiner, Frickenhausen

Sigma, Miinchen

Thermo Fisher Scientific, Darmstadt
MICRFLEX, USA

Ecolab Deutschland, Monheim am Rhein
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Luer-Lock Syringe (50 ml) Terumo Detuschland, Eschborn
Minisart Syringe Filter Sartorius, Gottingen
MultiplateTM PCR Plates 96-well, clear Bio-Rad, Miinchen

Needles, sterile (18G, 20G, 25G, 27G) Braun, Melsungen

Optical Adhesive Covers MicroAmp ABiosystems, Foster City, USA
PCR SingleCap 8er Soft Strips Biozym, Hessisch Oldendorf
Pipette Tips (10, 200, 1,000 pl) Steinbrenner, GielRen

Pipette Tips RAININ LTS (20, 200, 1,000 pl) Mettler-Toledo GmbH, Gielten

Pipette Tips RAININ LTS sterile with filter (20, 200, 1,000 pl) Mettler-Toledo GmbH, GieRen

Reaction Tubes (0.5, 1.5 and 2.0 ml) Eppendorf, Hamurg

Reaction Tubes (15 and 50 ml) Greiner, Frickenhausen

Special autoclavable bags Nerbe plus GmbH, Winsen/Luhe
TipOne sterile pipette filter tips Starlab, Ahrensburg

Whatman 3 mm filter paper GE Healthcare, Munich

X-ray films Super RX Fuji, Japan

Fixogum Rubber Cement Marabuwerke GmbH & Co KG, Tamm
Objekttrager Superfrost® Plus Carl Roth GmbH, Karlsruhe

Low Bind Proteins tubes (0.5, 1.5 ml) Thermo Fisher Scientific, Darmstadt

6.9 Laboratory equipment

Analytical scale ABJ-120-4NM Kern & Sohn GmbH, Balingen
Autoradiography Cassettes Kodak, Stuttgart

Bacterial shaker G25 Infors Bottmingen, CH

Centrifuge Heraeus Fresco 17 Thermo Fisher Scientific, Darmstadt
Centrifuge Heraeus Pico 17 Thermo Fisher Scientific, Darmstadt
Centrifuge Megafuge 1.0R Heraeus, Hanau

Centrifuge Rotina 380R M&S Laborgerate, Wiesloch
Centrifuge Sprout Biozym, Hessisch Oldendorf

CFX96 Touch Real-Time PCR detection system Bio-Rad, Miinchen
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Confocal Olympus FluoView FV1000
Developing machine CURIX 60
Easy-CastTM Electrophoresis System
EVOS® XL Core Imaging System

Freezer profi line

Freezer VIPTM Series -86°C

Fridge Premium

Incubator C200

Kern EMB 1200-1 Tischwaage 1200 g
Magnetic stirrer MR3000

Microscope Olympus CK2

Microwave

Mini Trans-Blot® Cell

Mini-PROTEAN® 3 Cell

Multichannel Pipette RAININ (50-200 pl)
MyCycler thermal cycler

Overhead shaker REAX2

pH-meter 761 Calimatic

Pipette Boy Integra

Pipettes Research (2, 10, 20, 100, 200, 1000 pl)
Plate Reader SPECTROstar Nano

Power supply PowerPacTM HC/basic
Spectrophotometer NanoDrop® ND-1000

Thermal Cycler C1000TM

Material

Olympus, Hamburg

AGFA, Cologne

Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
Liebherr, Ludwigshafen

Sanyo, USA

Liebherr, Ludwigshafen

LaBoTect, Gottingen

KERN & SOHN GmbH, Balingen
Heidolph Instruments, Schwabach
Olympus, Hamburg

DélLonghi GmbH, Seligenstadt
Bio-Rad, Minchen

Bio-Rad, Miinchen

Eppendorf, Hamburg

Bio-Rad, Miinchen

Heidolph Instruments, Schwabach
Knick, Berlin

Biosciences GmbH, Fernwald
Eppendorf, Hamburg

BMG LABTECH Ortenberg
Bio-Rad, Miinchen

NanoDrop, USA

Bio-Rad, Minchen
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6.10 Cell lines

Table 2: Cell lines used in this study. All the received and generated cell lines used in this study

are summarized below.

NOK

Normal oral keratinocytes
immortalized
by ectopic expression of TERT.

Gift from Dr. K. Miinger

NOKs HPV38E6

Established from NOK parental
cells.

Expressing 3 x Flag-tagged
HPV38E6

Established in this
study.

NOKs HPV38E6-BirA*

Established from NOK parental
cells.

Expressing 3 x Flag-tagged
HPV38E7 linked to BirA*

Established in this
study.

NOKs HPV38E7

Established from NOK parental
cells.

Expressing 3 x Flag-tagged
HPV38 E7

Established in this
study.

NOKs HPV38E7-BirA*

Established from NOK parental
cells.

Expressing 3 x Flag-tagged
HPV38E7 linked to BirA*

Established in this
study.

NOKs HPV38EGE7

Established from NOK parental
cells.

Expressing 3 x Flag-tagged
HPV38 E6

and Strepll-tagged HPV38E7

Established in this study.

Mastomys-derived fibroblasts

HEK293T Human embryonic kidney cells | ATCC® CRL-3216™
transformed with E1A/B of
adenovirus
5, contains the SV40 T-antigen.

MaFi132 Spontaneously immortalized Established in this lab

MaFil32 MnPVEG6-BirA*

Established from MaFi132
parental cells.

Expressing 3 x Flag-tagged
MnPVES linked to BirA*

Established in this study

MaFil32 MnPVE7-BirA*

Established from MaFi132
parental cells.

Expressing 3 x Flag-tagged
MnPVE7 linked to BirA*

Established in this study

MaFil32 GFP-BirA*

Established from MaFi132
parental cells.
Expressing GFP linked to BirA*

Established in this study
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MaFi191

Spontaneously immortalized
Mastomys-derived fibroblasts

Established in this lab

308 Keratinocytes

Murine immortalized
keratinocytes

[302]

cells.
Expressing 3 x Flag-tagged
MnPVE7.

308 MnPVE6 Established from 308 parental | Established in this study
cells.
Expressing 3 x Flag-tagged
MnPVES.

308 MnPVE7 Established from 308 parental | Established in this study

308 MnPVEGE7

Established from 308 parental
cells.

Expressing 3 x Flag-tagged
MnPVEG6

and Strepll-tagged MnPVE7.

Established in this study

6.11 Bakteria

One Shot™ Stbl3™ Chemically Competent E. coli
One Shot™ TOP10 Chemically Competent E. coli

Thermo Fisher Scientific, Darmstadt

Invitrogen, Karlsruhe
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6.12 Oligonucleotides

All oligonucleotides (primers) were synthesized by Sigma-Aldrich, Germany.

