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5. Introduction

5. Introduction

5.1 Cancer

Cancer is a leading cause of death worldwide and an important barrier to increasing life expectancy.
Approximately 19.3 million new cases and almost 10.0 million cancer deaths occurred in 2020 according
to the GLOBOCAN 2020 estimates. Moreover, cancer incidence is still increasing because of population
aging and growth, as well as cancer-associated lifestyles. An estimated 28.4 million new cases of cancer are

projected to occur in 2040 (Sung et al. 2021).

Cancer is defined as a group of diseases in which cells of the body grow abnormally and potentially spread
to other tissues. Cancer starts with the accumulation of genetic changes, predominantly involving
proto-oncogenes, tumor suppressor genes and DNA repair genes. During the multistep development of
cancer, cells gain the potential to maintain inadequate proliferative signaling, evade growth-inhibitory
pathways, resist cell death, induce replicative immortality, stimulate angiogenesis, activate cell invasion and
metastasis, reprogram the cellular energy metabolism and escape from the host’s immune response, which

together have been designated “hallmarks of cancer” (Hanahan and Weinberg 2011).

5.2 Human papillomaviruses (HPVs) and cancer

Infections are one of the major risk factors for cancer and caused 13 % of all malignancies globally in 2018
(de Martel et al. 2020). Oncogenic HPV types belong to the best-characterized cancer-related infectious
agents in humans and are closely linked to the development of cancers of the cervix, anus, vagina, vulva,
penis, oropharynx, oral cavity and larynx (Schiffman et al. 2016). HPVs cause virtually all cases of cervical

cancer, which accounts for around half of the infection-related cancers in women (Vineis and Wild 2014).

5.2.1 HPVs and cervical cancer

Cervical cancer is the fourth most commonly diagnosed cancer and the fourth leading cause of cancer
mortality in women, resulting in approximately 604,000 new cases and 342,000 cancer deaths in 2020 (Sung
et al. 2021). The disease is a particularly prominent problem in developing countries, where it is the second
most prevalent cancer form in females and leads to nearly 90 % of the cervical cancer deaths occurring
worldwide (Torre et al. 2015).

HPVs are non-enveloped double-stranded DNA viruses infecting human skin and mucosa, where they can

cause benign warts or cancers. More than 200 HPV genotypes are known and classified into five genera -
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5. Introduction

a, B, v, u, and v. HPVs of the B, y, p, and v genera have a cutaneous tropism. The best-studied oncogenic or,
alternatively called high-risk HPV types (HPV186, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59), all belong
to the o genus. They possess a mucosal tropism and are associated with the development of anogenital and
oropharyngeal cancers. The most common carcinogenic HPV types, HPV16 and HPV18, are responsible
for approximately 70 % of cervical cancer cases (Schiffman et al. 2007).

5.2.2 The biology of HPV infection and HPV-associated carcinogenesis

The circular genome of HPVs consists of approximately 8000 base pairs encompassing up to 10 open
reading frames (ORFs) (Harden and Munger 2017). In oncogenic HPV types, such as HPV16 or HPV18,
the early (E) region possesses 6 ORFs: E1, E2, E4, E5, E6 and E7 (Figure 1). The early genes are expressed
in the early stage of the viral life cycle and the proteins are necessary for viral replication. E1 is an
ATP-dependent helicase recruited to a specific E1 binding site in the viral origin by E2, a DNA-binding
protein that can contact the HPV DNA at multiple binding sites (#1, #2, #3 and #4 in Figure 1) in the
transcriptional control region. E1 and E2 are expressed at the beginning of the infection and contribute to
viral replication and transcription while E4 and E5 are mainly expressed in differentiating cells, where
genomic replication is increased. Eventually, the virus is released from the uppermost cell layer of the
epithelium (Figure 2). E6 and E7, which also represent the major oncogenes of the virus, affect various
processes in the host cell, including cell cycle regulation, apoptosis control, cellular differentiation and
immune evasion (Moody 2017). The late (L) region is located downstream of the E region and encodes the
major (L1) and minor (L2) viral proteins, which form the viral capsid and are involved in viral entry and
trafficking. The early and late regions are separated by a transcriptional control region, which is alternatively
termed long control region (LCR), upstream regulatory region (URR) or non-coding region (NCR). This
region contains the origin of viral replication and transcriptional regulatory elements, with a promoter
controlling E6/E7 expression located at the 3” end (P97 for HPV 16, Figure 1) (Harden and Munger 2017).

E2 E2 E1 SP1E2 E2 TATA P97
#4 # #2 #1

Figure 1: HPV16 genome organization. The HPV16 genome consists of a
double-stranded circular DNA. Six early ORFs: E1, E2, E4, E5 (green) and
E6, E7 (red), and two late ORFs: L1 and L2 (yellow), are expressed from
the early and late promoters marked by arrowheads (P97 and P670,
respectively). The binding sites for the viral E1 and E2 proteins (black dots)
and the cellular SP1 transcription factor (black circle) in the transcriptional
control region (LCR) are depicted. PAE = early polyadenylation site, PAL
= late polyadenylation site. Modified from (Schiffman et al. 2007).
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5. Introduction

The development of cervical cancer is attributed to persistent oncogenic HPV infections. HPV genome
replication relies on the host cell, due to the lack of a viral polymerase gene in HPVs. HPVs infect the basal
layer of cutaneous or mucosal squamous epithelia through microwounds, and start their viral life cycle in
proliferating basal keratinocytes. Infections by HPVs are usually cleared within a few months by the
immune system (Plummer et al. 2007; Rodriguez et al. 2008). However, the HPV oncoproteins E6 and E7
(and to some extent E5) can support evasion from the immune surveillance of the host (Steinbach and
Riemer 2018). Thus, these oncoproteins can create a cellular environment which promotes HPV persistence
in the infected keratinocytes (Della Fera et al. 2021). Upon exiting the basal layer of the epithelium,
differentiating cells usually withdraw from the cell cycle and do not support DNA synthesis. However,
oncogenic HPVs can activate cellular DNA replication via expression of the multifunctional E6 and E7
oncoproteins, which allows viral DNA synthesis and can lead to the accumulation of genetic changes in the
host cell, including chromosome abnormalities, point mutations and epigenetic alterations, ultimately
contributing to the development and progression to cancer (Harden and Munger 2017; Schiffman et al.
2016).

Cornified
squamous
epithelium o

Cell cycle progression
Cell proliferation
Immune evasion

Granular

Virion assembly and release

L1, 12

e
(8

Late gene expression

4 E6/E7

¢E6/E7 ®
s @ ]

Basal cells n E e [ e [ o [ e

Dermis Infection —> Dysplasia —

&

R

Suprabasal

Early gene expression

Carcinoma

Time
Episomal Integrated
= HPV HPV

£ HPV

Figure 2: The HPV life cycle in squamous epithelium and cancer development. HPVs enter the basal layer of
squamous epithelia through microwounds. The HPV early proteins (E1, E2, E4, E5, E6 and E7) initiate viral genome
replication and promote host cell proliferation. As cells differentiate, the late HPV proteins (L1 and L2) are expressed
to package newly replicated viral DNA into capsids which are subsequently released from the surface (left panel).
Viral E6 and E7 gene expression is kept low in the episomal state. During cancer development, E6 and E7 expression
is typically increased (e. g. following integration of the viral genes into the host cell genome). This can lead to the
deregulation of cell proliferation, apoptosis resistance, genomic instability and immune evasion, which supports cancer
development (right panel). Modified from (Cosper et al. 2021).
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5.2.3 The viral E6 and E7 oncoproteins

The HPV E6 and E7 oncoproteins modulate the activity of many cellular proteins (Mantovani and Banks
2001; Munger et al. 2001), of which the tumor suppressor proteins p53 and pRb (retinoblastoma tumor
suppressor protein) are the most prominent and best-studied examples. The E6 protein of oncogenic HPV
types mediates the degradation of p53 via the ubiquitin-proteasome system (UPS) by forming a trimeric
E6/E6AP (ubiquitin ligase E6-associated protein)/p53 complex. As a result, p53-induced growth inhibition
and apoptosis induction in response to DNA damage are impaired, thereby allowing the accumulation of
genomic mutations and promoting carcinogenesis (Mantovani and Banks 2001). The E6 oncoproteins can
also interfere with the acetylation of p53 by binding to the histone acetyltransferases p300, CREB-binding
protein (CBP) and transcriptional adaptor 3 (ADAZ3), thus blocking the acetylation of p53 and decreasing
its stability (Kumar et al. 2002; Patel et al. 1999; Zimmermann et al. 1999). The E6 proteins from low-risk
HPV types have been also reported to interfere with the growth-suppressive activity of p53, which is
predominantly attributed to direct binding to p53 and interference with p53-mediated transcriptional
regulation (Crook et al. 1994; Lechner and Laimins 1994). In addition to p53, the E6 proteins from
oncogenic HPV types also associate with other cancer-relevant factors, such as PDZ (PSD-95/DLG/Z0-1)
proteins via a PDZ binding motif (PBM), which interestingly is not found in the E6 proteins of
non-oncogenic HPV types (Ganti et al. 2015; Thomas et al. 2008). It has been shown that the E6 oncoprotein
can mediate the degradation of PDZ proteins or impair their functions through altering their subcellular
localization (Ganti et al. 2016).

E7, among other targets, affects the pRb/E2F interaction in the host cell. In normal (uninfected)
non-proliferating cells, unphosphorylated pRb binds to E2F transcription factors and thereby blocks the
E2F-mediated transcriptional activation of a variety of cell cycle promoting target genes. For cell division,
E2Fs are released from pRb upon pRb phosphorylation, and then can activate transcription of their target
genes, leading to S-phase entry. In HPV-positive cells, this regulation is disturbed in that the E7 oncoprotein
binds to pRb and mediates its degradation. Consequently, E2Fs are released from the negative regulation by

pRb, leading to unscheduled cell cycle progression and cell division (Narisawa-Saito and Kiyono 2007).

Notably, there is also evidence that E6 and E7 cooperate in the transformation process since the abrogation
of pRb function by high-risk E7 can sensitize infected cells to p53-dependent apoptosis, which is blocked
by the concomitant E6 expression (Eichten et al. 2004; Jones et al. 1997).
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5.2.4 Cellular pathways related to biological characteristics of cervical cancer cells

Oncogenic HPVs are necessary but not sufficient for the development of cervical cancers. This is indicated
by the observation that only a small proportion of females infected with high-risk HPVs develop cancer.
Moreover, cervical carcinogenesis is a process which typically evolves over several decades after initial
infection with an oncogenic HPV type (Schiffman et al. 2016). This indicates that - besides an oncogenic
HPV infection - additional genetic or epigenetic alterations in the cells are necessary for cervical cancer
development (Fang et al. 2014; Soto et al. 2017). Indeed, a variety of pathways are deregulated in cervical
cancer cells, which could be dependent or independent on the viral oncogenes. Among others, these include
the phosphoinositide 3-kinase (PI3K)/AKT signaling pathway, the mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) cascade as well as Yesl-associated transcriptional
regulator (YAP)/transcriptional co-activator with PDZ-binding motif (TAZ) dependent signaling
(Olmedo-Nieva et al. 2020; Rasi Bonab et al. 2021).

The PIBK/AKT cascade is one of the most important signaling pathways, which is hyperactive in many
cancers and affects different phenotypic characteristics of cancer cells, such as proliferation, apoptosis,
metabolism, invasiveness and cytoskeleton remodeling (Deng et al. 2022; Engelman 2009; Noorolyai et al.
2019). It can be activated by a wide range of stimuli, including growth factors, cytokines and mechanical
signals, and regulate numerous downstream proteins, thereby cross-connecting many signaling pathways in
a complex manner (Deng et al. 2022; Manning and Cantley 2007; Revathidevi and Munirajan 2019).
Aberrant activation of PI3K/AKT has been identified in cervical cancer (Bahrami et al. 2017; Millis et al.
2016), which can predict prognosis and serve as a biomarker for risk stratification (Bahrami et al. 2017).
An important pathway regulated by AKT is the mTOR pathway, which enhances protein synthesis through
the activation of downstream factors, such as ribosomal protein S6 kinase 1 (S6K1) and eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1) (Bahrami et al. 2017; Bossler et al. 2019a).

MAPK/ERK signaling is the most-studied of the MAPK signaling cascades and is essential for fundamental
cell functions, such as the control of cell proliferation, cell cycle progression, differentiation or migration
(Degirmenci et al. 2020). MAPK/ERK signaling transduces extracellular stimuli from receptor tyrosine
kinases (RTKs) and G protein-coupled receptors (GPCRs) through RAS and RAF activation, and ultimately
phosphorylated ERK regulates its targets in the cytosol or via nuclear translocation and subsequent
phosphorylation of transcription factors (Ebner et al. 2007; Guo et al. 2020). Additionally, ERK is also
activated by intracellular calcium and protein kinase C (PKC), which connects extracellular signals and
intracellular networks (Guo et al. 2020). The deregulation of MAPK/ERK due to the gain-of-function

mutations mainly in the RAS or RAF genes, which has also been reported in cervical cancers (Santarpia
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et al. 2012), can contribute to the resistance towards certain anti-cancer drugs, including RAF inhibitors
(Degirmenci et al. 2020).

YAP and TAZ are transcriptional coactivators that can potently promote cell proliferation, potentially
leading to organ overgrowth or to the development of cancer. Mechanistically, YAP and TAZ interact with
DNA-binding factors of the transcriptional enhancer factor (TEAD) family, thus regulating the expression
of numerous target genes in the nucleus (Pocaterra et al. 2020). As such, the nuclear translocation of
YAP/TAZ is a key step for YAP/TAZ signaling, a process which is regulated by phosphorylation. In specific,
YAP/TAZ phosphorylation results in their sequestration in the cytoplasm, where the proteins are
proteasomally degraded, whereas non-phosphorylated YAP/TAZ enter the nucleus and transcriptionally
activate target gene expression (Piccolo et al. 2014). YAP/TAZ can promote glycolysis by upregulating
various glycolysis-related genes, including HK2 (hexokinase 2), GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), PGK1 (phosphoglycerate kinase 1) and LDHA (lactate dehydrogenase A) (Yamaguchi and
Taouk 2020), thereby supporting the rapid growth of tumor cells. Moreover, YAP and TAZ are involved in
the cellular response towards mechanical stress from cell shape, polarity and cytoskeleton structures
(Dupont et al. 2011; Totaro et al. 2018) and in turn affect cell-cell contacts and cell adhesion (Totaro et al.
2018). In line, YAP/TAZ signaling has been linked to cell migration by limiting the maturation of the
cytoskeleton and focal adhesions (Mason et al. 2019).

The role of YAP/TAZ in cervical squamous cell carcinoma (SCC) is still controversial. Several
investigations reported that YAP and TAZ are highly expressed in cervical SCC compared to normal tissues,
which is correlated to a highly malignant phenotype and poor clinical prognosis (Maehama et al. 2021;
Wang et al. 2020; Zhang et al. 2020). In contrast, it was also reported that the nuclear localization of
YAP/TAZ is absent in cervical SCC, indicating inactivation of YAP/TAZ signaling and an inverse

association between YAP/TAZ expression and cancer progression (Liu et al. 2013; Liu et al. 2018).

5.2.5 Prevention and therapy of cervical cancer

Prophylactic vaccination protecting against the infection with oncogenic HPV types effectively prevents the
development of cervical pre-neoplasia and cancers (Falcaro et al. 2021). Three prophylactic HPV vaccines
have been licensed: the bivalent Cervarix (GlaxoSmithKline (GSK), London, UK), the quadrivalent
Gardasil and the nonavalent Gardasil9 (both Merck, Kenilworth, New Jersey, USA). All these vaccines are
based on the major HPV capsid protein L1 which forms virus-like particles (VLPs). Thus, these VLPs are
free of viral DNA and cannot initiate a viral life cycle, but can provoke an immune response (Stanley et al.
2012). Cervarix contains VLPs from HPV16 and HPV18. Gardasil provides protection against low-risk
HPV6 and HPV11 as well as against high-risk HPV16 and HPV18 whereas Gardasil9 additionally contains
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VLPs from HPV31, HPV33, HPV45, HPV52 and HPV58, thus protecting against infections which are
related to approximately 90 % of the cervical cancer incidence (Castellsague et al. 2015; Einstein et al. 2011,
Giuliano et al. 2011; Joura et al. 2015).

Secondary prevention also plays a major protective role against cervical cancer development. Currently,
three options are primarily used for cervical cancer screening: analyzing cervical cytology (Papanicolaou
(Pap) test), HPV detection as a primary test, or a cotest which combines cytology and HPV detection
(Fontham et al. 2020). According to the American Cancer Society (ACS) Guidelines 2020, the primary
HPV test alone is preferentially recommended for individuals aged between 25-65 years. Following the
initial screening at the age of 25 years, these individuals should undergo the HPV test every 5 years.
Cotesting every 5 years and Pap test alone every 3 years are also considered to be acceptable options.
Cervical cancer screening can be discontinued in individuals above 65 years old, who have no history of
precancerous lesions (cervical intraepithelial neoplasia grade 2 or higher) or cancer within the past 25 years,

and who have adequate negative prior screening (Fontham et al. 2020).

It should be noted, however, that - on a worldwide scale - both the vaccination and screening rates are
disappointingly low, especially in low- and middle-income countries, which have the highest incidence of
and mortality from cervical cancer (Sung et al. 2021). Thus, HPV-induced cancers are likely to remain a

major medical problem worldwide for many years to come.

Therapeutically, surgery is recommended for most patients with more progressed precancerous lesions or
early cervical cancers. For advanced cervical cancers, patients receive concurrent cisplatin-based
chemoradiation regimens as a primary treatment, which are adopted worldwide (Koh et al. 2015; Small et al.
2017). Unfortunately, advanced or recurrent cervical carcinomas still show rather poor survival rates (Marth
et al. 2017). Therefore, novel and more effective therapeutic strategies for the treatment of HPV-associated
cancers need to be developed, which may profit from an improved understanding of the molecular
mechanisms contributing to the malignant phenotype of HPV-positive cancer cells. This includes analyses

under hypoxic conditions, which are linked to increased therapy resistance.

5.3 Hypoxia and cancer

The term “hypoxia” refers to low oxygen contents which are often present in subregions of solid cancers
and are usually defined as an Oz concentration < 2 % O>. There are two major forms of hypoxia in tumors.
Chronic hypoxia is often caused by limitations of O, diffusion. This can be due, for example, to the rapid
and uncontrolled proliferation of tumors, resulting in enlarged distances between tumor blood vessels and

tumor cells (Figure 3). Moreover, tumor blood vessels are often structurally and functionally impaired,
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which also limits oxygen supply to the surrounding tumor tissue. As a matter of fact, the poor structure of
tumor vessels can also lead to a second major form of hypoxia in cancers, called cycling hypoxia. This form
of hypoxia is typically due to perfusion perturbations, for example through recurrent changes in the
erythrocyte flux which exposes neighboring tumor cells to repeated cycles of hypoxia and reoxygenation
(Hoppe-Seyler et al. 2017b; Jing et al. 2019).

The term normoxia refers to the oxygen level in standard tissue culture in vitro, which is approximately 20 %
0., whereas physoxia is used to describe physiological oxygen levels, which for most organs vary between
3.4 % to 6.8 %. The mean O, concentration in normal cervical tissue lies around 5.5 % O- and is reduced to

about 1.2 % O in cervical cancer (McKeown 2014).

Hypoxia has been associated with poor prognosis for many cancers, including cervical cancer, head and
neck cancer, breast cancer and lung cancer (Vaupel and Mayer 2007). In part, this is attributed to alterations
in gene expression under the transcriptional control of hypoxia-inducible factors (HIFs), which can lead to
pro-tumorigenic alterations of the cellular metabolism and increased resistance to anti-cancer treatments,
such as chemo- and radiotherapy (Albadari et al. 2019; Semenza 2010).

blood tumor cells
vessel

Figure 3: Schematic illustration of chronic hypoxia.
Hypoxic cells (blue) are inadequately supplied with
oxygen due to the large distance to tumor blood vessels
(starting at a distance of approximately 100 pm
(Al Tameemi et al. 2019)). Modified from

0, hypoxia (Hoppe-Seyler et al. 2017b).

5.3.1 Hypoxia-inducible factors (HIFs)

HIF-1 is a pivotal transcriptional activator that mediates the cellular response to hypoxia. It consists of an
O,-sensitive subunit HIF-1a and an O-insensitive subunit HIF-1p. HIF-1a is prone to be degraded by the
UPS in the presence of sufficient oxygen. Under normoxic conditions, HIF-1a is hydroxylated at the proline
residues 564 and/or 402 by the prolyl hydroxylase domain proteins PHD1-3, using oxygen as substrate. This
results in binding to an E3 ligase component - the von Hippel-Lindau protein - which ubiquitinates HIF-1a
and leads to its degradation by the proteasome. Under hypoxic conditions, PHDs are inactive, which
prevents the proteasome-dependent degradation of HIF-1a (Bruick and McKnight 2001; Epstein et al. 2001;
Ivan et al. 2001; Jaakkola et al. 2001; Maxwell et al. 1999). Hence, HIF-1a is stabilized and forms a

heterodimer with HIF-1p that translocates into the nucleus to activate the transcription of target genes via
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binding to hypoxia-responsive elements (HRES). The HIF-1p protein, also designated as aryl hydrocarbon
receptor nuclear translocator (ARNT), is stable and constitutively expressed regardless of the oxygen
availability (Mandl and Depping 2014), although there is some evidence indicating that HIF-1p can be
upregulated in response to hypoxia in certain cell lines (Mandl and Depping 2014). In contrast to the
respective proteins, HIF1A and ARNT are constitutively expressed at the mRNA level in various human
tissues (Huang et al. 1996).

HIF-2a and HIF-3a are two homologues of HIF-1a that can also form heterodimers with HIF-1f. HIF-2a
shares 48 % homology in amino acid sequence with HIF-1a and activates the transcription of
hypoxia-responsive genes (Ema et al. 1997; Flamme et al. 1997; Tian et al. 1997). However, HIF-1a is
ubiquitously expressed while HIF-2a is predominantly expressed in vascular endothelial cells during
embryonic development. Besides common target genes, HIF-1a and HIF-2a also show some differences in
the spectrum of their transcriptional activities. For example, HIF-1a, but not HIF-20, is associated with the
upregulation of glycolytic genes while HIF-2a preferentially enhances expression of erythropoietin and is
involved in the regulation of iron metabolism genes (Hu et al. 2003; Kapitsinou et al. 2010). HIF-3a. is
subject to alternative splicing. Although six splice variants have been reported, none of them directly acts
as a transcription factor, but some of them can maximize the transcriptional activation of target genes in the
presence of adequate amounts of HIF-1p. When HIF-1p is limited, these HIF-3a variants bind to HIF-1a
and HIF-2a and inhibit their transcriptional activity (Heikkila et al. 2011; Pasanen et al. 2010).

5.3.2 Cellular metabolism under hypoxia

To survive under hypoxic stress, cancer cells tend to increase intracellular oxygen delivery and decrease
oxygen consumption, which to a large part depends on the activity of HIF-1. HIF-1 upregulates the
expression of glucose transporters, such as GLUT1 (SLC2A1) and GLUT3 (SLC2A3), to increase glucose
levels inside cells (Semenza 2010). In addition, hypoxic cancer cells reduce O,-dependent mitochondrial
oxidative phosphorylation (OXPHOS) and promote glycolysis, characterized by higher glucose

consumption and lactate production (Denko 2008).

HIF-1 mediates this metabolic switch by upregulating the expression of a series of genes encoding for
glycolytic enzymes, including hexokinase 1 and 2 (HK1, HK2), phosphofructokinase liver type (PFK-L),
aldolase A and C (ALD-A, ALD-C), phosphoglycerate kinase 1 (PGK1), enolase 1 (ENOL1), pyruvate kinase
isozyme M2 (PKM2), and fructose-2, 6-bisphosphatase (PFKFB-3) (DeBerardinis et al. 2008; Kierans and
Taylor 2021; Semenza 2003; Wigerup et al. 2016). Pyruvate, a product of glycolysis, is an intermediate in

several metabolic pathways, including the tricarboxylic acid (TCA) cycle, gluconeogenesis, and anabolic
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synthesis of fatty acids and amino acids (Chaneton et al. 2012; Zahra et al. 2020). Lactate dehydrogenase
A (LDHA), which catalyzes the conversion from pyruvate to lactate, and pyruvate dehydrogenase kinase 1
(PDK1), which hinders acetyl-coenzyme A (AcCoA) conversion from pyruvate, are both induced by HIF-1,
which contributes to the suppression of OXPHOS under hypoxic conditions (Denko 2008; Kierans and
Taylor 2021). Lactate, as a product of glycolysis, can be removed by monocarboxylate transporter 4 (MCT4),
a plasma membrane transporter which is induced by HIF-1 as well (Ullah et al. 2006).

Further, HIF-1 also inhibits fatty acid oxidation (FAO), another major source of AcCoA, thereby reducing
the production of reactive oxygen species (ROS) by OXPHOS (Huang et al. 2014). Notably, the
HIF-1-induced PDK1 can in turn promote HIF-1a activation dependent on the accumulation of glycolytic
metabolites, suggesting a feed-forward loop of cellular metabolism under hypoxia (McFate et al. 2008).
Moreover, HIF-1 can reduce the respiratory capacity via the induction of mitochondrial autophagy (Zhang
et al. 2008) and the regulation of cytochrome c¢ oxidase (Fukuda et al. 2007), which also limits the
production of ROS, thereby further protecting hypoxic cells from cell death. An additional mechanism by
which HIF-1 can protect against oxidative stress is its promotion of glutathione (GSH) synthesis, which
makes hypoxic cells more tolerant to ROS production (Bouthelier and Aragones 2020; Lu 2013).

5.3.3 Hypoxia-induced resistance towards anti-cancer therapy

Of high clinical relevance is the finding that the presence of hypoxic areas in cancers is linked to increased
resistance towards chemo- and radiotherapy. Reasons underlying this observation include the notion that
the efficacy of chemotherapy depends on efficient delivery of chemotherapeutic agents to cancer cells. Thus,
the abnormal distribution and inadequate perfusion of cancer blood vessels does not only lead to inadequate
O supply, but can also interfere with drug delivery (Viallard and Larrivee 2017). In addition, many
chemotherapeutic drugs kill cells by the oxidation of free radicals, a process which is oxygen-dependent.
Therefore, the efficiency of chemotherapy can be reduced under hypoxic conditions due to the deficiency
in oxygen molecules and the reduction of cytotoxic ROS production, which is further supported by HIF-1
induction (see above), eventually protecting cancer cells from DNA damage, and ultimately cell death (Jing
et al. 2019). Furthermore, the acidic microenvironment of tumors caused by hypoxia disrupts the activity of
pH-dependent chemotherapeutic agents, such as doxorubicin and docetaxel (Thews et al. 2014). Moreover,
the cellular drug efflux pump P-gp, which can remove intracellular chemotherapeutic drugs, is activated by
HIF-1 (Li et al. 2016; Shi et al. 2021). The resistance of hypoxic cancer cells to chemotherapy can be also
a consequence of hypoxia-induced cell cycle arrest, which is a state of reduced proliferation that can protect
cells from extracellular stress and provide resistance towards chemotherapeutic agents which preferentially

attack proliferating cells (Rohwer and Cramer 2011).
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The anti-cancer effects of radiotherapy rely to a large part on the induction of DNA strand breaks. In the
presence of oxygen, the ionizing radiation-induced DNA damage can be fixed by oxygen molecules, which
have a higher affinity to react with various radicals that provoke irreversible DNA damage, preventing cells
from DNA damage repair (Wang et al. 2019). The accumulation of unrepaired DNA damage then results in
cell death. In hypoxic cancer cells, however, the temporary DNA damage can be repaired and cells can
recover more effectively from radiation-induced DNA damage (Bouleftour et al. 2021). In addition, HIF-1
can mediate radioresistance under hypoxia by interfering with apoptosis, activating autophagy, supporting
DNA damage repair and through its antioxidant effects, e. g. by decreasing ROS levels and increasing
reduced GSH levels (Kabakov and Yakimova 2021).

5.3.4 Hypoxia and HPV E6/E7 oncoproteins

In view of the key role of hypoxia for the phenotype of cancer cells, it is important to assess the
consequences of hypoxia for the cellular behavior of cervical cancer cells. It was found that hypoxia leads
to a strong downregulation of the HPV oncogenes (Hoppe-Seyler et al. 2017a), an effect which is mediated
by hypoxia-induced PI3K/AKT signaling (Bossler et al. 2019b). Strikingly, whereas HPV E6/E7 repression
under normoxia rapidly and efficiently induces senescence, this regulation is abolished under hypoxia.
Rather, hypoxic cervical cancer cells induce a reversible growth arrest, which is reverted by reoxygenation
and thus may potentially contribute to tumor recurrence after treatment. Mechanically, the anti-senescent
effect of hypoxia in cervical cancer cells is, at least in part, due to the interference of hypoxia with
pro-senescent mTORC1 signaling (Bossler et al. 2019a). Since hypoxia interferes with senescence induction,
hypoxic HPV-positive cancer cells were found to become resistant to pro-senescent chemotherapeutic
agents. The chemotherapy resistance of these cells could be further supported by the anti-proliferative

effects of hypoxia (Bossler et al. 2019b; Hoppe-Seyler et al. 2017a).

In order to gain insights into the factors determining the phenotypic response of cervical cancer cells towards
hypoxia, a proteome analysis comparing normoxic and hypoxic HPV16-positive SiHa cells was performed
(Bossler et al. 2019b). Notably, FAMS57A, a thus far very poorly investigated cellular factor, was the top hit
among the proteins, which were significantly upregulated in hypoxic cervical cancer cells (Figure 4). Thus,
FAM57A expression inversely correlates with the strong decrease in HPV E6/E7 oncoprotein expression
under hypoxia (Bossler et al. 2019b). These findings raise the questions: (i) whether FAM57A is a bona fide
hypoxia-responsive factor, (ii) whether FAM57A expression is connected to the HPV oncogenes and (iii)

whether alterations in FAMS57A expression play a role for the phenotypic behavior of cervical cancer cells.
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Figure 4. Proteome analyses of differentially expressed proteins in SiHa cells, cultured under normoxia or
hypoxia. Left panel: Schematic illustration of the four treatment conditions. Cells were grown under normoxia (1),
hypoxia (2) or hypoxia in the presence of 10 mM AKTi VIII, an AKT inhibitor (3), or of 25 mM glucose (4). E6/E7
expression under the different treatment conditions is indicated as ON/OFF. Right panel: Heat map (hierarchical
clustering) depicting changes in protein expression levels (logz-transformed fold changes). FAM57A is indicated by
an arrow. Modified from (Bossler et al. 2019Db).

5.4 FAM57A (family with sequence similarity 57 member A)

FAM57A, also known as CT120 or TLCD3A (TLC domain containing 3A), is a plasma
membrane-associated protein with seven transmembrane domains, which is expressed in most human
tissues (He et al. 2002). The FAM57A gene spans over 10373 nucleotides on chromosome 17p13.3 and
encompasses five exons. Due to alternative splicing, the FAM57A gene can produce four transcript variants
(Figure 5). Variant 1 (reported as CT120A (He et al. 2002)) represents the longest transcript and encodes
the FAM57A-1 protein isoform of 257 amino acids in length. Variant 2 (referred to as CT120B (He et al.
2002)) lacks the fourth in-frame exon compared to variant 1 and produces a 32-amino acid shorter protein
isoform, containing the same N- and C- termini. Transcript variants 3 and 4 lack the third exon or both the
third and fourth exons, respectively (Figure 5). So far, there is no published data which has detected the

predicted protein products of transcript variants 3 or 4.
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FAMS57A-1 MLLTLAGGALFFPGLFALCTWALRRSQPGWSRTDCVMISTRLVSSVHAVLATGSGIVIIRSCDDVITGRH 70
FAMST7A-2 MLLTLAGGALFFPGLFALCTWALRRSQPGWSRTDCVMISTRLVSSVHAVLATGSGIVIIRSCDDVITGRH 70
FAMS57A-3 MLLTLAGGALFFPGLFALCTWALRRSQPGWSRTDCVMISTRLVSSVHAVLATGSGIVIIRSCDDVITGR: 70
FAM57A-4 MLLTLAGGALFFPGLFALCTWALRRSQPGWSRTDCVMISTRLVSSVHAVLATGSGIVIIRSCDDVITGS - 69

FAMSTA-1 WLAREYVWFLIPYMIYDSYAMYLCEWCRTRDOQNRAPSLTLRNFLSRNRLMITHHAVILFVLVPVAQRLRG 140
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FAM57A-1 DLGDEFVGCIFTAELSTRPRVELGRVLIOLKQQHTLLYKVNGILTLATFLSCRILLFPFMYWSYGRQQGLS 210
FAMS5T7A-2 LKQQHTLLYKVNGILTLATFLSCRILLFPFMYWSYGRQQGLS 178
FAMS7A-3
FAMS57A-4

FAMS7A-1 LLQVPFSIPFYCNVANAFLVAPQIYWFCLLCRKAVRLFDTPQAKKDG 257
FAMS57A-2 LLQVPFSIPFYCNVANAFLVAPQIYWFCLLCRKAVRLFDTPQAKKDG 225
FAMS57A-3
FAM57A-4

Figure 5: FAM57A transcript variants and protein isoforms. Upper panel: FAM57A transcript variants. Light blue
and dark blue rectangles represent single exons. Lower panel: Alignment of FAM57A protein isoforms. Sequences
with  shading are the putative transmembrane domains predicted by an online tool
(http://www.cbs.dtu.dk/servicessTMHMMY/). Amino acid sequences specific for FAM57A-1 (light blue), FAM57A-3
(orange) and FAM57A-4 (red) are indicated.

There is very limited data available in the literature about FAM57A (only 13 references in Pubmed for
FAMS57A or its alternative name CT120, as of May 23, 2022 (Baltaci et al. 2015; Baltaci et al. 2017; Brill
et al. 2010; He et al. 2002; He et al. 2004; Li et al. 2010; Lin et al. 2005; Pan et al. 2006; Pan et al. 2005;
Ramanand et al. 2020; Ren et al. 2021; Wang et al. 2016; Wei et al. 2021)). FAM57A has been reported to
act as a putative oncogene, promoting proliferation and inhibiting apoptosis of lung cancer cells in vitro (He
et al. 2003; Li et al. 2010; Pan et al. 2006). In hepatocellular carcinoma (HCC), high FAM57A expression
levels, as assessed by immunohistochemistry, were described to correlate with poor clinicopathological
characteristics and with the expression of immune checkpoint genes, suggesting that FAM57A could serve
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as a predictor of poor prognosis and the immunotherapy response for HCC patients (Wei et al. 2021).
Moreover, prostate cancer patients with high FAM57A expression levels have a shorter disease-specific
survival period (Ren et al. 2021). In head and neck squamous cell carcinomas (HNSCCs), FAM57A has
been reported to be a c-Myc target gene (Baltaci et al. 2017) and FAM57A transcript levels were found to
be higher in tumors compared to the corresponding normal tissues (Baltaci et al. 2015). On the other hand,
overexpression of FAM57A-2 isoform in lung cancer cells appears to inhibit proliferation by delaying G1/S
phase transition, of which the underlying mechanism is unclear (Pan et al. 2005). No data is available
concerning the function of FAMS57A in cervical cancer.

At the molecular level, interactions of the FAM57A protein with the SLC3A2 (solute carrier family 3
member 2) and GGTL3B (a novel isoform of y-glutamyltranspeptidase-like 3, also known as GGT?7,
y-glutamyltransferase 7) proteins have been detected in yeast two-hybrid and co-immunoprecipitation
(co-IP) assays (He et al. 2002). SLC3AZ2 is the heavy chain protein forming diverse heterodimeric amino
acid transporters (HATS) by associating with different light chain subunits, such as LAT (L-type amino acid
transporter) 1/SLC7A5, LAT2/SLC7A8, y+LAT1/SLC7A7, y*'LAT2/SLC7A6, XCT/SLC7All and
Ascl/SLC7A10 (Broer et al. 2001; Fort et al. 2021; Kantipudi et al. 2020; Palacin et al. 2004; Rodriguez
et al. 2021; Yan et al. 2019). As a scaffold protein of HATs, SLC3A2 plays an important role for trafficking
of transporters to the plasma membrane, thereby regulating amino acid metabolism and cellular GSH
homeostasis (Liu et al. 2020). Additionally, SLC3A2 participates in cell adhesion, mechanotransduction
and tumorigenesis mediated by integrins (Estrach et al. 2014; Feral et al. 2005; Henderson et al. 2004;
Prager et al. 2007).

The putative FAM57A interaction partner GGT7 is a member of y-glutamyltransferase (GGT) family and
is reported to act as an anti-tumorigenic factor in glioblastoma cells by protecting cells from ROS (Bui et al.
2015). On the other side, GGT7 is overexpressed in hepatocellular carcinoma and correlates to a poor
clinical outcome, suggesting pro-tumorigenic activities (Tian et al. 2021). Notably, the better-characterized
GGT]1 protein, a related enzyme of GGT family, cleaves the y-glutamyl moieties from GSH, which are
transferred to a variety of amino acids and dipeptide receptors (Hanigan 2014; Heisterkamp et al. 2008).
Collectively, FAM57A may affect the GSH metabolism through the interaction with SLC3A2 and, possibly,

GGT7, and thus be involved in the cellular redox homeostasis.

Further, two major growth-promoting pathways, the MAPK/ERK and the PI3K/AKT signaling cascades
have been reported to be activated following ectopic expression of FAM57A in NIH3T3 fibroblasts (He
et al. 2004). These potentially oncogenic pathways may underlie pro-tumorigenic effects of FAM57A and,
as described above (chapter 5.2.4), both of these pathways are also hyperactive in cervical cancer cells
(Rasi Bonab et al. 2021).
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In specific, FAM57A leads to an enhanced phosphorylation of MEK1/2 and ERK1 in NIH3T3 cells, as well
as to an increased expression of MAPK/ERK pathway-associated genes, such as Myc, RAB2 (Ras-related
protein), and to a decreased expression of RASGRF1 (Ras protein-specific guanine nucleotide-releasing
factor 1) (He et al. 2004). Further, FAM57A overexpression results in AKT activation (as indicated by
increased AKT phosphorylation) and is accompanied by corresponding changes in the expression of a series
of genes linked to AKT signaling, such as 14-3-3, MDM2 (mouse double minute 2 homolog), CDKN1A
(cyclin dependent kinase inhibitor 1A), CDKN1B (cyclin dependent kinase inhibitor 1B) and IGF1A
(insulin-like growth factor 1A) (He et al. 2004). The observation that the AKT inhibitor (AKTi VIII)
downregulates FAMS57A protein level under hypoxia (Figure 4) (Bossler et al. 2019b) also raises the
possibility that there could be an interplay between FAM57A and the AKT pathway.