Table 3: Primers used in this study. The sequences of all the primers used for PCR experiments in this

study are listed below. Size:

Sizes of the amplicons.

cgtccgecattg

Primer name Sequence Used for Annealing
temperature
and cycles

GAPDH-F CTTCATTGACCTCAACTACATGGTC PCR 58°C, 35x

GAPDH-R GCAGTGATGGCATGGACTGTG PCR 58°C, 35x

PtpN14(Mastomys)-F gggatccececcgggetgcaggaaATGCCTTTC Cloning 62°C, 35x

GGCCTGAAGCT pCMV_PtpN14
(Antibody-test)
PtpN14(Mastomys)-R ttaaggtaccgggccccccc TCAAATGAGCC Cloning 62°C, 35x
TGGAGTTCTGCAG pCMV_PtpN14
(Antibody-test)
Wwp2(Mastomys)-F CGATAAAGCCCGGGCGGGATCAATGG | Cloning 62°C, 35x
CAGCTGCCAACTCCAGC pCMV_Wwp2(A
ntibody-test)

Wwp2(Mastomys)-R CGATAAGCTTGATATCGAATTCTACTC | Cloning 62°C, 35x

CTGTCCGAACCCCTCAGTCTC pCMV_Wwp2(A
ntibody-test)

Cullin7(Mastomys)-F CGATAAAGCCCGGGCGGGATCAATGG | Cloning pCMV_ | 62°C, 35x

TGGGGGAGCTCCGCTACA Cullin7(Antibod
y-test)
Cullin7(Mastomys)-R CGATAAGCTTGATATCGAATTCTACCG | Cloning pCMV_ | 62°C, 35x
GAAAGTGGAGAAGGTCTGGG Cullin7(Antibod
y-test)

MnPVE6-F GCCCGGGCGGATCCGCCCgataggaccgt | PCR 57°C, 35x

gcactcctttgt

MnPVE6-R atcagcgagctctaggaattACTAGTttacacg PCR 57°C, 35x

ggtttgcaaattctgeac

MnPVE7-F CTGCAGGgccaccatggatgataggacctgac | PCR 57°C, 35x

accacg

MnPVE7-R CGCCGGCGacGCGGCCGCagatcttecatt | PCR 57°C, 35x

cttctggttacaccg

HPV38E6-F cgataaaGCCCGGGCGGGATCaatggaac | PCR 57°C, 35x

taccaaaacctcaaactgtg

HPV38E6-R CTGCAGCCCGTAGTTTACTAGtcattctat | PCR 57°C, 35x

tgctttgcaatgectge

HPV38E7-F ttcaggtgtcgtgaCCTGCAgctagegecacca PCR 57°C, 35x

tggatgattgggaaacaagctactcttc

HPV38E7-R GGATCCGCCCGGGCGCCGGCGagatctt | PCR 57°C, 35x
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BirA*-F GCCCGGGCGGATCCGCCCATGAAGGA | PCR 57°C, 35x
CAACACCGTGCC

BirA*-R tctaggaattGCTAGCCTGCAGGttaCTTC | PCR 57°C, 35x
TCGGCGCTCCGC

BirA*CloningMnE6-F ACTGGCGGCCGCATGAAGGACAACAC | Cloning BirA*- 60°C, 35x
CGTGCCCCTGA MnES6 (BiolD)

BirA* CloningMnE6-R ATCGcgccggcgACTTCTCGGCGCTCCGC | Cloning BirA*- 60°C, 35x
AGG MnES6 (BiolD)

BirA*CloningMnE7-F ATCGgcccgggcAATGAAGGACAACACC | Cloning BirA*- 60°C, 35x
GTGCCCCTGA MnE7 (BiolD)

BirA* CloningMnE7-R atcgGGATCCaCCTTCTCGGCGCTCCGC | Cloning BirA*- 60°C, 35x
AGG MnE7 (BiolD)

BirA*Cloning CGCCGGCGCCCGGGCGGATCCATGAA | Cloning BirA*- 60°C, 35x

38E6-F GGACAACACCGTGC HPV38E®6 (BiolD)

BirA*Cloning CATCCTTGTAATCTGCggccaaTGTACA Cloning BirA*- 60°C, 35x

38E6-R CTTCTCGGCGCTCCG HPV38E®6 (BiolD)

BirA*Cloning ATCGcgccggcgACTTCTCGGCGCTCCGC | Cloning BirA*- 60°C, 35x

38E7-F AGG HPV38E7 (BiolD)

BirA*Cloning ACTGGCGGCCGCaATGAAGGACAACA | Cloning BirA*- 60°C, 35x

38E7-R CCGTGCCCCTGA HPV38E7 (BiolD)

6.13 Plasmids

Table 4: Plasmids used in this study. All the received and generated plasmids used in this study are

summarized below with their features and references indicated.

Plasmid name

Reference

Features

pCMV_VSV-G

Addgene #8454 [283]

Envelope protein for

producing lentiviral particles.

pLenti_Neo/Kan

Gift from Dr. M. Niebler

pLenti_MnPVE6

Constructed in this study.

MnPVE6 N-terminally fused to

3X-Flag-tag

pLenti_MnPVE7

Constructed in this study.

MnPVE6 C-terminally fused to

3X-Flag-tag

pLenti_MnPVEGE7

Constructed in this study.

MnPVE6 N-terminally fused to
3X-Flag-tag and C-terminally

Strepll-tagged MnPVE7.

pLenti_MnPVE6-BirA*

Constructed in this study.

MnPVE6 N-terminally fused to

Flag-tagged BirA*

pLenti_MnPVE7-BirA*

Constructed in this study.

MnPVE7 C-terminally fused to
Flag-tagged BirA*

pCMV_3Tag-1A

Agilent Tech.

Cloning vector with CMV

promoter
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and enhancer, N-terminal 3 x
Flag-tag

pPK_CMV-E3

PromoKine, Heidelberg

Empty cloning vector
CMV promoter and enhancer
C-terminal HA-tag

pCMV_PtpN14

Constructed in this study

Mastomys PtpN14 expression
under CMV

promoter, 3 x Flag-tag at N-
terminus

pCMV_WWP2 Constructed in this Mastomys Wwp2 expression
study. under CMV
promoter, 3 x Flag-tag at N-
terminus
pCMV_Cullin7 Constructed in this Mastomys Cullin7 expression
study. under CMV
promoter, 3 x Flag-tag at N-
terminus
pWPI_Puro Gift from Dr. M. Niebler Lentiviral expression plasmid,

confers

puromycin resistance, puro
gene

located after an IRES

pWPI_38E6-BirA*

Established in this

HPV38E6 N-terminally fused to

study. Flag-tagged BirA*
pWPI_38E7-BirA* Established in this HPV38E7 C-terminally fused to
study. Flag-tagged BirA*

pLenti_GFP-BirA*

Established in this
study.

GFP N-terminally fused to
Flag-tagged BirA*

psPAX2

Gift from Dr. M. Niebler
Addgene#12260

Second generation lentiviral
packaging plasmid.
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Table 5: Primary antibodies used in this study. All the antibodies used in this study are summarized

below. Application information are provided as well.

Antibody

Distributor and catalogue
number

Methods used in, working
concentration

Anti-FLAG® M2, Mouse
monoclonal

Sigma-Aldrich,
Cat. # F3165, Lot: SLBT6752

Western Blot
1:1000 in 5% milk/TBST (w/v)

Anti-Biotin, HRP-linked

Cell Signaling Technology,
Cat. #7075S Lot: 33

Western Blot
1:2000 in 5% BSA/TBST (w/v)

Anti-HA (3F10), Rat
monoclonal

Roche,
Cat. #11867423001

Western Blot
1:1000 in 5% milk/TBST (w/v)

Anti-GFP, rabbit polyclonal

Santa Cruz
Cat.#sc-8334

Western Blot
1:1000 in 5% milk/TBST (w/v)

Cat. #TA329807

Anti-PtpN14 Cell Signaling Western Blot
Cat. # 13808 1:1000 in 5% milk/TBST (w/v)
Anti-Keratin 10 Covance IHC: 1:1,000 (Citrate, 1h room
PRB-159P temp.)
Anti-MnPVE4 Produced in this lab IHC: 1:50 (Citrate, 1h room
temp.)
Anti-Cullin7 ThermoFisher Scientific Western Blot
Cat. # PA5-22313 1:1000 in 5% milk/TBST (w/v)
Anti-WWP2 OriGene IF

1:200 in 1% goat serum/DPBS

Anti-YAP/TAZ

Cell Signaling
Cat. # 14074

Western Blot

1:1000 in 5% milk/TBST (w/v)
IF

1:200 in 1% goat serum/DPBS
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Table 6: Secondary antibodies used in this study. All the antibodies used in this study are

summarized below.