Besides, FAM57A may also provide a link to cell migration and tumor metastasis, suggested by the effects
of FAM57A overexpression on the expression of cathepsin B/D/L (CTSB/CTSD/CTSL), MMP (matrix
metalloproteinase)-2/14 and TIMP2 (tissue inhibitor of metalloproteinase 2) in NIH3T3 cells (He et al.
2004). However, there is no functional data available which addresses the question whether FAM57A may

affect cell motility, migration or invasiveness.
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5.5 Research objectives

The E6/E7 genes of oncogenic HPV types are essential for cervical cancer development. Yet, they are not

sufficient for carcinogenesis and additional cellular alterations are required. It is thus important to gain

insights into the cellular mechanisms which determine the malignant phenotype of cervical cancer cells. In

a proteome screen, the FAM57A protein emerged as the most prominently induced factor in hypoxic

cervical cancer cells. This thesis aims to uncover the regulation and function of FAM57A in cervical cancer

cells by addressing three major questions:

(i)

(ii)

(i)

Which molecular mechanisms control FAM57A expression and how does hypoxia lead to the
strong increase of FAMS7A levels? Here, specific antibodies for FAM57A detection will be
developed. FAM57A expression will be analyzed both at the protein and transcript level in
normoxic and hypoxic cells, under various experimental conditions (including differences in
glucose supply and cell density). A possible role of the HPV E6/E7 oncogenes for the regulation
of FAM57A will be investigated as well as the functional significance of the hypoxia-induced
transcription factors HIF-1a and HIF-2a.

What is the function of FAM57A in cervical cancer cells? Here, the phenotypic effects of
FAMS5TA repression by RNA interference will be analyzed through investigating possible
changes in the cellular proliferation rate by performing live cell imaging analyses and colony
formation assays. Furthermore, effects of FAM57A on cellular migration will be analyzed by
wound healing assays.

Which factors may mediate phenotypic effects exerted by FAM57A? Here, the selection of
candidate factors to be analyzed will depend on the nature of the FAM57A-dependent cellular
effects. In addition, the role of the SLC3A2 protein will be assessed, which has been proposed
to interact with FAMS7A.

Overall, this thesis aims to improve our current concepts of cervical carcinogenesis by determining the

function of FAM57A in cervical cancer cells and to assess the suitability of FAM57A to serve as a potential

novel therapeutic target for cervical cancer treatment.
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6. Materials and Methods

6.1 Reagents

Molecular biology grade reagents were applied where available. All standard reagents for buffers and media
were supplied by AppliChem (Darmstadt, Germany), BD Biosciences (Heidelberg, Germany), Bio-Rad
(Munich, Germany), Carl Roth (Karlsruhe, Germany), Enzo Life Sciences (Lorrach, Germany), Merck
(Darmstadt, Germany), New England Biolabs (NEB, Frankfurt, Germany), Promega (Madison, WI, USA),
Sigma-Aldrich (St. Louis, M, USA) and Thermo Fisher Scientific (Waltham, MA, USA). Manufacturers of

non-standard reagents are specified in the text.

Buffers and solutions were prepared with H,O if not stated otherwise.

6.2 Cellular biology techniques
6.2.1 Cell culture

HPV18-positive HeLa-1 and HelLa-2 (RRID: CVCL_0030), HPV16-positive SiHa (RRID: CVCL_0032)
and CaSki (RRID: CVCL_1100) cervical cancer cells, HPV-negative HaCaT (RRID: CVCL_0038)
keratinocytes as well as Sp2/0 murine myeloma cells (RRID: CVCL_2199) were obtained from the German
Cancer Research Center (DKFZ) tumor bank (Heidelberg, Germany). These cell lines have been
authenticated within the last 3 years by single-nucleotide polymorphism (SNP) profiling (Multiplexion
GmbH, Heidelberg, Germany). Cells were cultivated in Dulbecco’s minimal essential medium (DMEM,
Gibco, Thermo Fisher Scientific) supplemented with 10 % fetal bovine serum (FBS, PAN-Biotech,
Aidenbach, Germany), 100 U/mL penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine (all from
Sigma-Aldrich). Standard cell culture was performed with medium containing 1 g/L (5.5 mM) glucose at
37 °C, 5% CO- and 21 % O (if not state otherwise). For hypoxia experiments, cells were cultivated at
37 °C, 5% CO, and 1 % O using the InvivO, 400 physiological oxygen workstation (Ruskinn Technology
Ltd, Bridgend, UK).

HelLa-1-mKate2, HelLa-2-mKate2, SiHa-mKate2 and CaSki-mKate2 cells stably express the red fluorescent
protein mKate2 in their nuclei and were generated from Hela-1, HelLa-2, SiHa and CaSki cell lines,
respectively. The stock culture of HeLa-1-mKate2, HeLa-2-mKate2, SiHa-mKate2 and CaSki-mKate?2 cells
was kept under selection using the complete medium mentioned above, additionally supplemented with

puromycin (Table 1).
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Cells were passaged every 3-4 days before reaching confluent using 0.25 % Trypsin-EDTA solution (Gibco).
All experiments were performed with mycoplasma-free cells.

The trypan blue method (Phelan and Lawler 2001) was used for viable cell counting with the Countess™
Automated Cell Counter (Invitrogen, Thermo Fisher Scientific).

6.2.2 Cell cryopreservation and thawing

For cryopreservation, cells were trypsinized and centrifuged for 3 min at 800 g. The pellets were
resuspended in cryotubes (#72.379, Sarstedt, Nimbrecht, Germany) containing medium supplemented with
20 % FBS and 5 % DMSO. The cryotubes were transferred into an isopropanol-filled Cryo 1 °C Freezing
Container (NALGENE, Thermo Fisher Scientific) at room temperature (RT) and sequentially kept at -80 °C
for several days, and finally stored in liquid nitrogen.

For thawing, cells were rapidly defrosted in a 37 °C water bath, resuspended in fresh complete medium and
transferred into a new cell culture T-75 flask (TPP, Sigma-Aldrich). Medium was changed the following

day.

6.2.3 Treatment with chemical compounds

Cells were treated with inhibitors or small molecule compounds (Table 1) as described in the text. The

chemical compounds were added into the medium and the equal volume of the solvent was applied as control.

Table 1. Chemical compounds.

Compound Solvent Final concentration Supplier
Cycloheximide DMSO 10 pg/mL Sigma-Aldrich
Mitomycin C DMSO 5 pg/mL Enzo Life Sciences
HelLa-1-mKate2: 1 pg/mL
. HelLa-2-mKate2: 1 pg/mL ) )
Puromycin DMEM Sigma-Aldrich
SiHa-mKate2: 1 pg/mL
CaSki-mKate2: 0.5 pg/mL
HelLa-1: 200 pg/mL
] HelLa-2: 250 pg/mL ]
Hygromycin B DMEM i Invitrogen
SiHa: 300 pg/mL
CasSki: 75 pg/mL
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6.2.4 Transfection of plasmid DNA

Plasmid DNA was transfected by calcium phosphate co-precipitation technique described by Chen and
Okayama (Chen and Okayama 1987). Cells were seeded in 6 cm dishes (Greiner Bio-one, Frickenhausen,
Germany) the day before transfection and cultivated with 3 mL complete medium. When cells reached
30-40 % confluency, a total amount of 6 pg plasmid DNA were transfected per dish. If necessary,
pBlueScript 1l vector (Stratagene, Heidelberg, Germany) was supplemented. Prior to transfection, 0.25 M
CacCl; solution and 2x BES buffer (50 mM BES, 280 mM NacCl, 1.5 mM Na;HPOQ., pH 6.95) were warmed
up to RT. DNA was mixed with 150 pL CacCl; solution followed by adding 150 pL of 2x BES buffer. The
transfection mix was incubated at RT for 15 min and then added to cells covered with 3 mL fresh complete
medium. After an incubation at 35 °C, 3 % CO, for 16-18 h, cells were washed twice with
phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KClI, 4.3 mM Na;HPOQg, 1.4 mM KH2PO4, pH 7.4)
and afterwards cultivated under standard conditions until harvesting or splitting for subsequent experiments.
Cell harvesting was usually performed 72 h after transfection of short hairpin RNA (shRNA)-expressing
plasmids or 48 h after transfection of overexpression plasmids. Efficiency of knockdown was verified by
detecting transcript expression using gRT-PCR (quantitative real time-polymerase chain reaction) and/or
protein expression applying immunoblot analyses. The efficiency of ectopic overexpression of factors was

evaluated by detecting their protein levels by immunoblot analyses.

6.2.5 Transfection of synthetic small interfering RNAs (SiIRNAs)

Synthetic siRNAs (Ambion, Thermo Fisher Scientific) supplied in form of lyophilized powder were
dissolved in RNase-free water and diluted to 10 uM for long-term storage at -20 °C. For the transfection of
siRNAs, cells were seeded in 6 cm dishes to reach 30-40 % confluence. Prior to transfection, the standard
medium was replaced by 1.6 mL standard cell medium lacking penicillin and streptomycin. For each dish
4 L (for HelLa-1) or 6 pL (for HeLa-2, SiHa and CaSki) of transfection reagent DharmaFECT | (Horizon
Discovery, Cambridge, UK) and 6 pL stock siRNA (10 puM) were pre-incubated with reduced serum
medium Opti-MEM 1| (Gibco) separately in a total volume of 200 pL for 5 min at RT. Afterwards,
Dharmafect | solution and siRNA solution were mixed and incubated for 20 min at RT. The 400 pL
transfection mix was then added to cells to reach a final sSiRNA concentration of 30 nM. Medium was
removed and replaced by standard medium 24 h after transfection, and harvesting was performed 72 h after

transfection.

For the experiments performed at low cell density, cells were transfected as mentioned above. Subsequently,

medium was removed and cells were split 24 h after transfection. HeLa-1, HelLa-2 and SiHa cells were
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seeded at a density of 2x10° cells per 6 cm dish and CaSki cells were seeded at a density of 4x10° per dish.

After another 48 h, all tested cells were harvested.

Reverse transfection was performed in 96-well plates (#3596, Corning, NY, USA) for cell growth analyses.
For HelLa-2-mKate2 and CaSki-mKate2 cells, 0.3 pL transfection reagent DharmaFECT I and 0.3 pL stock
SiRNAs (10 uM) were pre-incubated with 10 pL Opti-MEM | separately before being pooled. A volume of
0.1 pL or of 0.2 uL of DharmaFECT I were applied for SiHa-mKate2 or HeLa-1-mKate2 cells, respectively.
A total volume of 20 pL transfection mix were distributed to a well of 96-well plates and incubated at RT
for 20 min. Then 80 pL cell suspension containing 5x10° cells were added to each well. Medium was
removed after 24 h and 200 uL DMEM containing 1.8 mM glucose were replenished. Efficiency of siRNAs

was validated at the transcript and the protein levels using gRT-PCR and immunoblot analyses, respectively.

Listed are the target sequences of siRNAs and shRNAs employed in this dissertation (Table 2). For sSiRNA
transfection, a pool of several siRNAs targeting the same transcript(s) at equimolar concentrations was
applied. Two different negative control sSiRNAs, referred as siCon.1 and siNeg, were applied and contain at

least four mismatches to all known human genes.

Table 2. Target sequences of siRNAs and shRNAs.
si/[shRNA designation

si/shRNA target sequence
5-GCACCGACUGCGUGAUGAU-3
5-GGAAGGCAGUCCGGCUCUU-3

Target transcript
FAMS57A si/lshFAM57A-E1
(variant-1/2/3/4) si/lshFAM57A-E52

FAM57A siFAM57A-AB1 5’-CUCUGUGAAUGGUGCCGAA-3
(variant-1/2) siFAM57A-AB2 5’-CCCUCACUCUUCGAAACUU-3’
HIE-1a siHIF1A-1 5-CUAACUGGACACAGUGUGU-3’
siHIF1A-2 5’-CUGAUGACCAGCAACUUGA-3
SiHIF2A-1 5’-CAGCAUCUUUGAUAGCAGU-3
IF-2a SiHIF2A-2 5-GCGACAGCUGGAGUAUGAA-3’
Si16E6 (4) 5-ACCGUUGUGUGAUUUGUUA-3’
HPV16 E6 Si16E6 (246) 5-GGGAUUUAUGCAUAGUAUA-3’

Si16E6 (321) 5-UUAGUGAGUAUAGACAUUA-3’

HPV16 E6/E7

SI16E6/E7 (2)

5’-CCGGACAGAGCCCAUUACA-3’

Si16E6/E7 (575)

5-CACCUACAUUGCAUGAAUA-3’

Si16E6/E7 (617)

5-CAACUGAUCUCUACUGUUA-3’

HPV18 E6

Si18E6 (340)

5-GACAUUAUUCAGACUCUGU-3’

Si18E6 (349)

5’-CAGACUCUGUGUAUGGAGA-3’

Si18E6 (353)

5'-CUCUGUGUAUGGAGACACA-3’

HPV18 E6/E7

Si18E6/E7

5’-CCACAACGUCACACAAUGU-3'

Si18E6/E7 (563)

5-CAGAGAAACACAAGUAUAA-3
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Si18E6/E7 (846) 5-UCCAGCAGCUGUUUCUGAA-3’

si/shSLC3A2-1 5-GCAUCCGUGUCAUUCUGGA-3’
SLC3A2 shSLC3A2-2 5-GCCUGAAACUGGAGCCUCA-3

si/shSLC3A2-3 5'-AGCUCAUACCUGUCUGAUU-3’
TAZ SITAZ 5'-AGGUACUUCCUCAAUCACA-3
TEAD1/3/4 SITEAD1/3/4 5’-GAUCAACUUCAUCCACAAG-3’
YAP SiYAP 5-GACAUCUUCUGGUCAGAGA-3’
- si/shCon.1 5-CAGUCGCGUUUGCGACUGG-3'
- si/shNeg 5'-UACGACCGGUCUAUCGUAG-3'

6.2.6 CheckMate™ Mammalian Two-Hybrid System

The CheckMate™ Mammalian Two-Hybrid System (Promega) was used to investigate the intracellular
protein-protein interaction between FAM57A and SLC3A2. In this system, a DNA-binding domain fused
to protein X is expressed together with a transcriptional activation domain fused to protein Y. The interaction
between protein X and protein Y results in the reconstitution of a complete transcription factor capable of
activating the Firefly luciferase reporter gene of the pG5Iluc vector (Figure 6).

Luciferase
= Expression

{,ii:ﬁfﬂ GALS 'lG.-‘—\L4 : GAL4 'l GAL4 'l GALa |—TnTh ——{ Firefly Luciferase > +

.ﬂ -

— GAL4  GAL4 | GAL4 | GAL4 , GAL4 [—TATA ——{ Firefly Luciferase > +

GAL4 -

—GAL4 , GAL4, GAL4  GAL4 , GAL4 [—TATA ——{ Firefly Luciferase > i+

Figure 6. Schematic representation of the CheckMate™ Mammalian Two-Hybrid System. The pG5luc Vector
contains five GAL4 binding sites upstream of a minimal TATA box, controlling expression of a Firefly luciferase gene.
An interaction between the two proteins, which are expressed as GAL4-X and VP16-Y fusions, result in the stimulation
of Firefly luciferase expression (adapted from the Technical Manual of the CheckMate™ Mammalian Two-Hybrid
System, Promega Corporation).

To this end, the FAM57A and SLC3A2 genes were cloned into pBIND2 or pACT2 vectors in order to express
fusion proteins with the DNA-binding domain of GAL4 or with the activation domain of VP16, respectively.
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The p-BIND2 vector contains a Renilla luciferase gene, which allows normalizing the transfection

efficiency.

Transfection of plasmid DNA was performed as described in chapter 6.2.4. Each transfection was performed
with a mixture containing 2 pg pACT2, 2 pg pBIND2 and 2 pg pG5Iluc plasmids. After 48 h cells were
lysed using 200 L trisphosphate buffer (25 mM Trisphosphate pH 7.8, 4 mM EGTA, 10 % glycerol, 1 %
Triton X-100) on ice. Total lysates were centrifuged at 12,000 g and 4 °C for 5 min followed by transferring
the supernatants to clean 1.5 mL tubes (Eppendorf, Sigma-Aldrich) kept on ice. For the luciferase activity
measurement conducted by a luminometer (LB943 Mithras2, Berthold Technologies, Bad Wildbad,
Germany), 50 pL supernatant were pipetted into white 96-well plates (#3600, Corning) and 50 pL lysis
buffer were used as blank. For measuring Firefly luciferase activity, 200 uL luciferase buffer (25 mM
glycylglycine pH 7.8, 15 mM MgSQ., 15 mM K3PO4, 4 mM EGTA, 80 uM luciferin, 2 mM ATP, freshly
prepared) were injected by the luminometer; for determining Renilla luciferase activity, 200 uL Renilla
buffer (25 mM glycylglycine pH 7.8, 15 mM MgSO4, 15 mM K3PO4, 4 mM EGTA, 1.6 uM coelenterazine,
freshly prepared) were added per well. To account for the transfection efficiency, Firefly luciferase values

were normalized to the respective values of the Renilla luciferase activity.

6.2.7 Colony formation assays

Colony formation assay is an in vitro cell survival assay based on the proliferative capacity of a single cell.
To assess the capacity of cell proliferation, cells were seeded in 6 cm dishes for transfection with pCEP4-sh
plasmids. Transfection was performed as mentioned in chapter 6.2.4. After 48 h cells were split into new
6 cm dishes at ratios ranging from 1:5 to 1:200. To select for successfully transfected cells, medium was
replaced by standard medium supplemented with hygromycin B (Table 1) after another 24 h and changed
every 3-4 days. Depending on the cell line, cells were fixed and stained after 10-15 days with a
formaldehyde-crystal violet solution (12 mM crystal violet, 29 mM NaCl, 3.7 % formaldehyde, 22 % ethanol)

for 5 min at RT. Then dishes were washed with water and dried at 37 °C overnight.

6.2.8 Cell growth analyses

Cell growth was evaluated using the IncuCyte® S3 Live-Cell Analysis System (Sartorius, Gottingen,
Germany). The red fluorescent protein mKate2-expressing cells, HelLa-1-mKate2, HelLa-2-mKate2,
SiHa-mKate2 and CaSki-mKate2, were seeded in 96-well plates in quintuplicates at a density of 5x10° cells

per well, in parallel with the implementation of reverse transfection (chapter 6.2.5). Medium was replaced
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by 200 uL DMEM containing 1.8 mM glucose 24 h after seeding. Cell number was determined as red object

count.

6.2.9 Wound healing assays

The wound healing assay is one of the most widely used methods to study cell migration in vitro, detecting
cell migration into a cell-free region generated by scratching of a cell monolayer (“wound”) (Rodriguez
et al. 2005). In my assays, 4x10* cells were seeded in each well of the 96-well plates 48 h after transfection
in octuplicates. Medium was replaced after 24 h and cells were treated with 5 pg/mL mitomycin C for 3 h
before scratching. The Incucyte® Woundmaker Tool (Sartorius) was applied to create homogeneous wounds
in all wells simultaneously. Subsequently, medium was discarded and cells were carefully washed with PBS,
followed by adding DMEM containing 2 % FBS (for HeLa-1-mKate2 and HeLa-2-mKate2 cells) or 10 %
FBS (for SiHa-mKate2 cells). Images were obtained for wound width measurement using the IncuCyte® S3

Live-Cell Analysis System.