Antibody

Distributor and catalogue
number

Methods used in, working
concentration

Goat-anti mouse IgG HRP Promega Western Blot
Conjugate Cat. #: W402B 1:10000 in 5% milk/TBST (w/v)
Goat-anti rabbit IgG HRP Invitrogen Western Blot
Conjugate Cat. #: W401B 1:10000 in 5% milk/TBST (w/v)

Goat-anti rat IgG (H+L)
HRP Conjugate

Jackson Immuno Research
Cat. #:112-035-143

Western Blot
1:5000 in 5% milk/TBST (w/v)

AlexaFluor594 Goat-anti rabbit
IgG (H+L)

Invitrogen
Cat. #: A11072

IF: 1:1000; 1h room temp.
IHC: 1:1000, 1h room temp.

AlexaFluor488 Goat-anti rabbit
IgG (H+L)

Invitrogen
Cat. #: A11008

IF: 1:1000; 1h room temp.
IHC: 1:1000, 1h room temp.

AlexaFluor488 Goat-anti
mouse IgG (H+L)

Invitrogen
Cat. #: A32723

IF: 1:1000, 1h room temp.
IHC: 1:1000, 1h room temp.

AlexaFluor594 Goat-anti
mouse 1gG (H+L)

Invitrogen
Cat. #: A11032

IF: 1:1000; 1h room temp.
IHC: 1:1000, 1h room temp.

AlexaFluor594 Goat-anti
mouse (IgG2b)

Invitrogen
Cat. #: A21145

IF: 1:1000; 1h room temp.
IHC: 1:1000, 1h room temp.

AlexaFluor594 Goat-anti
mouse (IgG1)

Invitrogen
Cat. #: A21125

IF: 1:1000; 1h room temp.
IHC: 1:1000, 1h room temp.

AlexaFluor488 Goat-anti
mouse (IgG1)

Invitrogen
Cat. #: A21121

IF: 1:1000; 1h room temp.
IHC: 1:1000, 1h room temp.
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6.15 Software, programs and bioinformatic tools

Table 7: Software and programs used in this study.

Material

Tool Version Source Application
Image) 5.30.17 https://imagej.net/Fiji/Downloads Image
release guantification
MaxQuant v1.6.0.16 [303] BiolD data
processing
and protein
identification
IPA 01-12 https://www.giagenbioinformatics.c Network
om/products analysis
/ingenuity-pathway-analysis
SnapGene 5.2.4 https://www.snapgene.com/snapgene- Cloning
Viewer viewer/
Clustal Omega https://www.ebi.ac.uk/Tools/msa/clustalo/ Cloning,
Alignments
Serial Cloner 2.6.1 http://serialbasics.free.fr/Serial_Cloner.html | Cloning,
Alignments
GIMP 2.10.22 https://www.gimp.org/ Image
processing and
quantification
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7 Methods

7.1 Cultivation and treatment of cells

7.1.1 Cultivation of cell lines

NOK cells were cultured in Keratinocyte-SFM medium containing supplements provided by the
manufacturer. HEK293T cells were grown in high-glucose (4.5 g/lI) DMEM supplemented with 10%
FBS, Penicillin-Streptomycin and L-Glutamine. MaFi132 and MaFi191 were cultured in low-Glucose
DMEM supplemented with 10% FBS, Penicillin-Streptomycin and L-Glutamine. For 308 murine
keratinocytes, a medium specifically for these cells was mixed in our laboratory (composition is listed
in Table 1). All cells in culture were tested for Mycoplasma spp. contamination by PCR on a regular
basis according to the protocol shown below. For this reaction, the Dream Taq polymerase was used.
The products were visualized using agarose gel electrophoresis.

The sequence of interests was amplified in a thermo cycler using the following program:

Initial Denaturation 98°C 2 min

Denaturation 98°C 30 sec

Annealing X°C  20sec | 30 cycles
Elongation 72°C vy sec

Final Elongation 72°C 5 min

All cell lines were maintained in an incubator set at 37°C with 5% CO2and 95% humidity.

7.1.2 Passaging and seeding of cells

For passaging cell lines, the medium was removed, and cell monolayer was washed with 1 x PBS once
before treated with 1 ml 0.25% trypsin-EDTA. After incubating at 37°C for 5 minutes, 9 ml DMEM
containing 10% FBS was added to neutralize the trypsin. Cell suspension was collected in a 15 ml tube
and centrifuged at 1,400 rpm (revolutions per minute) for 2 minutes. The cell pellet was subsequently
resuspended in 10 ml 1 x PBS, centrifuged at 1,400 rpm for 4 minutes again and resuspended in 5 ml

fresh culture medium. This procedure was performed for all cell lines used within this thesis.
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7.1.3 Counting of cells
For cell counting, 20 ul cell suspension was mixed with 20 pl of 0.25% trypan blue in 1 x PBS and the

cell number was determined using a Neubauer counting chamber.

7.1.4 Cryopreservation and thawing of cells

For long-term storage of cell lines, cell pellets collected as previously described were directly
resuspended in 1 ml cryo-medium and transferred into cryo-tubes. Tubes were stored directly in a
Corning™ CoolCell™ cell freezing container at -80°C. For reactivation, cryo-tubes were placed in 37°C
water bath until cells were thawed. Cells were then immediately resuspended in 9 ml of culture
medium and seeded on dishes (MaFi132, MaFi192, 308 keratinocytes) or washed with 1 x PBS before

resuspension in culture medium. 24 h after seeding the culture medium was refreshed.

7.1.5 Transient transfection

For transfecting cells with DNA plasmids, cells were seeded in either 6 cm/ 10 cm dishes in 4 ml/ 8 ml
culture medium and incubated for 24 h. Before adding the transfection reagents, medium was
changed to no FCS containing medium. PEI (polyethylenimine) solution (1 ug/ul) was pre-warmed to
room temperature for several minutes before adding it to DNA plasmids which were diluted in 400
pl/ 800 pl Opti-MEM. After PEI solution was added the tube was vortexed immediately for at least 30
sec. The DNA/PEI mixture was incubated at room temperature for 15 - 20 minutes and was then
applied to the cells dropwise. The cell dish was gently shaken bevor placing it in the incubator. The

cells were harvested 24 hours after transfection.

7.1.6 Lentivirus production and transduction of NOK cells, MaFi132 and 308 keratinocytes
For lentivirus production, 1 x 108 HEK293T cells were seeded in a 6 well plate. After 24 hours DMEM
medium was removed and replaced by 1.5 ml Opti-MEM. 10 pg of lentiviral expression plasmids, 5 pg
of packaging plasmid psPAX2, and 5 pug of enveloping plasmid pMD2.G were mixed in Opti-MEM by
mixing. 9 ul clear PEl solution was added to the DNA/Opti-MEM mixture which was immediately
vortexed. The transfection reagent was incubated at room temperature for 30 minutes and was
applied to the cells dropwise. Cells were then cultured for 24 hours. Subsequently, the supernatant
was removed and high-Glucose DMEM was applied to the cells. After 24 h the supernatant was

collected using a 20 ml lock syringe and filtered through a Minisart-plus 0.45 um filter. The lentivirus-
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containing supernatant was either used directly for transduction or stored in the -80°C freezer. For

lentiviral transduction of NOK cells, MaFi132 or 308 keratinocytes, 750 ul of the abovementioned
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Figure 38: Schematic illustration of the infection process of 308 murine keratinocytes using MnPV-infected

tumor tissue. Figure created with BioRender.com

supernatant was mixed with 750 pl of the cell corresponding medium and polybrene (10 ug/ml). The
mixture was applied to 1 x 10° cells seeded in 6 well plate 24 hours prior to transduction. Cells were
incubated for 24 hours before the virus-containing medium was removed from the cells and fresh
medium was applied. After 3 days, medium containing the corresponding antibiotic (either G418 or
Puromycin) was given onto the cells to start the selection. Untransduced cells were cultured in
selection medium in parallel serving as a control. Antibiotic selection was considered as completed
when all untransduced control cells were dead. Only cells within three passages after selection were

used for experiments.

7.1.7 Verification of transduction

To check the presence of the transgene within the cellular genome and its transcriptional activity,
RNA was extracted from the transduced cells and subsequently used in a PCR reaction to generate
cDNA. Afterwards, 100 ng of the obtained cDNA was applied in a semi-quantitative PCR, using primers

binding within the transgene sequences.

7.1.8 Generation of MnPV infected 308 keratinocytes

Infected murine 308 keratinocytes were generated by Dr. Rui Cao according to the following protocol.

MnPV particles were extracted from MnPV-induced skin lesions of Mastomys coucha. For this, frozen
tumors were minced with a scalpel and placed in a 2 ml Precellys tubes containing 6 glass beads. 400

ul of pre-cooled 1 x DPBS containing 136.9 mM NaCl was added to the tubes. The mixture was then
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homogenized twice using a Precellys 24 tissue homogenizer. If tumor tissue remained this step was
repeated again. The tubes were centrifuged at 5,000 g for 10 min and the supernatant was collected.
The homogenized mixture was transferred to a 50 ml Falcon tube filled with 5 ml 1 x DPBS. The mixture
was then sonicated at an output of 3.0 (20-25%) for 50 sec, followed by centrifugation at 5,000 g for
10 min at 4°C. The supernatant was aliquoted into 1.5 ml Eppendorf tubes and stored at -20°C for
further experiments. For the infection step, 1*10° 308 cells were seeded into a 6-well plate 12 h before
infection. Then, 100-150 ul of the tumor extract was added to the culture medium followed by swirling
the plate gently. After 24 h of incubation, the cells were washed 1 x DPBS twice and fresh culture
medium was added for additional 24 h. Afterwards, the infected cells were cultured as described in

5.1.1. An overview of this entire procedure is shown in Figure 38.

To determine successful infection of the cells, they were checked for MnPVE4 expression using

Western blot analysis (see point 5.2.2.) and IF (see point 5.2.3.) by Dr. Rui Cao.

7.2 Cloning and Analysis of Oligonucleotides

7.2.1 RNA Extraction from cells

For RNA extraction, the RNeasy Mini Kit (Qiagen) was used according to the manufacturer's protocol.
As starting material, 3-5x10° cells were harvested using a cell scraper, washed once with 1 x DPBS and
collected in 5 ml reaction tubes. RLT lysis buffer was supplemented with 40 ul 1 M DTT per ml buffer
and 600 pl was added to the cells. Cells were lysed and homogenized by passing them through
QlAshredder columns. 600 pl of 70% ethanol (prepared with RNase-free water) was added to the
mixture before proceeding according to the manufacturer's instructions. RNA was ultimately eluted
in 35 pl of RNAse-free water. The concentration was determined photometrically. Subsequently, the
co-extracted DNA was removed. To remove DNA traces, RNA was treated with Turbo-free DNase free
kit. Briefly, 10 x RNase buffer and 0.6 ul RNase were added to RNA (max 20 pg) in 20 to 30 pl. The
mixture was incubated at 37°C for 30 minutes in a thermo mixer. To stop the reaction, the 0.1 volume
of inactivation reagent was added to the mixture. The tube was incubated for 5 min and flicked several
times to keep the inactivation beads in suspension. The beads and bound RNase were removed by
centrifugation at 13,000 g for 2 min and transferring the DNase-free RNA to a new tube. Concentration

was measured photometrically before use in reverse transcription or storage at -80°C.
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7.2.2 Reverse transcription of RNA

DNA-free RNA was transcribed to cDNA by use of RevertAid Reverse transcriptase and oligo dT22
primers using the following protocol:

The reactions were set up in 0.5 ml reaction tubes. For detection of remaining DNA contaminations

for each sample a RT- control reaction was set up in parallel.

RT+ reaction RT- reaction
RNA 150 ng—1 g 150 ng—1 g
Oligo-dT primer (20 uM) 1u 1u
ddH20 (RNase-free) ad 12,5 ul ad 13 pl

All reactions were incubated at 56°C for 5 min in to allow primer annealing to mRNAs. All reactions

were chilled on ice for 1 min prior to addition of the following reagents.

RT+ reaction RT- reaction
5x RevertAid Buffer 4 pl 4 ul
dNTPs (10 mM) 2 ul 2 ul
RiboLock (20 U/ul) 0.5 ul -
RevertAid Reverse Transcriptase (200 U/ul) 1l -

All reactions were subsequently incubated for 1 h at 42°C and 10 min at 72°C.
The cDNAs, as well as the RT- controls, were used in different freshly prepared dilutions according to
the purpose. Samples giving a signal in the respective RT-reaction were discarded. Samples negative

in the RT-control reaction were further used.
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7.2.3 Semi-quantitative polymerase chain reaction

Semi-quantitative polymerase chain reactions (RT-PCRs) were set up according to the following

scheme:

Reagent Volume

10x Green Buffer 2.5l

dNTPs (2 mM) 2.5l

Primer Mix (fw + rev, 20 uM) 1oul

DreamTaq (5 U/ul) 0.15ul

cDNA (20-50 ng/ul) 1ou
ddH20 (PCR grade) ad 25 pl

The following thermal cycling conditions were applied:

Initial Denaturation 95°C 3 min

Denaturation 95°C 30sec

Annealing x’C  30sec z cycles
Elongation 72°C vy sec

Final Elongation 72°C  5min

6 x DNA Loading Dye was added to the reaction mixes. Amplified DNA fragments were separated by
agarose gel electrophoresis in 1 % gels with 1 pug/ml ethidium bromide added to the fluid gel.
Amplified oligonucleotides were visualized at 260 nm in a documentation device. As size standard,

GeneRuler 1 kb DNA ladder used.

7.3 Protein extraction

7.3.1 Protein extraction from cells

Culture medium was removed, and the cells were washed with 1 x PBS. Afterwards, the cells were
harvested by scraping in ice-cold 1 x PBS and centrifuged at 8000 g for 2 min in 1.5 ml reaction tubes.
According to the size of the cell pellets these were resuspended in 30-100 pl of RIPA buffer
supplemented with 1 x complete protease inhibitor cocktail and MG132 and were incubated for 30

min on ice. Afterwards the lysates were centrifuged at 13,000 g for 20 min (4°C) to clarify lysates from
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solid, insoluble cell components. Supernatants were transferred to new 1.5 ml tubes and stored at -

20°C until the protein content was quantified.