6.3 DNA-based techniques
6.3.1 Transformation of bacteria

For the production of competent bacteria, Escherichia coli (E.coli) strain TG2 was cultivated in Lysogeny
Broth (LB) medium (1 % Bacto trypton, 0.5 % yeast extract, 170 mM NaCl, pH 7.0) at 37 °C overnight,
then pelleted and resuspended in transformation buffer (10 % polyethylene glycol 8000, 5 % DMSO, 50 nM
MgCl,, 15 % glycerol in LB medium, pH 6.5). Bacteria suspension was frozen in liquid nitrogen and aliquots

were stored at -80 °C for further use.

Transformation of competent E.coli TG2 with plasmid DNA was performed as described in the protocol of
Hanahan (Hanahan 1983). For transformation, bacteria were thawed on ice. Approximately 50-100 ng
plasmid DNA were incubated with 100 pL bacteria suspension for 30 min on ice. Bacteria were then
heat-shocked at 42 °C for 1 min in a water bath, followed by being chilled on ice for 1 min. Subsequently,
900 pL LB medium without antibiotics were added to the bacteria, the mixture was shaken at 37 °C and
800 rpm for 1 h by using the Eppendorf® Thermomixer (Eppendorf). A fraction of the transformation
reaction was streaked on a LB agar plate (1.5 % bacteriology agar (Gerbu, Heidelberg, Germany) in LB
medium) and cultivated at 37 °C overnight. Alternatively, the transformation product was inoculated to an
overnight culture of LB medium. The LB agar plates and LB medium were supplemented with the

appropriate antibiotic (100 pg/mL ampicillin for all applied plasmids).
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6.3.2 DNA preparation and sequencing validation
6.3.2.1 Isolation of plasmid DNA

A colony of transformed bacteria grown on the LB agar plates were inoculated into 3 mL LB medium,
cultured at 37 °C overnight using a SM-30 shaker (Edmund Biihler, Hechingen, Germany). Approximately
1 mL of the bacteria suspension was used for isolation of plasmid DNA applying the PureLink™ Quick
Plasmid Miniprep Kit (Invitrogen) following the manufacturer’s protocol to prepare a small amount of
plasmid DNA. Alternatively, transformed bacteria were inoculated into 50 mL LB medium and incubated
at 37 °C overnight for a larger amount of plasmid DNA preparation using the PureLink™ HiPure Plasmid
Filter Midiprep Kit (Invitrogen). DNA concentrations were determined using the Nanodrop® ND-1000

spectrophotometer (Thermo Scientific, Thermo Fisher Scientific).

6.3.2.2 Restriction digestion

Restriction endonucleases (NEB) were chosen appropriately and applied according to the manufacturer’s
guidelines. For analytical digestion, 0.5-1 ug plasmid DNA were incubated in a final volume of 20 pL for
2 h at 37 °C in a water bath. For cloning purposes, 10 ug plasmid DNA were digested in a final volume of
50 pL.

6.3.2.3 Dephosphorylation of 5’ termini

To prevent self-ligation of linearized plasmids, terminal 5’ phosphate groups were removed from DNA
using the calf intestinal alkaline phosphatase (CIP, NEB). To this end, digested plasmid DNA was incubated
with 5-30 units CIP in a final volume of 50 pL for 1 h at 37 °C in a water bath, prior to gel purification.

6.3.2.4 DNA precipitation with ethanol

When a second digestion was required or plasmids needed to be concentrated, a precipitation of plasmid
DNA was performed. Approximately 3 volumes of ethanol and 0.1 volume of 3 M sodium acetate (pH 5.2)
were added to plasmids and incubated at -20 °C for 10 min. DNA was pelleted by centrifugation at 12,000 g
and 4 °C for 30 min. The supernatant was removed and the DNA pellet was air-dried before dissolving in

water.

34



6. Materials and Methods

6.3.2.5 Agarose gel electrophoresis and purification of DNA fragments

Digested DNA was separated by horizontal agarose gel electrophoresis. Depending on expected fragment
lengths, 1-2 % agarose gel was prepared with electrophoresis buffer (40 mM Tris, 5 mM sodium acetate,
1 mM EDTA, pH 7.8), supplemented with PeqGREEN non-toxic DNA/RNA dye (Peglab, Erlangen,
Germany) at a dilution of 1:20,000. The gel was then put into an electrophoresis chamber (Peglab) that was
filled with the electrophoresis buffer. DNA samples were mixed with 6x DNA loading buffer (0.25 %
bromphenol blue, 0.25 % xylencyanol, 30 % glycerol), loaded on the gel and run at 80-100 V. A total
volume of 5 pL of SmartLadder (Eurogentec, Seraing, Belgium) were used as size marker. DNA was
visualized by ultraviolet transillumination in a gel documentation system (Intas Science Imaging

Instruments, Gottingen, Germany).

To extract DNA fragments from the agarose gel, the QIAquick Gel Extraction Kit (Qiagen, Hilden,

Germany) was applied following the manufacturer’s instructions.

6.3.2.6 Ligation

To ligate DNA inserts into CIP-treated vectors, 50-100 ng vector were mixed with a 3-7 molar fold excess
of the DNA insert, 1 unit of T4 DNA ligase (Thermo Scientific) and the supplied 10x reaction buffer in a
final volume of 20 pL. The ligation reaction was incubated at 21 °C for 2 h and inactivated at 65 °C for

5 min. The ligation mixture was used to transform competent E.coli TG2 as aforementioned.

6.3.2.7 Plasmid DNA sequencing

After the analytical digestion and the agarose gel electrophoresis, plasmid DNA samples with the expected
lengths of DNA fragments were sent to Eurofins Genomics (Ebersberg, Germany) for sequencing. The
sequencing results were analyzed using the Basic Local Alignment Search Tool (BLAST) provided by the

National Center for Biotechnology Information (NCBI).

6.3.3 Molecular cloning strategies
6.3.3.1 Cloning of shRNAs into pSUPER plasmids

pSUPER is a mammalian expresssion vector that directs the intracellular synthesis of shRNA using the

H1-RNA polymerase-I11 promoter (Brummelkamp et al. 2002). These transcripts can be further processed
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to functional siRNAs in mammalian cells. To clone a shRNA into the pSUPER vector, synthetic
oligonucleotides (Sigma-Aldrich) that contain the respective 19-nucleotide siRNA target sequence in sense
and antisense orientation, separated by a hairpin sequence, was designed. Additionally, the oligonucleotides
contained the appropriate 5’-overhangs required for cloning into the pSUPER vector. To anneal the
oligonucleotides for ligation, the sense and antisense oligonucleotides were mixed and incubated at 95 °C
for 5 min, followed by incubation at 70 °C for 10 min in a water bath, before slowly cooling down to 40 °C.
The 5°-termini of the annealed oligonucleotides were phosphorylated by employing T4 polynucleotide
kinase (PNK, NEB) in the presence of 1 mM ATP in the supplied T4 PNK buffer at 37 °C for 30 min.
Enzyme inactivation was then performed at 70 °C for 10 min in a water bath. The kinase-treated
double-stranded oligonucleotides were subsequently ligated to the Bglll/HindllI-digested and CIP-treated
pSUPER plasmid.

6.3.3.2 Cloning of shRNAs into pCEP4-sh plasmids

pCEP4-sh plasmids were applied for stable transfections in this project. These plasmids are derived from
pCEP4 vector (Invitrogen), which contains a CMV promoter, a hygromycin resistance cassette, and the gene
encoding for the Epstein Barr nuclear antigen (EBNA-1) and the EBNA ori-P sequence, thus allowing
episomal replication of the plasmids within cells (Parham et al. 2001). For cloning shRNAs into the pCEP4
vector, the BamHI/Xhol fragments from pSUPER plasmids encompassing the H1-promoter and the ShRNA
sequences were inserted into Bglll/Xhol-digested pCEP4 vector, thereby replacing the CMV-promoter of
pCEP4 vector.

6.3.3.3 Cloning of FAM57A expression plasmids

The four isoforms of FAM57A were ectopically expressed as N-terminal Flag-tagged fusion proteins by
transfections with pcDNA3-Flag-based plasmids. For cloning the four transcript variants of FAM57A into
the pcDNA3-Flag vector, FAM57A-1 transcripts were amplified by reverse transcription PCR (RT-PCR)
from HelLa-1 cells by using primers with suitable restriction sites for cloning. All primers are listed in
Table 3. For PCR, 100 ng cDNA, 0.25 uM forward primer, 0.25 puM reverse primer, 0.2 pM dNTPs and
2 units of Phusion DNA polymerase (Thermo Scientific) were mixed with the supplied Phusion buffer to a
final volume of 100 pL. PCR was run in the MJ Research PTC-200 Peltier Thermal Cycler (Global Medical
Instrumentation, Ramsey, USA) by applying 40 cycles of the following program: 98 °C for 30 sec, 60 °C
for 30 sec, and 72 °C for 1 min. After the last cycle, a further extension step at 72 °C for 10 min was

performed. The PCR products were ethanol-precipitated and digested with EcoRIl and Xhol at 37 °C
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overnight. The digested fragments were purified by agarose gel electrophoresis and ligated into

EcoRI/Xhol-digested and dephosphorylated pcDNA3-Flag vector. Sequences were verified by analytic

restriction analysis and sequencing.

Table 3. Primers for cloning.

Primer designation

forward (for)/reverse (rev)

Primer sequence

PCR product

FAM57A(EcoRI/Ndel) for

5-TAGGAATTCATATGCTGCTGACG
CTGGCCG-3’

FAMS57A(Xbal/Xhol) rev

5-GCTCTAGACTCGAGTTAGCCATC
CTTTTTGGCTTGG-3'

FAM57A-1

FAM57A-2 (PCR3)
FAM57A-3/4

(2" round of nested PCR)

FAM57A(2) for

5-CCTTGTGCCAGTCGCACAGCTA
AAGCAGCAGCACAC-3’

FAMS57A(2) rev

5-GTGTGCTGCTGCTTTAGCTGTG
CGACTGGCACAAGG-3

FAM57A-2 (PCR1, PCR2)

FAM57A ext3 for

5-CAGCCCCGATGCTGCTGAC-3

FAM57A ext rev

5-GGAATGCTGAGTGGAGGAGG-3’

(1% round of nested PCR)

SLC3A2(EcoRI/Bglll) for

5-ATGGAATTCAGATCTATGGAGCT
GCAGCCACCTGA-3

SLC3A2(Xhol/Xbal) rev

5-GCCTCGAGTCTAGATCAGGCGG
CATATGGAAATCTCAG-3’

SLC3A2

For cloning FAM57A-2 transcripts, which lack the in-frame exon 4 compared to FAM57A-1, a PCR-based

in vitro mutagenesis strategy, depicted in Figure 7, was applied. FAM57A-1-containing vector

pcDNA-Flag-FAM57A-1 was used as template for the generation of two PCR products 1 and 2,

encompassing the 5° or the 3’ part of FAM57A-1, respectively, but missing the exon 4. Due to an overlap in

primer sequences (Table 3), both PCR products share sequences of the exon3/exon5 junction. Thus, a third
PCR with PCR1 and PCR2 products as template resulted in the generation of FAM57A-2. PCR1, PCR2 and

PCR3 were performed as described above. For cloning, the PCR3 product was digested with EcoRI and

Xhol at 37 °C overnight followed by gel purification and ligation into EcoRI/Xhol-digested pcDNA3-Flag

vector.
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Figure 7: Cloning strategy for the FAM57A-2 coding region. The constitution of the FAM57A-1 and FAM57A-2
coding regions (CDS) are shown as rectangles in light blue and dark blue. The DNA strands containing exon 1-3 and
a shared sequence of the exon3/exon5 junction (PCR1) were generated from FAM57A-1 insert with the primer pair of
FAM57A(EcoRI/Ndel) for (short comb in red) and FAM57A(2) rev (long comb in red). The DNA strands containing
exon 5 and the shared sequence of the exon3/exon5 junction (PCR2) were amplified with the FAM57A(2) for (long
comb in green) and FAM57A(Xbal/Xhol) rev (short comb in green) primer pair. In PCR3, the single DNA strands
from PCR1 (red) and PCR2 (green) were annealed with the shared sequence (dark red and dark green regions), and
each strand was extended (1°). For further cycles of PCR, the elongated strands were applied as template and the
FAM57A(EcoRI/Ndel) for and FAM57A(Xbal/Xhol) rev primers (2°) were employed, leading to the amplification of
the FAM57A-2 CDS fragment.

FAMS57A-3 lacks the exon 3 of FAM57A-1 while the exon 3 and exon 4 are missing in the FAM57A-4 variant,
which leads to frameshifts and consequently encodes for protein isoforms with shorter and distinct C-termini
compared to FAM57A-1. Due the rarity of FAM57A-3 and FAM57A-4 transcripts in cultured cells compared
to FAM57A-1, a nested PCR approach with cDNA from HeLa-1 cells, which were depleted of FAM57A-1
and FAM57A-2, was necessary for obtaining signals for FAM57A-3 and FAM57A-4. For a specific
FAM57A-1/2 knockdown, cells were transfected with siFAM57A-ABL/siFAM57A-AB2 (Table 2). For
nested PCR (Figure 8), an additional external primer pair (FAM57A ext3 for and FAM57A ext rev) was
applied for the first round of PCR, followed by a second PCR with the standard cloning primers
(FAM57A(EcoRI/Ndel) for and FAM57A(Xbal/Xhol) rev, Table 3). The PCR products digested with
EcoRI and Xhol and yielding the expected size were gel purified for ligation. Eventually, all plasmids were

verified by analytic digestion and sequencing.

38



6. Materials and Methods

Exon1 Exon2 Exon3 Exon4 Exon5

FAM574-1 [
Exon1 Exon2 Exon4 Exon5 '|T|'|' FAMS7A extd for

- [ I |

FAMS7A-3 Ul FAMS7Aextrev
Exon1 Exon2 Exon5

FAM57A-4 | s — T FAMS7A(EcoRI/Ndel)for

UL FAM57A(Xbal/Xhol) rev
< FAM57A-3 CDS >
.
1stround of PCR

—
27 round of PCR
<+
4«——— FAM57A-4CDS ————>
m —
1stround of PCR
— i

f—
2" round of PCR
—

Figure 8: Schematic diagram of nested PCR. Nested PCR was used for the enrichment of FAM57A-3 and FAM57A-4
transcripts. The external primer pair (purple) recognizing sequences upstream or downstream (grey region) of the
coding region (CDS) of FAM57A-3/4 (light and dark blue region) was used for the 1% round of PCR with the cDNA
template from FAM57A-1/2 downregulated cells. The product from 1% PCR was mixed with FAM57A(EcoRI/Ndel)
for (red) and FAM57A(Xbal/Xhol) rev (green) primers for the 2" PCR. The inserts of FAM57A-3 and FAM57A-4
were then isolated from the product of 2" PCR by agarose gel electrophoresis.

6.3.3.4 Cloning of CheckMate™ Mammalian Two-Hybrid plasmids

Following the technical manual of the CheckMate™ Mammalian Two-Hybrid System, the FAM57A and
SLC3A2 cDNAs were introduced into pBIND2 or pACT2 vectors to generate fusion proteins with the
DNA-binding domain of GAL4 or with the transcriptional activation domain of VP16, respectively
(Table 4). FAM57A was amplified by PCR using pcDNA3-Flag-FAM57A-1 plasmid as template. For
SLC3A2 cloning, pDONR221-SLC3A2 plasmid (#132213, Addgene, USA) containing a codon-optimized
open reading frame (ORF) of SLC3A2 was used as template. The respective primers for PCR were designed
as listed in Table 3. PCR was performed as described in chapter 6.3.3.3. The PCR products were precipitated
followed by an overnight digestion with Ndel/Xbal (for FAM57A) or EcoRI/Xbal (for SLC3A2) at 37 °C.
The digested fragments were purified and ligated into the corresponding digested pBIND2 and pACT2

vectors. All plasmids were verified by analytic digestion and sequencing.
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Table 4. Plasmids for the CheckMate™ Mammalian Two-Hybrid System.

Vector Comment

pACT2* VP16-fusion protein construction

pACT2-FAM57A VP16-FAM57A fusion protein expression
pACT2-SLC3A2 VP16-SLC3A2 fusion protein expression

pBIND2* GAL4-fusion protein construction

pBIND2-FAM57A GAL4-FAMS57A fusion protein expression
pBIND2-SLC3A2 GAL4-SLC3AZ2 fusion protein expression

pG5luc* GAL4 binding site, TATA box, Firefly luciferase gene

* Plasmids were kindly provided by Karin Hoppe-Seyler & Claudia Lohrey.

6.4 RNA-based techniques
6.4.1 RNA extraction from cultured cells

Total RNA isolation was performed applying the PureLink™ RNA Mini Kit (Invitrogen). For the RNA
harvesting from 6 cm dishes, cells were washed with PBS and lysed with 600 L supplied RNA lysis buffer
freshly supplemented with 1 % p-mercaptoethanol. The lysates were transferred to 1.5 mL tubes for storage
at -20 °C or directly proceeded for RNA isolation according to the manufacturer’s protocol. The PureLink™
DNase Set (Invitrogen) was used to prevent DNA contaminations. The concentration of purified RNA was

measured using the NanoDrop® ND-1000 spectrophotometer, and RNA samples were stored at -80 °C.

6.4.2 Reverse transcription PCR (RT-PCR)

cDNA was synthesized using the ProtoScript® Il First Strand cDNA Synthesis Kit (NEB). A total amount
of 500 ng RNA was mixed with 0.5 pL randomized primer mix and 0.5 pL oligo-d(T) primer, and
complemented by RNase-free water to a volume of 4 puL. The mix was incubated at 70 °C for 5 min for
denaturation, followed by adding 5 pL of 2x reaction mix and 1 puL 10x enzyme mix. The 10 pL reaction
mix was then first incubated at 25 °C for 5 min, followed by an incubation at 42 °C for 1 h and finally at
80 °C for 5 min. The cDNA product was stored at -20 °C.

6.4.3 Quantitative real-time PCR (qRT-PCR)

gRT-PCR was performed for the analyses of gene expression at the mRNA level. For each pair of primers,
a reaction mix was prepared, which comprises of 10 uL SYBR™ Green PCR Master Mix (Applied
Biosystems, Thermo Fisher Scientific), 0.4 uL forward primer (5 puM) and 0.4 pL reverse primer (5 uM),
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complemented with 7.2 pL nuclease-free water to a total volume of 18 pL. The sequences of gRT-PCR

primers are listed in Table 5. To the 18 pL reaction mix, 2 pL of the 1:5 diluted cDNA were added per well

in a 96-well PCR plate (Biozym, Hessisch Oldendorf, Germany). As negative control, instead of cDNA,

2 UL nuclease-free water were added to the reaction mix. All PCRs were run in duplicates applying the 7300

Real Time PCR System (Applied Biosystems), according to the following program.

Initiation 50 °C 2 min
Polymerase activation 95°C 10 min
Denaturing 95°C 15 sec
) ) ) } 40 cycles
Annealing and elongation 60 °C 1 min
95 °C 15 sec
o 60 °C 1 min
Dissociation curves
95 °C 15 sec
60 °C 15 sec

The 222 method (Livak and Schmittgen 2001) was applied to calculate the relative mRNA expression with
normalization to the 18S rRNA (Kozera and Rapacz 2013) or TMBIMG6 (Fjeldbo et al. 2016) reference genes.

All primer pairs were initially validated for amplification efficiencies between 90-110 %. In parallel, the

dissociation curves were generated as a quality control for unspecific amplifications.

Table 5. Primers for qRT-PCR.

Target gene

Sequence of forward (for) and reverse (rev) primer

for: 5-CATGGCCGTTCTTAGTTGGT-3’

18S rRNA

rev: 5-ATGCCAGAGTCTCGTTCGTT-3
CTGE for: 5-CACCCGGGTTACCAATGACA-3’

rev: 5-GGATGCACTTTTTGCCCTTCTTA-3
CYR61 for: 5-AAGGAGCTGGGATTCGATGC-3’

rev: 5’-CATTCCAAAAACAGGGAGCCG-3’

for: 5-AGTGTGGCCAAGAGATCAGC-3’
FAMS57A

rev: 5-GCCATCATTTCACGCTTCCC-3

for: 5-AGCTGGAGTTTGTCTCAGGC-3’
SLC3A2

rev: 5-GGCCAATCTCATCCCCGTAG-3
TAZ for: 5-TGGCAGTATCCCAGCCAAAT-3’

rev: 5-GTCAGCGCATTGGGCATACT-3’

for: 5-CTCAGGACAGGCAAGACGAG-3’
TEAD1

rev: 5-GAGACGATCTGGGCTGAGGA-3’
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for: 5-GTGGTCATGTGTGGCTTCGT-3’
rev: 5-GGAAAGGCTGGATGGTCACT-3'
for: 5-TTAGCCCTGCGTAGCCAGTT-3’
rev: 5-ACACTGTAGCTGCTCATGCTT-3'

TMBIM6

YAP

6.5 Protein-based techniques
6.5.1 Development of a monoclonal mouse anti-FAM57A antibody

A monoclonal anti-FAM57A antibody recognizing all four isoforms was developed with the support of the
Genomics and Proteomics Core Facility (GPCF) Antibody Unit of the German Cancer Research Center
(DKFZ) according to the principles of Kéhler and Milstein's hybridoma technology (Kohler and Milstein
1975). In brief, BALB/c mouse immunization was performed with a synthetic peptide antigen
TWALRRSQPGWSRTDC (PSL GmbH, Heidelberg, Germany), which was C-terminally-conjugated
through a cysteine residue to Keyhole Limpet Hemocyanin (KLH). Anti-sera were tested for a specific
immune reaction by immunoblotting with protein lysate obtained after overexpression of FAM57A-1 in
HelLa-1 cells. Anti-FAM57A antibody-producing B lymphocytes isolated from positively-reacted mice
were fused with Sp2/0 murine myeloma cells to produce hybridoma cell clones. After 7 days, the cell
supernatant was screened for the presence of specific antibodies to the protein of interest by enzyme-linked
immunosorbent assay (ELISA) followed by immunoblotting analysis. Validated mother clones were

subcloned by limited dilution to obtain monoclonal cell clones.

6.5.2 Protein extraction from cultured cells

Whole cell lysates were used for immunoblot analyses. In brief, cells were washed with ice-cold PBS and
200 pL of 1x Laemmli buffer (10 % glycerol, 1 % SDS, 0.02 M Tris, 0.1 % Bromphenol blue sodium salt,
0.05 M DTT, pH 6.8) were added to 6 cm dishes directly. The 1x Laemmli buffer was prepared from
3x Laemmli stock solution freshly supplemented with DTT followed by a 1:3 dilution with water. In
addition, 125 units Benzonase® (Millipore, Merck) were added per dish to degrade DNA and RNA. Cells
were scraped using a rubber policeman and transferred into 1.5 mL tubes, followed by a 5-min incubation
at RT for nucleic acid digestion. The lysates were subsequently boiled at 95 °C for 3-5 min and used for
immunoblot analyses or stored at -80 °C. Protein concentrations were determined after a 1:10 dilution with
water applying the NanoDrop® ND-1000 spectrophotometer, with 1:10 diluted 1x Laemmli buffer used as
blank.
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6.5.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is a commonly used method to separate proteins based on their molecular weight (Matsumoto
et al. 2019). SDS-polyacrylamide gels were prepared as described in Table 6 using glass plates sealed with

1 % agarose.

Table 6. Recipe for SDS-polyacrylamide gels.

Components for separating gel (10 %) | For 2 gels Components for stacking gel (5 %) For 2 gels
Water 6.2 mL Water 3.5mL

3 M Tris-HCI (pH 8.9) 1.6 mL 0.47 M Tris-HCI (pH 6.7) 620 pL

30 % Acrylamide/bisacrylamide 4 mL 30 % Acrylamide/bisacrylamide 830 pL

10 % SDS 125 pL 10 % SDS 50 pL

10 % APS (ammonium persulfate) 62.5 pL 10 % APS 100 pL
TEMED (tetramethylethylenediamine) 12,5 uL TEMED 5L

Gels were installed into the XCell SureLockTM Mini-Cell Electrophoresis System (Life Technologies,
Thermo Fisher Scientific). Equal amounts of protein extract per lane were loaded on the gel placed in
Tris-glycine SDS running buffer (2.5 mM Tris, 19.2 mM glycin, 0.1 % SDS). The PageRuler™ Prestained
Protein Ladder (Thermo Scientific) was used as size standard in parallel. SDS-PAGE was performed at
90-120 V for 1-2 h.

6.5.4 Western transfer

Semi-dry blotting was employed for protein transfer to immunoblotting membranes. To prepare the transfer
sandwich for each gel, 8 pieces of Whatman paper (GE Healthcare, Buckinghamshire, UK) were soaked in
Towbin transfer buffer (2.5 mM Tris, 19.2 mM glycine, 20 % methanol, pH 8.3) and a polyvinylidene
fluoride (PVDF) membrane (Immobilon-P membrane, 0.45 um, Millipore) was activated in methanol. A
wet sandwich comprised of 4 pieces of Whatman paper at the bottom (anode), followed by the activated
PVDF membrane, the gel disassembled from glass plates and the other 4 pieces of Whatman paper on the
top (cathode) was assembled into a Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad).

Proteins were subsequently electrotransferred at 20 V for 1 h.
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6.5.5 Immunodetection of proteins

To saturate unspecific binding sites, the PVDF membrane was incubated with blocking solution (5 %
skimmed milk powder, 1 % BSA, 0.2 % Tween-20 in PBS) at RT for 1 h once the electrotransfer was
completed. The membrane was then incubated with the primary antibody (Table 7) diluted in blocking
solution at 4 °C overnight. For FAM57A probing, the supernatant from hybridoma cell culture was used for
overnight incubation (Table 7). Prior to the incubation with the secondary antibody, the membrane was
washed 3 times with PBS-T (0.2 % Tween-20 in PBS) for 10 min. A suitable secondary antibody (Table 7)
was diluted in blocking solution and used for incubation at RT for 1 h. Afterwards, the membrane washing
procedure described above was repeated. For protein visualization, enhanced chemiluminescence (ECL)
was applied with ECL™ Prime Western Blotting Detection Reagent (GE Healthcare) according to the
manufacturer’s instruction. Images were acquired by the Fusion SL Detection System (Vilber Lourmat,

Eberhardzell, Germany). All immunoblot analyses were repeated at least twice with consistent results.

Table 7. Antibodies for immunoblotting.

Primary antibodies

Specificity Source Dilution Supplier

anti-B-actin mouse 1:50000 Santa Cruz sc-47778

Anti-EAMS7A oUse hybridoma Developed in cooperation with the GPCF Antibody Unit,
supernatant | DKFZ, Heidelberg

anti-GAPDH rabbit 1:5000 Santa Cruz sc-25778

anti-HIF-1a mouse 1:500 BD Pharmingen #610959

anti-HIF-2a mouse 1:500 Santa Cruz sc-46691

anti-HPV 16E6 mouse 1:3000 Arbor Vita Corporation (#849)

anti-HPV 16E7 mouse 1:1000 Kind gift of Dr. Miller, DKFZ, Heidelberg

anti-HPV 18E6 mouse 1:2000 Arbor Vita Corporation (#399)

anti-HPV 18E7 chicken 1:1000 Zentgraf, DKFZ, Heidelberg; ID: B (28) #47 31.10-11.11.95

anti-SLC3A2 rabbit 1:1000 Cell Signaling Technology #13180

anti-TAZ rabbit 1:1000 Cell Signaling Technology #70148

anti-TEAD1 mouse 1:500 Santa Cruz sc-376113

anti-a-tubulin mouse 1:5000 Calbiochem CP06

anti-YAP rabbit 1:1000 Cell Signaling Technology #14074

anti-YAP phospho (Ser127) | rabbit 1:1000 Cell Signaling Technology #4911

Secondary antibodies

Specificity Source Dilution Supplier

anti-chicken 1gG goat 1:5000 Santa Cruz sc-2428

anti-mouse IgG goat 1:5000 Jackson ImmunoResearch 111-035-003

anti-rabbit 1I9G goat 1:5000 Jackson ImmunoResearch 111-035-071
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6.6 Statistical analyses

All experiments were performed at least in three biological replicates if not stated otherwise. Fold change
analyses of qRT-PCR and of the CheckMate™ Mammalian Two-Hybrid assays were performed following
logz-transformation. Mean values and standard deviations were calculated using Microsoft Excel software.
Statistical significant differences of the data were evaluated by applying one-way ANOVA with SigmaPlot
software and indicated by P values < 0.05 (*), < 0.01 (**), or < 0.001 (***).
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7. Results

7.1 Analysis of FAM57A expression
7.1.1 Development and validation of an antibody for FAM57A detection

In order to investigate cellular FAM57A expression, a monoclonal antibody against FAM57A was generated
with support by the GPCF (Genomics and Proteomics Core Facility) Antibody Unit of the German Cancer
Research Center (DKFZ) (experimental details in chapter 6.5.1). For antibody validation, the four FAM57A
isoforms (Figure 9) linked to a Flag tag were ectopically expressed in a highly transfectable HelL a laboratory
variant, which in the following is termed HelLa-1 (chapter 6.2.1). Expression of the different FAM57A
isoforms was validated by using an anti-Flag antibody (Figure 9A). As shown in Figure 9B, the
anti-FAM57A antibody used in the subsequent experiments in this thesis recognizes all four ectopically
expressed FAMS7A isoforms (Figure 9B, right part). At the endogenous level (untransfected cells),
FAM57A-1 was by far the predominant isoform detectable in HPV18-positive HelLa-1 and HeLa-2 cells as
well as in HPV16-positive SiHa and CaSki cells (Figure 9B, left part). For reasons of simplicity, the
FAM57A-1 isoform will be referred to as FAM57A in the following, if not indicated otherwise.
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Figure 9 (previous page). Validation of the anti-FAM57A antibody. (A) The four FAM57A isoforms were
ectopically expressed from pcDNA3-Flag-FAM57A-1/2/3/4 in HeLa-1 cells and analyzed by immunoblot using an
anti-Flag antibody. a-tubulin; loading control. (B) Detection of endogenous and ectopic FAM57A expression by
immunoblot employing the anti-FAM57A antibody developed in this thesis. Endogenous FAM57A expression is
analyzed in HeLa-1, HelLa-2, SiHa and CaSki cells. Short and long exposures of the immunoblot are shown. GAPDH:
loading control.

7.1.2 FAM57A expression is induced under hypoxia

Next, the hypoxic regulation of FAM57A expression was investigated by comparing FAM57A protein and
transcript levels in HPV-positive cancer cell lines (HeLa-1, SiHa and CaSki) as well as in HPV-negative
HaCaT keratinocytes, which were cultivated under normoxia (21 % O>) or hypoxia (1 % O>) for 24 h. The
hypoxia-inducible factor HIF-1o was used as hypoxia marker.
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Figure 10. Effects of hypoxia on FAM57A protein and transcript levels in HPV-positive and HPV-negative cells.
(A) Representative immunoblot analyses of HPV-positive HeLa-1, SiHa and CaSki cells as well as of HPV-negative
HaCaT cells, after 24 h cell culture under normoxia (N) or hypoxia (H). HIF-1a: hypoxia marker. -actin, a-tubulin:
loading controls. (B) Concomitant qRT-PCR analyses of the hypoxic regulation of FAM57A transcript expression.
Shown are the log,-transformed fold changes (log2FC) of mean expression levels under hypoxia relative to normoxia
with standard deviations from at least 3 independent experiments (HeLa-1: n=5, SiHa: n=6, CaSki: n=4, HaCaT: n=3).
Statistically significant differences compared to the respective normoxic cells (log.FC=0) are determined by one-way
ANOVA, **: P <0.01, ***: P < 0.001.
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Notably, expression of FAM57A was strongly induced under hypoxia compared to normoxia in all
investigated cell lines, regardless of their HPV status (Figure 10A). In comparison, FAM57A transcript
levels, which were quantified by gRT-PCR with the primer pair recognizing all four transcript variants, were
considerably less affected under hypoxia (Figure 10B). The pronounced differences in the FAM57A
response towards hypoxia on the protein and transcript levels indicate that the hypoxic induction of
FAMS57A expression mainly occurs at the protein level.

7.1.3 Cell density is a key regulator of FAM57A protein expression

During the course of my experiments, a possible impact of cell density on FAM57A protein levels under
normoxic conditions was observed. To examine this issue in detail, the protein and transcript levels of
FAM57A were assessed in different HPV-positive cancer cell lines and in HaCaT cells plated at different
densities. To this end, 2x10°, 1x10° and 1x107 HeLa (both HeLa-1 and HeLa-2) and SiHa cells were seeded
per 6 cm dish as low (LD), middle (MD) and high density (HD), respectively. For CaSki and HaCaT cells,
4x10°, 2x108 and 1x107 cells were seeded for LD, MD and HD, respectively. Microscopic images obtained
after 48 h cell culture depict the different cell densities before harvesting (Figure 11A). Importantly,
FAM57A protein levels were strongly declining in parallel with the increase of cell densities in all
investigated cell lines (Figure 11B). Contrary to the regulation of FAM57A protein amounts, FAM57A
transcript levels were only modestly affected, if at all, by the different cell densities (Figure 11C). Hence,
the strong effect of cell density on FAMS57A expression levels predominantly occurs at the protein level, as

is observed for the hypoxic induction of FAM57A expression (Figure 10).

These results reveal that the cell density-dependent regulation of FAMS57A expression primarily occurs at
the protein level. Since there is no data available in the literature about the regulation of FAM57A protein
stability, first pilot experiments were performed to address this issue. To this end, SiHa cells were cultivated
under different cell densities, treated with the protein synthesis inhibitor cycloheximide (CHX)
(Schneider-Poetsch et al. 2010), and FAM57A expression was assessed by immunoblot analyses in time
course experiments. SiHa cells seeded at LD and cultivated for 24 h express FAM57A at a detectable level,
in contrast to SiHa cells seeded under HD (please refer to the first 2 lanes in the immunoblot in Figure 12A,
corresponding to time point 0). Subsequently, the cells seeded at LD were treated with 10 pg/mL CHX for
up to 24 h. Notably, FAM57A protein levels were not appreciably reduced even after 24 h CHX treatment,
indicating that FAM57A has a relatively long half-life of more than 24 h under these experimental
conditions. In contrast, the levels of p53, which is a protein with a short half-life of 5-20 min (Giaccia and
Kastan 1998) and serves as a control for my experimental conditions, were quickly downregulated following
CHX treatment.
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Figure 11. Effects of cell density on FAMS57A protein and transcript levels under normoxia. (A) Microscopic
visualization of cell densities before harvesting of the cells. LD: low density; MD: middle density; HD: high density.
(B) Immunoblots visualizing FAMS57A expression at the protein level under different cell densities. GAPDH: loading
control. (C) Relative FAM574 mRNA levels under different cell densities, assessed by qRT-PCR. Shown are the log,FC
of mean expression levels under MD and HD relative to LD with standard deviations from at least 3 independent
experiments (HeLa-1: n=5, HeLa-2: n=3, SiHa: n=4, CaSki: n=3, HaCaT: n=5). Statistically significant differences
compared to the respective LD cells (log.FC=0) are determined by one-way ANOVA, *: P < 0.05, ***: P < 0.001.
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In addition, experiments were performed to determine the time course of FAM57A repression under HD.
Confluent cells (0 h, HD) were split and seeded at LD and HD, and then harvested for further analyses after
6 h, 12 h, 24 h and 48 h (refer to the scheme in Figure 12B). Interestingly, FAM57A protein levels were
upregulated 6 h after splitting in cells seeded either at LD or HD. Over the whole time course, FAM57A
protein expression remained at high levels in LD cells, whereas it became almost undetectable in HD cells
12 h after seeding.

In future experiments, it will be interesting to gain further insights into the underlying biochemical
mechanism mediating FAM57A degradation, for example by analyzing the effects of chemical inhibitors of
proteasome- (e. g. MG132 and bortezomib (Kisselev 2021)) or lysosome- (e. g. bafilomycin Al and

chloroquine (Liu et al. 2020)) mediated protein degradation on this regulation.
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Figure 12. FAM57A protein stability and expression kinetics. (A) FAM57A protein levels in SiHa cells cultivated
under HD and LD. Cells at LD were treated with 10 ug/mL CHX for different time periods, as indicated, and FAM57A
and p53 protein levels were determined by immunoblot. (B) Immunoblot analysis depicting the kinetics of FAM57A
protein expression. Cells were grown under HD, split and seeded at LD or HD conditions at time point 0 (0 h).
FAM57A expression was analyzed after further cultivation of the cells for the indicated time periods. GAPDH: loading
control.

7.1.4 Hypoxia-induced FAMS57A protein expression is predominantly a result of decreased cell density

Hypoxia inhibits the proliferation of cervical cancer cells (Hoppe-Seyler et al. 2017a). In view of my
findings presented above, the resulting lower cell density might thus contribute to the upregulation of
FAMS57A protein under hypoxia. Thus, in order to investigate whether the hypoxic induction of FAM57A
expression is a direct effect of hypoxia or linked to the reduction of cell density, HPV-positive cancer cells
were seeded under LD or HD, and FAMS57A protein levels were analyzed upon cultivation of the cells under
normoxic or hypoxic conditions. Moreover, the influence of glucose on FAM57A regulation under these
different treatment conditions was analyzed, by supplying the cells with different glucose concentrations in
the medium (0 mM, 5.5 mM and 25 mM).
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Importantly, FAM57A expression was only detectable in cells seeded at LD for all investigated cell lines,
but not in HD cells cultivated under all experimental conditions, including hypoxia (Figure 13). In addition,
a slight increase in FAMS57A levels was observed by comparing cells cultivated at LD under hypoxia to
those grown under normoxia. In contrast to the striking effects of different cell densities, FAM57A
regulation was not appreciably affected by the different tested glucose concentrations (Figure 13).
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Figure 13. FAMS7A protein expression in dependence on cell density, normoxia/hypoxia and glucose supply.
HPV-positive cancer cells were seeded at LD or HD. After 24 h, cells were cultivated under normoxic (21 % O,) or

hypoxic (I % O,) conditions and under different glucose concentrations, as indicated, for another 24 h before

harvesting. HIF-1a: hypoxia marker, GAPDH: loading control.