7.3.2  Nuclear/ cytosol protein extraction from cells

For the nuclear/cytosol protein extraction MaFi132 cells were seeded on 6 cm cell dish. After an
incubation time of 24 h the medium was removed from the cells and the plates were washed with 1
x PBS twice. Cells were scraped off the plate and placed in a 15 ml reaction tube. After a 4 min
centrifugation step (1400 rpm, 4°C) PBS was removed and the remaining cell pellet which was
dissolved in 80 ul lysis buffer A. Next, cells were incubated for 1 h on ice before adding 5 pl 10% NP-
40 to dissolve the cell membrane but not the nucleus membrane. After a centrifugation step (13,000
rpm, 4°C, 15 min) the supernatant containing the cytosolic proteins was removed and given into a
fresh reaction tube. 10 pul of lysis buffer B was given directly to the remaining pellet containing the
nuclear proteins. This mixture was incubated for 30 min on ice and vortexed every 5 min. After the
incubation step, the lysates were centrifuged for 5 min (13,000 rpm, 4°C). The supernatant containing
the nuclear proteins was given into a fresh reaction tube. 17 pl of 1 x Laemmli buffer was given to the
cytosolic fractions and 2 pl of this loading dye to each nuclear fraction before boiling the samples for

10 min at 99°C. Lysates were analyzed afterwards using immunoblotting (see chapter 5.5.2.).
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7.3.3 Protein extraction from FFPE Tissue
Tissue dissection from FFPE tissue was performed manually using a cannula. The use of a microscope

during this process allowed precise extraction of the tissue from slides. Figure 39 shows an illustration

of the removal procedure.

Figure 39: lllustration of the dissecting process of the tissue material from Mastomys coucha for the
subsequent proteomic analysis. A) HE staining of a Mastomys coucha tumor section. Different areas that are to
be extracted were outlined in black and red. Areas outlined in red show well-differentiated tumor tissue, control
skin areas are outlined in black. The black box symbolizes the area magnified in panel B) — D) showing unstained
tumor section. It can be seen in these panels that the dissection method using a cannula allows precise extraction

of certain predefined areas within a tumor.

Tissue removed from a slide was transferred directly into 25 ul of FFPE-RIPA lysis buffer. A new
cannula was used for each sample to exclude possible contamination. Subsequently, samples were
incubated at 99°C for 20 min. After this heating phase, samples were incubated at 60°C for 2 h, while

mixing every 30 min for 5 sec followed by centrifugation at 1,000 g.

After this second incubation phase, the lysates were centrifuged at 4°C for 10 min at 15,000 g. The
supernatant was transferred to a new tube. Low protein binding tubes were used throughout the
procedure to guarantee highest possible protein concentration. The prepared lysates were handed

over to Dr. Torsten Miiller for further processing SP3 method. The procedure of protein purification
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using this method is explained in more detail in chapter 5.7.2. To illustrate the entire process of

extracting proteins from FFPE material, a schematic overview is shown in Figure 40.
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Figure 40: Schematic overview of partial-proteomics workflow. Created with BioRender.com

7.4 Quantification of protein concentration by Bradford assay

Total protein concentrations of cell lysates were determined via Bradford Assay. 5 pl of diluted cell
lysates were added to 160 pl water in a 96-well plate. 40 pl/well of 5x Bradford Assay Reagent were
added and mixed by pipetting. Potential bubbles were removed using a cannula. Standard curve was

generated by serial dilutions of BSA (stock: 20 mg/ml) and measured in parallel with the samples.

Pipetting scheme of BSA standards is given in Table 8.
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Table 8: Pipetting scheme of BSA standards. Protein concentrations were determined between 0
mg/ml to 7.5 mg/ml. For the measurement, BSA standards as well as samples were diluted 1:10 in

ddH-0.

desired concentration PBS BSA (from)
7.50 mg/ml 50 pl 30 pl (stock)
5.00 mg/ml 30 pl 60 pl (1)
2.50 mg/ml 30 pl 30 ul (2)
1.00 mg/ml 60 pl 40 pul (3)
0.75 mg/ml 25 pl 75 ul (4)
0.50 mg/ml 30 ul 60 pl (5)
0.25 mg/ml 30 ul 30 ul (6)
0.00 mg/ml 100 pl oul

All samples and standards were tested in duplicates. The absorption of standards and protein samples
was determined photometrically at 595 nm in a SPECTROstar Nano plate reader after 5 min of

incubation. Concentrations of samples were validated according to the standard calibration curve.

7.5 Protein separation and visualization

7.5.1 SDS- PAGE

Proteins were separated via discontinuous SDS-polyacrylamide gel electrophoresis (discontinuous
SDS-PAGE). Due to the denaturing conditions in the gel and the binding of negatively charged SDS
molecules to the peptides a separation by size is achieved in the electrophoresis. Depending on the
size of the target proteins, resolving gels of different bisacrylamide concentrations were used whereas
the stacking gel was prepared with 5% bisacrylamide always. Quantified cell lysates were
supplemented with 5x SDS loading dye and incubated for 5 min at 99°C. 50-100 ug of total protein

sample were applied to the gel together with PageRuler Prestained Protein Ladder. 80 V were applied
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for 20 min until the sample entered the resolving gel. The voltage was increased afterwards to 120 V

until a suitable separation was reached.

7.5.2 Western Blot

Seperated proteins were electrophoretically transferred to a PVDF membrane in Mini Trans-Blot® Cell.
Prior to transfer, the PVDF membrane was incubated in methanol for 2-5 min and then equilibrated
in 1 x Towbin transfer buffer. The blotting cassette assembly using “sandwich” method [304]. For
blotting, 0.4 A was applied to Mini Trans-Blot® Cell for 60 minutes and the cell was placed in 4°C room
during the transfer. After blotting, the PVDF membranes were blocked with either 5% milk in 1 x TBST
or with 5% BSA in 1 x TBST at room temperature for 45-60 min. The membranes were then incubated
in primary antibodies with agitation at 4°C for overnight. The next day, the membrane was washed
three times with 1 x TBST (10 minutes each) and incubated with the secondary antibody conjugated
with horseradish peroxidase (HRP) for 1 hour at room temperature, followed by three times washing.
Finally, the bound antibodies were visualized by an HRP-catalyzed enhanced chemiluminescent

reaction (ECL) through exposure to X-ray films.

7.5.3 Immunofluorescence (IF)

Cells were seeded on glass slides and let grown oN at 37°C. After cells attachment, the medium was
removed and cells were washed twice with cold (4°C) 1x PBS. 4% formalin was added onto the cells
to fix them onto glass slides. To permeabilize the cells, 0.5% Triton X-100 in 1x PBS was added onto
cells and incubated at 4°C for 5 min. Afterwards fixed cells were washed again twice using PBS by
dipping the glass slides into the prepared solution. To prevent unspecific binding, cells were blocked
with 10 % goat serum in 1x PBS for 1 h at RT. Cells were washed after 1 h of incubation again by
dipping glass slides into PBS twice before primary antibodies were added. All antibodies used in this
thesis for Immunofluorescence were diluted in 5 % FCS/0.5 % Triton X-100 in 1x PBS. Primary
antibodies were incubated over night at 4°C. Secondary antibodies were added after dipping glass
slides into PBS five times and incubated at RT for 1 h. DAPI staining was performed after three more
wash steps in PBS. Cells were mounted and signals were visualized using Keyence BZ-9000

Microscope.
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7.5.4 Immunohistochemistry (IHC)
For immunohistochemical analyses, serial sections of 3 um thickness of formalin-fixed, paraffin-
embedded (FFPE) skin tumors of Mastomys coucha were rehydrated with xylene and a series of

graded alcohols according to the following procedure.

solvent duration

Xylol (100%) 10 min
Ethanol (100%) | 10 min
Ethanol (90%) 5 min
Ethanol (70%) 5 min