The slight increase in FAM57A protein levels in hypoxic versus normoxic cells cultivated under LD was
most pronounced in HeLa-2 cells (Figure 13). Since this effect was accompanied by an approximately 2-fold
upregulation of FAM57A mRNA levels (Figure 14A), | hypothesized that the modest increase of FAM57A
protein levels in these cells might be related to HIF-linked transcriptional activation. Therefore, FAM57A
expression in hypoxic HeLa-2 cells at LD was analyzed following RNA interference (RNAI)-mediated
silencing of HIF1A and HIF2A expression, individually or in combination. It was found that the
hypoxia-associated FAM57A induction under LD was diminished both at the protein (Figure 14B) and more
pronounced, at the transcript (Figure 14C) levels when HIF1A was silenced alone or in combination with
HIF2A silencing. In contrast, HIF2A silencing alone did not affect FAM57A expression (Figure 14B and
14C). This indicates that FAMS57A expression can be activated by HIF-1a. In line with this possibility,
putative binding sites for HIF-1a in the potential promoter region (-1056 - +64) of FAM57A gene were
identified (Figure 15).
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Figure 14. FAMS57A expression upon HIF1A or HIF2A silencing. (A) FAM57A transcript levels in normoxic or
hypoxic HelLa-2 cells. Depicted are the log,FC of the mean expression levels under hypoxia relative to normoxia
(log.FC=0) with standard deviations of 2 independent experiments. (B) Immunoblot analyses of FAM57A levels
following silencing HIF1A (siHIF1A) or HIF2A (siHIF2A) alone or in combination (siHIF1+2A). GAPDH: loading
control. (C) Accompanying analysis of relative FAM57A transcript levels by gqRT-PCR. Displayed are the log,FC of
mean expression levels relative to siCon.1 cells under normoxia (log.FC=0) from 2 independent experiments with
standard deviations. (A-C): N: normoxia, H: hypoxia.

Collectively, the results of these experiments indicate that the increase in FAM57A levels under hypoxia is
predominantly cell density-dependent and this is likely a consequence of the hypoxia-related decrease in
cell densities. In addition, there is a small contribution of HIF-1a to the effect.

5’- ...CAGAGTCCTGCTCTGTGGCCCAGGCTGGAGTGCAGTGGCGTGATCTCGGCTCACTGCAACCTC
TGCCTCCCAGGTTCAAGCGATTCTCCTGCCTCAGCCTCCAGAGTAGCTGGGACTACAGACAGGCAC
CACCACACCTGGCTAATTTTGTATTTTTAGTAGAGACGGGGTTTCACCGTGGTGGTCAGGCTGGTCT
CGAACTCCTGACGTCAAGTGATCTGCCCGCCTCGGCCTCCCCAAGTGCTGGGGTTACAGGLCGLCGCC
CGACCCCGATACTTTTAAATAACGACACGTTGTGAACAACACCACAGTCCCTACGCCTCTGGATGGT
GTCTCCGGATAGATCCAAAGCCGAGAGGCAGTAAGAGCCTGCAGCCTCCACAGTCCGCCTCCTGGT
GCAGGTGGAGAGGGGCTGCTGGAGGCCCCCGGACCTCACGCTTCCTGAGGGCCACCCCGGAGCG
GCTGCAGCCGCTGGCGGCACCGGGAAAAGCATCTCGGCCGTGCGGGGAGAGGCCACATCCTGAGG
CCTCCCACCGAGAAGCACCAGGGCTTGGTGGACGGGGCCCGCGAACCCAGGGCCACALCGLCCGECT
CCCTCCTTCCTTCCCCGCGGGCCTCGCCCCACCCCGGAGGGGGTTCCTACCTGGCTTCCTCGGLCCC
CGCGCCCACCCCGCCCCTTCGCCCGGGGCCGGCGAGAAGAGCAGGTCGGGGAGGGGLGLGTLCG
CTGACGGAACAGAAGCCGGGAGCCGCGGCCCTTCCCGCCTCCGLLCTGGGLLLCLCGLGGLLGLTEG
GGAGGGAGCGGCGGACTCGGAACGCGCGLCGCGLCGLCGGLCLCLCCGGLCCACAGLCLGLLGLLTCGGTC
CCCGCCTCCGCCCCCGCCCACCCGCCLCGLCLCGGGGACGCCGGGGAACCLCTCCGGGLLCCAGGGALCC
GCGAGAGACCCCGCCCCGCCCTATCGCAGCCGCCGGGCCTGGTCACGCGCAGAGLCCGLCGLLCGLG
GGATCGGGGCCAGCGCCGGGCGGAGGCGGGACGGGGACGGGGGCGGAGGGTTGAAATCGLCGLG
GCCGGGCCGGGGCGCGCCGAGCCGAACCCAGCCACGCGGLCGLCCAGCGAGGLGGLLEGGACCeaGe
AGCCCCGATGCTGCTGACG...-3

Figure 15. Putative HIF-1a binding sites in the promoter region (-1056 - +64) of the FAM57A gene. Potential
HIF-1a binding motifs (5’-CGTG-3’ or its reverse sequence 5’-CACG-3’) are highlighted in bold. The predicted
transcriptional start site (according to the NCBI database: https://www.ncbi.nlm.nih.gov/gene/79850) is marked in
bold and italicized. The sequence with the single underline corresponds to the start of the coding sequence.
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7.1.5 HPV EG6/E7 suppression induces FAM57A expression in a cell density-dependent manner

The results obtained above show that FAMS57A expression correlates with the lower cell densities. Thus, |
reasoned that the inhibition of pro-proliferative stimuli should result in an increase of FAM57A expression
levels. Suppression of the HPV E6/E7 oncogenes in cervical cancer cells strongly inhibits their growth and
results in senescence (Hoppe-Seyler et al. 2017a). To investigate the effect of E6/E7 repression on FAM57A
expression, FAMS57A protein levels were analyzed following silencing of E6/E7 by RNAI.

Figure 16A shows that E6/E7 repression led to a strong induction of FAM57A protein levels in cervical
cancer cells. To further assess the effects of cell density on this regulation, E6/E7 expression was silenced,
followed by seeding cells at LD and HD. In addition, possible effects of glucose supply were assessed by
cultivating the cells under low (5.5 mM) or high (25 mM) glucose concentrations. Similarly as observed
under hypoxia (Figure 13), FAM57A expression levels were again primarily density-dependent, since E6/E7
repression in cell cultivated under LD only marginally, if at all, affected FAM57A expression levels
(Figure 16B). Further, the regulation of FAM57A expression was also not affected by low or high glucose
supply. Thus, as seen for the hypoxic induction of FAMS57A, these findings indicate that the FAM57A
increase upon E6/E7 suppression in cervical cancer cells is predominantly a secondary response to the lower
cell density resulting from the growth inhibitory effects of E6/E7 silencing.
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Figure 16: Effects of E6/E7 silencing on FAM57A expression in cervical cancer cells. (A) Immunoblot analyses
of FAM57A and viral E6/E7 protein expression in HPV-positive cancer cells after RNAi-mediated E6 or E6/E7
repression. B-actin, GAPDH: loading controls. (B) Immunoblot analyses of FAM57A and HPV E7 expression in

HPV-positive cells seeded at LD or HD following E6/E7 knockdown and subsequent cultivation under 5.5 mM or 25
mM glucose for 24 h. GAPDH: loading control.
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7.2 Phenotypic effects of FAM57A in HPV-positive cancer cells

Next, the thus far unknown phenotypic effects of FAMS57A in cervical cancer cells were investigated,

focusing on cellular proliferation and migration.

7.2.1 FAMS57A promotes the proliferation of HPV-positive cancer cells

To assess possible effects of FAM57A on the proliferation of cervical cancer cells, colony formation assays

(CFAs) and live cell imaging analyses were performed following FAM57A silencing by RNA..

For CFAs, two short hairpin RNAs (shRNAs), shFAM57A-E1 and shFAM57A-E52, were utilized which
target different sequences that are conserved in the transcripts of all four FAM57A variants. Their
efficiencies were validated at the transcript level (Figure 17A). In CFAs, the shRNA-mediated
downregulation of FAM57A inhibited the colony formation capacity in all tested HPV-positive cancer cell
lines (Figure 17B).
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Figure 17. Effects of FAMS57A silencing on the colony formation capacity of HPV-positive cancer cells. (A)
gRT-PCR analyses of FAMS574 transcript levels upon transfection of HeLa-1 cells with pSUPER plasmids expressing
two different FAMS57A-targeting shRNAs (shFAMS57A-E1 or siFAMS57A-ES52), shCon.1: control shRNA. Shown are
the logoFC of the FAMS57A4 levels following FAM574 silencing relative to shCon.1-transfected cells (logoFC=0) from
one experiment. (B) CFAs after transfection of the indicated cell lines with pCEP4-shFAMS7A-El1 or
pCEP4-shFAMS57A-ES2, or with three different control plasmids, pCEP4-sh, pCEP4-Neg or pCEP4-shCon.1.
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Additionally, the short-term effects of FAM57A silencing on cell proliferation were examined by live cell
imaging analyses using the IncuCyte® S3 Live-Cell Analysis System. FAM57A knockdown was performed
by employing a pool of two different sSiRNAs (siFAM57A-E1, siFAM57A-E52) that contain the same target
sequences as the corresponding shRNAs used in the CFAs (Figure 17). The efficiency of the
FAMS57A-targeting siRNA pool (siFAM57A-E1/E52) was validated in HPV-positive cells at the transcript
(Figure 18A) and protein (Figure 18B) level. For their detection in the IncuCyte system, HPV-positive
cancer cells were labelled with the red fluorescent protein, mKate2. Compared to control siRNA-transfected
cells, the proliferation rate of cervical cancer cells transfected with the FAM57A-targeting siRNA pool was
reduced (Figure 18C). This inhibitory effect can be further increased by repeated transfection of the
FAM57A-targeting siRNAs (Karin Hoppe-Seyler, personal communication). As a further control, HPV
E6/E7-silencing siRNAs were applied, which rapidly induce senescence and thus a stable and highly

efficient proliferation block in cervical cancer cells.

Collectively, these results show that short-term inhibition of FAM57A expression in live cell imaging
analyses and long-term inhibition of FAM57A expression in CFAs result in anti-proliferative effects in
cervical cancer cells. These findings indicate that FAM57A supports the proliferation of cervical cancer
cells.

7.2.2 FAM57A promotes the migration of HPV-positive cancer cells

The reported localization of FAMS57A in the cell plasma membrane (He et al. 2002) and the strong inhibition
of FAMS57A expression under high cell density may provide a hint that FAM57A could be involved in
cell-cell contacts, cell adhesion and/or migration and invasion. Therefore, a possible role of FAM57A in the

process of cell migration was evaluated in wound healing assays, by applying the IncuCyte system.

mKate2-labelled cells were transfected with siRNA and then seeded into a 96-well plate. The cells were
treated with mitomycin C before scratching. Mitomycin C is an antibiotic that inhibits DNA synthesis and
thus is widely used to eliminate the “false positive” migration effects elicited by cell proliferation
(Vang Mouritzen and Jenssen 2018). To allow exact comparisons between different wells, scratches were
introduced with the standardized Incucyte® Woundmaker Tool, which generates precise and uniform cell
free zones in the 96 wells. The migration capacity was evaluated by measuring the width of wound through
the IncuCyte system. In parallel, total cell counts were also determined to exclude confounding effects

caused by cell proliferation.
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Figure 18. Live cell imaging analyses of HPV-positive cancer cell growth following FAM57A silencing. (A)
Validation of pooled FAM57A-targeting siRNAs (siFAM57A-E1/E52) in different HPV-positive cancer cell lines at the
transcript level by qRT-PCR. siCon.1: control siRNA. Shown are the log,FC values of mean FAM57A expression levels
of siFAM57A-E1/E52-transfected cells relative to siCon.1-transfected cells (log.FC=0) with standard deviations from
at least 3 independent experiments (HeLa-1, HelLa-2, SiHa: n=3, CaSki: n=4). Statistically significant differences to
the respective siCon.1-transfected cells are determined by one-way ANOVA, **: P < 0.01, ***: P < 0.001. (B)
Corresponding analyses on the protein level by immunoblot. GAPDH: loading control. (C) Growth curves of
mKate2-labelled HPV-positive cancer cells in live cell imaging analyses employing the IncuCyte system. Cells were
transfected with either control siRNA siCon.1 (blue curves), the FAM57A-targeting siRNA pool siFAMS57A-E1/E52
(red curves) or siE6/E7 (yellow curves), which represents a pool of 3 different siRNAs blocking E6/E7 expression
(Hoppe-Seyler et al. 2021).
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Interestingly, FAM57A silencing in SiHa-mKate2 cells inhibited cell migration, as indicated by the larger
width of wound after 48 h (Figure 19A and 19B). Similarly, HelLa-1-mKate2 cells also migrated more
slowly following FAM57A knockdown, an effect which was already visible 8 h after scratching (Figure 19A
and 19B). The determination in parallel of cell numbers indicates that the proliferation of both SiHa-mKate2
and HeLa-1-mKate2 cells was almost completely blocked during the experiments (Figure 19A).
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Figure 19. Effects of FAM57A on the migration of cervical cancer cells. Wound healing assays were performed
after FAM57A silencing by siRNA. The IncuCyte® live-cell analysis system was employed for image acquirement and
statistical analyses were performed by using the software provided by the supplier. Cells were seeded in octuplicates
and treated with 5 pg/mL mitomycin C for 3 h before scratching. (A) Calculations of wound widths and total cell
counts. (B) Images of the “wounds” after scratching (0 h) and after 48 h (SiHa-mKate2) or 8 h (HeLa-1-mKate2).
siCon.1: control siRNA, siFAM57A-E1/E52: a pool of 2 siRNAs silencing FAM57A.
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As seen for HeLa-1-mKate2 cells, the migration capacity of HeLa-2-mKate2 cells (derived from HelLa cell
variant 2) were also inhibited by FAM57A silencing (Figure 20A). Interestingly, however, contrary to the
mesenchymal cell-like motility of HeLa-1-mKate2 cells, HeLa-2-mKate2 cells moved more collectively
and the cells at the front edge of a cell sheet formed lamellipodia-like structures at the leading edge
(Figure 20B, arrows). Upon FAMS57A silencing, these lamellipodia-like structures as well as the cell-cell

contacts of the leader cells were partly lost (Figure 20B, triangle).
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Figure 20. Effects of FAM57A on the migration and morphology of HeLa-2-mKate2 cells. (A) Wound healing
assays were performed for 48 h, as further described in Figure 19. (B) Morphology of cells in the front edge 20 h after
scratching. Arrows: lamellipodia-like structures at the leading edge and cell-cell contacts between leader cells in
siCon.1-transfected cells (upper panel). Triangle: the cells partly lost the lamellipodia-like structures and cell-cell
contacts following FAMS57A silencing with siFAM57A-E1/E52 (lower panel).
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7.3 Potential factors mediating FAM57A functions
7.3.1 SLC3A2 and FAM57A
7.3.1.1 FAM57A and SLC3A2 can interact with each other in cervical cancer cells

The reported interaction between FAM57A and SLC3A2 (please refer to chapter 5.4) in co-IP assays (He
et al. 2002) raises the possibility that SLC3A2 could mediate FAM57A activities. In order to investigate
whether the FAM57A-SLC3AZ2 interaction can indeed take place in cervical cancer cells, the CheckMate™
Mammalian Two-Hybrid System was applied. This method is basically a mammalian adaption of the more
widely used Yeast Two-Hybrid system. In brief, two proteins are expressed from co-transfected expression
vectors, one linked to a DNA-binding domain (here GAL4 in plasmid pBIND2), the other linked to a
transcriptional activation domain (here VP16 in plasmid pACT2) (Stutz et al. 2015). If an interaction
between the two factors takes place, this leads to the transcriptional stimulation of a co-transfected luciferase

reporter plasmid carrying GAL4 recognition sites (for more technical details, please refer to chapter 6.2.6)

Notably, the co-expression of GAL4-FAM57A with VP16-SLC3A2 (pBIND2-FAM57A and
pPACT2-SLC3A2) in HeLa-1 cells led to a significant upregulation of luciferase activities, when compared
to the co-expression of GAL4-FAM57A with VP16 only (pBIND2-FAMS57A and pACT2) (Figure 21A).
This supports the idea that FAM57A and SLC3AZ2 can interact in vivo. The vice versa experiment, in which
SLC3A2 was linked to GAL4 and FAM57A to VP16 (pBIND2-SLC3A2 and pACT2-FAM57A), however,
did not lead to the activation of the luciferase reporter, compared to the respective control
(pBIND2-SLC3A2 and pACT?2) (Figure 21A). This latter result may be explained, for example, by structural
alterations of one binding partner due to its linkage to the GAL4 or VP16 fragment. Another possible
scenario could be that the GAL4-SLC3A2 fusion protein can activate the luciferase reporter alone, which
would not be further enhanced by the interaction with VP16-FAM57A.

In addition, the relation between FAM57A and SLC3A2 protein expression was analyzed in RNAI
experiments. They revealed that neither SLC3A2 protein levels were affected upon FAM57A knockdown
(Figure 21B) nor FAMS7A protein levels upon SLC3A2 knockdown (Figure 21C). Thus, although
experimental evidence was obtained that an interaction between FAM57A and SLC3A2 can take place in

cervical cancer cells, this does not result in changes of their expression levels.
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Figure 21. Interaction between FAM57A and SLC3A2. (A) CheckMate™ Mammalian Two-Hybrid analyses of the
interaction between FAM57A and SLC3A2 in Hela-1 cells. Indicated are relative luciferase activities upon
co-transfection of pBIND2-FAM57A and pACT2-SLC3A2 or of pBIND2-SLC3A2 and pACT2-FAM57A above
those of a co-transfected pACT2 vector. pACT2: VP16-expressing vector, used for normalization; pACT2-FAMS7A,
pACT2-SLC3A2: plasmids to generate VP16-FAM57A and VP16-SLC3A2 fusion proteins, respectively;
pBIND2-FAMS57A, pBIND2-SLC3A2: plasmids for producing GAL4-FAM57A and GAL4-SLC3A2 fusion proteins,
respectively. Depicted are the log.FC of mean values relative to the respective pACT2 co-transfection (log2FC=0) with
standard deviations from 3 independent experiments. Statistically significant differences are determined by one-way
ANOVA, **: P < 0.01. (B) Immunoblot analyses of SLC3A2 protein levels after blocking FAM57A expression by
RNAI (siFAM57A-E1/E52) in HelLa-2 and SiHa cells. (C) Immunoblot analyses of FAM57A protein levels after
silencing SLC3A2 (siSLC3A2-1/3, described in chapter 7.3.1.2) expression by RNAi in HeLa-2 and SiHa cells. (B-C):
siCon.1: control sSiRNA, GAPDH: loading control.

7.3.1.2 SLC3A2 can stimulate the proliferation of cervical cancer cells

SLC3AZ2 plays an important role for the cellular metabolism as an auxiliary subunit of several amino acid
transporters (Cano-Crespo et al. 2019; Liu et al. 2020; Yan et al. 2019), and may also affect cell adhesion
and migration by modulating integrin signaling (Feral et al. 2005; Prager et al. 2007). In order to test
possible effects of SLC3A2 on the proliferation of cervical cancer cells, CFAs and live cell imaging analyses
were performed in a spectrum of cervical cancer cell lines, following SLC3A2 repression by RNAI. The
efficiencies of three different sShRNAs were tested at the protein level by transfecting HelLa-1 cells
(Figure 22A). Plasmids coding for shSLC3A2-1 and shSLC3A2-3, which showed the most pronounced
SLC3A2 knockdown (Figure 22A), were utilized for interfering with SLC3A2 expression in CFAs
(Figure 22B). In HeLa-2 and CaSki cell lines, silencing SLC3A2 by either shRNA inhibited the capacity of

colony formation, however, HelLa-1 and, to some extent, SiHa cells exhibited differential responses

60



7. Results

(Figure 22B). In specific, whereas both shRNAs show a comparable inhibition of SLC3A2 expression
(Figure 22A), the anti-proliferative effects of shSLC3A2-1 were less pronounced in SiHa and, most notably,
in HeLa-1 cells (Figure 22B). For live cell imaging analyses, SLC3A2 was silenced by employing a SIRNA
pool (siSLC3A2-1/3) composed of siSLC3A2-1 and siSLC3A2-3 which target the same sequences as the
corresponding shRNAs used in the CFAs (Figure 22). As shown in Figure 23A, the growth of SiHa-mKate2
and CaSki-mKate2 cells was inhibited following SLC3A2 knockdown compared to control
siRNA-transfected cells, whereas the proliferation of both mKate2-labelled HeLa variants (HeLa-1-mKate2
and HeLa-2-mKate2) was not influenced. Accompanying qRT-PCR analyses indicate that the knockdown
efficiency of the siSLC3A2s pool was comparable in the analyzed cells (Figure 23B).
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Figure 22. Effects of SLC3A42 suppression on the colony formation capacity of HPV-positive cancer cells. (A)
Efficiencies of shRNAs silencing SLC342, as assessed by immunoblot analyses. shCon.1: control shRNA, B-actin:
loading control. (B) CFAs upon shRNA-induced SLC342 downregulation. pCEP4-sh, pCEP4-Neg, pCEP4-shCon.1:
control plasmids.

Collectively, these results indicate that SLC3A2 can indeed interact with FAM57A at the intracellular level.
This interaction does not affect the expression levels of either binding partner. In addition, SLC3A2 silencing
can exert anti-proliferative activities in cervical cancer cells. However, in contrast to the growth inhibition
following FAM57A knockdown, which was consistently seen in all cell lines and under different
experimental conditions, the anti-proliferative effects of SLC3A2 silencing showed some cell
type-dependency and also exhibited some variation between long-term inhibition by shRNAs in CFAs and
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short-term inhibition by siRNAs in live cell imaging. Thus, there appears to be not a straightforward
connection between FAM57A and SLC3A2 in terms of the anti-proliferative effects of FAM57A.
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Figure 23. Effects of SLC3A42 suppression on the growth of HPV-positive cancer cells in live cell imaging analyses.
(A) Growth curves of HPV-positive cancer cells measured by employing the IncuCyte system upon silencing of
SLC3A42 expression by siSLC3A2-1/3 (green curves) and E6/E7 expression by siE6/E7 (yellow curves). siCon.1:
control siRNA (blue curves). (B) qRT-PCR analyses measuring the efficacy of SLC342 knockdown through
siSLC3A2-1/3 in different mKate2-labelled HPV-positive cell lines used for live cell imaging. Depicted are the log.FC
of mean expression levels following SLC3A2 repression relative to siCon.1 transfection (log.FC=0) with standard
deviations from several independent experiments (HeLa-1-mKate2: n=3, HeLa-2-mKate2: n=5, SiHa-mKate2: n=4)
or of the relative SLC3A2 expression of siSLC3A2-1/3-transfected CaSki-mKate2 cells compared to siCon.1 from one
experiment. Statistically significant differences to the respective siCon.1-transfected cells are determined by one-way
ANOVA, ***: P < 0.001.
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7.3.2 FAM57A may be an upstream regulator of YAP/TAZ signaling

Since the present work uncovered a link of FAM57A protein expression to cell density, a condition which
alters cell-cell contacts and cell-ECM (extracellular matrix) contacts, the question arose whether FAM57A
is connected to YAP/TAZ signaling. This pathway can sense the cellular structure, shape and polarity as
well as respond to extracellular mechanical signals including cell-cell contacts and cell adhesion (Totaro
et al. 2018) (please also refer to chapter 5.2.4).

7.3.2.1 YAP/TAZ signaling is downregulated under HD conditions

To assess the effects of cell density on the YAP/TAZ cascade, the protein levels of phosphorylated
(p-)YAP (Ser127), total YAP (YAP), TAZ and TEAD1 were measured in different cervical cancer cell lines
as well as in HaCaT cells, following plating at different cell densities. Immunoblots revealed that p-YAP,
YAP, TAZ, TEAD1 all showed higher expression levels at LD compared to HD (Figure 24). This parallels
the regulation of FAMS57A expression (Figure 24), raising the possibility that FAM57A is connected to
YAP/TAZ signaling, either acting upstream or being a downstream target.
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Figure 24. Cell density-dependent expression of key factors of YAP/TAZ signaling. Immunoblot analysis of the
protein levels of phosphorylated YAP (Ser127), total YAP, TAZ and TEAD1 in HPV-positive and HPV-negative cells
seeded at LD, MD and HD. In addition, FAMS57A levels are shown. GAPDH: loading control.
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7.3.2.2 The expression levels of key factors of YAP/TAZ signaling are downregulated following
FAMS57A silencing

To investigate whether FAM57A acts upstream or downstream of YAP/TAZ signaling, FAM57A was
silenced in different cervical cancer cell lines by applying two siRNAs individually (siFAM57A-E1,
SiIFAMS57A-E52) or as a pool (siFAM57A-E1/E52). Also, siRNAs blocking expression of YAP (siYAP),
TAZ (siTAZ) and TEAD1, 3 and 4 (SiTEAD1/3/4) were introduced into the cells (Figure 25). The
knockdown efficiencies of these siRNAs were validated both at the protein (Figure 25A) and transcript
(Figure 25B-E) level.

Interestingly, immunoblot analyses revealed that FAM57A silencing consistently downregulated TAZ
protein levels in all investigated cell lines (Figure 25A). TEADL1 levels were also downregulated in HelLa-1,
HelLa-2 and CaSki cells upon FAM57A silencing. In addition, to some cell type-dependent extent, YAP
levels also displayed a tendency to be downregulated upon FAM57A silencing (Figure 25A). On the other
hand, silencing of YAP, TAZ or TEAD1/3/4 expression did not appreciably modulate FAM57A expression
in all investigated cell lines. Collectively, these results indicate that FAMS57A repression is linked to a
reduced expression of YAP/TAZ signaling factors, most prominently and consistently TAZ, raising the
possibility that FAM57A may act as an upstream regulator of YAP/TAZ signaling. This issue awaits further
experimental exploration, which is ongoing in the laboratory. In contrast, the observation that neither YAP,
TAZ nor TEAD1/3/4 repression affected FAM57A levels, indicates that FAM57A is not a downstream target
of YAP/TAZ signaling, at least in regard of the regulation of FAM57A expression levels.

At the transcript level, FAM57A silencing in general reduced the mMRNA levels of YAP, TAZ and TEAD1,
but only to relatively modest extent (not more than 2-fold) (Figure 25C-E). Further, silencing of YAP, TAZ
or TEAD1/3/4 did not considerably affect FAM57A transcript amounts (Figure 25B).
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Figure 25 (previous page). Relation between FAMS57A and YAP/TAZ signaling factors. (A) Representative
immunoblots of p-YAP (Ser127), YAP, TAZ, TEAD1 and FAM57A upon introducing the indicated siRNAs into
different cervical cancer cell lines. GAPDH: loading control. (B-E) Corresponding analyses on the transcript level by
gRT-PCR. Indicated are the log,FC of mean expression levels relative to siCon.1 (log.FC=0) with standard deviations
from 2-3 independent experiments (HeLa-1: n=3, HelLa-2, SiHa, CaSki: n=2) or of data from a single experiment
(double knockdown of YAP and TAZ - siYAP/TAZ - in HelLa-1, HeLa-2 and SiHa cells: n=1). Asterisks show
statistically significant differences in HelLa-1 cells compared to control siRNA (siCon.1) as determined by one-way
ANOVA. *: P <0.05, **: P < 0.01, ***: P < 0.001.

7.3.2.3 FAM57A may activate the transcription of target genes for YAP/TAZ

Considering that YAP and TAZ as transcriptional co-activators exert their functions by binding to TEAD,
which consequently leads to the transcriptional activation of specific genes, two well-established target
genes for YAP/TAZ, CYR61 (cysteine rich angiogenic inducer 61) and CTGF (connective tissue growth
factor) (Pavel et al. 2018), were investigated.
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Figure 26. CYR61 and CTGF mRNA levels following FAM57A or YAP/TAZ silencing. Indicated are the results of
gRT-PCR analyses of the relative transcript levels of CYR61 and CTGF following silencing of FAM57A, YAP, TAZ
and TEAD1/3/4 expression. Upper panels: relative CYR61 transcript levels, shown are the log,FC of mean expression
levels relative to siCon.1 (log.FC=0) with standard deviations from 2-3 independent experiments (HeLa-1: n=3,
Hela-2, SiHa, CaSki: n=2) or of data from a single experiment (double knockdown of YAP and TAZ - siYAP/TAZ -
in HeLa-1, HelLa-2 and SiHa cells: n=1). Lower panels: relative CTGF transcript levels, shown are the log.FC of mean
expression levels relative to siCon.1 (log.FC=0) with standard deviations from 2-3 independent experiments (HeLa-1:
n=3, SiHa, CaSki: n=2) or of data from a single experiment (HeLa-2: n=1; siYAP/TAZ in HelLa-1, SiHa cells: n=1).
Statistically significant differences in HeLa-1 cells compared to control siRNA (siCon.1) are determined by one-way
ANOVA. *: P <0.05, **: P <0.01, ***: P < 0.001.

66



7. Results

The mRNA levels of CYR61 and CTGF were strongly reduced in all investigated cervical cancer cell lines
by the double knockdown of YAP and TAZ (siYAP/TAZ), corroborating that these genes are downstream
targets for YAP/TAZ signaling. CYR61 transcript levels were downregulated by the FAM57A-targeting
SiRNA pool (siFAM57A-E1/E52) by 38-56 % (Figure 26, upper panels). There was also some tendency that
CTGF transcript levels were decreased upon FAM57A silencing, however, this effect varied between cell
lines and also between the different SIRNA constructs (Figure 26, lower panels). Although these preliminary
experiments warrant further exploration, they point at the possibility that not only the protein levels of YAP,
TAZ and TEAD1 are influenced by FAM57A (Figure 25A), but possibly also the expression of downstream
target genes of YAP/TAZ signaling.

Taken together, this part of my thesis provides a first indication that FAM57A expression and YAP/TAZ
signaling could be functionally connected, in that FAM57A may act as an upstream activator of YAP/TAZ
signaling. This finding is particularly interesting in the light that both FAM57A expression (this work) and
YAP/TAZ signaling (Gumbiner and Kim 2014; Mason et al. 2019) are linked to cell density and cell
migration. Future work is planned in the laboratory to explore this intriguing possibility in more depth.
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8. Discussion

As main results, this thesis provides first insights into the regulation of FAM57A expression and the
biological function of FAM57A in cervical cancer cells. It reveals that FAMS57A expression is strongly
dependent on cell density, being mainly regulated at the protein level. Moreover, FAM57A is a key factor
for promoting cervical cancer cell proliferation and migration. Collectively, these findings identify a novel
cellular factor which contributes to the malignant phenotype of cervical cancer cells. Moreover, in view of
its growth- and migration-promoting activities, FAM57A may represent a novel therapeutic target in

cervical cancer cells.

8.1 Regulation of FAM57A expression

In the present work, cell density is identified as a key regulator of FAM57A expression, since the protein is
readily detectable in cervical cancer cells cultivated at low cell density while its expression is virtually
abolished at high cell density. This cell density-dependent regulation of FAM57A is found to occur
predominantly at the protein level, since FAM57A transcript levels are only marginally affected in cells
cultivated at different cell densities. My analyses further indicate that FAMS57A is a rather stable protein in
cervical cancer cells, with a half-life of at least 24 h. Future studies are warranted to investigate in more
detail the mechanisms of controlling the cell density-dependent FAMS57A stability, which - among other
possibilities - could include the analyses of proteasomal and lysosomal degradation pathways (Ciechanover
2005), of caspases (Julien and Wells 2017), of Ca?*-dependent cysteine proteases calpains (Franco and
Huttenlocher 2005; Goll et al. 2003) and of intramembrane proteolysis which can cleave membrane protein
(Avci and Lemberg 2015; Kuhnle et al. 2019). Notably, the observed upregulation of FAM57A protein
levels in a relatively short period (6 h) after splitting confluent cells suggests that the cell density-dependent
FAMS57A expression is rapidly induced and may be modulated by cell-cell contacts, which are reduced in

freshly split cells.

The cell density-dependent regulation of FAM57A is also likely the main explanation for the observation
that FAMS57A levels are strongly upregulated in a proteome analysis comparing hypoxic with normoxic
cervical cancer cells (Bossler et al. 2019b). In this scenario, the anti-proliferative effects of hypoxia in
cervical cancer cells (Hoppe-Seyler et al. 2017a) result in decreased cell density, when compared to cells
which continue to proliferate under normoxia. In line with this notion, when | analyzed cervical cancer cells
plated at different cell densities and cultivated under either normoxia or hypoxia, FAM57A expression was
closely linked to differences in cell density and only weakly affected by the differences in oxygen supply.

My results further indicate that the latter, minor effect is linked to HIF-1a-mediated transcriptional induction

68



8. Discussion

of FAM57A expression, as it could be counteracted by RNAi-mediated HIF1A repression. Consistent with
this interpretation, potential hypoxia-responsive elements are present in the FAM57A promoter region.

The strong dependence of FAMS57A levels on cell density would predict that other anti-proliferative signals
should also result in an upregulation of FAM57A protein levels. Indeed, | found that silencing expression
of the strongly pro-proliferative HPV E6/E7 oncogenes in cervical cancer cells also profoundly increases
FAMS57A protein levels.

My findings furthermore indicate that care should be taken in the interpretation of proteome studies aiming
at the identification of hypoxia-induced factors, since the expression of cell density-regulated factors other
than FAM57A could also be increased as a secondary effect of the reduced cell density under hypoxia,
leading to the misclassification of such factors as “hypoxia-responsive”. Obviously, this obstacle could also
be relevant for examining other pro- or anti-proliferative stimuli by proteome analyses or other comparative
methods, and should be controlled, e. g. by assessing the effects of cell proliferation on the expression levels
of candidate factors.

It is further noteworthy that the cell density-dependent regulation of FAMS57A expression is not a peculiarity
of HPV-positive cancer cells but also observed in HaCaT cells, which are HPV-negative, spontaneously
immortalized but non-tumorigenic skin keratinocytes (Boukamp et al. 1988). Thus, this regulatory
phenomenon appears to be conserved between cells of different histological origin and of different

malignant potential.

8.2 Phenotypic effects of FAM57A in HPV-positive cancer cells
8.2.1 FAM57A promotes the proliferation of HPV-positive cancer cells

At the phenotypic levels, my results uncover that FAM57A promotes the proliferation of HPV-positive
cancer cells. This is indicated by the anti-proliferative effects of FAM57A silencing in both short-term live
cell imaging analyses and long-term CFAs (colony formation assays). These results are supported by reports
on lung cancer and hepatocellular carcinoma cells, which also suggest a pro-proliferative role for FAM57A
in these cancer entities (Li et al. 2010; Pan et al. 2006; Wei et al. 2021). In general, | observed that the
anti-proliferative effects of FAM57A silencing appeared to be more pronounced in CFAs than in the live
cell imaging analyses. This could be due to the possibility that - within the shorter time frame of the latter
experiments - the relatively high stability of the FAM57A protein could lead to an underestimation of the
inhibitory effects of RNAi-mediated FAM57A silencing.
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Which pathways may be linked to the pro-proliferative activity of FAM57A in cervical cancer? My results
raise the possibility that FAM57A repression is directly or indirectly linked to the downregulation of factors
involved in YAP/TAZ signaling, which is a well-established pro-proliferative pathway in cancer cells
(Piccolo et al. 2014) (further discussed in chapter 8.2.3). However, this may not be the only growth
regulatory pathway affected by FAMS57A, since preliminary data from ongoing work (Karin Hoppe-Seyler,
personal communication) reveals that FAM57A can also stimulate the PISK/AKT and MAPK/ERK
signaling pathways, as indicated by a downregulation of phosphorylated AKT and phosphorylated ERK
levels following silencing of endogenous FAM57A expression in cervical cancer cells. This idea is also
supported by a report assessing the effects of ectopic FAM57A overexpression in NIH3T3 cells (He et al.
2004), which obtained evidence for an increase in the activities of both pathways. In the context of ERK
signaling, it is also interesting that FAM57A expression has been reported to be transcriptionally stimulated
by the c-Myc oncoprotein (Baltaci et al. 2015; Baltaci et al. 2017), which is stabilized via ERK signaling
(Ciccarelli et al. 2018; Tsai et al. 2012). Thus, it would be interesting to investigate whether there may exist

a positive feedback loop between FAM57A expression and MAPK/ERK signaling.

As outlined in chapter 5.2.4, both the PI3BK/AKT and MAPK/ERK signaling cascades play a major role
during carcinogenesis and have been reported to be hyperactive in cervical cancer cells. My results thus
raise the question whether FAM57A could contribute to the stimulation of these potentially pro-oncogenic
pathways, particularly in cells under low density conditions. Due to their pro-tumorigenic role, the
PI3K/AKT and MAPK/ERK signaling cascades are both considered to represent targets for therapeutic
interference. This notion extends also to cervical cancer cells. For example, LY294002, a reversible PI3K
inhibitor, has been reported to sensitize HelLa cells towards radiation, and the prototypal compound
guercetin, from which the LY294002 was designed, can inhibit the proliferation of HeLa cells as well as
arrest or even reverse cervical neoplasia progression in mouse models (Manzo-Merino et al. 2014). In
addition, a study reported that the MEK inhibitor cobimetinib can inhibit paclitaxel-induced ERK activation
in vitro and in a xenograft model in vivo, suggesting that a combination therapy of cobimetinib and paclitaxel
may bear potential for treating cervical cancer (Liu et al. 2022). Moreover, a recent study suggests that ERK
plays a particularly important role in cervical cancer, as it has been reported to promote cervical
carcinogenesis by stimulating HPV E6/E7 oncogene expression (Luna et al. 2021). Thus, if a functional role
of FAMS57A for the stimulation of PI3BK/AKT and MAPK/ERK signaling is further substantiated, this
connection may provide a novel therapeutic opportunity, since FAM57A inhibition may interfere with at
least two cellular pathways which are considered to be critical for cervical carcinogenesis and the

development of many other tumor entities.

Little is known about potential FAM57A interaction partners which could mediate its biological function.