1x PBS 5 min

After rehydration, heat-induced antigen retrieval was performed by boiling the sections for 10 min in
citrate buffer (pH= 6.0) or Tris-EDTA (pH= 9.0) in a steam pot. The slides were cooled in the antigen
retrieval solution for 10 minutes and then incubated for 10 min in 1x PBS. Endogenous peroxidases
were blocked with Dako REAL peroxidase blocking solution for 10 minutes at room. Non-specific
protein binding sites were blocked by incubating the slides for 45 minutes with 10% goat serum
diluted in 1x PBS. After the blocking procedure the sections were incubated overnight at 4°C with
primary antibodies diluted in 1x PBS with 1% goat serum. The next day, sections were washed
thoroughly in 0.1% PBS-T. Expression was visualized using secondary antibodies mentioned in 5.7.2.
Nuclei were counterstained with 0.3 pg/ml in 1x PBS 4',6-diamidino-2-phenylindole (DAPI). The
sections were mounted with Dako Faramount Aqueous Mounting Medium and covered with cover
slides. Analysis of IHCs was done by light microscopy (Keyence BZ-9000 Microscope) at magnification

up to 200X.
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7.6 Protein-protein interaction studies

7.6.1 BiolD

MaFil132 BirA*-GFP, MaFi132 MnPVE6-BirA*, MaFil32 MnPVE7-BirA* as well as NOK BirA*-GFP, NOKs
38E6-BirA* and NOKs 38E7-BirA* were seeded in 10 cm dishes. MaFil32 were seeded in DMEM
supplemented with 10% FBS, L-Glutamine and Pen/Strep while NOK cells were seeded in K-SFM
medium. 24 hours after seeding, the culture medium was refreshed with corresponding medium
supplemented 50 uM biotin. 18 hours later cells were harvested. After briefly washing the cells with
1x PBS, 1 mL of modified RIPA buffer was added to the cell monolayer in the dishes and collected in
15 ml tubes with a cell scraper. Lysates were incubated on a rotator at 4°C for 1 h. The lysates were
centrifuged at 13,000 rpm at 4°C for 30 minutes to remove cell debris. The supernatants were

collected for pull-down experiment. All lysates were prepared in triplicates.
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Figure 41: Interactome studies via BiolD. Schematic overview of the BiolD screening method which allows to
identify protein interactions (Figure modified from [8]). BiolD fusion protein induces proximal protein
biotinylation. Purification of labeled proteins was done by streptavidin pull-down. Isolated proteins were

identified by mass spectrometric analysis.
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7.6.2 Immunoprecipitation (IP)

MaFil32 cells were lysed for 2 h at 4°C on a rotator in 200 ul RIPA-special lysis buffer for
immunoprecipitation assay. Afterwards the protein mixture was centrifuged for 10 min at 4°C and
13,000 rpm. 20 pl of each sample were taken as input sample and supplemented with 4 pl of 5x
Laemmli buffer. Residual protein mixture was given onto previously blocked anti-FlagM2 agarose
beads. For each sample 30 ul beads suspension was blocked in 5% BSA in 1x PBS for 1 h at 4°Con a
rotator and afterwards washed 3 times with 1x PBS. For each wash step, 500 ul PBS was added to the
beads and incubated for 5 min at a rotator before a 1 min centrifugation step at 3,000 rpm. After the
washing the 180 pl lysate was added to the beads. The bead-lysate incubation step was performed at

4°C on a rotator overnight.

The net day the beads were washed three times with RIPA lysis buffer and bound proteins were eluted
in 1x Laemmli buffer using a 10 min boiling step at 99°C. In addition, the previously prepared input
samples were boiled together with the IP-samples to prepare them for further analysis by either WB

(5.5.2.) or MS (5.7.3.).

7.7 Protein purification

7.7.1 Streptavidin Pull down

Previously described protocols [165, 305] were used to pull down biotinylated proteins. 50 pul of
streptavidin coupled beads were mixed with 300 pul of modified RIPA buffer in a 1.5 ml reaction tube.
The bead suspension was mixed at room temperature on a rotor for 5 min. After equilibration, the
beads were spun down at 2,000 rpm for 2 min and supernatant was removed afterwards. Lysates
prepared as described in 5.3.1. were incubated with the equilibrated beads using a rotator at 4°C,
overnight. The next day, beads were spun down again with a centrifugation step at 2,000 rpm for 2
min. The supernatant was removed and beads were washed with 500 ul of modified RIPA buffer at
room temperature on a rotator for 10 min. Beads were collected by centrifugation at 2,000 rpm for 2
min. The beads were washed five times with 50 mM ammonium bicarbonate (pH= 8.3) buffer. After
the last wash step, beads were mixed with 35 pL 1x Laemmli buffer and boiled at 99 °C for 10 minutes.

Samples were frozen at -20°C until sent for mass spectrometry analysis.
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7.7.2  Protein purification using SP3-method

SP3 method was performed by Dr. Torsten Miller according to the following protocol.

Samples were thawed, vortexed, and subsequently transferred to AFA-TUBE TPX PCR stripes (Covaris,
Inc.) for adaptive focused acoustics (AFA) ultrasonication in a LE220plus Covaris device. Here, the peak
incidence power (PIP) was set to 450, the duty factor (DF) to 50%, the cycles per burst (CPB) to 600,
and the time to 300 seconds per TPX PCR stripe. Dithering of the AFA focus was applied with a 3 mm
z-offset. Samples were centrifuged at 15,000 g for 10 minutes before proceeding with a protein
quantification assay (Pierce, Thermo Fisher Scientific). For each sample, 10 ug of extracted protein
was transferred to a 96-well PCR plate for processing with autoSP3 on an Agilent Bravo liquid handling
system. In brief, the plate was prepared with each sample in a total volume of 12 uL 1% SDS, 100 mM
ammonium bicarbonate (ABC). Proteins were automatically reduced and alkylated by addition of 10
mM tris(2-carboxyethyl)phosphine (TCEP), 40 mM chloroacetamide (CAA), 1x protease inhibitor
cocktail (PIC) in 100 mM ABC and incubation for 5 minutes at 95°C. Subsequently, proteins were
immobilized on paramagnetic, carboxylate-modified SP3 beads by establishing a >50% organic
environment with acetonitrile (ACN). The bead:protein conjugates were extensively washed twice
with 200 pL 80% Ethanol and once with 100% ACN. The digestion of proteins was performed using
trypsin at a 1:60 protease to protein ratio for 16 hours in 100 mM ABC. Upon overnight digestion, the
reaction was quenched by acidification to 0.5% trifluoro acetic acid (TFA). The peptide-containing
supernatant was recovered to a new 96-well plate without the transfer of residual beads. MS

injection-ready samples were stored at -20°C until data acquisition.

7.7.3 Peptide analysis using mass spectrometry analysis

Protein samples were separated in SDS-PAGE. Gel pieces were cut out, cysteines were reduced by DTT
and carbamidomethylated using iodoacetamide followed by 4 h trypsin digestion. Resulting peptides
were loaded on a cartridge trap column, packed with Acclaim PepMap300 C18, 5pum, 300A wide pore
(Thermo Scientific) and separated via a gradient from 3% to 40% ACN on a nanoEase MZ Peptide
analytical column (300 A, 1.7 um, 75 pm x 200 mm, Waters) using a 120 min MS-method. Eluted
peptides were analyzed by an online coupled Orbitrap Exploris 480 mass spectrometer. Data analysis
was carried out by MaxQuant (version 1.6.14.0). Two data sets were created. One is intensity based
absolute quantification (iBAQ) in which all identified peptide intensities is summarized to measure

protein abundance and the other hand label free quantification (LFQ) data, which is the simplest form
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of quantitative proteomics, in which different samples are quantified in separate MS runs. Match
between runs option was enabled to transfer peptide identifications across raw files based on
accurate retention time and m/z. Quantification was done using a label free quantification (LFQ)
approach based on the MaxLFQ algorithm [135]. A minimum number of quantified peptides were

required for protein quantification.

7.8 Visualization of MnPV DNA by in-situ hybridization (ISH)

FFPE tissue section (3 um thickness) were incubated oN at 56°C to enable a gently rehydration the
next day. For this, the same xylene and a series of graded alcohols was used as for IHC stainings (see
5.5.4.). After rehydration, the slides were boiled in citrate buffer (pH= 6.0) in a steam pot as described
for IHC. Meanwhile, protease K (2 pg/ml in 50 ml 0.05 M Tris/HCI, pH= 7.5) was heated up to 37°C.
After the washing step, slides were dried at RT. FixoGum was used to skirt the tissue and enable a
precise apply of blocking and hybridization solutions. After FixoGum was dried Protease K digestion
was performed at 37°C for 12 min and stopped after 12 min using 50 mM glycine in 1x TBS.
Endogenous peroxidases were blocked with 3% H,0, in TBS for 10 min at RT and rinsed for 30 sec with
TBS at RT as well. Sections were dried at RT for 5 min until no visible liquid was left. Meanwhile, the
(pre)hybridization mixture was prepared. The mixture was split in half one of those was used as pre-
hybridization mixture, the other one as hybridization mixture. Before giving pre-hybridization mixture
onto slides, the mix was incubated at 98°C for 2 min. After 3 h of incubation time at RT hybridization
mixture was given onto slides. Hybridization mixture was prepared by addition 300 ng/ml probe DNA.
The hybridization mixture was given onto the slides and incubated for 5 min on heat plate (98°C)
before covering with a coverslip to avoid evaporation of the hybridization mix. The slides were then
incubated over night at 42°C in wet chamber. 2x SSC was preheated oN at 42°C as well and used as
first wash solution the next day. Hybridization mixture was washed off the slides using the pre heated
2x SSC in glass chamber with magnetic stirrer (10 min, RT). Afterwards, the slides were subsequently
washed with 1x SSC and 0.5x SSC (each for 10 min at RT) followed by two washing steps with TBS (RT,
3 min). Thereafter, sections were blocked using 20% goat serum (GS) in TBS/TNB buffer. Goat serum
was diluted in TBS/TNB buffer (1:3). After 45 min incubation time at RT in wet chamber the blocking
mixture was removed. Then, the slides were incubated for 30 min at RT with HRP-SAP (from TSA-Kit)
diluted 1:250 in 10% GS in TBS/TNB buffer. Afterwards slides were washed three times using TBS (3

min, RT). To gain best results, signal enhancer biotinyltyramide was used which was attenuated in
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amplification diluent according to instructions in TSA- Kit. After three wash steps (TBS, RT, 3 min each
step) slides were again incubated with HRP-SAP diluted 1:250 in GS/ TBS/TNB buffer mixture for 30
min at RT. Three more washing steps followed (TBS, RT, three min each). Staining was performed using
AEC substrate under permanent observation. The color reaction was stopped with ddH20.
Counterstain was performed using undiluted haematoxylin. The sections were mounted with Dako
Faramount Agueous Mounting Medium and covered with cover slides. The imaging was performed

using a Keyence BZ-9000 Microscope.
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Supplemental Figure 1: Examination of smallest volume usable for lysis and further proteomic analyses. A)
Subdivision of a tumor into three areas of different sizes. Scale bar: 2.5 mm. B) Dissected material of each area
was lysed and analyzed via western blot to investigate the usage in further mass-spectrometric analyses. Area 1:

2.548 mm? (0.03 mm?®); Area 2: 11.276 mm? (0.135 mm?); Area 3: 16.706 mm? (0.2 mm?>)
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Supplemental Figure 2: Biotinylation assays to determine the cell line to be used for BiolD experiments on MnPV

oncoproteins. A) Biotinylation assay for MaFi132. Cells were transiently transfected with pLenti_GFP-BirA*. After 24

h, biotin-rich medium was added to the cells and 24 h later cells were lysed. 50 ug of total cell lysate was applied per

lane and then tested for successful biotinylation in WB against biotin. The same procedure was done for B) MaFi191

and C) 308 keratinocytes. WB against GFP served as transfection controls. Actin was used as a loading control. The

best biotinylation could be achieved with MaFi132. This cell line was used for subsequent BiolD experiments for

MnPVEG6 and E7.
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Supplemental Figure 3: Western blot analysis using
anti-biotin antibody to detect protein biotinylation
Bigtin levels in cells after the addition of biotin. Fusion
protein-expressing MaFi132 and WT control cells were
treated with biotin, lysed and lysates were used in WB

against biotin. MnPVE6-BirA* shows weak biotinylation

T T compared to MnPVE7-BirA* or GFP-BirA* control.
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Supplemental Figure 4: Venn diagram
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depicting a comparison of differentially
expressed proteins found in in vivo
proteomic results compared to in vitro

proteomic results.
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9 Supplemental Tables

Supplemental Table 1: Results of partial proteomics; iBAQ values. Red indicates upregulation, blue
shows downregulation. A) MnPV-positive tissue vs skin B) Well-differentiated tissue vs skin C)
Dedifferentiated tissue vs skin D) MnPV-positive tissue vs well-differentiated E) MnPV-positive tissue
vs dedifferentiated F) Dedifferentiated tissue vs well-differentiated. For simplicity, only the top 5 up-

regulated hits and top 5 down-regulated hits are shown. Red indicates upregulation, blue shows

downregulation.

MnPV-positive tissue vs skin

Gene names

Well-differentiated tissue vs skin

Gene names

MnPVE1l E4
Cdb 5,1]<0.05
Ttr 4,94|<0.05
Txnrdl 4,29]<0.05
Bbox1 -3,81|<0.05
Ephx1 -3,83|<0.05
Krt33a -4{<0.005
Aldh3a2 -4,82|<0.05
Hmgcs2 -5,63|<0.05

C
Dedifferentiated tissue vs skin MnPV-p93|t|ve tl.ssue vs well-
differentiated
Gene names Log2FC [p-value Gene names
Acp2 4,8[<0,05 MnPVL1
Park7 4,7|<0,05 MnPVE1_E4
Fkbpla 4,59)<0,05 MnPVE2
Gns 4,48)<0,05
Siglecl 4,32(<0,05 .
Hmgcs2 -5,78 Ak3 -2,42(<0.05
Cpm -2,54(<0.05
Ca2 -2,59(<0.005
Map2kd -2,75(<0.05
Tryl0 -3,56(<0.05
E

MnPV-paositive tissue vs
dedifferentiated

differentiated

Dedifferentiated tissue vs well-

Gene names Gene names Log2FC |p-value
MnPVE1l E4 Gda 3,79]<0.05
MnPVL1 Clic4 3,77|<0.05
MnPVE2 Siglecl 3,65(<0.05
Atp2bl 3,2[<0.05
Caspl4 Gmppa 3,17]<0.05
Plekha2 . $100a14 -5]<0.05
Dclkl -4,11|<0.05 Tgml -5,33|<0.05
Hm13;H13 -4,25|<0.05 Pkp3 -5,36|<0.05
Bak1 -4,56|<0.05 Trim29 -5,52|<0.05
Crabp1l -4,73(<0.05 Krt2 -<D.05
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Supplemental Table 2: Results of proteomics performed on infected 308 keratinocytes (iBAQ
values). Red indicates upregulation, blue shows downregulation. For simplicity, only the top 5 up-

regulated hits and top 5 down-regulated hits are shown.