One exception is the SLC3A2 protein, a component of amino acid transporters (Digomann et al. 2019b),
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which has been identified as a FAM57A interaction partner by Yeast Two-Hybrid (Y2H) analyses and
co-immunoprecipitation (Co-1P) assays (He et al. 2002). Both of these methods, however, have their
limitations. The Y2H assay is performed in non-mammalian cells which cannot provide the complete arsenal
of posttranslational protein modifications which are found in mammalian cells (Moesslacher et al. 2021)
and which may influence protein-protein interactions. On the other hand, positive Co-IPs do not prove an
intracellular interaction of two binding partners, as the binding may occur in vitro in the cellular protein
extracts after harvesting. | therefore applied a mammalian two-hybrid assay (CheckMate™ Mammalian
Two-Hybrid System) which detects protein-protein interactions intracellularly by transcriptionally
activating a co-transfected reporter plasmid. These investigations indicate that FAM57A and SLC3A2
indeed have the potential to interact in cervical cancer cells. However, a limitation of the mammalian
two-hybrid system is that both interaction partners are targeted to the nucleus to enable the transcriptional
activation of the luciferase reporter. Thus, it cannot be excluded that the two factors still do not naturally
interact, because they may physiologically localize to different cellular compartments. This issue could be
addressed by co-localization studies, once a reliable anti-FAM57A antibody is available, which is suitable

for immunofluorescence or immunohistochemistry analyses.

In my experiments, | did not detect an interdependency between SLC3A2 and FAM57A expression levels,
since neither silencing of SLC3A2 expression affected FAM57A levels, nor did the silencing of FAM57A
expression affect SLC3A2 levels. Notably, however, | found that SLC3A2 silencing can also exert
anti-proliferative effects in cervical cancer cells. Yet, whereas FAM57A silencing inhibits cell proliferation
in all tested cell lines, the anti-proliferative effect of SLC3A2 silencing was cell line-dependent and showed
more variations under different experimental conditions. Although these findings do not formally exclude
that SLC3A2 may be linked to the growth promoting effects of FAM57A under certain conditions, this

connection appears to be not straightforward.

Based on my observation that SLC3A2 can be critical for cervical cancer cell proliferation, it should be
interesting to gain more insights into the significance of this factor in cervical cancer. Notably, SLC3A2 is
increasingly gaining clinical importance in other cancer entities, such as head and neck squamous cell
carcinoma (HNSCC), where SLC3A2 has been identified in several studies as a prognostic biomarker for
radiotherapy and chemoradiotherapy (Liang and Sun 2021; Linge et al. 2016a; Linge et al. 2016b; Linge
et al. 2016¢; Lock et al. 2022; van der Heijden et al. 2019). In HNSCC cells, the overexpression of SLC3A2
increases amino acid metabolism and downregulates autophagy (Digomann et al. 2019a). SLC3A2 can also
stabilize the GLUTL protein, thereby increasing cellular glucose uptake (Ohno et al. 2011), and form the
system xc™ - a cystine/glutamate antiporter - with SLC7A11. This antiporter is a critical molecule for cystine
uptake and intracellular GSH synthesis, thus decreasing ROS level and promoting cell proliferation (Liu
etal. 2020). Moreover, SLC3A2 can activate the PISBK/AKT and mTOR pathways to support cell
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proliferation (Digomann et al. 2019a; Wu et al. 2022; Zhu et al. 2017) and the anti-proliferative effect
resulting from SLC3A2 silencing in HNSCC cells has been closely linked to the repression of mTOR
signaling (Digomann et al. 2019a). Thus, it should be interesting to analyze the role of these pathways for
the pro-proliferative activity of SLC3A2 in cervical cancer cells. Moreover, in view of the proposed key
significance of mMTOR inhibition for the anti-proliferative effects of SLC3A2 silencing (Digomann et al.
2019a), it will be also interesting to study whether its interaction partner FAM57A may also act
growth-inhibitory through interference with the mTOR pathway. This could be assessed, for example, by
measuring the levels of markers for active mTOR signaling following FAMS57A silencing, such as the
phosphorylation of p70S6 Kinase 1 (S6K1) or elF4E Binding Protein (4E-BP1) (Saxton and Sabatini 2017).

8.2.2 FAM57A promotes the migration of HPV-positive cancer cells

Migration is an important step of tumor progression by preceding invasion and metastasis of cancer cells.
In my studies, | found that FAM57A not only promotes the proliferation of cervical cancer cells, but also
supports their migration capacity in wound healing assays. Live cell imaging analyses further revealed that
the inhibitory effect of FAM57A silencing on cell migration was associated with distinct morphological
changes of the cell, which were particularly obvious in the front edge of HeLa-2-mKate2 cells. In specific,
in HeLa-2-mKate2 cells expressing FAM57A, the leader cells move orderly and collectively along a
front-to-rear axis perpendicular to the wound. These cells contact each other and the contact-free edge forms
protrusion structures, which possibly direct the collective migration of the cell sheet (Capuana et al. 2020).
However, upon FAM57A silencing, cell-cell contacts are partly lost, as are the protrusion structures at the
leading edge. These results form the basis for future studies which have been started in the laboratory,
aiming to gain further insights into the possible link between cell-cell contacts and FAM57A protein levels.
In addition, the effects of FAM57A on cell invasion will be assessed, e. g. by performing Transwell assays
(Justus et al. 2014).

Migration relies on changes of the actin cytoskeleton. Its polarized assembly is dependent on the
polymerization and depolymerization of actin filaments (Heckman and Plummer 2013). The actin
cytoskeleton also contributes to the formation of cell protrusions (Schaks et al. 2019; Welf et al. 2020).
Moving cells assemble and disassemble their actin cytoskeletons rapidly, particularly in protrusive actin
structures, such as lamellipodia and filopodia (Machesky 2008). The observed rapid cell density-dependent
regulation of FAM57A protein levels and the morphological alterations of FAM57A-deficient cells thus
raise the question whether the reported plasma membrane-located FAM57A (He et al. 2002) may sense
extracellular signals, leading to remodeling of actin cytoskeleton and thereby ultimately affecting cell

migration. The formation of stress fibers consisting of actin filaments, myosin and various crosslinking
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proteins play an important role in the migration process and can be visualized by immunofluorescence
staining of F-actin (filamentous actin) (Chazotte 2010). Compared to cells under low cell density, F-actin
stress fibers are drastically reduced in cells under high cell density (Pavel et al. 2018). During cell migration,
F-actin is found at high concentrations in the front of migrating cells, while the membrane proximal
F-actin (MPA) density is low in the front and high in the back of the cell. This allows the protrusions to
selectively extend outward from the MPA density-reduced area due to the weaker membrane attachment
(Bisaria et al. 2020). Moreover, F-actin stress fiber-mediated cell stiffening can drive cell proliferation
(Tavares et al. 2017), which may explain the concomitant effects of FAM57A on both cell migration and
proliferation. Hence, to assess a possible contribution of FAMS7A in these processes, it will be interesting
to analyze possible changes of the F-actin density and distribution in cervical cancer cells following
FAMS57A repression, e. g. by RNA..

Cell migration can also be affected by various signaling pathways. For instance, the PISBK/AKT pathway
can be activated by integrin overexpression (Sun et al. 2019; Wu et al. 2019) and induce
epithelial-mesenchymal transition (EMT) (Xu et al. 2015), which promotes the invasiveness of cancer cells.
Further, ERK activation can initiate the cell movement in response to mechanical signals by modulating
actomyosin contractility, which is essential for the formation of stress fibers and focal adhesions. In this
context, ERK phosphorylates key factors regulating these processes and can also transcriptionally modulate
the expression of cytoskeleton components (Lavoie et al. 2020). Moreover, YAP/TAZ signaling also
regulates cell migration in response to a variety of stimuli, including cell density, mechanical stress, cell
adhesion, and signals transduced from a large number of G protein-coupled receptors (Koo and Guan 2018).
As discussed, and newly found in my studies for YAP/TAZ, there is experimental evidence that FAM57A

can affect the activity of all these three pathways linked to the control of cellular migration.

8.2.3 Expression levels of factors involved in YAP/TAZ signaling are downregulated following
FAMS57A suppression

YAP and TAZ are transcriptional co-activators that respond to the various signals received from the
surrounding microenvironment, including physical stimuli from cell-cell adhesion and cell-ECM attachment
(Mason et al. 2019; Pocaterra et al. 2020). YAP and TAZ are best known as downstream effector proteins
of the Hippo signaling pathway, however, it becomes increasingly clear that additional, Hippo-independent
upstream signals can lead to their activation (Piccolo et al. 2014). Nuclear YAP and TAZ transcriptionally
regulate target genes involved in the control of a broad number of cellular processes, including cell
proliferation and migration, mainly through associating with the transcriptional activator TEAD (Piccolo

et al. 2014). At high cell density, YAP and TAZ are predominantly found in the cytoplasm (Aragona et al.
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2013), where they are phosphorylated and proteasomally degraded (Piccolo et al. 2014). In line with this
model, | observed lower YAP and TAZ expression levels in different HPV-positive cancer cells as well as
in HPV-negative HaCaT cells, when the cells were cultivated at high density, compared to low density
conditions. Moreover, the expression levels of TEAD1, a TEAD family member possibly playing a key role
in cervical cancer (Ishiji et al. 1992; Mori et al. 2017), are also reduced in HPV-positive cancer cells
cultivated at high cell density.

Furthermore, when cells are cultivated at low density, i. e. under conditions where FAMS57A is expressed
and YAP/TAZ signaling is activated, FAM57A silencing consistently resulted in a reduction of TAZ protein
levels in all investigated cervical cancer cells. In addition, FAM57A silencing had the potential to reduce
YAP and TEAD1 expression, however, this effect appeared to be somewhat cell type-dependent. The more
pronounced reduction of TAZ compared to YAP levels could be due to the fact that the YAP is a relatively
stable protein while TAZ is rather unstable with a half-life of < 2 h (Piccolo et al. 2014). Altogether, these
results suggest that FAMS57A repression can be linked to an interference with YAP/TAZ signaling, a notion
which is further supported by the accompanying reduction of the transcript levels of the YAP/TAZ target
genes CYR61 and, to a lesser extent, CTGF, which encode components of the ECM and are related to cellular
adhesion in various cell types (Chagour and Goppelt-Struebe 2006; Kim et al. 2018).

Collectively, these findings indicate that FAM57A may have the potential to act as an upstream activator of
YAP/TAZ signaling, which would be very interesting in the light of the high significance of this pathway
in human cancer (Piccolo et al. 2014). Further work is required to analyze this issue in more depth.
Particularly, it will be interesting to investigate whether the link between FAM57A and YAP/TAZ signaling
is direct, i. e. whether FAM57A and YAP/TAZ are connected with each other in the same signaling cascade,
or whether the effect is indirect, i. e. being a secondary consequence of the anti-proliferative or
anti-migratory effects resulting from FAMS57A repression. Whereas my data raises the possibility that
FAMS57A acts upstream on YAP/TAZ, | did not obtain evidence that FAMS57A is positioned downstream
of YAP/TAZ signaling, at least in terms of the regulation of its expression, since YAP, TAZ or TEAD1/3/4
silencing did neither affect FAM57A protein nor FAM57A transcript levels.

A connection between FAM57A and YAP/TAZ signaling may not only be functionally relevant for the
effect of FAMS57A on cell proliferation and migration, since activation of YAP/TAZ has been also linked
to increased resistance of tumor cells towards chemo- and immunotherapy in multiple cancers (Thompson
2020). Thus, the inhibition of YAP/TAZ might not only be an interesting therapeutic strategy per se, but
also bear potential to be applied in combination with chemo- or immunotherapy. So far, attempts to inhibit
the YAP/TAZ activities are mainly based on three approaches: (i) targeting upstream activators of
YAP/TAZ, (ii) interfering with the formation of the YAP/TAZ-TEAD complex, or (iii) inhibiting oncogenic
downstream targets which are transcriptionally activated by YAP/TAZ (Pobbati and Hong 2020). Thus,
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targeting FAM57A for functional inhibition may provide a novel therapeutic opportunity to interfere with
pro-tumorigenic activities of YAP/TAZ signaling, either as a monotherapy or in combination with radio-,

chemo- or immunotherapy.

8.3 Conclusions and perspectives

The present study aims to gain new insights into the molecular mechanisms which control the phenotype of
cervical cancer cells. Their elucidation should not only improve our current concepts of cervical
carcinogenesis, but also may pave the way for novel therapeutic approaches. My results reveal that the
activity of the FAM57A transmembrane protein is an important determinant for the phenotypic behavior of

cervical cancer cells.

My investigations uncover that FAM57A exhibits a peculiar and strongly cell density-dependent expression
pattern, being expressed at low cell density whereas its expression is almost undetectable when cells become
confluent. This regulatory principle is conserved in different HPVV16- or HPV18-positive cancer cell lines
and also in HPV-negative cells, and predominantly occurs at the protein level. In line with the connection
of FAMS57A expression with low cell density, anti-proliferative stimuli, such as hypoxia or silencing of
HPV EG6/E7 oncogene expression, also result in a pronounced increase of FAM57A protein levels. Moreover,
my functional analyses reveal that FAM57A is a critical factor for promoting the growth of cervical cancer
cells and their migration capacity. In addition, my preliminary data points at a possible connection between
FAM57A and YAP/TAZ signaling, which provides an experimental basis for further experimental
exploration. The here uncovered growth- and migration-promoting activities of FAMS57A in cervical cancer
cells also raise the question whether interference with its function may possess therapeutic potential, either

as a monotherapy or in combination with radio-, chemo- or immunotherapy.
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9. Summary

Oncogenic types of human papillomaviruses (HPVS) are important human carcinogens, causing cervical
cancer and other major malignancies. Although HPV infections appear to be essential for cervical
carcinogenesis, they are not sufficient. Thus, it is important to gain insights into the cellular mechanisms
which may contribute to the transformed phenotype of HPV-positive tumor cells. This should not only
increase our understanding of the carcinogenic process, but could also identify innovative therapeutic targets.
In this thesis, the regulation and function of the thus far poorly investigated FAM57A protein was analyzed
in cervical cancer cells. Previous work showed in proteome analyses that the expression levels of this factor
are strongly increased in hypoxic cervical cancer cells, thereby inversely correlating with the
downregulation of the HPV E6/E7 oncoproteins.

My work uncovers that the regulation of FAM57A expression is strongly dependent on cell densities: at low
cell density, FAM57A is readily detectable, however, at high cell density, FAM57A expression is abolished.
This regulation of FAM57A primarily occurs at the post-transcriptional level. The strong upregulation of
FAMS57A levels under hypoxia is found to be predominantly the result of the anti-proliferative effects of
hypoxia and only to a minor part due to a HIF-1a-linked transcriptional stimulation of FAM57A gene
expression. In line with the connection between low cell density and FAM57A expression levels, other
anti-proliferative stimuli, such as the inhibition of HPV E6/E7 expression, also result in increased FAM57A
levels in cervical cancer cells.

Functional analyses employing RNA interference reveal that silencing of FAM57A expression represses the
proliferation of cervical cancer cells in both short-term live cell imaging analyses and long-term colony
formation assays, indicating that FAM57A promotes cell proliferation. In addition, wound healing assays
indicate that FAMS7A repression results in a decreased migration capacity of cervical cancer cells.
Mammalian Two-Hybrid analyses show that FAM57A can intracellularly interact with its putative binding
partner SLC3A2. This interaction does neither lead to alterations in the expression levels of the two binding
partners, nor does it appear to underlie the pro-proliferative activity of FAM57A. Notably, however,
FAMS5T7A repression is linked to a downregulation of factors involved in YAP/TAZ signaling, indicating
that this pathway, which is involved in the control of cell proliferation and migration, could be directly or
indirectly stimulated by FAM57A.

In summary, these findings reveal that FAM57A exhibits a strikingly cell density-dependent expression
pattern in cervical cancer cells. This regulation also explains the highly elevated cellular FAM57A
expression in hypoxic compared to normoxic cells. Mechanistically, FAM57A may stimulate YAP/TAZ
signaling, an issue which warrants further exploration. The significant impact of FAM57A on the phenotype
of cervical cancer cells not only identifies a novel factor which promotes their proliferation and migration,

but also raises the possibility that FAM57A could serve as a novel target for therapeutic interference.
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9. Zusammenfassung

Onkogene Typen humaner Papillomviren (HPVs) sind wichtige Karzinogene und verursachen das
Zervixkarzinom und andere Krebsformen. Obwohl HPV-Infektionen fir die Zervixkarzinogenese essentiell
sind, sind sie nicht ausreichend. Es ist daher wichtig, Einblicke in die zellularen Mechanismen zu gewinnen,
die zur Auspragung des malignen Ph&notyp HPV-positiver Tumorzellen beitragen. Dies kdnnte nicht nur
unser Verstandnis der Karzinogenese verbessern, sondern auch neue therapeutische Optionen ertffnen. In
der vorliegenden Dissertation wird die Regulation und Funktion des FAMS57A-Proteins in
Zervixkarzinomzellen  untersucht.  Vorarbeiten  zeigten in  Proteomstudien, dass die
FAMS57A-Expressionsspiegel in hypoxischen Zervixkarzinomzellen stark erhoht werden und invers mit der
Reduktion der HPV E6/E7-Onkoproteinspiegel korrelieren.

Meine Untersuchungen zeigen, dass die FAMS57A-Expression stark von der Zelldichte abhangt: bei
niedriger Zelldichte wird FAMS57A exprimiert, bei hoher Zelldichte ist das Protein nicht mehr nachweisbar.
Diese Regulation erfolgt in erster Linie auf der post-transkriptionellen Ebene. Auch die starke
FAM57A-Induktion in hypoxischen Zellen ist primar das Resultat der anti-proliferativen Wirkung von
Hypoxie und nur zu einem geringen Anteil durch eine HIF-la-abhdngige Stimulierung der
FAM57A-Genexpression verursacht. In Ubereinstimmung mit der Zelldichte-abhangigen Regulation der
FAM57A-Expression fuhren auch andere anti-proliferative Einfllisse, wie z. B. eine Hemmung der HPV
E6/E7-Expression, in Zervixkarzinomzellen zu einem Anstieg der FAM57A-Spiegel.

Funktionsstudien mittels RNA-Interferenz ergeben, dass eine FAM57A-Hemmung die Proliferation von
Zervixkarzinomzellen in Lebendzellmikroskopie-Analysen und in Kolonienbildungs-Assays inhibiert. Dies
zeigt, dass FAMST7A in Zervixkarzinomzellen pro-proliferativ.  wirkt. Zudem offenbaren
Wundheilung-Analysen, dass eine FAM57A-Repression die Zellmigration hemmt. ,Mammalian
Two-Hybrid“-Assays zeigen, dass FAMS57A intrazellular mit seinem putativen Bindungspartner SLC3A2
interagieren kann. Diese Wechselwirkung beinflusst aber weder die Expressionsspiegel der beiden
Bindungspartner, noch scheint sie der pro-proliferativen Wirkung von FAM57A zugrunde zu liegen.
Bemerkenswerterweise ist aber eine FAM57A-Hemmung mit einer Herunterregulierung von Faktoren des
YAP/TAZ-Signalwegs verbunden. Dies impliziert, dass dieser Signalweg, der an der Kontrolle der
Zellproliferation und -migration beteiligt ist, direkt oder indirekt durch FAM57A stimuliert werden kann.
Zusammenfassend zeigen diese Resultate, dass FAM57A in Zervixkarzinomzellen ein stark
Zelldichte-abhangiges Expressionsmuster aufweist, was die erhdhten FAM57A-Spiegel in hypoxischen
Zellen erklart. Mechanistisch kdnnte FAM57A den YAP/TAZ-Signalweg stimulieren, was in zukiinftigen
Studien weiter erhartet werden sollte. FAM57A stellt einen neu identifizierten Faktor mit einer signifikanten
Wirkung auf den Phénotyp von Zervixkarzinomzellen dar, der ihre Proliferation und Migration férdert und

maoglicherweise als ein neues therapeutisches Angriffsziel dienen kdnnte.
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