MnPV-infected vs control
Gene names | Log2FC p-value
Ddx19b 5.28| <0.05
Gramd4 4.56| <0.05
Nat9 2.91| <0.05
Adar 2.81| <0.05
Dock11 2.47| <0.05
Dhrs4 -2.81| <0.005
Stfa3 -2.98 | <0.05
Peal5 -3.43 | <0.05
Sde2 -3.80( <0.05
Fkbp5 -4.67 | <0.05
Pdzrn3 -6.52| <0.05

Supplemental Table 3: Proteomic results of transduced 308 keratinocytes expressing MnPV
oncoproteins (iBAQ values). A) MnPVE6 vs control B) MnPVE7 vs control C) MnPVEGE7 vs control.
Red indicates upregulation, blue shows downregulation when compared to control. For simplicity,

only the top 5 up-regulated hits and top 5 down-regulated hits are shown.

A B C
MnPVEB vs control MnPVE7 vs control MnPVEGE7 vs control
Gene names | Log2FC | p-value | | Gene names | Log2FC | p-value | | Gene names | Log2FC | p-value
Mau2 3.65| <0.005 | |Ppfibp2 4.80 | <0.05 lgfbp3 5.74 | <0.05
Pdcd11 3.38|<0.05 Serpinb2 4.08 | <0.05 Fat2 4.34 | <0.05
Smnl 2.96|<0.05 Kdelr2 3.90| <0.05 Col12al 3.01 | <0.05
Glyrl 2.87|<0.005 | |Slc20a2 3.66| <0.05 Jagl 2.90 | <0.05
Lrrc&d 2.67|<0.05 Itga2 3.53|<0.05 Hmces 2.63 | <0.05
Bstl -4.50| <0.005 | |Smn1l -2.82 | <0.05 Akrlc18 -3.38 | <0.005
Kdelr2 -4.62|<0.05 Gan -2.86 | <0.05 Wdr35 -3.70 | <0.05
Mtchl -4.98|<0.05 Cars2 -2.90| <0.05 Coxb6al -4.02 | <0.005
Ppfibp2 542 <0.005 | |Mrpl13 -3.21|<0.05 Kdelr2 -4.21 | <0.05
Ccna2 -6.03 | <0.05 Tdpl -3.44 | <0.005 | | Atpaf2 -4.90 | <0.005
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Supplemental Table 4: Proteomic results of HPV38 oncoprotein-expressing NOK cells (iBAQ values).

A) HPV38E6 vs control B) HPV38E7 vs control C) HPV38E6E7 vs control. Red indicates upregulation,
blue shows downregulation when compared to control. For simplicity, only the top 5 up-regulated
hits and top 5 down-regulated hits are shown. For HPV38E6E7 expressing cells, CUL7 expression value

is given additionally.

A B C

HPV38E6 vs control HPV38E7 vs control HPV38EGE7 vs control

Gene names [Log2FC Gene names |Log2FC p-value Gene names [Log2FC

STMN2 <0.05 CAP1
ACTBL2 <0.05 STMN2
ATOX1 <0.05 GYG1
C70rf50 . MIOS <0.05 OR4K3
C70rf50 <0.0005 H1FO
S100AS <0.0005 TOMM20
HERPUD1 <0.05 METTL14
METTL14 <0.05 ToMmM22
MTRR <0.05 TOMMA40

HERPUD1 . S100A8 <0.05 SLC33A1

CUL7 -1,51<0.05
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Supplemental Table 5: Gene names of proteins found to be significantly altered in MnPV as well as

in HPV38 oncoprotein- expressing cells.

Altered proteins in E6- Altered proteins in E7- Altered proteins in EGE7-
expressing cells expressing cells expressing cells
Cobll1 Cyth2 Akap1l
Commd8 Ecm1l Apafl
Ctnna2 Gan Cdc20
Cttnbp2nl Gee2 Cox5a
Ecml Med14 Cul7
Numal Mki67 Cux1
Rbm27 Mrpl13 Dyrkla
Smnl Nopl4 Ecml
Snx18 Pdcl Fat2
Tacc2 Ptpn13 Gba
Tdpl Smnl H1f0
Tdpl Jagl
Mrpl14
Ncbp2
R3hccll
Rpf2
Sgk3
Slc4a2
Tomm?22
Trmt112
Ube2j1
Uxsl
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305. Dingar, D., et al., BiolD identifies novel c-MYC interacting partners in cultured cells and
xenograft tumors. ) Proteomics, 2015. 118: p. 95-111.

13 Abbreviation

PV Papillomavirus

HPV human Papillomavirus

SCC squamous cell carcinoma

EV Epidermodysplasia verruciformis
URR upstream regulatory region

K10 keratin 10

K14 keratin 14

HSPG heparan sulphate proteoglycan

CR conserved region

™ transmembrane domain

CKIlI Casein kinase Il

IL-1B Interleukin 1 beta

uv ultra violett

Rb retinoblastoma protein

CER complete early genomic region
NMSC non-melanoma skin cancer

BCC basal cell carcinomas

AK actinic keratosis

MnPV Mastomys natalensis papillomavirus
KSCC keratinized squamous cell carcinoma
nKSCC non-keratinized squamous cell carcinoma
FFPE Formalin-fixed paraffin-embedded
PCA Principal component analysis

FDR false discovery rate

LFQ label free quantification

IPA Ingenuity Pathway Analysis

mTORC1 mTOR complex 1

mTORC2 mMTOR complex 2

RNA ribonucleic acid

Cavl caveolin

IF immunofluorescence

ISH In-situ hybridization

WB western blot

iBAQ Intensity-based absolute quantification
MAP4K1/ HPK1 Mitogen-activated protein kinase kinase kinase kinase 1
Cul7 Cullin7
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NOK
MS

IP
MaFil132
MaFi191
SNRPD1
GST
HNSCC
MAML1
PTPN14
FC
MST1
LATS1
SAV1
MOB1A
YAP
TAZ
TEADs
PCR

FBS
EDTA
rpm
PBS

PEI

DNA

RT

BSA
MEM
TCEP
CAA
ABC
CPB

DF

PIP

AFA

PIC

ACN
TFA

GS

RT
TEMED
SDS
HRP

Abbreviation

normal oral keratinocytes

mass spectrometry
immunoprecipitation

Mastomys fibroblasts 132

Mastomys fibroblasts 191

small nuclear ribonucleoprotein Sm D1
Glutathione S-transferase

head and neck squamous cell carcinoma
Mastermind-like protein 1
Tyrosine-protein phosphatase non-receptor type 14
fold change

mammalian STE20-like protein kinase 1
large tumor suppressor 1

Salvador homologue 1

MOB kinase activator 1A
Yes-associated protein

Transcriptional co-activator with PDZ-binding motif
TEA domain family members
Polymerase chain reaction

Fetal Bovine Serum
Ethylenediaminetetraacetic acid
revolutions per minute
Phosphate-buffered saline
polyethylenimine

Deoxyribonucleic acid

Reverse transcriptase

Bovine serum albumin

Minimal Essential Medium
tris(2-carboxyethyl)phosphine
chloroacetamide

ammonium bicarbonate

cycles per burst

duty factor

peak incidence power

adaptive focused acoustics

protease inhibitor cocktail

acetonitrile

trifluoro acetic acid

goat serum

room temperature
Tetramethylethylenediamine

Sodium dodecyl sulfate

horseradish peroxidase
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